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A B S T R A C T  
The  possibi l i ty  of  di rect  se lect ive  surface  act ivat ion by pho todepos i t ion  of  autocata lyt ic  Cu part icles  on photosen-  

si t ive TiO2 substra tes  in an alkal ine electroless  copper  solut ion has been  invest igated.  The  nuc lea t ion  and growth  of  parti- 
cles were  character ized by t ransmiss ion  e lec t ron  mic roscopy  (TEM). Ex situ high resolut ion  T E M  and in situ e x t e n d e d  
x-ray absorp t ion  fine s t ructure  (EXAFS)  spec t roscopy  were  used  to d e t e r m i n e  the  ox ida t ion  state of  pho todepos i t ed  parti- 
cles on th in  polycrysta l l ine  TiO2 films and suspended  TiO2 powders ,  respect ively .  I t  is shown  that  in the  initial stages of  
pho todepos i t ion  small  (<3 nm) noncata ly t ic  Cu20 part icles  are formed.  Elec t roac t ive  Cu part icles  are only observed  at rel- 
a t ively long i l luminat ion  t imes  and/or  h igh  l ight  intensit ies.  These  resul ts  are exp la ined  wi th  a m o d e l  of  the  i l lumina ted  
TiO2 crystal l i te /electrolyte  interface,  which  cons iders  s imple  redox  react ions  invo lv ing  t ransfer  of  TiO2 photoe lec t rons  to 
ene rgy  levels  of  the  couples  be tween  c o m p l e x e d  Cu 2+ ions, Cu20 and Cu. F r o m  this it is conc luded  that  unde r  i l luminat ion  
Cu part icles  are only fo rmed  if  depos i t ion  of  Cu20 is l imi ted by e i ther  mass  t ranspor t  of  c o m p l e x e d  Cu 2+ ions or k inet ic  
factors.  

In the  last few years pa t te rned  electroless  meta l  deposi-  
t ion has gained increas ing a t tent ion  for potent ia l  applica- 
t ion in the  fabricat ion of  mic roe lec t ron ic  devices  (1-5). Ba- 
sically, e lect roless  meta l  depos i t ion  involves  a 
he t e rogeneous  catalyt ic e lect ron- t ransfer  reaction,  in 
wh ich  e lect rons  are t ransferred f rom a r educ ing  agent  to 
meta l  ions. It  can be  carr ied out  se lec t ively  on pa t t e rned  
e lec t roac t ive  areas on the  substrate,  s ince depos i t ion  is 
autocata lyt ic  and requi res  an e lectrocatalyt ic  surface to 
start. In  mos t  cases, the  act ive areas are obta ined  by the  ap- 
pl icat ion of  e lectrocatalyt ic  meta l  nucle i  on the  substrate ,  
for e x a m p l e  by photose lec t ive  act ivat ion p rocedures  (6, 7). 
A d isadvantage  of  this p rocedure  is that  metal l izat ion in- 
vo lves  at least  two steps: act ivat ion and electroless  meta l  
deposi t ion.  Fur the rmore ,  r educ ib le  species,  e.g., adsorbed  
P d  ions, m a y  be  left  beh ind  at undes i rab le  places  on the  
subs t ra te  after the  act ivat ion step. When these  are r educed  
to e lect rocata lyt ic  species  in the  electroless  solution,  the  
lat ter  may  cause  uncontrol led ,  nonse lec t ive  electroless  
meta l  deposi t ion.  Therefore ,  it s eemed  wor thwhi l e  to 
s tudy  the  possibi l i ty  of  di rect  select ive surface act ivat ion 
in an electroless  solution.  

In  the  w o r k  descr ibed  in this paper,  wh ich  is a cont inu-  
at ion of  earl ier  reports  on different  aspects  of  the  ini t ia t ion 
of  e lectroless  meta l  depos i t ion  (8-10), direct  laser - induced 
coppe r  depos i t ion  f rom an electroless  copper  solut ion on 
TiO2 substra tes  is invest igated.  It  was exPec ted  that  
pho tochemica l ly  depos i ted  metal l ic  Cu nucle i  f rom an 
e lect roless  solut ion on photosens i t ive  TiO2 films would  
show autocata lyt ic  behavior .  This means  that  prenu-  
c leated areas on the  TiO2 film should  be  intensif ied by sub- 
s equen t  e lect roless  copper  depos i t ion  in the  dark. Prel imi-  
nary exper iments ,  however ,  showed  that  this only  
occur red  after relat ively long i l luminat ion  t imes.  This  
raised the  ques t ion  whe the r  metal l ic  Cu nuclei  were  
pho todepos i t ed  in the  initial s tages of  i l luminat ion.  There-  
fore our  p r imary  goal was to de te rmine  the  oxida t ion  state 
of  the  pho todepos i t ed  copper  species.  

A l though  photoass i s ted  depos i t ion  of  copper  species  on 
TiO2 single crystal  e lec t rodes  (11, 12) and TiOz powders  
(12-15) has  been  prev ious ly  observed,  no efforts were  m a d e  
to de t e rmine  the  oxida t ion  state of  the  depos i ted  copper  

species.  H e r m a n n  et al. sugges ted  that  Cu 2+ ions in a TiO2 
suspens ion  were  pho to reduced  to Cu § ions and that  metal-  
lic copper  could  no t  be ob ta ined  even  by us ing  acetic acid 
in the  solut ion as a hole  scavenger  or  by  pe r fo rming  the  
pho to reac t ion  under  reduc ing  a tmosphe re  (hydrogen) (14). 

In  this study, the  nuc lea t ion  densi t ies  and the  sizes of  
pho todepos i t ed  part icles on TiO2 films and powders  were  
de t e rmined  by t ransmiss ion  e lec t ron mic roscopy  (TEM). A 
recent ly  deve loped  spec imen  prepara t ion  t echn ique  for 
th in  polycrysta l l ine  TiO2 films (16) was used  to obtain  high 
resolut ion  e lec t ron mic roscopy  (HREM) s t ructure  images  
of  pho todepos i t ed  particles.  C o m p l e m e n t a r y  to these  
ex situ measurement s ,  in si$u ex t ended  x-ray absorp t ion  
fine s t ruc ture  (EXAFS)  m e a s u r e m e n t s  of  pho todepos i t ed  
part icles  on suspended  TiO2 powders  were  p e r f o r m e d  by 
us ing  a th in- layer  fluid cell. I t  wil l  be  shown tha t  photo-  
depos i t ion  of  Cu part icles  on TiO2 is p receded  by photo-  
depos i t ion  of  Cu20 particles,  wh ich  show only sl ight  elec- 
t rocatalyt ic  act ivi ty  in an electroless  copper  solution. 

Experimental 
Materials.--The aqueous  electroless  copper  solut ion 

cons is ted  of: (i) 0.04M CuSO4- 5H20; (ii) 0.18M 
KNaC4H406 �9 4H20 (potass ium sod ium tartrate); (iii) 0.25M 
NaOH, and (iv) 0.33M HCHO (17). Tartrate (Tart) is a com- 
p lex ing  agent  for Cu 2+ ions and HCHO is the reduc ing  
agent  act ive in e lectroless  deposi t ion.  Two o ther  solutions,  
f rom which  HCHO or CuSO4 and HCHO were  omit ted ,  are 
deno ted  by (Cu 2+, Tart, OH-)  and (Tart, OH-), respect ively.  
E x p e r i m e n t s  in which  E D T A  instead of  tar t rate  was used  
as a comp lex ing  agent  for Cu 2+ ions gave similar  results  
and are not  repor ted  here. All solut ions were  prepared  
f rom tr iply  dist i l led water  and all expe r imen t s  were  car- 
r ied out  at room tempera tu re . '  

Details  of  the  prepara t ion  of  TiO2 films for H R E M  have  
been  descr ibed  e l sewhere  (16). Briefly, the H R E M  speci- 
m e n s  consis t  of  a th in  ( thickness  <10 rim) polycrys ta l l ine  
T i Q  (anatase) film on an amorphous  SigN4 m e m b r a n e  (size 
15 • 15 t~m2; th ickness  13 nm) suppor ted  by a small  sec- 
t ion of  a Si(100) wafer.  The  TiO2 film consis ts  of  a s ingle 

' Unless otherwise stated, nitrogen gas was not bubbled through 
the solution. 
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l ayer  of  10-25 n m  ana t a se  crystal l i tes .  T h e  TiO2 p o w d e r  
w h i c h  was  u s e d  for  E X A F S  m e a s u r e m e n t s  was  Euro t i -  
tania-1 (Tioxide  b a t c h  no. 1143) cons i s t i ng  of  99% a n a t a s e  
w i t h  a sur face  area  of  a b o u t  46 m2/g. E X A F S  scans  of Cu 
foil (Goodfe l low Metals) ,  Cu20 p o w d e r  (Merck),  a n d  CuO 
p o w d e r  (Merck)  we re  t a k e n  for  c o m p a r i s o n  p u r p o s e s  a n d  
to o b t a i n  p h a s e  sh i f t  a n d  b a c k s c a t t e r i n g  a m p l i t u d e  func-  
t i ons  for  d i f fe ren t  a b s o r b e r - s c a t t e r e r  pairs.  T h e  r e f e r ence  
c o m p o u n d  s a m p l e s  of  Cu20 a n d  CuO h a d  to b e  d i lu t ed  
w i t h  b o r o n  n i t r i de  to o b t a i n  a n  a m o u n t  t h a t  cou ld  be  
p r e s s e d  in a s a m p l e  h o l d e r  to fo rm a s e l f - suppor t i ng  wafe r  
w i t h  a n  x-ray a b s o r b a n c e  of  2.5. The  Cu20 p o w d e r  was  
c h e c k e d  w i t h  x-ray p o w d e r  d i f f rac t ion  to be  99% p u r e  
Cu20. T h e  Cu foil h a d  a n  opt ica l  t h i c k n e s s  of  8 ~ m  a n d  was  
99.97% pure .  

Illumination.--TiOz films.--The i l l u m i n a t i o n  of  H R E M  
s p e c i m e n s  was  ca r r ied  ou t  w i t h  a U V  (Ar § laser  b e a m  
(Spec t r a  P h y s i c s  2025-05; w a v e l e n g t h  351.1-363.8nm; 
b e a m  d i a m e t e r  was  1.0 m m )  w h i c h  was  focused  on to  t h e  
TiO2 film b y  a l ong  w o r k i n g - d i s t a n c e  ob jec t ive  lens  in  a 
Lei tz  O r t h o p l a n  mic roscope .  The  lase r  spo t  w i th  a d iame-  
t e r  of  13 ~ m  was  c e n t e r e d  at  t h e  edge  of  t h e  Si3N4 w i n d o w  
to faci l i ta te  c o m p a r i s o n  b e t w e e n  i l l u m i n a t e d  a n d  non- i l lu-  
m i n a t e d  areas  on  t he  TiO2 f i lms (see Fig. 1). A qua r t z  cell  
w i t h  a n  opt ica l  w i n d o w  t h i c k n e s s  of  1.0 m m  a n d  a so lu t ion  
l a y e r  t h i c k n e s s  of  2.0 m m  was  p l aced  ho r i zon ta l ly  on  t h e  
s p e c i m e n  t a b l e  of  t h e  mic roscope .  I l l u m i n a t i o n  was  
s t a r t ed  as soon  as t he  s p e c i m e n  was  p l aced  in  t he  quar t z  
cell  a n d  i m a g e d  on  a TV moni to r .  L i g h t  i n t ens i t i e s  (I) a n d  
i l l u m i n a t i o n  t i m e s  (At) we re  va r i ed  b e t w e e n  1 a n d  
103 W/cm 2 a n d  b e t w e e n  1 m s  a n d  10s, respec t ive ly .  

P r o c e d u r e  f(A): Af te r  i l l u m i n a t i o n  in  t he  e lec t ro less  so- 
l u t i o n  or  t he  (Cu 2+, Tart ,  OH ) so lu t ion ,  t he  s p e c i m e n  was  
i m m e d i a t e l y  d i p p e d  in w a t e r  for  15s a n d  qu i ck ly  dr ied  in 
air. 

P r o c e d u r e  f(B): Af ter  i l l u m i n a t i o n  in  t he  (Cu 2+, Tart ,  
OH-)  so lu t ion ,  t he  s p e c i m e n  was  i m m e d i a t e l y  t r a n s f e r r e d  
to t h e  (Tart,  OH ) so lu t ion  in w h i c h  t he  p rev ious ly  irradi-  
a t ed  spo t  was  i l l u m i n a t e d  for  a s e c o n d  t i m e  in o rde r  to re- 
d u c e  poss ib ly  d e p o s i t e d  Cu + spec ies  to meta l l i c  copper .  
Af te r  t h a t  i t  was  r i n sed  a n d  dr ied  as in p r o c e d u r e  f(A). 

Ti02 powder.--200 m g  TiO2 p o w d e r  was  d i s p e r s e d  in 
25 c m  3 of  t he  (Cu 2+, Tart ,  OH-)  so lu t ion  in a glass  beaker .  
T h e  e lec t ro less  so lu t ion  cou ld  no t  be  used ,  s ince  in t h a t  
case  s p o n t a n e o u s  d e p o s i t i o n  of c o p p e r  spec ies  was  init i-  
a ted  in t he  dark.  D u r i n g  i l l u m i n a t i o n  t h e  s u s p e n s i o n  was  
ag i t a t ed  b y  a m a g n e t i c  s t i r rer .  The  U V  laser  b e a m  was  ex- 
p a n d e d  to a d i a m e t e r  of  15 m m  a n d  t h e n  d i r ec t ed  in to  t h e  
b e a k e r  f rom a b o v e  (I ~ 100 mW/cm2). Af te r  e ach  i l lumina-  
t ion  t h e  b e a k e r  was  p l aced  in  a N2 a t m o s p h e r e  a n d  s t i r r ing  
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w as  s topped .  Mos t  of t h e  TiO2 g ra ins  se t t l ed  to t h e  b o t t o m  
of  t h e  b e a k e r  w i t h i n  10 rain.  

P r o c e d u r e  p(A): Af ter  20 m i n  i l l u m i n a t i o n  a n d  subse-  
q u e n t  se t t l ing  in  t h e  (Cu 2+, Tart ,  OH-)  so lu t ion ,  t h e  sedi-  
m e n t ,  i.e., t h e  TiO2 gra ins  w i t h  t h e  s u r r o u n d i n g  (Cu 2+, Tart ,  
OH- )  so lu t ion ,  was  t r a n s f e r r e d  in to  t h e  E X A F S  cell  as de-  
s c r i b ed  be low [ sample  p(A)]. 

P r o c e d u r e  p(B): Af te r  20 ra in  i l l u m i n a t i o n  a n d  subse -  
q u e n t  se t t l ing  in  t h e  (Cu 2+, Tart ,  OH-)  so lu t ion ,  24 c m  3 of  
t h e  s u p e r n a t a n t  so lu t ion  was  r ep l aced  b y  24 cm 3 of  t he  
(Tart,  OH-)  solut ion.  Af te r  tha t ,  s t i r r ing  was  r e s t a r t e d  a n d  
t h e  TiO2 s u s p e n s i o n  was  i l l u m i n a t e d  aga in  for 20 min .  
Af te r  se t t l ing,  t h e  s e d i m e n t  was  t r a n s f e r r e d  in to  t h e  
E X A F S  cell  [ s ample  p(B)]. 

I n  o rde r  to  cor re la te  H R E M  da ta  w i t h  E X A F S  data,  sus-  
p e n d e d  TiO2 gra ins  were  s t u d i ed  w i t h  TEM. A f rac t ion  of  
t h e  s e d i m e n t  f rom p r o c e d u r e  p(A) was  w a s h e d  t h o r o u g h l y  
w i t h  water .  S u b s e q u e n t l y  a c o p p e r  grid,  p r ev ious ly  coa t ed  
w i t h  a t h i n  F o r m v a r  film, was  d i p p e d  br ief ly  in t h e  TiO2/ 
w a t e r  s u s p e n s i o n  a n d  d r i ed  in air. 

T h e  t i m e  t h a t  e l apsed  b e t w e e n  s a m p l e  p r e p a r a t i o n  a n d  
s u b s e q u e n t  H R E M  or E X A F S  m e a s u r e m e n t s  was  less 
t h a n  12h. 

EXAFS fluid celL--An a s s e m b l y  of  a spec ia l ly  d e s i g n e d  
th in - l aye r  f luid cell, u s e d  for E X A F S  m e a s u r e m e n t s  of  
TiO2 s e d i m e n t s ,  is s h o w n  in  Fig. 2. T h e  TiO2 s e d i m e n t  was  
he ld  b e t w e e n  t h e  two  e p o x y  r e s in  p la t e s  (b), w h i c h  we re  
r e in fo rced  w i th  a c a r b o n  f iber  fabr ic  ~. T h e s e  w i n d o w s  h a v e  
a low x-ray a b s o r b a n c e .  A s p a c e r  (a) of  t h e  s a m e  mater ia l ,  
w i t h  a recess  in  t h e  s h a p e  of  a f u n n e l  to a c c o m m o d a t e  t h e  
sample ,  was  u s e d  to def ine  t h e  t h i c k n e s s  of  t h e  sample .  
T h e  t h i c k n e s s  of  t h e  space r  (0.25 ram) was  c h o s e n  to give 
a p p r o x i m a t e l y  t h e  o p t i m u m  s a m p l e  x- ray  a b s o r b a n c e  of  
2.5 a b o v e  t h e  c o p p e r  K-edge.  T h e  t h r e e  p la tes  we re  p l aced  
in two  smal l  p o l y e t h e n e  e n v e l o p e s  (c) w h i c h  w e r e  i n s e r t e d  
in to  e a c h  other .  T h e  e n v e l o p e s  were  p l aced  b e t w e e n  t he  
r ig id  a l u m i n u m  pla tes  (d), w h i c h  h a d  t h e  s a m e  s h a p e  as 
t h e  spacer .  F ina l ly  t h e s e  were  p r e s s e d  t i gh t ly  t o g e t h e r  by  
two  o t h e r  r ig id  U - s h a p e d  a l u m i n u m  pla tes  (e). T h e  cell  ob- 
t a i n e d  in  th i s  way  cou ld  b e  p l aced  d i rec t ly  in  t h e  E X A F S  
s p e c t r o m e t e r  w h i c h  is d e s c r i b e d  below.  

The EXAFS cell was filled in a N~ filled glove bag in the 
following way. First, i0 mm 3 of the TiO2 sediment was 
sucked up with a pipette and injected into the funnel of the 
spacer. The cell was then placed in a excicator which was 
evacuated three times, each time after admission of N2 gas. 
In this way the sediment settled to the bottom of the fun- 
nel. This procedure was repeated five times. After filling, 
the tops of the polyethene envelopes were sealed to mini- 
mize penetration of air into the sediment. X-ray photogra- 
phy was used to verify that the cell was properly filled. 

Electron microscopy investigations.--TEM an d  H R E M  
inves t i ga t i ons  were  ca r r ied  ou t  w i th  a Ph i l i p s  EM400T 

2 Obtained from the Materials Development Group, Plastics Met- 
alware Factories, Philips Eindhoven. 

Fig. 1. Low-magnification TEM image of a spot photodeposited from 
the electroless solution and centered approximately on the left edge of 
the Si~N4/TiOz window. At = ls; I = 100 W/crn 2. 

I 
e d b e b d e 

Fig. 2. Assembly of the EXAFS fluid cell. a: Spacer (thickness 0.25 
mm) with funnel-shaped recess (size of the pipe of the funnel 5 • 27 x 
0.25 mm3), b: window plates (size 35 • 45 • 0.25 mm3); c: polyethene 
envelopes (37 • 50 mm 2, foil thickness 25 ~m); d: aluminum plates 
(35 • 45 • 4 mrn3); e: U-shaped aluminum plates. 
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(ope ra ted  at  120 kV) and  a Ph i l i p s  EM430ST (opera ted  at  
300 kV) t r a n s m i s s i o n  e l ec t ron  mic roscope ,  respec t ive ly .  
T h e  t e c h n i q u e  of  opt ica l  d i f f rac t ion  was u sed  to ana lyze  
t w o - d i m e n s i o n a l  la t t ice  images  of  a large  n u m b e r  of  
p h o t o d e p o s i t e d  par t ic les  on  H R E M  s p e c i m e n s .  T h e  meas-  
u r e d  (101) la t t ice  spac ing  of  0.352 n m  in a n a t a s e  m o n o c r y s -  
ta l l i tes  (18) p r o v i d e d  a d i r ec t  ca l ib ra t ion  of  i m a g e  magnif i -  
cat ion.  F u r t h e r  de ta i l s  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e  (9). 

EXAFS investigations.--The E X A F S  m e a s u r e m e n t s  
we re  t a k e n  on  a l abo ra to ry  E X A F S  s p e c t r o m e t e r  b a s e d  on  
t he  R o w l a n d  circle  p r inc ip l e  (19-21). The  rad ius  e m p l o y e d  
was  500 ram.  A Si (111) c rys ta l  w i t h  a d i a m e t e r  of  70 m m  
a n d  modi f i ed  J o h a n s s o n  g e o m e t r y  was  used.  The  c rys ta l  is 
sphe r i ca l ly  b e n t  over  a r ad ius  of  1000 m m  a n d  sphe r i ca l ly  
g r o u n d  to t he  r ad ius  of  t he  R o w l a n d  circle. A lead-c lad  sli t  
s y s t e m  in f ron t  of  t he  c rys ta l  was  u sed  to def ine  t he  irradi-  
a ted  area  of  t he  crystal .  This  was  c h o s e n  to be  10 m m  h i g h  
a n d  20 m m  wide.  The  r e so lu t i on  at  t h e  c o p p e r  K-edge  was 
17 eV. 

An  El l io t  GX-21 ro t a t i ng  m o l y b d e n u m  a n o d e  x-ray gen-  
e ra to r  was  used ,  w h i c h  was  o p e r a t e d  at  a c u r r e n t  of  
200 m A  a n d  a t u b e  vo l tage  of  17 kV. The  t u b e  vo l tage  was  
de l i be ra t e ly  c h o s e n  be low the  m o l y b d e n u m  K s  exc i t a t i on  
l ines  to p r e v e n t  d i s to r t ion  of  t h e  spec t r a  at  ha l f  t he  e n e r g y  
of  t h e s e  l ines.  The  s t r u c t u r e  fac tor  for t he  (222) re f lec t ion  in 
a pe r f ec t  Si c rys ta l  equa l s  zero. B e n d i n g  t he  c rys ta l  will  
c a u s e  a d e f o r m a t i o n  of  the  cub ic  la t t ice  a n d  a non-ze ro  in- 
t e n s i t y  for the  r ad ia t ion  w i th  twice  t he  e n e r g y  of  t he  funda-  
m e n t a l  ref lect ion.  

A f e e d b a c k  loop ac t ing  on  t he  t u b e  c u r r e n t  was  u s e d  to 
s tabi l ize  the  i n t e n s i t y  of  t he  m o n o c h r o m a t i c  r ad i a t i on  
w h e n  s c a n n i n g  t h r o u g h  t he  L~I i m p u r i t y  l ine  of  t u n g s t e n  
a t  9672.35 eV. However ,  th i s  d id  no t  p r e v e n t  d i s to r t ions  ap- 
p e a r i n g  in the  spec t r a  at  t h a t  energy.  Fo r  th i s  r e a s o n  t h e  
spec t r a  we re  no t  u sed  b e y o n d  9650 eV. 

At  t he  focal p o i n t  of  the  s p e c t r o m e t e r  a f ixed 
0.1 • 12 m m  2 t a n t a l u m  slit  p r e v e n t e d  sca t t e r ed  r ad i a t i on  
f rom e n t e r i n g  t he  de t ec to r  stage.  A par t ia l ly  t r a n s p a r e n t  
ion iza t ion  c h a m b e r  m o n i t o r e d  t he  i n c o m i n g  flux. T h e  
c h a m b e r  was  f lushed  w i t h  a 30% a r g o n  and  70% n i t r o g e n  
m i x t u r e  to give a b o u t  25% x-ray  a b s o r p t i o n  at  t he  c o p p e r  
K-edge.  The  t r a n s m i t t e d  i n t ens i t y  was m e a s u r e d  w i t h  a to- 
ta l ly  a b s o r b i n g  Ar  gasf low 2 nd ion iza t ion  c h a m b e r .  Typi-  
cally a full  E X A F S  scan  t ook  20h. 

Results 

Ti02 films.--General remarks.- -At  i l l u m i n a t i o n  t i m e s  of  
t h e  o rde r  of  l s  op t ica l ly  v i s ib le  spots  w i t h  a d i a m e t e r  of  
~13  ~ m  were  p h o t o d e p o s i t e d  on  TiO2 f i lms in t he  e lect ro-  
less solut ion.  The  ra te  of  p h o t o d e p o s i t i o n  in  t he  (Cu 2§ 
Tart ,  OH ) so lu t ion  was f o u n d  to b e  ca. 100• smal l e r  t h a n  
in  t he  e lec t ro less  solut ion.  In  the  (Cu 2§ Tart ,  OH-)  so lu t ion  
all p h o t o d e p o s i t e d  spots  d i s so lved  s lowly w h e n  t he  TiO2 
fi lm was  left  in  t he  so lu t ion  af te r  t he  i l lumina t ion .  Th i s  dis- 
so lu t ion  can  be  e x p l a i n e d  by  an  e lec t ro less  co r ros ion  
m e c h a n i s m ,  t he  ca thod i c  p rocess  b e i n g  t he  r e d u c t i o n  of 
d i s so lved  o x y g e n  a n d  the  anod ic  p rocess  b e i n g  ox ida t i on  
(and  c o m p l e x a t i o n )  of  t he  d e p o s i t e d  c o p p e r  spec ies  (10). In  
t h e  e lec t ro less  solut ion,  howeve r ,  spo t s  were  in tens i f i ed  by  
au toca ta ly t i c  c o p p e r  depos i t i on  i m m e d i a t e l y  af ter  
p h o t o d e p o s i t i o n  w h e n  t he  i l l u m i n a t i o n  t i m e  (At) was  
l a rger  t h a n  a cr i t ical  va lue  (At*). The  va lue  of  At* was  be- 
t w e e n  0.1 a n d  4s a n d  i nc r ea sed  w h e n  t h e  l igh t  i n t e n s i t y  
was  decreased .  The  g r o w t h  of  a n  au toca ta ly t i c  spo t  ceased,  
however ,  a f te r  a sho r t  t i m e  a n d  t he  spo t  r e m a i n e d  s tab le  in  
t h e  solut ion.  

TEM.--Short  (<10 ms)  l i gh t  pu l ses  r e su l t ed  in  t he  deposi -  
t i on  of  pa r t i c les  in  t h e  0.5-3.0 n m  size r a n g e  in  t h e  e lect ro-  
less so lu t ion  or in  t he  (Cu 2+, Tart ,  OH ) solut ion.  The  den-  
s i ty  of  d e p o s i t e d  par t ic les  in  t he  (Cu 2§ Tart,  OH-)  so lu t ion  
(109-10Wcm 2) was  m u c h  lower  t h a n  in the  e lec t ro less  solu- 
t ion  (101~ The  dens i t y  d e c r e a s e d  w h e n  t he  l igh t  
i n t e n s i t y  was  decreased .  No par t ic les  were  o b s e r v e d  in t h e  
a b s e n c e  of  i l l u m i n a t i o n  or in  t he  a b s e n c e  of  a TiO2 film on 
t h e  Si3N4 m e m b r a n e .  As in  t he  case  of  P d  p h o t o d e p o s i t i o n  
o n  TiO2 fi lms (8), i t  was  o b s e r v e d  tha t ,  a f te r  a ce r t a in  nucle-  
a t i on  t ime,  no  n e w  par t ic les  a p p e a r e d  a n d  p h o t o d e p o s i t i o n  
o c c u r r e d  on ly  o n  e x i s t i n g  g r o w t h  cen te r s .  T h e  n u c l e a t i o n  

t i m e  in  t h e  (Cu 2., Tart ,  OH-)  so lu t ion  (0.1-5s) was  m u c h  
longe r  t h a n  in t h e  e lec t ro less  so lu t ion  (1-10 ms)  a n d  in- 
c r ea s ed  w h e n  the  l igh t  i n t ens i t y  decreased .  

F igu re  3 shows  success ive  s tages  of  p h o t o d e p o s i t i o n  
f rom t h e  e lec t ro less  so lu t ion  at  At = 3, 20, 100, a n d  1000 ms,  
r e s p ec t i v e l y  [ p r o c e d u r e  f(A); four  d i f f e ren t  spec imens ] .  A t  
t h e  l igh t  i n t ens i t y  u sed  in th i s  e x p e r i m e n t  (800 W/cm2), At* 
was  ~100 ms.  F igu re  3a s h o w s  par t ic les  in  t h e  1.0-3.0 n m  
size r a n g e  w i th  a dens i ty  of  =5 �9 10Ll/cm 2. F r o m  Fig. 3b a n d  
3c it  is s e e n  tha t ,  d u r i n g  s u b s e q u e n t  i l l umina t ion ,  t h e  size 
r a n g e  is e x t e n d e d  to 3-6 n m  a n d  3-40 nm,  respec t ive ly .  At  
1000 m s  t h e  par t ic les  m e r g e d  in to  a po lyc rys t a l l ine  Cu 
layer  (Fig. 3d), as was  i nd i ca t ed  by  an  e l ec t ron  d i f f rac t ion  
i m a g e  of  th i s  film (not  shown).  

HREM.--The crys ta l  s t r u c t u r e s  of  par t ic les  (>1.5 nm),  
p h o t o d e p o s i t e d  f rom t h e  e lec t ro less  so lu t ion  d u r i n g  illu- 
m i n a t i o n  t i m e s  less t h a n  At* [ p r o c e d u r e  f(A)], were  deter -  
m i n e d  b y  HREM.  All in i t ia l ly  f o r m e d  par t ic les  (<3 nm)  
h a d  a s t r u c t u r e  o f  b u l k  Cu20. Near ly  all par t ic les  la rger  
t h a n  3 n m  h a d  t h e  s t r u c t u r e  of  e i t he r  b u l k  Cu20 or  b u l k  Cu 
(18), d e p e n d i n g  m a i n l y  on  t h e  l igh t  in tens i ty .  Only  a few 
par t ic les  e x h i b i t e d  la t t ice  images  t h a t  i n d i c a t e d  a devia-  
t i on  f rom t h e  s t r u c t u r e  of  Cu, Cu20 or o t h e r  c o p p e r  
( sub)oxides ,  s u c h  as Cu40 (22, 23). I t  s h o u l d  b e  n o t e d  tha t ,  
a l t h o u g h  b o t h  Cu a n d  Cu20 h a v e  a cub ic  s t ruc tu re ,  a dis- 
t i n c t i o n  b e t w e e n  t h e  two  p h a s e s  c an  easi ly  be  m a d e  s ince  
t h e  size of  t h e  Cu20 u n i t  cell [a0(Cu20) = 0.4269 n m]  is 18% 
la rger  t h a n  t h a t  of  t h e  Cu u n i t  cell  [a0(Cu) = 0.3615 n m ]  (18). 

A l t h o u g h  we d id  n o t  t ry  to q u a n t i f y  t h e  ra t io  b e t w e e n  
t h e  a m o u n t  of  p h o t o d e p o s i t e d  Cu20 a n d  Cu, i t  was  es tab-  
l i shed  t h a t  a t  low l igh t  i n t ens i t i e s  (<10 W/cm 2) nea r ly  all 
par t ic les  we re  Cu20, w h e r e a s  at  h i g h e r  l ight  i n t ens i t i e s  
p rog re s s ive ly  m o r e  Cu par t ic les  were  formed.  At  a f ixed 
l igh t  i n t e n s i t y  t h e  f r ac t ion  of Cu par t ic les  i n c r e a s e d  w i t h  
i n c r e a s i n g  i l l u m i n a t i o n  t imes .  Cu par t ic les  we re  a l r eady  
o b s e r v e d  at  i l l u m i n a t i o n  t i m e s  less t h a n  At*. In  c o n t r a s t  
w i t h  this ,  nea r ly  all par t ic les  p h o t o d e p o s i t e d  f rom the  
(Cu 2+, Tart ,  OH-)  so lu t ion  we re  iden t i f i ed  as Cu20; on ly  a 
few Cu par t ic les  (>3 rim) were  o b s e r v e d  at  the  h i g h e s t  
l i gh t  i n t ens i t i e s  (~103 W/cm2). F i g u r e  4 shows  t h r e e  two- 
d i m e n s i o n a l  la t t ice  images  of  Cu20 par t ic les  a long  t he  
[011], [111], a n d  [112] zone  axes,  respect ive ly .  T h e  sizes of 
t h e  par t ic les  are  2, 4, a n d  10 n m,  respec t ive ly .  Wi th  each  
par t i c le  t h e  c o r r e s p o n d i n g  opt ica l  d i f f rac t ion  p a t t e r n  
(ODP)  a n d  a s c h e m a t i c  r e p r e s e n t a t i o n  of  the  O D P  are 
shown .  T h e  m e a s u r e d  la t t ice  spac ings  [d(hkl)] a n d  ang les  
are  also ind ica ted .  In  cases  were  spac ings  of  e q u i v a l e n t  
se ts  of  {hk~} p l a n e s  cou ld  b e  m e a s u r e d ,  t h e  av e r ag e  d(hkl) 
va lue  is ind ica ted .  T h e  r e l evan t  i n t e r p l a n a r  spac ings ,  ob- 
t a i n e d  f rom t h e  x-ray p o w d e r  d i f f rac t ion  file of  Cu20 are: 
d ( l l 0 )  = 0.3020 n m;  d ( l l l )  = 0.2465 n m;  an d  d(200) 
= 0.2135 n m  (18). As s een  f rom Fig. 4, t h e  m e a s u r e d  la t t ice  
s p a c i n g s  do n o t  differ  b y  m o r e  t h a n  3% f rom t h e  x-ray dif- 
f r ac t ion  data .  T h e  m e a s u r e d  ang les  b e t w e e n  la t t ice  p l anes  

Fig. 3. TEM images of TiOrSi3N4 films showing successive stages of 
photodeposition from the electroless solution [procedure f(A)], I = 800 
W/cm 2. o: At = 3 ms, b: At = 20 ms; c: At = 100 ms; d: At = .1000 ms. 
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Fig. 4. HREM images (1) of CuzO particles [procedure f(A)] with the 
ODP (2), and a schematic representation of the ODP (3). a: 2 nm parti- 
cle along [011] zone [d(200) = 0.211 nm and d(111) = 0.241 nm]; b: 
4 nm particle along [111] zone [d(110) = 0 .297 nm]; c: 10 nm particle 
along [! 12] zone [d(110) = 0 .298 nm and d(111 ) = 0.2S0 nm]. 

also agree,  w i t h i n  e x p e r i m e n t a l  error ,  w i th  t h e  va lues  
theo re t i ca l ly  e x p e c t e d  for a cub ic  s t ruc ture .  S ingle-crys-  
ta l l ine  a n d  t w i n n e d  Cu20 par t ic les  as large  as 25 n m  were  
obse rved .  

F i g u r e  5 s h o w s  e x a m p l e s  of  [011] la t t ice  images  of  t h r e e  
cha rac t e r i s t i c  Cu par t ic les  w i t h  sizes of  7, 6, a n d  9 nm,  re- 
spec t ive ly .  The  O D P  of  t he  s ing le -c rys ta l l ine  Cu par t ic le  
f r o m  Fig. 5a is s imi la r  to t he  O D P  s h o w n  in  Fig. 4a, e x c e p t  
t h a t  t h e  r ec ip roca l  d i s t a n c e s  are  i n c r e a s e d  b y  ~18%. A 
large  n u m b e r  of  Cu par t ic les  e x h i b i t e d  s ingle  or m u l t i p l e  
t w i n n i n g  a long  t he  c losely  p a c k e d  (111) p lanes .  E x a m p l e s  
of  th i s  are  s h o w n  in Fig. 5b a n d  5c. The  m e a s u r e d  la t t ice  
s p a c i n g s  of  t he  pa r t i c les  s h o w n  in  Fig. 5 do  n o t  d i f fer  by  
m o r e  t h a n  2% f rom t h e  s p a c i n g s  r e p o r t e d  for  b u l k  Cu (18) 
[ d ( l l l )  = 0.2088 n m  a n d  d(200) = 0.1808 nm].  

T h e  a b o v e  o b s e r v a t i o n s  s h o w  t h a t  Cu (Cu20) g r o w t h  
c e n t e r s  cons i s t  of  wel l -def ined  crystal l i tes .  T h e s e  p r o b a b l y  
g row b y  d i rec t  i n c o r p o r a t i o n  of  r e d u c e d  c o p p e r  ions  in to  
t he  lat t ice.  In  c o n t r a s t  w i th  t h i s ,  i t  was  f o u n d  for P d  
p h o t o d e p o s i t i o n  t h a t  P d  g r o w t h  cen te r s  c o n s i s t e d  of  a 
large  n u m b e r  of  r a n d o m l y  o r i en t ed  2-4 n m  P d  c lus te r s  (8). 
In  th i s  case  g r o w t h  took  p lace  b y  r e p e a t e d  t h r e e - d i m e n -  
s ional  n u c l e a t i o n  of  2-4 n m  P d  clus ters .  

Final ly ,  it was  s h o w n  t h a t  all Cu20 par t ic les  (>1.5 rim) 
t h a t  w e r e  p h o t o d e p o s i t e d  f rom the  (Cu 2+, Tart ,  OH ) solu- 
t ion  we re  r e d u c e d  to Cu par t ic les  w h e n  t h e y  were  f u r t h e r  
i l l u m i n a t e d  in  t he  (Tart, OH--) so lu t ion  for 2 ra in  at  
100 W/cm 2 [ p r o c e d u r e  f(B)]. F i g u r e  6 s h o w s  [011] s t r u c t u r e  
images  of  a 3 n m  s ing le -c rys ta l l ine  Cu par t ic le  (Fig. 6a) a n d  
a 3 n m  s i n g l e - t w i n n e d  Cu par t ic le  (Fig. 6b), w h i c h  were  
p r o d u c e d  in th i s  way. T h e s e  resu l t s  i nd i ca t e  t h a t  t h e  
a t o m i c  s t r u c t u r e  of  p h o t o d e p o s i t e d  Cu20 or Cu par t ic les  in  
p r o c e d u r e  f(A) d id  no t  c h a n g e  d u r i n g  t he  s e q u e n c e  of  r ins-  
ing  w i t h  water ,  d r y i n g  in air, e x p o s u r e  to  air, t r ans f e r  in to  
t he  e l ec t ron  m i c r o s c o p e  a n d  s u b s e q u e n t  e x p o s u r e  to t h e  
e l e c t r o n  beam.  

TiOz powder.--General remarks.--Under i l l u m i n a t i o n  
t h e  color  of  t he  TiO2 gra ins  in  t he  (Cu e+, Tart ,  OH-)  so lu t i on  
g radua l ly  c h a n g e d  f rom w h i t e  to p i n k  w i t h i n  approx i -  

m a t e l y  15 ra in  [ p r o c e d u r e  p(A)]. However ,  t h e  s e d i m e n t  ob- 
t a i n e d  s lowly  r e g a i n e d  its o r ig ina l  w h i t e  color  w h e n  the  so- 
l u t i o n  r e m a i n e d  in co n t ac t  w i t h  air. This  deco lo r i za t ion  
s t a r t ed  at  t h e  top  of  t h e  s e d i m e n t ,  i n d i c a t i n g  d i s s o l u t i on  of  
d e p o s i t e d  c o p p e r  spec ies  b y  t h e  r e d u c t i o n  of  d i s so lved  ox- 
ygen,  w h i c h  s lowly  d i f fuses  in to  t h e  s ed imen t .  D u r i n g  t h e  
s e c o n d  i l l u m i n a t i o n  in  t h e  (Tart,  OH-)  so lu t ion  t h e  color  of  
t h e  TiO2 gra ins  g radua l ly  c h a n g e d  f rom p i n k  to d a r k  gray  
w i t h i n  a p p r o x i m a t e l y  10 m i n  [ p r o c e d u r e  p(B)]. T h e  color  
of  t h e  s e d i m e n t  s lowly c h a n g e d  f rom d a r k  gray  via  p i n k  to 
w h i t e  w h e n  t h e  (Tart, OH ) so lu t ion  r e m a i n e d  in c o n t a c t  
w i t h  air. T h e  d a r k  gray color  cou ld  n o t  b e  o b t a i n e d  w h e n  
t h e  p i n k  TiO2 gra ins  f rom p r o c e d u r e  p(A) w e r e  t h o r o u g h l y  
w a s h e d  w i t h  a 0.25M N a O H  so lu t ion  a n d  t h e n  i l l u m i n a t e d  
in  t h i s  so lut ion.  T h e  color  of  n a k e d  TiO2 p o w d e r  in  0.25M 
N a O H  also t u r n e d  to b lue -gray  u n d e r  i l l u m i n a t i o n  w h e n  
d i s so lved  o x y g e n  was  r e m o v e d  b y  N2 b u b b l i n g  or w h e n  
hole  scavengers ,  s u c h  as t a r t r a t e  or HCHO, were  a d d e d  to 
th i s  so lut ion.  This  i nd ica t e s  t h e  f o r m a t i o n  of  r e d u c e d  TiO2 
sur face  s ta tes  (24). 

W h e n  t h e  T i Q  s e d i m e n t  was  s to red  in  a N2 a t m o s p h e r e  
or in  a sea led  E X A F S  cell  i m m e d i a t e l y  af te r  t h e  (final) illu- 
m i n a t i o n  in p r o c e d u r e  p(A) or  p(B), t h e  color  of  t h e  TiO2 
g ra ins  d id  n o t  c h a n g e  over  severa l  weeks .  T h e  TiO2 sedi-  
m e n t  c an  t h e n  b e  c o n s i d e r e d  as  a " f rozen"  s y s t e m  w i t h o u t  
d i s so lved  oxygen .  

TEM.--Figure 7 s h o w s  a cha rac t e r i s t i c  T E M  i m a g e  of  TiO2 
p o w d e r  o b t a i n e d  b y  i l l u m i n a t i o n  in t h e  (Cu 2+, Tart ,  OH-)  
so lu t ion  for 20 min .  I t  is s een  t h a t  m a n y  par t ic les  in  t h e  
2-8 n m  size r a n g e  are  r a n d o m l y  p h o t o d e p o s i t e d  on  t he  
TiO2 crys ta l l i t es  w h i c h  h a v e  a size in  t h e  10-100 n m  range.  
Mul t ip l e  n u c l e a t i o n  of  sma l l  (1-3 nm)  par t ic les  on  one  TiO2 
crys ta l l i t e  was  also o b s e r v e d  a f te r  a 5 m i n  i l lumina t ion .  No 
depos i t s  f rom t h e  (Cu 2§ Tart,  OH-)  so lu t ion  we re  o b s e r v e d  
in t h e  a b s e n c e  of  e i t he r  i l l u m i n a t i o n  or TiO2 grains .  

EXAFS data of samples and reference compounds.--Rou- 
t i ne  cub ic  sp l ine  b a c k g r o u n d  s u b s t r a c t i o n  a n d  normal iza -  
t i on  m e t h o d s  were  u s e d  to e x t r a c t  t h e  E X A F S  f u n c t i o n s  
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Fig. 5. HREM images of [011] oriented Cu particles [procedure f(A)]. 
a: Single-crystalline 7 nm Cu particle [d(200) = 0.184 nm and d(111) 
= 0.209 nm]. b: Single-twinned 6 nm Cu particle [d(200) = 0.181 nm 
and d(111) = 0.208 nm]. c: Fivefold twinned 9 nm Cu particle [d(200) 
= 0.182 nm and d(111) = 0.210 nm]. 

f r o m  t h e  e x p e r i m e n t a l  da ta  (25). The  E X A F S  spec t r a  of  t h e  
r e f e r e n c e  c o m p o u n d s  a n d  t h e i r  k3-weighted Fou r i e r  t r ans -  
fo rms  are s h o w n  in Fig. 8. In  Fig. 9 t h e  spec t r a  a n d  k 3 
F o u r i e r  t r a n s f o r m s  of  t he  s amp le s  p(A) a n d  p(B) are given.  
B e c a u s e  of  t he  d i s to r t ion  of  t he  spec t ra  b y  t he  W i m p u r i t y  
l ine  t he  da ta  cou ld  no t  be  u s e d  b ~ y o n d  k = 13 A -1. 

F o u r i e r  t r a n s f o r m s  of  t he  E X A F S  spec t r a  are a first  ap-  
p r o x i m a t i o n  of  t he  rad ia l  d i s t r i b u t i o n  func t ions .  Compar i -  
son  of  t he  F ou r i e r  t r a n s f o r m s  of  t he  e x p e r i m e n t a l  da ta  of  
s a m p l e  p(A) w i t h  t he  CuO a n d  Cu~O re fe rence  da t a  s h o w s  
s t r i k ing  s imi lar i ty  b e t w e e n  t he  s a m p l e  a n d  Cu20 da ta  (Fig. 
10b). F r o m  the  abso lu t e  m i s m a t c h  in t he  i m a g i n a r y  pa r t  of  
t he  F o u r i e r  t r a n s f o r m s  of  t he  s a m p l e  a n d  CuO da ta  (Fig. 
10a) it can  b e  c o n c l u d e d  t h a t  CuO is no t  t he  p r e d o m i n a n t  
c o p p e r  phase .  F u r t h e r m o r e  t he  a b s e n c e  of  a p e a k  at  t h e  
n e a r e s t  n e i g h b o r  d i s t ance  (2.56 A) in t he  fcc s t r u c t u r e  of  
Cu e x c l u d e s  t h e  p r e s e n c e  of  a large  a m o u n t  of  Cu in  
s a m p l e  p(A). 

I f  F ou r i e r  t r a n s f o r m s  of  t he  da ta  of  s a m p l e  p(B) are  com-  
p a r e d  w i t h  t he  da ta  of  s a m p l e  p(A) (Fig. l l a )  a n d  of  Cu20 
(Fig. l l b )  i t  c an  b e  c o n c l u d e d  t h a t  t h e  bas i s  aga in  is Cu20. 
However ,  a n  add i t i ona l  peak  at  t he  n e a r e s t  n e i g h b o r  dis- 
t a n c e  of  Cu is obse rved ,  w h i c h  ind ica tes  t he  p r e s e n c e  of  
me ta l l i c  Cu. 

EXAFS data analysis.--Quantification of the  di f ferent  con- 
t r i b u t i o n s  to t he  E X A F S  s ignal  r equ i r e s  a de ta i l ed  ana lys i s  
of  t he  E X A F S  data.  The  p h a s e  a n d  b a c k s c a t t e r i n g  ampl i -  
t u d e  f u n c t i o n s  for  t he  d i f fe ren t  a b s o r b e r - b a c k s c a t t e r e r  
pa i r s  we re  o b t a i n e d  f rom the  r e fe rence  c o m p o u n d  da ta  
(Table  I) (25). T h e s e  p h a s e  a n d  b a c k s c a t t e r i n g  a m p l i t u d e  
func t ions ,  t o g e t h e r  w i t h  an  e s t ima te  of  t he  c o o r d i n a t i o n  

n u m b e r  (N), t h e  d i s t ance  (R), t h e  d i f fe rence  in  t h e  Debye-  
Wal ler  fac tor  b e t w e e n  s a m p l e  a n d  r e f e r ence  c o m p o u n d  
(Act ~) a n d  an  i n n e r  po ten t i a l  co r rec t ion  (V0), are used  to cal- 
cu la te  t h e  E X A F S  func t i on  of  a pa r t i cu la r  c o o r d i n a t i o n  
shell ,  e x p e c t e d  to be  p r e s e n t  in  t h e  s a m p l e  u n d e r  s tudy.  
T h e  spec t r a  of  s epa ra t e  shel ls  we re  a d d e d  t o g e t h e r  to  give 
t h e  E X A F S  of  a m o d e l  of  t h e  ave rage  local  s t r u c t u r e  
a r o u n d  a c o p p e r  a tom.  C o m p a r i s o n  in R space  of b o t h  k I 
a n d  k 3 Fo u r i e r  t r a n s f o r m s  of  t h e  ca lcu la ted  a n d  exper i -  
m e n t a l  da ta  m a d e  it  pos s ib l e  to f ind u n i q u e  va lues  for  t he  
s e e m i n g l y  co r re la t ed  pa i rs  N a n d  her 2 a n d  R a n d  V0. T he  k 
r a n g e  for t h e  Fo u r i e r  t r a n s f o r m a t i o n s  was  d e t e r m i n e d  by  
t h e  pos i t i on  of  t h e  n o d e s  in t h e  e x p e r i m e n t a l  da ta  a n d  was  
c h o s e n  as la rge  as poss ib le  w i t h i n  t h e  va l id i ty  r a n g e  of  all 
r e f e r ences  used.  

T h e  re la t ive ly  poo r  e n e r g y  r e s o l u t i o n  w i t h  w h i c h  t he  
s p ec t r a  we re  m e a s u r e d  does  no t  affect  t h e  E X A F S  func-  
t ion  of  all c o o r d i n a t i o n  shel ls  in  t h e  s a m e  way  (27). Be- 
cause  of  t h e  use  of  r e fe rence  c o m p o u n d s ,  m e a s u r e d  w i t h  
t h e  s a m e  reso lu t ion ,  abso lu t e  va lues  of  t h e  c o o r d i n a t i o n  
n u m b e r s  a n d  radi i  of  e q u i v a l e n t  c o o r d i n a t i o n  shel ls  c an  
sti l l  be  ob ta ined ,  b u t  t h e  va lues  for  low Z (oxygen)  back-  
s c a t t e r i n g  c o n t r i b u t i o n s  in  t h e  spec t ra ,  espec ia l ly  at  la rger  
d i s t a n c e s  f rom t h e  a b s o r b i n g  a tom,  h a v e  lower  accu racy  
t h a n  for h i g h  Z (copper).  

F i g u re s  12 a n d  13 show t h e  b e s t  r e su l t s  of  t h e  ana lys i s  in  
R space  for s a m p l e  p(A) a n d  p(B), respec t ive ly .  T h e  coordi-  
n a t i o n  p a r a m e t e r s  u s e d  to ca lcu la te  the  m o d e l s  are l i s ted  
in  Tab le s  II  a n d  III. 

Discussion of EXAFS coordination parameters.--The re- 
su l t s  of  t h e  ana lys i s  of s amp l e s  p(A) (Table  II) i n d e e d  s h o w  
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Fig. 6. HREM images of [011] oriented Cu particles [procedure fiB)]. 
a: Single-crystalline 3 nm Cu particle [d(200) = 0.179 nm and d(111 ) 
= 0.206 nm]. b: Single-twinned 3 nm particle [d(200) = 0.182 nm and 
d(111) = 0.210 nm]. 

great  s imilar ly wi th  the  pa rame te r s  of  Cu20 powder .  The 
coo rd ina t ion  n u m b e r  and  Cu+-O 2- d i s tance  are, wi th in  the  
accuracy  of  the  t echn ique ,  equal  to the  values  for bu lk  
Cu20. The  p r e s e n c e  of  a s ignif icant  a m o u n t  of  c o p p e r  sub- 
ox ides  (22, 23) can  be  e x c l u d e d  s ince  the  coord ina t ion  
n u m b e r  of  the  Cu+-O 2 shel l  in t hese  c o m p o u n d s  is -<1. 
The  s econd  largest  peak  is ident i f ied as t he  Cu+-Cu § shel l  
of  t he  Cu20 s t ructure .  In  the  s ample  the  coord ina t ion  num-  
ber  is smal le r  t han  the  bulk  value. The nega t ive  va lues  of  
Aa 2 ind ica te  a smal le r  static d i so rde r  in the  s amp le  than  in 
the  r e fe rence  c o m p o u n d .  

In  b e t w e e n  these  two shells  the re  is a con t r ibu t ion  
w h i c h  canno t  be fit ted wi th  any of  the  absorbe r - sca t t e re r  
c o m b i n a t i o n s  in Table  I. It can be  specu la t ed  tha t  this  con- 
t r ibu t ion  or iginates  f rom a Cu-Ti subs t r a t e  b o n d  or f rom 
c o m p l e x e d  c o p p e r  ions in the  solu t ions  (28) bu t  the  qual i ty  
of  the  data  is insuff ic ient  to es tab l i sh  these  hypo theses .  Be- 
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cause  of  t he  over lap of  the  th ree  shel ls  in the  Four ie r  t rans-  
fo rms  of  the  s ample  data  it was  neces sa ry  to a p p r o x i m a t e  
th is  con t r ibu t ion  as effect ively as poss ib le  by us ing  the  
Cu+-Cu § p h a s e  and  backsca t t e r ing  amp l i t ude  func t ions ,  in 
order  to be  able to find rel iable values  for t he  pa rame te r s  of  
the  n e i g h b o r i n g  shells.  

The first coord ina t ion  shel l  in the  data  of  s amp l e  p(B) 
again is ident i f ied  as the  Cu+-O 2- shel l  in Cu20 (Table III). 
The coord ina t ion  n u m b e r  is equal  to the  bu lk  value for 
Cu20 and  is, w i th in  t he  accuracy  of  the  t echn ique ,  the  
s a m e  as for the  first sample .  The coord ina t ion  d i s t ance  is 
s l ight ly  larger  t han  in the  bulk.  F r o m  the  values  of  h~ 2 for 
this  shel l  it can be c o n c l u d e d  tha t  the  stat ic  d i so rde r  in th is  
shel l  is also larger  t han  in the  bulk.  

The  d o m i n a n t  peak  in the  Four ie r  t r a n s f o r m  of  the  data 
of  s amp l e  p(B) or iginates  f rom a c o m b i n a t i o n  of  the  Cu ~ 
Cu ~ shel l  in metal l ic  Cu and  the  Cu+-Cu § shel l  of  Cu20. 
C o m p a r e d  to the  value of  10 in the  first sample ,  the  coordi-  
na t ion  n u m b e r  of  0:8 for the  Cu+-Cu § shel l  is very  low. 

The four th  shel l  u sed  to m o d e l  the  data canno t  be attr ib- 
u t ed  to e i ther  the  Cu20 or the  Cu s t ructure .  A l t h o u g h  nec-  
essa ry  for rel iable e s t ima t ion  of  the  coord ina t ion  parame-  
ters  o f  t he  o ther  shells,  no conc lus ions  can be  der ived  f rom 
the  pa rame te r s  of  this  shell. 

Fig. 7. TEM image of TiOz powder, which was illuminated in the 
(Cu z+, Tart, OH-)  solution for 20 min [procedure p(A)]. Multiple nucle- 
ation of particles on Ti02 crystallites is observed. 

Interpretation of EXAFS results.--Coordination n u m -  
bers  found  wi th  E X A F S  are averages  over  all ab s o rb e r  ele- 
m e n t  a toms.  This  affects  E X A F S  coord ina t ion  n u m b e r s  in 
two  ways.  In  a s ample  tha t  is a m i x t u r e  of  phases ,  the  coor- 
d ina t ion  n u m b e r  of  a par t icular  shel l  found  f rom E X A F S  
analys is  has to be  cor rec ted  for t he  f ract ion of  the  total  
a m o u n t  of  ab s o rb e r  e l e m e n t  a toms  in t he  phase  w h i c h  in- 
co rpora tes  tha t  shell. Second ,  if the  ab s o rb e r  e l e m e n t  is 
p r e s e n t  in part icles ,  a toms  near  t h e  surface  of  t he  par t ic le  
will  have  i ncomple t e ly  filled coord ina t ion  shells.  There-  
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fore  t h e  ave rage  c o o r d i n a t i o n  n u m b e r  of  a she l l  as f o u n d  
w i t h  E X A F S  is a f u n c t i o n  of  par t ic le  size (29). Th i s  effect  
wil l  affect  t h e  c o o r d i n a t i o n  n u m b e r  o f  shel ls  w i t h  l a rger  
radi i  m o r e  s t rongly .  

T h e  a b o v e  ana lys i s  i nd ica t e s  t h a t  in  s a m p l e  p(A) a l m o s t  
all c o p p e r  a t o m s  are p r e s e n t  in  Cu20 par t ic les .  F r o m  the  
c o o r d i n a t i o n  n u m b e r  of  10 for  t he  Cu+-Cu § she l l  i t  is esti- 
m a t e d  t h a t  t h e  ave rage  Cu20 par t ic le  size is 3-4 nm ,  a s s u m -  
ing  sphe r i ca l  par t ic les .  Th i s  agrees  w i t h  T E M  o b s e r v a t i o n s  
(cf. Fig. 7). 

S i n c e  t h e  c o o r d i n a t i o n  n u m b e r  f o u n d  for  t he  Cu+-O 2 
she l l  of  s a m p l e  p(B) equa l s  t he  b u l k  va lue  t he  f r ac t ion  of  
c o p p e r  a t o m s  in  t h e  Cu20 p h a s e  is a p p r o x i m a t e l y  uni ty .  
C o n s e q u e n t l y  t he  f rac t ion  of  c o p p e r  a t o m s  in  t h e  Cu p h a s e  
is ve ry  small .  T h e  c o o r d i n a t i o n  n u m b e r  of  t he  Cu~ ~ 
she l l  ha s  to be  co r r ec t ed  for th i s  f ract ion.  Th i s  wil l  r e su l t  in  
a c o o r d i n a t i o n  n u m b e r  close to t he  b u l k  va lue  (12), ind ica t -  
ing  re la t ive ly  large  Cu par t ic les .  T he  dec rea se  of  t h e  coor- 
d i n a t i o n  n u m b e r  of  t h e  Cu+-Cu + shel l  f r om 10 in s a m p l e  
p(A) to 0.8 in  s a m p l e  p(B) ind ica t e s  a c o n s i d e r a b l e  de-  
c rease  in  t he  Cu20 par t ic le  size and /o r  a dev i a t i on  f rom the  
s p h e r i c a l  pa r t i c le  geomet ry .  T he  fact  t h a t  t he  c o o r d i n a t i o n  
n u m b e r  of  t he  Cu+-O 2- she l l  is u n a f f e c t e d  can  be  e x p l a i n e d  
b y  t he  fact  t h a t  th i s  she l l  is re la t ive ly  i n s ens i t i ve  to par t i c le  
size b e c a u s e  s a t u r a t i o n  to t h e  b u l k  va lue  (2) occurs  a l r eady  
in  smal l  par t ic les  (in one  Cu20 u n i t  t he  c o o r d i n a t i o n  n u m -  
b e r  a l r eady  equa l s  1). F u r t h e r m o r e  t h e  d ipo le -d ipo le  at- 
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t r a c t i on  b e t w e e n  Cu20 pairs  can  act  as an  add i t i ona l  force 
for  c o m p l e t i o n  of  t he  Cu ~ -02- shel l  of  Cu20. 

F r o m  the  a b o v e  ana lys i s  i t  is s u g g e s t e d  t h a t  in  s a m p l e  
p(B) all sma l l  par t ic les  cons i s t  of  Cu20 wh i l e  l a rger  par t i -  
cles cons i s t  of  a Cu core, w h i c h  m i g h t  be  cove red  w i th  a 
few m o n o l a y e r s  of  Cu20. A p a r t  f r om d i rec t  Cu20 pho to -  
d e p o s i t i o n  a s ign i f ican t  pa r t  of  t h e  Cu20 m a y  h a v e  b e e n  
f o r m e d  b y  t he  (part ial)  o x i d a t i o n  of  p r e v i o u s l y  f o r m e d  Cu 
par t i c les  d u e  to t he  p r e s e n c e  of  r e s idua l  o x y g e n  in  t he  
(Tart,  OH-)  so lu t ion  af te r  t he  f inal  i l l u m i n a t i o n  in  proce-  
d u r e  p(B). I t  s h o u l d  be  n o t e d  t h a t  a t h i n  (<0.5 n m )  Cu20 
film, w h i c h  m i g h t  h a v e  b e e n  f o r m e d  on  p rev ious ly  f o r m e d  
Cu par t i c les  in  p r o c e d u r e s  f(A) or f(B), c a n n o t  b e  o b s e r v e d  
b y  HREM.  

Discussion 

F r o m  the  a b o v e  re su l t s  it is c o n c l u d e d  t h a t  Cu20 par t i -  
cles are  p h o t o d e p o s i t e d  on  TiO2 crys ta l l i tes  in  t he  pres-  
e n c e  of  a re la t ive ly  large  a m o u n t  of  c o p p e r  ions  [pro- 
c e d u r e s  f(A) a n d  p(A)]. Di rec t  Cu p h o t o d e p o s i t i o n  does  no t  
o c c u r  un le s s  long  i l l u m i n a t i o n  t i m e s  and /o r  h i g h  l igh t  in- 
t ens i t i e s  are  used.  I f  t h e  c o n c e n t r a t i o n  of  c o p p e r  ions  in  
t h e  so lu t ion  is dec reased ,  Cu20 par t ic les  can  be  r e d u c e d  to 
Cu u n d e r  i l l u m i n a t i o n  e v e n  at  low l igh t  in tens i t ies .  T h e s e  
r e su l t s  will  n o w  be  d i s c u s s e d  in  t e r m s  of  s i m p l e  r e d o x  re- 
ac t ions  i n v o l v i n g  t r a n s f e r  of  TiO2 p h o t o e l e c t r o n s  to e n e r g y  
levels  at  t he  so l id- l iquid  in terface .  

Energy  d i a g r a m . - - A  s impl i f i ed  e n e r g y  d i a g r a m  of  t h e  
TiO2 crys ta l l i t e  e lec t ro ly te  in t e r face  at  p H  = 13.4, is 
s h o w n  in  Fig. 14. All po ten t i a l s  are  q u o t e d  vs. t h e  n o r m a l  
h y d r o g e n  e l ec t rode  (NHE). T h e  fo l lowing  a s s u m p t i o n s  
we re  u s e d  to c o n s t r u c t  th i s  d iag ram.  

T h e  po t en t i a l s  of  t he  v a l e n c e  b a n d e d g e  a n d  t he  con-  
d u c t i o n  b a n d e d g e  of  TiO2 are  -0 .85  a n d  +2.15V, respec-  
t ive ly  (30). I t  is r e a s o n a b l e  to a s s u m e  t h a t  t he  e n e r g y  b a n d s  
in  sma l l  TiO2 crys ta l l i tes  (<100 nm)  are  flat, s ince  an  inter-  
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Table I. Crystallographic data and particulars about the Fourier 
transforms on the reference compound data 

Abs.-Scat.  R FT range k FT ' range - 0.85 
pair N (~.) Comp. (A -1) power (A) Ref. 

Cu+-O 2 2 1.85 Cu20 2.98-11.44 3 0 -L88 (26) VfNFIE)-0.32i -0.08 - 

Cu~ ~ 12 2.56 Cufo i l  3.01-13.22 3 1.48-2.94 (18) | +0.16 
Cu+-Cu § 12 3.02 Cu20 2.98-11.44 3 1.88-3.37 (26) 

Table II. Results of analysis for sample p(A) 

Shell  N R (A) A(* 2 (A 2) 170 (eV) Ref. 

Cu+_O ~- 2.1 a 1.87 b -0.0025 ~ -1.6 ~ Cu+_O 2 
? 0.3 ~ 2.41 a -0.0190 r 19 r Cu+-Cu + 

Cu+-Cu + 10 a 3.055 -0.0017 a -2.2" Cu+-Cu + 

aAccuracy • 
5Accuracy • 2%. 
CAccuracy -+ 50%. 
dAccuracy -+ 5%. 

Table III. Results of analysis for sample p(B) 

Shell N R (A) A~ 2 (A 2) Vo (eV) Ref. 

Cu+-O 2- 2.0 ~ 1.895 0.003F -5.0" Cu+-O 2 
Cu~ ~ 3.3 ~ 2.60 b -0.0004 a -7 .0  a C u ~  0 
Cu+-Cu + 0.8 c 3.00 d 0.0038 c 6.0 c Cu+-Cu + 

? 3.5 r 3.37 a 0.0030 ~ 13 ~ Cu+_O 2- 

aAccuracy _+20%. 
bAccuracy -+2%. 
r _+ 50%. 
dAccuracy • 5%. 

n a l  s p a c e  c h a r g e  l aye r ,  a s  p r e s e n t  in  b u l k  TiO2 e l e c t r o d e s ,  
c a n n o t  e x i s t  (8, 31, 32). 

I n  t h e  s t r o n g l y  a l k a l i n e  e l e c t r o l e s s  c o p p e r  t a r t r a t e  s o l u -  
t i o n  a l m o s t  al l  c o p p e r  i o n s  a r e  p r e s e n t  as  c o m p l e x e d  i o n s  
[(Ch2+)c]. T h e  m a i n  u n c o m p l e x e d  c o p p e r  i o n s  a r e  CuO22- 
a n d  H C u O 2  , b u t  t h e i r  c o n c e n t r a t i o n s  a r e  o r d e r s  o f  m a g n i -  
t u d e  s m a l l e r  t h a n  t h a t  o f  (Cu2+)c ions .  G e n e r a l l y  i t  is  as -  
s u m e d  t h a t  t h e  r e d u c t i o n  o f  c o p p e r  i o n s  o c c u r s  v i a  (Cu2+)c 
i o n s  (33-35). 

(Cu2+)~ + 2e ~ C u  [1] 

E 1 - R a g h y  a n d  A b o - S a l a m a  m e a s u r e d  t h e  c u r r e n t - p o t e n t i a l  
c u r v e  fo r  t h i s  r e a c t i o n  a t  b u l k  C u  e l e c t r o d e s  i n  t h e  (Cu  2+, 
Ta r t ,  O H - )  s o l u t i o n  (17). F r o m  a n  e x t r a p o l a t i o n  o f  t h i s  
c u r v e  to  z e ro  c u r r e n t  o n e  o b t a i n s  t h e  e q u i l i b r i u m  p o t e n t i a l  
- 0 . 0 8 V  fo r  r e a c t i o n  [1]. A s s u m i n g  a r e v e r s i b l e  e l e c t r o n  
t r a n s f e r ,  t h i s  p o t e n t i a l  c o r r e s p o n d s  a p p r o x i m a t e l y  to  t h e  
r e v e r s i b l e  r e d o x  p o t e n t i a l  fo r  r e a c t i o n  [1] (V((Cu2+)c/Cu)). 
T h e  a b o v e  v a l u e  c o r r e s p o n d s  w i t h  p o l a r o g r a p h i c a l l y  de -  
t e r m i n e d  v a l u e s  o f  V((Cu2+)JCu)  fo r  c o p p e r  i o n s  c o m -  
p l e x e d  b y  t a r t r a t e  in  a l k a l i n e  m e d i u m  (36). 

NiO-2 

P,  

-0 

0 
R (,~) 

5 

Fig. ! 3. Fourier transforms of experimental and calculated data for 
sample p(B). a: k I weighted, b: k 3 weighted, k range 3.91-10.73 ~ , 
( . . . .  absolute part and _ _  imaginary part of experimental data . . . . .  
absolute part and - - -  imaginary part of calculated data.) 
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Fig. 14. Simplified energy diagram showing the conduction band (CB) 
and valence band (VB) edges of a Ti02 crystallite at pH = 13.4 with 
respect to redox levels relevant to this work. 

Cu.,O is  e l e c t r o c h e m i c a l l y  r e d u c e d  to  C u  a c c o r d i n g  to  

Cu.,O + H~O + 2 e - +  2 C u  + 2 O H  i21 

F r o m  a t h e r m o d y n a m i c  p o i n t  o f  v i e w ,  t h i s  o c c u r s  a t  p o t e n -  
t i a l s  m o r e  n e g a t i v e  t h a n  t h e  r e v e r s i b l e  r e d o x  p o t e n t i a l  
V(Cu20 /Cu) ,  w h i c h  e q u a l s  - 0 . 3 2 V  a t  p H  = 13.4 [37]. F r o m  
n u m e r o u s  s t u d i e s  (38-40), h o w e v e r ,  i t  i s  k n o w n  t h a t  r e a c -  
t i o n  [2] m a y  r e q u i r e  s i g n i f i c a n t  o v e r p o t e n t i a l s .  

B y  s u b t r a c t i n g  r e a c t i o n  [2] f r o m  r e a c t i o n  [1] o n e  o b t a i n s  
t h e  r e a c t i o n  i n  w h i c h  (Cu2+)c i o n s  a r e  r e d u c e d  to  C u 2 0  

2(Cu2+)c + 2 OH- + 2e--~ Cu20 + H20 [3] 

Using the above values of V((Cu2+)c/Cu) and V(Cu20/Cu), it 
follows from a simple thermodynamic calculation that the 
reversible redox potential for reaction [3] (V(Cu2+)c/Cu20) 
equals +0.16V. 

Although Cu20 films on Cu electrodes show the charac- 
teristics of a p-type semiconductor, the cathodic photocur- 
rent in the presence of several redox systems is generally 
small and does not lead to self-reduction of Cu20 to Cu 
(41). It was experimentally verified that photodeposition 
did not occur on suspended Cu20 powder in the (Cu 2+, 
Tart, OH ) solution. Therefore the photoelectrochemical 
contribution of Cu20 particles to the formation of Cu can 
be neglected. 

Photonucleation of Cu20.--In o r d e r  to  e x p l a i n  t h e  in i t i a l  
p h o t o n u c l e a t i o n  o f  s m a l l  (<3  n m )  C u 2 0  p a r t i c l e s  o n  TiO2 
c r y s t a l l i t e s  [ p r o c e d u r e s  f(A) a n d  p(A)],  w e  c o n s i d e r  t h e  
s h i f t  o f  t h e  F e r m i  l eve l  a in  t h e  TiO2 c r y s t a l l i t e s  d u e  to  i l lu-  
m i n a t i o n .  S i n c e  d e p o s i t i o n  o f  c o p p e r  s p e c i e s  f r o m  t h e  
( C u  2+, Ta r t ,  O H  ) s o l u t i o n  d o e s  n o t  o c c u r  i n  t h e  d a r k ,  i t  c a n  
b e  a s s u m e d  t h a t  i n i t i a l l y  t h e  F e r m i  l eve l  i s  b e l o w  t h e  o n s e t  
p o t e n t i a l  fo r  t h e  r e d u c t i o n  o f  (Cu2+)c i o n s  (Fig.  14). U n d e r  
i l l u m i n a t i o n  t h e  p h o t o g e n e r a t e d  h o l e s  a r e  r a p i d l y  t r a n s -  
f e r r e d  to  o x i d i z a b l e  s p e c i e s  i n  t h e  s o l u t i o n  (8). B o t h  H C H O  
a n d  t a r t r a t e  a r e  e f f e c t i v e  s c a v e n g e r s  o f  t h e  r e a c t i v e  v a -  
l e n c e  b a n d  h o l e s  (42). 

T h e  p h o t o g e n e r a t e d  e l e c t r o n s  m a y  a c c u m u l a t e  i n  t h e  
b u l k  o f  t h e  c r y s t a l l i t e  b u t ,  m o s t  p r o b a b l y ,  t h e y  a r e  t r a p p e d  
i n  s u r f a c e  s t a t e s ,  a s  w a s  i n d i c a t e d  b y  r e c e n t  m e m o r y  e f f e c t  
e x p e r i m e n t s  (8). T h e  n e g a t i v e  c h a r g i n g  o f  t h e  TiO2 c r y s t a l -  
l i t e s  i m p l i e s  a n  u p w a r d  s h i f t  o f  t h e  F e r m i  level .  T h e  TiO2 
e n e r g y  b a n d e d g e s  a t  t h e  s u r f a c e  wi l l  a l so  b e  s h i f t e d  u p -  
w a r d  w i t h  r e s p e c t  to  e n e r g y  l e v e l s  i n  t h e  e l e c t r o l y t e ,  b e -  
c a u s e  t h e  p o t e n t i a l  d r o p  a c r o s s  t h e  H e l m h o l t z  d o u b l e  l a y e r  
wi l l  a d j u s t  i t s e l f  to  t h e  e x t r a  n e g a t i v e  c h a r g e  o n  t h e  TiO2 
c r y s t a l l i t e  (8). 

3 Strictly speaking  the  Fermi  level concept  only applies to situa- 
t ions in the  dark in which  equi l ibr ium exis ts  be tween electrons 
and  holes. Dur ing  i l luminat ion one can use  the  concept  of  quasi-  
Fermi  levels for electrons and holes, respectively.  Therefore the  
te rm "Fermi  level" used  in the  text  m a y  refer to the  quasi -Fermi  
level of  electrons.  
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Possibly a number  of photoelectrons will be used for the 
reduction of dissolved oxygen (43), but this will be disre- 
garded. When a critical concentration of electrons is built 
up in the TiO2 crystallite, i.e., when the Fermi level has 
been shifted upward sufficiently, (Cu2§ ions will be re- 
duced. Since in alkaline medium the potential V((Cu2+)J 
Cu20) is positive with respect to the potential V((Cu2+)c/Cu) 
(Fig. 14), it can be understood that the reduction of (Cu2+)c 
ions initially leads to the formation of small (<3 nm) Cu20 
particles according to reaction [3]. This agrees with the ob- 
servation that relatively thick (~5 ~tm) polycrystalline 
Cu20 films were electrodeposited onto metal electrodes 
from an alkaline solution at small overpotentials (44, 45). 
Apparently, Cu20 is able to conduct electrons rather well. 

The observed multiple nucleation of Cu~O particles on a 
TiO2 crystallite (Fig. 3 and 7) and their growth can be ex- 
plained by considering the modulation of energy bands in- 
side the TiO2 crystallite caused by the deposition of small 
(<3 nm) Cu20 particles: The potential of the Cu20 particles 
will initially be fixed near the redox potential of reaction 
[3]. The intrinsic barrier height at the TiO2-Cu20 contact 
determines whether the TiO2 surface energy bandedges at 
the contact are shifted upward or downward with respect 
to those a t  naked sites (46, 47). A crucial point is that for 
one small (<3 nm) Cu20 deposit the band modulation in- 
side the TiO~ crystallite decreases rapidly toward the inte- 
rior of the crystallite (46-48). This implies that the energy 
levels in the larger part of the TiO2 crystallite are not signif- 
icantly affected by just  one small Cu20 deposit. Therefore 
multiple nucleation of small Cu20 particles proceeds at 
other surface sites on the TiO2 crystallites by the release of 
trapped photoelectrons. 

After an initial nucleation period photodeposition only 
occurs on existing growth centers, as was observed for 
both TiO2 films (Fig. 3) and suspended TiO2 powder crys- 
tallites (Fig. 7). The reason for this i s that photoelectrons 
are then sufficiently attracted to the Cu20 deposits by a 
small electric field which has been build up inside the TiO2 
crystallites due to the presence of these deposits (48). The 
Cu20 deposits serve as potential wells for photoelectrons 
(8). 

Photodeposition of Cu20 and Cu.--The formation of Cu20 
and/or Cu particles (>3 nm) during prolonged illumination 
[procedures f(A) and p(A)] depends strongly on the experi- 
mental conditions. It is assumed that during illumination 
the Fermi levels in the TiO2 crystallite and the copper de- 
posit are equal. When the rate of removal of photoholes 
from the TiO2 crystallite is smaller than the maximum pos- 
sible rate of transfer of photoelectrons through reaction [3], 
the Fermi level will be pinned near the redox potential of 
reaction [3] during illumination. This will only be true if 
the rate of reaction [3] is not limited by either mass trans- 
port of (Cu2§ ions or kinetic factors. This explains the 
photodeposition of larger (>3 nm) Cu20 particles, without 
significant formation of Cu, as observed in procedure p(A) 
and in procedure f(A) at relatively low light intensities. It 
can simply be calculated that in procedure p(A) the maxi- 
mum spherical diffusion flux of (Cu2+)c ions to suspended 
TiO2 crystallites is much larger than the flux of photons. In 
procedure f(A) the (Cu2+)c ions consumed at the illumi- 
nated spot on the TiO2 fi lm can be effectively replenished 
by three-dimensional diffusion of (Cu2§ ions when the 
photon flux is not too large. 

The Fermi level will rise beyond the redox potential of 
reaction [3] when the rate of negative charging of the TiO2 
crystallites due to illumination is larger than the rate of re- 
action [3]. When the Fermi level has risen above the poten- 
tial V((Cu~§ (Cu2+)c are reduced directly to Cu accord- 
ing to reaction [1]. A rise of the Fermi level to a value 
sufficiently above the potential V(Cu20/Cu) will result in 
the reduction of previously photodeposited Cu20 particles 
to Cu particles according to reaction [2]. Both reactions [1] 
and [2] occurred during prolonged illumination in proce- 
dure f(A) at higher light intensities because the photore- 
duction of (Cu2+)c ions to Cu20 became limited by mass 
transport. The occurrence of reaction [2] is most clearly il- 
lustrated by the results of procedures f(B) and p(B). Dur- 
ing the second illumination of the system Cu20/TiO2 in the 

(Tart, OH ) solution, reactions [1] and [3] obviously could 
not occur while tartrate still acted as an effective hole scav- 
enger. 

Electroless copper deposition.--It can now be understood 
why photodeposited spots from the electroless solution on 
TiO2 films only show autocatalytic behavior in the dark 
when the illumination time is longer than At*. 

As explained recently, electroless copper deposition on 
a small isolated spot can only be initiated and maintained 
when the current density of oxidation of the reducing 
agent HCHO at the spot (j(HCHO)) is greater than the cur- 
rent density of the reduction of dissolved oxygen at the 
spot (j(O2)) (10). It is known that at bulk Cu electrodes the 
anodic oxidation of HCHO is a kinetically determined 
reaction (49), while the cathodic 02 reduction reaction is 
controlled by mass transport at sufficiently negative po- 
tentials (50). Because Cu20 shows a much lower electrocat- 
alytic activity for the anodic oxidation of HCHO than Cu 
(49), j(HCHO) is roughly proportional to the total surface 
area of the photodeposited Cu particles. The maximum 
value ofj(O2) is determined by a steady-state nonlinear dif- 
fusion flux of dissolved oxygen, which is inversely propor- 
tional to the spot diameter (10). 

When At is smaller than At* the larger fraction of the 
photodeposited particles in the spot consists of Cu20. Con- 
sequently j(HCHO) is too small to initiate electroless cop- 
per deposition (10). The surface area of active Cu particles 
is only large enough when At is larger than At*. But even in 
this case it was observed that electroless copper deposi- 
tion ceased after a short time. This inhibition effect is 
caused by the fact that j(O2) is larger than j(HCHO), due to 
an effectively enhanced supply of dissolved oxygen to the 
small spot by nonlinear diffusion (10). This implies that the 
initially active spot, formed by photodeposition, becomes 
passivated by oxidation of the copper surface. 

This so-called oxygen-diffusion-size effect becomes less 
important  when j(O2) becomes smaller, i.e., when the 
photodeposited spot becomes larger than 13 Ixm or when 
the density of photodeposited copper patterns becomes 
higher. It was indeed observed that 36 copper spots 
(13 p~m) deposited close together did show permanent 
autocatalytic behavior after photodeposition (10). Thus it 
may be expected that high-density electroless copper pat- 
terns with micron-sized structures can be deposited on 
TiO2 films and other photosensitive substrates by direct 
photoselective surface activation (e.g., by mask projection) 
in an electroless copper solution. 

Conclusions 
A detailed HREM and EXAFS investigation made it pos- 

sible to characterize the process of photodeposition of cop- 
per species on TiO2 substrates from an alkaline electroless 
copper solution. In the initial stages of UV illumination 
(Cu2+)c ions are photoreduced, leading to multiple nucle- 
ation of small (<3 nm) Cu20 particles on TiO2 crystallites. 
During prolonged illumination the existing Cu20 particles 
grow and the nucleation rate decays to zero. Since Cu20 
shows only a low electrocatalytic activity for oxidation of 
HCHO, subsequent electroless copper deposition in the 
dark is not initiated. Electroactive Cu particles on TiO2 
films are only observed at relatively long illumination 
times and/or high light intensities. Previously photode- 
posited Cu20 particles can be reduced to Cu particles dur- 
ing a second illumination in a solution from which (Cu2+)o 
ions are removed. 

These observations are explained by the following 
model, which considers the rise of the Fermi level in the il- 
luminated TiO2 crystallites due to effective scavenging of 
photogenerated holes by reducing agents in the solutions. 
Photonucleation of Cu20 particles starts when the Fermi 
level reaches the redox potential V((Cu2+)o/Cu20). Cu parti- 
cles are not formed initially since in alkaline medium 
V((Cu2+)c/Cu20) is positive with respect to the redox poten- 
tial V((Cu2+)JCu). As long as photodeposition of Cu20 is 
not limited by either mass transport of (Cu2+)~ ions or ki- 
netic factors, the Fermi level is pinned near V((Cu2+)c/ 
Cu20). However, when the rate of negative charging of the 
TiO2 crystallites is larger than the rate of photodeposition 
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of Cu20, the Fermi level can reach the potential V((Cu2§ 
Cu), at which (Cu2+)c ions are reduced directly to Cu. Fur- 
thermore, a rise of the Fermi level to a value sufficiently 
above the potential V(Cu20/Cu) will result in the reduction 
of previously photodeposited Cu20 particles to Cu par- 
ticles. 

Finally, it is concluded that direct selective surface acti- 
vation by photodeposition of autocatalytic copper parti- 
cles on photosensitive TiO2 substrates in an electroless 
copper solution is possible under  conditions of mass trans- 
port limitation of (Cu2+)c ions. These can be achieved by 
relatively long i l lumination times, high light intensities 
and/or large surface areas of il luminated high-density pat- 
terns. 
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