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A B S T R A C T  

T h e  a b s o l u t e  v o l u m e  of  c rys ta l l ine  s i l icon in  s e m i - i n s u l a t i n g  po lyc rys t a l l i ne  s i l icon (S IPOS)  f i lms was  d e t e r m i n e d  
f rom x-ray p o w d e r  d i f f rac t ion  m e a s u r e m e n t s .  T h e  films, p r e p a r e d  b y  low p r e s s u r e  c h e m i c a l  v a p o r  d e p o s i t i o n  (LPCVD),  
c o n t a i n e d  20 or 27 a t o m i c  p e r c e n t  oxygen ,  a n d  were  a n n e a l e d  at  900~ for 30 ra in  in  d ry  n i t rogen .  I n t e g r a t e d  i n t ens i t i e s  of  
t h e  111,220, a n d  311 s i l icon l ines  we re  u s e d  t o g e t h e r  w i t h  co r r ec t i ons  for  p r e f e r r ed  o r i e n t a t i o n  to d e t e r m i n e  t h e  c rys ta l l ine  
vo lume .  F r o m  a k n o w l e d g e  of  t he  o x y g e n  c o n t e n t  of  t he  f i lms a n d  t h e i r  i n f r a r ed  a b s o r p t i o n  spec t r a  t h e  ave rage  o x i d a t i o n  
s ta te  a n d  v o l u m e  of  s i l icon ox ide  w e r e  e s t ima ted .  T h e  r e m a i n i n g  v o l u m e  was  c o n c l u d e d  to b e  a m o r p h o u s  s i l i con  a n d  was  
c h e c k e d  by  i n d e p e n d e n t  e x p e r i m e n t s .  A typ ica l  1 ~ m  t h i c k  f i lm c o n t a i n s  b y  v o l u m e  50 +_ 4% crys ta l l ine  si l icon,  26 +_ 5% 
oxide ,  a n d  24 -+ 6% a m o r p h o u s  si l icon.  T he  ef fec ts  of  As  + ion  i m p l a n t a t i o n  a n d  s u b s e q u e n t  a n n e a l i n g  a re  also desc r ibed .  

In  o rde r  to u n d e r s t a n d  e l ec t ron ic  c o n d u c t i o n  m e c h a n -  
i sms  in S I P O S ,  a m o r e  de ta i l ed  s t r u c t u r a l  p i c t u r e  of  t he  
m a t e r i a l  is needed .  A m o n g  t he  fea tu res  still  u n k n o w n  are 
t he  a m o u n t s  of  c rys ta l l ine  s i l icon (c-Si) a n d  a m o r p h o u s  sil- 
i con  (a-Si) in  f i lms of  th i s  mater ia l ,  as wel l  as t he  n a t u r e  of  
t he  oxide.  Whi le  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  has  
p r o v i d e d  i n f o r m a t i o n  a b o u t  t he  spa t ia l  d i s t r i b u t i o n  of  c-Si, 
i m p o r t a n t  q u e s t i o n s  r e m a i n  a b o u t  t he  d i s t r i b u t i o n  of 
o x i d e  a n d  a-Si. The  s tud ies  c i ted  b e l o w  form,  in  la rge  part ,  
ou r  p i c t u r e  of  t he  S I P O S  s t ruc tu re .  T h e y  i nd i ca t e  t h e  pres-  
e n c e  of  d i sc re t e  s i l icon a n d  ox ide  phases ,  b u t  t h e y  do no t  
q u a n t i f y  t he  a b s o l u t e  c o n t e n t  of  c-Si or a-Si. Fo r  example ,  
i t  is wel l  k n o w n  t h a t  S I P O S  c o n t a i n i n g  25 a t o m  p e r c e n t  
(a/o) oxygen ,  w h e n  a n n e a l e d  at  90O~ c o n t a i n s  d i sc re t e  Si 
a n d  SiOx p h a s e s  (1, 2). I n f r a r e d  a b s o r p t i o n  s p e c t r o s c o p y  (3) 
i n d i c a t e s  t h a t  t he  x in  t he  SiOx p h a s e  is a p p r o x i m a t e l y  
e q u a l  to 2. I t  is also k n o w n  t h a t  i f  S I P O S  c o n t a i n i n g  55-65 
a/o o x y g e n  is a n n e a l e d  b e l o w  = 1100~ a s i l icon p h a s e  seg- 
regates ,  b u t  does  no t  ful ly crysta l l ize  (4, 5). Th i s  low s i l icon 
S I P O S  is also k n o w n  as s i l icon-r ich  ox ide  (SRO), a n d  off- 
s t o i c h i o m e t r i c  SiO2. F ina l ly  R a m a n  s pec t r a  cha rac t e r i s t i c  
of  a m i x t u r e  of  c-Si a n d  a-Si are  s een  in  S I P O S  c o n t a i n i n g  
25 a/o o x y g e n  af te r  a n n e a l i n g  at  900~ (6). 

I n  t he  p r e s e n t  s tudy ,  x-ray p o w d e r  d i f f rac t ion  was  u s e d  
to d e t e r m i n e  t he  v o l u m e  of  c-Si in  t he  S I P O S  films. Th i s  
was  d o n e  b y  c o m p a r i n g  i n t e g r a t e d  i n t e n s i t y  m e a s u r e -  
m e n t s  f rom the  f i lms to t h o s e  o b t a i n e d  f rom a ser ies  of  cal- 
i b r a t i o n  s t anda rds .  T h e s e  m e a s u r e m e n t s  also a l lowed  us  
to n u m e r i c a l l y  d e s c r i b e  t he  deg ree  of  p r e f e r r e d  o r i e n t a t i o n  
in  t h e  samples .  T h e  v o l u m e  of ox ide  was  ca lcu la ted  f rom a 
k n o w l e d g e  of  t h e  o x y g e n  c o n t e n t  a n d  a n  e s t i m a t e  of  t he  
o x i d e  compos i t i on .  O x y g e n  c o n t e n t  was  d e t e r m i n e d  b y  
R u t h e r f o r d  b a c k s c a t t e r i n g  (RBS)  a n d  a n  e s t i m a t e  of  t he  
o x i d e  c o m p o s i t i o n  was  b a s e d  on  b o t h  i n f r a r ed  a b s o r p t i o n  
s p e c t r o s c o p y  (IR) a n d  x-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  
(XPS)  (2, 7). The  r e m a i n i n g  v o l u m e  is a s s u m e d  to b e  amor -  
p h o u s  si l icon.  T h u s  t h e  v o l u m e  f r ac t ions  of  c-Si, oxide,  
a n d  a-Si  s u m  to one  

Vfc_Si  + Vfoxide + Vfa_Si  = 1 

A c h e c k  on  t h e  c o n s i s t e n c y  of  our  r e su l t s  was  m a d e  b y  
m e a s u r i n g  t h e  c-Si c o n t e n t  of va r ious  s a m p l e s  be fo re  a n d  
a f te r  h i g h  t e m p e r a t u r e  annea l s .  S u c h  annea l s  are e x p e c t e d  
to c o n v e r t  all a-Si to c-Si a n d  SiOx to SiO> 

Exper imenta l  
S I P O S  fi lms were  p r e p a r e d  b y  s t a n d a r d  L P C V D  pro- 

c e d u r e s  (8) f rom Sill4 a n d  N20 at  650~ E a c h  s a m p l e  was  
d e p o s i t e d  o n  a 100-or iented Si s u b s t r a t e  a n d  t h e n  a n n e a l e d  
a t  900~ for  30 m i n  in d ry  n i t rogen .  T h e s e  f i lms we re  ou r  
s t a r t i ng  s a m p l e s  a n d  were  s t ud i ed  e i t he r  be fo re  or a f te r  
f u r t h e r  p rocess ing .  Tab le  I shows  s a m p l e  p r o c e s s i n g  infor-  
ma t ion ,  o x y g e n  con ten t ,  a n d  our  e s t i m a t e  of  x in  SiOx for 
t he  f i lms s tud ied .  S o m e  s t a r t ing  s a m p l e s  were  subse -  
q u e n t l y  As + ion i m p l a n t e d  t h e n  e x a m i n e d .  Doses  r a n g e d  
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from 1 x i0 I~ to 6 x 1016 c m  -2, and energies of 100 or 200 
keV were used. After implantation some samples were re- 
annealed in dry nitrogen at either 900~ (samples $!, $3, 
and $5) or at 1150~ for 2.5h (sample $6). Starting sample 
$4 was studied with no additional processing, and sample 
$2 was studied after implantation, with no subsequent 
anneal. 

The films were characterized in a variety of ways. X-ray 
powder diffraction was used to provide a qualitative sur- 
vey of the samples, to measure preferred orientation, for 
quantitative c-Si determination, and to estimate crystallite 
size. Transmission electron microscopy (TEM) was used to 
determine the spatial distribution of c-Si, to measure film 
thickness, and to estimate crystallite size. In some samples 
film thickness was determined from optical measurements 
of angle lapped surfaces. 

Three calibration standards (CSI-CS3) were prepared 
a n d  u s e d  to e s t a b l i s h  t h e  ca l ib ra t ion  c u r v e  s h o w n  in  Fig. 1. 
Th i s  s h o w s  h o w  t h e  i n t e g r a t e d  i n t e n s i t y  f rom s i l icon 
var ies  w i t h  t he  e f fec t ive  t h i c k n e s s  of  c rys ta l l ine  sil icon. 
T h e  ca l ib ra t ion  s t a n d a r d s  c o n t a i n  b e t w e e n  0.22 a n d  1.25 
m g  of  c rys ta l l ine  sil icon. The  first  ca l ib ra t ion  s t a n d a r d  
(CS1) was  p r e p a r e d  by  L P C V D  of a m o r p h o u s  s i l icon a n d  
c o n v e r s i o n  to po lyc rys ta l l ine  s i l icon b y  a n n e a l i n g  at  800~ 
Th i s  p r o c e s s i n g  is suf f ic ien t  to  c o n v e r t  all t h e  a m o r p h o u s  
s i l i con  to po lyc rys ta l l ine  s i l icon (9). The  t h i c k n e s s  of  th i s  
s a m p l e  was  d e t e r m i n e d  f rom opt ica l  m e a s u r e m e n t s  of  a 
3.14 ~ ang le - l apped  spec imen .  Ca l ib r a t i on  s t a n d a r d s  CS2 
a n d  CS3 were  p r e p a r e d  b y  d u s t i n g  s i l icon p o w d e r  on to  
p r e w e i g h e d  subs t ra t e s ,  b l o w i n g  off  t he  exces s  mater ia l ,  
a n d  t h e n  rewe igh ing .  For  each  d u s t e d  s a m p l e  t h e  sub-  
s t r a t e  was  a glass  s l ide  coa ted  w i t h  a t h i n  layer  of  pet ro-  
l e u m  je l ly  in  a 1 c m  2 area.  T h e  s i l icon p o w d e r  u s e d  was  Na- 
t iona l  B u r e a u  of  S t a n d a r d s ,  S R M  640a. Th i s  ma te r i a l  ha s  a 
m e a n  crys ta l l i te  size of  a b o u t  2 ~ m  a n d  was  a n n e a l e d  in 
d ry  n i t r o g e n  at 900~ to re l ieve  any  s t r a in  due  to p r ev ious  
g r ind ing .  R e p e a t e d  w e i g h i n g  of  t he  s u b s t r a t e s  be fo re  a n d  
af te r  a d d i t i o n  of  t he  s i l icon i n d i c a t e d  t h a t  t he  u n c e r t a i n t y  

Table I. Description of samples where entries indicate: L, film 
prepared by LPCVD; A, anneal at 900~ for 30 min in dry N2; A*, 

annealed at 11S0~ for 2.5h in dry N2;D, film prepared by technique 
of dusting 2 ~m particles of crystalline silicon; a-Si, amorphous 

silicon; c-Si, crystalline silicon; I(d, e), implanted with As + to a dose 
d ions cm -2 of energy e. 

Labei Thickness or Weii~ht Preparation 

Sl 0.14 t~m SIPOS, L,A 
$2 0.95 #m SIPOS, L ~  
S3 0.g5 #m SIPO$, Ljk 
$4 0.90/Jm SIPOS, L~A 
$5 0.77 ~m SIPOS, L ~  
86 0.77 #m SIPOS~ L~. 

CSI 0.545 6m a-Si, L 
CS2 0.490(25) mg c-Si, D 
CS3 0.620(25) m s r D 

Additional Processing 

I(6 X 10is,100 keV},A 
1(5 X 1016,100 keV) 
I(5 X 1015,I00 keV)rA 

I(i X 10ts,2D0 keV),A 
I(1 X 1016,200 keV)rA,A* 

Anneal at 800' C 0 
0 
0 

Oxygen atomic % 

272(9) 1.~(2) 
2oi2) 1.7{2) 
2o(2) iz{2) 
20{2) lZ{2) 
~0(2) 1.7{2) 
~o(2) 2.o(o) 
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Fig. 1. Calibration curve showing variation in x-ray integrated inten- 
sity, Q, with effective thickness, t~f~ of polycrystalline silicon. 

in  t h e  s i l icon w e i g h t  is b e t w e e n  0.02 a n d  0.03 mg. In  t h e  
case  of  t he  d u s t e d  samples ,  an  e f fec t ive  t h i c k n e s s  was  cal- 
cu l a t ed  by  a s s u m i n g  t h a t  t he  k n o w n  w e i g h t  of  s i l icon was  
s p r e a d  u n i f o r m l y  over  t he  1.84 c m  2 area  of  i r r ad ia t ion  a n d  
h a d  b u l k  dens i ty ,  2.328 g /cm 3. 

F o r  q u a n t i t a t i v e  ana lys i s  t he  i n t e g r a t e d  i n t e n s i t y  of  the  
111,220, a n d  311 d i f f rac t ion  l ines  was  m e a s u r e d  u s i n g  the  
Ph i l i p s  APD3700 x-ray p o w d e r  d i f f r ac tome te r  w i t h  associ-  
a ted  q u a n t i t a t i v e  scan  sof tware.  S c a n s  over  s i l icon p e a k s  
w e r e  m a d e  a t  t he  ra te  of 20/0.02 ~ step,  a n d  t he  a n g u l a r  
r a n g e  of  t h e  s cans  e n c o m p a s s e d  t h e  ful l  p e a k  wid th .  Fig- 
u r e  2 shows  a s u r v e y  scan  of  t he  ca l ib ra t ion  s t a n d a r d  CS1, 
a n d  Fig. 3 shows  t he  s u r v e y  s can  of  S I P O S  s a m p l e  $2. 
S c a n  r a n g e s  a n d  b a c k g r o u n d  co r rec t ions  are  ind ica ted .  

Data  Analys is  
S o m e  genera l  fea tu res  of  t he  S I P O S  fi lms are i l l u s t r a t ed  

by  the  da ta  s h o w n  in Fig. 3, 4, a n d  5. T h e s e  i nd i ca t e  t h a t  
c rys ta l l ine  s i l icon is d i s t r i b u t e d  as smal l  c rys ta l l i tes  
throughout the annealed SIPOS film. In sample $2 the im- 
plantation of 5 • 1015 As + cm -2 causes the upper 0.14 ~m re- 
gion to become amorphous. A mean crystallite size of 
35-45/k is indicated by the Scherrer broadening of the x-ray 
diffraction lines, and also by measurement of TEM high 
resolution and darkfield crystallite images. While the dif- 
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Fig. 3. X-ray diffractogram from SIPOS sample $2, showing diffract- 
ed intensity I (a.u.) vs. diffraction angle 20. 

f r ac t ion  p a t t e r n s  s h o w  no  o b v i o u s  e v i d e n c e  of  p r e f o r m e d  
or ien ta t ion ,  q u a n t i t a t i v e  i n t e n s i t y  m e a s u r e m e n t  i nd i ca t e s  
t h a t  all t h e  S I P O S  films h a v e  a m o r e  i n t e n s e  111 a n d  a 
w e a k e r  311 t h a n  e x p e c t e d  f rom a r a n d o m  sample .  

T h e  p r o c e d u r e  to p e r f o r m  a q u a n t i t a t i v e  ana lys i s  on  ran-  
d o m l y  o r i en t ed  po lycrys ta l l ine  s amp l e s  b y  x-ray p o w d e r  
d i f f r ac t ion  is wel l  e s t a b l i s h e d  (10). I t  is b a s e d  on  t h e  obser -  
v a t i o n  t h a t  i n t e g r a t e d  i n t ens i t y  of a d i f f rac t ion  p e a k  f rom a 
g iven  p h a s e  is p r o p o r t i o n a l  to t h e  v o l u m e  of  t h a t  p h a s e  in a 
sample .  Fo r  s a m p l e s  w i t h  p r e f e r r ed  or ien ta t ion ,  howeve r ,  
t h i s  p ro p o r t i o n a l i t y  does  n o t  hold ,  a n d  it  is in  genera l  nec-  
e s sa ry  to a c c o u n t  for p r e f e r r ed  or ien ta t ion .  I f  t he  c rys ta l  
s t r u c t u r e  of  t h e  p h a s e  is k n o w n ,  o n e  can  ca lcu la te  va lues  
of  t h e  re la t ive  i n t e g r a t e d  i n t e n s i t y  e x p e c t e d  f rom a ran-  
d o m  sample .  U s i n g  th i s  i n f o r m a t i o n  a q u a n t i t a t i v e  analy-  
sis of  a n o n r a n d o m  s a m p l e  can  be  p e r f o r m e d  by  measu r -  
ing  t h e  i n t e g r a t e d  i n t e n s i t y  of  a n u m b e r  of  l ines,  a n d  u s i n g  
t h e  d i f f e rence  b e t w e e n  m e a s u r e d  a n d  ca l cu la t ed  re la t ive  
i n t en s i t i e s  to cor rec t  for p r e f e r r ed  or ien ta t ion .  This  proce-  
d u r e  h a s  b e e n  d e s c r i b e d  a n d  u sed  b y  D i x o n  (11) w h o  de- 
f ines b o t h  a t e x t u r e  p a r a m e t e r  Phkl a n d  a s u m m a t i o n  of  in- 
t ens i t i es ,  w h i c h  we call  Q. I t  is the  q u a n t i t y  Q w h i c h  is 
p r o p o r t i o n a l  to t h e  v o l u m e  f rac t ion  of  a p h a s e  p r e s e n t  in  a 
s a m p l e  w i t h  p re fe r r ed  or ien ta t ion .  Fo r  a s ing le  d i f f rac t ing  
p h a s e  Phkl can  b e  w r i t t en  as Pi w h e r e  

P i -  
Q 

and 

20 

t- 

SILICA, 

25 30 35 40 45 50 55 60 

2e (degrees )  

Fig. 2. X-ray diffractogram from calibration standard CS1 showing 
diffracted intensity I (a.u.) vs. diffraction angle 20. Angular regions 
used to establish integrated intensities are shown by vertical lines and 
background corrections are indicated by shQded areas. 

Fig. 4. TEM diffraction pattern of SIPOS in sample $2. Polycrystal- 
line diffraction rings associated with scattering from 111, 220, and 
311 planes of 35-40A Si crystallites are seen. These correspond to the 
similarly indicated diffraction lines of Fig. 3. 
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Table III. Summary of experimental results showing vf~_s~, the volume 
fraction of crystalline silicon; Vfo~de, the volume fraction of silicon 

oxide [SiO,, x = 1.7(2)]; and vfo.si, the volume fraction of amorphous 
silicon. These samples have undergone various LPCVD growth, 

anneal, and implant procedures. Row $2' refers to the 0.81 I~m thick 
region of sample $2 that was not implant amorphized. Sample $1 
contains 7 a/o As from intense implantation. EXAFS data on this 
sample indicate that the As is most likely associated with Si in an 

amorphous phase (16). 

S a m p l e  vf~-s i  vfo~i~, vf~_~i 

S1 0.34(5) 0.04(8) 
$2 

$ 2 '  

$4  

$5  

$6  

0 62(6) 
0.44(4) 
0.50(4) 
0.50(4) 
0.57(4) 
0.s3(4) 

0.26(5) 
0.26(5) 
0.26(5) 
0.24(5) 

o.24(6) 
o.24(6) 
0 .16(6 )  

0 

Fig. 5. Cross section TEM dark field micrograph of SIPOS sample $2 
showing 0.95 ~m of SIPOS. The upper 0.14 ~m has been made amor- 
phous by a 5 • 101S cm -~ implant of 100 keV As + ions. 

1 n 

Q = -  ~ Ii/Ici 
Tt, i - 1  

In  t h e s e  exp re s s ions ,  I~ is t he  m e a s u r e d  a b s o l u t e  inte-  
g ra ted  i n t e n s i t y  of  t he  i th  d i f f rac t ion  l ine  f rom the  sample ,  
n is t h e  n u m b e r  of  d i f f rac t ion  l ines  u s e d  to eva lua t e  Q, a n d  
I~ is t h e  ca l cu la t ed  re la t ive  i n t e g r a t e d  i n t e n s i t y  of  t h e  i th  
l ine  is a pe r fec t ly  r a n d o m  sample .  In  ou r  ana lys i s  we  h a v e  
sca led  Ir215 to be  1.0 a n d  d e t e r m i n e d  Ic~ for t he  s i l i con  t11, 
220, a n d  311 re f lec t ions  to  be  1.000, 0.708, a n d  0.433. Th i s  
ca l cu l a t i on  was  m a d e  u s i n g  t he  p e r t i n e n t  c o n d i t i o n s  of  a 
t h i n  s a m p l e  on  a d i f f r a c tome te r  w i t h  a t h e t a - c o m p e n s a t i n g  
slit. T he  r e s u l t i n g  va lue  of  Q, ca l cu la t ed  as s h o w n  above ,  
u s i n g  e x p e r i m e n t a l  Ii's, is d i rec t ly  p r o p o r t i o n a l  to VT, t h e  
to ta l  v o l u m e  of  c rys ta l l ine  s i l icon in t h e  s a m p l e  r eg ion  
s tud ied .  T h u s  VT = K Q w h e r e  K is a c o n s t a n t  w h i c h  de-  
p e n d s  on  de ta i l s  of  t he  e x p e r i m e n t a l  se tup ,  s u c h  as t h e  
x- ray  g e n e r a t o r  p o w e r  set t ing.  S ince  all s a m p l e s  h a v e  t h e  
s a m e  ef fec t ive  area  A, we h a v e  VT = t~ff A w h e r e  t~ff is t h e  ef- 
fec t ive  t h i c k n e s s  of  t he  c-Si in  t h e  sample .  Va lues  of  Q, t~ff, 
a n d  P~ are  g iven  in Tab le  II. 

Results and Discussion 
The results of this study are summarized in Table III, 

which shows the volume fraction (v3~ of c-Si, oxide, and 
a-Si in each sample. The results for sample $2 are tabu- 

Table II. Diffraction data and results, teff (~m) is the effective 
thickness of a sample, Q is a weighted average of x-ray diffraction 
intensities and the Phk(s are texture parameters, te~ for $1-$6 was 

obtained using the calibration curve in Fig. 1. Sources for other teff'S 
are described in the Experimental section of the text. 

Sample Q t,e (Fm) Pm P ~  PaN 

$1 786 0.087 1.3 1.1 0.6 

$2 3749 0.414 1.4 0.9 0.7 

$4 4038 0.446 1.4 0.9 0.7 

$5 4005 0.442 1.3 0.9 0.8 

$6 5766 0.636 1.2 0.9 0.9 

CS1 4954 0.545 1.5 0.8 0.7 

CS2 1 0 7 2 2 6  1.14 1.2 1.0 0.9 

CS3 131215 1.45 1.1 1.0 0.9 

l a t ed  in  two ways.  In  t h e  first, t h e  s a m p l e  is l abe l ed  $2, a n d  
is c o n s i d e r e d  to cons i s t  of t h e  to ta l  fi lm t h i c k n e s s ,  0.95 I~m 
as m e a s u r e d  b y  TEM. In  t h e  second ,  t h e  s a m p l e  is l abe l ed  
$2' ,  a n d  is c o n s i d e r e d  to cons i s t  of  on ly  t h e  0.81 ~ m  t h i c k  
p o r t i o n  of  $2 t h a t  was  n o t  i m p l a n t  a m o r p h i z e d .  Fo r  s a m p l e  
$2, Vfoxide an d  vfa_s~ are n o t  wel l  de f ined  w i t h i n  t h e  c o n t e x t  
of  o u r  analysis .  However ,  s a m p l e  $2 '  s h o u l d  b e  t h e  s a m e  as 
o u r  u n i m p l a n t e d  sample ,  $4. 

B a s e d  on  r epea t ed  m e a s u r e m e n t s ,  we  e s t i m a t e  t h e  ex- 
p e r i m e n t a l  u n c e r t a i n t y  w h e n  c o m p a r i n g  vfc si'S to b e  -+ 0.01 
for  s a m p l e s  $2-$6 an d  _+0.04 for  $1 w h i c h  was  m u c h  th in-  
n e r  t h a n  t h e  o the r s  an d  w h i c h  s h o w e d  la rger  s ta t i s t ica l  
f l uc tua t ion  in r epea t ed  m e a s u r e m e n t s  of  d i f f r ac t ion  in ten-  
sit ies.  The uncertainties shown in Table III are in the abso- 
lute values of the vfc_si'S. The primary reason, for their 
larger values comes from a systematic error introduced by 
approximating the nonlinear background beneath the rel- 
atively broad SIPOS peak s by a sloping linear background 
correction. 

Sample $4, which was not implanted, consists of a 0.90 
~tm SIPOS sample containing 20 _+ 2% oxygen as deter- 
mined by RBS. It was studied after annealing at 900~ for 
30 min in dry nitrogen. X-ray diffraction indicates that this 
sample contains a vfc_si of 0.50 _+ 0.01. Because of the poten- 
tial systematic error mentioned above, we estimate that 
Vfc_si = 0.50 _+ 0.04 in a b s o l u t e  t e rms .  This  is w h a t  we  list  in  
Tab le  III. 

T h e  ox ide  c o n t e n t  of  s a m p l e  $4 is e s t i m a t e d  to be  0.26 _+ 
0.05 vf. To o b t a i n  th i s  n u m b e r  we  n e e d  to k n o w  t h e  o x y g e n  
c o n t e n t  of t h e  film, t h e  ave rage  o x i d a t i o n  state,  or c o m p o -  
s i t ion  of  the  oxide,  a n d  its dens i ty .  T h e  ox ide  c o m p o s i t i o n  
was  e s t i m a t e d  b y  two i n d e p e n d e n t  p rocedures .  In  th  e first, 
we  m e a s u r e d  t h e  pos i t ion  of  t h e  p r e d o m i n a n t  IR absorp -  
t i on  p e a k  n e a r  1060 cm71 f rom our  S I P O S  a n d  c o m p a r e d  
th i s  w i t h  t h e  pos i t i on  of  t h e  Si-O s t r e t c h i n g  peaks  in t he  
da ta  of  S c h u m a n n  et al (12). T h e y  m e a s u r e d  th i s  peak  posi-  
t i on  for a se t  of  SiO~ fi lms w h e r e  x was  k n o w n .  We deter -  
m i n e d  t h e  va lue  of  x in  o u r  f i lms b y  c o m p a r i s o n  to t h e s e  
data .  In  t h e  second ,  we u s e d  t h e  p u b l i s h e d  raw X P S  da ta  
of  T h o m a s  a n d  G o o d m a n  (2) ( t aken  on  s a m p l e s  very. s imi-  
lar  to  our  $4) to e s t i m a t e  x. F o l l o w i n g  A d a c h i  a n d  H e l m s  
(7), w e  i n t e r p r e t e d  t h e  s p ec t r a  as  d u e  m a i n l y  to Si ~ a n d  
Si  4+. B o t h  t e c h n i q u e s  y ie ld  x = 1.7, a n d  we  e s t i m a t e  t h e  
u n c e r t a i n t y  in  x to  b e  _+ 0.2. T h e  d e n s i t y  of  ox ide  is as- 
s u m e d  to b e  2.2 g /cm 3. To o b t a i n  t h e  ox ide  c o n t e n t  of  t h e  
fi lm we  u s e  t h e  e x p r e s s i o n  

 )11 
PsiMox \ Y 

Th i s  is a gene ra l i za t ion  of  Eq. [1] of  Ni  a n d  A r n o l d  (13) a n d  
a l lows  Vfoxide ( the i r  v2) to be  ca lcu la ted  k n o w i n g  x, t he  
ox ide  s t o i ch iome t ry ;  y, t h e  a tomic  f rac t ion  of  o x y g e n  in 
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t h e  film; psi a n d  po~, t he  dens i t ies ,  a n d  M a  a n d  Mo• t he  mo-  
l ecu la r  w e i g h t s  of  Si a n d  SiO~. 

T h e  v o l u m e  f rac t ion  of  a m o r p h o u s  si l icon,  Vfa-Si was  t h e n  
d e t e r m i n e d  f rom our  w o r k i n g  a s s u m p t i o n  

vfc-si + Vfo~id~ + vf~-si = 1 

We o b t a i n  Vfa-si = 0.24 + 0.06 in s a m p l e  $4, or  t h a t  24% of  
t he  s a m p l e  v o l u m e  is a m o r p h o u s  sil icon. Our  e s t ima te  of  
Vfoxide + Vfa.Si was  c h e c k e d  in  a n o t h e r  ser ies  of  e x p e r i m e n t s  
in  w h i c h  vf~.si was m e a s u r e d  in s a m p l e  s imi la r  to $4 before  
a n d  af te r  an  1150~ 2.5h a n n e a l  in  d ry  n i t rogen .  S u c h  an  
a n n e a l  is e x p e c t e d  to c o n v e r t  all t he  SiO~ to SiO2 a n d  to 
c o n v e r t  all t h e  a-Si to c-Si. This  s h o u l d  i nc r ea se  vfo_si to  
0.74 f rom 0.50, a ra t io  of  1.48. We h a v e  c h e c k e d  th i s  by  de- 
t e r m i n i n g  t he  ra t io  of  vfc_si in  s a m p l e  $6 to t h a t  in  $5. Ex- 
p e r i m e n t a l l y  we  o b s e r v e  

vf~_si ($6) 
- - -  1.46 
vfc_si ($5) 

w h i c h  agrees  w i t h i n  e x p e r i m e n t a l  e r ror  w i t h  t he  resu l t s  
p r e d i c t e d  f rom $4. 

Effects  of  a r sen ic  i m p l a n t a t i o n  are s een  b y  c o m p a r i n g  
s a m p l e s  $2 a n d  $4. T h e s e  s amp le s  are s imi la r  e x c e p t  t h a t  
a f te r  a n n e a l i n g  $2 was  a r sen ic  i m p l a n t e d  at  100 keV  w i t h  a 
dose  of  5 x 10 I~ As + c m  -2. A T E M  m i c r o g r a p h  of  th i s  
s a m p l e  (Fig. 5) i nd i ca t e s  no  o b s e r v a b l e  c-Si in  t he  top  0.14 
~ m  i m p l a n t - d a m a g e d  region.  The  c-Si w h i c h  was  o b s e r v e d  
in  th i s  r eg ion  be fo re  i m p l a n t a t i o n  ha s  b e e n  m a d e  amor -  
p h o u s  b y  t h e  imp lan t .  We w o u l d  e x p e c t  a d e c r e a s e  in  Vfc_si 
for  $2 (as c o m p a r e d  to $4) of  0.14 ~/0.95~, or 15%. W i t h i n  
e x p e r i m e n t a l  e r ror  th i s  is w h a t  was  m e a s u r e d :  Vfc_si in  $2 is 
0.44 +_ 0.01 - - d o w n  by  12% f r o m  t h a t  s e e n  in  $4. Fo r  $2 '  
( the  u n a f f e c t e d  region),  we o b t a i n  vfc_si Vfoxide, a n d  vf~_si 
v a l u e s  iden t i ca l  to  t h o s e  of  $4. 

Effec ts  of r e a n n e a l i n g  a r s e n i c - i m p l a n t e d  s a m p l e s  are 
s een  in  s amp le s  S1, $3, a n d  $5, w h i c h  were  r e a n n e a l e d  at  
900~ for 30 rain.  Our  r e su l t s  s h o w  t h a t  a f te r  i m p l a n t a t i o n  
p lus  r e a n n e a l i n g  two  t h i n g s  occur:  f irst  c-Si is r e f o r m e d  in  
t he  a m o r p h o u s  r eg ion  (see Fig. 6), a n d  second ,  m o r e  c-Si is 
p r e s e n t  t h a n  ex i s t ed  be fo re  imp lan t a t i on .  S a m p l e  $5 
( w h i c h  T E M  ind i ca t e s  was  a m o r p h i z e d  to one - th i rd  i ts 
d e p t h  b y  t he  200 keV  implan t )  con t a in s  0.57 vfi_si af ter  re- 
annea l ing .  Th i s  is a 14% inc rease  o v e r  n o n i m p l a n t e d  
s a m p l e s  $4 a n d  $2' ,  a n d  resu l t s  in  a ca lcu la ted  dec rea se  of  
33% in  vf~.si. This  is c o n s i s t e n t  w i th  all  t he  a-Si  in  t he  ira- 

p l a n t e d  reg ion  crys ta l l iz ing  d u r i n g  t h e  900~ 30 m i n  rean-  
h e a l i n g  process .  S a m p l e  S1, w h i c h  is on ly  0.14 ~xm th ick ,  
c o n t a i n s  0.62 vfr af ter  a h e a v y  i m p l a n t  a n d  reannea l .  This  
s a m p l e  was  " a m o r p h i z e d "  t h r o u g h o u t  i ts d e p t h  by  t h e  im- 
p lant .  T h e  ca lcu la ted  Vfa-si in  th i s  s a m p l e  a f te r  r e a n n e a l i n g  
is 0.04 _+ 0.08, w h i c h  is c o n s i s t e n t  w i t h  a c o m p l e t e  lack of  
a-Si. We t h i n k  t h a t  t h e  q u a n t i t y  of  c-Si in  t he se  s amp l e s  is 
m u c h  g rea te r  t h a n  w h a t  w o u l d  be  seen  if  an  u n i m p l a n t e d  
s a m p l e  were  j u s t  r e a n n e a l e d  for a n  a d d i t i o n a l  1/2 h o u r  at  
900~ w i t h o u t  i m p l a n t a t i o n .  In  o the r  w o r d s  we  t h i n k  t h a t  
t h e  ion i m p l a n t a t i o n  is r e s p o n s i b l e  for t h e  a d d i t i o n a l  crys-  
tal l izat ion.  

A m o d e l  of  S I P O S  h as  b e e n  p r o p o s e d  b y  Olego a n d  
B a u m g a r t  (6) w h i c h  is b a s e d  on  R a m a n  sca t t e r ing  da ta  a n d  
p laces  t h e  a-Si in  S I P O S  on  the  sur face  of  s i l icon crysta l -  
lites. T h e  vfa.s~ we m e a s u r e  (0.24 _+ 0.06 in s a m p l e  $4) corre-  
s p o n d s  c losely  to t h e  p e r c e n t a g e  of  s i l icon a t o m s  w h i c h  
are  sur face  a t o m s  in o u r  - 40,~ d i a m  crys ta l l i t es  (e.g., 21 a/o 
of  s i l i con  a t o m s  are  sur face  a t o m s  in a cub ic  crys ta l l i te  of  
size 6 • 6 • 6 u n i t  cells). I t  m a y  t h e r e f o r e  b e  t h e  case  t h a t  
t h e  a-Si we  r e p o r t  is j u s t  th i s  sur face  layer.  In  th i s  case  t he  
x- ray  re su l t s  i nd i ca t e  t h a t  t h e  sur face  a t o m s  c lear ly  do  no t  
l ie o n  t h e  c o n t i n u a t i o n  of  t h e  c-Si s t ruc tu re .  

F ina l ly  we no t e  t h a t  t h e  d i f f rac t ion  fea tu re  t h a t  occurs  
b e t w e e n  31 ~ a n d  38 ~ in our  Fig. 3 is d u e  to t h e  100 o r i en t ed  
s ing le-crys ta l  s i l icon subs t ra te .  A n a l o g o u s  fea tu res  s e e n  
by  P r a s a d  et aL (15) are a l m o s t  ce r t a in ly  d u e  to t he i r  111 
o r i e n t e d  s i l icon s u b s t r a t e  a n d  n o t  to a n  a n o m a l o u s  fo rm of  
s i l icon in  t h e  S IPOS.  In  a d d i t i o n  it  is l ikely t h a t  t h e  fea- 
t u r e s  t h e y  l abe led  as SiO in  t he i r  d i f f r ac tog rams  are dif- 
f r ac t ion  of  CuK~ r ad i a t i on  by  t h e  s u b s t r a t e  (333) a n d  (444). 

Conclusion 
We h a v e  m e a s u r e d  t h e  q u a n t i t y  of  po lyc rys ta l t ine  s i l i con  

in  va r ious  a n n e a l e d  a n d  i m p l a n t e d  S I P O S  films. Typica l  
u n i m p l a n t e d  f i lms w h i c h  c o n t a i n  20 a/o o x y g e n  a n d  w h i c h  
we re  a n n e a l e d  for  30 ra in  c o n t a i n  50 -+ 4% by  v o l u m e  crys- 
ta l l ine  sil icon. They  co n t a i n  26 -+ 5% SiOx (with  x = 1.7 _+ 
0.2), a n d  t h e  r e m a i n i n g  24 _+ 6% is a m o r p h o u s  sil icon. We 
h a v e  d e m o n s t r a t e d  t h a t  As  + i m p l a n t a t i o n  des t roys  t he  
c rys ta l l ine  s i l i con  s t r u c t u r e  in  t h e  i m p l a n t e d  region,  and  
t h a t  s u b s e q u e n t  a n n e a l i n g  res to res  t h e  c rys ta l l ine  s t ruc-  
t u r e  a n d  resu l t s  is a n o t i c e a b l e  i nc rease  in  t h e  v o l u m e  of  
c rys ta l l ine  s i l icon over  the  p r e i m p l a n t a t i o n  value.  
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Fig. 6. Cross-section TEM dark field micrograph of SIPOS sample $3. 
Like $2, this sample was implanted with S • 10 is cm -2 As + at 100 
keV. The sample was subsequently annealed, causing silicon in the im- 
plant-amorphized region to recrystallize. 
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A B S T R A C T  

T h e  f o r m a t i o n  ra te  of  c o p p e r  n o d u l e s  in  e lec t ro less  c o p p e r  ba ths ,  w h i c h  is a m e a s u r e  of  t he  b a t h  s tabi l i ty ,  was  s t u d i e d  
b y  m e a n s  of  a n o d u l e  m o n i t o r i n g  t e c h n i q u e  as a f u n c t i o n  of t he  p r e s e n c e  of  c o m p l e x i n g  agen t s  for  c o p p e r  (D-ions a n d  of  
d i s so lved  o x y g e n  b o t h  in t he  p r e s e n c e  a n d  a b s e n c e  of  sur fac tan t .  In  t he  p r e s e n c e  of  d i s so lved  o x y g e n  t he  s tab i l i z ing  ef fec t  
of  c o m p l e x i n g  agen t s  i n c l u d i n g  c y a n i d e  is re la t ive ly  smal l  a n d  does  no t  co r re l a t e  w i t h  t he  f o r m a t i o n  c o n s t a n t s  of  t he  re- 
spec t i ve  Cu(I ) -complexes .  In  a b s e n c e  of  oxygen ,  s ign i f i can t  s t ab i l i za t ion  is e x e r t e d  b y  c y a n i d e  a n d  phenanthro l ine- (1 ,10) ,  
b u t  no t  b y  t he  o t h e r  i n v e s t i g a t e d  c o m p l e x i n g  agents .  D i s so lved  o x y g e n  d r a m a t i c a l l y  r e d u c e s  t he  ra te  of  n o d u l e  fo rmat ion .  
B u b b l i n g  of  air  t h r o u g h  t he  b a t h  i n s t e a d  of  n i t r o g e n  r e d u c e s  t he  d e n s i t y  of  n o d u l e s  d e p o s i t e d  on  t he  m o n i t o r s  by  m o r e  
t h a n  four  d e c a d e s  b o t h  in  t he  p r e s e n c e  a n d  a b s e n c e  of  c o m p l e x i n g  agents .  Th i s  ef fec t  is f u r t h e r  e n h a n c e d  b y  i n c r e a s i n g  
t h e  o x y g e n  c o n t e n t  of  the  b u b b l e d  gas  m i x t u r e  u p  to 50%. The  b a t h  does  no t  b e c o m e  pass ive ,  i f  t he  c o n c e n t r a t i o n  of form.- 
a l d e h y d e  is suf f ic ien t ly  h igh .  T h e s e  f ind ings  s u p p o r t  a n o d u l e  f o r m a t i o n  m o d e l  in  w h i c h  t h e  b i v a l e n t  c o p p e r  c o m p l e x  is 
a d s o r b e d  on  e x t r a n e o u s  ge rms ,  t h e n  r e d u c e d  b y  f o r m a l d e h y d e  in a two-e l ec t ron  s tep  to a d s o r b e d  meta l l i c  nuc l e i  w h i c h  
s u b s e q u e n t l y  g row to nodules .  O x y g e n  s tabi l izes  t h r o u g h  r e o x i d a t i o n  of  nucle i ,  w h e r e a s  c y a n i d e  a n d  p h e n a n t h r o l i n e -  
(1,10) in  a b s e n c e  of  o x y g e n  m a y  i n h i b i t  e i t h e r - a d s o r p t i o n  or o n s e t  of  g rowth .  A m e c h a n i s m  via  m o n o v a l e n t  c o p p e r  in te r -  
m e d i a t e  is e x c l u d e d .  

E lec t ro les s  p l a t i ng  b a t h s  are  k n o w n  to depos i t  m e t a l  n o t  
on ly  on  t he  ca ta ly t ic  su r face  reg ions  of  t he  subs t r a t e s ,  b u t  
also to s o m e  e x t e n t  on  n o n a c t i v a t e d  reg ions  a n d  on  t he  
su r face  of  t h e  p l a t i ng  e q u i p m e n t .  Th i s  t e n d e n c y  bas ica l ly  
r e su l t s  f rom t h e  m e t a s t a b l e  t h e r m o d y n a m i c  c h a r a c t e r  of  
e lec t ro less  ba ths ,  i.e., t h e  r e d u c i n g  a g e n t  is p r e s e n t  every-  
w h e r e  in  t h e  b u l k  of  t he  ba ths ,  w h e r e  any  cata lyt ic  g e r m  
m a y  be  suf f ic ien t  to in i t i a te  m e t a l  nuc lea t ion ,  w h e r e a s  in  
e l e c t rop l a t i ng  p r o c e s s e s  t h e  r e d u c i n g  p o w e r  p r o v i d e d  b y  
e lec t r ic  c u r r e n t  is loca ted  se lec t ive ly  at  t he  m e t a l  su r faces  
to  be  p la ted .  

In  e lec t ro less  c o p p e r  p l a t i ng  t he  p r o d u c e d  e x t r a n e o u s  
c o p p e r  is d e p o s i t e d  in  fo rm of i n d i v i d u a l  a n d  a g g r e g a t e d  
sphe r i ca l  par t ic les ,  so-cal led nodu les .  Whi le  p l a t i ng  l ines  
a n d  t h r o u g h - h o l e s  of  p r i n t e d  c i rcui t  b o a r d s  t h e s e  par t ic les  
se t t le  d o w n  also at  t he  b o u n d a r i e s  b e t w e e n  p l a t ed  c o p p e r  
a n d  pho to res i s t ,  w h e r e  t hey  b e c o m e  a sou rce  of  de fec t s  
d u r i n g  s u c c e e d i n g  p roces s  s teps.  

The  t e n d e n c y  to fo rm e x t r a n e o u s  c o p p e r  is gene ra l ly  de- 
n o t e d  ins tab i l i ty .  S t ab l e  b a t h s  ideal ly  wou ld  no t  depos i t  
e x t r a n e o u s  c o p p e r  at  all. However ,  c o m p l e t e l y  s t ab le  
b a t h s  do no t  ex i s t  a n d  the  t e r m  " s t ab l e  b a t h "  impl i e s  a ten-  
d e n c y  to depos i t  e x t r a n e o u s  c o p p e r  to a re la t ive ly  low ex- 
t e n t  r a t h e r  t h a n  a b s o l u t e  a b s e n c e  of e x t r a n e o u s  c o p p e r  
fo rma t ion .  

To e n h a n c e  b a t h  s tabi l i ty ,  va r ious  add i t ives  are app l i ed  
as s tab i l izers  in  c o m m e r c i a l  b a t h s  (1-4). T h e  gene ra l ly  ac- 
c e p t e d  t h e o r y  of  s t ab i l i za t ion  as e x e r t e d  by  add i t i ve s  was  
r e v i e w e d  b y  E h r i c h  (5). I t  pos tu l a t e s  a one -e l ec t ron  reduc-  
t i on  of  Cu(II) to Cu(I) in  t he  b u l k  of  t he  ba th .  In  t he  alka-  
l ine  b a t h  e n v i r o n m e n t  Cu(I) p rec ip i t a t e s  as c u p r o u s  ox ide  
w h i c h  d i s p r o p o r t i o n a t e s  to Cu(II) a n d  Cu(0)-nuclei .  T h e s e  
nuc le i  are  to ld  to be  t he  g r o w t h  cen t e r s  for t h e  f o r m a t i o n  
of  nodu les .  O x y g e n  is said  to d i s t u r b  th i s  r eac t i on  se- 
q u e n c e  b y  r eox id i z ing  Cu(I) to Cu(II), w h e r e a s  c y a n i d e  is 
s u p p o s e d  to des t roy  Cu(I) b y  c o m p l e x a t i o n .  Thus ,  b o t h  
a g e n t s  are  sa id  to s u p p r e s s  n o d u l e  f o r m a t i o n  by  adve r se ly  
a f fec t ing  t h e  s t eady-s t a t e  c o n c e n t r a t i o n  of  Cu(I ) - in te rme-  
diate .  So  far, t h e r e  s e e m s  t o b e  no  p r o o f  for th i s  m e c h a -  
n i s m  n o r  any  a c c e p t e d  m o d e l  for  de ta i l s  of  t he  n o d u l e  nu-  
c l ea t ion  r eac t ion  s equence ,  e.g., c o n c e r n i n g  t he  role  of  
pa r t i c l e s  as  n u c l e a t i o n  cen te r s .  

T h e  in i t ia l  c o n c e p t  of  th i s  work  was  to t e s t  t h e  Cu(I)- 
c o m p l e x a t i o n  m o d e l  by  a d d i n g  to t he  b a t h  a ser ies  of  com-  
p l e x i n g  agen t s  for  Cu(I)-ions w i t h  c o m p l e x  s tab i l i ty  con-  

s t an t s  c o v e r i n g  a r a n g e  of  ove r  20 decades ,  as c o m p l e x i n g  
a g e n t s  h a d  b e e n  s u p p o s e d  to be  t he  m a i n  s tabi l izers .  T h e  
c o m p l e x i n g  agen t s  were  app l i ed  i nd iv idua l l y  as wel l  as in  
c o m b i n a t i o n  w i t h  one  or b o t h  of  air  a n d  a su r fac tan t .  In  a 
s e c o n d  ser ies  of  e x p e r i m e n t s  t he  o x y g e n  c o n t e n t  of  t he  
b u b b l e d  o x y g e n / n i t r o g e n  m i x t u r e  was  va r i ed  b e t w e e n  21 
a n d  100%. As a first  s tep,  howeve r ,  a m e t h o d  for  quan t i t a -  
t ive  cha r ac t e r i z a t i on  of  b a t h  s tab i l i ty  h a d  to b e  deve loped .  

Experimental 
All e x p e r i m e n t s  we re  m a d e  at e l eva ted  t e m p e r a t u r e  

w i t h  e lec t ro tess  c o p p e r  p l a t i ng  b a t h s  c o n t a i n i n g  c o p p e r  
sulfate,  EDTA,  f o r m a l d e h y d e ,  a n d  s o d i u m  h y d r o x i d e  as 
m a j o r  c o m p o n e n t s .  Su r fac t an t ,  c o m p l e x i n g  agen t s  for  
copper ( I ) - ions  a n d  d i s so lved  o x y g e n  were  op t iona l ly  ap- 
p l ied  as m i n o r  cons t i t uen t s .  The  c o n c e n t r a t i o n  of  formal-  
d e h y d e  was  va r i ed  b e t w e e n  12 a n d  300% of  t h e  s t a n d a r d  
v a l u e  in o rde r  to keep  t he  n o d u l e  c o u n t  w i t h i n  t he  l imi ts  
se t  b y  t he  m o n i t o r i n g  m e t h o d  used.  C o m p l e x i n g  agen t s  
we re  app l i ed  at  0.0002 mol/ l i ter .  The  c o n c e n t r a t i o n  of  dis- 
so lved  o x y g e n  was  va r i ed  b y  v a r y i n g  t he  c o m p o s i t i o n  of  
b u b b l e d  o x y g e n / n i t r o g e n  mix tu re s .  

To cha rac t e r i ze  b a t h  s tab i l i ty  a n o d u l e  m o n i t o r i n g  tech-  
n i q u e  was  deve loped .  B a t h  s a m p l e s  of  500 ml  were  s u c k e d  
t h r o u g h  a filter h a v i n g  pores  of  0.8 ~ m  n o m i n a l  w i d t h  a n d  
s u b s e q u e n t l y  app l i ed  for p la t ing .  All e x p e r i m e n t s  were  
m a d e  a t  c lean  r o o m  c o n d i t i o n s  in  a t h e r m o s t a t e d  b e a k e r  
ba th .  S t a n d a r d  d u r a t i o n  of  all r u n s  was  5h. T h e  b a t h  com-  
pos i t i on  was  con t ro l l ed  b y  m a n u a l  pH ana lys i s  and  N a O H  
a n d  f o r m a l d e h y d e  r e p l e n i s h m e n t s  in  in t e rva l s  of  lh .  The  
p l a t i ng  ra te  was  con t ro l l ed  b y  t he  m a s s  i nc r ea se  of  copper -  
coa t ed  e p o x y  coupons .  The  m i x e d  po t en t i a l s  was  meas -  
u r e d  at  a c o p p e r  wi re  vs. a Ag/AgC1 e l ec t rode  a n d  con t inu -  
ous ly  recorded .  A n  a l u m i n a  c o u p o n  of  10 c m  2 a rea  h a v i n g  a 
de f ined  sur face  r o u g h n e s s  was  p l aced  in  t he  b e a k e r  hori-  
zon ta l ly  a b o u t  2 c m  a b o v e  the  bo t t om.  D u r i n g  p la t ing ,  
n o d u l e s  se t t l ed  d o w n  on to  the  u p p e r  sur face  of  t h a t  mon i -  
tor.  Af te r  f i n i sh ing  a p l a t i ng  r u n  t he  c o u p o n  was  care fu l ly  
r e m o v e d  f rom the  ba th .  The  n u m b e r  of  n o d u l e s  sedi-  
m e n t e d  on  t he  u p p e r  sur face  of  t he  m o n i t o r  was  c o u n t e d  
e i t h e r  b y  m e a n s  of  opt ica l  m i c r o s c o p y  or by  SEM, d e p e n d -  
ing  on size and density of the nodules. The size distribu- 
tion was determined by an automatic image processing 
system. On the lower surface of the monitor generally no 
nodules were found. 




