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ABSTRACT 

The surface area of samples of manganese dioxide is shown to be an im- 
portant factor in influencing its behavior. Four samples of MnO~ of widely 
different origins, electrolytic, activated, natural  ore, and synthetic pyrolusite, 
with total surface area values of 52.8, 50.5, 7.4, and 1.6 mS/g, respectively, a r e  
used as examples. The rates of the recuperation reaction at temperatures of 21~ 
50~ are shown to be related to the total surface area of the oxides by a com- 
plex relation, dependent on temperature and other factors. The product of t h e  
reaction MnOOH develops on the surface and in the pores of the original MnO~ 
particle, thus increasing the diameter and resulting in reduced pore volume, 
respectively. The MnOOH made under these conditions, from all four starting 
materials, appears as rod-shaped units in electron micrographs. 

A survey of the l i t e ra tu re  on manganese  dioxide 
and its cathodic operat ion indicates tha t  the  field 
has received considerable  a t tent ion  and is wel l  de-  
fined. However,  the technologist  in this area  soon 
finds tha t  he cannot  consis tent ly apply  this back-  
ground to corre la te  the proper t ies  of a pa r t i cu la r  
sample of MnO~ wi th  ac tual  e lectrochemical  pe r -  
formance in a ba t te ry .  Each technological  advance 
aids in unders tanding  the over -a l l  problems in-  
volved, but  in i tself  provides  only a pa r t  of the so- 
lution. Studies  of manganese  dioxide by  chemical  
methods (1),  pH-po ten t i a l  measurements  (2),  
ut i l izat ion test (3),  and react ion ra te  de te rmina t ions  
(4) when combined wi th  e lect rolyte  studies (5) 
provide  the ma jo r  por t ion of the answer  to the p rob -  
lem from the e lectrochemical  and chemical  v iew-  
points. The physical  p roper t ies  of manganese  dioxide 
have been s tudied by  many  methods  (6) including 
x - r a y  diffraction (7) to de te rmine  the significance 
of the var ious  al lotropic forms and thei r  c rys ta l -  
l inity.  The size and shape of the MnO~ par t ic le  have  
been s tudied for many  years,  most  recent ly  by  the 
electron microscope (8).  A prev ious ly  l i t t l e - recog-  
nized proper ty ,  the  surface area  of the mater ia l ,  is 
now shown to be an impor tan t  factor  in corre la t ing  
the per formance  of var ious  MnO~ samples used as 
ba t t e ry  cathodes. 

Experimental 
The sample  of e lectrolyt ic  MnO~ used in this work  

was p repa red  by  the electrolysis  of a manganous  
sulfate solution as prev ious ly  descr ibed (9).  The 
ac t iva ted  MnO2 was p repa red  by  leaching Mn~Os, 
f rom the rma l  reduct ion of MnO~ ore, in sulfuric  
acid solution (10). The ore sample  was typica l  of 
tha t  obta ined f rom West  Afr ica  (Ghana)  and gen-  
e ra l ly  ava i lab le  to the  ba t t e ry  indust ry .  The syn-  
thetic pyro lus i te  was obtained some t ime ago and 
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was p repa red  by  the t he rma l  decomposit ion of 
manganous  n i t ra te  (11). Port ions of these same 
samples were  used in the recupera t ion  react ion ra te  
s tudy prev ious ly  descr ibed (4).  

Chemical  analyses  of the  four samples were  made 
in the  usual  manner .  Par t ic le  size d is t r ibut ion  
curves were  obta ined by  subject ing the por t ion of 
the sample which passed a 200 mesh sieve to the mi -  
c romerograph  (12). Par t ic le  surface area  values  were  
calcula ted f rom these da ta  using a method recom- 
mended by  the makers  of the ins t rument .  Total  sur-  
face area  values  were  obtained wi th  a convent ional  
BET ni t rogen sorption appara tus  (13). Pore  spectra  
on the var ious  samples were  made using the same 
appara tus  and the method descr ibed by  Barre t t ,  
Joyner ,  and Ha lenda  (14). 

Composit ions and proper t ies  of these four samples 
are given in Table  I. 

Discussion 
It  has been es tabl ished tha t  the cathode reduct ion 

in the Leclanch~ dry  cell  can occur th rough  a s tep-  
wise series of react ions (15). The first s tep is elec-  
t rochemical  in which Mn ~v is reduced to Mn ~I as in 
react ion [1]. The second step is chemical  and may  
fol low one or both of the direct ions given in reac-  
tions [2] and [3[. 

MnO~ ~ 2NH, § Jr 2NH,C1 § 2ZnCI~ -t- 2e 

MnCI~ -t- 2ZnCl~. 2NH~ ~ 2H~O [1] 

MnO~ + Mn §247 ~- 2 (OH)---> 2MnOOH [2] 

MnO2 + Mn §247 -b 4 (OH)- + Zn §247 

ZnO- Mn~O3 -F 2H~O [3 ] 

Some years  ago, i t  became increas ingly  clear  tha t  
chemical  react ions [2] and [3] were  sufficiently 
slow to l imi t  ser iously the  output  of the  Leelanch~ 
cell on many  of the  shor ter  t ime tests and heavy  
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Table I. Composition and properties of four MnO~ samples 

Total* Real 
% % % Total inactive Crystal density, 

Sample % Mn % MnO2 Peroxidation Free MnO2 Mn~O8 iVfn oxides material type g/cc 

Electrolyt ic  58.07 87.43 95.18 83.02 3.99 87.01 12.99 7 4.25 
Act ivated 50.83 73.79 91.70 67.27 12.03 79.30 20.70 a 4.09 
Afr ican ore 54.99 84.81 97.6 82.61 4.00 86.61 13.39 p 4.49 
Synthet ic  py-  

rolusi te  62.12 97.97 99.7 97.62 0.49 98.11 1.89 /~ 5.07 

* This column w a s  o b t a i n e d  by subtracting t h e  to ta l  m a n g a n e s e  o x i d e  c o n t e n t  from 100%. 
T h e  values shown include acid soluble and insoluble gangue, nletallie oxides in small amounts, as well as both 
The electrolytic sample contains a small amount of graphite. 

free and combined water. 

dra in  appl icat ions .  A conce r t ed  s tudy  of the  condi -  
t ions g o v e r n i n g  the  chemica l  or r e c u p e r a t i o n  r eac -  
t ions was,  the re fo re ,  u n d e r t a k e n .  T h e  gene ra l  f ind-  
ings and da ta  ob ta ined  for  specific e x a m p l e s  w e r e  
p r e s e n t e d  in a r ecen t  p a p e r  (4) .  The  mos t  i m p o r t a n t  
f inding was  tha t  the  syn the t i c  MnO~ samples ,  w h i c h  
g ive  be t t e r  b a t t e r y  p e r f o r m a n c e  t h a n  the  n a t u r a l  
ores, show this  supe r io r i t y  in the i r  cha rac t e r i s t i c a l l y  
g r e a t e r  r e c u p e r a t i o n  rate .  S ince  t h e r e  has been  a 
cons ide rab le  a m o u n t  of specu la t ion  as to w h y  the  
syn the t ic  oxides  are  so m u c h  m o r e  act ive,  th is  p a -  
pe r  offers an  e x p e r i m e n t a l  ana lys is  and a pa r t i a l  
e x p l a n a t i o n  for  this s i tuat ion.  

In any chemica l  r eac t ion  b e t w e e n  a solid and 
a salt  d isso lved  in a m e d i u m  in w h i c h  the  solid is 
suspended,  t he r e  a r e  a n u m b e r  of i m p o r t a n t  con-  
s idera t ions  w h i c h  inf luence  the  r eac t ion  rate.  A 
n u m b e r  of these  factors ,  such as t e m p e r a t u r e  and 
e l ec t ro ly t e  pH, was  discussed p r e v i o u s l y  (4) .  One 
i m p o r t a n t  phys ica l  p r o p e r t y  of t he  solid pa r t i c l e s  
mus t  also be considered,  name ly ,  t he  a rea  of the  
pa r t i c l e  w h i c h  is in contac t  w i t h  t he  r eac t ion  so lu-  
tion. P r e l i m i n a r y  s tudies  in th is  d i rec t ion  i n v o l v e d  
the ca lcu la t ion  of w h a t  we  h a v e  t e r m e d  the  pa r t i c l e  
sur face  a rea  ( P S A )  f r o m  the  pa r t i c l e  size spec t rum.  
The  l a t t e r  is d e t e r m i n e d  by  s ieving and by m e a s -  
u r e m e n t s  of the  subs ieve  por t ions  w i t h  the  m i c r o -  
m e r o g r a p h .  A compar i son  of the  pa r t i c l e  su r face  
a rea  va lues  and the  r eac t ion  r a t e  at the  ha l f  l i fe  

Table II. Relationship between the particle surface area of four 
samples of Mn02 and the experimentally determined reaction rate 

of the  r eac t ion  is g iven  in Tab le  II  for  t he  fou r  t y p -  
ical  samples  of m a n g a n e s e  d iox ide  p r e v i o u s l y  de-  
scribed.  Compos i t ions  and p rope r t i e s  of the  m a n g a -  
nese  samples  a re  shown in Tab l e  I. 

I t  is c lea r  f r o m  the  da ta  in Tab l e  I I  t ha t  no 
s imple  r e l a t ionsh ip  exists  b e t w e e n  the  pa r t i c l e  su r -  
face  a rea  da ta  and the  r a t e  of the  r e c u p e r a t i o n  r e -  
act ion for  these  specific samples .  S ince  the  pa r t i c l e  
su r face  a rea  is ca lcu la ted  on the  a s sumpt ion  t h a t  
al l  t he  par t ic les  a re  spher ical ,  it is a p p a r e n t  t h a t  
some e r ro r  w o u l d  be i n t roduced  by the  shape  fac tor  
of the  pa r t i c l e ;  h o w e v e r ,  the  e r ro r  is not  l a rge  
e n o u g h  to inf luence  this  conclusion.  

The  MnO~ samples  differ  in o the r  respec ts  bes ides  
pa r t i c l e  shape and size. T h e y  differ  in c rys ta l  type  
and, mos t  im por t an t l y ,  t h e y  differ  in t he i r  to ta l  
su r face  a rea  as d e t e r m i n e d  by  the  B E T  method .  
M e a s u r e m e n t s  of to ta l  sur face  a rea  on the  above  
four  samples  are  c o m p a r e d  w i t h  the  pa r t i c l e  sur face  
a rea  in Tab le  III.  

Surface Area of MnO~ Samples 
P r e v i o u s  au thors  (16-19)  h a v e  no ted  di f ferences  

in the  B E T  sur face  a rea  of va r ious  samples  of MnO~. 
The  concept  of inc reas ing  the  sur face  a rea  of a 
sample  of MnO~ by  g r ind ing  t h e  par t i c les  to sma l l e r  
and sm a l l e r  d i a m e t e r s  has  o f ten  b e e n  proposed.  The  
effect of such t r e a t m e n t  can be ca l cu la t ed  by  a s s u m -  
ing tha t  on ly  solid spher ica l  pa r t i c les  a re  p roduced  
by  the  g r ind ing  process.  F i g u r e  1 shows the  r e l a t ion  

Reaction rate  
Particle ~[ dz ] 
sample Log • lO s 

area,  L ~ ~=o.5 
S a m p l e  m~/g at pit 6.50 and 21=C 

Electrolyt ic  0.47 2.130 
Act ivated 0.40 2.380 
Afr ican ore 0.18 0.660 
Synthet ic  py-  

rolusite 0.47 0.013 

Table III. Comparison of the total and particle surface area of four 
representative MnO~ samples 

Sample 

Total surface Particle surface 
area BET area sizing 

determination, determination, 
mS/g m2/g 

Electrolyt ic  52.8 0.47 
Act ivated 50.5 0.40 
African ore 7.4 0.18 
Synthet ic  pyrolusi te  1.58 0.47 

.Oi .I L D I00 iO00 
CALCULATED PARTICLE SURFACE AREA 

OF GRAM IN m 2 

~'-/-'/-"/~PART~/.ES VISIBLE tN DAYLIGHT 

~ P A R T I C L E S  VISIBLE IN ULTRAVIOLET 
LIGHT 

~ P A R T I C L E S  VISIBLE IN ELECTRON 
MICROSCOPE 

Fig. 1. Relationship between particle size and surface area. 
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Fig. 2. Relationship between recuperation reaction rate and total 
surface area of four manganese oxides at pH 6.5 at a variety of 
temperatures. 

b e t w e e n  the par t ic le  d i ame te r  and  the  ca lcu la ted  
surface  area  of a sample  of MnO=, a s suming  a rea l  
dens i ty  of 4.54. F r o m  this chart ,  par t ic les  of MnO, 
of 200 mesh  size (74~, d i ame te r )  are shown to have  
0.019 mVg, and  those of 325 mesh  (44~ d i ame te r )  
to have  0.033 mVg. A l though  these areas are con-  
s ide rab ly  l a rger  t h a n  those possessed by  l a rger  p a r -  
ticles, on a u n i t  we igh t  basis, t hey  fal l  far  shor t  of 
the ac tua l  m e a s u r e d  surface areas  g iven  in  Tab le  III. 
Thus,  a n o m i n a l  200 mesh  ore which  conta ins  a con-  
s iderab le  a m o u n t  of f iner  ma te r i a l  is found  to have  
a to ta l  sur face  area  of 7.4 m~/g, of which  0.18 m ~ or 
about  2.4% rep resen t s  the  a rea  p re sen t  on the  su r -  
face of the  part icles .  Since the  par t ic le  d i ame te r  
and  the  to ta l  surface area  are known ,  we m u s t  con-  
c lude t ha t  the  difference in  surface area b e t w e e n  
the tota l  and  ca lcula ted  va lues  resides in  tha t  a rea  
which  is p resen t  in  cracks, crevices, and  pores in  the  
MnO= part icles .  I t  is the sur face  area of this l a b y r i n t h  
tha t  is effect ively m e a s u r e d  by  the  BET method.  
The a l t e rna t i ve  of g r i nd ing  the MnO_~ to a par t ic le  
size to produce  a par t ic le  sur face  area 7.4 m=/g is 
shown by  Fig. 1 to r equ i re  a par t ic le  d i ame te r  of 
1900A (0.19/~) or jus t  about  the  l imi t  of v i s ib i l i ty  
wi th  whi te  l ight.  Obvious ly ,  this  par t ic le  size is 
not  ob ta ined  nor  is this  me thod  a prac t ica l  or an  
economica l  p rocedure  for commerc ia l  g r i n d i n g  op-  
erat ion.  

Reac t ion  ra te  va lues  for a v a r i e t y  of t e m p e r a t u r e s  
f rom 21 ~ to 50~ have  been  ca lcu la ted  f rom p rev ious  
resul t s  (4) .  The re la t ion  of the  tota l  sur face  area  
to the  reac t ion  ra tes  of the four  MnO= samples  at 
pH 6.5 at the  above t e m p e r a t u r e s  is shown in Fig. 2. 
A s t ra igh t  l ine  re la tes  the  l oga r i t hm of the  reac t ion  
ra te  to the  l oga r i t hm of the  tota l  surface  a rea  at 45 ~ 
and  at 50~ At  o ther  t e m p e r a t u r e s  this  r e l a t ion  
depar t s  s igni f icant ly  f rom a s t ra igh t  l ine.  The 
change  at the  lower  t e m p e r a t u r e s  is caused b y  a 
la rge  decrease  in  ra te  for the samples  of lowest  su r -  
face area. One i m p o r t a n t  factor  tha t  should be con-  
s idered is tha t  the to ta l  surface va lues  as m e a s u r e d  
on the  i n d i v i d u a l  samples  of MnO~ rep re sen t  the  
combined  surfaces  of the 1V[nO= itself, the  Mn,O,, 
and  the  ine r t  i ng red ien t s  present .  Since the  l a t t e r  
can r ep re sen t  as m u c h  as 20% of the  tota l  we igh t  
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Fig. 3. Pore spectrum of electrolytic manganese dioxide. 

of the sample  (as m a y  be seen f rom Table  I ) ,  the i r  
con t r i bu t i on  to the  tota l  surface  area  m a y  be qu i te  
significant.  Therefore ,  it is not  su rp r i s ing  tha t  the  
r e l a t ion  b e t w e e n  the  r ecupe ra t i on  reac t ion  ra te  and  
the  surface area  of the four  samples  is so complex.  
In  v iew of the  complexi ty ,  it appears  imprac t i ca l  to 
a t t empt  a di rect  cor re la t ion  wi th  ac tua l  b a t t e r y  tes t  
data.  

Pore Spectrum o] MnO~ Samples 
Having  shown tha t  some re la t ionsh ip  exists  be -  

t w e e n  the tota l  surface  area  of a depolar izer  and  
reac t ion  rate,  it seems i m p o r t a n t  to look for the  
reasons  why.  One a t t r ac t ive  d i rec t ion  of s tudy  is to 
e x a m i n e  the  d imens ions  of the  pores in  the  MnO~ 
par t ic les  which  are  respons ib le  for the  surface area. 
The  pore s t ruc tu re  of a sample  of MnO~ can  be de-  
t e r m i n e d  by  es tab l i shed  methods .  The ba r  g raph  
in  Fig. 3 gives the  d i s t r i bu t i on  of the pores in  a 
sample  of e lect rolyt ic  MnO2 t h r o u g h o u t  the r ange  
of 20-600A diameter ,  whi le  the  curve  presen ts  the 
c u m u l a t i v e  pore v o l u m e  present .  W h e n  a sample  of 
MnO~ is exposed to a so lu t ion  con t a in ing  Mn §247 u n d e r  
condi t ions  w he r e  reac t ion  [2] can occur, the re  is 
a lways  the  ques t ion  as to how ex tens ive ly  does the  
reac t ion  opera te  on the  ins ide  surfaces of the  pores. 
The answer  depends  on m a n y  factors, i nc lud ing  the  
ava i l ab i l i t y  of bo th  the  reac t ion  Mn §247 and  the  MnO~ 
at  the  po in t  of contact .  One approach  to this  p rob -  
l em is to cons ider  l g  of e lect rolyt ic  MnO~ wi th  a 
to ta l  sur face  a rea  of 52.8 mVg. If this  w e r e  p r e sen t  
as a t h in  fiat p l a t e  of 26.4 m ~ area, its th ickness  could 
be ca lcula ted  as 0.84 x 10 -~ cm or 84A. Each square  
cen t ime te r  of such a p la te  wou ld  we igh  3.78 x 10-'g 
and, neg lec t ing  the  m i n u t e  area  of the  edge, it  
wou ld  have  an  exposed surface  of 2 cm ~. Accord ing  
to reac t ion  [2],  3.78 x 10-~g MnO~ w ou l d  u n i t e  w i t h  
2.39 x 10-6g Mn §247 for comple te  convers ion  to MnOOH. 
This  a m o u n t  of Mn  ++ wou ld  be con ta ined  in  a v o l u m e  
of 43.5 x 10-6 cc of a 1M solut ion which  wou ld  be 
p re sen t  in  a l a y e r  21.7 x 10 -6 cm or 21705, th ick  
and  2 cm ~ in  cross section. This r a t h e r  i nvo lved  cal-  
cu la t ion  can  be cons idered  only  a first and  p r o b a b l y  
ve ry  rough  a p p r o x i m a t i o n  of the  condi t ions  p resen t  
at  the  in te r face  at wh ich  the  MnO~ contacts  the  
e lec t ro ly te  con t a in ing  Mn §247 However ,  the resu l t  
serves  to emphas ize  one i m p o r t a n t  fact. Since it  
r equ i res  a l ayer  of e lec t ro ly te  2170A th ick  to supp ly  
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Fig. 4. Comparison of the cumulative pore volume of MnOOH and 
of the electrolytic manganese dioxide from which it was prepared. 
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duct ion .  In  t he  po re  d i a m e t e r  r a n g e  of 100-400A, 
a n d  even  l a rge r ,  f r o m  1/3 to 1 /2  of t h e  o r i g i n a l  
p o r e  v o l u m e  is fi l led, in g e n e r a l  accord  w i t h  t h e  
d e c r e a s e  in su r f ace  a r e a  c i t ed  above .  This  f inding  
p r o v e s  t ha t  t h e  so lu t ion  of Mn §247 d i d  dif fuse  in to  
t he  po re s  of the  MnO~ p a r t i c l e  to a c o n s i d e r a b l e  
d e g r e e  and  depos i t  M n O O H  the re in .  Microscop ic  
e x a m i n a t i o n  of c a r e f u l l y  s ized p a r t i c l e s  s h o w e d  t h a t  
t h e y  i n c r e a s e d  in  d i a m e t e r  d u r i n g  a r e c u p e r a t i o n  
r e a c t i o n  run .  P a r t i c l e  size va lue s  w e r e  o b t a i n e d  on 
e l e c t r o l y t i c  MnO~ and  on M n O O H  f o r m e d  b y  the  
c h e m i c a l  r e d u c t i o n  of th is  ox ide  in a r e c u p e r a t i o n  
t e s t  a t  a p H  of 5.4 and  a t e m p e r a t u r e  of 43.95~ 
The  p a r t i c l e  d i a m e t e r  d i s t r i b u t i o n  cu rves  of t he  two  
m a t e r i a l s  a r e  g iven  in Fig .  5. F r o m  these  da ta ,  i t  
is a p p a r e n t  t h a t  t he  M n O O H  p a r t i c l e s  a re  l a r g e r  in 
d i a m e t e r  t h a n  those  of e l e c t r o l y t i c  MnO~ b y  an  

Fig. 5. Comparison of the particle size of MnOOH and of the 
electrolytic manganese dioxide from which it was prepared. 

Mn +* at  t he  i n i t i a l  1M c o n c e n t r a t i o n  to each  s q u a r e  
c e n t i m e t e r  of  MnO~ p l a t e  or  2 cm ~ of MnO~ su r f ace  
area ,  i t  a p p e a r s  qu i t e  i m p o s s i b l e  to v i sua l i ze  a n y  
such c o m p l e t e  r e a c t i o n  w i t h i n  t h e  po re s  in t he  MnO~ 
pa r t i c l e ,  s ince  t he  pores  a r e  m o s t l y  b e l o w  400A in 
d i a m e t e r ,  and ,  t he r e fo r e ,  c anno t  con t a in  suff icient  
Mn ++ in t h e  in i t i a l  so lu t ion  a b s o r b e d  for  c o m p l e t e  
r e d u c t i o n  of t he  MnO~. Thus,  w e  a re  fo r ced  to one  
or  bo th  of two  conc lus ions :  1. the  r e a c t i o n  b e t w e e n  
MnO~ a n d  Mn+* is i n i t i a t e d  p r i m a r i l y  on  the  ou t s i de  
of t he  pa r t i c l e ,  and  2, t he  r e a c t i o n  m a y  occur  in  t he  
po re s  of t he  MnO~, b u t  t h e  r e p l e n i s h m e n t  of t h e  Mn §247 
m u s t  be  d e p e n d e n t  on d i f fus ion into  t he  pores  f r o m  
the  b u l k  of t h e  e l ec t ro ly t e .  

Pore Spectrum Measurements of M n O O H  

To a id  in  a s s ign ing  the  p r o p e r  s igni f icance  to t he  
a b o v e  poss ib i l i t i e s ,  some i n t e r e s t i n g  e v i d e n c e  is 
p r o v i d e d  b y  p o r e  s p e c t r a  d e t e r m i n a t i o n  d a t a  on 
e l e c t r o l y t i c  MnO~ a n d  on M n O O H  p r e p a r e d  f r o m  it  
b y  the  r e c u p e r a t i o n  r eac t ion .  The  in i t i a l  v a l u e  of 
52.8 m V g  o b t a i n e d  on the  e l e c t ro ly t i c  MnO~ is r e -  
d u c e d  to 27.4 m V g  in a p a r t i c u l a r  e x p e r i m e n t a l  run .  
A c c o r d i n g  to r e a c t i o n  [2] ,  l g  of t he  o r ig ina l  MnO~ 
thus  p r o v i d e s  2.04g of t he  r e a c t i o n  p r o d u c t .  Thus ,  
the  va lue s  on the  c u m u l a t i v e  p o r e  v o l u m e  c u r v e  
o b t a i n e d  on 2.04g M n O O H  shou ld  be  c o m p a r e d  w i t h  
c o r r e s p o n d i n g  va lue s  o b t a i n e d  on l g  of t he  e l ec -  
t r o l y t i c  MnO~. T h e s e  cu rves  a r e  s h o w n  in Fig .  4. 
The  s h a d e d  a r e a  in th is  f igure  ind ica t e s  t he  e x t e n t  
of t he  p o r e  v o l u m e  in t he  in i t i a l  m a t e r i a l  t h a t  b e -  
comes  f i l led w i t h  r e a c t i o n  p r o d u c t  d u r i n g  t h e  r e -  

Fig. 6. Electron micrographs of electrolytic MnO2 and MnOOH pre- 
pared therefrom. Top, Electrolytic MnO:, magnification 7600X; 
center, MnOOH, magnification 6773X; bottom, MnOOH, magnifi- 
cation 7600X. 
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Fig. 7. Electron micrographs of african ore and the MnOOH pre- 
pared therefrom. Top, African are, magnification 11,400X; bottom, 
MnOOH, magnification 11,400X. 

a m o u n t  v a r y i n g  f r o m  0.5 to 40# d e p e n d i n g  on the  
p a r t i c l e  size f r ac t i on  b e i n g  cons ide red .  This  f inding  
e m p h a t i c a l l y  ind ica t e s  t he  f o r m a t i o n  of M n O O H  
on the  e x t e r n a l  su r f ace  of t he  pa r t i c l e .  

F o r  m a n y  years ,  s a m p l e s  of ca thode  m i x  a f t e r  
r e d u c t i o n  d u r i n g  b a t t e r y  d i s cha rge  h a v e  been  e x -  
a m i n e d  b y  a l l  a v a i l a b l e  means .  A l m o s t  w i t h o u t  e x -  
cep t ion  the  e l ec t ron  mic roscope  p i c tu re s  showed  no 
s igni f icant  c h a r a c t e r i s t i c s  t h a t  cou ld  be  a s soc ia t ed  
w i th  t he  M n O O H  presen t .  The  e x p e r i m e n t s  d e -  
s c r i bed  in  th is  p a p e r  of fered  the  o p p o r t u n i t y  to e x -  
a m i n e  M n O O H  p r e p a r e d  u n d e r  cond i t ions  s i m u l a t -  
ing b a t t e r y  d i s c h a r g e  b u t  w i t h o u t  t he  c a r b o n  b l a c k  
p resen t .  F i g u r e s  6 and  7 show a c o m p a r i s o n  of t he  
e l ec t ron  m i c r o g r a p h s  of two  r e p r e s e n t a t i v e  o r i g i n a l  
MnO~ s a m p l e s  a n d  the  M n O O H  p r e p a r e d  f rom each.  
The  e l ec t ro ly t i c  a n d  a c t i v a t e d  MnO~ s a m p l e s  ( t he  
l a t t e r  no t  s h o w n )  w e r e  a lmos t  c o m p l e t e l y  c o n v e r t e d  
to MnOOH,  i.e., 94.5 a n d  93.8%, r e spec t i ve ly .  The  
e l ec t ron  m i c r o g r a p h s  of t he  p r o d u c t  f rom the  e l ec -  
t r o l y t i c  show in Fig.  6 c h a r a c t e r i s t i c  r o d - t y p e  p a r -  
t ic les  a p p r o x i m a t e l y  0.4-0.6~ in l e n g t h  b y  0.02~ in 
d i a m e t e r .  The  A f r i c a n  ore,  w h i c h  was  r e a c t e d  to 
on ly  50%, also shows  in Fig~ 7 t h e  d e v e l o p m e n t  
of these  rods  of M n O O H  on the  su r f ace  of t h e  l u m p  
is ev iden t .  I n  the  case  of t he  s y n t h e t i c  p y r o l u s i t e  
(no t  s h o w n ) ,  w h i c h  was  r e a c t e d  to t he  e x t e n t  of 
17% of i ts  capac i ty ,  t he  b e g i n n i n g s  of t he  r o d  f o r -  
m a t i o n  on t h e  MnO.~ p a r t i c l e s  a r e  r e a s o n a b l y  c lear .  
The  p r e s e n c e  of t he  M n O O H  in each  of  these  p r o d -  
uc ts  has  been  conf i rmed  b y  bo th  x - r a y  and  e l ec t ron  
d i f f rac t ion .  

A C T I V E  S U R F A C E  I N F L U E N C E  O N  R E D U C T I O N  5 

Mechanism o] the Recuperation Reaction 
The  m e c h a n i s m  of t he  r e c u p e r a t i o n  r e a c t i o n  can  

now be  v i s u a l i z e d  in  t he  f o l l o w i n g  m a n n e r .  U n d e r  
t he  cond i t ions  of t he  r e c u p e r a t i o n  tes t  t h e  e x t e r n a l  
su r f ace  of t he  MnO.~ p a r t i c l e  is c o n t i n u a l l y  e x p o s e d  
to t he  so lu t ion  of Mn § F u r t h e r m o r e ,  th i s  so lu t ion  
p r o b a b l y  e n t e r s  mos t  of t h e  pores  in  t he  pa r t i c l e .  
The  in i t i a l  r e a c t i o n  m u s t  occur  a t  t h e  i n t e r f a c e  
w h e r e  MnO~ a n d  Mn +§ meet ,  w i t h  t he  r e s u l t  t h a t  
t he  p r o d u c t  M n O O H  fo rms  at  th is  poin t .  F u r t h e r  
r e a c t i o n  of Mn § in t he  so lu t ion  w i t h  t he  u n r e a c t e d  
core  of t h e  MnO~ p a r t i c l e  p r o b a b l y  occurs  as the  
so lu t ion  of Mn *+ diffuses t h r o u g h  the  coa t ing  of 
M n O O H  a l r e a d y  f o r m e d  on the  e x t e r n a l  and  po re  
surfaces .  As  s h o w n  in t h e  e l e c t r o n  m i c r o g r a p h s ,  
th is  l a y e r  consis ts  of r o d - s h a p e d  p a r t i c l e s  w h i c h  
a d h e r e  t o g e t h e r  to  f o r m  a b r u s h - h e a p  t y p e  of l aye r .  
S ince  th i s  is a p p a r e n t l y  qu i t e  porous ,  i t  p r o b a b l y  
does  no t  s low d o w n  the  d i f fus ion  process  as m u c h  
as t h o u g h  a sol id  b a r r i e r  l a y e r  h a d  fo rmed .  The  r e -  
ac t ion  con t inues  to p roceed  b y  di f fus ion of t he  so lu-  
t ion  of Mn §247 t h r o u g h  the  M n O O H  l a y e r  a l r e a d y  
f o r m e d  w i t h  t h e  r e s u l t  t ha t  t he  p a r t i c l e  inc reases  
s o m e w h a t  in size. In  the  course  of th is  p rocess  a 
p a r t  of t he  pores  in t he  in i t i a l  p a r t i c l e  becomes  f i l led 
w i t h  MnOOH,  t hus  r e d u c i n g  the  i n t e r n a l  su r f ace  
a r e a  and  e s t ab l i sh ing  t ha t  d i f fus ion  does  c a r r y  Mn §247 
into  t he  pores  of t he  MnO~ p a r t i c l e  to a c o n s i d e r a b l e  
degree .  A l t h o u g h  the  l a y e r  of M n O O H  on the  o u t -  
s ide  of t h e  p a r t i c l e  a p p e a r s  to  consis t  of a m y r i a d  
of rods  of m e a s u r a b l e  size, t he  su r f ace  a r e a  a c t u a l l y  
found  on the  M n O O H  p r o d u c t  is c o n s i d e r a b l y  
s m a l l e r  (27.4 m~/g)  t h a n  t h a t  c a l c u l a t e d  for  the  
e q u i v a l e n t  a m o u n t  of rods  (48.4 m V g ) .  Thus  the  i n -  
t e r i o r  of t he  M n O O H  p a r t i c l e  m u s t  be  of a c o n s i d e r -  
a b l y  d e n s e r  s t r u c t u r e  t h a n  the  e x t e r n a l  sur face .  W e  
recogn ize  t h a t  these  cond i t ions  a r e  ana logous  to, 
y e t  d i s t i n c t l y  d i f fe ren t ,  f r o m  those  f o u n d  in L e -  
c lanch~ cel ls  d u r i n g  d i scha rge .  On th is  account ,  i t  
becomes  difficult  to a p p l y  these  f indings  m o r e  t h a n  
a l i m i t e d  e x t e n t  to p r a c t i c a l  app l i ca t ions .  

Conclusions 
F r o m  t h e  d a t a  p r e s e n t e d ,  i t  is a p p a r e n t  t h a t  t he  

su r f ace  a r ea  of t h e  s a m p l e  of m a n g a n e s e  d iox ide ,  
in t he  r a n g e  s tud ied ,  p l a y s  an  i m p o r t a n t  ro le  in  
con t ro l l i ng  t h e  r e a c t i o n  r a t e  b e t w e e n  MnO~ and  
Mn +§ I t  also a p p e a r s  s igni f icant  t h a t  t he  r e c u p e r a -  
t ion  r a t e  of m a n g a n e s e  d i o x i d e  s a m p l e s  of f ou r  d i f -  
f e r e n t  a l l o t rop i c  f o r m s  can  be  c o r r e l a t e d  w i t h  t he  
su r f ace  a r eas  w h i c h  t h e y  possess.  These  f indings  
sugges t  t ha t  some of the  p r e v i o u s  ideas  on the  i m -  
p o r t a n c e  of c r y s t a l  s t r u c t u r e  m a y  be  e x p l a i n e d ,  a t  
l eas t  in pa r t ,  b y  t h e  su r f ace  a r e a  p rope r t i e s .  

The  po re  s t r u c t u r e s  of p o w d e r e d  s a m p l e s  of m a n -  
ganese  d i o x i d e  and  M n O O I t  a r e  i n t r o d u c e d  in an  
effort  to e x p l o r e  f u r t h e r  t he  m e c h a n i s m  of t he  r e -  
ac t ion  b e t w e e n  the  sol id  MnO~ a n d  d i s so lved  Mn §247 
to g ive  a sol id  M n O O H  produc t .  T h e  f inding  t h a t  
the  po re  v o l u m e  of t he  o r i g i n a l  MnO~ p a r t i c l e s  is 
r e d u c e d  to a p p r o x i m a t e l y  ha l f  th is  l eve l  b y  con-  
ve r s i on  to M n O O H  is s u p p o r t e d  b y  t h e  o b s e r v e d  
r e d u c t i o n  in t he  po re  v o l u m e  of a p p r o x i m a t e l y  1/3 
to 1/2  in  t he  p o r e  d i a m e t e r  r a n g e  of 100-400A. 
This  o b s e r v a t i o n  e s t ab l i shes  t h a t  t he  r e c u p e r a t i o n  
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r e a c t i o n  occu r r ed  w i t h i n  t h e s e  pores  and  p r o v e s  
t h a t  d i f fus ion  of e l e c t r o l y t e  con t a in ing  Mn § is of 
c o n s i d e r a b l e  i m p o r t a n c e .  Of e q u a l  s igni f icance  is 
t ha t  the  p a r t i c l e s  i nc rea se  in size, a n d  the  p r o d u c t  
f o r m e d  on the  e x t e r n a l  su r f ace  is r o d - s h a p e d  un i t s  
of MnOOH.  Thus  the  r e a c t i o n  s i te  encompasse s  bo th  
t he  e x t e r n a l  su r face  of the  p a r t i c l e  and  a c o n s i d e r -  
ab le  a m o u n t  of the  i n t e r n a l  a r e a  of t h e  pores .  

The  r e a c t i o n  cond i t ions  used  in th i s  w o r k  s i m u -  
l a t e  those  in  a Lec l anch~  ce l l  d u r i n g  d i s c h a r g e  b u t  
t h e y  differ  in i m p o r t a n t  aspects ,  e.g., the  concen -  
t r a t i o n  of t he  Mn §247 used.  On th is  account ,  these  r e -  
su l t s  shou ld  no t  be  a p p l i e d  to b a t t e r y  p r o b l e m s  
w i t h o u t  due  c o n s i d e r a t i o n  be ing  g iven  to t he  d i f -  
f e rences  p resen t .  
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ABSTRACT 

Results  for hydrogen  up take  by Zircaloy-2 dur ing  corrosion in s team are 
presented.  The hydrogen  absorpt ion  curve consists of three  regions:  in the first, 
cover ing the growth  of the  in te r fe rence-co lor  oxide  film, about  30-50% of the  
hydrogen  re leased  by  the corrosion react ion is absorbed;  in the  second, h y d r o -  
gen absorpt ion  fal ls  to a low value;  and in the  third,  fol lowing the t rans i t ion  in 
the oxida t ion  kinetics,  it r ises to 80-100% of the  hydrogen  re leased  by  the 
corrosion reac t ion  dur ing  this period.  A mechanism for the hydrogen  absorpt ion 
is offered based on the differing oxidat ion mechanisms in these three  periods. 
The hydrogen  absorpt ion behavior  of o ther  al loys is s imi lar  for  those al loys 
which show oxidat ion  kinet ics  s imi lar  to Zircaloy-2.  

I t  is k n o w n  (1) t h a t  z i r c o n i u m  and  i ts  a l loys  
abso rb  h y d r o g e n  d u r i n g  cor ros ion  in w a t e r  and  
s team.  The  a m o u n t  of h y d r o g e n  a b s o r b e d  u s u a l l y  
is e x p r e s s e d  as  a f r a c t i o n  of t he  h y d r o g e n  r e l e a s e d  
b y  the  cor ros ion  r e a c t i o n  ( 2 - 7 ) .  To assess  t he  pos -  
s i b i l i t y  of e m b r i t t l e m e n t  of the  m e t a l  b y  th i s  h y -  
d rogen ,  i t  is t he  o v e r - a l l  h y d r o g e n  c o n c e n t r a t i o n  
in t h e  m e t a l  w h i c h  is i m p o r t a n t .  In  mos t  i n s t ances  
t he  p r o p o s e d  se rv ice  l i fe  is m u c h  l o n g e r  t h a n  t h e  
longes t  e x p e r i m e n t s ,  and  in o r d e r  to e x t r a p o l a t e  

f rom these  e x p e r i m e n t s  t he  r a t e  of h y d r o g e n  a b -  
sorp t ion ,  and  no t  t he  i n t e g r a t e d  h y d r o g e n  con ten t ,  
is r e q u i r e d .  D a t a  p r e s e n t e d  as t he  f r a c t i o n  of the  
co r ros ion  h y d r o g e n  w h i c h  has  been  a b s o r b e d  a t  a n y  
po in t  concea l  v a r i a t i o n s  in t he  i n s t a n t a n e o u s  r a t e  
of a b s o r p t i o n  w h i c h  m a y  occur  d u r i n g  the  cor ros ion  
process .  

S o m e  r ecen t  r e su l t s  have  been  p r e s e n t e d  as t he  
i nc rea se  in w e i g h t  of o x y g e n  p e r  un i t  a r e a  of su r -  
face  v e r s u s  the  c o n c e n t r a t i o n  of  h y d r o g e n  in t h e  
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r e a c t i o n  occu r r ed  w i t h i n  t h e s e  pores  and  p r o v e s  
t h a t  d i f fus ion  of e l e c t r o l y t e  con t a in ing  Mn § is of 
c o n s i d e r a b l e  i m p o r t a n c e .  Of e q u a l  s igni f icance  is 
t ha t  the  p a r t i c l e s  i nc rea se  in size, a n d  the  p r o d u c t  
f o r m e d  on the  e x t e r n a l  su r f ace  is r o d - s h a p e d  un i t s  
of MnOOH.  Thus  the  r e a c t i o n  s i te  encompasse s  bo th  
t he  e x t e r n a l  su r face  of the  p a r t i c l e  and  a c o n s i d e r -  
ab le  a m o u n t  of the  i n t e r n a l  a r e a  of t h e  pores .  

The  r e a c t i o n  cond i t ions  used  in th i s  w o r k  s i m u -  
l a t e  those  in  a Lec l anch~  ce l l  d u r i n g  d i s c h a r g e  b u t  
t h e y  differ  in i m p o r t a n t  aspects ,  e.g., the  concen -  
t r a t i o n  of t he  Mn §247 used.  On th is  account ,  these  r e -  
su l t s  shou ld  no t  be  a p p l i e d  to b a t t e r y  p r o b l e m s  
w i t h o u t  due  c o n s i d e r a t i o n  be ing  g iven  to t he  d i f -  
f e rences  p resen t .  
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Hydrogen Absorption by Zircaloy-2 and Some 
Other Alloys during Corrosion in Steam 
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Chemistry Division, United Kingdom Atomic Energy Authority, 
Atomic Energy Research Establishment, Harwell, Didcot, Berkshire, England 

ABSTRACT 

Results  for hydrogen  up take  by Zircaloy-2 dur ing  corrosion in s team are 
presented.  The hydrogen  absorpt ion  curve consists of three  regions:  in the first, 
cover ing the growth  of the  in te r fe rence-co lor  oxide  film, about  30-50% of the  
hydrogen  re leased  by  the corrosion react ion is absorbed;  in the  second, h y d r o -  
gen absorpt ion  fal ls  to a low value;  and in the  third,  fol lowing the t rans i t ion  in 
the oxida t ion  kinetics,  it r ises to 80-100% of the  hydrogen  re leased  by  the 
corrosion reac t ion  dur ing  this period.  A mechanism for the hydrogen  absorpt ion 
is offered based on the differing oxidat ion mechanisms in these three  periods. 
The hydrogen  absorpt ion behavior  of o ther  al loys is s imi lar  for  those al loys 
which show oxidat ion  kinet ics  s imi lar  to Zircaloy-2.  

I t  is k n o w n  (1) t h a t  z i r c o n i u m  and  i ts  a l loys  
abso rb  h y d r o g e n  d u r i n g  cor ros ion  in w a t e r  and  
s team.  The  a m o u n t  of h y d r o g e n  a b s o r b e d  u s u a l l y  
is e x p r e s s e d  as  a f r a c t i o n  of t he  h y d r o g e n  r e l e a s e d  
b y  the  cor ros ion  r e a c t i o n  ( 2 - 7 ) .  To assess  t he  pos -  
s i b i l i t y  of e m b r i t t l e m e n t  of the  m e t a l  b y  th i s  h y -  
d rogen ,  i t  is t he  o v e r - a l l  h y d r o g e n  c o n c e n t r a t i o n  
in t h e  m e t a l  w h i c h  is i m p o r t a n t .  In  mos t  i n s t ances  
t he  p r o p o s e d  se rv ice  l i fe  is m u c h  l o n g e r  t h a n  t h e  
longes t  e x p e r i m e n t s ,  and  in o r d e r  to e x t r a p o l a t e  

f rom these  e x p e r i m e n t s  t he  r a t e  of h y d r o g e n  a b -  
sorp t ion ,  and  no t  t he  i n t e g r a t e d  h y d r o g e n  con ten t ,  
is r e q u i r e d .  D a t a  p r e s e n t e d  as t he  f r a c t i o n  of the  
co r ros ion  h y d r o g e n  w h i c h  has  been  a b s o r b e d  a t  a n y  
po in t  concea l  v a r i a t i o n s  in t he  i n s t a n t a n e o u s  r a t e  
of a b s o r p t i o n  w h i c h  m a y  occur  d u r i n g  the  cor ros ion  
process .  

S o m e  r ecen t  r e su l t s  have  been  p r e s e n t e d  as t he  
i nc rea se  in w e i g h t  of o x y g e n  p e r  un i t  a r e a  of su r -  
face  v e r s u s  the  c o n c e n t r a t i o n  of  h y d r o g e n  in t h e  
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Table I. Analyses of Zircaloy-2 (Billet Z8006) 

HYDROGEN ABSORPTION BY ZIRCALOY-2 7 

N~ ppm 120 
H~ ppm 29 __ 1 
O~ ppm 
Hf ppm 710 
A1 ppm 175 
Ti ppm 75 
Pb ppm 20 
Si ppm 35 
Co ppm <10 
W ppm < 10 
Sn wt  % 1.55 
Fe  wt  % 0.172 
Cr wt  % 0.138 
Ni wt  % 0.057 

spec imen,  and  a p p a r e n t l y  l ie  on a s t r a i g h t  l ine  
pass ing  t h r o u g h  the  o r ig in  (8) .  This  m e t h o d  of 
p r e s e n t a t i o n  is on ly  va l id  w h e r e  a l l  t he  d a t a  a r e  
o b t a i n e d  on spec imens  of i den t i ca l  size. A p r e f e r a b l e  
m e t h o d  is to p lo t  bo th  o x y g e n  and  h y d r o g e n  a b s o r p -  
t ion as w e i g h t  i nc reases  p e r  un i t  a r e a  of surface .  On 
such a p lo t  t he  r a t e  of h y d r o g e n  a b s o r p t i o n  can  be  
assessed  r e a d i l y .  W h e n  ex i s t i ng  i n f o r m a t i o n  (4)  is 
p l o t t e d  in th is  f o r m  the  r a t e  of h y d r o g e n  a b s o r p t i o n  
in s t e a m  shows  a s h a r p  i nc rea se  n e a r  the  t r an s i t i on  
in the  o x i d a t i o n  k ine t ics .  The  f a i l u r e  of o the r  i n -  
v e s t i g a t o r s  to obse rve  this  a p p e a r s  to h a v e  been  
due  on ly  p a r t l y  to the  m e t h o d  of p r e s e n t i n g  resu l t s ;  
the  low to ta l  co r ros ion  of spec imens  in some  of the  
o the r  s tud ies  p r o b a b l y  has  c o n t r i b u t e d  also. 

In  t he  p r e s e n t  w o r k  the  h y d r o g e n  a b s o r p t i o n  
c u r v e  for  Z i r c a l o y - 2  is s t ud i ed  in g r e a t e r  de ta i l ,  and  
an e x p l a n a t i o n  of i ts  f e a t u r e s  is p roposed .  

Exper imenta l  

W o r k  was  r e s t r i c t e d  i n i t i a l l y  to one b i l l e t  of Z i r -  
c a loy -2  (Z8006) ,  a v a i l a b l e  as shee t  of 0.030 and  
0.100 in. th ickness .  I ts  ana lys i s  is g iven  in T a b l e  I. 
S p e c i m e n s  f r o m  the  0.030 in. shee t  w e r e  used  p r i -  
m a r i l y  to m i n i m i z e  t h e  a n a l y t i c a l  s ca t t e r  a t  low 
h y d r o g e n  contents .  The  b l a n k  h y d r o g e n  c on t e n t  
was  o b t a i n e d  on u n o x i d i z e d  cor ros ion  spec imens .  

The  spec imens ,  a p p r o x i m a t e l y  3 x 1 cm, w e r e  
a b r a d e d  to 3 /0  e m e r y  and  p i c k l e d  in n i t r i c / h y d r o -  
fluoric acid.  T h e y  w e r e  c o r r o d e d  in s t e a m  a t  1 a t m  
p re s su re  and  300~176 The  o x i d a t i o n  was  c a r r i e d  
out  in t he  c i r cu l a t i ng  s t e a m  loops  d e s c r i b e d  p r e v i -  
ous ly  (9) .  The  s t e a m  flow was  m a i n t a i n e d  at  a r a t e  
w h i c h  p r e v e n t e d  d i f fus ion of a i r  or  h y d r o g e n  f rom 
the  cor ros ion  r e a c t i o n  b a c k  in to  t he  r e a c t i o n  c h a m -  
ber .  

A f u r t h e r  a t m o s p h e r i c  p r e s s u r e  s t e a m  loop was  
bu i l t  in w h i c h  gases  cou ld  be  a d d e d  to t he  s t e a m  on 
the  i n l e t  s ide of the  fu rnace .  The  flow of these  gases  
was  d e t e r m i n e d  a t  r o o m  t e m p e r a t u r e ,  us ing  a "Ro-  
t a m e t e r . "  The  s t e a m  flow r a t e  was  m e a s u r e d  b y  
the  s y p h o n i n g  t i m e  of a k n o w n  v o l u m e  of con-  
d e n s a t e  in the  r e t u r n  a r m  of t he  loop. The  v a l u e s  of 
these  flow ra t e s  w e r e  a d j u s t e d  to g ive  a p p r o x i m a t e l y  
50% b y  v o l u m e  of t he  a d d e d  gas  at  t he  t e m p e r a t u r e  
of t he  spec imens .  A d d i t i o n s  of oxygen ,  air ,  n i t r o -  
gen, ozonized  air ,  h y d r o g e n  and  n i t r i c  ac id  v a p o r  
w e r e  m a d e  at  500~ Because  of t he  shor t  l i f e t i m e  
of O~ at  500~ ozonized  a i r  a lso  was  used  a t  350~ 

Some  e x p e r i m e n t s ,  in w a t e r  v a p o r  at  1 cm p r e s -  
sure,  on S a r t o r i u s  " e l e c t r o n o "  v a c u u m  m i c r o b a l -  

ances  a r e  r e p o r t e d ,  w h e r e  t he  s p e c i m e n s  s u b s e -  
q u e n t l y  h a v e  b e e n  a n a l y z e d  for  h y d r o g e n  conten t .  

H y d r o g e n  a n a l y s e s  w e r e  p e r f o r m e d  i n i t i a l l y  on 
spec imens  f r o m  w h i c h  the  o x i d e  f i lm h a d  been  r e -  
moved .  Diff icul t ies  in ca l cu l a t i ng  the  w e i g h t  of t h e  
r e s i d u a l  m e t a l  core  in spec imens  showing  h igh  
w e i g h t  ga ins  d i c t a t e d  a c h a n g e  to an  ana lys i s  of 
spec imens  wh ich  s t i l l  bo re  t h e i r  ox ide  film. No 
change  in the  h y d r o g e n  u p t a k e  cu rves  at  h igh  w e i g h t  
ga ins  r e s u l t e d  f rom th is  c h a n g e  in  p roc e du re .  

Results 
T h e  o x i d a t i o n  d a t a  f r o m  e x p e r i m e n t s  in  1 a t m  

s t e a m  a re  shown  in Fig .  1-3. H y d r o g e n  u p t a k e  b y  
these  spec imens  is s h o w n  in Fig.  4 a n d  5. The  e x -  
p e r i m e n t a l  w e i g h t  ga ins  in  Fig .  1-3 h a v e  been  co r -  
r e c t e d  for  t he  w e i g h t  of h y d r o g e n  in t he  s p e c i m e n  
be fo re  p l o t t i n g  in  Fig.  4 and  5. The  effect  on t h e  
o x i d a t i o n  of Z i r c a l o y - 2  of gases  a d d e d  to the  s t e a m  
is shown  in Fig .  6, a n d  the  h y d r o g e n  a b s o r b e d  d u r -  
ing these  e x p e r i m e n t s  in  Fig.  7. Resu l t s  o b t a i n e d  at  
1 cm p r e s s u r e  a r e  s h o w n  in  Fig.  8 and  19 and  the  
c o r r e s p o n d i n g  h y d r o g e n  con ten t s  in Fig .  9. Resu l t s  
for  h y d r o g e n  u p t a k e  b y  Z i r c a l o y - 3  and  a Z r - 2 %  
N b - 0 . 5 %  Sn a l loy  a r e  s h o w n  in Fig .  11-13. 

Discussion 
The  o x i d a t i o n  k ine t i c s  of Z i r c a l o y - 2  (b i l l e t  Z8006) 

a g r e e  we l l  w i t h  o t h e r  w o r k  (11) a n d  w i t h  our  o w n  
w o r k  on o the r  Z i r c a l o y - 2  bi l le ts .  A t  t e m p e r a t u r e s  
of 500~ and  a b o v e  th is  b i l l e t  shows  s h o r t e r  t i m e s  
to t r a n s i t i o n  t h a n  some o t h e r  b i l le ts .  The  s ignif i -  
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Fig. 1. Oxidation of Zircaloy-2 (billet Z8006) in steam at 300 ~ 
4 0 0 ~  1 a t m  pressure .  
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Fig. 2. Oxidation of Zircaloy-2 (billet Z8006) in steam at 450 ~ 
and 500~ 1 atm pressure. 
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Fig. 3. Oxidation of Zircaloy-2 (billet Z8006) in steam at 550 ~ 
and 600~ 1 atm pressure. 
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Fig. 6. Effect of added gases on the corrosion of Zircoloy-2 (bil- 
let Z8006) in steam. 
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Fig. 4. Hydrogen uptake by Zircaloy-2 (billet Z8006) during oxi- 
dation in steam. 
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Fig. 7. Hydrogen uptake in steam plus added gases 
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Fig. 5. Hydrogen uptake at low weight gains 

cance of such small differences and of those between 
samples from the 0.030 and 0.100 in. sheets are not 
discussed here. 

The curve for hydrogen uptake by Zircaloy-2 
(Fig. 5) can be divided into three regions: 

1. Region A covers the initial oxidation up to a 
weight gain of 8-10 m g / d m  ~, where the oxide film is 
still showing interference colors; 

2. Region B covers the oxidation from the end of 
region A up to the transition in the oxidation ki-  
netics, during which a plateau in the hydrogen ab- 
sorption curve is found; 

~ o ~ c c o  ~ ,  ~ . o ~ , ~ t  ~ ~ . ,C~Ob~LA~CE 

' % ,  ' ~ , ~ ,oor , o o o  

Fig. 8. Oxidation curves for Zircaloy-2 (Z8006) at 1.5 cm pres- 
sure in water vapor. 

3. Region C commences near the transition in the 
oxidation kinetics and is marked by a rate of uptake 
close to 100%, in the early stages, falling to around 
50% at high weight gains. 

Oxidation Mechanism 
Since the rate of hydrogen absorption changes 

along the oxidation curve, some knowledge of the 
oxidation mechanism in the above regions is needed 
before any interpretation of the hydrogen uptake 
curve is possible. The mechanisms, proposed in 
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Fig. 9. Hydrogen uptake during oxidation in water vapor at 
1.5 cm pressure. 
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Fig. 10. Initial oxidation rates in steam and oxygen 
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Fig. 11. Oxidation of Zircaloy-3 and Zr-2% Nb-1% Sn in steam 
at  500~  1 atm. 

earlier reports, to explain these regions are reca- 
pitulated briefly: 

1. Region A covers the growth of the interference- 
color oxide film which is thought  to grow by trans-  
port  of reactants down the potential gradient in the 
thin film, rather than by diffusion of reactants down 
a vacancy gradient�9 The rate law obeyed in the ini- 
tial stages was thought  to be logarithmic (12, 14). 

2. Region B commences close to the point where 
the electric field has decreased until  growth by the 
above mechanism is negligible. The transport  of re-  
actants by  diffusion down easy paths in the oxide is 
thought  to provide the principal method for film 

............... , / . . ~ o ~ y . . , .  ~,y / /  
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Fig. 12. Hydrogen uptake by Zircaloy-3 and Zr-2% Nb-0.5% Sn 
at low weight gains. 
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Fig. 13. Hydrogen uptake by Zircaloy-3 and Zr-2% Nb-0.5% Sn 
at high weight gains. 

growth here. Transport  through the uniform film 
continues in parallel with this mechanism. In Zir- 
caloy-2 the easy paths for transport  of reactant  are 
distributed relatively uniformly and are thought  to 
be associated with the oxidation of the intermetallic 
particles in the alloy and with grain boundaries in 
the metal�9 During this period the oxide film formed 
in region A persists as a surface layer (15) and the 
black film formed in region B grows underneath it. 

3. Region C corresponds to the post-transit ion 
period of oxidation, where the black oxide film, 
formed in region B, is thought  to have cracked due 
to stresses set up during its growth (13, 14). A de- 
crease in the incidence of cracking (visible on the 
electron microscope), with increasing temperature 
of oxidation (16), suggests that  cracking of the oxide 
film may be an effect of porosity, generated in some 
other manner, ra ther  than its cause. 

Hydrogen Uptake in Region A 
If  the rate of growth of the thin oxide film is 

determined by the electric field set up, then the 
process may be analogous to the growth of an anodic 
oxide film. The driving force would be provided by 
the chemical affinity of zirconium for oxygen�9 The 
rapid increase in the thickness of the anodic film, 
formed at a constant potential, with increasing tem- 
perature above 200~ (20) makes possible the 
growth of oxide films several thousand Angstroms 
thick at the low potential available. Possible mech-  
anisms by which hydrogen can pass through such a 
film are: (a) by  the transport  of OH' ions through 
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the oxide under  the influence of the appl ied  field; 
and (b)  by  diffusion of the  hydrogen  down pores 
in the oxide film. 

If the  first mechanism applies  then  the hydrogen  
up take  should be app rox ima te ly  50% of the theo-  
re t ica l  yield,  and higher  values  should not be pos-  
sible. If the second mechanism holds, then hydrogen 
absorpt ion in this region would not be res t r ic ted  to 
50% of tha t  theore t ica l ly  avai lable ,  and addi t ion of 
excess hydrogen  to the  system should resul t  in in-  
creases in the ra te  of uptake.  We have l i t t le  knowl -  
edge of the physical  na tu re  of these thin films formed 
at high tempera tures ;  however,  it is known that  
anodic oxide films show var iab le  poros i ty  depending 
on the conditions of format ion and on al loy com- 
posit ion (21-26).  

Our resul ts  show that  no points occur above the 
50% l ine in this region (Fig. 5), and tha t  no increase 
in up take  resul ts  f rom the addi t ion of hydrogen  to 
the s team (pr ior  to the t rans i t ion  in the oxidat ion 
kinet ics) .  These resul ts  suppor t  mechanism (a)  and 
differences in the ini t ia l  oxidat ion rates  in oxygen 
and wa te r  vapor  provide  possible addi t ional  evidence 
for this mechanism for hydrogen  up take  in region 
A (Fig. 10). 

In wa te r  containing oxygen, wi th  and wi thout  the 
addi t ion of copper sulfate (4, 19), and in copper and 
cadmium sulfate solutions not containing oxygen 
(27), zero hydrogen up take  has been observed in this 
region. This may  be evidence for the second mech-  
anism, a l though it is possible that  the react ion in 
sulfate solutions is wi th  adsorbed sulfate  ion and not 
wi th  adsorbed wa te r  molecules.  Var ia t ions  wi th  
pressure  in the amount  of hydrogen  absorbed in re-  
gion A (Fig.  5 and 9) also suggest  tha t  microporos i ty  
in the oxide film may  be pa r t l y  responsible  for h y :  
drogen up take  here. 

Specimens anodized at  room t empera tu re  in 
N-H~SO,, N-NaHSO~, and N-NaOH showed no in-  
crease in hydrogen content and did not resolve the  
above difference. Boyle and Kisiel ' s  resul ts  in h igh-  
pressure  s team plus hydrogen  (37) suppor t  mech-  
anism (a)  for the  up take  of hydrogen  in this region, 
and it is considered that  this mechanism is responsi -  
ble  for most of the hydrogen  which enters  the  metal .  
Varying  porosi ty  of the oxide film, under  va ry ing  
conditions of formation,  p robab ly  accounts for the 
apparen t  d iscrepancy be tween resul ts  obta ined in 
s team and in water .  

Hydrogen Uptake in Region B 
In the previous section we have concluded that,  in 

steam, access of hydrogen  to the meta l  via porosi ty  
in the oxide film is unimpor tant .  Capaci tance meas-  
urements  show that  the oxide film or Zi rca loy-2  is 
appa ren t ly  porous before  the t rans i t ion  point  is 
reached. I t  seems probable ,  therefore,  that  there  are  
some pores present  in the oxide film dur ing region B. 
Since the  amount  of hydrogen  absorbed by the meta l  
is unaffected by  addit ions to the gas phase, these 
pores do not influence the  absorpt ion of hydrogen,  
pr ior  to the t rans i t ion  in the oxidat ion kinetics. 

Dur ing region B the electric field in the oxide is 
insufficient to t ranspor t  ions through the film at  a 
significant rate,  and diffusion is the ra te -con t ro l l ing  

process. The hydrogen  re leased in the oxidat ion re -  
action wil l  p robab ly  be l ibe ra ted  first a t  surface sites. 
The p robab i l i ty  of its recombining and being re -  
leased as molecular  hydrogen,  before  it can diffuse 
down the pores present  is l ike ly  to be high. The ob- 
servat ion of a p la teau  in the hydrogen  up take  curve 
dur ing region B, and the fa i lure  of oxygen and hy -  
drogen addit ions to the gas to affect up take  pr ior  to 
transi t ion,  can p robab ly  be expla ined  on this basis. 

In wa te r  there  is some evidence, from the preceding 
section, that  poros i ty  in the oxide film plays  a more 
significant pa r t  in the hydrogen  uptake  process. That  
high hydrogen  uptakes,  in wa te r  wi th  added hydro-  
gen, and the converse, wi th  added oxygen, are found 
in region B (19) as well  as in region A therefore  is 
not surpris ing.  There is no evidence for a threshold 
weight  gain for increased hydrogen  uptake,  but  there  
are indicat ions of a threshold  hydrogen  concentra-  
t ion for increased absorpt ion (19). The apparen t  
d iscrepancy be tween West inghouse data,  in wa te r  
containing a high concentrat ion of hydrogen  (1, 2, 
29), and results  obta ined e lsewhere  (7, 36), wi th  
lower concentrat ions of hydrogen  in solution, may  
be expla ined  on this basis. 

Hydrogen Uptake in Region C 
In this  region the oxide film is almost  cer ta in ly  

porous, a l though at  t empera tu res  above 500~ it is 
not v is ib ly  cracked. The high percentage  up take  is 
p robab ly  due to the release of the hydrogen  at  the 
bot toms of the pores. The hydrogen  then may  be 
unable  to diffuse out of the pore, against  the flow of 
the incoming reactants ,  before being absorbed by  
the metal.  An ini t ia l  ra te  of absorption,  appa ren t ly  
g rea te r  than  100%, is not thought  to resul t  f rom hy-  
drogen accumulat ing  in the gas stream, but  remains  
unexplained.  

If the above mechanism for hydrogen  absorpt ion 
applies in region C, then a var ia t ion  in the exper i -  
menta l  conditions which increases the l i fe t ime of the 
hydrogen atom at the bot tom of the pore should in-  
crease the propor t ion  of the avai lab le  hydrogen  
which is absorbed by the metal .  Adsorpt ion  on sur -  
faces sites is a necessary p re l imina ry  to absorpt ion  
by the metal,  and the l i fe t ime in such a state might  
be changed by the addi t ion of gases to the s team 
which would compete for the surface sites. Add i -  
t ions of hydrogen  to the s team would  be expected to 
give increased absorpt ion under  these conditions, 
and addit ions of oxygen (e i ther  by  surface recom-  
binat ion with  the hydrogen  or by compet i t ion)  
should reduce the amount  of hydrogen  absorbed.  
This is found to be the case (Fig. 7). The effect of ni -  
t rogen addit ions to the s team suggests tha t  both r e -  
combinat ion on the surface and competi t ion for the 
surface sites a re  par t ic ipa t ing  in the process. Add i -  
t ions of air, ozonized air, and ni tr ic  acid vapor  re -  
sult  in hydrogen  up take  curves not inconsistent  wi th  
the above hypothesis.  

In wate r  vapor  at 1 cm pressure  the ra te  of hy -  
drogen absorption,  af ter  the t ransi t ion in the oxida-  
t ion rate,  is lower  than  at a tmospher ic  pressure  (Fig. 
9), a l though it even tua l ly  rises to a ra te  of about  
100%. The effect of pressure  on the behavior  in re -  
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gion C may result from a decrease with pressure in 
the ease of adsorption of hydrogen on surface sites. 

Other Alloys 
Data on other alloys are generally not sufficient 

to permit a t reatment  similar to that above. Discus- 
sion of the effect of alloying additions on hydrogen 
uptake, based on the over-all  percentage, uptake at 
different points in the oxidation curve, is obviously 
invalid�9 In only a few instances is it possible to draw 
any conclusions. 

Low-nickel alloys.---Hydrogen uptake by the low- 
nickel alloys, derived f rom Zircaloy-2 by removing 
the nickel (Zircaloy-4) and replacing it with the 
equivalent amount of iron (iron-replaced Zir- 
caloy-4),  has been reported (8, 30). The results were 
presented as the weight increase of oxygen versus 
the concentration of hydrogen. In other reports a low 
over-all  percentage hydrogen uptake is quoted for 
alloys of the same type (31, 32). The highest weight 
gains in these experiments were not large, compared 
with the weight gain at the transition point, and any 
change in the rate of hydrogen absorption at the 
transition point may have been obscured. 

Our results for Zircaloy-3 (0�9 Fe, 0.25% Sn, 
low-nickel)  are illustrated in Fig. 11-13 and show an 
increased rate of hydrogen absorption following the 
transition in the oxidation kinetics. The maximum 
rate of absorption in region C is 70%, falling to about 
30% at high weight gains�9 Thus estimates of the 
total hydrogen absorbed by low-nickel alloys, based 
on extrapolation of the results for regions A and B, 
are likely to be seriously in error. 

Low-niobium zirconium-based aZloys.--Zirconium 
alloys, containing 1-5 w/o  Nb, are also reported to 
show low over-all  percentage uptakes (33-35). Re- 
plotting some of these data (33) (Fig. 12) reveals 
evidence for an increase in the rate of uptake near 
the transition point in the oxidation curve. Results 
obtained here on a Zr-2% Nb-0.5% Sn alloy show 
that the rate of hydrogen absorption (in region C) is 
about 50% for this alloy (Fig. 11-13). Hence, ex- 
trapolation of the hydrogen content, on the basis of 
the low hydrogen uptake in regions A and B, would 
again lead to serious errors. 

The relative merits of these alloys, for service in 
steam, may  be assessed from the total hydrogen ab- 
sorbed after corrosion for a given time. In Fig. 14 the 
hydrogen uptake by Zircaloy-2, Zircaloy-3, and the 
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Fig. 14. Comparison of hydrogen absorbed by Zircaloy-2, Zircaloy- 
3, and Zr-2% Nb-0.5% Sn vs. time. 
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Fig. 15. Hydrogen uptake by some miscellaneous zirconium alloys 

Zr -2% Nb-0.5% Sn a l loy  is p lot ted against t ime. 
Zircaloy-2 is seen to be inferior to the other two 
alloys (by a factor of ~7)  ; and Zircaloy-3 is superior 
to the niobium alloy at long times The hydrogen 
contents of all three alloys at any time (in region C) 
will be higher than those calculated by the extrapo- 
lation of the pretransition data�9 Since, in practice, 
most calculations have used the (supposedly) con- 
servative figure of 100% hydrogen uptake in esti- 
mating the service life of zirconium alloy compo- 
nents the conclusions reached in them are not in- 
validated by the work reported here. 

Some earlier results (4) for other alloy systems 
have been replotted in Fig. 15. These show that inso- 
far as a comparison of data obtained under different 
conditions is valid, increases in the rate of hydrogen 
absorption in region C are general. The final rates 
of absorption vary  considerably with the alloying 
addition. 

Conclusions 
From this study of hydrogen-absorpt ion by Zirca- 

loy-2 it is concluded that  the mechanism of absorp- 
tion changes during the course of oxidation in steam. 
The processes taking place can be explained by con- 
sidering the behavior in three regions of the oxida- 
tion curve: 

1. Region A terminates with the disappearance of 
the interference-color oxide film. During this period 
transport  of OH' ions through the oxide, under the 
influence of the electric field, provides the mechan-  
ism for the entry of hydrogen�9 Hydrogen absorption 
greater than 50% of that theoretically possible is not 
observed in steam. In water, variations in the po- 
rosity of the oxide film may influence the amount  of 
hydrogen absorbed. 

2. Region B extends from the point at which the 
interference colors disappear up to the transition in 
the kinetics of oxidation. The low percentage of hy-  
drogen absorbed in this region is probably due to the 
release of hydrogen atoms at surface sites. These 
atoms recombine to form molecular hydrogen more 
rapidly than they can diffuse into the oxide. 

3. Region C starts near the transition in the oxi- 
dation kinetics and is marked by a sharp increase 
in the rate of hydrogen absorption. In this region 
the hydrogen released by the corrosion reaction is 
liberated at the bottoms of pores, rather  than at the 
outer surface of the oxide. Thus it has an increased 
change of diffusing through the film at the base of 
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the pore, before  i t  can recombine and diffuse out of 
the oxide. The addi t ion of oxygen to the  s team sup-  
presses the  increase in the ra te  of up take  in region C; 
addi t ion of hydrogen  enhances it. The accelera ted  
up take  fol lowing hydrogen  addit ions is not ev ident  
dur ing the previous  periods,  however .  Other add i -  
t ion to the s team give resul ts  in te rmedia te  be tween  
those given by  oxygen addit ions and those obtained 
wi th  s team alone. 

The shape of the hydrogen  absorpt ion curve, ob- 
served wi th  Zircaloy-2,  is found to hold for Zirca-  
loy-3, and a Z r -2% Nb-0.5% Sn a l loy  and is p rob -  
ab ly  genera l  for z i rconium al loys which follow 
oxidat ion curves in s team of s imi lar  form to tha t  of 
Zircaloy-2.  The ra te  of hydrogen  up take  in the post -  
t rans i t ion  region (C) var ies  wide ly  wi th  a l loying 
addit ion.  
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ABSTRACT 

Insulating films of aluminum oxide have been prepared by evaporation of 
aluminum in a part ial  pressure of l0 ~ mm Hg of oxygen. On exposure to air 
both dielectric constant and dissipation factor increase to values similar to 
those observed for anodized films on bulk aluminum. The results can be 
understood if the initial insulating film is a suboxide similar to the postulated 
A10 which is normally unstable at room temperature in air or oxygen, de- 
composing to AI2Os. 

In recent  years  anodic oxidat ion of meta l  surfaces 
has been a popular  method of p repa r ing  thin  film 
capacitors,  and the techniques of anodizing var ious  
meta ls  have been ex tens ive ly  inves t iga ted  (1).  The 
oxide dielectr ic  films formed by  these methods are  

genera l ly  in the thickness range  of 200-500A and ap-  
pear  to have compara t ive ly  high b reakdown vol t -  
ages. 

More recently,  a t an t a lum oxide capaci tor  has 
been p repa red  by  sput te r ing  t an t a lum in an iner t  
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gas a t m o s p h e r e  con t a in ing  p a r t i a l  p r e s s u r e s  of o x y -  
gen  in t he  1p r a n g e  (2 ) .  These  capac i t o r s  h a v e  s i m i -  
l a r  p h y s i c a l  p r o p e r t i e s  to those  p r e p a r e d  b y  a n o -  
d iza t ion .  A t t e m p t s  h a v e  been  m a d e  to p r e p a r e  m e t a l  
o x i d e  coa t ings  b y  e v a p o r a t i n g  m e t a l s  in  p r e s s u r e s  
of o x y g e n  in t h e  10-0.1F r a n g e  (3 ) .  These  coa t ings  
a r e  r e p o r t e d  to h a v e  h igh  m e c h a n i c a l  s t r e n g t h  a n d  
e x c e l l e n t  op t i ca l  p r o p e r t i e s ,  b u t  no d a t a  ex i s t  on t h e  
e l e c t r i c a l  p r o p e r t i e s  of ox ides  p r e p a r e d  in  th is  
m a n n e r .  

This  p a p e r  desc r ibes  t h e  p r e p a r a t i o n  a n d  e l e c t r i c a l  
c h a r a c t e r i s t i c s  of a l u m i n u m  ox ide  capac i to r s  m a d e  
up  of t h in  f i lms of a l u m i n u m  ox ide  w h i c h  w e r e  d e -  
pos i t ed  b e t w e e n  a l u m i n u m  e l ec t rodes  b y  e v a p o r a -  
t ion  t echn iques .  T h e  o x i d e  d i e l ec t r i c  was  p r e p a r e d  
b y  e v a p o r a t i o n  of a l u m i n u m  in a n  o x y g e n  a t m o s -  
phe re .  T h e  va lue s  of d i e l ec t r i c  cons t an t  a n d  d i s s i p a -  
t ion  f ac to r  of t h e s e  f i lms h a v e  been  m e a s u r e d  u n d e r  
a v a r i e t y  of cond i t ions  a n d  a r e  c o m p a r e d  w i t h  t he  
e l ec t r i ca l  p r o p e r t i e s  of a l u m i n u m  ox ide  f i lms f o r m e d  
b y  anod iza t ion .  

Exper imental  
T h e r e  a r e  two  pos s ib l e  m e t h o d s  of p r e p a r i n g  ox ide  

f i lms us ing  e v a p o r a t i o n  t echn iques .  The  first  of these ,  
t h e  d i r e c t  e v a p o r a t i o n  of t he  b u l k  ox ide ,  is difficult .  
Mos t  m e t a l  ox ides  r e q u i r e  r e l a t i v e l y  h igh  t e m p e r a -  
t u r e s  for  e v a p o r a t i o n  a n d  of ten  d i s soc ia te  a t  or  b e l o w  
th is  t e m p e r a t u r e .  P r o d u c t s  of th is  d i s soc ia t ion  can  
t hen  r e s u l t  in  t he  c o n t a m i n a t i o n  of t he  d e p o s i t e d  
l aye r .  This  m e t h o d  was  no t  a t t e m p t e d .  The  second  
m e t h o d  is t h e  e v a p o r a t i o n  of t he  m e t a l  in  an  o x y g e n  
a t m o s p h e r e .  T h r e e  poss ib le  m e c h a n i s m s  h a v e  b e e n  
p o s t u l a t e d  for  t he  o x i d e  f o r m a t i o n :  ( a )  o x i d a t i o n  of 
the  n e w l y  f o r m e d  m e t a l  l aye r ;  (b )  gas  p h a s e  co l l i -  
s ions b e t w e e n  m e t a l  v a p o r  and  o x y g e n  molecu le s ;  
and  (c)  t he  f o r m a t i o n  of a s u b o x i d e  on t h e  source  
which ,  if  suff ic ient ly  vo la t i l e ,  m a y  e v a p o r a t e .  I t  has  
been  r e p o r t e d  (3)  t h a t  t a n t a l u m  o x i d e  can  be  e v a p -  
o r a t e d  b y  m e c h a n i s m  (c ) .  The  f i lms used  in  th is  
s t u d y  w e r e  p r e p a r e d  b y  t h e  second  me thod ,  b u t  i t  
w a s  no t  d e t e r m i n e d  w h i c h  of t h e  t h r e e  m e c h a n i s m s  
of ox ide  was  ope ra t i ve .  

I n i t i a l l y ,  e x p e r i m e n t s  w e r e  p e r f o r m e d  to d e t e r -  
m i n e  the  r e s i s t i v i t y  of f i lms e v a p o r a t e d  f r o m  an  
a l u m i n u m  source  in v a r i o u s  p a r t i a l  p r e s s u r e s  of o x y -  
gen  in  t h e  r a n g e  10 -~ to 10 -~ m m  Hg. The  p r e s s u r e  was  
c on t ro l l ed  to +--10% b y  b l e e d i n g  o x y g e n  into  t he  sys -  
t e m  t h r o u g h  a n e e d l e  v a l v e  and  w a s  m e a s u r e d  on an  
ion iza t ion  g a u g e  m o u n t e d  on the  b a s e  p l a t e  of t h e  
be l l j a r .  In  a d d i t i o n  to con t ro l l i ng  o x y g e n  p r e s s u r e  
in  t he  s y s t e m  i t  w a s  d e s i r a b l e  to  con t ro l  t h e  e v a p o r a -  
t ion  r a t e  of t h e  a l u m i n u m .  This  w a s  no t  a l w a y s  
poss ib le  s ince  t he  p r e s e n c e  of o x y g e n  gas  caused  p a r -  
t i a l  o x i d a t i o n  of t h e  source.  In  genera l ,  t h r e e  d i s t i nc t  

Table I. Resistivity of aluminum films deposited in various 
partial pressures of oxygen 

A v e r a g e  
deposi- 

Fi lm tion rate,  Pressure,  Resistivity, 
No. A/sec m m  Hg o h m - c m  Appearance  

7 50 4 X 10 -~ 2.6 X 10 -~ Br igh t  Metal  
10 20 7 X 10-' 1 X 10 -1 Black 
19 1-5 1 X 10 -~ ~ 1 0 1 ~  Transpa ren t  
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t y p e s  of f i lm w e r e  o b t a i n e d  d e p e n d i n g  on t h e  o x y g e n  
p r e s s u r e  a n d  t h e  e v a p o r a t i o n  r a t e  of a l u m i n u m .  
F i l m s  d e p o s i t e d  in  an  o x y g e n  p r e s s u r e  r a n g e  of 10 -~ 
m m  t Ig  w e r e  e s s e n t i a l l y  m e t a l l i c  in  a p p e a r a n c e  
and  had  a low res i s tance .  As  the  e v a p o r a t i o n  r a t e  
was  d e c r e a s e d  and  t h e  o x y g e n  p r e s s u r e  inc reased ,  
t h e  r e s i s t i v i t y  of t he  f i lm inc reased .  F i l m s  d e p o s i t e d  
in  an  o x y g e n  p r e s s u r e  of 1 x 10 -8 m m  H g  a t  a r a t e  of 
1-5 A / s e c  e x h i b i t e d  t h e  c ha r a c t e r i s t i c s  of an  i n s u l a -  
to r  h a v i n g  a r e s i s t i v i t y  of  a b o u t  1014 o h m  cm. E x p e r i -  
m e n t a l  r e su l t s  a r e  s u m m a r i z e d  in  T a b l e  I. The  d i -  
e l ec t r i c  f i lms for  t he  c a pa c i t o r s  d i scussed  in  th i s  
p a p e r  w e r e  p r e p a r e d  at  low e v a p o r a t i o n  ra tes ,  1-5 
A / sec ,  in  an  o x y g e n  p r e s s u r e  of a b o u t  1 x 10 -8 m m  
Hg. 

A l l  e v a p o r a t i o n s  w e r e  c a r r i e d  ou t  in an  oi l  d i f fu-  
s ion p u m p e d  h i g h - v a c u u m  b e l l j a r  s y s t e m  c a p a b l e  of 
u l t i m a t e  p r e s s u r e s  in  t h e  low 104 m m  Hg range .  I n -  
s ide  t h e  be l l j a r ,  p r o v i s i o n  w a s  m a d e  for  two  sources ,  
each  w i t h  a s e p a r a t e  s h u t t e r  fo r  p r e l i m i n a r y  o u t -  
gass ing ,  a r r a n g e d  so t h a t  t h e r e  was  no c o n t a m i n a t i o n  
of one source  b y  t h e  o ther .  F i g u r e  1 i l l u s t r a t e s  th i s  
a r r a n g e m e n t .  Ca pa c i t o r s  w e r e  m a d e  on a mic roscope  
s l ide  b y  pos i t i on ing  a m a s k  of t he  a p p r o p r i a t e  con-  
f igu ra t ion  in  f ron t  of t he  s l ide  for  each  of t h e  t h r e e  
e v a p o r a t i o n s ;  f i rs t  m e t a l  e l ec t rode ,  d ie lec t r ic ,  a n d  
second  m e t a l  e l ec t rode .  F i g u r e  2 shows  the  t y p i c a l  
conf igura t ion  of capac i to r s  p r e p a r e d .  The  m e t a l  e l ec -  
t r odes  w e r e  e v a p o r a t e d  in  a p a t t e r n  such  t h a t  con-  
t ac t  was  m a d e  w i t h  a s i lve r  p a i n t e d  a r e a  on the  
mic ro sc ope  s l ide.  C o p p e r  w i r e s  p r e v i o u s l y  s o l d e r e d  
to these  s i l ve red  a r eas  w e r e  b r o u g h t  t h r o u g h  t h e  
ba se  p l a t e  of t h e  b e l l j a r  s y s t e m  and  a l l o w e d  the  c a -  
pa c i t o r  to be  t e s t e d  in v a c u u m  in t he  b e l l j a r  i m -  
m e d i a t e l y  a f t e r  p r e p a r a t i o n .  

S inuso ida l  s h a p e d  sources  c o n s t r u c t e d  f rom 
s t r a n d e d  t u n g s t e n  w i r e  w e r e  used  for  e v a p o r a t i o n  of 
bo th  p u r e  m e t a l  and  ox ide  d ie lec t r ic .  Two s e p a r a t e  
e v a p o r a t i o n s  w e r e  r e q u i r e d  f r o m  the  source  u sed  for  
p r e p a r a t i o n  of t h e  m e t a l  e lec t rodes .  The re fo re ,  a 
l a r g e  q u a n t i t y  of a l u m i n u m ,  a p p r o x i m a t e l y  0.5g, was  

i - - 1 ~ . ~  SUBSTRAT E MA$K SHUTTER ~ L = ~ ~ . ~  CHANGER 
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Fig. 1. Experimental assembly 
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d i s t r ibu ted  among  the loops of the  source. To achieve 
the evapora t ion  ra te  cont ro l  necessa ry  for the  p r e p a -  
r a t ion  of the  oxide dielectric,  on ly  one loop of the 
source was  loaded wi th  a p p r o x i m a t e l y  0.1g of a l u m i -  
num.  In  this  way  the  c u r r e n t  i n p u t  to the  source 
was  more  stable,  s ince de te r io ra t ion  of the  f i l ament  
was  l imi t ed  to the  s ingle  loop con t a in ing  the  charge.  

The  p rehea t  p rocedure  for ra i s ing  the a l u m i n u m  
charge  to evapora t i ng  t e m p e r a t u r e  was  the same for 
each source. The  t e m p e r a t u r e  of the  t u n g s t e n  wi re  
suppor t  was g r a d u a l l y  increased  w i t h i n  a 15-20 rain 
per iod to 900~ in  order  to achieve some outgass ing  
of the  charge  pr ior  to the  f i l ament  wet t ing .  At  this  
t e m p e r a t u r e  a l u m i n u m  was deposi ted at  15-20 
A/sec  on a subs t r a t e  p laced  6.5 cm f rom the  source. 
( D u r i n g  the  p rehea t  p rocedure  the  p ressure  increased  
f rom 1 x 10 -~ to 6 x 10 -~ m m  Hg.)  In  this  m a n n e r ,  
me ta l  electrodes,  5000A thick,  were  deposi ted on the  
subs t ra te .  

The  oxide die lect r ic  film was p r epa red  by  ra i s ing  
the s o u r c e  t e m p e r a t u r e  to 900~ and  open ing  the 
oxygen  leak va lve  to increase  the  p re s su re  in  the  
be l l j a r  f rom 6 x 10 ~ to 1 x 10 -~ m m  Hg. At  all  t imes  
the p re s su re  was  m a i n t a i n e d  above 8 x 10-' m m  Hg. 
Unde r  these  condi t ions  the  source l ife was  8-10 rain. 
Us ing  this  procedure ,  the  ra te  of deposi t ion  of oxide 
film was b e t w e e n  0.5 and  1.0 A / sec  wi th  a source - to -  
subs t r a t e  d i s tance  of 17 cm. 

M e a s u r e m e n t s  of capac i tance  and  d iss ipa t ion  fac-  
tor  of the  tes t  devices we re  m a d e  at  0.6, 1, and  2 kc, 
us ing  a G.R. 716-C capaci tance  bridge.  A s ignal  of 
1.5 v could be appl ied  to the  films at  room t e m p e r a -  
tu re  w i thou t  adverse  effects. Capac i t ance  m e a s u r e -  
men t s  were  accura te  to ----1% whi le  d iss ipa t ion  factor  
va r ied  w i t h i n  -----5% over  the  r ange  0.05-0.20. Meas-  
u r e m e n t s  were  made  on the  fi lm i m m e d i a t e l y  af ter  
p r e p a r a t i o n  in  the  be l l j a r  at  room t empera tu r e ,  a f ter  
exposure  to air  at  room t empera tu re ,  at 78 ~ and  at 
4.2~ 

F i lm  th icknesses  we re  m e a s u r e d  by  an  optical  i n -  
t e r fe romet r i c  me thod  w i t h  an  accuracy  of --100A. 

Resul ts  

The va lues  of dielectr ic  cons tan t  and  d iss ipa t ion  
factor  m e a s u r e d  i m m e d i a t e l y  af ter  p r e p a r a t i o n  in  
v a c u u m  and  af ter  exposure  to air  are  shown in  
Tab le  II for a n u m b e r  of a l u m i n u m  oxide dielectr ic  
films. The  l a rge  pe rcen tage  change  in  dielectr ic  con-  
s t an t  on exposure  to a i r  seems to be abou t  the  same 
for each sample  w i t h i n  e x p e r i m e n t a l  error .  F i g u r e  3 
shows in  a l i t t le  more  de ta i l  the  behav io r  of a series 
of films. The  changes  in  dielectr ic  cons tan t  and  dissi-  
pa t ion  factor  are expressed as pe rcen tage  changes  of 
the  va lues  measured ,  in  10 -~ m m  Hg, i m m e d i a t e l y  
af ter  p r epa ra t i on  of the  second me ta l  layer .  The ca-  

Table II. Values of dielectric constant and dissipation factor 
measured in vacuum and in air at room temperature 

D i e l e c t r i c  c o n s t a n t  D i s s i p a t i o n  f a c t o r  
F i l m  T h i c k -  I n  I n  I n  I n  
No.  ness ,  A v a c u u m  a i r  v a c u u m  a ir  

28 500 6.0 12.0 0.23 0.29 
32 700 6.2 10.3 0.04 0.10 
35A 875 6.95 12.90 0.10 0.27 
35B 875 7.02 12.95 0.10 0.28 
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paci tors  were  s tored in  the  be l l j a r  for 24 hr  at  10 -~ 
m m  Hg of oxygen  a nd  m e a s u r e d  again.  Immed ia t e ]y  
fo l lowing this, m e a s u r e m e n t s  were  made  wi th  film 
exposed to 1 a t m  pressure  of n i t r ogen  at 23~ and  
then  wi th  the  film exposed to 1 a t m  pressure  of oxy-  
gen at  23~ There  appears  to be  good r ep roduc i -  
b i l i ty  b e t w e e n  the  m e a s u r e m e n t s  on the di f ferent  
slides. The  dielectr ic  cons tan t  changes  on ly  s l ight ly  
on be ing  stored in  va c uum,  r e ma i ns  cons tan t  on ad-  
miss ion  of n i t r o g e n  to the  sample,  b u t  increases  con-  
s ide rab ly  on s u b s e q u e n t  exposure  to air  or oxygen.  
This change  on admiss ion  of oxygen  is no t  as rap id  
as tha t  which  takes  place w h e n  the  film has no t  been  
exposed to n i t rogen ;  neve r the les s  the  f inal  va lues  are  
about  the  same, i.e., abou t  twice  the va lue  of the  film 
m e a s u r e d  in  vacuum.  The  va lues  of d iss ipa t ion  factor  
on the  o ther  h a n d  in i t i a l ly  decrease  on be ing  stored 
in  v a c u u m  (10 -~ m m  Hg) ,  r e m a i n  cons tan t  on admis -  
s ion of n i t r o g e n  and  t h e n  increase  by  a v e r y  la rge  
factor  on admiss ion  of oxygen.  The final  va lues  of 
d iss ipa t ion  factor  were  a p p r o x i m a t e l y  the  same as 
in  the  case w h e n  n i t r ogen  was  not  admi t t ed  to the  
be l l j a r  pr ior  to admiss ion  of oxygen.  

The t e m p e r a t u r e  dependence  of both  dielectr ic  
cons tan t  and  d iss ipa t ion  factor  of these  films are 
shown in  Fig. 4. 
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Discussion 
Afte r  the a luminum oxide capaci tor  has been ex-  

posed to air, the values  of dielectr ic  constant  at  1 kc 
and the values of the t empe ra tu r e  var ia t ion  of d i -  
electr ic constant  are s imilar  to values which have 
been repor ted  for anodized layers  of a luminum (4).  
In spite of the  difference be tween measured  values  
of dissipat ion factor, it appears  l ike ly  tha t  the evap-  
ora ted  oxide af ter  exposure  to air  is s imi lar  to bu lk  
a luminum oxide, which has been repor ted  to have a 
dielectr ic  constant  of about  11 (5). The insulat ing 
film formed by  evapora t ion  of a luminum in 10 -8 mm 
Hg pressure  of oxygen has a dielectr ic  constant  of 
about six and is appa ren t ly  different  f rom the bu lk  
oxide. 

A condit ion now exists in which the ini t ia l  insula t -  
ing film formed by  evapora t ion  in 10 4 mm Hg of 
oxygen is conver ted by  exposure  to 1 arm of oxy-  
gen gas into an insula t ing film having  s imilar  p rop -  
er t ies  to those of the  bu lk  oxide AI~O,. I t  may  be in-  
ferred,  therefore,  tha t  the film, as prepared ,  is a 
h ighly  oxidized a luminum film wi th  insufficient oxy-  
gen to form AI~O,, but  which can react  wi th  excess 
oxygen to form a s table oxide s imi lar  to AI~O,. This 
type  of behavior  has been repor ted  previous ly  in the 
l i t e r a tu re  for a luminum oxide films p repa red  by  
the rmal  evapora t ion  of a luminum oxide. (6).  Both 
dielectr ic  constant  and diss ipat ion factor  of the  sub-  
oxide are  lower  than  the corresponding values  of 
AI~O~. Two dist inct  interact ions can be dis t inguished 
be tween oxygen and the suboxide as seen in Fig. 3: 
(a)  exposure  of the suboxide  to pressures  of 10-8 m m  
Hg of oxygen for a per iod  of 24 hr  accompanied by  a 
slow increase in dielectr ic  constant  and a slow de-  
crease in diss ipat ion factor, and (b)  exposure  of the 
suboxide to 1 arm of oxygen accompanied by  a sud-  
den increase in both dielectr ic  constant  and diss ipa-  
t ion factor. 

The first of these is perhaps  unders t andab le  in 
te rms of an oxygen sorption mechanism. Table  I 
shows tha t  as the pa r t i a l  pressure  of oxygen in the  
system was increased the resis tance of the evap-  
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ora ted  film increased,  which was p robab ly  due to in-  
corporat ion of oxygen in the  a luminum latt ice.  Ex-  
posure  of one of these films to a g rea te r  pa r t i a l  p res -  
sure of oxygen than  that  in which it was prepared ,  
would undoub ted ly  lead to sorpt ion of more oxygen 
with  an accompanying increase  in resis tance s imilar  
to tha t  observed in Table  I. 

If it  is assumed tha t  the change in diss ipat ion fac-  
tor  caused by  changes in polar izat ion due to oxygen 
sorption is small,  then the compara t ive ly  large  de-  
crease in diss ipat ion factor  may  be re la ted  to an in-  
crease in res is t iv i ty  of the suboxide.  This increase in 
res is t iv i ty  on sorpt ion of oxygen is wha t  might  be 
ant ic ipa ted  as a resul t  of the above discussion. Ob-  
viously, there  must  be a l imi t  to this process. 

I t  is wel l  known that  a va r i e ty  of suboxides of 
a luminum are capable  of existence, but  all  are un-  
s table  at room t empera tu r e  in the presence of air  or 
oxygen forming AI~O~. If, then, evapora t ion  of a lu-  
minum in oxygen produces a suboxide, it  might  be 
expected tha t  var ia t ion  of oxygen pressure  over  a 
small  range would cause a change s imilar  to tha t  ob-  
served above, but  on exposure  to air  or oxygen a 
decomposit ion to AI~O~ should occur. The ra te  at  
which the decomposit ion takes  place would be l im-  
i ted in this pa r t i cu la r  case by  the geomet ry  of the 
sys tem since the a luminum oxide l aye r  is covered 
almost  complete ly  by  the a luminum electrodes.  

Manuscript received May 22, 1961; revised manu- 
script received Sept. 19, 1961. This paper was prepared 
for delivery before the Indianapolis Meeting, April  30- 
May 3, 1961. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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ABSTRACT 

Although Mg~P~O~ cannot be activated by tin, combination with Ba~O~ 
(Ba ~25 mole %) produces a very efficient phosphor, (Mg,Ba)~,OT:Sn, 
emitting at 3970A. This last phase, combined with 8-Ba~P~O~, forms a solid 
solution of limited stability, (Ba,Mg)~OT: Sn, whose emission band appears 
at 5120A when excited by 2537A. A ternary phase can be formed (Mg~.~Ba~ .... 
Srx) P,OT: Sn, whose ultraviolet  emission peak changes with composition. 

Many invest igat ions  have centered on the t i n -  
ac t iva ted  or thophosphates  (1, 2) and pyrophospha tes  
(3) containing calcium, s tront ium, and bar ium,  alone, 
or in combination.  However,  no t i n -ac t iva ted  mag-  
nesium phosphate  phosphors  have been repor ted.  
The present  work  describes the p repa ra t ion  of the  
t i n -ac t iva ted  magnes ium ba r ium pyrophosphates ,  
thei r  spect ra l  character is t ics ,  and the re la t ionships  

among the members  of the  system. This s tudy was 
pa r t  of a generic survey  of phosphors  emi t t ing  in the  
u l t rav io le t  region of the spectrum. 

Experimental Method 
In general ,  methods  of p repa ra t ion  and measu re -  

ment  of the phosphors  were  those descr ibed in a 
previous  work  (3).  Igni t ion of BaHPO, and 
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Discussion 
Afte r  the a luminum oxide capaci tor  has been ex-  

posed to air, the values  of dielectr ic  constant  at  1 kc 
and the values of the t empe ra tu r e  var ia t ion  of d i -  
electr ic constant  are s imilar  to values which have 
been repor ted  for anodized layers  of a luminum (4).  
In spite of the  difference be tween measured  values  
of dissipat ion factor, it appears  l ike ly  tha t  the evap-  
ora ted  oxide af ter  exposure  to air  is s imi lar  to bu lk  
a luminum oxide, which has been repor ted  to have a 
dielectr ic  constant  of about  11 (5). The insulat ing 
film formed by  evapora t ion  of a luminum in 10 -8 mm 
Hg pressure  of oxygen has a dielectr ic  constant  of 
about six and is appa ren t ly  different  f rom the bu lk  
oxide. 

A condit ion now exists in which the ini t ia l  insula t -  
ing film formed by  evapora t ion  in 10 4 mm Hg of 
oxygen is conver ted by  exposure  to 1 arm of oxy-  
gen gas into an insula t ing film having  s imilar  p rop -  
er t ies  to those of the  bu lk  oxide AI~O,. I t  may  be in-  
ferred,  therefore,  tha t  the film, as prepared ,  is a 
h ighly  oxidized a luminum film wi th  insufficient oxy-  
gen to form AI~O,, but  which can react  wi th  excess 
oxygen to form a s table oxide s imi lar  to AI~O,. This 
type  of behavior  has been repor ted  previous ly  in the 
l i t e r a tu re  for a luminum oxide films p repa red  by  
the rmal  evapora t ion  of a luminum oxide. (6).  Both 
dielectr ic  constant  and diss ipat ion factor  of the  sub-  
oxide are  lower  than  the corresponding values  of 
AI~O~. Two dist inct  interact ions can be dis t inguished 
be tween oxygen and the suboxide as seen in Fig. 3: 
(a)  exposure  of the suboxide  to pressures  of 10-8 m m  
Hg of oxygen for a per iod  of 24 hr  accompanied by  a 
slow increase in dielectr ic  constant  and a slow de-  
crease in diss ipat ion factor, and (b)  exposure  of the 
suboxide to 1 arm of oxygen accompanied by  a sud-  
den increase in both dielectr ic  constant  and diss ipa-  
t ion factor. 

The first of these is perhaps  unders t andab le  in 
te rms of an oxygen sorption mechanism. Table  I 
shows tha t  as the pa r t i a l  pressure  of oxygen in the  
system was increased the resis tance of the evap-  
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ora ted  film increased,  which was p robab ly  due to in-  
corporat ion of oxygen in the  a luminum latt ice.  Ex-  
posure  of one of these films to a g rea te r  pa r t i a l  p res -  
sure of oxygen than  that  in which it was prepared ,  
would undoub ted ly  lead to sorpt ion of more oxygen 
with  an accompanying increase  in resis tance s imilar  
to tha t  observed in Table  I. 

If it  is assumed tha t  the change in diss ipat ion fac-  
tor  caused by  changes in polar izat ion due to oxygen 
sorption is small,  then the compara t ive ly  large  de-  
crease in diss ipat ion factor  may  be re la ted  to an in-  
crease in res is t iv i ty  of the suboxide.  This increase in 
res is t iv i ty  on sorpt ion of oxygen is wha t  might  be 
ant ic ipa ted  as a resul t  of the above discussion. Ob-  
viously, there  must  be a l imi t  to this process. 

I t  is wel l  known that  a va r i e ty  of suboxides of 
a luminum are capable  of existence, but  all  are un-  
s table  at room t empera tu r e  in the presence of air  or 
oxygen forming AI~O~. If, then, evapora t ion  of a lu-  
minum in oxygen produces a suboxide, it  might  be 
expected tha t  var ia t ion  of oxygen pressure  over  a 
small  range would cause a change s imilar  to tha t  ob-  
served above, but  on exposure  to air  or oxygen a 
decomposit ion to AI~O~ should occur. The ra te  at  
which the decomposit ion takes  place would be l im-  
i ted in this pa r t i cu la r  case by  the geomet ry  of the 
sys tem since the a luminum oxide l aye r  is covered 
almost  complete ly  by  the a luminum electrodes.  

Manuscript received May 22, 1961; revised manu- 
script received Sept. 19, 1961. This paper was prepared 
for delivery before the Indianapolis Meeting, April  30- 
May 3, 1961. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 

REFERENCES 
1. L. Young, Can& Chem., 38, 1141 (1960). 
2. R. W. Berry and D. I. Sloan, Proc. Inst. Radio Engrs., 

47, 1070 (1959). 
3. W. Reichelt, U. S. Pat. 2,904,452 (1959). 
4. F. Huber and W. Haas, Proc. Inst. Radio Engrs., 48, 

1482 (1960). 
5. A. vonHipple, "Dielectric Materials," J. Wiley & 

Sons, Inc., New York (1954). 
6. A. R. Weinrich, U. S. Pat. 2,578,856. 

Tin-Activated Magnesium Barium Pyrophosphate Phosphors 
R. C. Ropp 

Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

ABSTRACT 

Although Mg~P~O~ cannot be activated by tin, combination with Ba~O~ 
(Ba ~25 mole %) produces a very efficient phosphor, (Mg,Ba)~,OT:Sn, 
emitting at 3970A. This last phase, combined with 8-Ba~P~O~, forms a solid 
solution of limited stability, (Ba,Mg)~OT: Sn, whose emission band appears 
at 5120A when excited by 2537A. A ternary phase can be formed (Mg~.~Ba~ .... 
Srx) P,OT: Sn, whose ultraviolet  emission peak changes with composition. 

Many invest igat ions  have centered on the t i n -  
ac t iva ted  or thophosphates  (1, 2) and pyrophospha tes  
(3) containing calcium, s tront ium, and bar ium,  alone, 
or in combination.  However,  no t i n -ac t iva ted  mag-  
nesium phosphate  phosphors  have been repor ted.  
The present  work  describes the p repa ra t ion  of the  
t i n -ac t iva ted  magnes ium ba r ium pyrophosphates ,  
thei r  spect ra l  character is t ics ,  and the re la t ionships  

among the members  of the  system. This s tudy was 
pa r t  of a generic survey  of phosphors  emi t t ing  in the  
u l t rav io le t  region of the spectrum. 

Experimental Method 
In general ,  methods  of p repa ra t ion  and measu re -  

ment  of the phosphors  were  those descr ibed in a 
previous  work  (3).  Igni t ion of BaHPO, and 



16 J O U R N A L  OF THE ELECTROCHEMICAL SOCIETY January 1962 

t 2 5 0  ! 
06 M0L Sn 

025 MOL NH4CI 
1200 

1150 INERT 

P 
I I 0 0  

I -  IOSO r ~-Bo p o 5n 
m 
U,J ZNERT 

, o o o  
UJ " S-BazPz07 Sn (Mg, B0)2P207 Sn 
I-- (]~ED) - (VIOLET) 

9'50 

900  (Mg, Bo)~ P2_07 Sn 

850 
0 20 40 60 80 IOO 

MOL PER CENT M g 2 P 2 0 7  

tOO e o  50 40 20 0 

MOL PER CENT B o 2 P 2 0 7  

Fig. 1. Diagram of the tin-activated magnesium-barium pyro- 
phosphate system. 

MgNH,PO,.H~O read i ly  gave Ba~P~O~ and Mg~P20~, 
respect ively,  a l though it was found in some cases 
tha t  much b r igh te r  phosphors  were  obtained by  
ut i l iz ing the react ion:  

2MgO -b 2 (NH,)~-IPO~ ~ Mg~P~O~ ~ 4NH~ -t- 3H~O 

Prec ip i ta t ion  of BaHPO, was accomplished by  the 
addi t ion of an aqueous solution of (NH,)~HPO, to a 
solution containing Ba(NO,) , .  Both solutes were  of 
high pu r i t y  as was the  solvent, water .  The p rec ip i t a -  
t ion of MgNH,PO,-H~O followed the s tandard  ana -  
ly t ica l  p rocedure  (4). In many  cases, the use of 
NH,CI as a flux was found advantageous.  Crys ta l  
s t ruc tures  were  identified by  x - r a y  powder  diffrac-  
t ion pat terns .  The ac t iva tor  was added as SnO and 
concentrat ions be tween  0.01 mole Sn and 0.10 mole 
Sn per  mole pyrophospha te  did not  change the l u m i -  
nescent proper t ies .  

Since t in  functions as an ac t iva tor  in the reduced 
state, considered to be Sn*", format ion  of t i n - ac t i -  
va ted  phosphors  must  involve firing in a reducing 
a tmosphere  as pa r t  of the p repa ra t ion  process. Be-  
cause excessive reduct ion can occur as wel l  as un-  
desired re -oxida t ion ,  control  of the  a tmosphere  du r -  
ing firing and cooling is vi tal .  

E x p e r i m e n t a l  Resul ts  
In order  to define the luminescent  phases present  

as a function of both  firing t e m p e r a t u r e  and com- 
position, it  was necessary  to control  the  t ime of firing 
closely. An  opt imum firing t ime of 135 rain gave 
m a x i m u m  luminescence in most  cases, as wel l  as a 
single luminescent  phase  at  a given composition. 
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Fig. 2. Excitation-emlssion properties of the magnesium-barium 
pyrophosphates. 

A d i a g r a m  is given in Fig. 1 out l ining the regions 
of t empe ra tu r e  and composit ion in which the l umi -  
nescent  phases discovered were  stable. Three  lumi -  
nescent  phases were  found: a r ed -emi t t i ng  phase 
whose x - r a y  diffraction pa t t e rn  was s imi lar  to 
8-Ba~P~OT:Sn (5),  a b l u e - g r e e n - e m i t t i n g  phase,  
(Ba,Mg)~P.~OT:Sn, whose x - r a y  diffract ion pa t t e rn  
was in some respects  comparable  to a-Ba~P~OT:Sn, 
and a v io le t -emi t t ing  phase,  (Mg,Ba)~P~O~: Sn. (The 
formulas  are  wr i t t en  so tha t  the cation appear ing  
first indicates  tha t  of greates t  mole per  cent com- 
posit ion.)  

I t  was difficult to obtain a complete ly  homoge-  
neous b lue -g reen -emi t t i ng  phase  in the presence of 
NH,C1 flux unless the  firing conditions were  carefu l ly  
controlled.  Therefore,  the  p re fe r r ed  method of p r e p -  
arat ion for the  b lue -g reen  phase  involved prefir ing 
in a i r  and ret ir ing in a reducing a tmosphere  (n i t ro-  
gen-5% hydrogen) .  The r ed -  and v io le t -emi t t ing  
phases were  more  easi ly p r epa red  in the  presence 
of NH,C1 (0.25 mole per  mole pyrophospha te ) ,  which 
served as a flux, as wel l  as a pro tec t ive  atmosphere,  
dur ing firing. In the absence of flux, much higher  
t empera tu res  were  requi red  to obtain the r ed -  or 
v io le t -emi t t ing  phases. 

The spectra l  proper t ies  of the th ree  phases are 
given in Fig. 2 and are  discussed below. X - r a y  dif -  
f ract ion powder  pa t te rns  were  employed  for ident i -  
fication. Table  I shows the d spacings and intensi t ies  
measured  for the three  main  l ines and the innermost  
lines of al l  the phases discovered.  

Table I. X-ray powder diffraction patterns of the magnesium-barium pyrophosphates 

d s p a c i n g s  i n  A 

P h a s e  I n n e r m o s t  1 2 3 

8-Ba~O~: Sn 5.29 3.88 2.81 2.10 
(Ba, Mg)~O~:  Sn (blue-green) 7.10 3.72 2.99 (2.95) 2.17 
(Mg, Ba)~P~OT: Sn (violet) 7.05 6.30 3.36 3.00 (2.95) 
Mg~P~O~ ~ 6.3 3.00 (2.95) 2.52 2.10 
~-Ba~P~OT: Sn 3.6 3.56 2.13 1.94 
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Tab le  I!. Relative plaque brightness of the blue-green phase 

Composition 
mole Ba mole Mg 

Sn-ACTIVATED MgBa PYROPHOSPHATES 

2.00 - -  ~3 ~1 (estimated) 
1.50 0.50 28 18 
1.25 0.75 55 39 
1.00 1.00 40 26 
0.75 1.25 56 39 
0.50 1.50 49 33 

100 

% Plaque brightness 
80 

{vs. b a r i u m  
t i tan ium p h o s p h a t e )  

B l u e  G r e e n  w 60 

Barium-rich phases.~Only 8-Ba~P~O~: Sn was 
found in bar ium-r ich compositions when fired at 
950~ or above, the minimum temperature  depend- 
ing on the amount  of magnesium present. The lumi- 
nescent properties described previously (3) include 
an emission band at 6760A and excitation peaks at 
2330A and 2500A. Although the magnesium was 
presumably incorporated within the lattice, as esti- 
mated by absence of lines due to MgO, MgCO~ or 
Mg~P~O~ in the x - r ay  diffraction pattern, magnesium 
apparent ly contributes little to the luminescent 
properties of the red-emit t ing phase. 

The complexity of the diffraction patterns does not 
allow nor preclude the identification of Mg~P~O~ as a 
separate phase. 

The blue-green-emit t ing phase was stable over a 
wide range of composition below the critical tem- 
perature of 1010~ (see Fig. 1). The plaque response 
as compared to a standard phosphor is given in 
Table II. 

The efficiency of the blue-green-emit t ing phase 
exceeded that of the low-temperature  from a- 
Ba~P~OT: Sn, by several-fold. 

As shown in Fig. 2, (Ba,Mg)~P~O~:Sn emits at 
5120A and has excitation peaks at 2320A and 2520A. 
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Fig. 3. Comparison of some ultraviolet-emitting phosphors 
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Fig. 4. Luminescent spectra of some ternary alkaline earth 

pyrophosphates. 

The low-temperature  form, ~-Ba~P20~:Sn, which 
emits at 5050A when excited by 2537A radiation (3), 
is stabilized by the incorporation of magnesium, and 
the blue-green-emit t ing phase, (Ba,Mg)~P~O~: Sn, is 
obtained at firing temperatures far  in excess of those 
requisite for the low-temperature  form, a-Ba~P~OT: 
Sn. No difference in luminescent properties was 
noted between phosphors having the compositions 
Bal.~Igo.~sP~O~:Sn and Bao.~sMgl.~P~O~:Sn. However,  
the blue-green-emit t ing phase is unstable above 
1010~ and attempts to prepare the phosphor at 
higher temperatures always resulted in either the 
red-emit t ing phase, 8-Ba~P~O~:Sn or the violet- 
emitt ing phase, (Mg,Ba),P~OT:Sn, depending on 
composition. 

Magnesium-rich phases.--At the higher magne-  
sium ratios, the violet-emitting phosphor was ob- 
tained. This phase emits at 3970A, while two excita- 
tion peaks are found at 2270A and 2600A (see Fig. 
2). In contrast, Mg~P~O~ itself is not activated by Sn. 

A comparison of the peak height response of four 
ultraviolet and blue-emitt ing phosphors to 2537A 
irradiation is given in Fig. 3. The peak height of the 
violet-emitt ing phosphor is comparable to other 
more wel l -known phosphors (6, 7). 

Tin content affected the emission peak only in in- 
tensity. 

Ternary pyrophosphates.--The addition of Sr to 
the violet phosphor forms a homologous series of 
phosphors Mg~.~Ba~.o_xSrxP~O~: Sn, whose emission 
peaks change with the composition as shown in Fig. 
4. Only single emission bands were found as the ba-  
r ium content approached zero, and no evidence for 
multiplicity was seen until  the composition 
Mg~.~Sro.~P~O~: Sn was reached. The emission at this 
point was then composed of an ultraviolet and a blue 
peak (3). The system (Mg,Ba,Ca)~P~O~:Sn in con- 
trast, shows no such effect, and only the violet emis- 
sion due to (Mg,Ba)~P20~: Sn was seen. 

D i s c u s s i o n  

The emission colors noted in the t in-activated 
bar ium pyrophosphate-magnesium pyrophosphate 
system depend on the phase which is stable under 
the conditions of preparation. Considering each sep- 
arately, it is difficult to relate one to another. The 
situation is fur ther  complicated by the fact  that  one 
of the end-members  (Mg2P~OT) is not activated by 
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tin. However,  a satisfactory explanation may be 
given in terms of phase relationships. 

The data in Fig. 1 represent a nonequilibrium 
diagram in which the colors and domains of stability 
of the phosphors are specified in terms of the opti- 
mum firing temperature  and composition. However,  
the resemblance to a binary phase system which 
forms a solid solution over a limited range of com- 
position is striking. In this case, the two phases are 
$-Ba~P~O~:Sn and (Mg,Ba)~P,O~:Sn, which are red 
and violet emitters, respectively. They form a phase 
of limited temperature  stability, (Ba,Mg)~P~O~:Sn, 
whose emission lies between either parent. This 
phase seems to be the stable phase in the system at 
the lower firing temperature,  but is not stable above 
1010~ decomposing to give one or the other of the 
parent  phosphors, depending on composition. The 
inert or nonluminescent phase is probably a mixture 
of pyrophosphates, but no differences could be as- 
certained other than a lack of response to excitation, 
since the system as a whole was not at equilibrium in 
regard to phases present. 

The violet phase is by far the most efficient of 
those found in the magnesium-bar ium pyrophosphate 
system. It  has a single emission band in contrast to 
other binary t in-activated systems where in most 
cases two bands were found (3), and forms a te rnary  

pyrophosphate  phase whose peak emission changes 
with composition. 

Of the known t in-activated systems, the violet 
phase, (Mg,Ba)~O~:  Sn, is the only one which emits 
in the 4000A region. Strontium orthophosphate emits 
at 3700A, but the intensity is low, whereas the violet 
phase possesses high efficiency. 
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Cathodoluminescent Characteristics of Mn-Activated KMg  
R. J. Kurtz 1 

Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

The brightness, persistence, and maintenance of light output during life of 
cathode-ray excited KMgF~:Mn phosphors were studied as a function of (a) 
Mn concentration, (b) K: Mg ratio, (c) ZnF~ addition, and (d) firing conditions. 
The emission spectra and brightness-voltage and brightness-current charac- 
teristics of these samples are discussed. A cursory investigation of the cathodo- 
luminescent characteristics of some other Mn-activated complex fluorides is 
also discussed. 

Manganese-activated fluorides of zinc, magnesium, 
and zinc-magnesium have been investigated in the 
past from both practical and theoretical viewpoints. 
Because these fluorides are relatively long-persist-  
ence phosphors, they have been used in cathode-ray 
tubes for applications such as radar  and loran dis- 
play devices (1, 2). These phosphors have also been 
used by Williams (3-6) and his co-workers  in the 
formulation of basic concepts of the luminescence 
process. 

Other Mn-activated fluorides have, however, re-  
ceived scant attention. Fluorides of the alkali metals 
were found by Smith (7) to be poor phosphors, 
probably because in such phosphors there is a lack of 
suitable sites at which the manganese ions can func-  
tion as activators. Smith fur ther  reported that 
attempts to prepare Mn-activated fluorides of stron- 

1 P r e s e n t  a d d r e s s :  Applied Research  Labora tory ,  Genera l  In s t ru -  
m e n t  Corp., N ew ar k ,  N.  J .  

tium, barium, and cadmium resulted in nonlumines- 
cent samples of the first two and a weakly lumines- 
cent sample of the last. It is probable that  the cations 
of these matrices are much too large to be replaced 
effectively by manganese. 

Klasens (8) and his co-workers  and Smith (7) 
have however reported on the preparat ion of a series 
of fairly efficient Mn-act ivated fluoride phosphors. 
These materials were all of the perovskite type 
structure. This family of phosphors has been re- 
ported (8) to have decay characteristics closely ap- 
proximating those of ZnF~: Mn and (Zn,Mg) F~.: Mn. 
Manganese-activated fluoride phosphors, however, 
in general display one notable disadvantage when 
compared to other cathodoluminescent phosphors, 
i.e., they tend to deteriorate rapidly or "burn"  during 
electron bombardment  (9). Some of these phosphors 
have quite recently been found to be suitable for use 
in the form of t ransparent  films for cathodolumines- 
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cent applications. This study of Mn-activated KMgF3 
is an outgrowth of work done to prepare better films 
of this material  from the standpoint of brightness, 
persistence, and maintenance of light output during 
life. 

Experimental Results 
Three series of samples were prepared in order to 

determine the relationships between activator con- 
centration and matrix composition and the follow- 
ing parameters:  (a) brightness, (b) persistence, (c) 
maintenance of light output during life, (d) emission 
spectrum, (e) brightness-voltage characteristics, 
and (f) brightness-current  characteristics. Series A 
samples were those in which the Mn concentration 
was varied, for a constant matrix composition. Series 
B samples were those into which small additions of 
ZnF~ were introduced, at a fixed Mn concentration 
and at a fixed K: Mg ratio. Series C samples explored 
the effects of varying the K:Mg ratio for fixed Mn 
and ZnF~ concentrations. (The manganese concen- 
tration, as may be noted later, is expressed in atoms 
Mn/a tom Mg. Activator concentration expressed in 
this manner  is probably more meaningful than 
weight % or mole %, for this type of compound, 

22 
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Fig. 4. Brightness-current characteristics for series A samples 
(beam voltage ~ 10 kv). 

since manganese, in all likelihood, enters the lattice 
substitutionally at a Mg site.) Two additional series 
were also prepared to determine the effects of firing 
time and temperature on the aforementioned param-  
eters. 

For the preparat ion of each phosphor, the required 
quantities of the components, in the form of car- 
bonates or fluorides, were mixed with hydrofluoric 
acid in plat inum crucibles. The simple fluorides were 
then evaporated to dryness and fired in quartz tubes 
in a nitrogen atmosphere. For all series A, B, and C 
samples, firing was accomplished at 875~ for 1 hr. 
Following firing, each sample was ground lightly 
with a mortar  and pestle. Preparat ion of the samples 
for examination in a demountable cathode-ray tube 
was done by settling a slurry of the phosphor powder 
onto 2 x 1 in. glass slides. 

In measuring the brightness of each sample, data 
were taken at beam voltages from 4 to 12 kv, with 
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Fig. 5. Brightness as a function of Mn concentration (K:Mg ---- 

0 .79 ,  no ZnF2 added). 

t he  c u r r e n t  d e n s i t y  r a n g i n g  f r o m  0.25-2.0 ~ a / c m  ~. 
A l l  d a t a  o b t a i n e d  a r e  b a s e d  on b o m b a r d e d - s i d e  
b r igh tnes s .  A c o m m e r c i a l  KMgF~: M n  phosphof f  was  
e m p l o y e d  as a s t a n d a r d  s a m p l e  for  b r i g h t n e s s  m e a s -  
u r e m e n t s .  B r i g h t n e s s - v o l t a g e  cu rves  w e r e  o b t a i n e d  
for  ser ies  A,  B, a n d  C s a m p l e s  a n d  also for  t he  
s t a n d a r d  sample .  B r i g h t n e s s - v o l t a g e  r e l a t i o n s h i p s  fo r  
the  s t a n d a r d  s a m p l e  and  some r e p r e s e n t a t i v e  ser ies  
C s a m p l e s  a r e  shown  in Fig.  1 a n d  2. A l t h o u g h  no t  
shown,  s i m i l a r  cu rves  w e r e  o b t a i n e d  for  ser ies  A and  
B samples .  I t  can  be  seen t h a t  for  each  ser ies  ( and  
for  t he  s t a n d a r d  s a m p l e )  t he  s ame  c h a r a c t e r i s t i c  
l i n e a r  r e l a t i o n s h i p  ex i s t s  b e t w e e n  b r i g h t n e s s  and  
b e a m  vol tage ,  e x c e p t  for  a s m a l l  " d e a d "  vo l tage .  
F r o m  these  c u r v e s  w e  can  conc lude  t h a t  changes  in 
the  p h o s p h o r  compos i t i on  do no t  h a v e  a n y  effect  on 
the  sc reen  c h a r g i n g  p r o p e r t i e s  of th is  m a t e r i a l  up  to 
12 kv.  I so l a t ed  m e a s u r e m e n t s  up  to 15 k v  h a v e  also 
b e e n  m a d e  w i t h  no e v i d e n c e  of s c reen  c h a r g i n g  oc-  
cur r ing .  

F i g u r e s  3 and  4 show t y p i c a l  b r i g h t n e s s - c u r r e n t  
d e n s i t y  r e l a t i o n s h i p s  o b t a i n e d  in  m e a s u r e m e n t s  
m a d e  on t h e  s t a n d a r d  s a m p l e  a n d  r e p r e s e n t a t i v e  
ser ies  A samples .  Once  again ,  s i m i l a r  r e l a t i o n s h i p s  
w e r e  o b s e r v e d  for  ser ies  B and  C samples .  H e r e  i t  
can  be  seen  t h a t  in each  ser ies  l u m i n e s c e n c e  is p r o -  
p o r t i o n a l  to t h e  c u r r e n t  d e n s i t y  w i t h  no s a t u r a t i o n  
effects o b s e r v a b l e ;  d e p a r t u r e  f r o m  l i n e a r i t y  is o b -  
se rved ,  h o w e v e r ,  b e t w e e n  zero  a n d  0.25 ~ a / c m  ~ a n d  
m a y  be  due  to some t y p e  of c u r r e n t  l e a k a g e  in  t he  
d e m o u n t a b l e  s y s t e m  i tself .  

F i g u r e  5 p r e s e n t s  a p lo t  of t h e  b r i g h t n e s s  as a 
func t ion  of t he  Mn concen t r a t ion .  F o r  th is  ser ies  of 
s a m p l e s  no ZnF~ was  added .  I t  is seen  t h a t  t h e  
b r i g h t n e s s  r e aches  a m a x i m u m  at  0.05 a toms  M n /  
a t o m  Mg (or  a p p r o x i m a t e l y  5 m o l e  % w i t h  r e s p e c t  
to KMgF~) w h i l e  q u e n c h i n g  of t he  emiss ion  be c ome s  
p r o n o u n c e d  a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  0.10 
a toms  M n / a t o m  Mg. I t  is i n t e r e s t i n g  to no te  t h a t  p r e -  
v ious  i n v e s t i g a t i o n  (10) has  s h o w n  t h a t  th i s  m o l a r  
Mn c o n c e n t r a t i o n  is c lose  to t he  o p t i m u m  for  M n -  
a c t i v a t e d  ZnS  and  ZnSe.  O p t i m u m  b r igh tnes s ,  h o w -  
ever ,  for  t h e  o t h e r  M n - a c t i v a t e d  f luor ide  p h o s p h o r s  
(10) ,  such  as ZnF~ a n d  MgF~, has  b e e n  f o u n d  a t  0.6 
mo le  %. This  a p p a r e n t  a n o m a l y  m a y  be  due  to t he  
fac t  t ha t  t he  l a t t i ce  s t r u c t u r e  of KMgF~ v e r y  c lose ly  

~ D e r b y  M F - 7 6 7 ,  o b t a i n e d  f r o m  U n i t e d  M i n e r a l  a n d  C h e m i c a l  
C o r p . ,  N e w  Y o r k ,  N .  Y .  

o 
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Fig. 6. Brightness as a function of ZnF~ addition (K:Mg ~ 0.79, 
Mn:Mg ~ 0.026). 
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Fig. 7. Brightness as a function of K:Mg ratio (Mn:Mg = 0.026, 
2.0 w/o ZnF2 added). 

r e s e m b l e s  the  cubic  f o r m  of Z n S  a n d  ZnSe ,  w h i l e  
the  o t h e r  f luor ides  m e n t i o n e d  h a v e  t e t r a g o n a l  s t r u c -  
tures .  

F i g u r e  6 shows  the  effect on b r i g h t n e s s  of a d d i t i o n  
of ZnF2 to t he  phosphor .  The  a d d i t i o n  of th i s  c o m -  
p o n e n t  to KMgF8 in s m a l l  q u a n t i t i e s  h a d  b e e n  r e -  
p o r t e d  in  t he  l i t e r a t u r e  (11)  as be ing  benef ic ia l  in  
i nc r e a s ing  t h e  pe r s i s t ence .  W h i l e  th is  w i l l  be  s h o w n  
l a t e r  to be  so, h e r e  i t  is seen  t h a t  a s ign i f ican t  i m -  
p r o v e m e n t  in  b r i g h t n e s s  also occurs  as a r e s u l t  of 
such  add i t ion .  T h e  effect  is m a r k e d  even  at  l ow  con-  
c e n t r a t i o n s  of ZnF~, as e v i d e n c e d  b y  a s u b s t a n t i a l  
i n c r e a s e  in b r i g h t n e s s  w h e n  as l i t t l e  as 0.25 w / o  is 
added .  The  bes t  b r i g h t n e s s  is ob ta ined ,  h o w e v e r ,  in 
t he  r e g i o n  of 9-10 w / o .  I t  shou ld  be  n o t e d  tha t ,  a l -  
t h o u g h  t h e  c u r v e  in  Fig.  6 d i s p l a y s  a r a t h e r  p e c u l i a r  
shape ,  t h e  fou r  check  po in t s  p l o t t e d  i n d i c a t e  t he  d a t a  
to be  f a i r l y  r e p r o d u c i b l e .  

I n  F ig .  7 t h e  effect  of m a t r i x  compos i t i on  on 
b r i g h t n e s s  is s h o w n  for  a f ixed Mn c o n c e n t r a t i o n  
and  ZnF~ concen t ra t ion .  I t  can  be  seen  t h a t  m a x i -  
m u m  b r i g h t n e s s  occurs  a t  a K : M g  ra t i o  of zero, 
which ,  of  course ,  c o r r e s p o n d s  to  M n - a c t i v a t e d  MgF~. 
T h e  b r i g h t n e s s  d rops  s t e a d i l y  to 43% of i ts  m a x i -  
m u m  v a l u e  a t  K:  M g  = 1.0, r e m a i n s  c o n s t a n t  a t  15 % 
for  1.1 --~ K : M g  ~ 1.8, and  t h e n  fa l l s  to  6% of m a x i -  
m u m  at  K : M g  = 2.0. X - r a y  d i f f r ac t ion  ana lys i s  of 
th is  ser ies  of s a m p l e s  shows  the  ex i s t ence  of K M g F .  
a n d  MgF~ in s a m p l e s  w i t h  m o l a r  K : M g  ra t io s  of 
0.5-1.0 and  t h e  p r e s e n c e  of K M g F ,  a n d  K~MgF, a t  
m o l e  r a t i o s  f r o m  1.1-2.0. T h u s  i t  s eems  t h a t  i n c o r -  
p o r a t i o n  of M n  into  an  MgF,  m a t r i x  r e su l t s  in  m o r e  
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Fig. 8. Effect of ZnF~ addition on persistence characteristics of 
KMgF~:Mn (K:Mg = 0.79, Mn:Mg = 0.026). 
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Fig. 9. Persistence characteristic as a function of Mn concen- 
tration (K :Mg = 0.79, no ZnF8 added), 
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Fig. 10. Persistence characteristic as a function of ZnF.. addition 
(K:Mg = 0.79, Mn:Mg = 0.026). 

efficient  l u m i n e s c e n c e  t h a n  in KMgFs,  w h i l e  i nco r -  
p o r a t i o n  of t h e  Mn in to  KAVIgF, is f a r  less  efficient.  

T h e  p h o s p h o r s  in  each  se r ies  a l l  e x h i b i t  a t w o -  
c o m p o n e n t  t y p e  of decay ;  t h a t  is, i n i t i a l l y  t h e  l u m i -  
nescence  decays  e x p o n e n t i a l l y ,  t h e n  changes  to a 
p o w e r - l a w  t y p e  of decay .  W h i l e  t he  i n i t i a l  s t ages  of 
t h e  d e c a y  do not  e x h i b i t  a n y  c l e a r l y  def ined  r e l a -  
t i onsh ips  as a r e s u l t  of  v a r i a t i o n  of e i t h e r  a c t i v a t o r  
c o n c e n t r a t i o n  or  m a t r i x  compos i t ion ,  v e r y  def in i te  
d i f fe rences  a r e  d i s c e r n i b l e  in t he  d e c a y - t a i l  reg ion .  
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Fig. 11. Persistence characteristic as a function of K:Mg ratio 
(Mn:Mg = 0.026, 2.0 w/o ZnF~ added). 
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Fig. 12. Typical maintenance of light output curve for a 
KMgFs:Mn phosphor (current density ~ 5.0 /~a/cm2). 

The  mos t  s igni f icant  d i f fe rence  is n o t e d  on a d d i t i o n  
of even  a s m a l l  p e r  cen t  of ZnF~ to t h e  phosphor .  In  
Fig .  8 th is  d i f fe rence  in  t he  d e c a y - t a i l  c h a r a c t e r i s t i c  
of two  s a mp le s  is shown.  Bo th  s a mp le s  h a v e  i den t i ca l  
Mn c o n c e n t r a t i o n  and  K:  Mg ra t io .  S a m p l e  B-2  has,  
h o w e v e r ,  in a d d i t i o n  2.8 w / o  ZnF~. F i g u r e  9 shows  
the  effect on the  d e c a y  t a i l  c h a r a c t e r i s t i c  as a f u n c -  
t ion  of Mn concen t r a t ion .  M e a s u r i n g  t h e  p e r s i s t e n c e  
as t he  t i m e  to d e c a y  to 1% of t he  i n i t i a l  l i gh t  ou tpu t ,  
i t  was  f o u n d  t h a t  a m a x i m u m  v a l u e  is o b t a i n e d  at  
0.07 a toms  M n / a t o m  Mg. F r o m  the  n e x t  c u r v e  (Fig .  
10) i t  can  be  seen  t h a t  an  o v e r - a l l  i m p r o v e m e n t  of 
the  d e c a y - t a i l  c h a r a c t e r i s t i c  occurs  as a r e s u l t  of 
a d d i t i o n  of  v a r y i n g  a m o u n t s  of ZnF~ to t he  KMgF~ 
m a t r i x  (11).  The  g r e a t e s t  i m p r o v e m e n t ,  h o w e v e r ,  
occurs  in t he  r a n g e  of 0.5-6 w / o  add i t ion .  

The  d e c a y - t a i l  p e r s i s t e n c e  as a f u n c t i o n  of K : M g  
ra t i o  is shown  in Fig .  11. F o r  these  s a m p l e s  b o t h  t he  
M n  and  Zn c o n c e n t r a t i o n s  h a v e  been  h e l d  cons tan t .  
H e r e  i t  is seen  t h a t  t he  p e r s i s t e n c e  inc reases  s t e a d i l y  
to a m a x i m u m  as t he  m o l a r  K:  Mg ra t i o  is i nc r ea sed  
f r o m  zero  to 1.0. As  the  r a t i o  is f u r t h e r  inc reased ,  
h o w e v e r ,  th i s  d e c a y - t a i l  c h a r a c t e r i s t i c  d r o p s  s h a r p l y  
and  is e s s e n t i a l l y  cons t an t  in the  r a n g e  of  1.1-1.8. A 
f u r t h e r  dec rea se  is n o t e d  as t he  r a t i o  is f u r t h e r  i n -  
c r e a se d  to 2.0. 

M e a s u r e m e n t s  of m a i n t e n a n c e - o f - l i g h t - o u t p u t  
d u r i n g  l i fe  w e r e  o b t a i n e d  d u r i n g  s u s t a i n e d  e x c i t a t i o n  
of t h e  s a m p l e s  in t h e  d e m o u n t a b l e  c a t h o d e - r a y  t u b e  
for  p e r i o d s  of 2-3 h r  a t  5 ~ a / c m  ~. T h e  m a i n t e n a n c e  
c u r v e  of a t y p i c a l  s a m p l e  m e a s u r e d  u n d e r  t hese  con-  
d i t ions  is s h o w n  in Fig.  12. I t  s e e m e d  r e a s o n a b l e  to  
use  as  a s t a n d a r d  of c o m p a r i s o n  the  p e r  cen t  of  i n i -  
t i a l  l i gh t  o u t p u t  r e a c h e d  a f t e r  a g iven  p e r i o d  of 
t ime,  t a k i n g  c a r e  to  k e e p  out  of t h e  r eg ions  n e a r  0% 
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Fig. 17. Effect of firing temperature on cathodoluminescent 
characteristics of KMgF~:Mn (firing time ~ 60 rain; composition: 
K:Mg ~ 1.0, Mn:Mg = 0.02, 2.0 w/o ZnF= added). 

and 100% of init ial  output .  The  f igure of 100 rain, 
w h i c h  is eq u iva l en t  to a charge  of 3 x 10 -~ c o u l o m b s /  
c m  ~, w a s  there fore  se lected .  

This  f igure of m e r i t  for m a i n t e n a n c e  charac ter -  
ist ics  is p lo t ted  in Fig.  13 as a funct ion  of Mn c o n c e n -  
trat ion.  Here  a m a x i m u m  is obta ined  in the  reg ion  
of 0.03 a t o m s  M n / a t o m  Mg. F igure  14 s h o w s  that  
w h e n  this  character is t ic  is p lo t ted  as a funct ion  of 
w / o  ZnF~ added,  a s o m e w h a t  i l l -de f ined  c u r v e  is ob-  
tained,  s imi lar  in appearance  to the  curve  in Fig.  6; 
the  four  checkpoints ,  h o w e v e r  d i sp lay  the  d e g r e e  of 
reproduc ib i l i ty  of the  data. H ighes t  m a i n t e n a n c e  is 
obta ined in the  reg ion of 8-10  w / o  ZnF~. W h e n  this  
m a i n t e n a n c e  character is t ic  is p lo t ted  as a funct ion  
of K : M g  ratio (Fig.  15) ,  a ser ies  of scat tered  points  
resul ts  w h i c h  m i g h t  be  in terpreted  as indicat ing an 
o p t i m u m  ratio of 0.76. 

The  m a i n t e n a n c e  data p lo t ted  on these  f igures 
do not, h o w e v e r ,  represent  the  true  m a i n t e n a n c e  
of  the  mater ia l  if  m e a s u r e d  in a sealed-off ,  w e l l -  
evacuated  c a t h o d e - r a y  tube.  P fahnl  (12)  has s h o w n  
that  m a i n t e n a n c e  is cons iderab ly  poorer  w h e n  m e a s -  
ured in a d e m o u n t a b l e  c a t h o d e - r a y  tube,  in al l  prob-  

abi l i ty  as a resul t  of increased  ion d a m a g e  to the  
phosphor.  W e  h a v e  also found this  to be  true  in our 
invest igat ions .  M e a s u r e m e n t  of a s tandard KMgF~ 
phosphor  in both a sea led-o f f  tube  and a d e m o u n t -  
able  tube  s h o w s  that  the  tota l  charge  n e c e s s a r y  to 
reduce  the  l ight  output  to 50% of its  ini t ia l  v a l u e  in 
the  t w o  cases  differs by  a factor  of 10. It  w a s  also 
found,  h o w e v e r ,  that  as a resul t  of  a l w a y s  m e a s u r i n g  
the  sample s  in the  s a m e  demountab le ,  at the  s a m e  
condi t ions  of vacuum,  fa ir ly  reproduc ib le  resul ts  
could  be  obtained.  Thus  it appears  that  w h i l e  the  
actual  n u m b e r s  obta ined in d e m o u n t a b l e  m a i n t e -  
nance  m e a s u r e m e n t s  are of no c o n s e q u e n c e  t h e m -  
se lves ,  t h e  i n f o r m a t i o n  obta ined  is st i l l  qui te  use fu l  
as a re la t ive  f igure of mer i t .  

Emis s ion  spectra  w e r e  d e t e r m i n e d  for all  sample s  
in each  series .  The  data obta ined  s h o w  no shif t  in 
spectra l  e m i s s i o n  p e a k  and no change  in band w i d t h  
as a resul t  of e i ther  a l ter ing the  phosphor  c o m p o s i -  
t ion or v a r y i n g  the  b e a m  v o l t a g e  or current  dens i ty .  
A n  e m i s s i o n  s p e c t r u m  of a typ ica l  s a m p l e  is s h o w n  
in Fig.  16. The  e m i s s i o n  p e a k s  for t h e s e  s a m p l e s  oc -  
cur at 600 m~.  
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Fig. 18. Effect of firing time on cathodoluminescent characteris- 
tics of KMgFs:Mn (firing temperature ~ 900~ composition: 
K:Mg = 1.0, Mn:Mg = 0.02, 2.0 w/o ZnF2 added). 

As an  a d d i t i o n a l  p a r t  of t h e  inves t iga t ion ,  d a t a  
w e r e  o b t a i n e d  to  d e t e r m i n e  the  effect of f i r ing con-  
d i t ions  on b r igh tness ,  pe r s i s t ence ,  a n d  m a i n t e n a n c e .  
I n  Fig .  17 t h e s e  c h a r a c t e r i s t i c s  a r e  p l o t t e d  as a f u n c -  
t ion  of f i r ing t e m p e r a t u r e .  The  s a m p l e s  in th i s  ser ies  
w e r e  each  f i red for  1 hr .  F r o m  the  cu rves  i t  can  be  
seen t h a t  r e l a t i v e l y  l i t t l e  change  in b r i g h t n e s s  occurs  
ove r  th is  t e m p e r a t u r e  r ange ,  b u t  t h a t  p e r s i s t e n c e  is 
o p t i m u m  at  875~ w h i l e  bes t  m a i n t e n a n c e  occurs  
for  900 ~ f ir ing.  In  Fig .  18 these  c h a r a c t e r i s t i c s  a r e  
p l o t t e d  as a func t ion  of f i r ing  t ime ;  a l l  s a m p l e s  h e r e  
w e r e  f i red a t  900~ I t  is f o u n d  t h a t  o p t i m u m  b r i g h t -  
ness  is o b t a i n e d  for  60-90 m i n  f ir ing,  w h i l e  bes t  
m a i n t e n a n c e  and  longes t  p e r s i s t e n c e  a r e  o b t a i n e d  
w i t h  a 15 m i n  fir ing.  

Because  of t he  i n t e r e s t  d e v e l o p e d  in KMgFs :  Mn as 
a s t a r t i n g  m a t e r i a l  fo r  t he  p r e p a r a t i o n  of  c a t h o d o -  
l u m i n e s c e n t  t h in  films, some a d d i t i o n a l  i n v e s t i g a t i o n  
was  done  to d e t e r m i n e  t h e  c h a r a c t e r i s t i c s  of o t h e r  
M n - a c t i v a t e d  c o m p l e x  f luor ide  p o w d e r  phosphor s .  
W h i l e  t he  s t u d y  of t he se  m a t e r i a l s  w a s  on ly  cu r so ry ,  
a s u m m a r y  of t h e  c h a r a c t e r i s t i c s  d e t e r m i n e d  seems  

w o r t h w h i l e .  O n l y  t h r e e  ser ies  of  s a m p l e s  w e r e  p r e -  
p a r e d .  I n  t he  first  ser ies  Ca, Zn,  Sr,  or  Cd  w e r e  s u b -  
s t i t u t e d  for  Mg in KMgF~:Mn.  I n  t he  second  ser ies ,  
t he  e l e m e n t s  Li ,  Na,  Rb,  and  Cs w e r e  s u b s t i t u t e d  for  
K in KMgF~: Mn,  w h i l e  in t h e  t h i r d  ser ies  M n - a c t i -  
v a t e d  c o m p l e x  f lour ides  w e r e  p r e p a r e d  w i t h  Zn  as  
t h e  d i v a l e n t  ca t ion  a n d  e i t he r  Li,  Na,  Rb,  or  Cs as t he  
m o n o v a l e n t  cons t i tuen t .  Con t ro l  s a m p l e s  of KlVIgF~: 
Mn w e r e  p r e p a r e d  w i t h  each  ser ies .  F o r  each  s a m -  
p l e  t h e  r a t i o  of u n i v a l e n t  ca t ion :  d i v a l e n t  ca t ion  w a s  
k e p t  a t  1.0, w h i l e  t he  Mn c o n c e n t r a t i o n  w a s  he ld  
cons t an t  a t  0.02 a t o m  M n / a t o m  d i v a l e n t  cat ion.  A l l  
s a m p l e s  w e r e  f i red at  900~ for  1 hr .  A s u m m a r y  of 
t he  b r igh tnes s ,  pe r s i s t ence ,  m a i n t e n a n c e ,  a n d  spec -  
t r a l  emiss ion  c h a r a c t e r i s t i c s  is s h o w n  in T a b l e  I. 
W h i l e  no t  shown  in  T a b l e  I, t he  b r i g h t n e s s - v o l t a g e  
and  b r i g h t n e s s - c u r r e n t  c h a r a c t e r i s t i c s  w e r e  also 
m e a s u r e d  a n d  f o u n d  to b e  l i n e a r  for  a l l  s amp le s  
( w i t h i n  t he  l imi t s  4-15 k v  and  0.25-2.0 ~a/cm~).  The  
mos t  p r o m i s i n g  of  t h e  m a t e r i a l s  i n v e s t i g a t e d  a r e  
KCdF~ a n d  L i F  zr ZnF~, for  b r i gh tnes s ,  and  RbZnF~ 
and  RbMgF~, for  m a i n t e n a n c e .  W h e r e v e r  b r i g h t n e s s  
d a t a  for  th is  ser ies  of s a m p l e s  cou ld  be  c o m -  
p a r e d  w i t h  t h a t  c o m p i l e d  b y  S m i t h  (7)  o r  K l a s e n s  
and  his  c o - w o r k e r s  (8 ) ,  i t  was  f o u n d  t h a t  bes t  a g r e e -  
m e n t  was  a c h i e v e d  w i t h  t he  r e su l t s  r e p o r t e d  b y  t h e  
fo rmer .  

S u m m a r y  
W h i l e  no  a t t e m p t  has  been  m a d e  to e x p l a i n  the  

r e su l t s  ob t a ined ,  i t  can  be  seen  t h a t  v a r i a t i o n  of 
p h o s p h o r  compos i t i on  in M n - a c t i v a t e d  KMgF~ can  
l e ad  to m a t e r i a l s  w i t h  c o n s i d e r a b l y  i m p r o v e d  m a i n -  
t e n a n c e  c h a r a c t e r i s t i c s  ( w h i c h  of course  is t he  
s t ronges t  d e t r i m e n t  of th is  class of m a t e r i a l s ) .  I m -  
p r o v e m e n t  of b r i g h t n e s s  and  p e r s i s t e n c e  can  also be  
m a d e  b y  compos i t i on  change ,  b u t  t h e r e  a p p e a r s  to 
b e  no s ing le  o p t i m u m  compos i t i on  to e n c o m p a s s  t he  
bes t  of a l l  t h r e e  cha rac te r i s t i c s .  

A n  in i t i a l  a t t e m p t  to i m p r o v e  f u r t h e r  on t h e  
c a t h o d o l u m i n e s c e n t  c h a r a c t e r i s t i c s  of  iYin-ac t iva ted  
KMgF~ b y  s u b s t i t u t i o n  of some G r o u p  IA,  I IA,  and  
I IB  e l e m e n t s  has  r e s u l t e d  in  some m a t e r i a l s  w h i c h  
show i m p r o v e d  m a i n t e n a n c e  and  b r igh tness .  Based  

Table I. Summary of cathodoluminescent characteristics of some Mn-activated complex fluorides 

Pers i s t ence ,  b sec 
C o m p o u n d  C r y s t a l l i n e  Relat ive  R e l a t i v e  E m i s s i o n  

f o r m e d  s t r u c t u r e  b r i g h t n e s s  a to  Io/e to  1% Io m a i n t e n a n c e  peak ,  m ~  

KMgF8 cubic 100 0.10 1.06 100 600 
KCaF8 cubic d 25.5 0.08 0.74 49 565 
KZnle8 t e t ragona l  ~ 52.6 0.10 0.72 42 580 
K F  + SrF~ K F  + S r F /  0.3 not  measured  not  measured  420 
KCdFs cubic ~ 129 0.10 0.63 98 566 
LiF  + MgF2 LiF  + MgF2 73.1 0.10 0.56 135 590 
NaMgF3 cubic 45.6 0.10 0.49 122 593 
RbMgF~ cubic + hexagonal  49.3 0.07 0.98 168 580 
CsMgF~ cubic 1.9 0.005 0.14 not  measured  430, 450 
L iF  + ZnF~ LiF  + ZnF2 167 0.06 1.15 151 595 
N a Z n F :  - -  . . . . .  
RbZnF~ te t ragonal  35.5 0.07 0.37 170 575 
CsZnF~ mix tu re  of many  2.9 0.035 0.34 106 600 

s t ructures  

I n  each  case t he  f igure  g i v e n  r e p r e s e n t s  t h e  a v e r a g e  of  25 r e a d i n g s  t a k e n  under  di f ferent  condit ions  of  b e a m  v o l t a g e  a n d  c u r r e n t  
dens i ty .  

b A f t e r  r a s t e r  p r e s e n t a t i o n  a t  4 k v ,  1.2 /~a/cm ~. 
c S a m p l e  r u i n e d  d u r i n g  firing. 
a S a m p l e s  not  subjected  to x - r a y  ana lys i s ;  est imated s tructure  s h o w n  is based  on da t a  b y  K l a s e n s  e t  aL (8). 
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on these findings, a more thorough invest igat ion of 
this fami ly  of compounds would  seem wor thwhi le .  
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Preparation, Stability, and Luminescence 
of Gallium Nitride 
M. R. Lorenz and B. B. Binkowski 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Gallium nitride has been prepared from gallium oxide and ammonia at 
temperatures from 600 ~ to 1100~ The emission of various preparations under 
cathode ray excitation has been investigated. Dissociation studies indicate the 
thermal instability of GaN at temperatures as low as 600~ Observed emission 
spectra are discussed in terms of preparation temperature and dissociation. 

In the  search for new photo- ,  cathodo-,  and elec-  
t ro luminescent  phosphors,  a t tent ion has been given 
recent ly  to the  h igher  band gap compounds of group 
II I  and V elements.  The phosphides and n i t r ides  of 
gall ium, a luminum, and boron have been of par t i cu-  
la r  interest ,  since thei r  band gap would predic t  emis-  
sions in the  visible or of shor ter  wavelength .  The 
present  invest igat ion is concerned wi th  methods  of 
prepara t ion ,  s tabi l i ty,  and cathodoluminescence of 
GaN. 

The p repara t ion  of GaN has been effected in a va -  
r i e ty  of ways  using NH~ as a common reac tan t  (1-6) .  
I t  is notable  tha t  direct  n i t r id ing  wi th  N~ has been 
unsuccessful.  GaN p repa red  at  low tempera tu res  
(1),  i.e., in the range  350~176 has been ac t iva ted  
by  incorporat ion of sui table  impur i t ies  and yie lded 
luminescent  mater ia ls .  The emission intensi t ies  are 
m a r k e d l y  affected by  the anneal ing t empera tu re  ex-  
cept when ac t iva ted  wi th  Li  (1) .  

More recently,  Addamiano  (7) p repa red  GaN 
from GaAs and GaP. The react ions appeared  a t t r ac -  
t ive since both GaP and GaAs can be obtained wi th  
high pur i ty .  

Preparat ion.- -At tempts  at p repa r ing  GaN f rom 
the react ion of Ga with NH.~ at 1000~176 resul ted  

in a heterogeneous produc t  exhibi t ing  wide  color 
variat ion.  P repa ra t ion  of the n i t r ide  f rom GaP as 
suggested by  Addamiano  (7) was unsat is fac tory  due 
to the difficulty in achieving quant i t a t ive  conver-  
sion and the high t empera tu res  involved,  > 1000~ 

It  was observed, however ,  tha t  GaP crystals ,  p a r -  
t i a l ly  hydro lyzed  by  gr inding in moist  air  wi th  re -  
sul tant  evolut ion of PHi, r ap id ly  reac ted  wi th  NH~ 
to yie ld  GaN. This suggested the use of Ga~O8 as 
s tar t ing ma te r i a l  and  the react ion 

Ga80~ + 2NH~-~ 2GaN -~ 3H20 [1] 

was s tudied as a function of p repa ra t ion  t empera -  
ture. H i g h - p u r i t y  Ga~O~ (99.99%, Varlacoid Chemi-  
cal Company)  was hea ted  in a s t ream of anhydrous  
NH~ (pur i ty  > 99.99%, Matheson Company)  at con- 
t ro l led  tempera tures .  The products  were  checked by  
x - r a y  diffraction and chemical  analysis.  Table  I 
shows the pe r t inen t  da ta  where  the  length  of reac-  
t ion t ime indicated is not necessar i ly  the min imum 
t ime requi red  for complete  conversion to GaN. 

Dissociation.--On several  occasions when GaN 
was heated to 1150~ in p rev ious ly  evacuated  and 
sealed quar tz  tubes, explosions occurred. Since the  
quar tz  tubes were  of r e l a t ive ly  small  d iameters  
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Table I 

S a m p l e  X - r a y  
ident i~  R e a c t i o n  R e a c t i o n  i d e n t i -  
f i c a t i on  t e m p ,  ~ t i m e ,  h r  f i ca t ion  B o d y *  co lo r  

A 480 16 Ga=O3 Near ly  whi te  
B 550 4 Ga~O~ Yel lowish whi te  
C 600 24 GaN Light  ye l low 
D 700 16 GaN Deep ye l low 
E 800 15 GaN Yellow 
F 1000 3 GaN Tan ye l low 
G 1090 3 GaN Light  g ray  

* P u r e  Ga~08  i s  w h i t e .  

( % - %  in . ) ,  p r e s s u r e s  of s e v e r a l  a t m o s p h e r e s  w o u l d  
be  n e c e s s a r y  to cause  explos ions .  This  is p a r t i c u l a r l y  

34 

30 

26 

I0 

j A-616~ Po(N2)<IO -3 mm Hq 

B-- 690~ Po (Nz) < 10-3 mm Hg 

C-- 81Z~ Po(N2)<IO-3 turn Hg 

D-- 955~ Po{N2}~IO -3 mm Hq 

E -- 955~ Po (H2) = 36 mm Hg 

F - 995~ Po(NZ} ~10 -3 mm Hg 

G - 995"C, PO [N2) =288 mrn M~ 

H -  995~ Po(NZ) =479 mm Hq 

' ' i 
5 10 15 

i n t r i g u i n g  s ince  G a N  was  p r e p a r e d  f r o m  Ga  and  Nh~ 
a t  t e m p e r a t u r e s  as  h igh  as  1160~ a t  an  a m m o n i a  
flow p r e s s u r e  of 1 a tm.  A c c o r d i n g l y ,  t h e  t h e r m a l  
s t a b i l i t y  of G a N  was  i nves t i ga t ed .  

G a N  p r e p a r e d  b y  r e a c t i o n  [1]  a t  1000~ was  
p l a c e d  in  a g r a p h i t e  c ruc ib l e  a n d  h e a t e d  in  a v a c u u m  
sys tem.  The  s a m p l e s  cou ld  be  i s o l a t e d  in  a c o n s t a n t  
v o l u m e  of a p p r o x i m a t e l y  600 cm ~ w h e r e  a n y  p r e s -  
su r e  b u i l d u p  or  dec rea se  could  be  o b s e r v e d  w i t h  a 
McLeod  g a u g e  and  a m e r c u r y  m a n o m e t e r .  S a m p l e s  
w e r e  h e a t e d  u n d e r  p u m p e d  v a c u u m  to v a r i o u s  t e m -  
p e r a t u r e s ,  t h e n  i so l a t ed  a n d  t h e  p r e s s u r e  m o n i t o r e d  
as a func t ion  of t i m e  at  a c o n t r o l l e d  t e m p e r a t u r e .  
V e r y  s low r a t e s  of d i s soc ia t ion  w e r e  o b s e r v e d  w h i c h  
n e c e s s i t a t e d  the  i n t r o d u c t i o n  of N~ p r e s s u r e  f r o m  an  
e x t e r n a l  source  in  o r d e r  to show a p r e s s u r e  d e p e n d -  
ence of the  d i s soc ia t ion  ra t e .  The  effect  of h y d r o g e n  
on the  d i s soc ia t ion  r a t e  was  also i nves t i ga t ed .  

In  Fig .  1 t he  o b s e r v e d  p r e s s u r e  changes  a r e  p l o t t e d  
as  a func t ion  of t ime.  A t  412~ no m e a s u r a b l e  d i s -  
soc ia t ion  occurs ,  bu t  a t  616~ N~ is g e n e r a t e d  s l o w l y  
a t  a cons t an t  ra te .  W i t h  i nc r ea s ing  t e m p e r a t u r e  t he  
r a t e  of N~ evo lu t i on  increases .  T h e  d i s soc ia t ion  a t  
812~ w a s  m o n i t o r e d  for  85 h r  w i t h o u t  o b s e r v i n g  
a n y  d e v i a t i o n  in t he  r a t e  of N~ f o r m a t i o n  ove r  t he  
p r e s s u r e  r a n g e  f r o m  less  t h a n  10 -~ to 15 m m  Hg p r e s -  
sure.  A t  h i g h e r  t e m p e r a t u r e s  s l igh t  c u r v a t u r e  is 
n o t e d  e spec i a l l y  a t  low p res su res .  A f t e r  N~ is a d d e d  
to t h e  sys tem,  no te  cu rves  G a n d  H, a l o w e r  r a t e  is 
obse rved ,  b u t  a p p e a r s  n e a r l y  cons t an t  over  the  m e a s -  
u r e d  p r e s s u r e  i n t e rva l .  T h e  a d d i t i o n  of H~ does  no t  
a l t e r  t he  r a t e  as e v i d e n c e d  in Fig .  1 b y  c o m p a r i s o n  of 
c u r v e  E to t ha t  of D at  e q u i v a l e n t  t o t a l  p re s su res .  

The  r e su l t s  c l e a r l y  i nd i ca t e  t h e  t h e r m a l  i n s t a b i l i t y  
of G a N  a t  t e m p e r a t u r e s  as low as  600~ The  effect 
of th is  i n s t a b i l i t y  on the  p r o p e r t i e s  of G a N  is d i s -  
cussed  in d e t a i l  l a t e r .  

Cathodoluminescence.--The emiss ion  p r o p e r t i e s  of 
G a N  w e r e  s t u d i e d  w i t h  c a t h o d e - r a y  exc i t a t ion .  A 
d e m o u n t a b l e  c a t h o d e - r a y  t ube  was  used  w h i c h  in -  
c luded  an  a t t a c h m e n t  to p e r m i t  s a m p l e  ex c i t a t i on  
f r o m  25 ~ to l i qu id  N~ t e m p e r a t u r e s .  A g r a t i n g  spec -  
t r o m e t e r  and  a 1P21 p h o t o m u l t i p l i e r  d e t e c t o r  c o m -  
p l e t e d  t h e  a s sembly .  S a m p l e s  w e r e  e x c i t e d  w i t h  15 
k v  e l ec t rons  a t  c u r r e n t  dens i t i e s  of  1-4 ~ a / c m  ~. T h e  
emiss ion  s p e c t r a  a t  l i qu id  N~ t e m p e r a t u r e  of v a r i o u s  
p r e p a r a t i o n s  and  p a r t i a l l y  d i s soc i a t ed  G a N  a r e  
shown  in Fig.  2. T h e  spec t r a  a r e  c o r r e c t e d  for  t he  
s p e c t r a l  s e n s i t i v i t y  of t he  spec t rome te r .  A t  l ow  p r e p -  
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Fig. 1. Rates of GaN dissociation 
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a r a t i o n  t e m p e r a t u r e s ,  w e a k  l u m i n e s c e n c e  occurs  
w i t h  a p e a k  a t  a b o u t  5200/k. W i t h  i n c r e a s i n g  p r e p -  
a r a t i o n  t e m p e r a t u r e  t he  i n t e n s i t y  of t he  b r o a d  5200A 
b a n d  decreases ,  go ing  to  zero,  w h i l e  a r e l a t i v e l y  
s h a r p  b a n d  c e n t e r e d  a t  3600A appea r s .  The  r e l a t i v e  
i n t e n s i t y  of th is  b a n d  r i ses  s h a r p l y  a n d  r e a ches  a 
m a x i m u m  for  t h e  s a m p l e  p r e p a r e d  a t  t he  h ighes t  
t e m p e r a t u r e .  I t  is i n t e r e s t i n g  to c o m p a r e  t h e  s p e c t r a  
of s a mp le s  C and  E. Bo th  s a m p l e s  w e r e  p r e p a r e d  
at  1000~ f r o m  Ga~O3 a n d  C c o r r e s p o n d s  to th i s  
p r e p a r a t i o n .  P a r t  of  i t  was  h e a t e d  in  v a c u u m  a t  
950~ and  is l i s t ed  as E. The  n e a r l y  c o m p l e t e  d i s -  

Fig. 2. Cathodoluminescence of GaN prepared at various tem- 
peratures, a, 800~ b, 900~ c, 1000~ d, 1090~ e, subjected to 
vacuum heating at 950~ Intensities of a and b are reduced by a 
factor of 100 and c by a factor of 10, relative to d and e. Emis- 
sion intensities are corrected for the spectral sensitivity of the 
spectrometer. 
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appearance  of the 5200A band and sharp rise in the 
3600A band are  noteworthy.  

Emission at  25~ is a lways  weaker  compared to 
l o w - t e m p e r a t u r e  emission. A 50A shift  in the high 
energy peak  posit ion to longer wave lengths  is ob-  
served, which correlates  wel l  wi th  the expected 
band gap shift  wi th  t empera ture .  

Discussion 
It has been shown tha t  GaN can be p repa red  from 

GasO3 at  r e l a t ive ly  low tempera tures .  However,  all  
p repara t ions  in the range 600~176 have some 
yel low body color wi th  the products  of the h igher  
p repara t ion  t empera tu re  tending toward  gray. Ac-  
cording to Fig. 2, the fundamenta l  absorpt ion edge 
at  25~ would be expected near  3650A or at  an even 
shor ter  wavelength;  therefore,  the pure  ma te r i a l  
should be white  in appearance.  The occurrence of 
discolored products  can now be corre la ted  with  the 
the rmal  s tab i l i ty  and cathodoluminescence studies. 

The the rmal  dissociation of GaN proceeds in 
vacuum at  t empera tu re s  as low as 600~ as evident  
from Fig. 1. I t  also appears  tha t  at 1000~ GaN 
would dissociate complete ly  in 1 a tm of N~ if given 
sufficient time. The slow and appa ren t ly  constant  ra te  
suggests a di f fusion-control led dissociation process. 
Since the ra te  of dissociation is so low, re l iable  
equi l ib r ium pressures  could not be obtained.  How-  
ever, the resul ts  expla in  the problems encountered 
in the p repara t ion  of pure  GaN. It is apparen t  tha t  
two react ions are  of concern, i.e., 

G a X - F N H ~  k l > G a N + . . .  [2] 
and 

2GaN ~ >  2Ga + N~ [3] 

where  GaX may  be metal l ic  gal l ium or some of its 
compounds and k is the react ion ra te  constant. I t  is 
unnecessary  to consider the back react ion of the 
la t te r  equat ion since GaN could not be formed from 
Ga and Ns at  any tempera ture .  F rom the dissociation 
studies it is evident  tha t  ks is r e l a t ive ly  small;  t he re -  
fore, if kl is l a rger  than  k,, GaN is produced.  Since 
ks is not negligible,  the products  are  a lways  pa r t i a l ly  
dissociated. The higher  the p repara t ion  tempera ture ,  
the grea te r  the  propor t ion  of excess Ga, leading to 
gray  mater ia l .  This is in accord with  the expected 
increase in the magni tude  of ks wi th  increasing r e -  
action tempera tures .  

I t  is in teres t ing to note tha t  the only whi te  GaN 
repor ted  in the l i t e ra tu re  (1) was p repa red  at  about  
350~ which is in agreement  wi th  the the rmal  
s tabi l i ty  repor ted  here, i.e., no measurab le  disso- 
ciation below 412~ 

The problem of ins tabi l i ty  also explains  why  crys-  
tal  growth of GaN has been essent ia l ly  unsuccessful.  
The p repara t ion  of the ma te r i a l  at  h igher  t e m p e r a -  
ture  is indeed possible only if the react ion leading to 
GaN is rapid.  Under  these condit ions crys ta l  growth 
is most unfavorable .  

GaN p repa red  from the oxide at  low tempera tu res  
shows weak  luminescence in a broad band peaking  

at about  5200A. With increasing p repa ra t ion  t em-  
pe ra tu re  this band d isappears  while at  the  same t ime 
a sharp band at  3600A appears.  The origin of the 
long wave length  band is uncer ta in .  The only im-  
pur i t ies  found by  emission spectroscopy were  minute  
t races of Si and Fe. Al though these may  be re -  
sponsible for the 5200A band, it  is fel t  tha t  res idual  
oxygen subst i tut ions at  n i t rogen sites or in te rs t i t i a l ly  
are a more l ike ly  possibil i ty.  This is suppor ted  by the 
d isappearance  of the long wave leng th  band  at  h igher  
p repara t ion  t empera tu re  or under  vacuum heating. 
Ei ther  case enhances the out diffusion of oxygen, 
whereas  i t  seems unl ike ly  tha t  Si and Fe are read i ly  
removed  under  these conditions. As the centers r e -  
sponsible for the 5200A band are  removed,  the emis-  
sion shifts to the 3600A band. The la t te r  has been ob- 
served by Gr immeis  and Koelmans  (2) and in te r -  
p re ted  as edge emission. 

I t  has been repor ted  tha t  GaN p repa red  and ac-  
t iva ted  wi th  var ious  impur i t ies  below 600 ~ is lumi-  
nescent  (1).  Anneal ing  at t empera tu res  of 600 ~ and 
above leads to a sharp decrease in luminescence in-  
tens i ty  and even tua l ly  the  ma te r i a l  is nonlumines-  
cent when the anneal ing t empera tu re  reaches about 
1000~ The s imultaneous decrease in luminescence 
with  the onset of dissociation is more than  accidental ,  
and it is suggested that  this decrease is indeed caused 
by  the the rmal  ins tabi l i ty  of GaN. The mechanism 
by which the luminescence is quenched cannot be 
ex t rac ted  wi th  cer ta in ty  f rom the present  data,  but  
is most p robab ly  a consequence of the format ion of 
in ters t i t ia l  Ga or ni t rogen vacancies. 

In summary ,  it  m a y  be seen tha t  the potent ia l  of 
GaN wi th  r ega rd  to photo- ,  cathodo-,  and e lect ro-  
luminescence is handicapped  by its t he rmal  ins ta-  
b i l i ty  at t empera tu res  above 600~ Accordingly,  any  
effort in mater ia l s  p repara t ion  and impur i ty  ac t iva-  
t ion should therefore  be more  f ru i t fu l  at t e m p e r a -  
tures  below 600~ 
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ABSTRACT 

The appl ica t ion  of x - r a y  diffract ion microscopy to the s tudy and control  
of c rys ta l  perfec t ion  of sil icon is discussed. The majo r  significance of this  
technique in es tabl ishing s tandards  by which the va l id i ty  of o ther  methods,  
such as e tch-p i t  count ing and decorat ion techniques,  can be gauged is pointed 
out. The method prev ious ly  used only for  the mapping  of dislocations in single 
crysta ls  is now appl ied  for the  detec t ion  of impuri t ies ,  segregat ion  effects, clus-  
ter  formation,  and second phases. Segregat ion  effects are s tudied in crysta ls  con- 
ta ining oxygen.  I t  is shown that,  due to microsegregat ion  of oxygen,  the si l icon 
lat t ice can become s t rongly  anisotropic.  The influence of such a la t t ice  on the 
diffusion proper t ies  is shown. Prec ip i ta t ion  effects are  inves t iga ted  in crys ta ls  
containing copper precipi ta tes .  The resul ts  are verified by in f ra red  microscopy.  
Exper imen ta l  detai ls  of a method  unique  for the  inves t iga t ion  of large  crys ta l  
wafers  are  given. 

I t  is imposs ib l e  to c h a r a c t e r i z e  s e m i c o n d u c t o r  
c ry s t a l s  a d e q u a t e l y  w i t h o u t  a f a i r l y  good k n o w l e d g e  
of t h e  i m p e r f e c t i o n s  p resen t .  The  ex i s t ence  of as  y e t  
u n e x p l a i n e d  b u l k  v a r i a t i o n s  e n c o u n t e r e d  in  s e m i -  
conduc to r s  i nd i ca t e s  t he  need  fo r  m o r e  c o m p l e t e  
s tudies .  In  v i e w  of t h e  i m p o r t a n c e  of such  i n v e s t i g a -  
t ions,  i t  s eemed  w o r t h w h i l e  to i n v e s t i g a t e  t he  p o -  
t en t i a l i t i e s  of x - r a y  d i f f rac t ion  m i c r o s c o p y  t e c h -  
n iques  as r e c e n t l y  d e v e l o p e d  for  t h e  m a p p i n g  of d i s -  
loca t ions  in  s ingle  c rys t a l s  b y  B o r r m a n n  (1) ,  B a r t h  
and  H o s e m a n n  (2) ,  N e w k i r k  (3 ) ,  a n d  L a n g  (4)  for  
i m p e r f e c t i o n  s tud ies  in  s e m i c o n d u c t o r  s ingle  c r y s -  
ta ls .  

In  th is  p a p e r  w e  sha l l  d iscuss  x - r a y  d i f f rac t ion  
m ic ro scopy  b y  e x t i n c t i o n  c o n t r a s t  for  the  s t u d y  and  
c on t ro l  of c r y s t a l  p e r f e c t i o n  in  s i l icon.  I t s  m a j o r  s ig -  
n i f icance  in  e s t ab l i sh ing  s t a n d a r d s  b y  w h i c h  the  
v a l i d i t y  of o the r  me thods ,  such as e tch  p i t  coun t ing  
and  d e c o r a t i o n  t echn iques ,  can  be  g a u g e d  wi l l  be 
p o i n t e d  out,  and  i ts  spec ia l  i m p o r t a n c e  in  t he  d e t e c -  
t ion of impur i t i e s ,  s e g r e g a t i o n  effects,  c lu s t e r  f o r m a -  
t ion,  and  second  phases  wi l l  be  d iscussed.  X - r a y  d i f -  
f r ac t ion  m i c r o s c o p y  b y  a n o m a l o u s  t r a n s m i s s i o n  of 
x - r a y s  wi l l  be  cove red  in  a s e p a r a t e  pape r .  

Experimental 
Technique. - -The e x p e r i m e n t a l  t e c h n i q u e  se lec ted  

to conduc t  our  e x p e r i m e n t s  js the  t r a n s m i s s i o n  
m e t h o d  as i n t r o d u c e d  b y  L a n g  (4) .  S i l icon  is a lmos t  
idea l  for  t r a n s m i s s i o n  d i f f rac t ion  mic roscop ic  work .  
F o r  h a r d  r a d i a t i o n  l ike  Mo and  Ag,  t he  a b s o r p t i o n  
coefficient is smal l ,  so t h a t  r e l a t i v e l y  t h i ck  w a f e r s  
can  be  i nves t iga t ed .  The  o p t i m u m  c o n t r a s t  can  be  
d e t e r m i n e d  b y  t h e  t h u m b  ru le :  t he  p r o d u c t  of l i n e a r  
a b s o r p t i o n  coefficient  and  s l ice  t h i cknes s  is a p p r o x i -  
m a t e l y  e q u a l  to t h e  o r d e r  of u n i t y ;  t hus  in the  case  of 
si l icon,  1 to 2 m m  in t h i ckness  can  be t o l e r a t ed .  

No e x p e r i m e n t a l  de t a i l s  u n i q u e  for  t he  i n v e s t i g a -  
t ion of l a r g e  c r y s t a l  w a f e r s  h a v e  been  p u b l i s h e d  p r e -  
v i ous ly  e l s e w h e r e ; t h e r e f o r e  t h e y  a r e  g iven  here .  The  

e x p e r i m e n t a l  s e t - u p ,  as s k e t c h e d  in  Fig .  1, consis ts  of 
an  x - r a y  source  a n d  a d i f f r ac tome te r .  The  x - r a y  
source ,  a s t a n d a r d  d i f f r ac t ion  tube ,  is p l a c e d  a t  l eas t  
600 m m  f r o m  the  spec imen  w i t h  i ts  l ine  focus in t he  
v e r t i c a l  pos i t ion .  A sl i t  s y s t e m  in f ron t  of t he  a n o d e  
is used  to l i m i t  t he  ef fec t ive  source  size as necessa ry .  

The  c r y s t a l  w a f e r  is m o u n t e d  on a g o n i o m e t e r  
head  on a d i f f r a c t o m e t e r  e q u i p p e d  w i t h  a Ge ige r  
c oun t e r  to f ac i l i t a t e  o r i e n t a t i o n  for  d i f f r ac t ion  f r o m  
v a r i o u s  sets  of d i f f r ac t ing  p lanes .  T h e  sl i t  $1 in f ron t  
of t he  s p e c i m e n  d e t e r m i n e s  t h e  ef fec t ive  b e a m  wid th .  
A second  sl i t  S~ b e h i n d  the  c r y s t a l  w a f e r  is a d j u s t e d  
so t h a t  the  d i f f r ac ted  b e a m  is a l l o w e d  to pass  w h i l e  
the  d i r ec t  b e a m  is cu t  off. S l i t  $1 consis ts  of two  
m e t a l  p la tes ,  25 x 25 m m  in size, h e l d  a t  r i g h t  d i s -  
t ance  b y  p l a c i n g  two  m e t a l  foi ls  b e t w e e n  them.  The  
p h o t o g r a p h i c  p l a t e  is p l a c e d  close to t h e  s p e c i m e n  
b e h i n d  S... The  d i f f r ac t ion  m i c r o g r a p h s  a r e  r e c o r d e d  
b y  m o v i n g  the  c r y s t a l  w a f e r  and  p h o t o g r a p h i c  p l a t e  
t o g e t h e r  wh i l e  $1 and  S~ a re  s t a t i o n a r y .  

I l fo rd  x - r a y  fi lm and  I l f o rd  n u c l e a r  p la tes ,  e m u l -  
s ion G-5 ,  e m u l s i o n  t h i cknes s  50~, 100T, and  200~ a re  
used.  F o r  a s l i t  w i d t h  $1 of 0.1 m m  and  a s c a n n i n g  
w i d t h  of 25 m m  w h i c h  c o r r e s p o n d s  to a r e c o r d e d  
c r y s t a l  a r e a  of 25 m m  x 25 m m  the  e x p o s u r e  t i m e s  
a r e  as fo l lows:  Mo r a d i a t i o n  a t  50 k v  and  20 m a :  

D I I ~ C T I O N  O F  
T R A N S L A T I O N  

8 z 

Fig. I. Sketch of experimental setup: S~ and S~, slits; C~ crystal; 
F, photographic plate. 
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General Observations 
Diffraction microscopy 05 dislocations.--Figure 3 

is a diffraction micrograph  taken  using (220) type  
planes;  it  shows dislocations lying in a (111) slip 
plane. F igure  4 expla ins  how the wafer  was cut f rom 
the bulk crystal .  The slice is a 1.2 mm thick cut f rom 
a crys ta l  grown in the [ 111 ] direct ion para l l e l  to one 
of the three  octahedra l  planes  tha t  make  an angle 
of 191/2 ~ wi th  the  [111] growth  direction. In cooling 

Fig. 2. Orientation of crystal wafer relative to x-ray beam and 
definitions of c~ and/~. 

I l ford x - r a y  film, 1-2 hr;  I l ford nuclear  plates  50~, 
10-14 hr; I l ford  nuclear  plates  100/~, 5-7 hr;  I l ford 
nuclear  plates  200~, 2-4 hr. 

Bet ter  resolut ion is obta ined by using nuclear  
plates,  but  for many  cases x - r a y  film is quite suffi- 
cient. 

The nuclear  plates  are processed as follows: (a)  
soak in dist i l led wate r  for 20 rain at  20~ (b)  de-  
velop in Kodak  Developer  D 19 for 30 min; (c) 
t ransfe r  to 1% acetic acid as s top-ba th  at 20~ for 
10 min, then remove surface fog by rubbing  gent ly  
wi th  cotton wool; (d)  fix in 30% pla in  hypo for 50% 
longer than clear ing time, then wash in running  
water ,  50~ for 30 min, 100~ for 2 hr, 200~ for 4 hr. 

I t  is exped ien t  to describe different or ientat ions  of 
the crys ta l  wafer  wi th  respect  to the x - r a y  beam by 
introducing the angles a and fl as shown in Fig. 2. 
According to this figure the largest  l a te ra l  crys ta l  

face of the wafer  is a, the main axis of the wafer  is A, 

and the normal  to the crys ta l  face a is called N. If 

the  direct ion of the incident  beam is So and the d i -  

rection of the diffracted beam S,  a is the angle be -  

tween the diffraction vector  (S - -So)  and A and fl is 

the angle be tween ( S - - S o )  and N. In our exper i -  

ments the planes including A and ( S -  So), respec-  

t ively,  N and ( S - - S o )  are kept  or thogonal  to each 
other. F igure  2 is d r awn  for a and fl equal  to 90 ~ 

Our exper imenta l  setup is such that  the Bragg 
angle  q~ can be control led wi th  an accuracy of 1 sec 
of arc and the angle a wi th  an accuracy of 1 rain of 
arc. The photographic  p la te  is placed pe rpend icu la r  
to the diffracted beam. All  x - r a y  micrographs  p r e -  
sented in this paper  are taken  on nuclear  plates  wi th  
the exception of Fig. 8, which is on x - r a y  film. 

Specimen preparation.--Crystal wafers  approx i -  
ma te ly  1.2 mm thick were  cut from the bulk  ma te -  
rial.  The la te ra l  face (a in Fig. 2) is a l ow- index  face 
such as (111), (110), (112), and is or iented opt ical ly  
be t te r  than  one degree of arc (5). Af ter  cut t ing and 
lapping,  the wafer  is etched in a solution of 5 par t s  
HNO3, 3 par t s  HF, and 5 par t s  acetic acid for ap-  
p rox ima te ly  5 min to remove the surface layer .  Af te r  
etching the crysta l  thickness is app rox ima te ly  1 ram. 

Fig. 3. Dislocations in octahedral plane; cz ~ 90; /~ ~ 90. 
Magnification, 5X. 

0,0 0,0 'l M 

a b c 
Fig. 4. Orientation of crystal wafers relative to bulk crystal 

Fig. 5. Dislocations propagated by growth and dislocations in- 
troduced by plastic deformation; ~ ~ 90; /3 ~ 90. Magnification, 
7X. 
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the  c r y s t a l  d u r i n g  g rowth ,  s l ip occu r r ed  in t he  oc ta -  
h e d r a l  p l anes  i n t r o d u c i n g  the  d i s loca t ions  seen  in the  
m i c r o g r a p h .  

Disc loca t ions  p r o p a g a t e d  b y  g r o w t h  f r o m  the  seed 
into t he  c r y s t a l  ( the  seed was  n e a r  t he  s m a l l e r  end )  
a re  seen in Fig.  5. The  w a f e r  is a 1.2 m m  t h i c k  cut  
p a r a l l e l  to a (112) p l a n e  con t a in ing  the  [111] g r o w t h  
axis  as shown  in Fig.  4a. The  d i s loca t ions  i n t r o d u c e d  
t h r o u g h  the  seed  g r o w  out  w i t h  t he  g r o w i n g  c rys ta l .  
Some  e d g e - t y p e  d is loca t ion ,  g e n e r a t e d  b y  p l a s t i c  d e -  
f o r m a t i o n  a r e  also seen  in  t he  m i c r o g r a p h .  T h e  p ic -  
t u r e  is a r e su l t  of us ing  (220) t y p e  p l anes  for  t he  r e -  
f lect ion of x - r a y s .  

The  v i s i b i l i t y  of i n d i v i d u a l  d i s loca t ion  l ines  in  the  
d i f f rac t ion  m i c r o g r a p h  is d e t e r m i n e d  b y  d i s loca t ion  
d e n s i t y  and  o r i e n t a t i o n  of t he  d i s loca t ion  l ine  r e l a -  
t ive  to the  re f lec t ing  ne t  p lane .  Dis loca t ion  l ines  a r e  
r e c o r d e d  p h o t o g r a p h i c a l l y  as l ines  of e n h a n c e d  i n -  
t ens i ty .  This  is a consequence  of t he  d i f fe rence  in  
the  i n t e g r a t e d  i n t e n s i t y  re f lec ted  b y  a " p e r f e c t "  and  
an " i m p e r f e c t "  c r y s t a l  a rea .  T h e r e f o r e  the  d i s loca -  
t ion d e n s i t y  m u s t  be  low enough  for  these  l ines  to 
be i n d i v i d u a l l y  d i s t i ngu i shab l e ,  a n d  low enough  so 
t h a t  t he  r eg ions  b e t w e e n  d i s loca t ions  a r e  suff ic ient ly  
pe r f ec t  to a p p r o x i m a t e  the  cond i t ions  of d i f f r ac t ion  
b y  a p e r f e c t  c rys t a l .  

I t  has  been  f o u n d  e x p e r i m e n t a l l y  t ha t  for  a d i s -  
loca t ion  d e n s i t y  of 10' l i n e s / c m  -~ the  i m p e r f e c t  r eg ion  

a r o u n d  a d i s loca t ion  has  a d i a m e t e r  of a p p r o x i m a t e l y  
10~ (4) .  Bonse  has  c a l c u l a t e d  t ha t  t he  s t r a in  f ield 
a r o u n d  a s ingle  d i s loca t ion  m a y  even  e x t e n d  50-80~ 
(6) .  H o w e v e r ,  t he  ex t ens ion  of the  s t r a in  field seems  
to d e p e n d  on the  d i s loca t ion  d e n s i t y  and  dec reases  
s o m e w h a t  w i t h  i nc r ea s ing  d i s loca t ion  n u m b e r s .  The  
m a x i m u m  v a l u e  for  w h i c h  s ing le  l ines  can s t i l l  be  
r ecogn ized  is a p p r o x i m a t e l y  10 ~ to l0  s l i n e s / c m  -~. F o r  
h i g h e r  n u m b e r s  the  i m p e r f e c t  a r e a s  in the  c r y s t a l  
beg in  to ove r l ap .  The  p h o t o m i c r o g r a p h  s h o w n  in Fig .  
6 is an  x - r a y  t r a n s m i s s i o n  i m a g e  of a c r y s t a l  w i t h  a 
d i s loca t ion  d e n s i t y  of a p p r o x i m a t e l y  10 ~ l i n e s / c m  ~. 

Fig. 6. High dislocation density, approximately 10~/cm ~, and sub- 
boundary formation; a = 90; fl = 90. Magnification 10X. 

Fig. 7. Visibility of dislocation depending on different reflection: 
(a) (left) a = 90; fl = 90; (b) (top) ~ = 150; # = 90; (c) 
(bottom) a ~ 210; ~ = 90. Magnification, 7X. 
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Fig. 8. Etch pits and dislocations: c~ = 90; /~ = 90. On Ilford 
x-ray film. Magnification, IOX. 

The slice was cut in accordance wi th  Fig. 4c. In this 
p ic ture  s u b - b o u n d a r y  format ion is noticed. F o r m a -  
t ion of such dislocation a r rays  in silicon has been 
observed for dislocation densit ies la rger  than  105 
l ines /cm ~. The effective in terac t ion  distance be tween 
dislocations necessary to form such a r rays  can the re -  
fore be es t imated  to be app rox ima te ly  10~, correct  to 
one order  of magni tude,  which is in good agreement  
wi th  the radius  of the  s t ra in  field around dislocations 
as given in (4) and (6) .  

Dislocations produce a max imum of enhanced in-  
tens i ty  in the  x - r a y  image when the la t te r  arises 
from Bragg reflection against  a p lane perpendicu la r  
to the Burger ' s  vector  (4).  If the Burger ' s  vector  is 
para l le l  to the  reflecting ne t -p lane ,  the l ine is in-  
visible or only very  s l ight ly  vis ible  in the image. In 
many  cases one reflection is complete ly  sufficient to 
de te rmine  the t rue  dislocation densi ty  in a wafer .  
In cases of doubt  a second or th i rd  reflection wil l  
p rovide  enough evidence to obtain sufficient c lar i ty .  
This is shown in Fig. 7 which represents  three  differ-  
ent {220} reflections of a silicon wafe r  cut in accord-  
ance with  Fig. 4b. The change in contrast  is espe-  
cial ly dist inct  for the dislocation loops in the lower  
halves of the pictures.  The spots are  due to defects 
in the prints.  

X - r a y  diffraction microscopy resul ts  are de te r -  
mined by  changes in diffraction power  due to dis-  
turbances  in the crys ta l  lat t ice;  therefore,  they  can 
be used as s tandards  to establ ish the va l id i ty  of 
measurements  obtained by  indirect  techniques. The 
x - r a y  micrograph  shown in Fig. 8 is tha t  of a l - r a m  
thick crys ta l  wafer ,  cut as expla ined  in Fig. 4a. The 
crys ta l  thickness can be dis t inguished very  clearly,  
especial ly on the l e f t -hand  side of the photograph  
where  most of the dislocation l ines are  found to 
t e rmina te  in the plane of the  side face. Before tak ing  
the x - r a y  picture,  the wafer  was s l ight ly  etched for 
dislocations. I t  can be seen tha t  the ends of the  dis-  
locations at the lef t  consist of small  areas  of en-  
hanced contrast ,  s imilar  to whi te  specks. Each whi te  
speck represents  a t iny  etch pit, resul t ing in a one-  
to-one correspondence be tween etch pits  and dis-  
location lines. The dislocation densi ty  can be counted 
easily. We discern app rox ima te ly  32 dislocations 
counting those ending at  the  l e f t - hand  side of the  
wafer.  Since the  crys ta l  is app rox ima te ly  1 cm wide  

and 1 mm thick, we obtain 320 dislocations per  cm 2. 
Another  point  is i l lus t ra ted  quite readi ly .  Since most 
of the dislocation lines run f rom r ight  to left  in the 
picture,  a cut through the crys ta l  in this direction, 
for the  purpose  of etching the cut face for dis loca-  
tions, would reveal  cons iderably  fewer  dislocations. 
Etch pi t  counts at low dislocation densit ies  can easi ly 
lead to wrong conclusions about  crysta l  imperfect ion.  

Previous  invest igat ions wi th  silicon have shown 
tha t  dislocation counts by decorat ion of dislocations 
wi th  copper in general  are quite accurate.  Exper i -  
ments  wi th  pure  silicon crystals  of 2000 ohm-cm re -  
s is t iv i ty  and of low res i s t iv i ty  crystals  containing 
vary ing  concentrat ion of oxygen impuri t ies  lead to 
the conclusion tha t  accuracy in de te rmin ing  disloca-  
t ion numbers  is not influenced by the oxygen content  
of the crystal ,  which is con t ra ry  to resul ts  obta ined by  
etching (7).  If  in addi t ion to oxygen other  impur i t ies  
are present ,  in ter ference  with  the copper decorat ion 
process may  occur. Complicated so l id-s ta te  react ions 
in such crysta ls  have been observed (8).  In the 
decorat ion of more than  100 silicon crystals  we have 
found crysta ls  tha t  did not decorate  in the usual  
way. The photomicrograph  in Fig. 5 shows such a 
crystal .  By evidence of this  x - r a y  p ic ture  the  wafer  
contains a r e la t ive ly  high dislocation density,  espe-  
c ia l ly  close to the seed end. An inspection using the 
in f ra red  microscope af ter  decorat ion revea led  dislo- 
cations only ve ry  fa in t ly  decorated and in addi t ion 
precipi ta t ion,  homogeneously  d i s t r ibu ted  throughout  
the wafer.  Due to the  weak  prec ip i ta t ion  along the 
dislocation lines it was not possible to decide wi th  
cer ta in ty  whe ther  all lines vis ible  in the x - r a y  image 
had been successfully decorated.  It seems l ike ly  tha t  
the copper reacted wi th  an unknown impur i ty  in 
the crystal ,  thus the usual  s t rong prec ip i ta t ion  along 
the dislocation lines was not formed. 

Diffraction microscopy o] segregation and pre- 
cipitation.--So far  the use of x - r a y  microscopy has 
been repor ted  only for the detect ion of dislocations. 
Another  impor tan t  applicat ion,  which should be 
very  useful  for inves t igat ing semiconductor  crystals ,  
is the  detect ion of segregat ion and prec ip i ta t ion  in 
the lattice.  In general ,  one expects  tha t  any  change 
in la t t ice per iodic i ty  in a c rys ta l  wil l  d is turb  the co- 
herence of mul t ip le  reflections. Thus al l  localized 
imperfect ions wil l  act as regions of imperfect  c rys ta l  

Fig. 9. Oxygen segregation in silicon: c~ ~ 180; fl = 90. Mag- 
nification, 7X. 
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Fig. 10. Oxygen segregation in silicon, same wafer as Fig. 9 for 
a ~ 90;/~ = 90. Magnification, 7X. 

and, consequently,  lead to an enhancement  of di f -  
f rac ted  intensity.  The region of high s t ra in  sur -  
rounding areas of microsegregat ion and areas around 
precip i ta tes  fulfill the requ i rement  for enhancement  
of diffracted in tens i ty  just  as in the case of dislo- 
cations. Thus cer ta in  Bragg reflections can be used to 
record such imperfect ions in the same way  tha t  dis-  
locations are recorded.  

Segregat ion effects were  s tudied in silicon crystals  
ro t a t ion -g rown  in a quar tz  crucible.  These crystals  
are  known to exhibi t  microsegregat ion of oxygen. 
The oxygen segregates  pe rpend icu la r  to the growth 
direct ion (9).  I t  was found tha t  microsegregat ion of 
oxygen can produce strong var ia t ions  in the diffrac- 
tion power  and, accordingly,  can be detected quite 
read i ly  in the diffraction image (10). The sensi t ivi ty  
of this method is comparable  to that  of the 9-~ ab-  
sorpt ion method (11). Variat ions in oxygen concen- 
trat ion,  computed f rom the absorpt ion coefficient, of 
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about  5 x i0 TM cm -' have been recorded in the x - r a y  
image. The oxygen can be detected in crysta ls  before 
and af ter  heat  t r ea tmen t  at 1000~ The diffraction 
photomicrograph  in Fig. 9 is a crys ta l  wafer  cut ac- 
cording to Fig. 3a, showing microsegregat ion of oxy-  
gen. The image was obtained by  reflecting the x - r a y s  
from (111) net  planes pe rpend icu la r  to the growth  
direction. F igure  10 is a diffraction image of the same 
slice, but  this t ime (220) type  net  planes containing 
the growth axis were  used. I t  is in teres t ing to ob- 
serve that  for the (220) type reflection the segrega-  
t ion str ipes are  only fa in t ly  visible. Severa l  edge dis-  
location lines ba re ly  visible in the (111) reflection, 
show up much s t ronger  in this p ic ture  because the i r  
Burger ' s  vector is pa ra l l e l  to the (111) plane and 
pe rpend icu la r  to the (110) plane used in these re -  
flections. 

For  any other reflection, for  instance (220) wi th  
a---- 30, fl = 90, the segregat ion str ipes appear  
s t ronger  than in the (220) wi th  ~ ~ 90, B----90. 
Max imum contras t  was obta ined for the reflection 
perpendicu la r  to the growth  direction. F rom this 
var ia t ion  of contrast  in the x - r a y  image with  the 
type  of reflection, one can conclude that,  due to the 
segregat ion of oxygen, the silicon lat t ice has be-  
come s t rongly  anisotropic.  The influence of such a 
la t t ice on the diffusion proper t ies  is shown in the in-  
f r a red  photomicrograph,  Fig. 11, which shows a si l i-  
con wafer  containing oxygen segregat ion af ter  cop- 
per  was diffused. The copper is found to segregate 
and precip i ta te  in the oxygen areas. 

Fig. 12a. Precipitation of copper in silicon of zero dislocation 
density: ~ ~ 90; ~ ~ 90. Magnification, IOX. 

Fig. i l .  Infrared micrograph showing copper precipitates in Fig. 12b. Infrared mlcrograph of the crystal shown in Fig. 12a. 
areas of oxygen segregation. Magnification, 25X. Magnification, 25X. 
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To i n v e s t i g a t e  p r e c i p i t a t i o n  effects w e  se lec ted  
s i l icon con t a in ing  coppe r  p r ec ip i t a t e s .  F o r  th is  case  
the  x - r a y  r e su l t s  can  be  ver i f ied  d i r e c t l y  by  i n f r a r e d  
mic roscopy .  The  x - r a y  m i c r o g r a p h  in Fig .  12a r e p -  
r e sen t s  a s i l icon w a f e r  h a v i n g  zero  d i s loca t ion  d e n -  
s i ty .  C o p p e r  was  d i f fused  in to  th i s  w a f e r  a t  900~ 
for  15 ra in  and  t h e n  the  s a m p l e  was  q u e n c h e d  to 
r o o m  t e m p e r a t u r e .  The  so lub i l i t y  of copper  in  s i l icon 
at  900~ is a b o u t  1017 a t o m s / c m  3 (12) .  S ince  no ca re  
was  t a k e n  to ob t a in  s a tu ra t ion ,  t he  c o n c e n t r a t i o n  of 
coppe r  in th is  s a m p l e  is p r o b a b l y  s m a l l e r  t h a n  l f f  7 
a t o m s / c m  3. F i g u r e  12b is an  i n f r a r e d  p i c t u r e  of t he  
s ame  w a f e r  for  compar i son .  R a n d o m  p r e c i p i t a t i o n  is 
eas i ly  r e c o g n i z a b l e  in  bo th  f igures.  

A n o t h e r  e x a m p l e  of p r e c i p i t a t i o n  is shown  in 
Fig.  13. This  s a m p l e  con ta ins  a p p r o x i m a t e l y  l f f  3 
a t o m s  of c o p p e r / c m  ~. The  p i c t u r e  r e v e a l s  a n u m b e r  
of i n t e r e s t i n g  de t a i l s  such  as r a n d o m  p r e c i p i t a t i o n ,  
d e c o r a t e d  d i s loca t ion  l ines,  and  d e c o r a t e d  a r eas  of 
o x y g e n  p r e c i p i t a t i o n .  The  p r e c i p i t a t i o n  is r a t h e r  
heavy ,  b u t  t he  de ta i l s  r e v e a l e d  in the  x - r a y  i m a g e  in 
Fig .  13a a r e  r e m a r k a b l y  c l ea r  and  s h a r p  if c o m p a r e d  
w i t h  the  i n f r a r e d  p i c t u r e  of the  s ame  w a f e r  shown  in 
Fig .  13b. F o r  d e m o n s t r a t i n g  th is  w e  chose a r e l a -  
t i v e l y  l a rge  coppe r  concen t r a t ion .  H o w e v e r ,  t h e  
m e t h o d  is sens i t ive  enough  to m a k e  p r e c i p i t a t e s  d i -  
r e c t l y  v i s ib le  if t h e y  a r e  a few mic rons  in size, or  i n -  
d i r e c t l y  v i s ib le  if  t h e y  a r e  m u c h  s m a l l e r  t h a n  1~ and  
a re  p r e s e n t  in c lus te r s  or  in clouds.  The  m e t h o d  is 
c a p a b l e  of t r ace  ana lys i s ,  and  w e  h a v e  p r e s e n t e d  ev i -  
dence  t h a t  i t  is poss ib le  to f ind i m p u r i t i e s  in s e m i -  
conduc to r s  even  if  t he i r  concen t r a t i on  is as s m a l l  as 
10 ~ a t o m s / c m  8 (13, 14). 

Fig. 13a. Copper precipitation in silicon: a ~ 180; f l  ~ 90. 
Magnification, 12X. 

Fig. 13b. Infrared micrograph of the crystal wafer shown in 
Fig. 13a. Magnification, 25X. 

Conclus ions 
X - r a y  d i f f rac t ion  m i c r o s c o p y  b y  e x t i n c t i o n  con-  

t r a s t  is a v e r y  use fu l  t e c h n i q u e  for  the  i n v e s t i g a -  
t ion  of s t r u c t u r e  de fec t s  in s e m i c o n d u c t o r  c rys ta l s .  
A n  i m p o r t a n t  f e a t u r e  of th is  m e t h o d  is i ts  n o n d e -  
s t r u c t i v e n e s s  to the  sample .  A c o r r e l a t i o n  of e lec -  
t r i ca l  p r o p e r t i e s  and  i m p e r f e c t i o n s  for  t he  s ame  
w a f e r  is t h e r e f o r e  poss ib le .  The  m e t h o d s  can  p r o v i d e  
d i r ec t  ev idence  for  such c r y s t a l  de fec t s  as d i s loca t ions ,  
segrega t ion ,  and  p r e c i p i t a t i o n  effects. I t  shou ld  be  a 
p o w e r f u l  tool  for  the  i n v e s t i g a t i o n  of such p r o b l e m s  
as t he  s t u d y  of p r e f e r e n t i a l  s e g r e g a t i o n  of i m p u r i -  
t ies,  w h i c h  m a y  l ead  to c o n s i d e r a b l e  r e s i s t i v i t y  
changes  due  to core  f o r m a t i o n  (15) ,  the  s t u d y  of 
d i f fus ion of i m p u r i t i e s  a long  d i s loca t ion  l ines  and  
t h e i r  s u b s e q u e n t  p r e c i p i t a t i o n  (16) ,  or  t h e  f o r m a t i o n  
of m e t a l  p r e c i p i t a t e s  in j unc t i ons  (17).  The  m e t h o d  
is a p p l i c a b l e  to a l l  s e m i c o n d u c t o r  m a t e r i a l s  if x - r a y  
r a d i a t i o n  of the  p r o p e r  w a v e l e n g t h  is se lec ted .  The  
mass  a b s o r p t i o n  coefficient  of s e m i c o n d u c t o r s  is such 
t ha t  c o n v e n i e n t l y  t h i c k  w a f e r s  can  be i n v e s t i g a t e d  in 
t r a n s m i s s i o n  e i t he r  b y  t h e  Ko r a d i a t i o n  of Mo or  W. 
We h a v e  used  the  m e t h o d  success fu l ly  for  s tud ies  of 
Ge,  Si, GaAs .  
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ABSTRACT 

Etch ra te  vs. composit ion of the e tchant  (HF-H~O~-H20) was studied, to-  
ge ther  wi th  the surface s t ructures  af ter  e tching Ge single crystals .  Conclusions 
concerning the or ienta t ion  dependence  and the kinet ics  of the etching process 
are  given. The ra t io  of the etch ra te  on different  faces depends  on the va lue  of 
CH~o/CHF in the e tchant  independen t  of the H~O~ concentrat ion,  whereas  vis ible  
oxide films are  formed for a CH..,oJCH~ ra t io  smal le r  than the s toiehiometr ic  ra t io  
given by  the ove r -a l l  react ion:  

Ge + 2H:O: + 6HF ~, H~GeF6 -k 4H~O 

Much  w o r k  has  a l r e a d y  been  done  on the  e tch ing  
of Ge s ingle  c rys t a l s  w i t h  m i x t u r e s  of HF-H~O~ and  
H~O (1 -9 ) .  This  w o r k  has  been  e x t e n d e d  b y  s t u d y i n g  
the  e tch  r a t e s  on (111) o r i e n t e d  Ge  c rys t a l s  a t  r o o m  
t e m p e r a t u r e  as a func t ion  of e t c h a n t  compos i t i on  
and  b y  a s t u d y  of the  su r face  s t r u c t u r e s  a f t e r  e t c h -  
ing. 

The  Ge pe l l e t s  used  ( d i m e n s i o n s  3 x 3 x 0.25 ram, 
2-3 o h m - c m  N - t y p e )  w e r e  cut  a long  (111) p l a n e s  to 
w i t h i n  0.5 degree ,  t he  su r faces  w e r e  po l i shed  w i t h  
No. 500 c a r b o r u n d u m  a b r a s i v e  p o w d e r .  E t c h i n g  was  
p e r f o r m e d  in a p o l y e t h y l e n e  vessel ,  r o t a t i n g  in a 
cons t an t  t e m p e r a t u r e  b a t h  (25~  The  vesse l  was  
inc l ined  in o r d e r  to be  su re  of a d e q u a t e  s t i r r ing .  
A b o u t  50 c r y s t a l s  a t  a t i m e  w e r e  e t ched  in 250 cc of 
e t chan t .  

A f t e r  e t ch ing  the  e t c h a n t  was  q u e n c h e d  w i t h  
w a t e r  and  p o u r e d  off A f t e r  w a s h i n g  and  d r y i n g  the  
t h i ckness  of the  pe l l e t s  was  m e a s u r e d  to w i t h i n  1;,. 
E t ch ing  t imes  w e r e  used  to g ive  a t o t a l  d e c r e a s e  in  
t h i ckness  of a b o u t  100m in each  case. This  p r o c e d u r e  
e s s e n t i a l l y  fo l lows  t h a t  d u r i n g  f ab r i c a t i on ,  and  the  
inf luence  of d a m a g e d  su r f ace  l a y e r s  on the  e tch  r a t e  
is smal l .  T h e  e tch  r a t e  has  been  def ined  as t h a t  on a 
s ingle  su r f ace  in ~ / m i n ,  t hus  ha l f  t he  dec rea se  in 
t h i ckness  p e r  un i t  t ime .  

Etch Rates 

The  r e su l t s  a r e  p l o t t e d  in  a t r i - a x i a l  d i a g r a m  (Fig .  
1),  w h e r e  t he  bas ic  c o m p o n e n t s  in t he  t h r e e  co rne r s  
c o r r e s p o n d  to p u r e  w a t e r ,  c o n c e n t r a t e d  H F  ( 5 0 % ) ,  
and  H~O~ ( 3 0 % ) ,  r e spec t i ve ly .  The  c o n c e n t r a t i o n s  
a r e  e x p r e s s e d  v o l u m e  pe rcen t .  Each  compos i t i on  
c o r r e s p o n d s  to a c e r t a i n  p o i n t  in t he  d i a g r a m  to 
w h i c h  in t u r n  t he  a p p r o p r i a t e  e tch  r a t e  can  be  a t -  
t ached .  In  Fig .  1 con tou r  l ines  of e q u a l  e tch  ra tes ,  a t  
r o o m  t e m p e r a t u r e ,  on a s ingle  Ge su r f ace  a r e  g iven.  

M a x i m u m  etch  r a t e s  a r e  f o u n d  for  abou t  e q u a l  
v o l u m e  p a r t s  of H F  a n d  H~O.~; on d i l u t i on  w i t h  w a t e r  
t he  e tch  r a t e  decreases .  As the  I-IF con ta ins  28.8 
mo les  H F / 1  and  the  H.~O~ used  9.8 m o l e s / l ,  equa l  vo l -  
u m e  p a r t s  of bo th  compose  a n e a r l y  s to i ch iome t r i c  
e t chan t  a c c o r d i n g  to the  o v e r - a l l  r e ac t i on :  

Ge  + 2H~O._, + 6HF ~ H~GeF~ + 4H~O [ 1 ] 

F i g u r e  1 also shows  t h a t  for  low H~O~ or  H F  con-  
c e n t r a t i o n s  t he  e tch  r a t e s  v a r y  p r o p o r t i o n a l  to th is  
H20~ or  H F  conten t .  

The  e tch  r a t e s  a r e  s t r o n g l y  t e m p e r a t u r e  d e p e n d -  
ent ;  a p lo t  of log  R ove r  1/T shows  t h a t  for  t he  
s to i ch iome t r i c  e t c h a n t s  a v a r i a t i o n  in  e tch  r a t e  of 
a b o u t  6% p e r  d e g r e e  a t  r o o m  t e m p e r a t u r e  is found  
( a c t i v a t i o n  e n e r g y  of 10.7 k c a l / m o l e ) .  I t  is qu i t e  
poss ib l e  t h a t  w i t h  less H~O~ or  H F  a n o t h e r  a c t i va t i on  
e n e r g y  is ob ta ined ,  as o t h e r  r e a c t i o n  s t eps  m a y  then  
become  r a t e  l imi t ing .  The  e x p e r i m e n t a l  r e su l t s  a t  
r o o m  t e m p e r a t u r e  can  be  d e s c r i b e d  b y  the  fo l lowing  
e m p i r i c a l  f o r m u l a  

C1C~ 
R ~ / m i n  

2.4C1 + 1.0C~ + 0.2C~ 

w h e r e  R is t he  e tch  r a t e  in # / m i n  on a s ingle  (111) 
o r i e n t e d  sur face ,  and  C1, C~ a n d  Ca the  concen t r a t i ons  
of H~O~, HF,  and  H~O, r e s p e c t i v e l y ,  in v o l u m e  p e r  
cents  of  t he  a d d e d  r eagen t s .  F o r  t he  h i g h e r  e tch  r a t e s  
( g r e a t e r  t h a n  10-15 ~ / m i n  on a s ingle  su r f ace )  an  
e x p o n e n t i a l  i nc rease  a p p e a r s  ove r  t he  c a l c u l a t e d  
va lues ,  even  w i t h  good s t i r r ing ,  due  to  an  i n e v i t a b l e  
t e m p e r a t u r e  r i se  a t  the  r e a c t i n g  sur faces .  

Surface Structures 

As to the  su r f ace  s t r u c t u r e s  a f t e r  e tch ing ,  in mos t  
cases  the  (111) su r f ace  is c ove re d  w i t h  s m a l l  t r i -  

H20 
0 100 

2D ~ 

.F - ./. ~ %  H2% 

Fig. 1. Contour line of equal etch rates as a function of the 
composition of the etchant (volume parts of .50% HF, 30% H20~, 
and water). The numbers in the figure refer to etch rates on a 
single surface of the crystal in ~/min. 
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Fig. 2. Regions of different surface structures after etching: I, 
shiny surface with etch triangles; II, dull surface with etch tri- 
angles; III, thin oxide layer under which there are etch triangles; 
IV, thick oxide layer on top of amorphous surface structure. 

a n g u l a r  e tch  f igures.  These  f igures  a r e  no t  r e l a t e d  to 
the  p r e s e n c e  of d is loca t ions ,  bu t  a r i se  f r o m  the  
o r ig ina l  su r f ace  r o u g h n e s s  (2, 3) .  

The  su r f ace  s t r u c t u r e s  a f t e r  e t ch ing  a re  i n d i c a t e d  
in  Fig.  2. F o u r  r eg ions  can  be  d i s t i n g u i s h e d :  ( I )  t he  
e tch  t r i a n g l e s  a r e  w e l l  deve loped ,  the  c r y s t a l s  h a v i n g  
a sh iny  a p p e a r a n c e ;  ( I I )  t h e  H F  def ic iency g ives  r i se  
to s o m e w h a t  du l l  su r faces  in  w h i c h  the  t r i a n g u l a r  
p i t s  a r e  s t i l l  p r e s e n t ;  ( I I I )  a f t e r  e t ch ing  a s l igh t  
ox ide  f i lm becomes  v i s ib l e  (2) .  Th is  f i lm is r e a d i l y  
so lub le  in H~O~; u n d e r n e a t h  the  f i lm s m a l l  e tch  t r i -  
ang les  a r e  p r e s e n t ;  ( IV)  g ives  t h i c k e r  ox ide  l a y e r s  
a f t e r  e tch ing ,  also so lub le  in H~O~. U n d e r n e a t h  th is  
f i lm e tch  t r i a n g l e s  can  no l onge r  be found,  the  su r -  
face  is du l l  (1) .  

Growth  of etch pi ts . - - In  t h e  r eg ions  w h e r e  e tch  
t r i a n g l e s  a r e  f o u n d  the  g r o w t h  r a t e  of these  t r i a n g l e s  
on p r o l o n g e d  e t ch ing  also d e p e n d s  on the  e t c h a n t  
compos i t ion .  In  gene ra l ,  t h e  g r e a t e r  t he  w a t e r  con-  
t en t  t he  g r e a t e r  the  size of t he  p i t s  for  the  s ame  d e -  
c rease  in th ickness .  F o r  a n u m b e r  of e t chan t s  the  
g r o w t h  of the  p i t s  was  fo l l owed  as a func t ion  of t he  
d e c r e a s e  in t h i ckness ;  i n i t i a l l y  t he  w h o l e  su r face  was  
cove red  w i t h  t i ny  p i t s ;  on p r o l o n g e d  e t ch ing  the  
p i t s  g r o w  and  o v e r l a p p i n g  occurs.  Some  resu l t s  a r e  

s~ l t I I ~}  i - - -  

,-~-~o,o.~/~,~ 

~r. /,.6( - -  

w 300 

2oo 

zo ~.o so 8o 1oo ~2o t4o 
. z~(F) 

Fig. 3. Growth of the sides of etch triangles vs. decrease in 
thickness during etching. The greater growth rates are found for 
the slower etchants (e.g., the composition 1-2-30 indicates the 
number of volume parts of HF-H~O2 and H_~O in the etchant, re- 
spectively). 

I I l l ' ~ [ "/~10 
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Fig. 4. Growth of etch triangles For Ge crystals lapped with 
No. 500 and No. 800 carborundum powder (mean grain size 32 
and ]4~, respectively). The ultimate slopes are the same, the 
initial part, i .e.,  the thickness of the worked layer, is different. 

f,0 
- - -  I - ' . - - - , , .  ~'nl 

i 1 

Fig. 5. Shape and orientation of etch triangles after etching 
(111 ) oriented Ge crystals. 

given in Fig. 3 and 4. A f te r  an in i t ia l  period in which 
t he  l a p p e d  l a y e r  is r e m o v e d ,  the  t r i a n g l e s  beg in  to 
grow,  the  f a s t e r  the  l o w e r  the  e tch  ra te .  Closer  i n -  
spec t ion  of the  e tch  f igures (Fig .  5) r e v e a l s  t ha t  t he  
b o t t o m  of the  p i t s  is f o r m e d  b y  a (111) p lane ,  t he  
s ides  of the  p i t s  m a k i n g  a n  ang le  of a b o u t  15 ~ w i t h  
the  (111) surface .  These  s ides  a r e  close to (322) 
p lanes .  Acco rd ing  to  B a t t e r m a n n  (3)  th i s  has  to  be  
e x p e c t e d  as th is  o r i e n t a t i o n  shows  a r e l a t i v e  m a x i -  
m u m  in e tch  r a t e  c o m p a r e d  w i t h  n e i g h b o r i n g  o r i -  
en t a t i ons  in t he  (110) zone. As  po in t e d  out  in ref.  
(3)  the  pi ts  o r i g i n a t e  f r o m  the  o r i g i n a l  su r face  
roughness ,  as on the  concave  p a r t s  of the  su r f ace  
the  s low e tch ing  (111) face  is exposed ,  f o r m i n g  the  
b o t t o m  of the  pi ts ,  w h e r e a s  on the  c o n v e x  p a r t s  of 
the  su r face  the  fas t  e t ch ing  (322) face ts  a r e  s tab le ,  
g iv ing  the  s ides  of t he  e tch  t r i ang le s .  1 

Etch rates on (111) and (322) faces . - -S ince  t he  
s ides  of t h e  p i t s  consis t  of fas t  e t ch ing  (322) p l anes  

1 S i m i l a r  a r g u m e n t s  c a n  be  u s e d  to e x p l a i n  w h y  on w e t t i n g  a n d  
a l l o y i n g ,  e . g . ,  I n  on  Ge ,  a l l o y  p i t s  a r e  f o u n d  w h i c h  t e n d  to  b e  t r i a n -  
g u l a r  w i t h  a n  o r i e n t a t i o n  d i f f e r e n t  f r o m  those  of t h e  e t c h  t r i a n g l e s .  
I n  t h i s  ca se  t h e  f i r s t  r a p i d  d i s s o l u t i o n  of G e  in  t h e  I n  p e l l e t  does  no t  
s h o w  a n y  o r i e n t a t i o n  d e p e n d e n c y  (10) ,  a n d  a h o l l o w  s h a p e d  c a v i t y  
is f o r m e d .  W i t h  p r o l o n g e d  a l l o y i n g  t h e  r a t e  of  a t t a c k  d e c r e a s e s  be -  
c a u s e  of  t h e  h i g h e r  G e  c o n t e n t  of  t h e  In ;  n o w  t h e  o r i e n t a t i o n  b e g i n s  
to s h o w  i t s  i n f l uence .  As  t h e  p i t  a l r e a d y  has  a c o n c a v e  s h a p e  o n l y  
t h e  s low d i s s o l v i n g  (111) f a c e s  a r e  e x p o s e d ,  g i v i n g  t h e  p i t  a s e m i -  
t r i a n g u l a r  p a t t e r n  w h i c h  i s  r o t a t e d  60 ~ if  c o m p a r e d  w i t h  t h e  e t c h  
t r i a n g l e s  on  t h e  s a m e  s u r f a c e ,  b o u n d e d  by (322) face t s .  T h e  d i f f e r -  
e n c e  b e t w e e n  n o r m a l  a l loy  p i t s  a n d  e t c h  t r i a n g l e s  t h u s  is  f o u n d  in  
t h e  s ides  of t h e  p i t s  o r i g i n a t i n g  f r o m  a d i f f e r e n t  m o d e  of a t t a c k .  
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Table I. Etch rates (R), growth rate of etch triangles vs. 
decrease in thickness (exp. slopes) and the calculated value 
of the ratio of the etch rates on the sides and on the bottom 

of the pits (RJRm) for various etchants 

E t c h a n t  R s / R u  1 
()-IF-H20~-H~O) R (~./min) Exp.  s lope (calc.) 

1-2-0 12 0.60 1.06 
1-2-2 6.5 0.85 1.09 
1-2-4 4.5 1.2 1.14 
I-2-6 3.2 1.9 1.24 
1-2-10 2.0 3.0 1.40 
1-2-30 0.5 6.0 1.86 
1-6-0 5.0 0.60 1.06 
1-6-3 3.5 0.90 1.10 
1-6-13 1.7 3.0 1.40 
1-6-23 1.0 4.5 1.63 
2-1-0 25 0.9 1.10 
2-1-10 2.0 1.9 1.24 
2-1-30 0.55 4.0 1.56 
1-1-0 20 0.50 1.03 
1-1-2 7.5 1.12 1.13 
1-1-4 4 1.75 1.22 
1-1-8 1.6 2.3 1.30 
1-1-18 0.6 3.8 1.54 
1-1-28 0.3 5.4 1.77 

and  the  b o t t o m  of the  s low e tch ing  (111) p l ane ,  the  
g r o w t h  of  t he  p i t s  vs. t he  dec rea se  in  t h i cknes s  of t h e  
(111) o r i e n t e d  c r y s t a l  is a func t ion  of t he  r a t io  of 
the  e tch  r a t e  on the  (322) and  (111) faces  (RJRln).  
The  r a t i o  R,/R,,I was  c a l c u l a t e d  f r o m  the  s lopes  of 
e x p e r i m e n t a l  cu rves  g iven  in Fig.  3 (see  a p p e n d i x  
A ) .  Some  e x a m p l e s  a r e  g iven  in Tab le  I. 

B a t t e r m a n n  (3)  e x p e r i m e n t a l l y  found  a r a t i o  
R~/R~,~ = 1.2 for  an  1-1-4  e t c h a n t  w h i c h  v a l u e  has  
to be c o m p a r e d  w i t h  t he  c a l c u l a t e d  v a l u e  of 1.22 
g iven  in T a b l e  I. F r o m  T a b l e  I i t  can  be  seen t h a t  in 
g e n e r a l  a g r e a t e r  w a t e r  con ten t  ( low e tch  r a t e )  w i l l  
g ive  va lue s  of R~/R,,I n e a r  to 2; for  r a p i d  e t chan t s  
th is  r a t i o  is abou t  1. A p a r t  f r om th is  g e n e r a l  t r e n d  a 
('.loser ana lys i s  shows  t ha t  a c t u a l l y  t he  r a t io  of the  
w a t e r  and  the  H F  con ten t  d e t e r m i n e s  th is  v a l u e  of 
RJR,,,, i n d e p e n d e n t  of the  p e r o x i d e  concen t r a t ion .  
F i g u r e  6 shows  th is  e m p i r i c a l  re la t ionsh ip"  w h i c h  can  
be  e x p r e s s e d  as fo l lows  

R~ C~o 
- -  = 1 + 0.014 ( c o n c e n t r a t i o n  in m o l e s / l )  [2]  
R~, C~F 

Discussion 

F r o m  the  r e l a t i ons  f o u n d  in t he  p r e c e d i n g  sec t ion  
some conclus ions  can  be  d r a w n  r e g a r d i n g  the  k i -  
ne t ics  of t h e  o r i e n t a t i o n  d e p e n d e n t  e tch ing .  In  g e n -  
e r a l  (322) a n d  (110) faces  e tch  fast ,  w h i l e  (100) 
and  (111) a r e  s lower  (1, 3) .  I t  has  been  shown  a b o v e  
t ha t  such d i f fe rences  m a y  d i s a p p e a r  for  h i g h e r  e tch  
r a t e s  (h igh  H F  and  low H~O c o n t e n t ) .  By  w a y  of e x -  
p l a n a t i o n  i t  is w o r t h  no t ing  t h a t  t he  fas t  and  the  
s low e t ch ing  faces  h a v e  c h a r a c t e r i s t i c  d i f fe rences  in 
a tomic  su r f ace  s t r u c t u r e s  (F ig .  7) .  The  f o r m e r  
[ (110)  t y p e ]  h a v e  su r f ace  a toms  ( b e a r i n g  u n s a t u -  
r a t e d  " d a n g l i n g "  bonds )  b o n d e d  d i r e c t l y  to o t h e r  
su r f ace  a t o m s  w h e r e a s  t he  l a t t e r  [ (111) t y p e ]  h a v e  
Ge  su r f ace  a toms  b o n d e d  on ly  to d e e p e r  l y i n g  " n o r -  
rea l"  Ge  a toms.  

A s  the  a d d e d  H~O~ a n d  H F  also c o n t a i n  w a t e r ,  in  Fig .  6 the  ra t io  
CH20/CHF is no t  d e t e r m i n e d  f r o m  the  a m o u n t  of a d d e d  reagen t s ,  b u t  
the  tota l  a m o u n t  of  HeO and  H F  is e x p r e s s e d  in  moles  p e r  l i ter .  
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Fig. 6. The ratio of etch rates on the sides and bottom of the 
etch pits (R~/Rm) for various etchants, plotted vs. the ratio of 
water and HF content in the etchant used, e.g., the higher the 
water content the faster the growth rate of the etch pits. 
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Fig. 7. Two types of surface structures, the (i11)-type has sur- 
face atoms bonded only to deeper lying normal atoms; for the fast 
etching (110)-type the surface atoms are interconnected mutually. 

I t  is p o s t u l a t e d  now t h a t  the  Ge Ge. bond  of t he  
s low e tch ing  (111) faces  can  be  b r o k e n  r e a d i l y  b y  
H~O, on ly  if the  su r face  a t o m  ca r r i e s  t he  s t r o n g l y  
e l e c t r o n e g a t i v e  F a tom;  the  r e a c t i o n  r a t e  is  a p p r e -  
c i ab ly  s m a l l e r  if an  OH g roup  is a t t a c h e d  to th is  
su r f ace  a tom.  F o r  t he  fas t  e t ch ing  o r i e n t a t i ons  of 
the  (110) t y p e  th is  d i f fe rence  w i l l  be  s m a l l e r  as on 
each  side of the  bond  the  su r face  a toms  c a r r y  e lec -  
t r o n e g a t i v e  a t o m s  or  g roups  (see  Fig .  7) .  

The  first  r eac t ions  of t he  d a n g l i n g  bonds  w i t h  t he  
e t c h a n t  w i l l  l e ad  to t he  f o r m a t i o n  of [ G e F ] -  and  
[ G e O H ] -  g roups  (11) .  A n  " e q u i l i b r i u m "  

[ G e O H ]  + H F  ~ [ G e F ]  + H~O 

could  be  p r e s e n t  g iv ing  

NoH CH2o 
- -  K �9 - -  [ 3 ]  

NF CHF 

w h e r e  NOH and  N~ deno te  t he  n u m b e r  of su r f ace  s i tes  
p e r  un i t  a r e a  c a r r y i n g  an  OH g roup  or  F a tom,  r e -  
spec t ive ly .  If  th i s  s tep  is r a t e  d e t e r m i n i n g ,  w h i c h  is 
poss ib le  for  s m a l l  H F  and  l a r g e  H~O concen t r a t i ons ,  
t h e n  the  o r i e n t a t i o n  d e p e n d e n t  r e a c t i o n  r a t e  cou ld  
be  p r o p o r t i o n a l  to t he  n u m b e r  of s i tes  w h e r e  t he  first  
H_~O~ a t t a c k  can  be  e f f ec tua ted  success fu l ly ,  hence :  

R' k'(N'r + K'N'oH) 
; (K"  < <  K '  < 1) [4]  

R" k"(N"F + K"N"oH) 

H e r e  a s ingle  p r i m e  ind ica t e s  a p r o p e r t y  of t he  (110) 
and  (322) t y p e  of su r f ace  and  a doub le  p r i m e  i n d i -  
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cates a (111) or (100) proper ty .  For  the (111) type  
it  is a ssumed  tha t  reac t ions  at (OH) sites are m u c h  
s lower  t h a n  on (F )  s i t e s ; t h u s K "  ~ N " ~ / N " o H  
then :  

R' __k' ( N 'F~  K'N'~. ) 

R" k" N% 

N'~ C.~o ) 

N% C.~ 

_ k'N'F ( I + K , K  CH~~ 
k"N% C.F 

With  Eq. [3] this  leads to 

R' k'  ( N ' F  
R" k" - ~ - t -  K ' K - -  

Compar i son  wi th  [2] shows tha t  the  observed re la -  
t ionsh ip  could be exp la ined  wi th  the  add i t iona l  as-  
sumpt ion  tha t  k'N'~ ,.~ k"N"F, which  means  tha t  the  
reac t ion  ra tes  on (F)  sites for bo th  the  (110) and  
(111) type  of surface  are about  the  sameJ  

Conclusion 
It  seems reasonab le  to assume tha t  in  regions  

whe re  the etch t r i ang les  are fo rmed  the  o r i en ta t ion  
d e p e n d e n t  etch ra tes  a re  governed  by the  first steps 
in  the  reac t ion  m e c h a n i s m  where  the  ra t io  CH:o/C~ 
de te rmines  the  differences in  reac t ion  ra te  on var ious  
crys ta l  faces. This  ra t io  wi l l  inf luence the a m o u n t  of 
OH groups and  F a toms bonded  to the surface  Ge 
atoms. This gives a slow e tching  (111) or (100) face 
if on ly  Ge a toms c a r r y i n g  a F group  can be oxidized 
easi ly  on this  type  of surface.  This is in  con t ras t  to 
the (110) and  (322) type  of surface  whe re  ox ida -  
t ion can  be successful  on Ge a toms bonded  to OH or 
F radicals .  

This  wi l l  be  the  case especial ly  for the  lower  etch 
ra tes  w h e r e  the  wa t e r  con ten t  is r e l a t ive ly  high. For  
the more  concen t ra ted ,  fas ter  e tch ing  m i x t u r e s  the 
o r i en ta t ion  dependence  van i shes  and  a diffusion l i m -  
i ted reac t ion  ra te  could be p r e d o m i n a n t  even tua l ly .  

Also for a low perox ide  concen t r a t i on  no o r i e n t a -  
t ion dependence  is found,  and  vis ib le  oxide films are 
p resen t  a f ter  etching.  In  this case it is possible tha t  
the  ox ida t ion  po t en t i a l  n e a r  the  Ge surface  is so low 

a The  r e v i e w e r  of this  paper  has  d r a w n  the au thor ' s  a t ten t ion  to 
an  in te res t ing  compar ison  of the de r ived  and empir ica l  equations.  
Since K K "  = 0.014 and K "  ~ 1  (according to the  hypothes i s ) ,  t hen  K 
m u s t  be fa i r ly  large  (~I), i . e . ,  the  rat io l q O I - I / N F  ~ CH~o/CHF. 

t ha t  the  ox ida t ion  of surface  a toms f rom the di -  
va l en t  to the t e t r a v a l e n t  s tate  becomes more  diffi- 
cult,  l ead ing  to the i n t e r m e d i a t e  f o r ma t i on  of GeO 
films. 

Manuscript  received Ju ly  14, 1961; revised m a n u -  
script received Sept. 1, 1961. This paper  was prepared 
for delivery before the Houston Meeting, Oct. 9-13, 
1960. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1962 
J O U R N A L .  

APPENDIX A 
It can be shown that on etching the outward dis- 

placement  p of the side of an etch pit per un i t  t ime is 
given by 

R,/cos ~ -  Rlll 
p :  

t an  

where R111 is the etch rate on the original (111) surface, 
R~ the etch rate on the side of the etch pit, and ~ the 
angle between (111) and side of the pit (about 15~ 
Thus the triangle widens as Rs/cos ~ ~ Rlll with a rate 
of p ~/min. The increase in size of the edges of the t r i -  
angle then is given by 2-x/3 p ~/min.  The ratio of the 
increase in  size of the edges to the decrease in thickness 
can be given as 

r 2~/3 (Rs/cos a --  Rm) t 

Ad 2R1~1 tan ~. t 

= 1.72 1 co tan  
RI~ cos 

A mean  value for ~ of 15 ~ gives 

- -  6 . 4  1 
Ad O . 9 6 R m  

In  Fig. 3, r/~d is found as the slope of the exper imental  
curves for Ad > 20~. 
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Controlled Etching of Silicon in the HF-HN03 System 
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ABSTRACT 

Some of the impor tant  factors that  affect the degree of reproducibi l i ty  of 
desired dimensions, flatness, and surface finish of chemically etched silicon have 
been investigated. The etching rate of single crystal silicon in hydrofluoric and 
ni tr ic  acids was studied as a function of the ratio of the concentrated acids, tem-  
perature,  and st i rr ing rate. These variables were found to be related to the 
etching rates over the ranges studied. No difference in etch rate was observed 
for n, p and n-p  junct ion  silicon, ranging in resist ivity from 0.05 to 78 ohm-cm. 
The etch rate appears to be dependent  on the diffusion of the fluoride species 
to the silicon surface in the nitr ic acid-rich region. The controlled etching tech- 
nique has been applied to the e tch-cut t ing of wafers from selectively masked 
silicon slices. P re l iminary  investigation has shown that  this method is applic- 
able for the preparat ion of slices for diffusion processing. 

Wi th  the more  sophis t icated semiconduc to r  devices 
now u n d e r  deve lopment ,  d imens iona l  control  is be -  
coming  inc reas ing ly  impor t an t .  Regu la t ion  of the 
flatness and  surface  finish as wel l  as the  size of 
wafers  and  mesas  r equ i r e  close d imens iona l  control .  

Si l icon shap ing  processes n o w  gene ra l ly  employ  
abras ive  cu t t i ng  and  pol i sh ing  t echn iques  which  are  
k n o w n  to in t roduce  surface  damage.  Therefore ,  de-  
vices m u s t  be etched fo l lowing abras ive  shap ing  to 
r emove  this  damage.  F i n a l  control  of d imens ions  
mus t  t h e n  logical ly lie in  the  r egu l a t i on  of the e tch-  
ing  process. Direct  e t c h - c u t t i n g  makes  it possible 
to p roduce  devices wi th  surfaces  approach ing  the  
degree  of per fec t ion  i n h e r e n t  in  the  b u l k  mate r ia l .  

In  order  to achieve  cont ro l  of chemical  etching,  it 
is necessa ry  to u n d e r s t a n d  the  i m p o r t a n t  va r i ab le s  
involved  and  the i r  effects on the k inet ics  of si l icon 
dissolut ion.  The va r i ab les  inves t iga ted  and  repor ted  
in this  pape r  inc lude  etch composi t ion,  t e m p e r a t u r e ,  
and  s t i r r ing  as they  were  observed  on n, p, and  
j u n c t i o n - c o n t a i n i n g  ma te r i a l  over  wide  res i s t iv i ty  
ranges.  Addi t iona l ly ,  some factors  which  affect the  
degree  of roughness  and  the flatness of surfaces were  
examined .  

The most  c o m m o n l y  employed  etches for si l icon 
con ta in  n i t r i c  and  hydrof luor ic  acids together  w i th  
one or more  addit ives,  such as acetic acid, b romine ,  
iodine,  and  s i lver  or mercu r i c  n i t r a t e s  (1) .  These 
addi t ives  are  employed  to modi fy  the  ra te  of reac-  
t ion, the  finish of the  etched surface,  or to cause 
p re fe ren t i a l  e tching  of ce r ta in  c rys ta l lograph ic  
planes .  However ,  to s impl i fy  the kinet ics ,  the p resen t  
s tudy  was  l imi ted  to the concen t ra t ed  hydrof luor ic -  
n i t r ic  acid system. 

Experimental Procedure 
The e tch ing  was  car r ied  out  in  a special ly  con-  

s t ruc ted  appara tus .  This  appa ra tu s  p rov ided  a close 
cont ro l  of the  e t chan t  t e m p e r a t u r e  as wel l  as a 
means  for s t i r r ing  the so lu t ion  and  ro ta t ing  the  s i l i -  
con samples  at a cons tan t  rate.  The  e tch ing  so lu t ion  
was  con ta ined  in  a 400 ml  po lye thy l ene  beake r  
sealed in to  a me t a l  wa t e r  jacket .  Wate r  was  c i rcu-  

la ted th rough  this  j acke t  f rom an  ex t e rna l  cons tan t  
t e m p e r a t u r e  b a t h  to cont ro l  the  t e m p e r a t u r e  of the 
contents  of the  beake r  to w i t h i n  •176 

The samples  to be etched were  held in  a s lot ted 
Teflon post by  me a ns  of a Teflon se t -screw.  This  post  
was  fas tened  in  the  cen te r  of a flat Teflon disk su r -  
r o u n d e d  by  four  Teflon blades  which  served as s t i r -  
r ing  paddles.  The plast ic  disk assembly  was  he ld  
above  the  e tching  beake r  by  a mova b l e  b racke t  on 
which  the  s t i r r ing  motor  was  also moun ted .  This  
movab le  b racke t  p e r m i t t e d  the  assembly  to be low-  
ered in to  and  ra ised  f rom the  e tch ing  beaker .  A n  
electr ical  b r a k i n g  sys tem stopped the  s t i r r i ng  moto r  
w h e n e v e r  the  a s sembly  was  w i t h d r a w n  f rom the  
beaker .  In  this  m a n n e r  the  reac t ion  could be 
quenched  safely in  less t h a n  2 sec af ter  w i t h d r a w a l  
f rom the etch by  i m m e r s i n g  the  assembly  in  a beake r  
of deionized water .  Motor  speeds were  va r i ed  be -  
tween  11 and  88 rpm.  

The  sil icon used in  this  e x p e r i m e n t  was  cut  f rom 
single crys ta l  ingots.  The n -  and  p - t y p e  samples  
we re  cut  p e r p e n d i c u l a r  to the  ~ 1 1 1 ~  and  the n - p  
g r o w n - j u n c t i o n  samples  were  cut  pa ra l l e l  to the  
~ 1 0 0 > .  Al l  of the  samples  were  cut  so t ha t  the i r  
final d imens ions  were  a p p r o x i m a t e l y  0.76 m m  thick 
by  6.3 m m  wide  wi th  lengths  b e t w e e n  1.2 and  4 cm. 
The  b u l k  res i s t iv i ty  of the  m a t e r i a l  used was:  
n - type ,  0.05-8.0 o h m - c m ;  p - type ,  12.0-78.0; and  the 
n - p  samples  ave raged  0.3 o h m - c m  on the  n - s i d e  
whi le  the  p - s ide  ave raged  5.0 ohm-cm.  

Reagen t  g rade  n i t r i c  acid (69.9% assay)  and  re -  
agent  grade  hydrof luor ic  acid (49.2% assay)  we re  
used for all  m i x t u r e s  r epor ted  he re in  as vo lume  p e r -  
centages.  

Some cons idera t ion  was  g iven  to the  effects t ha t  
long  t ime  s torage migh t  have  on the  r ep roduc ib i l i t y  
of p r epa red  etches. No difference was  observed  in  
etch ra te  b e t w e e n  ba tches  of etch used w i t h i n  1/2 hr  
of m i x i n g  and  ba tches  s tored for as long as th ree  
months .  

Etch rates,  r epor ted  in  mic rons  per  minu te ,  we re  
der ived  f rom weigh t  loss me a su r e me n t s .  Weigh t  
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losses w e r e  at  l eas t  t e n  t imes  the  s e n s i t i v i t y  of the  
ba l ance  (___0.2 m g ) .  

Changes  in t h i ckness  of a l l  the  s amp le s  w e r e  also 
d e t e r m i n e d  d i r e c t l y  w i t h  a m i c r o m e t e r  h a v i n g  a 
v e r n i e r  c a p a b l e  of be ing  r e a d  to 0.0001 in. to v e r i f y  
t he  r e su l t s  of the  w e i g h t  loss me thod .  

The  f la tness  of s e v e r a l  t y p i c a l  su r faces  was  d e t e r -  
m i n e d  b y  m e a s u r i n g  d i f fe rences  of t h i ckness  across  
t he  w i d t h  of t h e  s a m p l e s  w i th  a d ia l  m i c r o m e t e r  
gauge.  The  a c c u r a c y  of t h e  g a u g e  used  was  •  
in. Va lues  for  su r f ace  roughnes s  w e r e  o b t a i n e d  b y  
m e a n s  of a B r u s h  Su r f ace  A n a l y z e r ,  Mode l  BL103. 

Results and Discussion 
The  r a t e  of s i l icon d i s so lu t ion  in the  HF-HNO~ 

sys t em has  been  e x a m i n e d  ove r  the  en t i r e  compos i t i on  
range .  In  t h e  c o n c e n t r a t i o n  i n t e r v a l  f r om 2 to abou t  
65 % H F  the  e tch  r a t e  was  found  to i nc rea se  w i t h  H F  
conten t .  B e t w e e n  65 and  70% H F  the  e tch  r a t e  was  
o b s e r v e d  to r e a c h  a m a x i m u m .  B e y o n d  the  m a x i -  
m u m ,  the  r a t e  was  f o u n d  to d e c r e a s e  un t i l  t he  d i s -  
so lu t ion  r eac t i on  ceased  in p u r e  HF.  The  c u r v e  r e p -  
r e s e n t i n g  these  d a t a  is shown  as an  i n se r t  in  Fig .  1. 

S t a i n i n g  of t he  s i l icon s a m p l e s  was  e n c o u n t e r e d  
in e tches  con ta in ing  less t h a n  30% HNO~ (2) .  Due  to 
t he  s ta ins ,  r a t e  m e a s u r e m e n t s  based  on w e i g h t  loss 
or the  change  in t h i cknes s  w e r e  diff icult  to m a k e  
w i th  a h igh  d e g r e e  of prec is ion .  In  add i t ion ,  the  H F -  
r ich  po r t i on  of the  s y s t e m  has  a h i g h e r  e t c h - r a t e  d e -  
p e n d e n c e  on the  m i n o r i t y  c o m p o n e n t  t h a n  is found  
in the  HNO~-r ich  region .  F r o m  a p r a c t i c a l  s t andpo in t ,  
t he re fo re ,  e t c h - r a t e  con t ro l  is bes t  a c h i e v e d  in e tches  
con ta in ing  less  t h a n  65% HF.  F o r  these  reasons ,  on ly  
t he  n i t r i c  a c i d - r i c h  r eg ion  of the  b i n a r y  s y s t e m  was  
s t ud i ed  in de ta i l .  

B e t w e e n  10 and  50% HF,  the  l o g a r i t h m  of t he  
e tch  r a t e  was  found  to be r e l a t e d  l i n e a r l y  to t he  H F  
c o n c e n t r a t i o n  w h i l e  b e l o w  10% H F  the  r a t e  was  

I000 

500 

I00 

50 

' I0 

z .5 

u,I 

hO 

0.5 

0 

== 

I I ] I I o. I 
0 I0 20 30 40 SO 

%(49.2 %)HF 

Fig. 1. Rate o f  reaction with respect to etch composition. Each 

experimental point is the mean o f  the values determined for n- 

and  p - t y p e  samples;  t e m p e r a t u r e  ] O ~  r o t a t i o n ,  88 rpm.  
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found  to be  d i r e c t l y  p r o p o r t i o n a l  to the  H F  concen -  
t r a t ion .  This  o b s e r v e d  change  in t he  r a t e  d e p e n d e n c e  
b e l o w  10% H F  p o s s i b l y  m a y  r e su l t  f r o m  an  asso -  
c ia t ion  of the  H F  w i t h  HNO~. Assoc i a t i on  could  r e -  
duce  the  ef fec t ive  c o n c e n t r a t i o n  or t he  m o b i l i t y  of 
the  r e a c t i v e  f luor ide  species  r e q u i r e d  for  t he  d i s -  
so lu t ion  process .  

Temperature.--The effect of t e m p e r a t u r e  on t h e  
r e a c t i o n  r a t e  was  d e t e r m i n e d  b e t w e e n  0 and  60~ for  
s e v e r a l  e tch  compos i t ions .  Essen t i a l ly ,  ove r  th is  sma l l  
t e m p e r a t u r e  i n t e r v a l  and  for  e tch  compos i t i ons  con-  
t a i n ing  b e t w e e n  2 and  50% HF,  the  r e a c t i o n  r a t e s  
w e r e  found  to inc rease  l i n e a r l y  w i t h  t e m p e r a t u r e .  
W h e n  t h e  d a t a  w e r e  p l o t t e d  in a f o rm  su i t ab l e  for  
the  a p p l i c a t i o n  of the  A r r h e n i u s  equa t ion  (1/T in 
deg rees  K vs. log  r e a c t i o n  r a t e ) ,  t he  cu rves  w e r e  
found  to h a v e  t h e  s ame  slope. This  sugges t s  t h a t  d~-  
sp i te  the  change  in t he  r e a c t i o n  r a t e  s lope  at  10 % H F  
(Fig .  1), t he  a c t i va t i on  e n e r g y  r e m a i n s  cons t an t  
f r o m  2 to a t  l eas t  30% HF,  t he  h ighes t  compos i t ion  
s t u d i e d  in d e t e r m i n i n g  th is  va lue .  Us ing  the  A r r h e -  
n ius  equa t ion ,  the  a c t i va t i on  e n e r g y  was  found  to be  
3.9 k c a l / m o l e .  This  v a l u e  c o m p a r e s  f a v o r a b l y  w i t h  
the  v a l u e  of 4.1 k c a l / m o l e  r e p o r t e d  b y  S c h w a r t z  and  
Robb ins  (3) .  A c t i v a t i o n  ene rg ie s  of th is  o r d e r  of 
m a g n i t u d e  a r e  r ecogn ized  as i n d i c a t i n g  t h a t  t h e  
r a t e - d e t e r m i n i n g  s tep  of t he  s y s t e m  is d i f fus ion  d e -  
penden t .  This  po in t  is c o n s i d e r e d  in d e t a i l  in  a l a t e r  
sect ion.  

F r o m  a t echno log ica l  s t andpo in t ,  t he  t e m p e r a t u r e  
d e p e n d e n c e  of t he  r eac t i on  r a t e  is mos t  i m p o r t a n t  
w h e n e v e r  a h igh  d e g r e e  of d i m e n s i o n a l  con t ro l  m u s t  
be cons idered .  A n  i l l u s t r a t i o n  of the  i m p o r t a n c e  of 
t e m p e r a t u r e  con t ro l  was  d e m o n s t r a t e d  w h e n  a s a m -  
p le  of 10 cm 2 a r e a  was  p l a c e d  in 25 ml  of a 30% H F -  
70% HNO3 e tch  c o n t a i n e d  in a Teflon b e a k e r .  A w a x -  
coa ted  t h e r m o c o u p l e  p l a c e d  w i t h i n  the  b e a k e r  i n -  
d i c a t e d  a t e m p e r a t u r e  r i se  of 70~ in 10 min .  W i t h i n  
th is  p e r i o d  of t i m e  the  r e a c t i o n  r a t e  h a d  m o r e  t h a n  
d o u b l e d  due  to t he  t e m p e r a t u r e  rise.  Thus ,  w i t h  
m o d e r a t e l y  fas t  etches,  o p e r a t i n g  u n d e r  e s s e n t i a l l y  
a d i a b a t i c  condi t ions ,  t h e r e  is l i t t l e  chance  for  good 
con t ro l  of the  e t ch ing  r a t e  due  to t h e r m a l  r u n a w a y .  
By e m p l o y i n g  l a r g e  vo lume s  of s l o w - a c t i n g  e tches  
(e tches  low in H F  c o n c e n t r a t i o n )  w i t h  cons t an t  ag i -  
ta t ion ,  howeve r ,  t he  s y s t e m  can  be o p e r a t e d  u n d e r  
e s s e n t i a l l y  i s o t h e r m a l  condi t ions .  In  th is  w a y  it  has  
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etch composition, 2% (49%) HF--98% (70%) HNO~. 
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been  f o u n d  poss ib le ,  w i t h  a s low etch,  to l imi t  t he  
m a x i m u m  t e m p e r a t u r e  r i se  in an  u n t h e r m o s t a t e d  
s y s t e m  to 3~ in an  e t ch ing  b a t h  o p e r a t i n g  at  an  a m -  
b i en t  t e m p e r a t u r e  of 25 ~ C. 

Rotat ion. - -The r a t e  of r e a c t i o n  was  f o u n d  to be  
d i r e c t l y  r e l a t e d  to t he  speed  of s a m p l e  r o t a t i o n  at  
cons t an t  t e m p e r a t u r e  for  e tch  compos i t ions  b e t w e e n  
2 and  50% HF.  A t y p i c a l  c u r v e  is s h o w n  in Fig .  2. 
A n  i n t e r e s t i n g  r e l a t i o n s h i p  ex is t s  b e t w e e n  the  e tch  
r a t e  a t  v a r i o u s  speeds  of r o t a t i o n  and  the  H F  concen -  
t r a t i o n  of t he  etch.  If  a p lo t  is m a d e  of 

log r = Ra/Rb  [1]  

w h e r e  r is t he  coefficient of ro t a t ion ,  Ra the  e tch  r a t e  
a t  88 rpm,  and  Rb t he  e tch  r a t e  a t  0 r p m  w i t h  r e s p e c t  
to t h e  e tch  compos i t ion ,  a l i n e a r  d e p e n d e n c e  was  o b -  
t a i n e d  as shown  in Fig .  3. The  i n c r e a s e  in r o t a t i o n -  
r a t e  d e p e n d e n c e  w i t h  d e c r e a s i n g  H F  c o n c e n t r a t i o n  
wi l l  be  used  l a t e r  to show t h a t  t he  d i s so lu t ion  of s i l i -  
con is d i f fus ion  d e p e n d e n t  w i t h  r e spec t  to H F  in 
HNO~-r ich  etches.  B a s e d  on p r a c t i c a l  cons ide ra t ions ,  
it  m i g h t  be  t h o u g h t  t h a t  e tch  compos i t ions  in t he  
r a n g e  of t h e  m a x i m u m  e tch  r a t e  ( a b o u t  65% H F )  
m i g h t  be  a d v a n t a g e o u s  s ince  t h e r e  is  so l i t t l e  r o t a t i o n  
dependence .  U n f o r t u n a t e l y ,  th is  a p p a r e n t  a d v a n t a g e  
is of no r ea l  v a l u e  s ince  the  r e a c t i o n  r a t e s  a r e  so fas t  
t h a t  a h igh  d e g r e e  of con t ro l  w o u l d  be  e x t r e m e l y  
diff icult  to ach ieve .  In  add i t ion ,  r o t a t i o n  is i m p o r t a n t  
in o r d e r  to p r e v e n t  convec t ion  s t i r r i n g  of t he  e t chan t .  
Convec t ion  s t i r r i n g  w i l l  cause  loca l  t e m p e r a t u r e  
d i f f e ren t i a l s  to deve lop  across  t he  su r face  of the  
s a m p l e  and  w i l l  r e su l t  in an  i n c r e a s e  in  t he  a v e r a g e  
su r f ace  roughness .  This  is due  to t he  i n c r e a s e d  e tch  
r a t e s  on those  a r eas  of h i g h e r  t e m p e r a t u r e .  

Dissolution mechan i sms .~Accord ing  to T u r n e r  
(4 ) ,  t he  d i s so lu t ion  of s i l icon in  HF-HNO~ m a y  be  
t h o u g h t  of as an  e l ec t ro ly t i c  ac t ion  w h e r e i n  loca l  
anod ic  and  ca thod ic  s i tes  deve lop  on t h e  su r faces  of 
t he  semiconduc to r .  Feu i l l ade ,  M a r e t t e ,  and  D u m o n -  
t i e r  (5)  h a v e  a lso  p r o p o s e d  an  e l e c t r o l y t i c  m e c h -  
a n i s m  for  t h e  cor ros ion  of si l icon.  In  a d d i t i o n  to t he  
e l e c t ro ly t i c  a t t ack ,  t h e y  also h a v e  sugges t ed  t h a t  a 
h)ca l ized consecu t ive  c h e m i c a l  r e a c t i o n  can  t a k e  
p l ace  on the  su r face  of t h e  s emiconduc to r .  

The  e l ec t ro ly t i c  a t t a c k  d e s c r i b e d  b y  F e u i l l a d e ,  
Mare t t e ,  and  D u m o n t i e r  m a y  be  s h o w n  d i a g r a m -  
m a t i c a l l y :  

SiO, + 6HF-> H,SiF~ ~- 2H~O [5] 

Although NO_~ must be formed in the etching process 
as evidenced by the appearance of the brown fumes 
of the NO~ dimer, N~O4, it is possible that NO also re- 
sults from the reduction of the nitric acid according 
to the reaction 

3e- + 3H + -F HNO~-~ NO 4- 2H20 [6] 

T u r n e r  (4)  has  p o i n t e d  out  t h a t  the  r a t i o  [ H F ] /  
[HNO~] : 4.5, c o r r e s p o n d i n g  to the  s t o i c h i o m e t r y  of  
the  r e a c t i o n  

3Si 4- 4HNO~ 4- 18HF->  3H~SiF~ ~- 4NO 4- 8H~O [7]  

is v e r y  close to the  r a t i o  of t he  m o l a r  ac id  c o ncen -  
t r a t i o n s  t ha t  occur  a t  the  m a x i m u m  e tch  r a t e  ob -  
s e rved  in t he  HF-HNO~ sys tem.  This  is c i t ed  as sup -  
p o r t  for  the  f o r m a t i o n  of NO as t he  m a j o r  r e d u c t i o n  
p r o d u c t  of HNO~. 

If, in the  absence  of a junc t ion ,  the  e t ch ing  of s i l i -  
con p roceeds  t h r o u g h  a s t e p w i s e  process ,  t h e  e tch 
r a t e  m i g h t  be  e x p e c t e d  to be  d i f fus ion c on t ro l l ed  
excep t  w h e n  [ H F ] / [ H N O ~ ]  a p p r o a c h e s  4.5. I t  shou ld  
be u n d e r s t o o d  t ha t  the  m o l a r  r a t i o  [ H F ] / [ H N O s ]  
= 4.5 is s igni f icant  in  s u p p o r t i n g  a d i f fu s ion -con -  
t r o l l e d  m e c h a n i s m  on ly  if t he  d i f fus ion and  t e m p e r a -  
t u r e  coefficients of t h e  ac t i ve  species  of bo th  t he  
hydro f luo r i c  and  n i t r i c  ac id  a re  the  same.  S ince  these  
ac t ive  spec ies  h a v e  no t  y e t  been  ident i f ied ,  t he  v a l u e s  
of t h e  coefficients have  no t  been  d e t e r m i n e d .  I t  is 
f u r t h e r  a s s u m e d  for  th is  a r g u m e n t  t h a t  bo th  t he  
m o l e c u l a r  o x i d a t i o n  to SiO~ and  the  m o l e c u l a r  r e a c -  
t ion of SiO, to f o r m  H~SiF, a r e  e s sen t i a l l y  i n s t a n t a -  
neous.  F o r  e tches  low in HF,  the  su r face  of t he  s i l icon 
wi l l  be cove red  w i t h  an ox ide  film, p r o b a b l y  SiO~, 
w h e n e v e r  the  r e a c t i v e  f luor ide  species  a r r i v e s  a t  t he  
e t c h - s e m i c o n d u c t o r  i n t e r f ace ,  due  to a b u n d a n c e  of 
the  ox id iz ing  agent .  U n d e r  th is  cond i t ion  the  r a t e  of 
s i l icon r e m o v a l  wi l l  be r a t e - d e p e n d e n t  on the  a r r i v a l  
of H F  at  t he  SiO~ surface .  I f  t he  H F  is c o n s u m e d  i m -  
m e d i a t e l y  at  th is  su r f ace  b y  r e a c t i o n  [5] ,  t h e  su r f ace  
c onc e n t r a t i on  of H F  wi l l  be  zero. In  th is  m a n n e r ,  a 
c o n c e n t r a t i o n  g r a d i e n t  of H F  wi l l  deve lop  f rom the  
s i l icon i n t e r f a c e  b a c k  into  t he  b u l k  of solut ion.  F o r  
a g iven  H F  concen t r a t i on ,  t he  r a t e  of a r r i v a l  of H F  
at  t he  i n t e r f ace  wi l l  be  d i r e c t l y  r e l a t e d  to t he  t h i c k -  
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a n d  w r i t t e n :  

6F- 

e + si  Fs = = 

e -  �9 N O ~ ' +  2 H +  

NO 2 + H~ 0 = 

4e + + Si -I- 6F-~ SiF~ = [2] 

4e- + 8H + + 4NO~- ~ 4NO2 ~- 4H~O [3] 

This type of reaction would preferentially remove 
p-type sites. The local chemical attack is a reduc- 
tion-oxidation reaction followed by the dissolution 
of the silicon dioxide formed. These reactions can be 
written 

Si 4- 4HNOs-* SiO2 § 4NO~ ~- 2H.~O [4] 
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Fig. 3. Decrease in etch rate dependence on the rotation velocity 
with increasing HF content of the etchant; temperature 30~ 
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ness of t he  d i f fus ion l aye r .  The  th i ckness  of d i f fus ion  
l a y e r s  of th is  t y p e  is k n o w n  to be  r e l a t e d  i n v e r s e l y  to 
the  v e l o c i t y  of t he  i n t e r f a c e  w i t h  r e spec t  to t h e  b u l k  
of t he  so lu t ion  (6) .  Thus,  w i t h  i nc r ea sed  r o t a t i o n  of 
the  su r f ace  u n d e r  a t t ack ,  the  t h i cknes s  of the  conc e n -  
t r a t i o n  g r a d i e n t  w i l l  d e c r e a s e  so t ha t  the  d i f fus ion 
t i m e  for  an  H F  m o l e c u l e  to t r a v e r s e  th is  g r a d i e n t  
w i l l  become  smal le r .  This  effect,  t h a t  t he  e tch  r a t e  
does i nc rea se  w i th  i nc r ea s ing  speed  of r o t a t i o n  of 
the  sample ,  has  been  o b s e r v e d  as s h o w n  in Fig.  2. As  
expec t ed ,  w h e n  the  H F  c o n c e n t r a t i o n  in t he  e tch  was  
inc reased ,  the  d e p e n d e n c e  of e tch  r a t e  w i t h  r o t a t i o n  
speed  d id  become  s m a l l e r  (Fig .  3) .  The  e x t r a p o l a t e d  
v a l u e  of abou t  60% HF,  w h e r e  t he  e t c h - r a t e  d e -  
p e n d e n c e  on r o t a t i o n  van i shed ,  c o r r e s p o n d s  c lose ly  
to the  [ H F ] / [ H N O ~ ]  ~ 4.5 v a l u e  expec t ed .  As  m e n -  
t i oned  p r e v i o u s l y ,  t he  r e l a t i v e l y  s m a l l  a c t i va t i on  e n -  
e r g y  of 3.9 k c a l / m o l e  m e a s u r e d  for  the  d i s so lu t ion  
process  s u p p o r t s  t h e  con ten t ion  t ha t  t he  r e a c t i o n  is 
d i f fus ion con t ro l l ed  in the  n i t r i c  a c i d - r i c h  p o r t i o n  of 
the  sys tem.  

The  e l ec t ro ly t i c  a t t a c k  p r o p o s e d  b y  Feu i l l a de ,  
Mare t t e ,  and  D u m o n t i e r  shou ld  also show di f fus ion 
d e p e n d e n c e  w i t h  r e spec t  to the  m i n o r i t y  ac id  species  
p r e s e n t  in  t h e  etch.  In  th is  s i tua t ion ,  because  of t he  
neces s i t y  of cha rge  ba lance ,  the  c o n c u r r e n t  o x i d a -  
t i o n - r e d u c t i o n  r e a c t i o n  can  occur  at  a r a t e  no f a s t e r  
t h a n  the  a r r i v a l  a t  the  su r f ace  of t he  m i n o r i t y  r e -  
ac tan t .  

The  e l ec t ro ly t i c  m e c h a n i s m  of s i l icon cor ros ion  
was  c l e a r l y  o b s e r v e d  w h e n  p - n  g r o w n  j u n c t i o n  s a m -  
p les  w e r e  e tched.  A t  d i s t ances  g r e a t e r  t h a n  abou t  
0.025 m m  f rom the  junc t ion ,  the  e t c h - r a t e  was  f o u n d  
to p roceed  at  the  s ame  r a t e  on the  p -  and  on the  
n - s i d e s  of t he  junc t ion .  A t  these  poin ts ,  the  r e a c t i o n  
is b e l i e v e d  to p roceed  t h r o u g h  the  n o n d i f f e r e n t i a t i n g  
c o n s e c u t i v e - t y p e  of loca l  c h e m i c a l  a t t ack .  H o w e v e r ,  
in  the  i m m e d i a t e  v i c i n i t y  of a j u n c t i o n  w i t h  a l a r g e  
b u i l t - i n  e l ec t r i c  field, the  r e a c t i o n  changes  a b r u p t l y  
to i nc lude  an  e l ec t ro ly t i c  a t t a c k  w h i c h  p r o d u c e s  
p r e f e r e n t i a l  e t ch ing  of t he  p - s i d e  of the  junc t ion .  
This  effect  is shown for  a t y p i c a l  s a m p l e  in Fig .  4. In  
th is  case t he  e tch  r a t e  in  t he  i m m e d i a t e  v i c i n i t y  of 
the  p - s i d e  of the  j u n c t i o n  was  f o u n d  to be  abou t  60% 
g r e a t e r  t h a n  the  r e m a i n d e r  of t he  sur face .  The  
n - t y p e  s i l icon close to t he  j u n c t i o n  e x h i b i t e d  a d e -  
c rease  in e tch  r a t e  of t he  s ame  m a g n i t u d e .  On the  
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p- s ide ,  Eq. [2]  is a p p l i c a b l e  and  s i l icon is r e m o v e d  as 
H~SiF~. On  the  n - s ide ,  t he  ca thod ic  r e d u c t i o n  of t h e  
HNO~ m u s t  t a k e  place .  This  r e a c t i o n  does  no t  i n -  
vo lve  the  cor ros ion  of s i l icon and,  t he re fo re ,  t he  u n -  
a t t a c k e d  s i l icon is l e f t  as a s m a l l  r a i s e d  p o r t i o n  on 
the  su r face  of the  n - s i d e  of t h e  junc t ion .  

F o r  s a mp le s  of s ingle  conduc t i v i t y ,  t he  e tch  r a t e  
was  found  to be  c o n s t a n t  and  r e p r o d u c i b l e  (+--5%), 
i n d e p e n d e n t  of the  c o n d u c t i v i t y  t y p e  and  r e s i s t i v i t y  
(0.05-78 o h m - c m )  in e tches  c on t a in ing  b e t w e e n  2 
and  50% HF.  Also,  no d i f f e rence  w a s  o b s e r v e d  b e -  
t w e e n  s a m p l e s  cut  p e r p e n d i c u l a r  to the  < 1 1 1 >  ax i s  
and  those  cut  p a r a l l e l  to the  < 1 0 0 >  axis .  

The  absence  of a n y  d e t e c t a b l e  d i f fe rence  in e tch  
r a t e  b e t w e e n  p -  and  n - t y p e  s a mp le s  in n i t r i c  ac id -  
r ich  e tches  sugges t s  t h a t  t h e  c o n s e c u t i v e - t y p e  r e -  
act ion,  d e s c r i b e d  in Eq. [4] ,  [5] ,  and  [7]  t a k e s  p lace .  
A c c o r d i n g  to D e w a l d  (7) ,  the  d i s so lu t ion  of g e r m a -  
n i u m  invo lves  the  d i f fus ion of 2 e l ec t rons  a w a y  f rom 
and  2 holes  t o w a r d  the  in t e r face .  F o r  s i l icon th is  t y p e  
of r e a c t i o n  can be  w r i t t e n  

Si + 2e+~ Si +' + 2e- [8]  

In  t he  HF-HNO~ sys tem,  t he  n i t r i c  ac id  se rves  as 
t he  e l ec t ron  accep tor .  The  holes  m u s t  be  s u p p l i e d  
f r o m  the  b u l k  of t he  s i l icon sample .  So long as t he  
e l ec t ron  accep tor ,  n i t r i c  acid,  is p r e s e n t  in l a r g e  e x -  
cess and  the  d i f fus ion  t ime  for  the  H F  to r each  the  
i n t e r f a c e  is g r e a t e r  t h a n  the  t i m e  n e c e s s a r y  for  
e i t he r  holes  or  e l ec t rons  to diffuse to t he  surface ,  t he  
e tch  r a t e  w i l l  be  i n d e p e n d e n t  of the  c o n d u c t i v i t y  
t y p e  of the  si l icon.  In  e tches  of low H F  conten t ,  t h e  
d i f fus ion  v e l o c i t y  of  holes  or  e l ec t rons  to the  s i l icon 
su r faces  can be  e x p e c t e d  to be  f a s t e r  t h a n  the  d i f fu-  
s ion of t he  f luor ide  species  t h r o u g h  the  solu t ion .  As  
long as t he  r e a c t i o n  r a t e  is d i f fus ion  d e p e n d e n t  on the  
s u p p l y  of H F  to t he  sur face ,  no d i f f e r en t i a t i on  of t he  
e tch  r a t e  wi l l  be  o b s e r v e d  b e t w e e n  n -  and  p - t y p e  
samples .  W i t h  e tch  r a t e s  close to t h e  m a x i m u m  tha t  
occurs  a t  a b o u t  65% H F  th is  cond i t ion  m a y  no t  be  
sat isf ied,  and  i t  is poss ib le  t ha t  the  e tch  r a t e  of 
p - t y p e  m a t e r i a l  w i l l  be h i g h e r  t h a n  n - t y p e  si l icon.  

Surface roughness and flatness.--A m e c h a n i c a l l y  
w o r k e d  su r face  wi l l  e tch  at  a f a s t e r  r a t e  t h a n  the  u n -  
d a m a g e d  body  of a s a m p l e  (8) .  This  effect is due,  
in pa r t ,  to the  i n c r e a s e d  a r e a  of an  a b r a d e d  su r face  
c o m p a r e d  to a po l i shed  sur face .  A d d i t i o n a l l y ,  t he  
f a s t e r  r a t e  p r o b a b l y  is b r o u g h t  a b o u t  b y  t h e  f o r m a -  
t ion of s i tes  whose  p o t e n t i a l  is m a r k e d l y  d i f fe ren t  
f rom the  a v e r a g e  c ry s t a l  va lue .  The  r e l a t i v e  d i f fe r -  
ence  in p o t e n t i a l  b e t w e e n  these  s i tes  and  t h e  a d -  
j a c e n t  su r f ace  w o u l d  p e r m i t  t he  e l e c t ro ly t i c  m o d e  
of co r ros ion  to occur.  As  th is  m o d e  p r o b a b l y  o p e r -  
a tes  a t  a g e n e r a l l y  h i g h e r  e tch  r a t e  t h a n  the  loca l  
consecu t ive  c h e m i c a l  a t t ack ,  t he  su r f ace  wi l l  be  
c o n s u m e d  a t  a f a s t e r  r a t e  t h a n  w o u l d  be  o b s e r v e d  
for  a su r face  w i t h  u n i f o r m  po ten t i a l .  

F o r  t he  c r i t i ca l  r e m o v a l  of s m a l l  a m o u n t s  of s i l icon 
f rom sa mp le s  w h i c h  w e r e  p r e v i o u s l y  l apped ,  some 
k n o w l e d g e  of t he  a c c e l e r a t e d  e tch  r a t e  due  to m e -  
c h a n i c a l  d a m a g e  w o u l d  be  r e q u i r e d .  T h e  r a t e  of e t c h -  
ing  of the  d a m a g e d  su r f ace  p r o d u c e d  b y  an  1800 m e s h  
AlsO:, lap,  a f t e r  0.5 min  was  d e t e r m i n e d  to be  a b o u t  
3 t i m e s  t h e  s t e a d y - s t a t e  e tch  r a t e  of t he  sample .  
F r o m  the  da ta ,  t he  a v e r a g e  d e p t h  of d a m a g e  a p p e a r s  
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to correspond to approx ima te ly  half  of the d iamete r  
of the par t ic le  size of the abrasive.  For  1800 mesh 
ALO, this is equivalent  to 6~ of damaged  mater ia l .  
This agrees closely wi th  the va lue  prev ious ly  re -  
por ted  by Buck (8).  In practice,  when the amount  
of silicon to be removed is an order  of magni tude  
grea ter  than the depth  of damage,  the in i t ia l ly  
fas ter  etch ra te  is of l i t t le  importance.  

The flatness of severa l  typical  surfaces was de te r -  
mined by measur ing differences of thickness across 
the width  of the samples. In 5 vol. % HF, it was ob-  
served on unro ta ted  samples tha t  edges were  a t -  
tacked faster  than  the faces and resul ted  in rounded 
edges of app rox ima te ly  0.6 mm radius.  In the same 
HF concentrat ion,  rota t ion of the samples increased 
the radius  of curva ture  of leading d iagonal ly  op- 
posite edges to app rox ima te ly  0.9 mm, due to s t r eam-  
ing of the etchant.  The faces of the samples that  had 
been ro ta ted  were  found to be p l ana r  to within --+12/~. 

Surface  roughness was de te rmined  by means  of a 
Brush surface analyzer .  The or iginal  surface of the 
lapped  samples had an average  roughness of 2.2~. 
The average  surface roughness af ter  removal  of 50~ 
of mate r ia l  f rom the surface wi th  ni t r ic  ac id- r ich  
etches was found to be 0.40/~. The 5% HF etch con- 
s is tent ly  y ie lded  the lowest  surface roughness (0.29~ 
average) .  This does not seem to be due to the s low- 
ness of the etch since 2% HF etches a lways  y ie lded  
rougher  surfaces (0.45/~ average) .  

During the course of repea ted  etching of a sample, 
it was observed tha t  the  surface roughness increased 
wi th  each addi t ional  etch. Samples  etched to a given 
depth  in a single etching operat ion were  found to 
have an average  surface roughness one- th i rd  that  of 
samples etched and quenched 15 times, wi th  the 
same amount  of silicon removed  in each case. Careful  
observat ion showed that  small  droplets  of the etch 
adhered  to the samples af ter  w i thd rawa l  f rom the 
etch container.  The sl ight  depressions etched into 

the surface, dur ing the 1-2 sec before  quenching, be-  
came pre fe ren t ia l  sites for drople ts  of the etch the 
next  t ime the sample was w i thd rawn  from solution. 
This progress ive  roughening  of the surface could be 
e l iminated  if the etching react ion was quenched by 
di lut ion of the etch wi th  e i ther  wa te r  or ni t r ic  acid, 
instead of quenching the react ion af ter  w i t hd rawa l  
of the samples. 

Etch-cutting.--Controlled etching by  this technique 
has been appl ied to the cutt ing of devices f rom slices 
of semiconductor  mater ia l .  The slices to be etched 
were  contained in a p la t inum mesh basket  suppor ted  
and ro ta ted  in the exper imenta l  appara tus .  F igure  5 
shows a group of typical  devices produced by  this 
method. These wafers  were  produced f rom slices of 
silicon whose surfaces were  masked  by selective pa t -  
terns  of e lectrodeposi ted gold. The gold served as a 
mask whi le  the slices were  etched. In addi t ion to 
serving as a mask, the gold provided  a direct  ohmic 
contact  for the completed devices. Many geometr ies  
have been produced by this method. Severa l  thou-  
sand devices of 0.76 --+0.064 mm OD containing 0.13 
mm diameter  mesas have been made. Elect r ica l  char -  
acterist ics  of these have been equal  to those made  by  
ul t rasonic  grinding,  d iamond sawing, scribing and 
etching, and scribing and break ing  processes which 
were  followed by chemical  etching. 

A major  advantage  of etch cutt ing over abras ive  
techniques is the f reedom from damage  in t roduced 
into the semiconductor  ma te r i a l  by abras ive  cutt ing 
action. Since this damage is genera l ly  undes i rable  
the  usual  procedure  is to remove it by  chemical  e tch-  
ing. Direct  chemical  etch cut t ing el iminates  the 
damage  producing step and g rea t ly  simplifies the 
cut t ing procedure.  

The etching techniques were  also eva lua ted  by ob- 
serving the electr ical  character is t ics  of devices made 
f rom slices of zone- leveled  and pu l led-s ing le  crys ta l  
silicon. These slices were  app rox ima te ly  2.5 cm in 
d iameter  and had been lapped wi th  1800 mesh A1,O,. 
The basic da ta  ga thered  using smal l -s ize  silicon 
samples appear  to be complete ly  appl icable  to the  
la rger  surface area  slices which are often used for 
diffusion processing. The reproduc ib i l i ty  in final 
thickness af ter  removing approx ima te ly  0.185 mm 
from one surface of the slices was found to be be t te r  
than --+5%. The electr ical  character is t ics  of PNPN 
switching devices made f rom this ma te r i a l  have 
equaled or exceeded the character is t ics  of s imi lar  
units p repa red  by ut i l iz ing abras ive  operations.  The 
average  sa tura t ion  current  of these units  was found 
to be an order  of magni tude  lower  than  the control  
samples p repa red  by mechanical  polishing. 

P re l imina ry  invest igat ions indicate tha t  slices of 
silicon can be cont ro l lab ly  etched to thicknesses of 
less than  0.025 mm. To do this both sides must  be 
etched to remove the mechanical  s t rains  in t roduced 
by the lapping process. 

Fig. 5. Some typical etch-cut wafers. These units were prepared 
in a single operation which produced the mesas and separated the 
wafers simultaneously. The distortion of the diameters noticeable 
in all but the center sample is caused by photographic abberation. 

Summary 

By employing ni tr ic  ac id- r ich  HF-HNO8 etches, 
together  wi th  t empe ra tu r e  and rota t ion control,  the  
dimensions of silicon samples can be etched repro-  
ducibly  to wi th in  -----5 % of those desired.  The appl ica-  
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t ion  of l ow  r a t e  and  con t ro l l ed  e tches  has  been  used  
to e tch  cut  c o m p l e t e  dev ices  f r o m  sl ices of s i l icon.  
In  p a r t i c u l a r ,  the  t e c h n i q u e  has  been  success fu l ly  
e m p l o y e d  in the  p r e p a r a t i o n  of s e v e r a l  t h o u s a n d  
mesa  d iodes  of s m a l l  d imens ions .  The  m a j o r  a d v a n -  
t ages  g a i n e d  b y  e m p l o y i n g  th is  t e c h n i q u e  a r e  t he  
s i m p l i c i t y  of the  m e t h o d  and  the  e l i m i n a t i o n  of the  
d a m a g e  p r o d u c e d  in  s e m i c o n d u c t o r s  b y  m e c h a n i c a l  
cu t t ing .  

The  d e g r e e  of con t ro l  of t h i c k n e s s  and  su r f ace  
finish a c h i e v e d  b y  this  m e t h o d  has  r e s u l t e d  in  e t c h -  
po l i shed  sl ices w h i c h  w e r e  f o u n d  to e q u a l  or  exceed  
the  r e q u i r e m e n t s  for  d i f f u s i o n - d o p e d  devices .  

Manuscr ip t  received June  5, 1961; revised manuscr ip t  
received Aug. 19, 1961. This paper  was p repa red  for  
de l ive ry  before  the Chicago Meeting,  May 1-5, 1960. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1962 
JOURNAL. 
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The Effect of Organic Molecules on the 
Adsorptive Properties of Platinum Electrodes 

M. W. Breiter 
Research Laboratory, General Electric Company, Schenectady, New York  

ABSTRACT 

The effect of the  addi t ion of organic substances (amyl  alcohol, capryl ic  acid, 
and d iphenyl  amine)  to 1M HC10, on hydrogen  and oxygen adsorpt ion  and in 
the double l ayer  region of smooth p la t inum was s tudied by  impedance  meas -  
u rements  and quas is ta t ionary  potent ios ta t ic  cur ren t  potent ia l  curves in the  po-  
t en t i a l  range  be tween  hydrogen  and oxygen  evolution.  Hydrogen  adsorpt ion  
is inhibi ted.  The double l ayer  capaci ty  decreases wi th  increas ing amyl  alcohol 
concentra t ion be tween  40.3  and 41.5v.  The degree  of coverage wi th  molecules 
was computed  be tween  40.3 and 41 .2v  f rom the capaci ty  decrease.  An  ox ida -  
t ion of the organic substance occurs at potent ia ls  where  the oxygen coverage is 
formed s imultaneously.  Amyl  alcohol molecules  are  adsorbed before  the ox ida -  
tion. Their  oxida t ion  goes over  an in te rmedia te  and takes  place to a large  ex-  
tent  on surface sites free of oxygen.  

The  a d s o r p t i o n  of o rgan ic  mo lecu le s  and  ions has  
been  s t ud i ed  m a i n l y  on m e r c u r y  e l ec t rodes  because  
m e r c u r y  b e h a v e s  l i ke  an i d e a l l y  p o l a r i z a b l e  e l ec -  
t r o d e  in a w i d e  p o t e n t i a l  r a n g e  and  has  an  eas i ly  r e -  
p r o d u c i b l e  su r f ace  of k n o w n  size. L i t t l e  w o r k  has  
been  done  on sol id  e lec t rodes .  Bor i sova ,  E r sh le r ,  and  
F r u m k i n  (1)  o b s e r v e d  a c a p a c i t y  peak ,  w h i c h  is 
c h a r a c t e r i s t i c  for  t he  d e s o r p t i o n  of o rgan ic  mo lecu l e s  
or ions on m e r c u r y ,  on a zinc e l ec t rode  in 1N KC1 if 
a m y l  a l coho l  was  added .  K h e i f e t s  and  K r a s i k o v  (2)  
found  c a p a c i t y  p e a k s  on smooth  p l a t i n u m  in t he  
p re sence  of c a p r y l i c  ac id  a n d  d i p h e n y l  a m i n e  in 2N 
H.~SO~ and  of sod ium c a p r y l i t e  in 0.5N Na,SO~ and  in 
0.5N N a O H  in t h e  p o t e n t i a l  r a n g e  b e t w e e n  h y d r o g e n  
and  o x y g e n  evolu t ion .  F r a n k l i n  and  S o t h e r n  (3)  i n -  
v e s t i g a t e d  t h e  a d s o r p t i o n  of d i f fe ren t  n i t r i d e s  in  2N 
H,SO, on p l a t i n i z e d  p l a t i n u m  at  t he  p o t e n t i a l  of t h e  
h y d r o g e n  e lec t rode .  T h e y  a s s u m e d  t h a t  the  o b s e r v e d  
dec rease  of the  a m o u n t  of a d s o r b e d  h y d r o g e n  is due  
so le ly  to a r e p l a c e m e n t  of h y d r o g e n  a toms  b y  n i t r i d e  
molecules .  

As  is we l l  known,  t h r e e  d i s t inc t  r eg ions  can  be  d i s -  
t i n g u i s h e d  for  t h e  p l a t i n u m  e l ec t rode  in  t h e  p o t e n -  
t i a l  r a n g e  b e t w e e n  h y d r o g e n  and  o x y g e n  evolu t ion .  

In  p e r c h l o r i c  ac id  h y d r o g e n  is a d s o r b e d  b e t w e e n  0 
and  40 .4v ,  t h e  p o t e n t i a l  be ing  m e a s u r e d  a ga in s t  a 
h y d r o g e n  e l e c t r o d e  in t he  s a m e  solut ion.  N e i t h e r  
h y d r o g e n  no r  o x y g e n  is a d s o r b e d  b e t w e e n  4 0 . 4  and  
4 0 . 8 v  in t he  s o - c a l l e d  d o u b l e  l a y e r  r eg ion  w h e r e  
p l a t i n u m  b e h a v e s  as an  i d e a l l y  p o l a r i z a b l e  e lec t rode .  
The  c h e m i s o r p t i o n  of o x y g e n  t a k e s  p l ace  b e t w e e n  
40 .8  and  41 .6v .  In  t h e  p r e s e n t  p a p e r  t he  inf luence  
of o rgan ic  mo lecu l e s  on the  a d s o r p t i v e  p r o p e r t i e s  of 
t h e  p l a t i n u m  e l ec t rode  in t he  t h r e e  r eg ions  w a s  
s tudied .  E x t e n s i v e  m e a s u r e m e n t s  a t  r o o m  t e m p e r a -  
t u r e  w e r e  m a d e  in  1M HC104 w i t h  a d d i t i o n  of a m y l  
alcohol .  A few e x p e r i m e n t s  w e r e  r u n  in 1M HC104 
w i t h  c a p r y l i c  ac id  and  d i p h e n y l  amine .  The. c a p a c i t y  
of t he  i n t e r p h a s e  smooth  p l a t i n u m / e l e c t r o l y t e  was  
d e t e r m i n e d  as a func t ion  of po ten t i a l ,  f r e q u e n c y  
(5-105 cps)  and  t i m e  in 1M HC104 w i t h  d i f f e ren t  
a m o u n t s  of a m y l  a lcoho l  (0 .01-0 .1M).  Q u a s i s t a t i o n -  
a r y  c u r r e n t  p o t e n t i a l  cu rves  w e r e  o b t a i n e d  on 
smoo th  p l a t i n u m  in 1M HC10,  w i t h  d i f f e ren t  
a m o u n t s  of a m y l  alcohol ,  in  1M HC10,  w i t h  10 -~ or  
10-4M c a p r y l i c  ac id  and  in 1M HC104 w i t h  10-~M d i -  
p h e n y l  a m i n e  b y  a p p l y i n g  p o t e n t i o s t a t i c a l l y  a p o t e n -  
t i a l  w h i c h  c h a n g e d  p e r i o d i c a l l y  and  l i n e a r i l y  w i t h  
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t ime  b e t w e e n  q-0.05 a n d  q- l .6v.  The  c u r r e n t  p o t e n -  
t i a l  cu rves  w e r e  m e a s u r e d  a t  d i f fe ren t  v o l t a g e  speed.  

Experimental 
F i g u r e  1 shows  a s chema t i c  d i a g r a m  of t he  c i r cu i t  

for  the  i m p e d a n c e  m e a s u r e m e n t s .  The  p l a t i n u m  w i r e  
w i t h  0.03 cm r was  in  t he  axis  of a p a l l a d i u m  w i r e  
s p i r a l  w h i c h  f o r m e d  a c y l i n d r i c a l  c o u n t e r  e lec t rode .  
The  p a l l a d i u m  w i r e  w i t h  0.1 cm q~ was  k e p t  a t  the  
p o t e n t i a l  of t he  a -  f l - p h a s e  t r a n s i t i o n  (ca  q- 0.05v).  
The  su r f ace  of t he  c o u n t e r  e l e c t r o d e  was  abou t  t en  
t imes  l a r g e r  t h a n  t h a t  of t he  t es t  e lec t rode .  The  i m -  
p e d a n c e  of a p a l l a d i u m  e l ec t rode  at  t he  sa id  p o t e n t i a l  
is v e r y  s m a l l  (4) .  The  p o t e n t i a l  of t he  p l a t i n u m  e lec -  
t r o d e  was  changed  w i t h  t he  a id  of t he  p o t e n t i o m e t e r  
P and  m e a s u r e d  aga in s t  a h y d r o g e n  e l ec t rode  in 1M 
HC10~. As  the  m e a s u r e m e n t s  w e r e  m a d e  in so lu t ions  
s a t u r a t e d  w i t h  n i t r o g e n  b y  i n t ens ive  bubb l ing ,  t he  
p o t e n t i a l  of t h e  p a l l a d i u m  e l e c t r o d e  r e m a i n e d  p r a c -  
t i c a l l y  cons t an t  d u r i n g  the  e x p e r i m e n t s .  The  r e s i s to r  
b e t w e e n  A and  B was  a su i t ab l e  one  of a set of s t a n d -  
a r d  res i s tors .  The  a - c  s igna l  across  t h e  cel l  n e v e r  
e x c e e d e d  5 inv. The  a - c  v o l t a g e  across  AB was  a p -  
p l i ed  to the  i n p u t  of one  of t he  two  d i f f e r en t i a l  a m -  
pl i f iers  of t he  d u a l  b e a m  osc i l loscope  T e k t r o n i x  502, 
t h e  a - c  v o l t a g e  across  CD to t he  o ther .  The  sweep  
was  a d j u s t e d  acco rd ing  to t he  f r equency .  A p h o t o -  
g r a p h  was  t aken .  The  a m p l i t u d e s  of t he  two  vo l t ages  
and  t h e i r  p h a s e  sh i f t  w e r e  d e t e r m i n e d  f rom e n l a r g e -  
m e n t s  of  t he  p h o t o g r a p h s ,  and  the  i m p e d a n c e  of the  
i n t e r p h a s e  was  compu ted .  This  m e t h o d  a l lows  fas t  
m e a s u r e m e n t s  w i t h  a n  a c c u r a c y  of 3 - 5 % .  I t  ha s  t he  
a d v a n t a g e  t h a t  the  d - c  c i rcu i t  need  no t  be s e p a r a t e d  
f rom the  a - c  c i rcu i t  b y  an  i n d u c t a n c e  in the  l o w - f r e -  
q u e n c y  r a n g e  used  here .  

A B C D 

Fig. 1. Schematic diagram of the circuit and the cell for im- 
pedance measurements. 

To m e a s u r e  t he  q u a s i s t a t i o n a r y  c u r r e n t  p o t e n t i a l  
c u r v e s  t h e  c i r cu i t  b e t w e e n  A and  C was  connec t ed  to 
the  e l ec t ron ic  p o t e n t i o s t a t  and  t r i a n g u l a r  w a v e  
g e n e r a t o r  d e s c r i b e d  and  used  b y  W i l l  and  K n o r r  (5 ) .  
The  s ine  w a v e  g e n e r a t o r  and  t h e  p o t e n t i o m e t e r  P 
w e r e  d i sconnec ted .  The  r e f e r e n c e  e l ec t rode  ( h y d r o -  
gen e l ec t rode  in 1M HC10,)  was  in a c o m p a r t m e n t  
s e p a r a t e d  f rom the  tes t  vesse l  b y  a c losed s top  cork,  
as w i t h  t he  i m p e d a n c e  m e a s u r e m e n t s .  The  p a l l a d i u m  
sp i r a l  s e r v e d  as coun te r  e l ec t rode .  The  m e a s u r e -  
m e n t s  w e r e  m a d e  in a r e s t i ng  solut ion ,  s a t u r a t e d  
w i t h  n i t r o g e n  b y  i n t e n s i v e  b u b b l i n g  b e f o r e  the  e x -  
p e r i m e n t s .  

P r e l i m i n a r y  runs  s h o w e d  t h a t  the  a - c  i m p e d a n c e  
of t he  p l a t i n u m  e l ec t rode  c h a n g e d  w i t h  t ime .  So the  
m e a s u r e m e n t s  w e r e  m a d e  in  the  fo l l owing  w a y  to 
o b t a i n  c o m p a r a b l e  in i t i a l  va lues .  The  p l a t i n u m  e lec -  
t r o d e  was  c l e a ne d  in c h romic  acid,  r i n s e d  w i t h  d i s -  
t i l l ed  wa te r ,  and  p r e t r e a t e d  i n t e r m i t t e n t l y ,  ca -  
t h o d i c a l l y  and  a n o d i c a l l y  in  1M HC10,  in  a n o t h e r  
vesse l  be fo re  a n y  r u n  in  t he  tes t  vessel .  Then  the  
e l ec t rode  was  t r a n s f e r r e d  to t he  t es t  ves se l  and  the  
c a p a c i t y  was  d e t e r m i n e d  a t  c o n s t a n t  p o t e n t i a l  as a 
func t ion  of t i m e  for  30 min  in  t he  f r e q u e n c y  r a n g e  
5-105 cps. The  c a p a c i t y  b e c a m e  n e a r l y  t i m e - i n d e -  
p e n d e n t  a f t e r  30 min.  The  p l a t i n u m  e l e c t r o d e  was  
s u b j e c t e d  to the  s a m e  p r e t r e a t m e n t  be fo re  t a k i n g  
a n y  c u r r e n t  p o t e n t i a l  curve .  

E x p e r i m e n t a l  Results 

The  c a p a c i t y  of t he  i n t e r f ace  p l a t i n u m / s o l u t i o n  is 
p l o t t e d  in  Fig .  2a and  2b for  d i f fe ren t  so lu t ions  as a 
func t ion  of p o t e n t i a l  in the  r eg ion  of h y d r o g e n  a d -  
so rp t ion  and  in p a r t  of t he  doub le  l a y e r  reg ion .  The  
i n t e r f a c e  was  c ons ide r e d  as  a ser ies  c i rcu i t  of a r e -  
s i s tor  a n d  a c a p a c i t o r  C. As  the  m e a s u r e m e n t s  a t  f r e -  
quenc ies  b e t w e e n  5 and  105 cps y i e l d e d  the  same  
fo rm of t he  c a p a c i t y  p o t e n t i a l  curves ,  on ly  t he  cu rves  
at  105 cps a r e  p l o t t e d  in  Fig.  2a and  2b. F i g u r e  2a 
r e p r e s e n t s  t he  v a l u e s  m e a s u r e d  a f t e r  2 m i n  of i m -  
m e r s i o n  and  p o l a r i z a t i o n  in  t h e  t es t  so lu t ion  at  a 
g iven  po ten t i a l .  F i g u r e  2b shows  the  c a p a c i t y  ob -  
t a i n e d  a t  the  s ame  p o t e n t i a l  a f t e r  30 m i n  of u n i n t e r -  
r u p t e d  po la r i za t ion .  

C a p a c i t y  p o t e n t i a l  cu rves  for  d i f fe ren t  so lu t ions  
a re  p lo t t e d  in Fig.  3a and  3b in  the  doub le  l a y e r  r e -  
g ion a n d  in t he  r eg ion  of o x y g e n  chemiso rp t i on .  The  
v a l u e s  in  Fig.  3a c o r r e s p o n d  to 2 rain,  t he  va lue s  in 
Fig.  3b to 30 ra in  of p o l a r i z a t i o n  at  cons t an t  po ten t i a l .  

Q u a s i s t a t i o n a r y  c u r r e n t  p o t e n t i a l  cu rves  in 1M 
HC10, w i t h  d i f f e ren t  a m o u n t s  of a m y l  a lcoho l  a r e  
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Fig. 2. Capacity potential curves at 105 cps in the hydrogen 
region in 1M HCI04 with different amounts of amyl alcohol: a, 
after 2 min of polarization at constant potential; b, after 30 min 
of polarization at constant potential. 
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Fig. 3. Capacity potential curves at 105 cps in the region of the 
double layer and of the oxygen coverage in 1M HCIO~ with dif- 
ferent amounts of amyl alcohol: a, after 2 min of polarization at 
constant potential; b, after 30 min of polarization at constant 
potential. 
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shown in Fig. 4a, 4b, and 4c. The concentration of 
amyl alcohol increases in the order of the lettering 
a, b, c, d, e and is given in the figure caption. The 
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Fig. 4a. Quasistationary current potential curves at different 
voltage speed in 1M HCIO4 with different amounts of amyl alcohol, 
0.2 v/sec: curve a, OM CsH~IOH; curve b, 0.01M CsH~OH; curve 
c, 0.02M C~H~OH; curve d, 0.04M C~HllOH; curve e, 0.1M 
CsH~OH. 
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Fig. 4b. Same as Fig. 4a, except at 1 v/sec 

January 1962 

curves in Fig. 4a were measured at 0.2 v/sec,  in 4b 
at 1 v / sec  and in 4c at 10 v/sec.  No time dependence 
of the current potential curves was observed within 
15 min of observation if the applied potential 

- 20 

I t ~ : J  

+2010 LI- d ~  

-10 

+i0| ' , . 
0.5 LO 1,5 

u(v) 
Fig. 4c. Same as Fig. 40, except at 10 v/sec 
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Fig. 5. Current potential curves in 1M HCIO~ -I- 10 -~ caprylic acid 
at two different voltage speeds: curve a, 0.6 v/sec; curve b, 6 
v/see. 
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changed per iodica l ly  be tween +0.05 and + l . 6v .  If 
the periodic potent ia l  sweep covered the range  
+0 .05 -+0 .5v  only, the current  at the same potent ia l  
decreased s t rongly wi th  t ime in accordance wi th  the 
t ime dependence of the capaci ty  in the region of 
hydrogen  adsorption.  

Current  potent ia l  curves in 1M HC104 wi th  10 -~ 
capryl ic  acid are p lo t ted  in Fig. 5a and 5b. The vol t -  
age speed was 0.6 v / sec  for Fig. 5a and 6 v / sec  for 
Fig. 5b. The t ime dependence  was s imi lar  to the  one 
observed dur ing  the exper iments  in 1M HC10~ with  
amyl  alcohol. 

Discussion 
Capacity measurements  in 1M HC10~ wi th  amyl  

alcohol in the region of hydrogen adsorpt ion.- -The 
capaci ty  potent ia l  curve in 1M HC10, has the cha r -  
acterist ic  form descr ibed and discussed in ear l ie r  
papers  (6-8) .  The capaci ty  increases wi th  decreasing 
potent ia l  due to the adsorpt ion of hydrogen  atoms. 
The fine s t ructure  of the capaci ty  potent ia l  curve 
(7, 8) in the  hydrogen  region cannot  be seen f rom 
Fig. 2a because there  are  too few points. 

The addi t ion of amyl  alcohol to 1M HC104 leads to 
a decrease of the capaci ty  wi th  increasing alcohol 
concentrat ion at a given potent ia l  in the whole 
range. The surface area  which is avai lable  for the 
adsorpt ion of hydrogen  atoms becomes smal ler  wi th  
increasing concentrat ion of alcohol. A large pa r t  of 
this effect is due to the adsorpt ion of organic mole-  
cules at surface sites which are covered wi th  hydro -  
gen atoms in 1M HC10,. The beginning of hydrogen  
adsorpt ion is shif ted toward  less posi t ive potent ia ls  
wi th  increasing alcohol concentrat ion.  Specifically 
adsorbed anions have a s imilar  effect on the hydro -  
gen adsorpt ion  (9-11). 

A computat ion of the number  of adsorbed organic 
molecules in the case of s imultaneous adsorpt ion of 
hydrogen  atoms and molecules from the capaci ty  de-  
crease in the  hydrogen  region is difficult because 
l i t t le  is known about  the  in teract ion be tween the 
two types  of adsorbed part icles.  The basic assump-  
tion of F rank l in  and Sothern  (3),  tha t  hydrogen  
atoms are  replaced  quan t i t a t ive ly  by  molecules, i.e., 
according to a l inear  re la t ionship  be tween the de-  
crease of the amount  of adsorbed hydrogen  and the 
number  of adsorbed molecules, requires  an ex-  
pe r imen ta l  verification. 

The comparison between Fig. 2a and 2b shows a 
marked  decrease of capaci ty  wi th  t ime in the  hyd ro -  
gen region. I t  cannot be said tha t  this decrease is 
solely due to a slow displacement  of hydrogen  atoms 
by organic molecules, since the capaci ty  also de-  
creases wi th  t ime at constant  potent ia l  in 1M HC104. 
The decrease in 1M HC104 could be a t t r ibu ted  to a 
decrease of the surface roughness wi th in  the first 20 
min af ter  the anodic p re t r ea tmen t  (11). Therefore,  
at  least  two effects overlap,  and conclusions should 
only be deduced f rom the resul ts  in Fig. 2a and 3a 
where  the  t ime effect is small. 

Capacity measurements  in 1M HC10~ wi th  amyl  
alcohol in the region of the  double layer and of oxy -  
gen adsorpt ion.--The capaci ty  potent ia l  curve in 1M 
HC10, (see Fig. 3a) has a character is t ic  form which 
was descr ibed in ear l ie r  papers  (12-15).  The meas-  
ured capaci ty  represents  the double l ayer  capaci ty  in 
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this region. I t  remains  p rac t ica l ly  independent  of po-  
ten t ia l  in the double  l ayer  region and begins to in-  
crease wi th  potent ia l  be tween +0.7 and + l . 0 v  when 
the format ion  of a chemisorbed oxygen layer  starts.  
There  is a peak  at  + l . 0 5 v  and a second one at  + l . 3 v .  
The form of the capaci ty  potent ia l  curve and the lo- 
cation of the peaks  depends s t rongly  on the composi-  
tion of the e lect rolyte  (12). The curves differ in 1N 
HC10, and 2N H2SO4. This suggests tha t  the increase 
of the  capaci ty  is due to an increase of the Helmhol tz  
capaci ty  of the double  l aye r  wi th  oxygen coverage. 
Llopis and Colum (15) and Lai t inen  and Enke (14) 
in te rp re t  the capaci ty  increase as resul t ing from sur-  
face dipoles (polar ized oxygen atoms or other in te r -  
media tes ) .  Genera l ly  the capaci ty  of the ionic double 
is in series wi th  the capaci ty  of the oxide layer  in 
such a model. Thus a decrease of the measured  ca-  
pac i ty  is expected as found by  Vermi lyea  (16) du r -  
ing the format ion of an oxide film on tanta lum.  A 
decrease in capaci ty  was observed before  a t t a inment  
of a monolayer .  Based on this model  of the  interface,  
the observed capaci ty  increase on p l a t inum can be 
be t te r  in te rp re ted  by an increase of the capaci ty  of 
the  Helmholtz  layer .  The in te rp re ta t ion  of Llopis 
and Colum (15) and of La i t inen  and Enke (14) im-  
plies tha t  the  capaci ty  of the  ionic double layer  is 
cons iderably  la rger  than the measured  va lue  (20 to 
60~F/cm -~ for Lai t inen  and Enke, 75-200 # / F c m  ~ in 
the present  work ) .  A value  of 00 to 600 ~ F / c m  2 or 
750-2000 ~ F / c m  2, respect ively,  for the ionic double 
l ayer  appears  too high. Another  possible i n t e rp re t a -  
tion is tha t  the capaci ty  increase is due to a kinet ic  
effect such as wi th  the  desorpt ion peaks  of organic 
ions and molecules (17). The la t te r  possibi l i ty  may  
be ru led  out because the reduct ion and format ion of 
the oxygen layer  are too i r revers ib le  for any contr i -  
bution. 

F igure  3a and 3b show tha t  the capaci ty  decreases 
wi th  increasing concentrat ion of amyl  alcohol at 
constant  potent ia l  in the whole range.  The in tersec-  
t ion of the curve for 0.04M and 0.1M alcohol at + l . 4 v  
in Fig. 3a may  be due to a different  effectiveness of 
the p re t rea tment .  The capaci ty  decreases wi th  t ime 
at constant  potential .  The capaci ty  potent ia l  curves 
for 0.04M and 0.1M alcohol in Fig. 3a are ve ry  close 
in the  double l ayer  region. This suggests that  the  
surface is covered wi th  a monolayer  of adsorbed 
molecules. The form of al l  the curves is s imi lar  in the 
region of oxygen chemisorption.  A s imultaneous ad-  
sorpt ion of molecules and oxygen takes  place. The 
oxygen coverage grows more  s lowly with  anodic po-  
tent ia l  if the concentrat ion of alcohol increases. The 
capaci ty  at + l . 6 v  differs only s l ight ly  in all solu- 
tions. This indicates tha t  the  organic molecules are  
desorbed to a large  extent  f rom the surface when 
the evolut ion of molecular  oxygen starts.  The same 
conclusion cannot be made for the beginning of h y -  
drogen evolut ion (see Fig. 2a).  Capaci ty  peaks  which 
are  due to the desorpt ion of the  organic par t ic les  in 
a small  potent ia l  range,  such as on mercury ,  were  not 
found for amyl  alcohol on pla t inum.  The capaci ty  
potent ia l  curves indicate  a g radua l  desorpt ion of the  
alcohol on both sides of the double  l ayer  region. 

An approx ima te  computa t ion  of the  degree  of cov- 
erage 0 wi th  organic molecules was car r ied  out for 
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Fig. 6. Degree of coverage 0 as a function of the potential and 
the concentration of amyl alcohol in 1M HCIO~ as basic electrolyte. 

the potent ia l  range -50.3--51.2v on the basis of 
F rumkin ' s  model  (18) of the double l ayer  

C = Co=, �9 6-5 C~:o (1 - - 8 )  [1] 

The measured  double l ayer  capaci ty  is assumed to 
be composed addi t ive ly  of a pa r t  due  to the com- 
p le te ly  covered surface and a par t  due to the free 
surface. Co=i is the different ia l  capaci ty  of the surface 
complete ly  covered with  molecules at  a given po- 
tent ial ,  Ca=0 is the  capaci ty  of the surface f ree  of 
molecules at the  same potential .  An invest igat ion of 
the  adsorpt ion of amyl  alcohol on mercu ry  showed 
that  formula  [1] is a sa t is factory  approx imat ion  at 
potent ia ls  be tween  the adsorpt ion peaks  (19). As 
p la t inum behaves  as an idea l ly  polar izable  electrode 
in the potent ia l  range  -50.3--51.2v wi th  respect  to 
impedance  measurements  and as no desorpt ion peaks  
are observed,  the appl icat ion of formula  [1] should 
give app rox ima te  ,~ values.  It is possible tha t  the 
range  for the appl icabi l i ty  of fo rmula  [1] extends  
anodical ly  only to -51.0v where  the oxygen coverage 
is stil l  moderate .  The 8 values  at -51.2v may  be 
l inked wi th  a higher  error.  

F igure  6 shows the coverage as a function of po-  
tent ia l  and alcohol concentrat ion.  The values  in Fig. 
3a were  used for the computat ion of 8 wi th  the aid 
of Eq. [1]. Co:1 was taken  equal  to 24 ~ F / c m  ~, the 
va lue  of the double  l ayer  capaci ty  in 1M HC10, -5 
0.1M amyl  alcohol in the  double l ayer  region. I t  
was assumed tha t  C0=1 is nea r ly  independent  of the 
potent ia l  at  potent ia ls  more  posi t ive than -50.8v. 
The error  made with  this assumption cannot be too 
la rge  as a look at  the capaci ty  potent ia l  curve in Fig. 
3a shows. C,_~ was set equal  to the capaci ty  in 1M 
HC10,. The curves in Fig. 6 are s imilar  to the re -  
spective curves on mercu ry  (19). The coverage de-  
creases on both sides of the double layer  region. It 
is near ly  independent  of potent ia l  in the double 
l ayer  region. The capaci ty  potent ia l  curves indicate  
tha t  the decrease of coverage in the cathodic d i rec-  
t ion is cont inued at  a s lower ra te  wi th  decreasing po-  
tent ia l  in the  hydrogen  region than be tween -50.5v 
and -50.3v. The exper iments  on p la t inum suggest  
tha t  the  cause for the  desorpt ion of amyl  alcohol is 
different  on mercu ry  and pla t inum.  The potent ia l  
drop across the in terphase  mercu ry / so lu t ion  finally 
becomes so great  on both sides of the e lec t rocapi l la ry  
m a x i m u m  tha t  organic molecules are replaced by  

J a n u a r y  1962 

wate r  molecules (18, 20). On p la t inum the desorp-  
t ion is obviously caused by  the format ion of an oxy-  
gen layer  at the posi t ive side of the double  l aye r  re -  
gion and p robab ly  by  the adsorpt ion of hydrogen  
atoms on the negat ive  side. The coverage potent ia l  
curves in Fig. 6 represent  the behavior  of an elec-  
t rode  wi th  the same his tory of the surface. Therefore  
the 8 values cannot be used for a quant i ta t ive  kinet ic  
discussion of the current  potent ia l  curves in Fig. 4a, 
4b, and 4c. However ,  the  genera l  tendency of the 
p l a t i num electrode for the adsorpt ion of amyl  alcohol 
is given by  them. 

Current  potential curves in 1M HC10~ wi th  amy~ 
alcohol .--The impedance  measurements  y ie ld  in-  
format ion about the adsorpt ion of the organic mole-  
cules in the three  potent ia l  regions on a p la t inum 
electrode.  They do not indicate  if the  molecules 
undergo oxidation.  Therefore  cur ren t  potent ia l  
curves were  t aken  in the way  descr ibed previously.  

Curves a in Fig. 4a, 4b, and 4c were  obtained on 
p la t inum in 1M HC10, a t  different  vol tage speeds. 
The curves show the typica l  form discussed by  Will  
and Knor r  (5) in detail .  The three  potent ia l  regions 
are  c lear ly  recognizable.  The cur ren t  potent ia l  
curves are p rac t ica l ly  symmet r ica l  to the abscissa in 
the  hydrogen  region dur ing  the anodic and cathodic 
sweep. The ionization and format ion  of adsorbed 
H-a toms  occurs wi th  a ve ry  small  hindrance.  The 
current  is small  in the double l aye r  region. I t  in-  
creases be tween  -50.8 and -51.0v and remains  nea r ly  
constant  be tween -51.0 and ~ l . 5 v  dur ing the anodic 
sweep when  an oxygen l aye r  is formed.  The reduc-  
t ion of the  oxygen layer  is an i r revers ib le  process 
and takes  place at  less posi t ive potent ia ls  than  the 
formation.  

If amy] alcohol is present ,  the cur ren t  potent ia l  
curves have a different  form. The form depends on 
the  alcohol concentrat ion and the vol tage speed. Cur-  
ren t  potent ia l  curves at 0.2 v / sec  are p lo t ted  for dif-  
ferent  alcohol concentrat ions in Fig. 4a. The hyd ro -  
gen adsorpt ion is reduced with  increasing alcohol 
concentration.  The two current  peaks  which show 
the existence of two types of surface sites wi th  di f -  
ferent  heat  of adsorpt ion for hydrogen  (11, 21) dis-  
appear .  The current  is l a rger  in the presence than in 
the absence of alcohol in the region of oxygen cover-  
age dur ing the anodic sweep. The current  peak  which 
is character is t ic  for the reduct ion of the oxygen layer  
is recognizable  in all  curves dur ing the cathodic 
sweep. Curves b and c show prac t ica l ly  no flow of 
cur ren t  be tween -51.5 and -51.0v; curves d and e 
exhibi t  a small  anodic current  there.  The curves have 
an addi t ional  anodic peak  in the  double l ayer  region 
dur ing the cathodic sweep. The height  of this peak  
increased if the solution was s t i r red  by ni t rogen 
bubbling.  Curves b, c, and d have two humps be-  
tween -50.8 and -51.6v dur ing  the anodic sweep. 

I t  can be concluded from resul ts  in Fig. 4a tha t  the 
molecules of amyl  alcohol undergo an anodic oxida-  
t ion in the  potent ia l  region where  the oxygen layer  is 
formed s imultaneously.  A la rge  por t ion of the cur -  
rent  is used for the oxidat ion of the alcohol in this 
range.  The appearance  of the  anodic cur ren t  peak  in 
the double  l ayer  region dur ing  the cathodic sweep 
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can  be  i n t e r p r e t e d  as t he  o x i d a t i o n  of an  i n t e r -  
m e d i a t e  w h i c h  was  f o r m e d  d u r i n g  the  p r e c e d -  
ing  anodic  sweep.  The  i n t e r m e d i a t e  is ox id i zed  at  
a less pos i t i ve  p o t e n t i a l  t h a n  the  alcohol .  Such  
a s i t ua t ion  is o f ten  o b s e r v e d  for  the  o x i d a t i o n  
of an  a lcohol  and  the  r e s p e c t i v e  a ldehyde .  The  
o x i d a t i o n  of the  i n t e r m e d i a t e  r e q u i r e s  a su r f ace  
f ree  of c h e m i s o r b e d  oxygen .  The  r e d u c t i o n  of the  
o x y g e n  c o v e r a g e  and  the  o x i d a t i o n  of t he  i n t e r -  
m e d i a t e  ove r l ap .  The  effect  of s t i r r i n g  and  the  i n -  
ve s t i ga t i ons  of t h e  c o v e r a g e  show tha t  t he  i n t e r -  
m e d i a t e  comes  f r o m  the  solut ion.  O b v i o u s l y  p a r t  of 
t he  i n t e r m e d i a t e  diffuses a w a y  a f t e r  t he  anod ic  fo r -  
m a t i o n  and  diffuses  b a c k  to t h e  su r face  d u r i n g  the  
ca thod ic  sweep.  The  dec rease  of t he  anodic  c u r r e n t  
a f t e r  t he  p e a k  a t  a b o u t  + l . 3 v  is o b v i o u s l y  p r o d u c e d  
b y  t h e  i nc r ea s ing  o x y g e n  cove rage  w h i c h  is p a r a l -  
l e l ed  b y  a dec r ea s ing  c o v e r a g e  w i t h  mo lecu l e s  ( c o m -  
p a r e  Fig .  6) .  This  sugges t s  t ha t  the  o x i d a t i o n  occurs  
on the  o x y g e n - f r e e  su r f ace  only .  The  l a c k  of an  es-  
s en t i a l  anod ic  c u r r e n t  b e t w e e n  +1 .5  and  + l . 0 v  d u r -  
ing the  ca thod ic  sweep  s u p p o r t s  th is  v iew.  The  s m a l l  
b u m p  a t  a b o u t  +0 .95v  of cu rves  b, c, and  d d i s a p -  
p e a r s  a t  t he  h i g h e s t  c o n c e n t r a t i o n  of a lcohol .  I t  is 
p r o b a b l y  connec t ed  w i t h  a r e a c t i o n  b e t w e e n  m o l e -  
cu les  and  a d s o r b e d  o x y g e n  and  does  no t  a p p e a r  in 
c u r v e  e because  t he  o x y g e n  c o v e r a g e  at  + l . 0 v  is 
sma l l  in  t h a t  case. The  c u r r e n t  of cu rve  e s t a r t s  to 
r i se  d u r i n g  the  anodic  sweep  a t  a p o t e n t i a l  w h e r e  
the  su r face  is p r a c t i c a l l y  cove red  w i t h  a m o n o l a y e r  
of molecules .  I t  is conc luded  f rom th is  r e su l t  t h a t  t he  
mo lecu l e s  a r e  a d s o r b e d  be fo re  t he i r  ox ida t ion .  

A n  inc rea se  in vo l t age  speed  changes  t he  r a t i o  of 
t he  p a r t i a l  c u r r e n t s  w h i c h  a r e  used  for  t he  o x i d a t i o n  
of t he  a lcohol  and  the  f o r m a t i o n  of t he  o x y g e n  l a y e r  
in f a v o r  of t he  su r face  o x i d a t i o n  (see  Fig.  4b a n d  4c) .  
This  is p r o b a b l y  t h e  r ea son  w h y  the  ox ida t i on  of the  
i n t e r m e d i a t e  is no l onge r  s t r o n g l y  p r o n o u n c e d  in  
the  c u r v e s  of Fig.  4b and  d i s a p p e a r s  in Fig .  4c. In  
g e n e r a l  t h e  f o r m  of a c u r v e  in Fig.  4b is s i m i l a r  to  
t ha t  of t he  c u r v e  a t  the  same  a lcoho l  c o n c e n t r a t i o n  in 
Fig.  4a. The  cu rves  a t  a r e l a t i v e ] y  h igh  vo l t ag e  speed  
of 10 v / s e c  in Fig .  4c e x h i b i t  n e w  p h e n o m e n a .  The  
two  c h a r a c t e r i s t i c  c u r r e n t  p e a k s  in the  r eg ion  of h y -  
d r o g e n  a d s o r p t i o n  a p p e a r  in c u r v e  b and  c. The  v o l t -  
age speed  is suff ic ient ly  l a rge  t ha t  t he  su r face  a r e a  
for  h y d r o g e n  a d s o r p t i o n  is no t  d i m i n i s h e d  b y  b l o c k -  
ing  s i tes  t h r o u g h  mo lecu l e s  at  t h e  two  l o w e r  c onc e n -  
t r a t i o n s  of a m y l  alcohol .  The  a v e r a g e  c u r r e n t  effi- 
c i ency  for  t he  o x i d a t i o n  of a m y l  a lcohol  is 45% for  
c u r v e  b and  60% for  cu rve  c u n d e r  t he  p l a u s i b l e  as -  
s u m p t i o n  t h a t  t he  i n t e g r a t i o n  of t he  ca thod ic  c u r r e n t  
p o t e n t i a l  cu rves  b e t w e e n  +1 .5  and  + 0 . 4 v  y i e ld s  the  
e l e c t r i c i t y  for  t he  r e d u c t i o n  of t he  o x y g e n  coverage .  
Cu rves  d and  e i nd i ca t e  t ha t  t he  o x y g e n  c o v e r a g e  is 
no t  c o m p l e t e d  to a m o n o l a y e r  a t  the  l a r g e  a lcoho l  
concen t r a t i ons  and  h igh  v o l t a g e  speed.  P a r t  of t he  
su r f ace  r e m a i n s  cove red  w i t h  mo lecu le s  d u r i n g  the  
anod ic  and  ca thod ic  cyc le  u n d e r  these  condi t ions ,  so 
t h e  a r e a  for  h y d r o g e n  a d s o r p t i o n  is r educed .  The  
a v e r a g e  c u r r e n t  eff iciency for  t he  a lcoho l  o x i d a t i o n  
inc reases  to 83% for  cu rve  d a n d  88% for  c u r v e  e. 
I t  is diff icult  to g ive  a m o r e  d e t a i l e d  p i c t u r e  of t he  
o x i d a t i o n  m e c h a n i s m  on the  bas is  of the  r e su l t s  of 
th is  p a p e r .  

Current  potential curves in 1M HC10,  wi th  caprylic 
ac id . - -A c o m p a r i s o n  b e t w e e n  c u r v e  a in  Fig.  5 and  
c u r v e  a in F ig .  4a or  4b shows  t h a t  o x i d a t i o n  of t he  
c a p r y l i c  ac id  occurs  at  t he  low v o l t a g e  speed  d u r i n g  
t h e  anodic  cycle.  O x i d a t i o n  and  f o r m a t i o n  of t h e  
o x y g e n  c o v e r a g e  t a k e s  p l ace  s i m u l t a n e o u s l y .  A t  t he  
h i g h e r  speed  o x i d a t i o n  is no t  o b s e r v e d  (see  cu rve  b ) .  
The  c u r r e n t  of  t he  anod ic  c u r v e  b is  n e a r l y  i n d e -  
p e n d e n t  of t h e  p o t e n t i a l  b e t w e e n  -F1.0 a n d  + l . 5 v  
w h i l e  th is  " p l a t e a u "  is no t  p r e s e n t  in  c u r v e  a. The  
c u r r e n t  p o t e n t i a l  cu rves  in I M  HC10,  + 10-~M c a p -  
ry l i c  ac id  h a v e  a s im i l a r  fo rm.  The  c h a r a c t e r i s t i c  
shape  of t he  cu rves  in t h e  h y d r o g e n  r eg ion  is m a i n -  
t a i n e d  at  v o l t a g e  speeds  b e t w e e n  0.2 a n d  10 v / s e c  for  
a c o n c e n t r a t i o n  of 104 and  10-'M c a p r y l i c  acid.  H o w -  
ever ,  t he  a m o u n t  of h y d r o g e n  a d s o r b e d  b e t w e e n  
+0 .05  and  + 0 . 4 v  is s o m e w h a t  s m a l l e r  in  t he  p r e s -  
ence  (2.10-'  to 3.10 -4 c o u l / c m  ~) t h a n  in t he  absence  
(4.10-'  c o u l / c m  ~) of c a p r y l i c  acid.  I f  t he  a p p l i e d  p o -  
t e n t i a l  changes  p e r i o d i c a l l y  b e t w e e n  +0 .05  a n d  
+ 0 . 5 v  only ,  a dec rea se  of t h e  c u r r e n t  a t  t he  s a m e  
p o t e n t i a l  w i t h  t i m e  is obse rved .  The  r e l a t i v e  d e -  
c rease  in  5 m i n  is 20% in 1M HC10,  + 10~M c a p r y l i c  
ac id  and  25% in 1M HC10,  + 10~M. These  effects 
i nd ica t e  t h a t  c a p r y l i c  ac id  is a d s o r b e d  s i m u l t a n e -  
ous ly  w i t h  h y d r o g e n  a toms.  On t h e  w h o l e  t he  effect 
of c a p r y l i c  ac id  on the  a d s o r p t i v e  p r o p e r t i e s  of p l a t i -  
n u m  is smal l .  

K h e i f e t s  and  K r a s i k o v  (2)  r e p o r t e d  a c a p a c i t y  
p o t e n t i a l  c u r v e  on p l a t i n u m  at  50 cps in 2N H~SO4 
+ 5.10-~M c a p r y l i c  ac id  w i t h  a p e a k  a t  + l . 3 v  and  one 
a t  + 0 . 2 v  ( m e a s u r e d  a g a i n s t  a h y d r o g e n  e l e c t r o d e  in 
t he  s ame  so lu t ion ) .  The  doub le  l a y e r  c a p a c i t y  b e -  
t w e e n  the  two  p e a k s  is l o w e r  t h a n  the  c a p a c i t y  in  
2N H~SO~ w i t h i n  t h e  s ame  p o t e n t i a l  r ange .  T h e i r  
cu rves  ind ica t e  t h a t  t he  h y d r o g e n  a d s o r p t i o n  in t he  
p re sence  of c a p r y l i c  ac id  does  no t  s t a r t  a t  a p o t e n t i a l  
m o r e  pos i t i ve  t h a n  t h e  p o t e n t i a l  of t he  h y d r o g e n  
e lec t rode .  The  c a p a c i t y  va lue s  in t he  v i c i n i t y  of t he  
p e a k  a t  + l . 3 v  a r e  l a r g e r  in 2N HfSO, w i th  capry]~c 
ac id  t h a n  w i thou t .  O t h e r w i s e  t he  c a p a c i t y  p o t e n t i a l  
cu rve  in 2N H~SO, -F 5.10-~M c a p r y l i c  ac id  l ies  b e l o w  
t h a t  in 2N H~SO, in  t he  r eg ion  of o x y g e n  coverage .  
T h e  l a t t e r  effect is p e c u l i a r  as t he  c a p a c i t y  p o t e n t i a l  
cu rves  on m e r c u r y  in t he  p r e s e n c e  of o rgan ic  m o l e -  
cules  used  to be  a b o v e  t h e  c u r v e  in t he  a bsence  of 
mo lecu le s  a t  p o t e n t i a l s  m o r e  pos i t i ve  t h a n  t h e  l e f t  
c a p a c i t y  peak .  

The  r e su l t s  of K h e i f e t s  a n d  K r a s i k o v  (2)  a r e  no t  
in a g r e e m e n t  w i t h  t he  r e su l t s  of Fig .  5. I f  a s t rong  
inf luence  of  c a p r y l i c  ac id  exis ts ,  i t  shou ld  be  p r o -  
n o u n c e d  in t he  c u r r e n t  p o t e n t i a l  cu rves  of Fig .  5, 
too. A n  e x p l a n a t i o n  of t he  d i s c r e p a n c y  is diff icult  as 
K h e i f e t s  and  K r a s i k o v  do no t  g ive  i n f o r m a t i o n  on 
the  p r e t r e a t m e n t  of t h e  p l a t i n u m  e lec t rode ,  t h e  se-  
quence  of t he  m e a s u r e m e n t s ,  and  the  t ime  effect. 

Current  potential curves in 1M HC10,  wi th  10-~M 
dipheny lamine . - -The  c u r r e n t  p o t e n t i a l  cu rves  in  1M 
HCIO, + 10~M d i p h e n y l a m i n e  a re  no t  shown  in th is  
p a p e r .  A c u r r e n t  p e a k  in  t he  r eg ion  of o x y g e n  a d -  
so rp t ion  a n d  a change  of  t he  cu rves  in t h e  h y d r o g e n  
r eg ion  w e r e  o b s e r v e d  if p l a t i n u m  was  p o l a r i z e d  p e -  
r i o d i c a l l y  b e t w e e n  §  and  +1.5  v / s ec ,  a t  1.5 
v / sec .  The  p e a k  c h a n g e d  v e r y  m u c h  w i t h  t ime.  The  
p e a k  c u r r e n t  w a s  too l a r g e  to a t t r i b u t e  i t  to  changes  
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of t he  d o u b l e r  l a y e r  capac i ty .  I t  is caused  b y  the  ox i -  
d a t i o n  of d i p h e n y l a m i n e .  K h e i f e t s  a n d  K r a s i k o v  (2)  
used  a d i p h e n y l a m i n e  c o n c e n t r a t i o n  w h i c h  was  100 
t i m e s  sma l l e r .  The  one  c a p a c i t y  p e a k  in  t he  p r e s e n c e  
of d i p h e n y l a m i n e  was  o b s e r v e d  b y  K h e i f e t s  and  
K r a s i k o v  at  t he  p o t e n t i a l  of t he  c u r r e n t  p e a k  of t he  
c u r r e n t  p o t e n t i a l  curves .  T h e r e f o r e  i t  is sugges t ed  
t ha t  t he  c a p a c i t y  p e a k  is due  to t he  o x i d a t i o n  of t he  
d i p h e n y l a m i n e .  O w i n g  to the  s m a l l  c o n c e n t r a t i o n  of 
d i p h e n y l a m i n e ,  K h e i f e t s  and  K r a s i k o v  f o u n d  F a r a -  
da ic  a - c  c u r r e n t s  of t he  m a g n i t u d e  of c a p a c i t i v e  
cu r ren t s .  

Manuscr ip t  received June  6, 1961. This paper  was 
p repa red  for  de l ive ry  before  the  Indianapol is  Meeting,  
Apr i l  30-May 3, 1961. The expe r imen ta l  work  was 
car r ied  out  in the Ins t i tu te  of Phys ica l  Chemis t ry  and 
Elec t rochemis t ry  of the  Technical  Univers i ty ,  Munich, 
and suppor ted  by  Dechema and Deutsche Forschungs-  
gemeinschaft .  

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Electrodeposition of Gallium on Liquid and Solid 
Gallium Electrodes in Alkaline Solutions 

J. O'M. Bockris and M. Enyo 

John Harrison Laboratory of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

A galvanosta t ic  shor t  t ime t ransient  method has been used to examine  dep-  
osition and dissolution on ga l l ium electrodes in a lka l ine  solutions of gall ic 
chloride.  The cathodic meta l  deposi t ion cur ren t  was dis t inguished f rom the to ta l  
cur ren t  by  cur ren t  efficiency de terminat ions  in s teady state. 

Behavior  on the l iquid electrode is consistent  wi th  a cha rge - t r ans fe r  con- 
t ro l led  mechanism in al l  cu r ren t  dens i ty  regions, and the r a t e -de t e rmin ing  step 
is p robab ly  H,GaO3- + e---> HGaO2- + OH-. 

On the  solid electrode,  the ra te  constants  of the  t ransfe r  reac t ion  are  nea r ly  
those of the l iquid electrode.  However ,  the  behavior  in the low cur ren t  densi ty  
regions is qua l i t a t ive ly  different  f rom that  on the  liquid. Analys is  of phenomena  
in this  region suggests tha t  surface diffusion begins to control  the ra te  of the 
ove r -a l l  deposi t ion process on the  solid cathode. Rate  constants  of the  surface 
diffusion process eva lua ted  f rom the low cu r r en t  dens i ty  region  are  semiquan-  
t i t a t ive ly  appl icable  to devia t ions  f rom the Tafel  equat ion which  occur on the 
solid at  high cur ren t  densit ies (surface diffusion contro l led  l imi t ing cur ren t ) .  
The resul ts  p rovide  suppor t  for  the  exis tence of r a te -con t ro l l ing  surface di f -  
fusion in meta l  deposi t ion and dissolut ion reactions.  

In  s tud ies  on the  k ine t i c s  of the  depos i t i on  a n d  d i s -  
so lu t ion  of m o n o l a y e r s  of m e t a l s  in  aqueous  so lu -  
t ions,  i t  has  been  s h o w n  t h a t  the  mos t  i m p o r t a n t  
p a r t i a l  r eac t ions  w h i c h  d e t e r m i n e  the  r a t e  of t h e  
o v e r - a l l  p rocesses  a r e  c h a r g e  t r a n s f e r  a n d  the  s u r -  
face  d i f fus ion  of ad ions  on the  e l ec t rode  su r f a c e  
(1 -6 ) .  T h e r e  exis ts ,  h o w e v e r ,  a q u a n t i t a t i v e  d i s -  

a g r e e m e n t  on t h e  r e l a t i v e  i m p o r t a n c e  of these  p a r -  
t i a l  r e a c t i o n s  in d e t e r m i n i n g  the  o v e r - a l l  r a t e .  Thus ,  
acco rd ing  to the  w o r k  of M e h l  and  Bockr i s  (1) ,  in 
t h e  depos i t i on  and  d i s so lu t ion  of A g  in AgC10~ + 
HC10,  solut ion,  the  cha rge  t r a n s f e r  p rocess  becomes  
r a t e  d e t e r m i n i n g  a t  h i g h e r  c u r r e n t  dens i t i e s  [cf. De -  
spic and  Bockr i s  ( 2 ) ] .  A c c o r d i n g  to o t h e r  au tho r s  
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(3-5) ,  however,  the charge t ransfer  process is less 
impor tan t  than  the crys ta l  bui lding process in ra te  
control  for meta l  deposit ion and dissolution. It is de-  
s i rable  therefore  to devise exper iments  in which 
crys ta l  bui ld ing steps ( including surface diffusion) 
in meta l  deposi t ion can be tuned out of the possi-  
bil i t ies concerning ra te  control  and the cu r ren t -  
potent ia l  character is t ics  examined  in the absence 
and presence of possible crys ta l  bui ld ing ra te  con- 
t rol l ing steps. 

A possible approach to this p roblem is by  means 
of measurements  on amalgams.  There exist,  however,  
difficulties in infer r ing  the ra te  of charge t ransfe r  on 
the corresponding solid electrodes f rom measure -  
ments wi th  amalgams.  Thus, it is easy to show tha t  

i . . . .  kl' 
- - - ~ , o l z  [1] 

/ .... 11,~ kl 

where  io is the exchange current  density,  [M] the 
concentrat ion of the amalgam,  k~' and k~ are the 
fo rward  ra te  constants  for the t ransfe r  react ion on 
the amalgams and on the solid, respeet ively,  a~ the 
cathodic t ransfe r  coefficient, and z the  ionic charge of 
the meta l  ion concerned. 

If k l -~ k~', Eq. [1] shows tha t  the charge t ransfe r  
io value  for a solid meta l  should be much grea te r  
than  tha t  observed expe r imen ta l ly  on amalgam elec-  
trodes. Such conclusions cannot be made,  however ,  
because k~" may  differ g rea t ly  from k ,  

In comparison of kl and kl', it  is only necessary to 
consider the  potent ia l  energy  of the final s tate in the  
fo rward  t rans fe r  reaction. The de te rmining  factors 
are the work  function of Hg, and of the meta l  con- 
cerned, and the "heat  of subl imat ion"  of the meta l  
atom from its own lat t ice or f rom tha t  of the amal -  
gam. If the  la t te r  is cons iderably  increased in the 

Fig. 1. Experimental cell used for studies on the gallium de- 
position. A, anode (Pt); B, Pt contact to Ga; C, glass tube to 
measure volume of hydrogen evolved; E, test electrode (Ga); I, 
solution inlet; M, cooling mixture (ice water); O, solution outlet; 
P, pre-electrolysis electrode (Ga); R, reference electrode (Pt); S, 
supply of Ga metal. 

amalgam compared wi th  tha t  of the pure  substance, 
then kl" may  be much grea te r  than kl. These mat te r s  
indicate  the difficulties of inferences f rom amalgams.  

Measurements  on solid and l iquid  Hg are  not suited 
to a comparison of deposi t ion rates  on solids and 
l iquid because the t empe ra tu r e  of fusion demands  
e i ther  nonaqueous or ve ry  concentra ted aqueous 
solutions, and the io values for meta l  exchange in-  
volving Hg are ve ry  high and thus difficult to de te r -  
mine. Hence, the e lectrodeposi t ion process of gal l ium 
from an a lkal ine  gal la te  solution onto both solid and 
l iquid electrodes was studied. 

Exper imental  
Electrode construction and cel l . - -A cup- type  elec-  

t rode wi th  a P t  wire  contact  was unsat isfactory,  
since the solution f requent ly  contacted the wire.  This 
type was employed therefore  only for p re -e l ec t ro l -  
ysis. The a r r angemen t  used is shown in Fig. 1. The 
t empera tu re  was control led to ---+ 0.5 o C. 

Reagents .--Gall ium meta l  was 99.999% and gallic 
chlor ide 99.95% pure.  

Procedure. - -A solution of NaOH was p repa red  by  
the amalgam method (7),  and the concentra t ion was 
de te rmined  before mixing  wi th  GaC13. Hydrogen  
gas was purif ied using hea ted  pla t in ized asbestos 
(6, 8), charcoal  t raps  ( l iquid air  t e m pe r a t u r e ) ,  etc. 
Wate r  was p repa red  by  dis t i l l ing conductance wa te r  
into the cell in an a tmosphere  of hydrogen.  

The cell was cleaned (8),  and the system set up, 
including the container  of NaOH solution a l ready  
prepared.  Ai r  was removed  by  hydrogen  flow, and 
5 ml of NaOH solution t aken  into the cell. GaCI~ then 
was dist i l led f rom I (Fig. 1) in a hydrogen  [or  
he l ium s imi lar ly  purif ied (8) ] a tmosphere  by  a weak  
torch flame ( approx ima te ly  half  of the or iginal  
amount  was used) .  A fu r the r  amount  of NaOH solu-  
t ion was added to make  up the final solution to 50 ml. 
Final ly ,  ga l l ium meta l  in S (Fig. 1) was taken  
through a thin glass cap i l la ry  (9) into the U- tube  
port ion,  and the meniscus at  E adjus ted  by  hydrogen  
pressure  in B, so tha t  it came about  3 mm below the 
top of the tube  at E. The gal late  concentra t ion was 
de te rmined  af ter  the exper iment  (10 ). 

Pre-electrolysis.--The solution was p re -e l ec t ro -  
lyzed at  3 m a c m  -~ for 12-18 hr. 

Measurements . - - (  a ) Current efficiency.--The cur -  
ren t  efficiency was de te rmined  by collecting H2 in 
the  1 ml p ipe t te  tube over the  electrode (C in Fig. 1). 
The volume of the gas observed was of the order  of a 
few hundred ths  of a mil l i l i ter .  The cur ren t  efficiency 
measurements  were  tested by  measur ing  the H2 p ro -  
duced on Pt  electrodes in a lkal ine  solution previous ly  
sa tu ra ted  wi th  hydrogen.  The resul t  was 100 ---+2%. 

( b ) Polarization.--The galvanosta t ic  t rans ien t  
method was used (6).  To compensate  for the static 
potent ia l  difference be tween the test  and counter  
electrodes, which caused difficulty in obtaining a 
sui table  galvanosta t ic  condition, an aux i l i a ry  poten-  
t iometer  circuit  was used be tween  the  pulse  gen-  
e ra tor  and the cell. The dura t ion  of the  pulse was 
3 msec-1 sec, wi th  cur ren t  densi t ies  of 10-5-10 -2 amp 
cm% Measurements  were  most ly  cathodic. Anodic 
dissolution produced films when the galvanosta t ic  
pulses were  sufficiently long. 
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Fig. 2. Current efficiency as a function of current density; I, 
liquid electrode; s, solid electrode. 
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Fig. 3. Current efficiency corrections for gallium deposition 
(schematic). itot,~, total current; ix, hydrogen evolution current 
estimated from itot~ and current efficiency; i~ ,  gallium deposition 
current = itot,~ - -  ill; E~,~, mixed potential; E~,, equilibrium po- 
tential of Ga electrode, after correction of im 

Fusion and solidification of gallium.--Gallium has  
a t e n d e n c y  to supe rcoo l  (11) ,  and  so l id i f ica t ion  oc-  
c u r r e d  b e l o w  10~ if t he  m e t a l  was  not  ag i t a t ed .  To 
a s c e r t a i n  w h e t h e r  t he  g a l l i u m  is sol id  or  l iqu id ,  a 
ca thod ic  c u r r e n t  was  a p p l i e d  for  a f ew  seconds  and  
the  su r face  obse rved .  F o r  t he  l iqu id ,  t he  c u r r e n t  
causes  s l igh t  d e f o r m a t i o n  of the  e l ec t rode  due  to 
e l e c t r o c a p i l l a r y  effects.  

Results 
Current eIficiency.--Current efficiencies (C.E.)  

a r e  s u m m a r i z e d  in Fig.  2. C.E. dec reases  w i t h  i n -  
c r eas ing  i, and  is s m a l l e r  on sol id  t h a n  on l i qu id  
e lec t rodes .  The  a p p a r e n t l y  a n o m a l o u s  va lue s  f rom 
the  s y s t e m  "ls"  (Fig .  2) w o u l d  cause,  if c o r r e c t e d  to 
t he  m e a n  of t he  o t h e r  C.E. va lues ,  a sh i f t  in the  ~- log  
i r e l a t i o n  b y  a b o u t  0.3 log i un i t s  to i n c r e a s i n g  log 
i va lue s  (Fig .  3).* 

Current e1~ciency corrections.--Overpotential was  
m e a s u r e d  in t he  m i n u t e s - l o n g  po l a r i z a t i ons  used  in 
the  C.E. d e t e r m i n a t i o n s .  Va lues  w e r e  in a g r e e m e n t  
(+--10 m y )  w i t h  those  of the  t r a n s i e n t  m e t h o d  for  
[GaC1,] > 0.1 m o l e / l ,  a n d  30-50 m v  h i g h e r  at  l o w e r  
concen t ra t ions .  The  o v e r p o t e n t i a l s  f rom t r a n s i e n t  
and  s t e a d y - s t a t e  m e t h o d s  gave  l i n e a r  Ta fe l  l ines.  

1 T h e r e  is  no c r i t i ca l  c u r r e n t  dens i t y  b e l o w  w h i c h  no h y d r o g e n  
ions  d i scharge .  E v e n  a t  m o r e  anod ic  p o t e n t i a l  ( d o w n w a r d  in  Fig.  3) 
than  -~mix, t h e r e  s h o u l d  be  a f in i t e  a m o u n t  of i l l ,  t h o u g h  i t  is 
neg l ig ib le .  

The  g a l l i u m  depos i t i on  cu r ren t ,  io,, was  o b t a i n e d  
f r o m  

(iGa)~ = (i  . . . . .  ) , - -  (ix)~ [2]  

F o r  l ow ove rpo t en t i a l s ,  iK was  c a l c u l a t e d  f r o m  t h e  
e x t r a p o l a t e d  T a f e l  l ine  for  t he  h y d r o g e n  evo lu t i on  
reac t ion .  

The  p o t e n t i a l  a t  t he  i n t e r s e c t i on  of t he  l i n e a r  ~?-log 
i~ l i ne  and  t h e  ~- log  itot,~ l ine,  whose  i ~  = 0, c o r r e -  
sponds  to the  r e v e r s i b l e  p o t e n t i a l  of t he  g a l l i u m  
e l e c t r o d e  p rocess  and  a m o u n t e d  e x p e c t e d l y  to 2-10 
m v  m o r e  n e g a t i v e  t h a n  the  e x p e r i m e n t a l  co r ros ion  
po ten t i a l .  

C u r r e n t  eff iciency co r rec t ions  w e r e  u s u a l l y  less  
t h a n  0.1 un i t  in t he  log i scale.  The i r  r e p r o d u c i b i l i t y  
was  •  

Overpotential-time transient.--The r i s e - t i m e  of 
the  v - t  t r a n s i e n t  was  3-4 t imes  l onge r  on the  sol id  
t h a n  on the  l i qu id  e l e c t rode s  at  l ow  c u r r e n t  dens i t i es  
(Fig .  4) .  

The  t r a n s i e n t s  on the  sol id  e l ec t rodes  at  low c u r -  
r en t  dens i t i e s  w e r e  a n a l y z e d  b y  the  t h e o r y  of s u r -  
face  d i f fus ion  of adions ,  ~ b y  a m e t h o d  a l r e a d y  d e -  
s c r ibed  (1, 2) .  The  r e su l t s  on the  e q u i l i b r i u m  su r f ace  
d i f fus ion flux, v~d,o, a r e  s h o w n  in Fig.  5 as a func t ion  
of c u r r e n t  dens i ty .  The  e q u i l i b r i u m  ad ion  c o n c e n t r a -  
t ion  was  i n d e p e n d e n t  of t h e  c o n c e n t r a t i o n  of t he  so-  
lu t ion  or  of the  c u r r e n t  d e n s i t y  and  the  m e a n  v a l u e  
was  5 ( •  x 10 -11 mo le  cm -~, w h i c h  c o r r e s p o n d s  to  
1 -2% of the  e l ec t rode  su r f ace  coverage ,  a s s u m i n g  
(8, 9) a r oughnes s  f ac to r  of 1.6. 

Steady-state overpotential.--Clear ca thod ic  Tafe l  
r e l a t i ons  w e r e  o b t a i n e d  on l i qu id  e l ec t rodes  (b  = 130 
m v ) .  On sol id  e lec t rodes ,  t h e  l ines  w e r e  s teeper ,  and  
the  l i n e a r i t y  less c l ea r  (Fig .  6 and  7, T a b l e  I ) .  A t  l ow  
c u r r e n t  dens i t ies ,  t he  r a t e s  of depos i t i on  at  the  s ame  
p o t e n t i a l  w e r e  m u c h  s m a l l e r  on the  sol id  t h a n  on the  
l i qu id  e lec t rodes .  

2 I n  t he  ana ly s i s  of t h e  ~ -- t t r a n s i e n t s  on so l id  e lec t rodes ,  the  
a m o u n t  of  e lec t r i c i ty ,  Q=, r e q u i r e d  to  c h a n g e  t h e  c o n c e n t r a t i o n  o~ 
t h e  i n t e r m e d i a t e  s t a t e  of t h e  c h a r g e - t r a n s f e r  c o n t r o l l e d  m e c h a n i s m ,  
HGaO~- (cf. D i scuss ion  pa r t ) ,  f r o m  t h a t  a t  e q u i l i b r i u m  to t h a t  a t  
ce r t a in  o v e r p o t e n t i a l  is neg l ec t ed  because :  (i) The  t i m e  at  w h i c h  
the  a b o v e - m e n t i o n e d  c u r r e n t  appea r s  on  l i q u i d  e l ec t rode  is m u c h  
sho r t e r  t h a n  t he  t i m e  r e g i o n  conce rned  in  t he  f o l l o w i n g  ana ly s i s  (by 
10 t i m e s  a t  l ow  o v e r p o t e n t i a l s ) .  (ii) Q= (~10  -5 c o u l o m b  c m  -~ a t  l ow  
c a t h o d i c  o v e r p o t e n t i a l s )  (8) i s  m u c h  s m a l l e r  t h a n  t he  v a r i a t i o n  in  
C~d va lue s ,  w h i c h  is g i v e n  b y  

(Cad ~ Cad,o)/ead,o : ( - - i ) / z F V a d , ~  (C~. Eq. [18]) 

and  a p p r o x i m a t e  v a l u e  is 10caa,o a t  i = 5 • 10-4 a m p  cm -2, or t h e  
n u m e r i c a l  v a l u e  is 10-~ cou lom b  cm-~. 
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Fig. 6. Typical I1 vs. log i curves (cathodic). X, solid elec- 
trode, 280C; o, liquid electrode, 30~ A, theoretical curve for 
charge transfer only; B, theoretical curve for Eq. [19]. 

Concentration dependence of exchange current  
dens i ty . - -d  log i J d  log [H~GaO~-] was  about  0.7 •  
(Fig.  8).  

Discussion 

C u r r e n t  efficiency cor rec t ions  do not  affect the  
va lues  of log io,~, by m o r e  than  about  0.1 uni t .  In  
a g r e e m e n t  w i t h  the  v a l i d i t y  of io, va lues  is the  fact  
t ha t  io.o, increases  w i t h  inc rease  of [GaCI~]; io,H 
w o u l d  be  expec t ed  to b e h a v e  c o n v e r s e l y  (8) .  

2OO t Solid Go +~ / (s) x 

(my) ) x ~ ' ~  
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Fig. 7. Typical ~1 vs. leg i curves (anodic). X, solid electrode, 
28"C; o, liquid electrode, 30"C; A, theoretical curve for charge 
transfer only; B, theoretical curve for Eq. [191. 
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Fig. 8. Concentration dependence of io. [H~GaOa-] in mole/I. 
X, solid electrode, 28~ o, liquid electrode, 30~ 

Nonsteady State 

Overpoten t ia l - t ime  transient  on solid e l e c t r o d e s . -  
In  Fig. 5, the  e q u i l i b r i u m  sur face  diffusion flux, V,d,o 
is seen to be a lmos t  i n d e p e n d e n t  of the  c u r r e n t  d e n -  
sity. [The  s l ight  inc rease  ind ica ted  at h igh  c u r r e n t  
dens i ty  concerns  a r eg ion  for  w h i c h  --v > R T / F ,  and 
the  sur face  diffusion equa t ions  f r o m  w h i c h  v , ,o  is 
ca l cu la t ed  b e c o m e  inaccu ra t e  ( 1 , 2 ) . ]  R e c e n t l y  a 
mode l  has been  d e v e l o p e d  (12) in wh ich  the  r e l a t ion  
b e t w e e n  vaa, o and  the  dependence  of the  dens i ty  of 
ac t ive  g r o w t h  sites upon  c u r r e n t  dens i ty  has been  
eva lua t ed .  The  cons tancy  of v~.o r eco rded  in Fig.  5 
impl ies  tha t  the  dens i ty  of ac t ive  g r o w t h  sites does 
not  inc rease  s igni f icant ly  w i t h  c u r r e n t  dens i ty  on 
solid ga l l ium.  S ince  the  e x p e r i m e n t a l  t e m p e r a t u r e  

Table I. Electrode kinetic parameters in the electrodeposition and dissolution of gallium* 

L i q u i d  G a  (30~ Solid G a  (28~ 

[GaCla] io,c io,a io, .-~o ac  ~a io,r io,a qc 

0.32 130 _ 35 100 • 35 120 _ 35 0.44 • 0.03 1.4 _ 0.2 (450) 60 0.35 • 0.05 
0.123 (500) - -  (500) 0.48 ___ 0.05 - -  (200) - -  0.32 • 0.05 

(0.05) 110 ___ 40 - -  100 • 10 0.47 • 0.02 - -  (250) - -  0.35 • 0.02 
0.24 70 • 15 50 _ 10 70 • 10 0.46 _ 0.02 (1.1) (170) - -  0.30 • 0.04 

0.45 • 0.03 1.3 • 0.3 0.33 • 0.04 

* C o n c e n t r a t i o n  in mo le / l ,  io in  10 -e a m p  c m  -2. io,~ a n d  io,a a r e  o b t a i n e d  b y  e x t r a p o l a t i n g  ca thod ic  a n d  anod ic  Ta fe l  l ines  r e spec t i ve ly .  ~ 
a n d  aa  a r e  f r o m  those  slopes,  io , .~o  is o b t a i n e d  f r o m  a l i nea r  p lo t  of  o v c r p o t e n t i a l  a g a i n s t  c u r r e n t  d e n s i t y  n e a r  e q u i l i b r i u m .  
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Table II. Certain Hypothetical Mechanisms in the Deposition of Gallium and Expected Tafel Slopes* 

Steps Cathode Tafel  s lope A n o d i c  Tafe l  s lope ~c + ~a 

(A) [4] [5] and [6] --RT/~F RT/ (3  - -  ~) F 3 
(B) [u [5] and [6] - -RT/(1  + ~)F R T / ( 2 - - ~ ) F  3 
(C) [4] [5] and [7] --RT/~F R T / ( 2 - - ~ ) F  2 
(D) [4] [5] and [8] --RT/~F RT/F  1 + 

" R a t e - d e t e r m i n i n g  s tep  is u n d e r l i n e d .  ~ is  t he  ca thod ic  s y m m e t r y  f ac to r  of t he  r a t e - d e t e r m i n i n g  e l e m e n t a r y  s tep w i t h  one -e l ec t ron  
t r a n s f e r  (here  i t  i s  a s s u m e d  to  b e  0.5). 

w a s  close to t he  m e l t i n g  poin t ,  the  m e t a l  w o u l d  be  in  
a we l l  a n n e a l e d  s ta te ,  i.e., w o u l d  h a v e  a r e l a t i v e l y  
sma l l  n u m b e r  of s u r f a c e  d is loca t ions ,  and  hence  a 
l a r g e  p o r t i o n  of t h e  d i s loca t ions  a r e  a l r e a d y  " a c -  
t i ve"  e v e n  a t  low c u r r e n t  dens i t ies .  [ F o r  N ...... / N  .... 
= exp  ( - - k  N t o ~ ) ,  w h e r e  N is t he  n u m b e r  of su r f ace  
d i s loca t ions  and  k a cons tan t ,  k w o u l d  be  s m a l l e r  on 
sol id  g a l l i u m  t h a n  on Cu or  Ag,  because  of the  m u c h  
l o w e r  su r f ace  t ens ion  v a l u e s  of G a  c o m p a r e d  w i t h  
t hese  m e t a l s  (12) . ]  

Steady State 

Mechanism of charge transfer process . - -The c l ea r  
Tafe l  l ines  o b s e r v e d  on l iqu id  e l ec t rodes  m a y  be  in -  
t e r p r e t e d  on ly  in t e r m s  of a c h a r g e - t r a n s f e r  con-  
t ro l l ed  m e c h a n i s m .  The  s t ab le  ionic spec ies  of t r i -  
v a l e n t  g a l l i u m  in an  a l k a l i n e  so lu t ion  (13) is  
H,GaO,-.  The  o v e r - a l l  depos i t i on  r e a c t i o n  wi l l  be  

H~GaO,- + H~O + 3co- ~ G a  + 4 OH- [3]  

The  fo l l owing  s teps  m a y  be  cons ide red  

H~GaO,- + co- ~ H G a O / +  OH- [4]  
fo l lowed  b y  

H G a O / +  e o - ~  GaO-  + OH- [5]  
and  

GaO-  + H~O + co---> Ga  + 2 OH- [6]  

Or, s ince  u n i v a l e n t  g a l l i u m  ion is u n s t a b l e  w i t h  r e -  
spec t  to decompos i t i on  into  t r i v a l e n t  g a l l i u m  and  
m e t a l l i c  g a l l i u m  (13) 

3GaO-  + 2H~O -* 2Ga + H~GaO~- + 2 OH- [7]  
o r  

HGaO,-  + GaO-  + H,O-*  Ga + H,GaO~- + OH- [8]  

Tafe l  s lopes  e x p e c t e d  for  v a r i o u s  r a t e  d e t e r m i n i n g  
s teps  i n v o l v i n g  t h e  a b o v e  r eac t i ons  a r e  g iven  in 
T a b l e  II .  

A c c o r d i n g  to the  e x p e r i m e n t a l  resu l t s ,  d~/d log 
i o = 1 3 0  m v  a n d  d~/d log i ~ - - 4 5 - 5 5  mv. ( A )  and  
(B)  a r e  no t  a d m i s s a b l e ;  s ince  t h e  e x p e r i m e n t a l  con-  
d i t ions  w e r e  such t h a t  t h e r e  cou ld  no t  be  anod ic  
p a s s i v a t i o n  d u r i n g  sho r t  t i m e  po la r i za t ion ,  t he  ob -  
s e r v e d  anod ic  v a l u e  is too l a r g e l y  d i f fe ren t  to be  con-  
s i s t en t  w i t h  ( A )  ( w h i c h  r e q u i r e s  24 m v  a t  30~ as -  
s u m i n g  the  ca thod ic  s y m m e t r y  fac tor ,  fl, to  b e  0.5) ,  
(B)  is no t  cons i s t en t  w i t h  the  ca thod ic  va lue .  M e c h -  
a n i s m  (D)  is p r e f e r r e d  ove r  m e c h a n i s m  (C)  b e -  
cause:  

1. R e a c t i o n  [7]  in  (C)  is l i k e l y  to i n v o l v e  r e a c -  
t ion  [8]  in  ( D ) ,  a n d  [8]  is m o r e  p r o b a b l e  t h a n  [7] ,  
s ince  the  c o n c e n t r a t i o n  of t he  d i v a l e n t  s ta te ,  HGaO~-, 

w o u l d  be  m u c h  h i g h e r  t h a n  t h a t  of t h e  u n i v a l e n t  
s ta te ,  GaOL 

2. A c loser  fit of io.o and  the  c o r r e s p o n d i n g  io, ~ -> 0 
is o b t a i n e d  if, in c a l c u l a t i n g  the  l a t t e r ,  the  v a l u e  of 
~ + aa used  is 1.5 [cf. (D)  in T a b l e  I I ] .  

3. B e t t e r  a g r e e m e n t  b e t w e e n  e x p e r i m e n t a l  and  
c a l c u l a t e d  o v e r p o t e n t i a l  was  o b t a i n e d  in t he  n o n -  
l i n e a r  Tafe l  r eg ion  on the  l i q u i d  e l ec t rode  w i t h  
ao + ~,  ~ 1.5 t h a n  if i t  is t a k e n  as  2. 

A d d i n g  [5]  and  [8] ,  the  m e c h a n i s m  (D)  can  be  
r e w r i t t e n  as  

H2GaO~- + eo -~  HGaO~- + OH- ( s low)  [4]  

2 H G a O / +  Co- + H,O ~ Ga  + H ~ G a O / +  2 OH- ( f a s t )  
[9] 

Thus,  t h e  ca thod ic  p a r t i a l  c u r r e n t  d e n s i t y  is 

io = - - k ~  [H~GaO~-] exp  [- - f lFV/RT] [10] 

a n d  t h e  anod ic  one 

i~ = k ~ [ H G a O / ] ,  exp  [ (1  - - f l ) F V / R T ]  [11] 

w h e r e  V is t h e  e l ec t rode  p o t e n t i a l  m e a s u r e d  f r o m  
a s u i t a b l e  r e f e r e n c e  poin t .  F r o m  [9] 

[HGaO, - ]v  = ks [H~GaO,-] ~ exp  (FV /2RT)  [12]  

The  f inal  equa t ion  for  i is (7 = V - -  V , )  

~F~ [13] i ---- ~. exp --- -- exp  ~ - ~  

The  o v e r - a l l  r e a c t i o n  [3]  is o b t a i n e d  f r o m  [4]  and  
[9]  . The  r e v e r s i b l e  po ten t i a l ,  VR, can be  o b t a i n e d  as 
fol lows.  F r o m  [10],  [11],  and  [12] at  e q u i l i b r i u m  

io = kl [H~GaO~-] exp  RT 

= k, [H2GaOF] 1/~ e x p  ~ 

wh ich  g ives  

RT 
V~ ---- VR.o + -  in  [H~GaO,-] 

3F 

[14] 

[15] 

in a g r e e m e n t  w i t h  [3] .  
Rate of deposition o~ liquid gallium electrode.--Us-  

ing fl = 0.5, the  q - log  i r e l a t i o n  can  be  c a l c u l a t e d  a n d  
m a y  be  c o m p a r e d  w i t h  t he  e x p e r i m e n t a l  va lues .  In  
the  ca thod ic  r eg ion  [Fig .  6 l ine  ( A ) ]  t he  a g r e e m e n t  
ove r  t h e  e n t i r e  o v e r p o t e n t i a l  r eg ion  is s a t i s f ac to ry .  
In  t h e  anod ic  r eg ion  [Fig .  7 l ine  ( A ) ] ,  t he  e x p e r i -  
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mental values are lower than those calculated at 
high current  densities. This may be due to an in- 
creased concentration of the Ga § state at high anodic 
overpotentials, which would shift the mechanism 
from (D) to (C), whereupon a~ becomes 1.5 instead 
of 1.0, i.e., the slope would tend to decrease from 60 
to 40 mv. 

Concentrat ion dependence  o f  exchange  current  
dens i ty  on l iquid ga l l ium e lec t rode . - -Subs t i tu t ion  of 
[15] into [14] gives 

- -  ( d l n i ~  - - 1  fl = 0.83 f l= -~ -  [16] 
d in [H~GaO~-] 3 

Agreement with experimental  value (0.7 +-- 0.2, Fig. 
8) is fair. 

Overpotent ia ls  on solid gal l ium e l ec t rode . - -The  
deviations between the cathodic Tafel lines on liquid 
and solid can be discussed in terms of the surface 
diffusion of adions. 

The rate expression, when the changes in the adion 
coyerage is taken into account for both cathodic and 
anodic partial currents, may  be writ ten as 

i = i o [  c . d  e x p ( ~ , F ~  
c . . . .  x - - d f f - ]  

( G - -  c ..... exp - - - - ~ / . 1  [17] 

where G is the total number  of metal atoms on the 
surface (mole cm-').  At  the steady state (1, 2) 

Cad 
- - 1 + ~  

Cad,o 

[17] and [18] give 

exp ( ~F~ 

i =  

(-i)  
ZFV~d.o 

e x p (  aCFn ) ]  
R T  
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ohms cm ~, which is in fair agreement with the aver-  
age experimental value, about 300 ohms cm ~. 
2. -- ~ ~ R T / F  

i : i o e x p (  aoF~ ) / R T  [ l + r e x p ( ~ /  [24] 

where r exp (a~Fv/RT)  is of the order of 0.1, i.e., the 
relation between i and ~1 is fairly close to that ex- 
pected from the charge- t ransfer  controlled mech- 
anism. 
3. - - ~ > > R T / F  

i = i ~  (. a c F ~ )  / [ l + , ' r e x p  ( a ~  
R T  R T  

[25] 
This tends to yield a limiting current  under the con- 
dition 

1 < <  O'r exp R T  

which may be expected at --~ > 300 mv according to 
[25], with the numerical value of the limiting cur-  
rent of [cf. (22)]  

zFV~d. ~ 
iH~ ~ ~ 4 X 10 -~ amp cm -~ [27] 

0' 

if there is no increase of zFv~d,o with i (but see Fig. 5 
and 6). 

For test of Eq. [19], i values are calculated at vari-  
ous values of n using the numerical values of [22]. 
The agreement is fairly satisfactory in the cathodic 
region [Fig. 6 line (B)] .  

[18] In the anodic region, the value of zFv~a.~ obtained 
from transients was less well reproduced, as it was 
not in good accord with that f rom cathodic experi-  
ments (10 times larger).  The ~ - - i  relation was cal- 
culated from [19] using this larger value and i~ of 

[19] 8 X 10 -~ amp cm -~ [Fig. 7, line (B)] .  The experi-  
aoFv ~ mental  values deviate from the calculated line at 
RT ] high overpotentials, but the qualitative shape and 

the quanti tat ive agreement at low overpotentials are 
[20] acceptable. Thus, the concave shape of the ~?-log i 

curve on the solid gallium electrode is consistent 
with the development of a limiting current  density [21] 
due to surface diffusion control. The rate constant for 
this behavior is consistent with that obtained from 
the interpretation of the deviation from a charge- 
transfer controlled mechanism at very low current  
densities. The deviation of the experimental  curve 
from that calculated at very  high overpotentials is 
probably due to a small increase in the number  of 
active growth sites, arising by the mechanism dis- 
cussed (12). 
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where 

and 

1 + r exp ( - ~ )  + @'r exp ( - - - - - -  

r = io/zFv~d.o 

8' = C.d , J (G- -  C . . . .  ) 

Approximate forms of [19] for various conditions 
of overpotentials can be obtained using the following 
numerical values (cathodic region). 

io = 1.4 x 10-' amp cm -~ (Fig. 6) 

zFvad,, = 5.5 X 10 -~ amp cm -~ (Fig. 5) 

cad,~ = 5 • 10 -~ mole cm -~ 
and 

G = 4 • 10 -~ mole em -~ (roughness factor 1.6 ~) 

thus 
r = 2.5 0' = 0.013 [22] 

1. -- ~ << R T / F  [19] and [20] give 

n =  ( a o + ~ )  F + [23] 

using the above numerical  values, and (ao + a,) = 
1.5, the slope of the~? -- i plot, ( dv / d i )  v~o' is about 410 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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Unit Cell Volume Effects in Some 
Isomorphous Ferroelectric Systems 

Thomas G. Dunne and Gerald Burns 

Research Center, International Business Machines Corporation, Yorktown, New York 

ABSTRACT 

By examining  published data, a l inear relat ionship be tween un i t  cell 
volume and ferroelectric Curie point is found for a number  of isomorphous 
systems. The meaning of this is discussed, and for the KH~PO, system it is shown 
how one can extend Slater 's  theory qual i ta t ively so that  this relat ionship and 
the deuteration effect can be understood simultaneously.  Several  other systems 
of isomorphous compounds are discussed. 

There  are few adequa te  microscopic mode l  t he -  
ories of ferroelectr ics .  Often,  n e w  mechan i sms  are 
proposed w h e n  a n e w  group  of fer roelec t r ic  com-  
pounds  is discovered.  Phenomeno log ica l  theor ies  
have  me t  wider  success. 

In  this pape r  a r e la t ionsh ip  b e t w e e n  un i t  cell vo l -  
u m e  and  Cur ie  po in t  is po in ted  out. This  r e la t ionsh ip  
seems to occur gene ra l ly  w i t h i n  i somorphous  groups 
of ferroelectr ics .  It  is no t  impl ied  tha t  v o l u m e  itself  
is the i m p o r t a n t  p a r a m e t e r  tha t  de t e rmines  the fe r -  
roelectr ic  behavior .  For  example ,  if e lectronic  po l a r -  
izabi l i ty  is the i m p o r t a n t  pa rame te r ,  a la rge  elec- 
t ronic  po la r i zab i l i ty  n o r m a l l y  wi l l  m e a n  la rger  
ionic size, which  means  l a rger  vo lume,  or if h y d r o -  
gen bond  leng ths  are the  i m p o r t a n t  pa ramete r s ,  
t hen  aga in  v o l u m e  wi l l  be  the c o n v e n i e n t  me a s -  
u r a b l e  pa ramete r .  I t  is hoped cons idera t ion  of the  
re la t ionsh ips  po in ted  out  here  wi l l  help m a k e  the 
t r ans i t i on  f rom phenomeno log ica l  to model  theor ies  
and  ex t end  model  theory.  In  the case of the  
KH~PO4(KDP) series of ferroelectr ics ,  it is shown  
how one can  ex tend  Sla ter ' s  mode l  theory  q u a l i t a -  
t ive ly  so tha t  a lka l i  subs t i t u t i on  effects and  d e u t e r a -  
t ion  effects can be unders tood .  

Perovskite Sys tem 

Merz 1 o r ig ina l ly  po in ted  out  tha t  the  decrease in  
the Cur ie  t e m p e r a t u r e  Tc of BaTiO~ wi th  inc reas ing  
p ressure  is s imi la r  to the  decrease in  To as the  u n i t  
cell v o l u m e  decreases on subs t i t u t i on  of Sr  +~ in  
place of Ba +2. Us ing  recen t  da ta  for T~ vs. composi -  
t ion  in  the  (Ba, Sr)  TiO~ sys tem (2) and  elastic 

cons tan ts  of BaTiO~ (3), one ob ta ins  ATo/AV = + 
115~  3 for compress ion  a nd  AT~/AV ---- -t- 7 0 ~  ~ 
for Sr +~ subs t i tu t ion .  The fact tha t  these slopes 
should  have  s imi la r  va lues  has been  g iven  some 
theore t ica l  jus t i f ica t ion by T r i e bw a sse r  (4) .  H o w -  
ever,  PbTiO3 wi th  a smal le r  u n i t  cell and  h igher  
Cur ie  po in t  doesn ' t  fit the re la t ionsh ip  found  for 
(Ba, Sr)TiO~ (5) .  This  m a y  be due  to the  fact  t ha t  

2 4 0  l I I 

~ b D 2 P O  4 
2 1 0  ~ 2 4 C s 0 2 A s O 4 e  " 

180  eRbD2AsO 4 -- 

~ KD 2 AS 

CsH 2 AsO 4 

120 (H2 P04 s ~  4 
IRbH 2 AsO 4 

KH2A 

9 0 - -  I I I 
3 8 6  410  4 4 0  4 7 0  5 0 0  

V O L U M E  ( ~ 3  I 

Fig. 1. A plot of the Curie temperature vs. unit cell volume for 
KDP-type compounds. 
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P b  is in  a d i f fe ren t  g r o u p  of t he  p e r i o d i c  t a b l e  a n d  0.50 
t ends  to b o n d  d i f fe ren t ly .  In  th i s  p a p e r  h y d r o g e n  
b o n d e d  sy s t ems  a re  d iscussed.  

KDP Systems 

Using  p u b l i s h e d  d a t a  (6, 7) a n d  l a t t i c e  cons tan t s  
o f  RbH~AsO, and  CsH~AsO, d e t e r m i n e d  b y  S t e m p l e  ~ o.4~ 

(8 ) ,  To vs. v o l u m e  is p l o t t e d  in  Fig .  1. I t  is seen  
t h a t  bo th  a d d i t i o n  of a l a r g e r  a l k a l i  ion  and  d e u -  
t e r a t i o n  inc reases  To. o 

One  can  connec t  t h e s e  effects q u a l i t a t i v e l y  b y  _g 
e x t e n d i n g  S l a t e r ' s  m o d e l  ( 9 ) .  S l a t e r  d e r i v e s  t h e  _ ~ o.4o 

e x p r e s s i o n  ~ = k T~ In 2 w h e r e  E is t he  e n e r g y  d i f -  / a_ 
t e r e n c e  b e t w e e n  two  conf igura t ions  of the  (H~PO,)-  
g roup ,  t he  l o w e r  e n e r g y  conf igura t ion  occu r r i ng  o 
w h e n  the  p r o t o n s  a s soc ia t ed  w i t h  t he  P O J  g roup  a re  ? a r r a n g e d  so t h a t  t he  d ipo l e  m o m e n t  ~ of t h e  ~ 0.35 
(H~PO,)-  g r o u p  is p a r a l l e l  to t he  f e r r o e l e c t r i c  c 
axis .  One  can  u n d e r s t a n d  t h e n  the  effects n o t e d  in  
Fig.  1 b y  the  fo l lowing  r ea son ing :  

1. O - O  ( the  d i s t ance  b e t w e e n  the  h y d r o g e n  
b o n d e d  o x y g e n  a toms)  i nc reases  on s u b s t i t u -  

(~50 
t ion  of a l a r g e r  a l k a l i  ion. This  is a r e a s o n a b l e  
a s s u m p t i o n  to m a k e  s ince  a l l  t he  mac roscop ic  
d imens ions  inc rease  on s u b s t i t u t i o n  of a l a r g e r  
a l k a l i  ion. 

2. O - H  ( the  sho r t e s t  h y d r o g e n  b o n d  d i s t a n c e )  
dec reases  as O - O  increases .  This  is w h a t  one 
f inds in  g e n e r a l  for  h y d r o g e n  b o n d i n g  (10) .  

3. T h e  d e c r e a s e  of t he  O - H  d i s t a n c e  wi l l  cause  
an  i n c r e a s e  in t he  i n d u c e d  d ipo le  m o m e n t  of 
t he  P O j  ~ group.  This  change  in  t he  d ipo le  
m o m e n t  wi l l  f u r t h e r  i nc rea se  t he  e n e r g y  d i f f e r -  
ence  b e t w e e n  the  two  conf igura t ions .  

Thus,  as one  inc reases  t he  size of the  a l k a l i  ion, 
O - O  wi l l  i n c r e a s e  caus ing  O - H  to dec rease ,  caus ing  
t h e  i n d u c e d  ~ to increase ,  caus ing  e to inc rease .  
F r o m  S l a t e r ' s  t h e o r y  T~ shou ld  t h e n  i n c r e a s e  w h i c h  
is w h a t  occurs  ( see  Fig .  1). This  r ea son ing  also e x -  
p l a ins  the  d e u t e r a t i o n  effect since, on d e u t e r a t i o n ,  
one g e n e r a l l y  obse rves  t h a t  the  O - O  inc reases  (11) ,  
w h i c h  a g a i n  w o u l d  cause  an  i nc rea se  in T~, as ob -  
se rved .  

S p o n t a n e o u s  p o l a r i z a t i o n  da ta ,  a v a i l a b l e  for  b u t  
a f ew  K D P  i somorphs ,  i nd i ca t e  t h a t  th is  q u a n t i t y  
is f a i r l y  i n d e p e n d e n t  of un i t  cel l  vo lume .  

Guanidine A luminum Sulfate Series 

The  c o m p o u n d s  of th is  i s o m o r p h o u s  ser ies  a r e  
f e r r o e l e c t r i c  up  to the  t e m p e r a t u r e  r eg ion  in  w h i c h  
decompos i t i on  t a k e s  p lace ,  so t he  v o l u m e  d e p e n d -  
ence  of t he  t r a n s i t i o n  t e m p e r a t u r e  canno t  be  i n -  
ves t i ga t ed .  H o w e v e r ,  t he  s p o n t a n e o u s  p o l a r i z a t i o n  
does  show a cons i s t en t  i nc rease  as the  cel l  v o l u m e  
is i n c r e a s e d  b y  i s o m o r p h o u s  s u b s t i t u t i o n  (12-15)  
as can  be seen  in Fig .  2. 

The  v o l u m e  effect caused  b y  compres s ion  has  
been  o b t a i n e d  us ing  p u b l i s h e d  p r e s s u r e  and  e las t i c  
cons t an t  d a t a  (16, 17).  I t  is seen  t ha t  in th i s  case, 
s p o n t a n e o u s  p o l a r i z a t i o n  inc reases  w i t h  d e c r e a s i n g  
v o l u m e  in c o n t r a s t  to t he  oppos i t e  effect in i s o m o r -  
phous  subs t i tu t ion .  H o w e v e r ,  one  m u s t  be  c a r e fu l  
in c o m p a r i n g  t h e  two  because  t he  shape  of t he  un i t  
ce l l  is c h a n g e d  in a d i f fe ren t  w a y  b y  h y d r o s t a t i c  
compres s ion  t h a n  b y  i s o m o r p h o u s  subs t i tu t ion .  This  
is we l l  i l l u s t r a t e d  b y  c o m p a r i n g  the  r a t i o  of l a t t i c e  
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Fig. 2. A plot of the room temperature spontaneous polarization 
vs, unit celt volume for GASH-type compounds. Results of a com- 
pression experiment are also included. 

cons t an t  i nc remen t s ,  Ac/Aa for  the  two  processes .  
F o r  compres s ion  Ac/Aa ~ 4 for  GA1SH, GA1SeH, 
G GASH, and  G Ga  Se l l .  H o w e v e r ,  in t he  case of 
i s o m o r p h o u s  subs t i tu t ion ,  Ac/Aa = 4.52, 2.61, 0.44, 
and  0.36 for  t he  s u b s t i t u t i o n  of Ga  +~ for  A1 +" in 
GA1SH, Ga  § for  AI  § in GA1SeH, S e O O  for  S O j  ~ 
in  GA1SH, and  S e O j :  for  S O j  ~- in G GASH, r e s p e c -  
t ive ly .  Thus,  compres s ion  and  s u b s t i t u t i o n  change  
the  l a t t i ce  cons tan t s  in a d i f fe ren t  way ,  and  i t  is 
no t  s u r p r i s i n g  t h a t  t he  two  processes  h a v e  d i f fe ren t  
effects on the  s p o n t a n e o u s  po la r i za t ion .  

H o w e v e r ,  in t he  t r y g l y c i n e  su l fa t e  and  i s o m o r -  
phous  compounds ,  r o u g h  un i t  cel l  d a t a  (18, 19) i n -  
d i ca t e  t h a t  t he  p r e s s u r e  effect (20) is in t he  s ame  
d i r e c t i o n  as  t he  i s o m o r p h o u s  subs t i tu t ion .  

Alums  

F e r r o e l e c t r i c  b e h a v i o r  in  a l a r g e  n u m b e r  of t he  
cubic  a l u m s  has  been  o b s e r v e d  (21, 22) .  In  t he  
ser ies  ( l i s t ed  in o r d e r  of i nc r e a s ing  un i t  ce l l  vo l -  
u m e )  NH4M(SO,)~ �9 12H~O w h e r e  M =  A1, G a  (23) ,  
Cr, Fe,  V, and  In  t he  t r a n s i t i o n  t e m p e r a t u r e  i n -  
c reases  a p p r o x i m a t e l y  l i n e a r l y  w i t h  vo lume .  Also  
for  the  t h r e e  c o m p o u n d s  w i t h  t he  l a r g e r  vo lumes ,  
Fe,  V, and  In, t he  t r a n s i t i o n  is to a f e r r o e l e c t r i c  
phase .  W h i l e  for  t he  c o m p o u n d s  w i t h  t he  s m a l l e r  
vo lume ,  A1, Ga,  a n d  Cr, t he  t r a n s i t i o n  is to a n o t h e r  
p a r a e l e c t r i c  phase .  Ye t  the  t r a n s i t i o n  t e m p e r a t u r e  
of bo th  t y p e s  fit on the  s ame  Tc vs. v o l u m e  l ine.  
Also,  t he  s p o n t a n e o u s  p o l a r i z a t i o n  P is a p p r o x -  
i m a t e l y  t he  s ame  (N 0.1 ~ c o u l . / c m  ~) for  the  two  
c o m p o u n d s  of l a r g e s t  v o l u m e  (M = In  a n d  V ) .  F o r  
M = Fe,  the  c o m p o u n d  w i t h  the  lowes t  f e r r o e l e c t r i c  
t r a n s i t i o n  t e m p e r a t u r e ,  P is c o n s i d e r a b l y  s m a l l e r  
( ~  0.03 ~coul . /cm~) .  

F o r  the  CHsNH~M(SO4)~. 12 H~O a l u m s  ( w h e r e  
M s t ands  for  t he  s ame  ions as in  t he  p r e v i o u s  case)  
T~ and  P have  v a l u e s  of a p p r o x i m a t e l y  170~ and  
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0.1 ~ c o u l . / c m  ~, r e spec t i ve ly ,  a n d  a r e  r o u g h l y  in -  
d e p e n d e n t  of vo lume .  

Thus,  one  o f t en  obse rves  a r e l a t i o n s h i p  b e t w e e n  
the  f e r r o e l e c t r i c  p r o p e r t i e s  and  the  un i t  ce l l  vo lume .  
This  r e l a t i o n s h i p  can  be  e x t e n d e d  some t imes  to i n -  
c lude  c o m p r e s s i o n  e x p e r i m e n t s  and,  in t he  case  of 
K D P  sys tems ,  i t  is s h o w n  h o w  one  can  q u a l i t a t i v e l y  
e x t e n d  t h e  p r e s e n t  m o d e l  t h e o r y  to account  for  t he  
o b s e r v e d  effects.  

Manuscr ip t  . received June  26, 1961; rev ised  m a n u -  
scr ip t  received Sept. 8, 1961. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Ionic Transport Entropy in 
Nonisothermal Molten Silver Chloride Cells 

S. Senderoff and R. I. Bretz 
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ABSTRACT 

The de te rmina t ion  of the emf of the noniso thermal  cells A g / A g C I ( 1 ) / A g  
and Ch/AgC1 (1)/CI.~ is used to es t imate  the  magni tude  of the  t r anspor t  en t ropy  
t e rms  in the  genera l  equat ion  for  the rmoga lvan ic  potent ials .  The  emf 's  were  
de te rmined  over  the t empera tu re  range  500~176 wi th  t empera tu re  differen-  
t ia ls  r ang ing  f rom 40 ~ to 400~ The l imits  of accuracy of the measu remen t  are  
establ ished by  reference  to accura te ly  known revers ib le  the rmodynamic  quan-  
tit ies; the i r revers ib le  quant i t ies  a re  demons t ra ted  to be small ,  but  not  negl i -  
gible as they  were  r epor ted  to be in solid e lec t ro ly te  cells;  and  the Seebeck  co- 
efficient's independence  of the  t ranspor t  numbers  in the system was exper i -  
men ta l ly  confirmed. 

W h e n  a t e m p e r a t u r e  d i f fe rence  ex i s t s  b e t w e e n  
t h e  e l ec t rodes  of a c h e m i c a l l y  s y m m e t r i c a l  cel l  
(i.e., e l ec t rode  l e l e c t r o l y t e l  e l e c t r o d e  in w h i c h  
t h e  two  e l ec t rodes  a r e  i d e n t i c a l ) ,  an  emf  is d e v e l -  
oped  w h i c h  has  f r e q u e n t l y  b e e n  ca l l ed  a t h e r m o -  
g a l v a n i c  po t en t i a l ,  or  m o r e  br ie f ly ,  a t h e r m o p o t e n -  
t ial .  The  n o n i s o t h e r m a l  cel l  w h i c h  p r o d u c e s  th i s  emf  
is u s u a l l y  ca l l ed  a the rmoceU,  a n d  i ts  emf  is a 
spec ia l  case  of t he  v e r y  g e n e r a l  t h e r m o e l e c t r i c  effect 
w h i c h  is a s soc ia t ed  w i t h  the  con tac t s  b e t w e e n  d i s -  
s i m i l a r  e l e c t r i c a l  conduc to r s  in  a t h e r m a l  g r ad i en t .  
B y  a n a l o g y  w i t h  t he  m e t a l l i c  t h e r m o c o u p l e ,  t he  e l ec -  
t r odes  r e p r e s e n t  one conduc tor ,  t he  e l e c t r o l y t e  t h e  
second  conduc to r ,  and  t h e  two  e l e c t r o d e - e l e c t r o l y t e  
i n t e r f aces  t he  hot  and  cold  junc t ions .  F i g u r e  1 shows  
th i s  a n a l o g y  p i c to r i a l l y ,  and  the  t h e o r e t i c a l  e q u i v -  
a lence  of these  sys t ems  has  been  d i scussed  b y  W a g -  
n e r  (1) ,  L a n g e  (2) ,  and others. 

W h e n  cons ide r ing  the  de t a i l s  of the  g e n e r a l  t h e o r y ,  
h o w e v e r ,  an  i m p o r t a n t  d i f fe rence  b e t w e e n  the  
t h e r m o c e l l  and  the  m e t a l l i c  t h e r m o c o u p l e  emerges .  
In  t he  l a t t e r  on ly  e l ec t rons  flow in t he  c i r cu i t  w i t h  
no ne t  t r a n s f e r  of m a t e r i a l ,  w h i l e  in t h e  fo rmer ,  
m a t t e r  is t r a n s f e r r e d  f r o m  one  e l e c t r o d e  to  t h e  o t h e r  
as a r e su l t  of the  e l e c t r o c h e m i c a l  r e ac t i ons  at  t he  
j unc t i ons  and  ionic  t r a n s p o r t  in  t he  e l ec t ro ly t e .  Con-  
sequen t ly ,  t he  d e t a i l e d  t h e o r e t i c a l  t r e a t m e n t  of 
these  sys t ems  inc ludes  c h e m i c a l  en t rop i e s  of c lass i -  
cal  t h e r m o d y n a m i c s  and  e n t r o p i e s  of t r a n s p o r t  of 
ions. 

E a s t m a n  (3)  and  W a g n e r  (1)  h a v e  p r e s e n t e d  a 
d e t a i l e d  t h e o r y  of t he rmoce l l s ,  and  in r e c e n t  y e a r s  
the  m e t h o d s  of t he  t h e r m o d y n a m i c s  of i r r e v e r s i b l e  
p rocesses  h a v e  been  a p p l i e d  w i t h  g r e a t  e f fec t iveness  
to th is  sub j e c t  b y  H o l t a n  (4) ,  M a z u r  (5) ,  de  G r o o t  
(6) ,  and  others .  E x c e l l e n t  r e v i e w s  of t he  sub jec t  
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Fig. 1. Pictorial representation of thermocell as thermocouple 

have been publ ished by de Bethune (7) and by 
Agar  (8).  

T h e o r y  

The der iva t ion  of the genera l  equations for 
thermocel ls  has been presented  f requent ly  and ade-  
qua te ly  e lsewhere  (5-8)  and wil l  not  be repea ted  
here. Fol lowing Holtan (4), one may  s tar t  wi th  the 
expression for the emf of the  thermocel l ,  

F (  d E / d T )  = -- ~ (t~/z~)S~ --  Se, 
k=l 

- a s  + { ( t j z k ) S ~  + s , ,  []] 
k=l 

where  F is the F a r a d a y  constant,  d E / d T  the Seebeck 
coefficient or the rmopoten t ia l  per  degree of t em-  
pe ra tu re  difference be tween the electrodes ( v / d e -  
gree) ,  t~ the t ranspor t  number  of substance, k, zk 

the valence of substance, k (sign inc luded) ,  S~ * the  

t r anspor ted  en t ropy  of k, S~ the pa r t i a l  molar  en-  

t ropy  of k, S,, the t ranspor ted  ent ropy of an electron 

in the  electrode, So, the pa r t i a l  molar  en t ropy of an 
electron in the electrode, and AS the en t ropy  change 
per  equivalent  associated wi th  the electrochemical  
react ion at  the electrodes.  

It should be noted tha t  all terms of the genera l  
equat ion associated with  concentra t ion gradients  in 
the cell  have been omit ted since concentrat ion gra-  
dients cannot exist  when the e lect rolyte  is a pure  
b ina ry  salt, molten or solid. 

Again  fol lowing Holtan, Eq. [1] may  be separa ted  
into a pa r t  containing entropies of classical t he rmo-  
dynamics  (or thermosta t ics)  and a pa r t  containing 
the t r anspor ted  entropies.  Proper t ies  of single ions 
appear  only in the la t te r  part .  Thus, 

I t  wil l  be seen below that  this  separa t ion  was un-  
for tunate  when appl ied  to the s tudy of single b ina ry  
electrolytes  because it obscured the fact that  wi th  
such an e lect rolyte  the  Seebeck  coefficient is inde-  
pendent  of the t r anspor t  number .  Nevertheless ,  in 
s tudying a large  number  of cells wi th  solid e lect ro-  
lytes, Hol tan made  the discovery tha t  in all  cases 
d E / d T  = ( d E / d T ) o  within  exper imen ta l  error;  or 
s ta ted differently,  there  was no exper imen ta l  evi-  
dence tha t  the sum of the te rms involving the t r ans -  
por ted  en t ropy  and single ion quant i t ies  was any -  
th ing but  negligible.  

Hol tan also inves t iga ted  some solutions and molten 
salts and found in a number  of cases that  d E / d T  ~= 
( d E / d T ) c ,  but  this did not unambiguous ly  establ ish 
tha t  the sum of the t r anspor ted  en t ropy  terms was 
not negl igible  since he did not know t ranspor t  num-  
bers in some cases and could not ident i fy  the signifi- 
cant  species, i.e., hydrate ,  complex ion, etc., in any  
case, as pointed out by Mazur (5) and by Hol tan  
himself.  As wil l  be seen below, molten si lver  chloride 
is a pa r t i cu la r ly  sui table  substance to s tudy to re -  
move this ambigui ty .  

Si lver  chloride is also a pa r t i cu l a r ly  sui table  sub- 
stance for a measurement  which establ ishes the  
l imits  of accuracy of the measured  Seebeck coeffi- 
cient wi th  great  cer ta in ty  and, thus, the magni tude  
of the inequal i ty ,  d E / d T  ~: (dE /dT)~ ,  necessary  to be 
considered as significant. Consider  the thermocel ls :  

MIMX[M I 

graphite ,  X~]MXIX~, graphi te  II  

and the i so thermal  cell: 

MIMXlX~ , graphi te  III  

It can be shown tha t  (5) 

( d E / d T ) , ~ - -  ( d E / d T ) ,  = ( d E / d T ) , , , - -  �9 . . . . .  p ,~  [4] 

where  �9 ~,~t~ is the Seebeck coefficient of the M, 
graphi te  thermocouple.  

Since (dE/dT) IH can be measured  with  consider-  
able accuracy ei ther  d i rec t ly  by  an emf de t e rmina -  
t ion or indi rec t ly  by  a de te rmina t ion  of the en-  
t ropy  of format ion of MX, and since �9 ~ , t ~  is 
usua l ly  less than  1% of ( d E / d T ) , i ,  when MX is 
a molten salt, a means is p rovided  for checking 
the measured  Seebeck coefficient of the  the rmo-  
cells wi thout  complicat ion by  the t ranspor t  en t ropy  

F ( d E / d T )  = F ( d E / d T ) ~ - - 2  ( t k / z k )S~- -  Se, [2] 
~=l 

where  

F ( d E / d T ) e  = --  aS  + ~ ( tk/zk)S~ + S--~ [3] 

i The symbol and definitions used are those of Agar (8). S~ ~ St*, 
the latter being the symbol used by Holtan and others of the 
de Groot school. They define this as "entropy of transfer of i,'" S~* 

as used by Agar has another meaning. S~ = Q~I~* + Si  where Q~* 
is the heat of transfer of i. 

Fig. 2. Apparatus for determination of Seebeck coefficient: a, 
arrangement with silver electrodes for measurements on cell I; b, 
Chlorine electrode assembly for measurements on cell II. 
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and  s ing le  ion  quan t i t i e s .  In  t he  case  of s i lve r  ch lo -  
r ide ,  cel l  I I I  has  been  m e a s u r e d  b y  a n u m b e r  of 
w o r k e r s  w i t h  good a g r e e m e n t ,  a n d  cel ls  I and  II, i n -  
vo lv ing  h i g h l y  r e v e r s i b l e  e lec t rodes ,  a r e  a m e n a b l e  to 
r e a s o n a b l y  a c c u r a t e  m e a s u r e m e n t s .  

Exper imenta l  

The  e x p e r i m e n t a l  a r r a n g e m e n t  of m e a s u r i n g  t h e  
S e e b e c k  coefficients of cel ls  I and  I I  is shown  in Fig .  2. 
In  Fig.  2a, t h e  cel l  is s h o w n  w i t h  s i lve r  e l ec t rodes  for  
the  m e a s u r e m e n t s  on cel l  I. M e a s u r e m e n t s  on cel l  I I  
a r e  m a d e  b y  r e m o v i n g  the  s i lve r  e l e c t r o d e  a s s e m b l y  
f rom each  leg  and  r e p l a c i n g  i t  w i t h  the  ch lo r ine  e l ec -  
t r o d e  a s s e m b l y  shown  in Fig .  2b. Two s e m i c y l i n d r i -  
cal  h e a t i n g  e l e m e n t s  (Hev i  D u t y  No. 7 H - K S )  a r e  
p l a c e d  each  a r o u n d  a leg  of a V y c o r  H - c e l l  and  the  
a s s e m b l y  is i n s u l a t e d  w i t h  a few l a y e r s  of s u i t a b l y  
s h a p e d  fire b r ick .  

The  H - c e l l  is m a d e  b y  j o in ing  two  Vycor  t es t  t ubes  
(12 in. in length ,  25 m m  in d i a m e t e r )  w i t h  a 3 in. 
l e n g t h  of 13 m m  V y c o r  tub ing ,  t he  jo in  be ing  a b o u t  
V2 in. a b o v e  the  b o t t o m  of t he  t es t  tubes .  Two s m a l l  
t ubes  w e r e  a t t a c h e d  n e a r  the  top  of t he  t es t  t ubes  to 
se rve  as  gas out le t s .  

W h e n  the  cel l  is in p l a c e  a p iece  of t r a n s i t e  is i n -  
t e r p o s e d  b e t w e e n  the  legs  of t he  H - c e l l  to m a x i m i z e  
the  t h e r m a l  i n su l a t i on  of one leg  f r o m  the  other .  The  
t e m p e r a t u r e  of each  of t he  legs is i n d i v i d u a l l y  con-  
t r o l l ed  w i t h  a con t ro l l i ng  p y r o m e t e r  fed  b y  a C h r o -  
m e l - A l u m e l  t h e r m o c o u p l e  in t he  e l e c t r o l y t e  in  each  
leg. The  t e m p e r a t u r e  of each  leg  is m e a s u r e d  w i t h  
the  same  two  t h e r m o c o u p l e s  b y  p u t t i n g  t h e i r  o u t p u t  
across  an  L&N t h e r m o c o u p l e  p o t e n t i o m e t e r  ( C a t a l o g  
No. 8657-C) .  

E l ec t rodes  for  t he  m e a s u r e m e n t  of cel l  I a r e  m a d e  
b y  w e l d i n g  a s i lve r  d isk ,  % in. d i a m e t e r  and  0.01 in. 
th ick ,  to  a % in. s i l ve r  r o d  so t h a t  t h e  d i sk  is in  a 
h o r i z o n t a l  pos i t ion  in t he  mel t .  The  rod  is s h e a t h e d  
w i t h  a 9 m m  V y c o r  t u b e  w h i c h  e x t e n d s  d o w n  to t he  
disk .  A s low s t r e a m  of pur i f i ed  a r g o n  pa s s ing  t h r o u g h  
the  V y c o r  shea th  keeps  the  e l e c t r o l y t e  out  of con-  
t ac t  w i t h  t he  rod  so t h a t  the  emf  is c h a r a c t e r i s t i c  of 
t he  t e m p e r a t u r e  of the  h o r i z o n t a l  disk.  S ince  i t  is 
r a t h e r  diff icult  to m a i n t a i n  a l a r g e  i s o t h e r m a l  r eg ion  
v e r t i c a l l y  in  n o n i s o t h e r m a l  cel ls  such  as these ,  b u t  
m u c h  s i m p l e r  to m a i n t a i n  a th in  i s o t h e r m a l  wafe r ,  
p l a c e m e n t  of  a t h e r m o c o u p l e  in a V y c o r  t h e r m o w e l l  
as n e a r l y  as poss ib le  ( w i t h i n  2 m m )  in con tac t  w i t h  
the  h o r i z o n t a l  d i sk  was  sufficient  to g ive  s a t i s f a c t o r y  
t e m p e r a t u r e  m e a s u r e m e n t s .  

E l ec t rodes  for  the  m e a s u r e m e n t  of cel l  I I  w e r e  
m a d e  b y  sea l ing  a p lug  of po rous  g r a p h i t e  ( N a t i o n a l  
C a r b o n  g r a d e  No. 60) 6 m m  in d i a m e t e r  a n d  ~/4 in. 
t h i ck  to the  end  of a h igh  d e n s i t y  g r a p h i t e  tube ,  and  
p u r i f y i n g  the  e l ec t rode  b y  h e a t i n g  to 2400~ ho ld ing  
a t  t e m p e r a t u r e  for  1 hr ,  and  cool ing,  a l l  in a ch lo r ine  
a t m o s p h e r e .  The  e l e c t r o d e  was  cove red  w i t h  a 
t i g h t l y  f i t t ing  V y c o r  shea th  w i t h  on ly  t he  flat  s u r -  
face  of the  po rous  p lug  at  t he  b o t t o m  and  a f ew  
inches  at  t he  top  to m a k e  e l ec t r i c a l  con tac t  exposed .  
A seal  of c a r b o n a c e o u s  c e m e n t  ( N a t i o n a l  C a r b o n  
g r a d e  C-9 )  a t  the  b o t t o m  ef fec t ive ly  k e p t  the  e l ec -  
t r o l y t e  out  of con tac t  w i t h  the  t ube  e x c e p t  a t  t he  face  
of t he  po rous  plug.  Ch lo r ine  gas  was  pa s sed  t h r o u g h  
a d r y i n g  tower ,  d o w n  the  t ube  and  out  t h r o u g h  the  
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s u b m e r g e d  p o r o u s  p lug .  T h e  t h e r m o c o u p l e  in  i ts  
Vycor  shea th  was  w i t h i n  2 m m  of t he  p lug .  

The  cel l  was  c h a r g e d  b y  a d d i n g  enough  r e a g e n t  
g r a d e  s i lve r  ch lo r ide  to bo th  legs to g ive  a d e p t h  of 
a b o u t  2 in. w h e n  mol t en .  The  l iqu id  was  pa s sed  b a c k  
and  fo r th  t h r o u g h  the  b r i d g e  to e l i m i n a t e  e n t r a p p e d  
gas bubb les ,  b y  a p p l y i n g  s l igh t  gas  p r e s s u r e  to one of 
t he  ou t le t s  a t  t h e  top  of t h e  H-ce l l .  

W e l l - f i t t i n g  t r a n s i t e  p lugs  w i t h  holes  to a c c o m m o -  
da t e  the  e l e c t r o d e  s h e a t h  and  t h e r m o w e l l  w e r e  
p l a c e d  on top  of t he  two  legs  of the  H -c e l l ,  gas  l ines  
w e r e  connec t ed  to t he  e l e c t r o d e  (ce l l  I I )  or  a s ide -  
a r m  on the  s h e a t h  of t h e  e l ec t rode  (ce l l  I ) ,  and  e lec -  
t r i c a l  l eads  w e r e  d r a w n  f r o m  the  e l ec t rodes  to a 
Rub i c on  p o t e n t i o m e t e r  ( C a t a l o g  No. 2780).  T h e r m o -  
couples  w e r e  i n s e r t e d  in t he  t h e r m o w e l l s  and  c o n -  
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( dE /dT)  z ( dE /dT)  II 

--0.375 --0.40 --0.42 --0.398 --0.664 
500-900 450-650 487-590 500-900 Temp. range,  C ~ 
This pape r  ref.  (4) ref. (9) Avg. This paper  Source 

( dE /dT)  Ill m v / C  ~ 

--0.289 --0.264 --0.244 --0.266 (calc.) 
--0.26 --0.289 --0.29 --0.23 --0.267 (meas.)  
500-900 480-900 450-600 500-800 Temp. range,  C ~ 
ref. (10) ref.  (11) ref. (12) ref. (13) Avg. Source 

nec t ed  to the  two  con t ro l l i ng  p y r o m e t e r s ,  w h i c h  w e r e  
se t  a t  t he  d e s i r e d  t e m p e r a t u r e  fo r  each  leg. W h e n  the  
t e m p e r a t u r e s  b e c a m e  s teady ,  t he  emf  of t he  cel l  and  
of each  of t he  t h e r m o c o u p l e s  was  m e a s u r e d  a t  t he  
s a m e  t ime,  a n d  the  con t ro l l e r s  r e se t  for  o t h e r  t e m -  
p e r a t u r e s .  These  m e a s u r e m e n t s  w e r e  m a d e  at  t e m -  
p e r a t u r e s  b e t w e e n  500 ~ and  900~ and  t e m p e r a t u r e  
d i f f e r en t i a l s  r a n g i n g  f r o m  40 ~ to 400~ The  t e m -  
p e r a t u r e s  of bo th  cold  and  hot  legs  w e r e  v a r i e d  
w i d e l y  w i t h i n  th is  r ange .  

Results 

The  r e su l t s  of t he  m e a s u r e m e n t s  of t he  e m f  of  cel l  
I a r e  s h o w n  in Fig.  3 a n d  of cel l  I I  in Fig .  4. The  emf  
is p l o t t e d  aga in s t  t he  t e m p e r a t u r e  d i f fe rence  b e t w e e n  
the  e l ec t rodes  for  v a r i o u s  cold  l eg  t e m p e r a t u r e s .  A 
l eas t  squa re s  s t r a i g h t  l i ne  t h r o u g h  the  po in t s  in  each  
y ie lds  a v a l u e  of t he  S e e b e c k  coefficient for  cel l  I 
(Ag lAgC1]Ag)  of --0.375 w i t h  a s t a n d a r d  d e v i a t i o n  
of _0.01 m v / C  ~ a n d  a v a l u e  for  cel l  I I  ( g r a p h i t e ,  
CI , [AgCIICL , g r a p h i t e )  of --0.664 w i t h  a s t a n d a r d  
d e v i a t i o n  of +--0.02 m v / C  ~ The  n e g a t i v e  s ign  i n d i -  
ca tes  t h a t  t he  hot  e l ec t rode  is t he  n e g a t i v e  po le  of the  
cell.  I t  w i l l  be  n o t e d  t h a t  t h e r e  is no s igni f icant  v a r i -  
a t i on  of t he  S e e b e c k  coefficient  w i t h  e i t he r  the  m e a n  
t e m p e r a t u r e  or  t he  t e m p e r a t u r e  d i f fe rence  in t he  
r a n g e  s tud ied .  

The  a c c u r a c y  of the  S e e b e c k  coefficients can  now 
be e s t i m a t e d  b y  a p p l i c a t i o n  of Eq. [4] .  In  T a b l e  I 
a re  s h o w n  the  v a l u e s  f r o m  v a r i o u s  sources  for  t he  
S e e b e c k  coefficient  of t he  two  the rmoce l l s ,  a n d  for  
t h e  t e m p e r a t u r e  coefficient  of t he  emf  of t he  i s o t h e r -  
m a l  cell ,  Ag]AgCIlC1,  , g r aph i t e .  By  subs t i t u t i ng ,  in 
tu rn ,  t he  t h r e e  v a l u e s  of (dE /dT) ,  and  the  v a l u e  of 
(dE/dT) , i  in Eq. [4] ,  t he  c a l c u l a t e d  va lue s  of 
(dE/dT),H a re  0.289, 0.264, and  0.244 m v / C  ~ These  
m a y  be  c o m p a r e d  w i t h  t he  m e a s u r e d  v a l u e s  of 0.26 
and  0.289. A l t h o u g h  t h e r e  is r e a s o n  to be l i eve  t h a t  
the  v a l u e  of  0.42 for  (dE /dT) ,  a n d  t h a t  of 0.23 for  
( d E / d T ) m  a r e  t he  l eas t  r e l i a b l e  of those  c i t ed  a n d  
one  w o u l d  be  jus t i f i ed  in  i g n o r i n g  them,  if no va lue s  
a r e  r e j e c t e d  and  the  m e a n  of t he  t h r e e  (dE /dT) ,  
va lues ,  0.398, is u sed  in Eq. [4] ,  t he  (dE/dT)n ,  t hus  
ca lcu la ted ,  0.266, ag rees  w i t h  t he  m e a n  of t he  fou r  
va lue s  of (dE/dT)u, ,  0.268. I t  has ,  thus ,  been  d e m o n -  
s t r a t e d  t h a t  t he  v a l u e s  of t he  S e e b e c k  coefficients 

Table li. Molar entropies at IO00~ (cal/deg) 

A g  18.00 
Ch 63.74 
AgC1 43.30 

d e t e r m i n e d  f r o m  the  d a t a  in  Fig.  3 and  4 a r e  p r o b -  
a b l y  no t  in e r r o r  b y  m o r e  t h a n  0.02 to 0.03 m v / C  ~ 
e q u i v a l e n t  to a p p r o x i m a t e l y  0.5 e n t r o p y  uni t .  

These  va lue s  m a y  n o w  be  used  to e s t i m a t e  t he  
m a g n i t u d e  of t h e  t e r m s  in  Eq. [1]  w h i c h  con ta in  
t r a n s p o r t  e n t r o p y  and  s ingle  ion quan t i t i e s .  I f  one 

deftnes S r - ~  (tJz~)S~ ~- Sel, Eq. [2]  becomes  for  a 

cel l  w i t h  a m o l t e n  s i lve r  c h l o r i d e  e l e c t r o l y t e :  

F ( d E / d T )  = - - r - - A S  + t+SAg+-- (1 ~ t+)Sc,- + S~, 
[5] 

s ince  in a b i n a r y  e l e c t r o l y t e  (t_) ~- (t§ = 1. 
The  e l e c t r o d e  r e a c t i o n  of cel l  I, Ag--> A g  § -~ e, i n -  

vo lves  an  e n t r o p y  change ,  

~S ----- S~g+-  S,~ + S,, [6]  

S u b s t i t u t i n g  Eq. [6]  in to  [5]  g ives :  

F ( d E / d T ) ,  = - -  (t_) SA~c, ~- SAgo - -  T [7]  

and  r e a r r a n g i n g  y ie lds ,  

r =  - - F ( d E / d T ) ~  + S~o -- (t_)SA~c, [8]  

S i m i l a r l y ,  t he  e n t r o p y  change  for  t he  e l e c t r o d e  r e -  
ac t ion  of ce l l  I I :  

C l - ' - >  ~z  CI~ n t- e 

AS ---- 1,2 So,, ~- S~, - -  Sc,- [9]  

is s u b s t i t u t e d  into  Eq. [5]  to ob t a in  on r e a r r a n g e -  
men t :  

r = - - F ( d E / d T ) u -  1/2 Sc,~ -l- (t+)SA~r [10] 

T a b l e  I I  g ives  t he  va lue s  of the  m o l a r  en t rop i e s  at  
1000~ (14) r e q u i r e d  in  Eq. [8]  and  [10] .  S u b s t i -  
t u t i ng  these  va lues ,  t o g e t h e r  w i t h  t h e  S e e b e c k  co-  
efficients f r o m  Fig.  3 a n d  4, in to  Eq. [8]  and  [10] 
y ie lds ,  r e s p e c t i v e l y ,  

T = 23.07 X 0.375 Jr 18.0--43.3 (t_) 
o r  

a n d  

o r  

~ 2 6 . 7 -  43.3 (t_) [11]  

r = 23.07 >< 0.664 --  31.87 + 43.3 ( t . )  

T = --16.6 ~- 43.3 ( t , )  

A p lo t  of Eq. [12]  is shown  in Fig .  5. 

[12]  

~ -  is  n o t  e x a c t l y  t h e  s a m e  f o r  c e l l s  I a n d  I I ,  s i n c e  Sel  r e f e r s  to  
t h e  e l e c t r o n  i n  s i l v e r  f o r  ce l l  I a n d  i n  g r a p h i t e  f o r  ce l l  I I .  ~'11 -- 7I 

~Ag, graphlte~ a n d  s i n c e  v i s  t h e  s a m e  o r d e r  of  m a g n i t u d e  a s  t h e  
S e e b e c k  coef f ic ien t s  of  t h e  t h e r m o c e l l s  (as w i l l  be  s e e n  b e l o w )  e is  
l e s s  t h a n  1% of t h i s  v a l u e  a n d  w i l l  b e  i g n o r e d .  



60 

27 

Z4 

2l  

3 

9 

3 

0 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J a n u a r y  1962 

L 

I I I 
0,1 0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 . 8  0 .9  I .  

t+ 

Fig. 5. �9 as a function of transport number 

Discussion 

I t  is i m m e d i a t e l y  obv ious  t h a t  T, t he  sum of t e r m s  
i nvo lv ing  t h e  t r a n s p o r t e d  en t rop i e s  and  s ingle  ion 
quan t i t i e s ,  m u s t  be  d i f fe ren t  f r o m  zero.  F o r  r ~ 0, 
t he  ch lo r ide  ion m u s t  c a r r y  mos t  of the  c u r r e n t  (i .e. ,  
t§ = 0.384). H o w e v e r ,  in t h e  sol id  s ta te ,  t he  s i lve r  
ion is t he  on ly  c a r r i e r  (t~ = 1), and  m e a s u r e m e n t s  of 
t he  t r a n s f e r e n c e  n u m b e r  in  m o l t e n  AgC1 ind i ca t e  
t ha t  a t  850~ t+ is 0.83 (15) ,  c o r r e s p o n d i n g  to 
T = 19.4 c a l / d e g .  E v e n  if t§ w e r e  as low as p r e d i c t e d  
b y  the  r a d i u s  r a t i o  ca l cu l a t i on  (16) ,  i.e., 0.59, 
w o u l d  s t i l l  be  8.9 c a l / d e g ,  and  t h e r e  is r e a son  to b e -  
l i eve  t h a t  t he  r a d i u s  r a t i o  ca l cu l a t i on  is not  a p p l i c a -  
b le  here .  

H a v i n g  e s t a b l i s h e d  in  t h e  case of m o l t e n  s i lve r  
ch lo r ide  t ha t  t he  t r a n s p o r t e d  e n t r o p y  and  s ingle  ion 
t e r m s  a re  no t  neg l ig ib le ,  t h e r e  r e m a i n s  on ly  to d e m -  
o n s t r a t e  t h a t  t h e r e  is l i t t l e  or  no a m b i g u i t y  of t h e  
c o m p o n e n t s  as in the  case  of o t h e r  l iquids .  

S ince  in  a p u r e  m o l t e n  sa l t  t h e r e  is no so lva t ion  or  
r eac t i on  w i t h  o t h e r  componen t s ,  one need  on ly  con-  
s ider  s e l f - c o m p l e x i n g  as r e p r e s e n t e d  b y  [Ag~C1] § 
[AgCI: ] - ,  etc.  I t  is u n l i k e l y  t h a t  a n y  a p p r e c i a b l e  con-  
c e n t r a t i o n  of such c lus te r s  ex is t s  in m o l t e n  AgC1 a t  

t e m p e r a t u r e s  up  to 900~ because  s i lve r  ion, w h e n  
it  does  f o r m  complexes ,  a lmos t  a l w a y s  has  a c oo rd i -  
n a t i o n  n u m b e r  of two  a n d  fo rms  l i n e a r  c o m p l e x e s  
based  on t h e  sp h y b r i d  o rb i t a l ,  a n o t a b l y  w e a k  b o n d -  
ing  type .  A n u m b e r  of i nves t i ga t i ons  i nvo lv ing  t h e r -  
m o d y n a m i c  m e a s u r e m e n t s  such  as emf  (11, 17, 18) 
of m i x t u r e s  of AgC1 w i t h  o t h e r  a l k a l i  ha l ides  show 
tha t  in a l l  cases  the  so lu t ions  a r e  idea l  or  v e r y  n e a r l y  
so. T h e  l a r g e s t  r e p o r t e d  d e p a r t u r e s  a r e  those  in  LiC1- 
AgC1 m i x t u r e s  in w h i c h  the  a c t i v i t y  coefficient  a t  
0.585 mole  f r a c t i o n  AgC1 is 1.10 and  a t  0.0286 mo le  
f r ac t i on  AgC1 the  a c t i v i t y  coefficient is 2.23. These  
v e r y  s m a l l  dev i a t i ons  f r o m  i d e a l i t y  w i t h  such a l a r g e  
d i s p a r i t y  in  ca t ion  sizes w o u l d  p r e c l u d e  a p p r e c i a b l e  
s e l f - c o m p l e x i n g  in m o l t e n  s i lve r  ch lor ide .  The  h igh  
c o n d u c t i v i t y  of m o l t e n  s i lve r  ch lo r ide  c o m p a r e d  w i t h  
o t h e r  m o l t e n  sa l t s  (4.5 c o m p a r e d  w i t h  2.6 ohm -~ cm -~ 
for  KC1 at  1000~ also ind ica t e s  l i t t l e  p r o b a b i l i t y  of 
c lu s t e r ing  in to  l a r g e  ions  w i t h  consequen t  r e d u c t i o n  
in the  n u m b e r  and  m o b i l i t y  of ca r r i e r s .  

In  v i ew  of t he  spec ia l  c h a r a c t e r  and  w e l l - k n o w n  
p r o p e r t i e s  of s i lve r  ch lo r ide  one can,  w i t h  confidence,  
conc lude  t h a t  the  sum of t e r m s  i n v o l v i n g  the  t r a n s -  
p o r t e d  e n t r o p i e s  and  s ing le  ion q u a n t i t i e s  is no t  on ly  

of t he  s a m e  o r d e r  as, b u t  l a r g e r  t h a n  ( d E / d T ) c ,  t he  
sum of t e r m s  i n v o l v i n g  on ly  c lass ica l  t h e r m o d y n a m i c  
en t rop ies .  Us ing  t h e  v a l u e  of t+ ~ 0.83, for  w h i c h  
r = 19.4 c a l / d e g ,  ( d E / d T ) ~  for  cel ls  I and  I I  are,  r e -  
spec t ive ly ,  10.7 and  4.1 c a l / d e g .  

A l t h o u g h  the  qua n t i t i e s  �9 and  ( d E / d T ) c  in w h i c h  
H o l t a n  w a s  i n t e r e s t e d  d e p e n d  on the  t r a n s p o r t  n u m -  
ber ,  t h e  S e e b e c k  coefficient  of t h e  t h e r m o c e l l  is i n d e -  
p e n d e n t  of t r a n s p o r t  n u m b e r  w h e n  the  e l e c t r o l y t e  is 
a s ingle  b i n a r y  sal t ,  as s h o w n  b y  P i t z e r ' s  (19)  e q u a -  
t ion:  

F (  d E / d T ) I  = S A ~ -  SA~. -- Sel [13]  

If  one s e p a r a t e s  some of the  S~ t e r m s  of Eq. [7]  in to  

t h e i r  componen t s ,  S~ + Q % / T ,  and  w r i t e s  i t  in t he  
f o r m :  

F (dE /dT)~  ~- --  (t_) SAgc~ + SAg --  SA~ 

+ (t_) (S~§ + S~-r + (t_) Q~*g* + q % '  S~ [14] 
T 

one no tes  t h a t  s ince  S~g. + Sc,- = SA~c, Eq. [14] r e -  
Q~,g+ + Q%,-  Q%~c, 

duces  to Eq. [13]  if  - -  --  0. 
T T 

P i t z e r  asse r t s  t h a t  (Q%g§ + Q%, ) is, indeed ,  zero,  
s ince  t he  process  to w h i c h  i t  r e f e r s  is the  b u l k  d i s -  
p l a c e m e n t  of t he  l iqu id .  

A n  e q u a t i o n  s im i l a r  to Eq. [13] m a y  be  w r i t t e n  for  
cel l  II ,  viz .  

F ( d E / d T ) I I  = --V2 Sc,~. + S c l - -  S~ [15] 

W i t h  the  va lue s  of Tab le  I I  in  Eq. [13]  a n d  [15] a n d  

igno r ing  ~ (as p r e v i o u s l y )  S. , ,  one d i r e c t l y  ob ta in s  t he  
va lue s  of the  t r a n s p o r t e d  en t rop i e s  of the  ions a t  

1000~ SAg+ = 26.7 eu and  Sc,~ = 16.6 eu, a n d  t h e i r  
sum, 43.3 eu, is seen to be  i den t i ca l  w i t h  the  abso lu t e  
e n t r o p y  of AgC1, 43.3 eu, t hus  conf i rming  t h a t  w i t h i n  
e x p e r i m e n t a l  e r r o r  (Q%g§ + Q%,-)  = 0. I t  is i n t e r -  
e s t ing  to no te  t h a t  p r e v i o u s  w o r k e r s  (4, 20) h a v e  
a s s u m e d  t r a n s p o r t  n u m b e r s  of u n i t y  w h e n  dea l i ng  
w i t h  s ing le  b i n a r y  e l ec t ro ly t e s .  This  a s s u m p t i o n  is 
not  n e c e s s a r y  s ince  Eq. [13]  and  [15] a r e  i n d e p e n d -  
en t  of t r a n s p o r t  n u m b e r .  The  t e r m s  in t he  g e n e r a l  
e q u a t i o n  c on t a in ing  t r a n s p o r t  n u m b e r s  cance l  ou t  
w i t h o u t  a s s u m p t i o n s  r e g a r d i n g  t r a n s p o r t  m e c h a n i s m .  

If  one  t a k e s  an  a p p r o x i m a t e  v a l u e  of the  p a r t i a l  
m o l a r  e n t r o p y  of a s ing le  ion o b t a i n e d  f rom (19) 

S A = I / 2 ( S A , + 3 / 2 R l n M ~ / M z ) ,  w h e r e  M is t h e  
a tomic  we igh t ,  one ca lcu la t e s  t he  fo l l owing  v a l u e s  
of t he  p a r t i a l  m o l a r  en t rop i e s  and  en t rop ie s  of t r a n s -  
fe r  for  A g  + and  C1- in AgC1 at  1000~ 

C1- A g  + 

20.0 23.3 S ( eu )  
- -3 .4  3.4 Q ~ / T  ( eu )  

S ince  t h e  e n t r o p y  of t r a n s f e r  is sma l l  c o m p a r e d  to  
t he  p a r t i a l  m o l a r  e n t r o p y  of t he  ion, (dE~t iT) i ,  
shou ld  no t  d i f fer  v e r y  m u c h  w h e n  the  e l e c t r o l y t e  of 
the  t h e r m o c e l l  is a n y  c h l o r i d e  w h o s e  abso lu t e  e n -  
t r o p y  is no t  v e r y  d i f fe ren t  f rom t h a t  of AgC1. CuC1 is 
one such  sal t ,  i ts  a b s o l u t e  e n t r o p y  at  1000~ d i f fe r -  
ing  f r o m  t h a t  of AgC1 b y  on ly  1 eu. In  a r e c e n t  s t u d y  

3 s~1 in copper h a s  b e e n  e s t i m a t e d  to b e  approximately 0.1 eu at 
8 0 0 ~  (20) a n d  in  s i l v e r  a b o u t  0.03 e u  at  4 0 0 ~  I21) .  
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of mol ten  cuprous chloride thermocel ls  (20), cell II  
could not be measured  because of the oxidat ion of 
CuC1 by Cl~ at the t empera tu re  of interest .  However ,  
(dE/dT)H was calculated f rom measurements  of 
(dE/dT)~, and ex t rapo la ted  the rmal  da ta  for the iso- 
the rmal  cell III.  The agreement  be tween  the values  
of the Seebeck coefficient for cell II  in the CuC1 (cal -  
cula ted)  and AgC1 (measured)  system, 0.65 m v / ~  
and 0.664 m y / ~  C, respect ively,  is r emarkab le .  

Another  in teres t ing comparison can be made 
be tween  the en t ropy  of t ransfer ,  3.4 eu, and the en-  
t ropy  of ac t iva t ion  for conduction in molten AgC1. A 
small  ex t rapola t ion  of the conduct iv i ty  measure -  
ments  of Spooner  and Wetmore  (22) gives an en-  
t ropy  of ac t ivat ion at  1000~ of 1.3 eu. Considering 
the many  approximat ions ,  this can be considered 
confirmation of the suggestion of Pi tzer  tha t  the en-  
t ropy of t rans fe r  should be of the  order  of the en-  
t ropy of ac t ivat ion for conduction. 
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Technica  Notes 

The Electrodeposition of Iridium 
E. L. MacNamara 

Research and Development Group, United States Army Ordnance Arsenal, 
Frankford, Philadelphia, Pennsylvania 

In teres t  in the deve lopment  of pro tec t ive  coat-  
ings which are stable at high t empe ra tu r e  has 
focused a t tent ion  on the p l a t inum group metals.  
I r id ium is of pa r t i cu la r  in teres t  because it is a ve ry  
hard,  dense meta l  having a high mel t ing point  
(2454~ and excel lent  res is tance to h i g h - t e m p e r -  
a ture  oxidation.  

Examina t ion  of the  l i t e ra tu re  revea led  tha t  
i r id ium had not been of pa r t i cu la r  in teres t  to the 
electrochemist .  A few electrochemical  constants  
were  publ i shed  before  1935 (1-8) .  Severa l  pa tents  
(9-13) covering deposi t ion methods for p la t inum 
metals  included i r id ium in the claims. Through the 
ear ly  fifties theore t ica l  studies per t inen t  to i r id ium 

deposit ion began to appear  together  wi th  the re -  
por ted  a t tempts  at deposi t ion (19). Withers  and 
Rift  (20) were  able to deposit  a uniform, adheren t  
coating of i r id ium from a fused cyanide  bath.  F u r -  
ther  studies on sui table  e lectrolytes  (21-22) espe- 
cial ly those for deposi t ing protec t ive  coatings of 
i r id ium on mo lybdenum were  repor ted  (23-24).  A 
sat isfactory method for the deposit ion of i r id ium 
from aqueous solution had not been developed.  

Experimental 
An aqueous solution of chlorir idic  acid 1 was 

chosen for s tudy in our work.  A compound conta in-  

1 Avai lable  f rom J'. It,  Bishop Co., P la t inum Works, Malvern,  Pa. 
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ing  48% i r i d i u m  was  used.  P r e s e n t  as i m p u r i t i e s  
w e r e  0.3% p l a t i n u m  and  0.15% each  of p a l l a d i u m  
and  r h o d i u m .  R e a d i l y  so lub le  in  w a t e r ,  ch lo ro i r id i c  
ac id  ionizes  as H § + (IrC16) =, t he  r e s u l t a n t  so lu -  
t ions  be ing  v e r y  acid.  

In i t i a l  e x p e r i m e n t s  w e r e  c o n d u c t e d  in  50 m l  vo l -  
umes  us ing  copper  w i r e  ca thodes ,  0.040 in. in  d i a m -  
e te r  a n d  anodes  of p e r f o r a t e d  p l a t i n u m  sheet ,  1 • 
3/16 in. T h e  ca thode  a r e a  used  for  t he  e l ec t ro ly s i s  
was  a p p r o x i m a t e l y  t w i c e  t he  a r e a  of the  p l a t i n u m  
anode.  The  anode  was  no t  so luble .  

In  t he  p r e l i m i n a r y  s tudies ,  t he  c o n c e n t r a t i o n  of 
i r i d i u m  in t h e  e l e c t r o l y t e  r a n g e d  f r o m  1-5 g / l ,  and  
the  so lu t ions  w e r e  a t  r o o m  t e m p e r a t u r e .  A l t h o u g h  
t h e r e  was  some  e v i d e n c e  of r e a c t i o n  a t  t he  e l ec -  
t r o d e s  t h e r e  w e r e  no m e t a l l i c  depos i t s .  T h e  i r i d i u m  
c o n c e n t r a t i o n  was  i n c r e a s e d  to 120 g/1. D a r k  f i lms 
we re  o b t a i n e d  ove r  a c u r r e n t  d e n s i t y  r a n g e  of 0.02- 
2.2 a m p / d i n  ~, f r o m  r o o m  t e m p e r a t u r e  to 50~ 
W h e n  the  t e m p e r a t u r e  was  i n c r e a s e d  to 90~ a 
b l a c k  m e t a l l i c  depos i t  w a s  o b t a i n e d  a t  a c u r r e n t  
d e n s i t y  of 4.4 a m p / d m  ~. R ins ing  of t he  e l ec t rodes  
h a d  d i l u t e d  the  b a t h  a t  th is  p o i n t  enough  to d e -  
c rease  t he  m e t a l  c o n c e n t r a t i o n  to 90 g/1. B y  in -  
c r eas ing  the  c u r r e n t  d e n s i t y  to 6.6 a m p / d m  ~, a 
s i l v e r y - w h i t e  depos i t  was  p r o d u c e d .  Br igh t ,  a d -  
he ren t ,  m e t a l l i c  depos i t s  w e r e  iden t i f i ed  s p e c t r o -  
g r a p h i c a l l y  as i r i d i u m  con ta in ing  t r a c e  a m o u n t s  of 
p l a t i n u m ,  r h o d i u m  and  p a l l a d i u m .  

D u r i n g  the  course  of the  work ,  depos i t s  w e r e  
o b t a i n e d  t h r o u g h o u t  a c o n c e n t r a t i o n  r a n g e  of 1- 
120g of m e t a l  p e r  l i te r ,  w i t h i n  t he  r a n g e  of c u r r e n t  
d e n s i t y  of 2.2-10.8 a m p / d m  ~. H o w e v e r ,  as is shown  
in T a b l e  I, t he  depos i t i on  is t e m p e r a t u r e  d e p e n d e n t .  
A t  a c u r r e n t  d e n s i t y  of 3.3 a m p / d m  2 on ly  the  so lu -  
t ion  con t a in ing  10g of m e t a l  p e r  l i t e r  p r o d u c e d  a 
depos i t  a t  r o o m  t e m p e r a t u r e .  Us ing  the  s a m e  c u r -  
r en t  dens i ty ,  so lu t ions  con t a in ing  a p p r o x i m a t e l y  
40 g/1 or  m o r e  r e q u i r e d  m i n i m u m  t e m p e r a t u r e s  of 
40~ w h i l e  t he  so lu t ion  con t a in ing  5 g/1 d id  not  
p r o d u c e  a coa t ing  b e l o w  50~ The  lowes t  c onc e n -  
t r a t i o n  (1.4 g / l )  r e q u i r e d  a t e m p e r a t u r e  of 70~ 
be fo re  depos i t i on  occur red .  

D e p e n d i n g  on the  t e m p e r a t u r e ,  c u r r e n t  d e n s i t y  
showed  a m a r k e d  effect on the  a p p e a r a n c e  of the  
depos i t s  p r o d u c e d  f r o m  a b a t h  of a m e t a l  con ten t  
of 10 g/1. A t  r o o m  t e m p e r a t u r e  a n d  c u r r e n t  d e n s -  
i t y  of 2.2 a m p / d i n  2, the  c a thode  a r e a  was  no t  com-  
p l e t e l y  cove red ;  a t  11 a m p / d i n  ~, the  coa t ing  was  
b r i g h t  b u t  n o n u n i f o r m .  T h e  be s t  a p p e a r i n g  coa t ing  
at  r o o m  t e m p e r a t u r e  was  p r o d u c e d  at  6.6 a m p / d m  -~. 

Table I. Temperature concentration dependence 
c u r r e n t  dens i ty ,  3.3 a m p / d m  e 

C o n c e n t r a -  
t ion ,  g/1 T e m p e r a t u r e ,  ~ 

30 40 50 60 70 80 90 
1.4 - - * * * 
5.0 - * * * * * 

10.0 * * * * * * * 
44.0 - * * * * * * 
73.0 - * * * * * * 

* D e p o s i t i o n  occurred .  
- D e p o s i t i o n  d id  n o t  occur.  
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Table II. Cathode efficiency, % 

C u r r e n t  
dens i ty ,  

a m p / d m  ~ 20~ 60~ 

2.2 3 14 
6.6 2 6 
8.8 1 2 

A t  60~ a c u r r e n t  d e n s i t y  of 2.2 a m p / d m  ~ p r o -  
d u c e d  a coa t ing  of s l igh t  n o n u n i f o r m i t y  w h i l e  s a t -  
i s f a c t o r y  coa t ings  w e r e  p r o d u c e d  a t  6.6 a m p / d i n  ~ 
and  above .  A t  90~ no d i f f e rence  could  be  d e t e c t e d  
in t he  coa t ings  p r o d u c e d  at  v a r i o u s  c u r r e n t  d e n s i -  
t ies.  The  o p t i m u m  cond i t ions  b a s e d  on the  d a t a  
o b t a i n e d  f r o m  the  v a r i o u s  e x p e r i m e n t a l  b a t h s  a p -  
p e a r e d  to be  a m e t a l  con ten t  of t he  b a t h  of 10 g / l ,  
b a t h  t e m p e r a t u r e ,  60~ a n d  c u r r e n t  d e n s i t y  6.6 
a m p / d m  ~. The  p H  of t he  so lu t ion  was  a p p r o x i -  
m a t e l y  2. These  cond i t ions  d id  not  p r o d u c e  the  
h ighe s t  c a thode  efficiency, h o w e v e r .  A t  t h e  s t a t ed  
t e m p e r a t u r e ,  b u t  a t  l o w e r  c u r r e n t  dens i ty ,  2.2 a m p /  
d m  "~, t he  ca thode  efficiency is 14% (see  T a b l e  I I ) .  
I t  d e c r e a s e d  to 2% w h e n  the  c u r r e n t  d e n s i t y  was  
i n c r e a s e d  to 8.8 a m p / d m  ~. I t  was  cons i s t en t ly  l o w e r  
a t  l o w e r  t e m p e r a t u r e .  

Depos i t s  w e r e  o b t a i n e d  f r o m  sod ium a n d  p o t a s -  
s ium c h l o r o i r i d a t e s  and  b r o m o i r i d a t e s  as w e l l  as 
f r o m  ch lo r i r i d i c  acid,  b u t  cou ld  no t  be  o b t a i n e d  
f r o m  the  t r i c h l o r i d e  and  t e t r a c h l o r i d e  or  t h e  t r i -  
and  t e t r a b r o m i d e s  of i r id ium.  ~ The  p l a t i n u m - a n o d e -  
coppe r  c a thode  s y s t e m  was  used  p r e d o m i n a n t l y  in  
the  e x p e r i m e n t a l  work .  H o w e v e r ,  o t h e r  m a t e r i a l s  
w h i c h  s e r v e d  s u i t a b l y  as  ca thodes  w e r e  n icke l ,  low 
c a r b o n  s tee l  f lash coa ted  w i t h  e l ec t ro less  n ickel ,  
and  po l i shed  m o l y b d e n u m  w h i c h  was  first  e t ched  
in  a so lu t ion  of p o t a s s i u m  f e r r i c y a n i d e  a n d  p o t a s -  
s ium h y d r o x i d e .  T h e r e  w e r e  no d e l e t e r i o u s  effects 
w h e n  ca rbon  anodes  w e r e  used.  

I r i d i u m ,  in e i t h e r  + 3  or  + 4  v a l e n c e  s ta te ,  f o rms  
m a n y  s t ab l e  c o m p l e x  ions in solut ion.  T h e  t e t r a -  
v a l e n t  i r i d i u m  c o m p l e x e s  a r e  e x t r e m e l y  s tab le .  
The  e l e c t r o l y t e s  f r o m  w h i c h  i r i d i u m  was  d e p o s i t e d  
e x p e r i m e n t a l l y  w e r e  aqueous  so lu t ions  of c o m p l e x e s  
con ta in ing  t e t r a v a l e n t  i r i d ium.  These  complexes ,  
s im i l a r  to those  of o t h e r  p l a t i n u m  meta l s ,  a r e  of 
t h e  i n n e r  o r b i t a l  type ,  h a v i n g  o c t a h e d r a l  conf igu-  
ra t ion ,  w i t h  i r i d i u m  in t he  ion h a v i n g  a ne t  n e g a -  
t i ve  charge .  I n n e r  o r b i t a l  c o m p l e x e s  of mos t  o t h e r  
m e t a l s  possess  such  a h igh  e n e r g y  of c oo rd ina t i on  
t h a t  the  m e t a l  c o m p l e x  is m o r e  diff icul t  to d i s -  
c h a r g e  t h a n  the  h y d r o g e n  ion in  aqueous  solut ion .  
As  has  been  i n d i c a t e d  b y  L y o n s  (24) ,  t he  p l a t i n u m  
g r o u p  m e t a l s  g e n e r a l l y  do no t  fo l low this ,  a n d  
some of t h e  p l a t i n u m  m e t a l s  h a v e  b e e n  d e p o s i t e d  
w i t h  l ow c a thode  efficiency f r o m  c o m p l e x e s  of th i s  
type .  

The  r e su l t s  so f a r  s u p p o r t  the  p r e m i s e  t h a t  
i r i d i u m  ( IV)  complexes  a r e  n e c e s s a r y  for  success -  
fu l  de pos i t i on  f r o m  a que ous  so lu t ion .  F u r t h e r  
s tudies ,  us ing  o t h e r  i r i d i u m  complexes ,  a r e  b e i n g  
c a r r i e d  out,  to d e t e r m i n e  the  effect  of t he  ne t  
c h a r g e  of t he  i r i d i u m  c o m p l e x  on depos i t ion .  

2 C o m p o u n d s  p r e p a r e d  i n  t h i s  l abo ra to ry .  
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Junction Delineation in Silicon 

Harry Robbins 1 

Hughes Semiconductors, Newport Beach, California 

J u n c t i o n  d e l i n e a t i o n  t echn iques  a r e  based  on the  
fac t  t h a t  a su r f ace  c h e m i c a l  r e a c t i o n  can  b e  inf lu-  
enced  b y  the  n a t u r e  of t h e  dop ing  in  t he  b u l k  of 
t he  s emiconduc to r .  In  t h e  p r e s e n c e  of a p - n  j u n c -  
t ion,  d i f fe rences  in  t h e  r a t e  of t he  r e a c t i o n  on the  
oppos i t e  c o n d u c t i v i t y  t y p e s  of t h e  s e m i c o n d u c t o r  
m a y  m a n i f e s t  t h e m s e l v e s  v i s u a l l y  as a s ta in  or  d e -  
pos i t  of m e t a l  t h a t  e x t e n d s  on one c o n d u c t i v i t y  
t y p e  u p  to t he  pos i t i on  of t h e  junc t ion .  H o w e v e r ,  
t he  r eac t i ons  i n v o l v e d  a r e  o f ten  e r r a t i c  and  n o n -  
r e p r o d u c i b l e .  I t  is o f t en  f o u n d  t h a t  t he  r e a c t i o n  is 
diff icult  to induce .  The  r e a c t i o n  m a y  also p roc e e d  
p r e f e r e n t i a l l y  on e i t h e r  of t h e  c o n d u c t i v i t y  types ,  
t hus  m a k i n g  u n c e r t a i n  t he  iden t i f i ca t ion  of t he  con-  
d u c t i v i t y  t y p e  even  in in s t ances  w h e r e  t he  j u n c t i o n  
is s h a r p l y  de l i nea t ed .  S i t u a t i o n s  a r e  a lso  e n c o u n -  
t e r e d  w h e r e  t he  r e a c t i o n  t a k e s  p l ace  p r o m i s c u o u s l y  
ove r  t he  e n t i r e  su r f ace  and  g ives  no i nd i ca t i on  of 
t he  loca t ion  of  t he  junc t ion .  

I t  has  b e e n  f o u n d  t h a t  one can  ach ieve  b e t t e r  
con t ro l  ove r  t h e  r e a c t i o n  in t h e  p r e s e n c e  of s t r ong  
i l l umina t i on .  U n d e r  t hese  condi t ions ,  I les  a n d  Cop-  
pen  (1) h a v e  p o s t u l a t e d  t h a t  an  e l e c t r o l y t i c  cel l  is 
se t  up,  p o w e r e d  b y  t h e  conve r s ion  of t he  i n c i d e n t  
l igh t  in to  a p h o t o v o l t a g e  of such  p o l a r i t y  t h a t  t he  
n - s i d e  of t h e  j u n c t i o n  is t he  ca thode ,  and  the  d i s -  
cha rge  of ca t ions  f r o m  the  so lu t ion  t h e n  p roceeds  
s e l e c t i v e l y  on the  n - s i d e  of the  junc t ion .  The  r e -  
sul ts  of W h o r i s k e y  (2 ) ,  who  f o u n d  t h a t  t he  s t a in  
a p p e a r e d  on t h e  p - s i d e  of t he  j u n c t i o n  u n d e r  t he  

1 P r e s e n t  address :  Bell  & Howell  Resea rch  Center ,  360 Sier ra  
M a d r e  Villa, Pasadena ,  California.  

inf luence  of  l igh t ,  a r e  cons i s t en t  w i t h  th is  t heo ry ,  
s ince t h e  s t a in  is p r o b a b l y  caused  b y  the  o x i d a t i o n  
of t h e  s emiconduc to r ,  and  th i s  r e a c t i o n  shou ld  t a k e  
p l a c e  on t h e  a n o d e  of t h e  e l e c t r o l y t i c  cel l .  

The  a u t h o r  has  f o u n d  t h a t  i t  is a lso poss ib le  to 
o b t a i n  r e p r o d u c i b l e  d e l i n e a t i o n  in t h e  a bse nce  of  
s t r ong  i l l umina t i on ,  p r o v i d e d  the  r e a c t i o n s  a r e  c a r -  
r i ed  out  in t h e  p r e s e n c e  of s t rong  HF.  In  t he  a b -  
sence of s u b s t a n t i a l  a m o u n t s  of HF,  i t  is poss ib l e  
t h a t  an  o x i d e  f i lm on t h e  su r f ace  m a y  i n t e r f e r e  
w i t h  t h e  reac t ion .  This  is i n d i c a t e d  b y  t h e  fac t  t h a t  
mos t  i n v e s t i g a t o r s  e m p l o y e d  r e l a t i v e l y  c o n c e n t r a t e d  
so lu t ions  of ca t ions  in  t h e i r  d e l i n e a t i o n  work .  F o r  
e x a m p l e ,  I les  a n d  Coppen  (1)  used  a so lu t ion  of 
A g F  t h a t  was  10% of s a t u r a t e d ,  w h i c h  is a p p r o x i -  
m a t e l y  18.0 g / l ,  and  S i l v e r m a n  and  Benn  (3)  used  
so lu t ions  c on t a in ing  10 g/1 of K A g ( C N ) ~ .  On t h e  
o t h e r  hand ,  w e  h a v e  f o u n d  t h a t  in a so lu t ion  con-  
t a i n i n g  30 vol.  % H F  (30 m l  conc. H F  d i l u t e d  to 
100 m l ) ,  c o n c e n t r a t i o n s  of go ld  c h l o r i d e  in  excess  
of 2 m g / m l  p r o d u c e d  i n d i s c r i m i n a t e  p l a t i n g  on 
bo th  s ides  of  t h e  j unc t ion ,  w h e r e a s  l e s se r  c o n c e n -  
t r a t i o n s  p r o d u c e d  se l ec t ive  p l a t i ng ,  f a i r l y  a d h e r e n t ,  
a n d  i n v a r i a b l y  on the  p - s i d e  of the  junc t ion .  S i m i -  
l a r  r e su l t s  w e r e  o b t a i n e d  w i t h  o t h e r  ca t ions .  The  
t h r e s h o l d  c o n c e n t r a t i o n  for  ch lo rop l a t i n i c  ac id  was  
f o u n d  to b e  in  t he  r a n g e  of 2 m g / m l  of 30 vol.  % 
H F ;  for  c o p p e r  ch lo r ide ,  0.25 m g / m l  of c o n c e n t r a t e d  
HF;  for  s i lve r  ace ta te ,  0.25 m g / m l  of c o n c e n t r a t e d  
I IF ;  and  for  p a l l a d i u m  ch lor ide ,  2 m g / m l  of 30 vol.  
% HF .  In  a l l  i n s t a n c e s  p l a t i n g  was  se l ec t ive  on the  
p - s i d e  of t h e  junc t ion .  The  t h r e s h o l d  c o n c e n t r a t i o n  
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of cation necessary for selective p la t ing  var ies  wi th  
the amount  of HF in the solution, since we have 
found tha t  a concentrat ion of less than 1 m g / m l  of 
gold chloride in concentra ted HF often gives non- 
selective plat ing.  

In v iew of the above, it  seems that  the  two mech-  
anisms pos tu la ted  by  Iles and Coppen (1), namely,  
the  e lec t ro ly t ic  mechanism and the d isp lacement  
mechanism, are  opposi tely directed.  The e lect ro-  
lyt ic  mechanism is d i rec ted  so tha t  the n-s ide  of 
the junct ion is the cathode, whereas  the displace-  
ment  react ion in strong HF is p re fe ren t i a l  on the 
p-s ide.  In the  absence of strong HF (Iles and Cop- 
pen used solutions containing only one drop of HF 
to 5 ml of solution) the d isplacement  react ion may  
possibly be influenced b y  the state of the  surface 
as wel l  as by  the under ly ing  bulk  propert ies .  This 
is indica ted  by  the large  concentra t ion of cations 
necessary in the absence of HF and by the er ra t ic  
p re fe ren t i a l i ty  observed. The role of the surface is 
fu r ther  indicated by  the  fact  tha t  S i lve rman  and 
Benn (3) found it necessary to abrade  thei r  sur -  
faces in order  to obtain good del ineat ion,  and Tur -  
ner  (4) has found tha t  it  is possible to get de l inea-  
t ion be tween abraded  and nonabraded  semiconduc-  
tor  of the same conduct iv i ty  type.  

The opposite d i rec t iv i ty  of the two mechanisms 
suggest the  des i rab i l i ty  of selecting conditions so as 
to suppress one or the  other of these mechanisms.  
Iles and Coppen (1) have done this by  reducing 
the concentrat ion of AgF when they  employed  
strong i l luminat ion,  and Whor iskey  (5) has done 
the same by  delet ing HNO~ from the s taining solu- 
tion. The s taining react ion of Fu l l e r  and Ditzen-  
berger  (6) may  be looked on as a d isplacement  of 

hydrogen  ions by silicon, which causes the  l ibe ra -  
t ion of hydrogen  select ively on the p-s ide,  and re -  
sults in the oxidat ion of the silicon to an insoluble, 
t r ansparen t  film which is rendered  vis ible  and 
colored by  optical  interference.  The growth  of this 
film may  be observed by  not ing the  change in color 
through the spectrum, and several  orders  of in te r -  
ference may  be observed.  The role of the  ni t r ic  acid 
may  be e i ther  to pa r t i c ipa te  in the  selective ox ida -  
tion of the silicon, or perhaps  to act as a depolar izer  
to remove the hydrogen  tha t  is formed. Whereas  
Whor iskey  (5) has found tha t  the e lectrolyt ic  re -  
action can be favored  by delet ing the ni t r ic  acid, 
we have found tha t  the  d isp lacement  react ion can 
be enhanced by the use of a t race of sodium ni t r i te ,  
which catalyzes the  oxidat ion of the silicon. A p re -  
fe r red  method is to add oxides of ni t rogen in the 
form of red fuming HNO~, and a recommended 
formula  is 1-2 drops of red fuming I-INO~ to 10 ml 
of concentra ted HF. We have  found tha t  by this 
technique the re l i ab i l i ty  of the  method has been 
considerably  improved.  

Manuscript received Dec. 27, 1960; revised manu- 
script received Sept. 16, 1961. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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Problems Associated with Distribution Coefficient and Solid 
Solubility Determinations Using Crystal Growth Techniques 

W. Bardsley, D. T. J. Hurle, and J. B. Mullin 
Ministry o~ Aviation, Royal Radar Establishment, Great MaLvern, Worcestershire, England 

In a recent  paper ,  Trumbore  et al. (1) have de-  
scribed the use of a solvent  evapora t ion  technique 
(2) to grow single crysta ls  of silicon f rom melts  
heavi ly  doped with  ant imony.  F rom measurements  
made on these crystals ,  they  have calcula ted the  
d is t r ibut ion  coefficient (k)  at var ious  t empera tu res  
and levels of doping. The possibi l i ty  tha t  {111} 
facets may  have developed on the sol id- l iquid  
interface of the  crysta ls  dur ing  growth  and modi -  
fied the solute incorporat ion [ the "facet  effect" 
(3, 4 ) ]  and, hence, the measured  va lue  of k was 
considered. They concluded that  thei r  measured  
values  of k were  near  the  equi l ib r ium values:  in 
pa r t i cu la r  they  obta ined substant ia l  agreement  be-  
tween values  of k de te rmined  for growth  in the  
three  direct ions <111>,  <110>,  and <100>.  

It  is the purpose  of this note to point  out some of 
the condit ions re la ted  to the solvent evapora t ion  
technique,  under  which the sol id- l iquid  in terface  
can become faceted and which can occur for any 
growth  orientat ion.  One such condit ion is the  
presence of a gradient  of solute concentrat ion in 
the mel t  ahead of the in terface  which, unless the 
t empe ra tu r e  grad ien t  in the mel t  is appropr i a t e ly  
steep, gives r ise  to const i tut ional  supercooling of 
the mel t  (5).  Expressions have  been der ived  (6) 
for the onset of const i tu t ional  supercooling and the 
magni tude  of the supercooling when it exists, in a 
s t i r red  melt .  Work  in this  l abora to ry  has shown 
(7-9) that,  under  condit ions of const i tu t ional  super -  
cooling, the  sol id- l iquid  interfaces  of ge rmanium 
and indium ant imonide  crys ta ls  are cellular ,  the 



Vol.  109, No. 1 S O L I D  S O L U B I L I T Y  D E T E R M I N A T I O N S  65 

cel ls  b e i n g  m a d e  up  of s m a l l  {111} facets .  This  is 
l i k e l y  to be  t h e  case  fo r  a l l  d i a m o n d  cubic  and  zinc 
b l e n d e - t y p e  s e m i c o n d u c t o r s  i nc lud ing  si l icon.  

The  l a m i n a r  i n t e r f a c e  s t r u c t u r e  s h o w n  in Fig .  l a  
of ref .  (1)  is v e r y  s i m i l a r  in a p p e a r a n c e  to t h e  
c e l l u l a r  s t r u c t u r e  seen  on the  i n t e r f ace s  of [110] 
o r i e n t e d  g e r m a n i u m  or  i n d i u m  a n t i m o n i d e  s ingle  
c rys t a l s  g r o w n  u n d e r  cond i t ions  of c o n s t i t u t i o n a l  
supercoo l ing ,  w h e r e  the  cel ls  a r e  e l o n g a t e d  in t he  

[110] d i r ec t i on  in t h e  p l a n e  of t he  i n t e r f ace  (7, 9) .  
The  p r i n c i p a l  faces  of t h e  cel ls  a r e  t he  two  {111} 
p l anes  i nc l i ned  at  35 ~ 16 ~ to the  p l a n e  of t h e  i n t e r -  
face.  In  gene ra l ,  t he  ce l l u l a r  m o r p h o l o g y  is d e t e r -  
m i n e d  b y  the  d i r ec t i on  of g rowth ,  t h e  faces  of t he  
cel ls  be ing  composed  of the  {111} p l anes  n e a r e s t  
t he  p l a n e  of t he  in te r face .  

In  t he  p r e s e n c e  of a c e l l u l a r  i n t e r f ace  t h e r e  a r e  
t h r e e  k n o w n  effects w h i c h  can  r e s u l t  in a so lu te  
c o n c e n t r a t i o n  in t h e  sol id  w h i c h  is d i f f e ren t  f r o m  
tha t  w h e r e  t h e  i n t e r f a c e  is no t  c e l l u l a r  or  f ace t ed :  

( i )  The  face t  effect  (3, 4) ,  i.e., a d i f f e rence  in  
t h e  i n t e r f a c e  d i s t r i b u t i o n  coefficient  k ~ (4)  on and  
off a face t  of m a g n i t u d e  a p p r o p r i a t e  to t h e  p a r t i c u -  
l a r  sys tem.  In  t he  case  of i n d i u m  a n t i m o n i d e  g r o w n  
f r o m  an  i n d i u m  r i ch  mel t ,  in such a w a y  t h a t  con-  
s t i t u t i o n a l  s u p e r c o o l i n g  occurs ,  t h e  {111} face t s  
w h i c h  deve lop  show th i s  change  in k ~ w h e n  t e l -  
l u r i u m  is p r e s e n t  in  t h e  m e l t  (9) .  

( i i )  The  l a t e r a l  c o m p o n e n t  of d i f fus ion p r o d u c e d  
b y  s e g r e g a t i o n  a t  t h e  cel l  faces  l eads  to an  e n -  
h a n c e d  (k  ~ 1) or  d e p l e t e d  (k  ~ 1) so lu te  c onc e n -  
t r a t i o n  at  t h e  r e - e n t r a n t  co rne r s  f o r m e d  b y  the  
cells.  The  so lu te  c o n c e n t r a t i o n  in t h e  r e - e n t r a n t  
co rne r s  can,  in  some c i r cums tances ,  exceed  the  
so lub i l i t y  l i m i t  r e s u l t i n g  in t he  p r e c i p i t a t i o n  of a 
second  p h a s e  (8, 9) .  

( i i i )  E v i d e n c e  has  been  o b t a i n e d  (8) w h i c h  in -  
d ica tes  tha t ,  w h e n  t h e  c ry s t a l  is r o t a t ed ,  t he  f o r m a -  
t ion  of t he  f irst  cel ls  on the  s o l i d - l i q u i d  i n t e r f a c e  
p r o d u c e s  t u r b u l e n t  flow ove r  t he  w h o l e  i n t e r f ace  
w h i c h  modif ies  t he  c e l l u l a r  m o r p h o l o g y  and  hence  
the  so lu te  i nco rpo ra t i on .  

T h e r e  a r e  o the r  cond i t ions  u n d e r  w h i c h  g r o w t h  
can  b e  face ted ,  such  as  g r o w t h  in to  a t h e r m a l l y  
supe rcoo l ed  m e l t  when ,  in t he  absence  of t he  a p -  
p r o p r i a t e  t w i n  p lanes ,  t he  c r y s t a l  a s sumes  a p o l y -  
h e d r a l  f o r m  b o u n d e d  b y  {111} p l a n e s  (10, 11),  or  
g r o w t h  w i t h  a {111} p l a n e  t a n g e n t i a l  to t he  m e l t  
i s o t h e r m  (3) .  

In  gene ra l ,  t h e r m a l  s u p e r c o o l i n g  l eads  to  a f ew  
l a rge  face ts  w h i l e  c o n s t i t u t i o n a l  supe rcoo l ing  l eads  
to a l a r g e  n u m b e r  of s m a l l  facets .  H o w e v e r ,  in b o t h  
cases,  t he  i nd i ca t ions  a r e  t h a t  a facet ,  h o w e v e r  
fo rmed ,  w i l l  show t h e  face t  effect. In  t h e  case  of 
c o n s t i t u t i o n a l  supe rcoo l i ng  t h e r e  is t h e  a d d i t i o n a l  
i n h o m o g e n e i t y  d u e  to  t h e  i n t e r c e l l u l a r  s eg rega t ion .  

T h e  d e t e r m i n a t i o n  of e q u i l i b r i u m  d i s t r i b u t i o n  
coefficients b y  g r o w i n g  c r y s t a l s  f r o m  h e a v i l y  d o p e d  
m e l t s  r e q u i r e s  a v e r y  s low g r o w t h  r a t e  a n d  a s t eep  
t e m p e r a t u r e  g r a d i e n t  in  t he  me l t .  T h e  p r o b l e m  
w i t h  t h e  C z o c h r a l s k i  t e c h n i q u e  is tha t ,  to p r o m o t e  
g r o w t h  a t  c o n s t a n t  c r y s t a l  d i a m e t e r ,  t h e  p o w e r  
s u p p l i e d  to t he  m e l t  m u s t  b e  p e r i o d i c a l l y  l o w e r e d  

b e c a u s e  t h e  a c c u m u l a t i o n  or  d e p l e t i o n  of so lu te  in 
t h e  m e l t  (k  ~ 1, r e s p e c t i v e l y )  c o n t i n u a l l y  l ower s  
t he  l i qu idus  t e m p e r a t u r e  of  t h e  mel t .  These  p o w e r  
changes  cause  t r a n s i e n t  i nc reases  in g r o w t h  r a t e  
and  l e ad  to t h e  t r a n s i e n t  f o r m a t i o n  of a c e l l u l a r  
s t r u c t u r e  w i t h  i ts  c onse que n t  i nhomogene i t i e s .  This  
effect  becomes  v e r y  p r o n o u n c e d  a t  t he  s lowes t  
g r o w t h  r a t e s  (8 ) .  The  a d v a n t a g e  of t he  so lven t  
e v a p o r a t i o n  t e c h n i q u e  in  th is  r e spe c t  is t h a t  t he  
p o w e r  s u p p l i e d  to  t he  m e l t  is k e p t  cons t an t  and  no 
m e c h a n i c a l  p u l l i n g  is e m p l o y e d .  I ts  d i s a d v a n t a g e  
is t h a t  i t  is a n e a r l y  i s o t h e r m a l  process ,  i.e., t he  
t e m p e r a t u r e  g r a d i e n t  in t h e  m e l t  is smal l ,  and  
h e n c e  c o n s t i t u t i o n a l  s u p e r c o o l i n g  of t h e  m e l t  r e a d i l y  
occurs.  To u t i l i ze  t he  a d v a n t a g e s  of t h e  t e c h n i q u e  
a s t eep  t e m p e r a t u r e  g r a d i e n t  in t h e  m e l t  is r e -  
qu i red .  

T r u m b o r e  a n d  P o r b a n s k y  (2)  c l a im  the  i s o t h e r -  
m a l  n a t u r e  of t he  p rocess  to be  i ts  ch ie f  a d v a n t a g e  
s ince  i t  shou ld  y i e l d  h o m o g e n e o u s  m a t e r i a l .  Whi le ,  
a t  p re sen t ,  l i t t l e  is k n o w n  abou t  t he  f ac to r s  con-  
t r o l l i n g  ce l l  s ize i t  m a y  be  pos s ib l e  to g r o w  c r y s t a l s  
b y  the  i s o t h e r m a l  process  u n d e r  cond i t ions  of con-  
s t i t u t i o n a l  supe rc oo l i ng  in such a w a y  t h a t  t h e  
c r y s t a l  i t se l f  f o r m s  a " s ing le  ce l l "  and  the  i n t e r f a c e  
is b o u n d e d  b y  a s ing le  set  of low i n d e x  p l a n e s  w i t h  
no r e - e n t r a n t  corners .  In  th is  case  t h e  m a t e r i a l  
shou ld  be  h o m o g e n e o u s  a l t h o u g h  its i m p u r i t y  con-  
t en t  w i l l  d e p e n d  on the  m a g n i t u d e  of k ~ on the  
facets .  

The  a b o v e  c o m m e n t s  a r e  no t  i n t e n d e d  as a s e r i -  
ous c r i t i c i sm of t he  e x p e r i m e n t a l  r e su l t s  of T r u m -  
b o r e  et al. (1 ) .  The  cons i s t ency  of  t h e i r  r e su l t s  
i nd i ca t e s  t h a t  t h e  inf luence  of the  effects d e s c r i b e d  
a b o v e  was  p r o b a b l y  s m a l l  in  t h e i r  e x p e r i m e n t s .  
H o w e v e r ,  in t hose  a l loy  sy s t e ms  w h i c h  e x h i b i t  a 
l a r g e  face t  effect,  d e t e r m i n a t i o n  of t h e  e q u i l i b r i u m  
d i s t r i b u t i o n  coefficients c anno t  be  a c c o m p l i s h e d  b y  
the  use  of an  i s o t h e r m a l  process .  

This  no te  is p u b l i s h e d  b y  p e r m i s s i o n  of  the  Con-  
t ro l l e r ,  H.B.M. S t a t i o n e r y  Office. 

Manuscr ip t  rece ived  Sept. 13, 1961. 

A n y  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Unusual Ternary Behavior of Transition Metal Borides 
J. M. Leitnaker, N. H. Krikorian, and M. C. Krupka 

University of California, Los Alamos Scientific Laboratory, Los A~amos, New Mexico 

D u r i n g  the  course  of a v a r i e t y  of e x p e r i m e n t a l  
w o r k  on t r a n s i t i o n  m e t a l  bo r ide s  ( 1 - 3 ) ,  u n u s u a l  b e -  
h a v i o r  was  f o u n d  in h e a t e d  m i x t u r e s  of t h e  G r o u p  
IVa m e t a l  d i b o r i d e s  w i t h  t u n g s t e n  and  m o l y b d e n u m .  
[ E x p e r i m e n t a l  m e t h o d s  a r e  d e s c r i b e d  in d e t a i l  in 
ref .  ( 1 ) . ]  

A l l  t h r e e  of t he  d i b o r i d e s  w e r e  f o u n d  to b e h a v e  
d i f f e r e n t l y  w h e n  m i x e d  w i t h  t u n g s t e n  p o w d e r  and  
hea t ed .  TiB~ f o r m e d  w h a t  a p p e a r e d  to b e  a t e r n a r y  
c o m p o u n d  w i t h  W (a t  r o u g h l y  50-50 mole  % ) .  The  
c o m p o u n d  could  be  i n d e x e d  in o r t h o r h o m b i c  s y m -  
m e t r y ,  b y  i ts  close a n a l o g y  to TaB,  and  h a d  l a t t i ce  
p a r a m e t e r s  of ao = 3 .180- -  0.008A, bo = 8.462_+ 
0.006A, and  co = 3.071 _ 0.003A. HfB=, w h e n  h e a t e d  
w i t h  t u n g s t e n  p o w d e r ,  does  not  e a s i l y  a t t a i n  e q u i -  
l i b r ium,  or  a t  l eas t  t he  q u e n c h e d  s a m p l e s  w h e n  e x -  
a m i n e d  b y  x - r a y  n e v e r  i n d i c a t e d  t h a t  e q u i l i b r i u m  
had  been  a t t a ined .  A t e r n a r y  c o m p o u n d  a p p e a r e d  
to fo rm,  h o w e v e r ,  b u t  was  e i t he r  of l ow  s y m m e t r y  or  
t he  s a m p l e  c o n t a i n e d  a m i x t u r e  of two  t e r n a r y  
phases .  

In  con t ras t ,  ZrB2 fo rms  no i n t e r m e d i a t e  phase s  
w i t h  t ungs t en .  A 3 - d a y  h e a t i n g  of an  i n t i m a t e  m i x -  
t u r e  of ZrB2 and  W at  2100~ showed  on ly  t he  
s h a r p e n i n g  of x - r a y  l ines  in t he  f i lm a n d  e l i m i n a t i o n  
of f a in t  i m p u r i t y  l ines .  H e a t i n g s  a t  l o w e r  t e m p e r a -  
tu res  w i t h  a b o u t  1% i ron  as a s in t e r ing  a id  also p r o -  
d u c e d  no e x t r a  phases .  

A l l  t h r e e  d i b o r i d e s  r eac t  w i t h  m o l y b d e n u m .  X - r a y  
fi lms of q u e n c h e d  s a m p l e s  of ZrB~-Mo and  HfB~-Mo 
showed  n e a r l y  i d e n t i c a l  p a t t e r n s  w i t h  those  of 

HfB~-W. The  b e h a v i o r  of TiB~ w i t h  Mo is n e a r l y  
i den t i ca l  w i t h  t he  TiB~-W reac t ion .  L a t t i c e  p a r a m -  
e te r s  for  t he  o r t h o r h o m b i c  phase  w e r e  ao = 3.185 
-- 0.007A, bo---- 8.475 --+ 0.010A, and  co---- 3.075 --- 
0.003A. 

The  t e r n a r y  c o m p o u n d  of TiP~ w i t h  NIo was  f o u n d  
to f o r m  as low as 160O~ S t e i n i t z  (4)  has  shown  t h a t  
MoB has  a h i g h - t e m p e r a t u r e  modi f i ca t ion  w h i c h  is 
i s o m o r p h o u s  w i t h  TaB.  Hence ,  i n s t e a d  of a t e r n a r y  
compound ,  t he  i n t e r m e d i a t e  o n e - p h a s e  r eg ion  can  
be  v i e w e d  p o s s i b l y  as a so lu t ion  of TiB in f l -MoB 
w i t h  a consequen t  l o w e r i n g  of t he  f l -MoB t r a n s i t i o n  
t e m p e r a t u r e .  T h e  s i t ua t ion  w i t h  the  TiB~-W sys t em 
is s imi la r .  W h e t h e r  the  h i g h - t e m p e r a t u r e  MoB (or  
W B )  p h a s e  can  be  s t ab i l i zed  d o w n  to r o o m  t e m -  
p e r a t u r e  is, of  course ,  u n c e r t a i n .  

E x a m i n a t i o n  of t he  six p s e u d o b i n a r y  sys t ems  has  
been  on ly  cu r so ry .  I t  w o u l d  s eem t h a t  t h e  u n u s u a l  
b e h a v i o r  is of m o r e  t h a n  pas s ing  i n t e r e s t  a n d  ce r -  
t a i n l y  dese rves  m o r e  a t t en t ion .  

Manuscr ip t  received Aug. 24, 1961. 

Any  discussion of this  p a p e r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Floating Zone Refining of Boron 
Using Electron Beam Melting 

C. B. Hood end M. O. Thurston 

Electron Device Laboratory, The Ohio State University, Columbus, Ohio 

The  use of e l e c t r o n  b e a m  zone re f in ing  in  t he  p u r i -  
f icat ion of r e f r a c t o r y  m e t a l s  was  d i scussed  b y  Davis ,  
C a l v e r l e y ,  and  L e v e r  (1) .  The  a d v a n t a g e s  t h e y  
found  in th is  t e c h n i q u e  m a d e  i t  a t t r a c t i v e  for  use  
w i t h  boron.  T h e y  had ,  h o w e v e r ,  m e n t i o n e d  diff icul-  
t ies  w i t h  h igh  r e s i s t i v i t y  ma t e r i a l s ,  a n d  t h e r e  was  
t hus  a ques t i on  w h e t h e r  t he  h i g h  r e s i s t anc e  of a 
bo ron  rod  n e a r  r o o m  t e m p e r a t u r e  w o u l d  p e r m i t  
sufficient  b e a m  c u r r e n t  to flow a t  a r e a s o n a b l e  v o l t -  
age  for  the  b e a m  to m e l t  a zone. 

In  p r a c t i c e  i t  was  f o u n d  t h a t  t h e  r e s i s t ance  of t he  
r o d  is a l m o s t  i m m a t e r i a l .  T h e  c u r r e n t  flow in t he  rod  
is v e r y  s l ight ,  t he  p r e d o m i n a n t  c u r r e n t  be ing  the  
s e c o n d a r y  e l e c t r o n  emiss ion  c u r r e n t  f r o m  t h e  born-  

b a r d e d  zone. The  s e c o n d a r y  e l ec t rons  c o m p l e t e  t he  
c i r cu i t  b y  f lowing to the  g r o u n d e d  case of t he  v a c u u m  
fu rnace .  The  b o m b a r d m e n t  p rocess  cou ld  b e  s t a r t e d  
w i t h  the  bo ron  rod  cold, and  the  zone could  be  
b r o u g h t  to the  m e l t i n g  po in t  in  a m i n u t e  or  less.  This  
con t r a s t s  w i t h  t he  r.f. i n d u c t i o n  h e a t i n g  me thod ,  in  
w h i c h  a bo ron  r o d  m u s t  b e  p r e h e a t e d  in  o r d e r  to  r e -  
duce  i ts  r e s i s t i v i t y  suff ic ient ly  to a l l o w  effec t ive  e l ec -  
t r i c a l  coup l ing  to t he  h e a t i n g  coil.  

Some  of the  de t a i l s  of t he  p r e p a r a t i o n  of t he  m a -  
te r ia l s ,  the  o p e r a t i o n  of t h e  e q u i p m e n t ,  and  p r e l i m i -  
n a r y  r e su l t s  o b t a i n e d  a re  d e s c r i b e d  nex t .  More  com-  
p l e t e  s tud ies  of t he  e l ec t r i ca l  p r o p e r t i e s  of b o r o n  a r e  
in p r o g r e s s  and  wi l l  b e  r e p o r t e d  l a t e r .  
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Exper imenta l  Techniques 
The  b o r o n  rods  used  in  t hese  e x p e r i m e n t s  w e r e  

p r e p a r e d  b y  t h e  r e d u c t i o n  of b o r o n  t r i c h l o r i d e  on  a 
25t~ d i a m e t e r  h e a t e d  t a n t a l u m  f i lament ,  s u s p e n d e d  
h o r i z o n t a l l y  in a r e a c t i o n  c h a m b e r  cons i s t ing  of a 
Vycor  t u b e  w i t h  w a t e r - c o o l e d  coppe r  end  f langes  and  
e lec t rodes .  Reac t ion  t e m p e r a t u r e s  v a r i e d  f r o m  1350 ~ 
to 1450~ as m e a s u r e d  w i t h  an  op t i ca l  p y r o m e t e r .  
The  r e a c t i o n  c h a m b e r  was  c o n n e c t e d  to a P y r e x  gas  
s u p p l y  s y s t e m  as s h o w n  in Fig .  1. The  v a p o r  p r e s s u r e  
of boron  t r i c h l o r i d e  a t  t he  ice p o i n t  is such  t h a t  a 
s t r e a m  of h y d r o g e n  pas sed  t h r o u g h  the  l i qu id  at  th i s  
t e m p e r a t u r e  gave  an  a p p r o x i m a t e l y  s to i ch iome t r i c  
m i x t u r e  to f eed  to t he  r e a c t i o n  c h a m b e r .  The  spen t  
gas  f r o m  the  c h a m b e r  pa s sed  to t he  condense r ,  w h e r e  
u n r e a c t e d  b o r o n  t r i c h l o r i d e  was  condensed  a n d  r e -  
cycled.  The  feed  gas  was  r e g u l a t e d  in such  a w a y  
t h a t  on ly  25-30% r e d u c t i o n  took place ,  t hus  m a i n -  
t a i n ing  f a i r l y  u n i f o r m  c o n c e n t r a t i o n s  t h r o u g h o u t  t he  
r e a c t i o n  c h a m b e r ,  g iv ing  rods  of f a i r l y  u n i f o r m  
d i a m e t e r .  The  s y s t e m  was  o p e r a t e d  at  a t m o s p h e r i c  
p re s su re .  

The  rods  o b t a i n e d  in th i s  p rocess  w e r e  d a r k  g ray ,  
w i t h  a f i n e - g r a i n e d  c r y s t a l l i n e  a p p e a r a n c e ,  a n d  w e r e  
qu i t e  dense .  A p p r o x i m a t e l y  21/2 h r  w e r e  r e q u i r e d  to 
g r o w  a r o d  6 m m  in d i a m e t e r ,  w h i c h  is t he  l a r g e s t  
o b t a i n a b l e  w i t h  ou r  p r e s e n t  p o w e r  supp ly .  The  y i e ld  
of bo ron  was  a b o u t  75% of t heo re t i ca l .  A l l  t he  rods  
showed  ev idence  of s t r a ins  b y  u n d e r g o i n g  some 
c r a c k i n g  w h e n  cooled  t h r o u g h  t h e  900~176 
range .  T h e  l eas t  a m o u n t  of c r a c k i n g  s e e m e d  to t a k e  
p l ace  w h e n  the  rods  w e r e  cooled  r a p i d l y  b y  m e r e l y  
s h u t t i n g  off t he  h e a t e r  cu r r en t .  By  th is  means ,  p ieces  
7-15 cm long  ( w i t h  no a p p a r e n t  c r acks )  w e r e  ob -  
t a ined .  

H i g h - p u r i t y  b o r o n  t r i ch lo r ide ,  o b t a i n e d  f r o m  t h e  
A m e r i c a n  P o t a s h  a n d  C h e m i c a l  C o m p a n y ,  was  used  

F L O A T I N G  Z O N E  R E F I N I N G  O F  B O R O N  

C) 

VENT 

( | 

Fig. 1. Boron reduction apparatus. 1, Hot wire reaction chamber; 
2, BCI~ condenser using dry ice-acetone refrigerant; 3, ice bath 
for BCI~ bubbler; 4, BCI~ bubbler or mixer; S, BCI~ cylinder; 6, 
H2 cylinder; 7, deoxo catalytic purifier; 8, silica gel dryer; 9, silica 
gel purifier with liquid N~ refrigerant. 
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for  th is  p r e p a r a t i o n .  The  i m p u r i t y  content ,  c a l c u -  
l a t e d  f rom the i r  ana lys i s ,  a s s u m i n g  a l l  t he  i m p u r i t i e s  
e n t e r e d  the  rod,  is as fo l lows:  

C a r b o n  0.055 % 
Si l icon  0.002 % 
T a n t a l u m  0.015 % 

To ta l  0.072% b y  w e i g h t  

The  e l ec t ron  b e a m  zone re f iner  is s im i l a r  to t he  
one de sc r ibed  b y  Dav i s  (1 ) .  I t  was  c o n s t r u c t e d  
w i t h  a s t a t i o n a r y  f i l ament  a s sembly ,  t h r o u g h  w h i c h  
the  s a m p l e  rod,  s u p p o r t e d  on a f r ame ,  can  be  
m o v e d  ve r t i c a l l y .  T h e r e  was  no p rov i s ion  for  r o t a -  
t ion  of t he  sample .  The  e n t i r e  f i l amen t  a n d  f r a m e  a s -  
s e m b l y  was  hung  ins ide  a w a t e r - c o o l e d  v a c u u m  c h a m -  
ber ,  w i t h  an e x t e r n a l  g e a r - d r i v e n  l i f t i ng  m e c h a n i s m  
to p r o v i d e  the  v e r t i c a l  mot ion .  The  f i l amen t  a r r a n g e -  
m e n t  cons i s ted  of a t u n g s t e n  s t r i p  3/32 in. w i d e  b y  
0.003 in. th ick ,  f o r m e d  to a 3 - c m  circ le ,  s u r r o u n d -  
ing the  b o r o n  rod.  T a n t a l u m  focus ing  p la tes ,  w i t h  
2 .5-cm holes  in them,  w e r e  p l a c e d  a b o u t  6 m m  
a b o v e  and  b e l o w  the  f i lament .  Th is  a r r a n g e m e n t  
gave  a m o l t e n  zone a b o u t  6 m m  in w id th .  The  e lec -  
t r on  b e a m  c u r r e n t  was  abou t  0.15 to 0.20 a m p  a t  
3000v. V e r t i c a l  m o t i o n  of t he  rod  was  12-18 c m / h r .  

The  emiss ion  of bo ron  v a p o r  f r o m  the  m o l t e n  
zone was  v e r y  s l ight ,  as e v i d e n c e d  b y  f i lm f o r m a -  
t ion  on the  c h a m b e r  w indow .  H o w e v e r ,  i t  w a s  su f -  
f ic ient  to c o n t a m i n a t e  t he  t u n g s t e n  f i lament ,  r e d u c -  
ing i ts  emiss ion,  and  d i s t o r t i n g  i ts  shape .  This  
diff icul ty,  w h i c h  l imi t s  t he  f i l amen t  l i fe  to abou t  
1 hr ,  seems  to be  t he  p r i n c i p a l  l i m i t a t i o n  of t he  
f i l ament  s t r u c t u r e  desc r ibed .  A n  e l ec t ron  gun  d e -  
s ign  in w h i c h  the  f i l ament  was  no t  d i r e c t l y  e x p o s e d  
to t he  bo ron  m i g h t  be  e x p e c t e d  to m i n i m i z e  th is  
diff iculty.  

Exper imental  Results 
A l t h o u g h  no s ingle  c ry s t a l  rods  h a v e  been  ob -  

t a ined ,  t h e  zone re f ined  spec imens  con ta in  c rys t a l s  
2-3 m m  in size, as d e t e r m i n e d  b y  o b s e r v a t i o n s  on 
e t ched  slices.  

The  e l e c t r o n  b e a m  f u r n a c e  was  also used  to p r e -  
p a r e  d o p e d  s a m p l e s  of b o r o n  b y  fus ing  shor t  sec t ions  
of rod  w i t h  i m p u r i t i e s  inse r t ed .  Rods  w e r e  d o p e d  
w i t h  n i c k e l  a n d  c a r b o n  b y  th is  me thod .  

Res i s t ance  m e a s u r e m e n t s  w e r e  m a d e  on t h e  v a r i -  
ous s a m p l e s  of bo ron  over  a w i d e  r a n g e  of t e m p e r a -  
tu re .  E l e c t r i c a l  connec t ions  w e r e  m a d e  to t he  s a m -  
p les  w i t h  t u n g s t e n  wi re ,  us ing  a s m a l l  a m o u n t  of 
p l a t i n u m  as an  a l l o y i n g  or  b o n d i n g  agent .  The  con-  
t ac t s  w e r e  t e s t ed  on an  osc i l loscope  and  f o u n d  to 
be  ohmic.  The  bo ron  s a m p l e s  w e r e  no t  p r e c i s e l y  
cut,  b u t  w e r e  of  such d i m e n s i o n s  t h a t  t he  r e s i s t -  
ance  va lue s  a r e  n u m e r i c a l l y  w i t h i n  3-7 t imes  the  
abso lu t e  r e s i s t i v i t y  in  o h m  c e n t ime t e r s .  

F i g u r e  2 shows  r e s i s t a nc e  as a func t ion  of r e c i p -  
roca l  t e m p e r a t u r e  for  f r e s h l y  p r e p a r e d  boron ,  zone  
re f ined  samples ,  and  d o p e d  samples .  A p p a r e n t  b a n d  
gaps ,  c a l c u l a t e d  for  t he se  s a m p l e s  f r o m  the  a v e r a g e  
s lopes  of t he  cu rves  at  t he  h i g h e r  t e m p e r a t u r e s ,  a r e  
as  fo l lows :  zone re f ined  s a m p l e  (3 pas se s ) ,  1.35 ev;  
u n m e l t e d  samples ,  1.2 ev;  n i c k e l  d o p e d  sample ,  1.2 
ev;  c a rbon  d o p e d  sample ,  1.2 ev. 
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Fig. 2. Resistance of various boron samples as functions of the 
reciprocal of the absolute temperature. 

The  b a n d  gap,  m e a s u r e d  b y  th is  me thod ,  has  been  
r e p o r t e d  b y  v a r i o u s  i n v e s t i g a t o r s  (2 -6 ) ,  g iv ing  
v a l u e s  r a n g i n g  f r o m  0.30 to 1.60 ev. O u r  v a l u e s  
a g r e e  mos t  c lose ly  w i t h  those  of G r e i n e r  and  G u t o w -  
sk i  (5) .  These  a u t h o r s  (6)  also r e p o r t e d  r e d u c e d  
r e s i s t i v i t y  w i t h  p h o s p h o r u s  dop ing ,  b u t  of t he  t w o  
d o p a n t s  s e l ec t ed  b y  us, on ly  c a r b o n  shows ind i ca t i on  
of r e d u c e d  r e s i s t i v i t y  at  r o o m  t e m p e r a t u r e .  

M e a s u r e m e n t s  a t  l o w e r  t e m p e r a t u r e s  w o u l d  be  
r e q u i r e d  to d e t e r m i n e  the  e n e r g y  l eve l  s t r u c t u r e  

January 1962 

for  impur i t i e s ,  b u t  could  not  be  m a d e  w i t h  t he  e q u i p -  
m e n t  a v a i l a b l e  for  these  f irst  tes ts .  

The  zone re f in ing  p r o d u c e s  a de f in i t e ly  m e a s u r -  
ab le  i nc rea se  in s lope  a t  t he  h i g h e r  t e m p e r a t u r e s ,  
bu t  no t  n e c e s s a r i l y  an  i nc rea se  in r e s i s t i v i t y  ove r  
the  en t i r e  t e m p e r a t u r e  r ange .  

T h e r m o e l e c t r i c  p o w e r  m e a s u r e m e n t s  on a l l  t he  
s a m p l e s  s t u d i e d  so fa r  i nd ica t e  t h a t  t h e y  a r e  p - t y p e ,  
a l t h o u g h  one m i g h t  expec t  t he  c a r b o n  d o p e d  s a m -  
p l e  to be  n - t y p e  due  to t he  e x t r a  e l ec t rons  in t he  
l a t t i c e  c o n t r i b u t e d  b y  the  c a r b o n  a toms.  
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An Electrochemical Method for the Preparation of AuSn and Its 
Possible Application to Other Intermetallic Compounds 

T. Granville Carver and Henry Leidheiser, Jr. 

Virginia Institute for Scientific Research, Richmond, Virginia 

The  p u r p o s e  of th is  c o m m u n i c a t i o n  is to de sc r ibe  
a s imple  e l e c t r o c h e m i c a l  m e t h o d  for  t he  p r e p a r a -  
t ion  of t he  i n t e r m e t a l l i c  c o m p o u n d  A u S n  and  to 
sugges t  i ts a p p l i c a b i l i t y  to o t h e r  i n t e r m e t a l l i c  c o m -  
pounds .  

W h e n  go ld  e l ec t rodes  w e r e  p o l a r i z e d  in bo i l ing  
2M HC1 con t a in ing  0.001M S n ( I I )  to  p o t e n t i a l s  t 0 -  
100 m y  m o r e  nob le  t h a n  t ha t  of t in  in  t h e  s ame  m e -  
d ium,  a u n i f o r m  depos i t  f o r m e d  v e r y  r a p i d l y  on 

the  g o l d / T h e  r e s u l t i n g  depos i t ,  as iden t i f i ed  b y  e lec -  
t r on  and  x - r a y  d i f f rac t ion  ana lys i s ,  was  A u S n ( 3 ) .  
In  a t y p i c a l  e x p e r i m e n t  in w h i c h  the  go ld  was  p o -  
l a r i z e d  to a p o t e n t i a l  a p p r o x i m a t e l y  15 m v  m o r e  
n o b l e  t h a n  the  p o t e n t i a l  of t in  in th is  m e d i u m  (--605 
m v  vs. the  s a t u r a t e d  ca lome l  e l e c t r o d e ) ,  8.7 m g  

z Depos i t s  on  go ld  s a m p l e s  in  con tac t  w i t h  t i n  in  s o l u t i o n s  con t a in -  
i n g  S n ( I I )  we re  r e p o r t e d  as ea r ly  as 1873 by  R a o u l t  (1). L a t e r  
worke r s ,  such  as T a m m a n n  and  W i e d e r h o l t  (2) s t u d i e d  t he  ra te  of 
c h a n g e  of  p o t e n t i a l  of e lec t rodes  w h e n  po l a r i zed  i n  t he  p resence  of 
l e s s  nob le  m e t a l  ca t ions .  
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of A u S n  was  f o r m e d  in 1000 m i n  on a gold  c y l i n d e r  
expos ing  a p p r o x i m a t e l y  2 cm ~ of sur face .  

S i m i l a r  e x p e r i m e n t s  c a r r i e d  out  us ing  e v a p o r a t e d  
gold  fi lms a p p r o x i m a t e l y  200A in t h i cknes s  r e s u l t e d  
in the  a p p a r e n t  c o m p l e t e  t r a n s f o r m a t i o n  w i t h i n  15 
m i n  of go ld  to A u S n  on those  f r a g m e n t s  of t he  f i lm 
w h i c h  a d h e r e d  to t he  glass  s u b s t r a t e  and  r e m a i n e d  
in  e l ec t r i ca l  con tac t  w i t h  the  p o l a r i z a t i o n  source.  
This  conc lus ion  was  b a s e d  on t r a n s m i s s i o n  e l ec t ron  
d i f f rac t ion  s tudies .  

In  t he  m a j o r i t y  of e x p e r i m e n t s ,  a s ing le  p l a t e a u  
was  o b s e r v e d  in  t he  p o t e n t i a l - t i m e  cu rve  w h e n  the  
p o l a r i z i n g  p o t e n t i a l  was  r e m o v e d .  This  p l a t e a u  was  
a p p r o x i m a t e l y  150 m y  m o r e  nob le  t h a n  the  p o t e n -  
t i a l  of t in  in so lu t ions  con ta in ing  0.0001, 0.001, 0.01, 
and  0.1M S n ( I I ) .  In  e x p e r i m e n t s  c a r r i e d  out  for  
long  t i m e s  in so lu t ions  0.1M in S n ( I I )  and  in e x -  
p e r i m e n t s  in w h i c h  the  go ld  e l ec t rode  was  c h a r g e d  
br ie f ly  to a p o t e n t i a l  sufficient  to e l e c t r o d e p o s i t  t in ,  
a second  p l a t e a u  was  o b s e r v e d  at  a p o t e n t i a l  a p -  
p r o x i m a t e l y  80 m v  m o r e  nob le  t h a n  the  p o t e n t i a l  
of t in  in  these  solut ions .  A t t e m p t s  to i d e n t i f y  t he  
c o m p o u n d  r e s p o n s i b l e  for  t he  second  p l a t e a u  b y  
d i f f rac t ion  ana lys i s  w e r e  unsuccess fu l .  I t  is sug -  
ges ted  t h a t  th is  c o m p o u n d  m a y  be  e i t he r  AuSn~ or  
A u S n ,  on the  bas is  of  t he  p h a s e  d i a g r a m  for  t he  
A u - S n  sys tem.  

W h e n  a p a l l a d i u m  e lec t rode ,  e x p o s i n g  a su r face  
a r e a  of 1.5 cm ~, was  p o l a r i z e d  in bo i l ing  2M HC1 
c o n t a i n i n g  0.001NI S n ( I I )  to a p o t e n t i a l  s e v e r a l  m v  
m o r e  nob le  t h a n  the  cor ros ion  p o t e n t i a l  of t in,  a 
depos i t  w e i g h i n g  6 m g  f o r m e d  on the  p a l l a d i u m  in 

24 hr .  X - r a y  d i f f rac t ion  ana lys i s  i n d i c a t e d  t h a t  t he  
m a j o r  cons t i t uen t  was  PdSn~. "~ The  p o t e n t i a l  d e c a y  
c u r v e  e x h i b i t e d  a p l a t e a u  l a s t i ng  15 min  a t  a p o -  
t e n t i a l  a p p r o x i m a t e l y  25 m v  m o r e  nob le  t h a n  t ha t  
of t in  in t he  same  m e d i u m .  Two s m a l l e r  p l a t e a u s  
w e r e  also o b s e r v e d  a t  m o r e  nob le  po ten t i a l s .  

Based  on the  r e su l t s  r e p o r t e d  a b o v e  and  p r e l i m -  
i n a r y  s tud ies  on o t h e r  sys tems ,  i t  a p p e a r s  t h a t  i n -  
t e r m e t a l l i c  c o m p o u n d s  of t in ,  lead,  and  c a d m i u m  
w i t h  nob le  m e t a l s  m a y  be  p r e p a r e d  b y  a r e a c t i o n  
of the  type ,  x M  ~- y M  '~Z ~- yz e- > MxM'y, w h e r e  
M is t he  nob le  and  M' is t in ,  lead ,  or c a d m i u m .  
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Thi s  ana lys i s  was  based  on a k n o w l e d g e  of t he  d i f f r ac t ion  p a t t e r n  
fo r  PtSn4 (ASTM X - r a y  d i f f r ac t i on  ca rd  No. 4-0744) and  t he  fac t  
t h a t  PdSn~ is i so typ ic  w i t h  PtS. n4 (4). 

Niobium Solid Electrolyte Capacitors 
H. W. Ling and T. I.. Kolski 
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Use of n i o b i u m  as an  anode  m a t e r i a l  for  sol id  
e l e c t r o l y t e  capac i to r s  is a r o u s i n g  c o n s i d e r a b l e  i n -  
t e res t .  P r e v i o u s  r e p o r t s  (1 -3 )  h a v e  i n d i c a t e d  the  
f e a s i b i l i t y  of p r e p a r i n g  n i o b i u m  sol id e l e c t r o l y t e  
c apac i t o r s  w i t h  s a t i s f a c t o r y  l i fe  u n d e r  l oad  up  to 
20v. H o w e v e r ,  these  s ame  r e p o r t s  h a v e  s h o w n  t h a t  
f a b r i c a t i o n  of dev ices  of the  35-v  class was  u n s u c -  
cessfu l  b e c a u s e  of t o t a l  f a i l u r e  d u r i n g  l i fe  tes ts .  This  
c o m m u n i c a t i o n  con ta in s  t es t  r e su l t s  on 35 -v  n io -  
b i u m  sol id  e l e c t r o l y t e  c apac i t o r s  w h i c h  w e r e  s h o w n  
to l as t  l onge r  t h a n  1000 h r  w h e n  t e s t e d  at  85~ 

In  an  e a r l i e r  c o m m u n i c a t i o n  (4)  w e  i n d i c a t e d  the  
m e a n s  w h e r e b y  n i o b i u m  s i n t e r e d  pe l l e t s  cou ld  be  
a n o d i z e d  to 200v. Brief ly ,  t he  cond i t ions  i n v o l v e d  
f o r m i n g  a t  r o o m  t e m p e r a t u r e  in 0.01% aqueous  
H,PO4 e l e c t r o l y t e  at  a c u r r e n t  d e n s i t y  of 50 m a / g ,  
and  m a i n t a i n i n g  at  f o r m a t i o n  v o l t a g e  for  2 h r  to 
a l l ow h e a l i n g  of t he  anod ic  film. P o r o u s  pe l l e t s  
w e i g h i n g  a p p r o x i m a t e l y  0.5g w e r e  a n o d i z e d  in th i s  
m a n n e r ,  and  a c o u n t e r  e l e c t r o d e  of MnO~, g r a p h i t e ,  
and  m e t a l  was  a p p l i e d  to each  u s i n g  the  c o n v e n t i o n a l  
ar t .  A ca thode  l e ad  w i r e  was  a t t a c h e d  to t he  m e t a l  
coa t ing  of each  device ,  b u t  t he  un i t s  w e r e  no t  
h e r m e t i c a l l y  sea l ed  or  o t h e r w i s e  i so la ted  f r o m  the  
a t m o s p h e r e .  

W i t h  no p r i o r  cu r ing  p e r i o d  u n d e r  load,  l e a k a g e  
c u r r e n t  was  m e a s u r e d  a f t e r  5 ra in  of e lec t r i f ica t ion ,  
us ing  an  R C A  W V - 4 8 B  u l t r a s e n s i t i v e  d - c  m i c r o -  
a m m e t e r .  P o t e n t i a l  was  i n c r e a s e d  to 35v w i t h i n  a 
p e r i o d  less t h a n  45 sec; t he  e l ec t r i ca l  l e a k a g e  m e a s -  
u r e d  5 m i n  a f t e r  r e a c h i n g  35v was  a b o u t  25% l o w e r  
t h a n  the  2 - r a in  va lue .  C a p a c i t a n c e  and  d i s s ipa t ion  
f ac to r  w e r e  m e a s u r e d  on a G e n e r a l  Rad io  T y p e  
1611-B C a p a c i t a n c e  B r i d g e  at  35v d - c  b ias  us ing  a 
120 cps, l v  a - c  s ignal .  A f t e r  in i t i a l  c h a r a c t e r i z a t i o n ,  
low i m p e d a n c e  l i fe  t e s t ing  w a s  c a r r i e d  out  a t  85~ 
u s i n g  w e t  cel ls  as t he  d - c  source.  

A s u m m a r y  of  t he  r e su l t s  is p r e s e n t e d  in T a b l e  I. 
C o m p a r i s o n  of p o s t - l i f e  t es t  p r o p e r t i e s  w i t h  in i t i a l  
d r y  p r o p e r t i e s  shows  t h a t  in t he  m a j o r i t y  of cases  
capac i t ance  and  e q u i v a l e n t  ser ies  r e s i s t a nce  d e -  
c reased ,  y i e l d i n g  l o w e r  d i s s ipa t i on  fac tors .  A b s o l u t e  
e l e c t r i c a l  l e a k a g e  i n c r e a s e d  in mos t  spec imens .  In  
gene ra l ,  v a r i a t i o n s  in  i n i t i a l  c a p a c i t a n c e  ref lec t  t he  
use  of p o w d e r s  v a r y i n g  in  p a r t i c l e  size d i s t r i bu t i on ,  
w h e r e a s  d i f fe rences  in i n i t i a l  e l ec t r i ca l  l e a k a g e  r e -  
su l t  f r o m  d i f fe r ing  p u r i t y  a m o n g  s e v e r a l  p o w d e r  
ba t c he s  e m p l o y e d .  

In  p r e v i o u s  p u b l i c a t i o n s  (1, 3) ,  i t  was  s t a t e d  t h a t  
p a r t i a l  c r y s t a l l i z a t i o n  of t he  ox ide  f i lm d u r i n g  f o r -  
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Table I. Niobium solid electrolyte capacitors 

January  1962 

Init ial  dry proper t ies  a t  35v, 25~ 

Capaci- Dissipation Absolute  
tance, factor  leakage, Leakage,  
~f/g 120 cps, % ~a/pel let  /~a/~f v 

Life  test  
1000 hr, 

37v, 85~ 
Final hot  
leakage,  
/~ /pe l le t  

Post-life test  propert ies  at 35% 25~ 

Capaci- Dissipation Absolute, 
tance, factor leakage,  Leakage,  
/d /g  120 cps, % /u~/pellet /~a/~f v 

13.28 1.60 0.083 0.0004 2.00 
13.06 1.64 0.165 0.0008 6.60 
13.33 2.00 0.092 0.0004 4.65 
9.22 1.54 1.30 0.0085 4.70 
8.22 4.52 0.044 0.0003 2.70 
6.50 7.44 0.047 0.0004 5.40 
7.56 1.74 0.840 0.0066 4.70 

14.17 1.88 0.200 0.0008 12.5 
14.33 1.86 0.265 0.0011 13.5 
13.79 1.96 0.135 0.0006 7.66 
5.80 3.20 0.075 0.0008 2.45 
6.30 3.58 0.089 0.0008 3.05 

11.30 6.86 0.570 0.0030 20.0 
9.80 5.96 0.591 0.0036 12.5 

12.23 1.36 1.50 0.0076 37.5 
11.34 8.08 0.425 0.0022 15.0 
12.59 7.06 3.80 0.0193 24.0 

mar ion  l i m i t e d  the  v o l t a g e  r a t i n g s  of n i o b i u m  sol id  
e l e c t r o l y t e  capac i to rs .  F u r t h e r ,  i t  was  p r o p o s e d  t ha t  
success fu l  f o r m a t i o n  to vo l t ages  h i g h e r  t h a n  100- 
125v w o u l d  h a v e  to a w a i t  a n i o b i u m  p o w d e r  of 
h i g h e r  p u r i t y  a n d / o r  a m o r e  s u i t a b l e  e l e c t r o l y t e  
for  a n o d i z a t i o n  t h a n  those  used  p r e v i o u s l y .  W e  
ag ree  t h a t  the  f e a s i b i l i t y  of 35v n i o b i u m  sol id  e l ec -  
t r o l y t e  c apac i t o r s  d e m o n s t r a t e d  b y  t h e  p r e s e n t  d a t a  
r e su l t s  f r o m  the  a b i l i t y  to anod ize  to 200v and  
h ighe r ,  w h i c h  in  t u r n  d e p e n d s  on use  of a h i g h - p u r -  
i t y  n i o b i u m  p o w d e r  a n d  d i lu t e  aqueous  H~PO, as an  
a p p r o p r i a t e  e l ec t ro ly t e .  

Manuscr ip t  rece ived  Sept. 1, 1961. 

11.54 1.26 0.290 0.0015 
11.54 2.66 0.740 0.0039 
11.64 1.04 0.555 0.0029 

8.02 0.70 0.490 0.0037 
8.15 3.16 0.310 0.0023 
6.65 3.18 0.470 0.0042 
7.36 5.68 0.460 0.0037 

12.26 1.28 1.45 0.0070 
12.42 1.38 3.30 0.0158 
11.99 1.60 0.465 0.0024 

5.82 1.76 0.240 0.0025 
6.14 1.76 0.265 0.0026 

10.10 5.70 1.20 0.0071 
8.78 3.38 1.05 0.0072 

10.10 0.80 2.45 0.0150 
9.88 4.76 1.00 0..0060 

11.50 5.48 0.920 0.0051 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Epitaxial Silicon-Germanium Alloy Films 
on Silicon Substrates 

K. J. Miller and M. J. Grieco 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

S i l i c o n - g e r m a n i u m  a l loys  w i t h  u p  to 30 at. % 
g e r m a n i u m  h a v e  been  d e p o s i t e d  e p i t a x i a l l y  on  s i l i -  
con s u b s t r a t e s  b y  the  s i m u l t a n e o u s  v a p o r  p h a s e  r e -  
duc t i on  of SiCI~ a n d  GeCL. S i l i con  has  also been  
e p i t a x i a l l y  d e p o s i t e d  on these  a l loys .  

The  m e t h o d  of depos i t i on  used  was  s i m i l a r  to t h a t  
r e p o r t e d  (1)  for  depos i t i on  of s i l icon  f i lms on s i l -  
icon subs t r a t e s .  H y d r o g e n  c a r r i e r  gas  was  b u b b l e d  
t h r o u g h  a t h e r m o s t a t e d  so lu t ion  of S iCLGeCL and  
c a r r i e d  these  ha l i de s  to t he  R.F.  h e a t e d  s a m p l e  in 
a q u a r t z  r e a c t i o n  c h a m b e r .  T h e  t e m p e r a t u r e s  of 
depos i t i on  w e r e  k e p t  c lose to t he  a l loy  m e l t i n g  
points .  D i f f e ren t  e p i t a x i a l  a l loy  f i lm compos i t i ons  
w e r e  o b t a i n e d  b y  v a r y i n g  the  p r o p o r t i o n s  of SIC14 
and  GeCL in the  so lu t ion  w i t h  r e s u l t i n g  v a r i a t i o n  
of t he i r  v a p o r  p r e s s u r e s  in t he  r e a c t i o n  c h a m -  
ber .  F o r  e x a m p l e ,  a t  a 1200~ t e m p e r a t u r e  of d e p o -  
s i t ion  a 25 at. % g e r m a n i u m  a l l o y  f i lm r e q u i r e d  
p a r t i a l  p r e s s u r e s  of 1.3 m m  for  GeCL a n d  5 m m  for  

SiCL. F i l m s  w e r e  a n a l y z e d  for  g e r m a n i u m  b y  x - r a y  
f luorescence  a f t e r  a c a l i b r a t i o n  cu rve  was  ob ta ined .  
E p i t a x y  was  e s t a b l i s h e d  b y  L a u e  b a c k - r e f l e c t i o n  
x - r a y  d i f f rac t ion  and  b y  e l e c t r o n  d i f f rac t ion  w h i c h  
i n d i c a t e d  t h e  f i lms h a d  a h igh  d e g r e e  of c r y s t a l  
pe r fec t ion .  

Su r f aces  of a l l oy  depos i t s  a p p e a r  m a c r o s c o p i c a l l y  
to be  h i g h l y  re f lec t ive  a n d  w e r e  smoo th  and  of 
u n i f o r m  th ickness .  A l l o y  f i lms e t ched  w i t h  t h e  Dash  
e tch  (2)  h a v e  su r faces  w h i c h  a p p e a r  m i c r o s c o p i c a l l y  
to h a v e  an  i n c o m p l e t e  t r i a n g l e  d i s loca t ion  a r r a y  
w h e n  depos i t ed  on (111) a n d  (110) s i l icon s u b -  
s t ra tes ,  and  on (100) s u b s t r a t e s  t he se  f i lms f r e -  
q u e n t l y  h a v e  an  i n c o m p l e t e  s q u a r e  d i s loca t ion  a r -  
ray .  T h e  (111) f i lms h a v e  su r f aces  w h i c h  a p p e a r  
m i c r o s c o p i c a l l y  as s t r iae ,  p r e s u m a b l y  caused  b y  
mic roscop ic  v a r i a t i o n  of g e r m a n i u m  compos i t i on  in  
t he  film. The  s t r i a e  a r e  e spe c i a l l y  e v i d e n t  on f i lms 
d e p o s i t e d  on h i g h l y  d o p e d  subs t r a t e s ,  such  as  t he  
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Fig. 1. Etched surface of epitaxial 14 at. % germanium, silicon- 
germanium alloy film deposited on (111) silicon substrate. 

1019/cm" p h o s p h o r u s - d o p e d  s u b s t r a t e  on w h i c h  the  
f i lm s h o w n  in Fig.  1 was  depos i t ed .  The  s t r i ae  a r e  
fine, p a r a l l e l  l ines  at  low g e r m a n i u m  con ten t  and  
become  b r o a d e r  and  w a v y  in a p p e a r a n c e  w i t h  i n -  
c r eas ing  g e r m a n i u m  content .  F i g u r e  1 shows  the  
su r f ace  of a 14 at. % g e r m a n i u m  fi lm a f t e r  e t ch ing  
w i t h  t he  Dash  etch,  showing  the  s t r i a e  and  t h e  t r i -  
a n g u l a r  d i s loca t ion  p a t t e r n .  Goss  et  al. (3)  h a v e  
no ted  a s im i l a r  s t r i ae  p a t t e r n  for  a (111) 6 at. % 
si l icon,  g e r m a n i u m - s i l i c o n  a l loy  g r o w n  f r o m  the  
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melt. Films deposited on (i00) and (ii0) substrates 
did not have a striae pattern over the entire com- 
position range to 30 at. % germanium. Films of 13 
at. % germanium composition, deposited on (ii0), 
(iii), and (i00) substrates had an average random 
dislocation etch pit density of 5 x 106/cm 3- 10~/cm ~ as 
revealed by a silver dislocation etch (4). Alloy films 
with compositions above approximately 30 at. % 
germanium were usually two-phase and inhomo- 
geneous. Surfaces of epitaxial silicon films deposited 
on s i l i c o n - g e r m a n i u m  a l loy  f i lms a p p e a r  t he  s ame  
as s i l icon s ingle  c r y s t a l  f i lm depos i t s  on s i l icon  s u b -  
s t r a t e s .  

This  m e t h o d  of s i l i c o n - g e r m a n i u m  a l loy  p r e p a r a -  
t ion  is s imp le  and  p r o v i d e s  a m e a n s  of p r e p a r i n g  
s e m i c o n d u c t o r  m a t e r i a l  w i t h  p r o p e r t i e s  w h i c h  can  
be  v a r i e d  b y  c h a n g i n g  the  m a t e r i a l  compos i t ion .  

Manuscr ip t  rece ived  Oct. 9, 1961. This paper  was p re -  
pared  for  de l ive ry  before  the Det ro i t  Meeting,  Oct. 1-5, 
1961. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Oxidation of Silicon by High-Pressure Steam 
Joseph R. Ligenza 

Bell Tetephone Laboratories, Incorporated, Murray Hilt, New Jersey 

ABSTRACT 

The oxidation of silicon by high-pressure steam was studied at t emper-  
atures be tween 773 ~ and 1123~ and pressures from 25 to 500 atm. With in  
a certain range of pressure and tempera ture  a uni form film of amorphous 
silicon dioxide forms. At  moderate pressures the film growth is l inear  in t ime 
and directly proport ional  to the steam pressure. At higher pressures the 
kinetics for film formation are complicated by the volat i l i ty of silica in 
steam, and, above a certain large pressure for any temperature ,  no film will 
grow. In  the l inear  range, the rate depends on the or ientat ion of the silicon 
surface and is greater for silicon that  is phosphorus doped near  the degen-  
erate range than for h igh-pur i ty  material .  

There  is m u c h  c u r r e n t  in te res t  in  pass iva t ing  the  
sur face  of si l icon devices by  m e a n s  of th ick  silica 
films g r o w n  at m o d e r a t e  t e m p e r a t u r e s  in  h i gh -  
p ressure  s t eam (1).  I t  is the  purpose  of t h i s  s tudy  
to inves t iga te  the  condi t ions  of s t eam pressure  a nd  
t e m p e r a t u r e  which  lead to the  fo rma t ion  of a m o r -  
phous  silica films on h i g h - p u r i t y  si l icon crys ta ls  
and  to d e t e r m i n e  the  t ime  d e p e n d e n c y  for fi lm 
format ion .  A r a t h e r  n a r r o w  t e m p e r a t u r e  r ange  w a s  

selected for s tudy,  and  p a r t i c u l a r  emphas is  was  
placed on those pressures  which  wou ld  no t  cause 
the  sil ica to volati l ize.  The  si l icon was  oxidized in  
smal l  bombs,  and  oxide  fi lm th icknesses  were  de -  
t e r m i n e d  g rav ime t r i ca l ly .  Oxida t ion  kinet ics  for 
film fo rma t ion  and  the  factors  affect ing the  ox ida-  
t ion  ra te  are  discussed in  t e rms  of a model  for the  
ox ida t ion  process based on the  p re sen t  expe r i -  
men t s  and  others  which  have  been  p re sen t ed  in  
ear l ie r  papers .  

Experimental Methods 
The p rocedure  fo l lowed in  an  ox ida t ion  r u n  was  

to place a n u m b e r  of bombs,  each con t a in ing  a 
si l icon spec imen  and  water ,  in to  a hot  furnace ,  in  
some sequence.  A b o m b  wi l l  reach  the  f u r n a c e  
t e m p e r a t u r e  in  abou t  5 m i n  d u r i n g  which  t ime  al l  
of the  wa t e r  has passed into the  gas phase.  Af te r  
the  oxidat ion ,  the  bombs  are  r emoved  f r o m  the  
furnace ,  and  the  oxide film th ickness  is ca lcu la ted  
f rom the  weigh t  of the  oxide film. The g rowth  of 
the films w i t h  t ime,  at  a n y  fixed t e m p e r a t u r e  and  
pressure ,  was  found  by  us ing  t en  bombs,  each of 
which  was  kept  in  the  fu rnace  for  a d i f ferent  t ime. 
Runs  at  d i f ferent  t e m p e r a t u r e s  and  pressures  p ro -  
v ided  the  necessa ry  da ta  to eva lua t e  the  d e p e n d -  
ency of the  ox ida t ion  r a t e  on these  pa rame te r s .  

The  si l icon spec imens  were  cut  f rom n -  and  p-  
type  s ingle  crys ta ls  of res is t iv i t ies  r a n g i n g  f rom 
0.5 to 10 ohm-cm,  in  the  fo rm of wafers  wi th  a 
geomet r ic  a rea  of 1 cmL No a t t e m p t  was  made  in  
the  p r e sen t  s tudy  to use spec imens  of k n o w n  o r i en -  
ta t ion.  The  wafe rs  were  l igh t ly  e tched in  a 10-1 
HNO~-HF m i x t u r e  to p roduce  a m i r r o r  smooth su r -  

face. P r io r  to an  ox ida t ion  the  si l icon a nd  bombs  
were  c leaned  b y  bo i l ing  in  n i t r i c  acid fo l lowed b y  
at least  t h ree  r inses  in  bo i l ing  water .  Al l  wa t e r  
used in  r i n s ing  a nd  in  ox ida t ion  was  p r epa red  by  
a double  d i s t i l l a t ion  in  a sil ica still. 

The bombs  were  made  of Incone l  X a nd  the  i n -  
ter iors  were  l ined  w i th  gold. They  w e r e  des igned 
to suppor t  a p ressure  of 5000 a t m  at  room t e m p e r -  
a tu re  a nd  100 a t m  at  1123~ The bombs  a re  cy l in -  
ders  6.5 cm long, 1.5 cm in  d i ame te r  w i th  a wa l l  
th ickness  of 0.3 cm, and  an  i n t e r n a l  v o l u m e  of 
abou t  0.6 cmL They  were  sealed by  m e a n s  of a 
screw cap which  bore  on a p lug  and  compressed a 
gasket  of h e a v y  gold foil to the  gold l in ing .  The 
a m o u n t  of w a t e r  p laced  in  the  bomb for a n y  de-  
sired t e m p e r a t u r e  and  p re s su re  was  ca lcu la ted  
f rom P V T da ta  for  w a t e r  above  the  cr i t ical  t e m -  
p e r a t u r e  a nd  was  de l ive red  to the  b o m b  by  means  
of a p ipe t te  w i th  an  accuracy  of 0.5%. The  fu rnace  
core consists of a n i c h r o m e  cube, hea ted  on each of 
its sides by  i n d e p e n d e n t l y  cont ro l led  flat hea t ing  
e lements .  This  cube  has ten  holes located c i r cum-  
f e r en t i a l l y  on a rad ius  in to  wh ich  the  bombs  are 
put .  By p lac ing  the rmocoup les  at the  six faces of 
the  cube, a nd  one  in  its in te r ior ,  the  block can be 
easi ly  kept  at  a u n i f o r m  t e m p e r a t u r e  of •  ~ at  
a n y  t e m p e r a t u r e  up  to 1223~ w h e n  the  a pp rop r i -  
a te  i n d i v i d u a l  power  a d j u s t m e n t s  are m a d e  wi th  
the  six hea t ing  e lements .  The  b o m b  vo lumes  are  
k n o w n ,  at  the  oxidiz ing t e m p e r a t u r e ,  to 0.2% Ac-  
cordingly ,  the  p ressure  in  the  b o m b  is k n o w n  to 
1%. The  drop in  s team pressure  in  the  b o m b  due to 
reac t ion  w i th  si l icon is neg l ig ib le  w h e n  compared  
to the  accuracy  wi th  which  the  p ressure  is k n o w n  
for most  of the  film th icknesses  fo rmed  in  this  
s tudy.  

A qua r t z  mic roba lance  was  used to d e t e r m i n e  

the  oxide fi lm thickness .  The si l icon was  weighed  

before  and  af ter  ox ida t ion  and  af ter  r e m o v i n g  the  
fi lm wi th  aqueous  HF.  The  geomet r ic  areas of the  
si l icon spec imens  ave raged  1 cm ~, and  the  ba lance  
sens i t iv i ty  was  8.63 X 10-~g. Thus  the  film th i ck -  
ness  could be ca lcula ted  to a precis ion of ----.50A by  

73 
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Fig. 1. Oxidation of silicon by steam to form amorphous SiO~ at 
923~ and 50 arm. The oxidation rate is 25.7 + 0.8 A/rain. 

us ing  a w e i g h t  of 7.85 X 10-Sg SiO2/cm ~ for  3.57A 
of t he  oxide .  The  l a t t e r  v a l u e s  w e r e  c a l c u l a t e d  
f r o m  an  ox ide  d e n s i t y  of 2.20 g / c m  3 for  a m o r p h o u s  
si l ica.  I n d e p e n d e n t  m e a s u r e m e n t s  of t he  f i lm t h i c k -  
ness  b y  op t i ca l  t e c h n i q u e s  a n d  b y  c a p a c i t a n c e  
m e a s u r e m e n t s  a g r e e d  w i t h  t he  g r a v i m e t r i c  v a l u e s  
w i t h i n  5 %. E l e c t r o n  d i f f rac t ion  re f lec t ion  s tud ies  of 
t h e  ox ide  h a v e  y i e l d e d  no e v i d e n c e  of a n y  c r y s t a l -  
l i n i ty :  t he  ox ide  f i lms a r e  a m o r p h o u s  SiO~. W h e n  
check ing  t h e  f i lm th i cknes s  o p t i c a l l y  and  b y  c a p a c -  
i ty  m e a s u r e m e n t s ,  the  va lue s  u sed  for  t h e  r e f r a c -  
t i ve  i n d e x  and  d i e l ec t r i c  cons t an t  w e r e  those  of 
si l ica.  

Exper iments  and  Results 

The  g r o w t h  of s i l ica  f i lms on s i l icon in  h i g h -  
p r e s s u r e  s t e a m  p roceeds  l i n e a r l y  in  t ime .  F i g u r e  1 
shows  the  r e su l t s  of an  o x i d a t i o n  at  923~ a n d  50 
a tm.  T h e  l ine  d r a w n  t h r o u g h  t h e  e x p e r i m e n t a l  
po in t s  has  a s lope  w h i c h  is t he  a v e r a g e  v a l u e  ca l -  
c u l a t e d  f r o m  the  points .  The  r a t e  of g r o w t h  he re  is 
cons t an t  to 10,000A. O t h e r  e x p e r i m e n t s  d e m o n -  
s t r a t e d  t h a t  the  g r o w t h  is l i n e a r  up  to 70,000A at  
th is  t e m p e r a t u r e  and  p res su re .  E x p e r i m e n t s  a t  
t e m p e r a t u r e s  f rom 773 ~ to 1123~ and  p r e s s u r e s  
f r o m  25 to 400 a tm,  for  t imes  r a n g i n g  f r o m  Vz to 8 
h r  a l l  g a v e  l i n e a r  k ine t ics .  

The  r a t e  of f i lm f o r m a t i o n  is d i r e c t l y  p r o p o r -  
t i ona l  to t he  s t e a m  p re s su re .  The  cons t an t  d x / d t .  
1 / P  ( A  ra in  -1 a t m  -1) is g iven  in T a b l e  I w h e r e  t h e  
r e su l t s  of a l l  t h e  e x p e r i m e n t s  a r e  p r e sen t ed .  A n  
a v e r a g e  of t en  d i f fe ren t  p r e s s u r e s  was  used  to ob -  
t a i n  t he  r e su l t s  in th is  t ab le .  

F i l m  g r o w t h  u n d e r  cond i t ions  of r e l a t i v e l y  h igh  
p r e s s u r e  for  long pe r i ods  occurs  at  r a t e s  t h a t  a r e  
non l inea r .  F u r t h e r m o r e ,  t he se  r a t e s  a r e  a l w a y s  
s m a l l e r  t h a n  those  f o u n d  a t  t he  l o w e r  p r e s s u r e s  or  
for  sho r t  t i m e  o x i d a t i o n s  at  t he  h igh  p re s su res .  
This  b e h a v i o r  is due  to the  " s o l u b i l i t y "  of t he  ox ide  
in t he  s t e a m  (2) .  I t  has  been  k n o w n  for  some t i m e  

Table I. Rate of silica film formation on silicon in high-pressure 
steam at various temperatures 

P r e s s u r e  r a n g e ,  dx/dt, l/P, 
T ,  ~  a r m  A r n i n  -1 a t m - 1  

t ha t  s t e a m  a t  p r e s s u r e s  of 100 a t m  a n d  a b o v e  can  
d i s so lve  t he  v a r i o u s  f o r m s  of s i l icon d iox ide .  Boo th  
and  B i d w e l l  (3)  g ive  s o l u b i l i t y  v a l u e s  for  s i l ica  
and  q u a r t z  a t  a v a r i e t y  of p re s su res ,  b u t  a t  t e m -  
p e r a t u r e s  l o w e r  t h a n  those  u s e d  here .  T h e  o v e r - a l l  
t r e n d  is t h a t  t he  s o l u b i l i t y  inc reases  w i t h  t e m p e r a -  
t u r e  and  p r e s s u r e  and  t h a t  s i l ica  is m o r e  so lub le  
t h a n  quar tz .  No d a t a  w e r e  g iven  for  t h e  r a t e s  of 
so lu t ion .  No p r e c i s e  s t a t e m e n t s  can  be  m a d e  a t  
p r e s e n t  a b o u t  the  cond i t ions  t h a t  cause  a d e p a r t u r e  
f r o m  l i ne a r i t y .  W i t h  t he  b o m b  v o l u m e s  used  h e r e  
(0.6 c m  ~) s m a l l e r  r a t e s  occur  a t  923~ a n d  120 a t m  
a t  t imes  g r e a t e r  t h a n  3 hr.  A t  t e m p e r a t u r e s  g r e a t e r  
t h a n  923~ d e v i a t i o n s  f r o m  l i n e a r i t y  w i l l  occur  at  
p r e s s u r e s  a b o v e  75 a t m  and  t imes  g r e a t e r  t h a n  2 hr.  
Less  w o r k  has  been  done  a t  t e m p e r a t u r e s  b e l o w  
923~ bu t  h e r e  p r e s s u r e s  of 300 a t m  and  pe r i ods  
up  to 8 h r  can  be  used  w i t h o u t  go ing  ou t s ide  t he  
r a n g e  of l i ne a r i t y .  

A b o v e  c e r t a i n  p re s su re s ,  t he  s i l ica  f i lm does  no t  
g row.  This  effect  r e su l t s  in an  e t ch ing  of s i l icon to 
p r o d u c e  a su r f ace  a p p r o x i m a t i n g  the  a p p e a r a n c e  of 
a l a p p e d  sur face .  This  e t ch ing  has  b e e n  f o u n d  to 
occur  a t  a def in i te  p r e s s u r e  a t  a g iven  t e m p e r a t u r e .  
A n u m b e r  of e x p e r i m e n t s  w e r e  done  to d e t e r m i n e  
j u s t  w h a t  these  m i n i m u m  p r e s s u r e s  for  e tch ing  
were .  The  r e su l t s  of these  e x p e r i m e n t s  a r e  g iven  
in Tab le  II. S u p p o r t i n g  ev idence  for  t he  so lub i l i t y  
of s i l ica  in s t e a m  is p r o v i d e d  b y  t h e  o b s e r v a t i o n  
t ha t  t he  b o m b  i n t e r i o r s  w e r e  u n i f o r m l y  coa ted  w i t h  
a w h i t e  depos i t  a f t e r  e x p e r i m e n t s  a t  and  a b o v e  t h e  
p r e s s u r e s  in  T a b l e  II .  This  m a t e r i a l  m u s t  h a v e  p r e -  
c i p i t a t e d  f r o m  t h e  gas  p h a s e  w h e n  t h e  b o m b  w a s  
cooled.  

A l t h o u g h  no d e t a i l e d  a t t e n t i o n  has  been  p a i d  in 
th is  s t u d y  to t he  ro l e  of s i l icon o r i e n t a t i o n  on the  
r a t e s  of ox ida t ion ,  the  fo l l owing  effect  was  o b -  
se rved .  A t w i n n e d  c r y s t a l  of 200 o h m - c m  r e s i s t i v -  
i ty  w a s  ox id i zed  a t  923~ and  105 a t m  for  1 hr .  
The  r e su l t i ng  fi lm was  d i v i d e d  in to  two  reg ions  of 
d i f fe ren t  th icknesses ,  one 2500A th ick ,  t he  o t h e r  
3500A. th ick .  These  r eg ions  c o r r e s p o n d e d  to two  
d i f f e ren t  o r i e n t a t i o n s  r e s u l t i n g  f r o m  the  t w i n n e d  
g rowth .  A n  ana lys i s  of the  su r f ace  o r i e n t a t i o n  of 
t he  b a r  b y  e l e c t r o n  d i f f rac t ion  d i sc losed  a 610 t y p e  
p l a n e  1 ~ f r o m  t h e  su r f a c e  ( 1 0 0 - t y p e  p l a n e  10 ~ 
f r o m  su r f ace )  u n d e r  t he  2500A f i lm and  a 5 4 1 - t y p e  
p l a n e  2 ~ f rom the  su r f ace  ( l l 0 - t y p e  p l a n e  14 ~ f r o m  
the  su r f ace )  u n d e r  the  3500A film. The  d i f fe rence  
in r a t e  b e t w e e n  the  two  r eg ions  is 35%. W o r k  is 
be ing  c a r r i e d  on c u r r e n t l y  to m e a s u r e  the  k ine t i c s  
as a func t ion  of o r i en ta t ion .  The  r e su l t s  to da t e  a r e  
cons i s t en t  w i t h  those  o b t a i n e d  on the  t w i n n e d  
c rys t a l .  

Table |1. Steam pressures P~ and temperatures at which only 
etching of silicon will occur 

T, ~ P~ • atm 

773 100-400 0.039___0.014 
848 50-400 0.19 • 
923 50-300 0.19 ___0.04 
973 25-80 1.14 • 

1123 20-60 4.00 ___1.10 

773 500 
848 500 
923 400 

I023 200 
1123 150 
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A n o t h e r  factor  which  can inf luence the  ra tes  to 
an  even  grea te r  ex ten t  t h a n  the o r i en ta t ion  is the 
doping level  in  the silicon. A piece of si l icon which  
had been  phosphorus  diffused to a surface concen-  
t r a t i on  of 10 ~ P a t o m s / c m  ~ was oxidized at  923~ 
and  120 a tm for abou t  1 hr. The film th ickness  was  
20,000A. U n d e r  the same condi t ions,  only  3500A 
would  have  g rown  on high res i s t iv i ty  mate r ia l .  
This  film was also amorphous .  S u b s e q u e n t  ox ida-  
t ions of s imi la r  si l icon spec imens  have  y ie lded  
e q u i v a l e n t  resul ts .  

Discussion 
The r a t e - l i m i t i n g  step in the ox ida t ion  of si l icon 

by  h i g h - p r e s s u r e  s t eam has been  found  by  L igenza  
and  Spi tzer  (4) to occur at the  in te r face  b e t w e e n  
the silica and  silicon. F i lms  were  p repa red  us ing  
O ~ and  O '~ wa te r  and  i n f r a r ed  absorp t ion  m e a s u r e -  
men t s  of oxides p r epa red  by  successive isotropic 
oxida t ions  showed tha t  oxygen  exchange  took 
place. If, for example ,  a 7000A SiO~ ~ film, g rown  
e i ther  in  oxygen  or s team, is oxidized in  90% O '~ 
s team at 923~ and  120 a tm for 10 min ,  the O ~ 
oxygen  in  the  r e su l t ing  oxide is found  to be d i s t r i -  
bu ted  u n i f o r m l y  t h r o u g h o u t  the th ickness  of the  
oxide. The convers ion  amoun ted ,  in  this  case, to 
30%, u n i f o r m l y  d is t r ibu ted ,  a l t hough  on ly  500A of 
add i t iona l  oxide was formed.  Such resul t s  can be 
accounted  for by  a s suming  tha t  a mobi le  oxygen  
species, hav ing  a v e r y  large  diffusion constant ,  dif-  
fuses into the  film f rom the s i l ica-gas  in te r face  and  
d i s t r ibu tes  i tself  u n i f o r m l y  in  the  oxide film d u r i n g  
the oxidat ion,  whi le  exchang ing  wi th  the  silica 
oxygens  at a ra te  s lower  t h a n  it diffuses. Spi tzer  
and  Ligenza  (5) also made  a s tudy  of the exchange  
of oxygen  b e t w e e n  h i g h - p r e s s u r e  s t eam and  silica 
and  found  tha t  the  r a t e  of exchange  is d i rec t ly  p ro -  
por t iona l  to the  s t eam pressure.  I t  was  conc luded  
tha t  the  diffusing oxygen  species respons ib le  for 
the exchange  is in t e r s t i t i a l  water ,  the  wa t e r  in  the  
silica film in  e q u i l i b r i u m  wi th  wa t e r  in  the  gas 
phase. The m e c h a n i s m  pos tu la ted  for the exchange  
was a rap id  reac t ion  b e t w e e n  the in te r s t i t i a l  wa te r  
molecules  and  a s i l i con -oxygen  br idge  to fo rm a 
pair of silanol groups (Si--O~H ~- HO'~--Si), fol- 

lowed by a slow condensation reaction by the pair 

to reform an interstitial water molecule and a sili- 
con-oxygen bridge with exchanged oxygens. 

On the basis of these experiments, the mechan- 

ism for the linear growth of silica films on silicon 
by oxidation in high-pressure steam is assumed to 

be the following. At high pressures and moderate 
temperatures water dissolves in the silica film. The 
diffusion constant for water in silica is sufficiently 

large ' for the water to be uniformly distributed 

throughout the oxide film during oxidation. The 
interstitial water in the film is then in equilibrium 

with water in the gas phase, and the concentration 

of water in the film depends only on temperature 
and steam pressure. We shall assume that the oxi- 
dation step is the  reac t ion  b e t w e e n  a wa t e r  mo le -  

1 P r e l i m i n a r y  r e s u l t s  on  t h e  d i f f u s i o n  of w a t e r  i n to  s i l i ca  h a v e  b e e n  
o b t a i n e d  by  L i g e n z a  a n d  S p i t z e r .  T h e  d i f fu s ion  c o n s t a n t  a p p e a r s  to 
be  i n d e p e n d e n t  of  p r e s s u r e  in  t h e  r a n g e  of 35 to 120 a t m ,  a n d  h a s  a 
v a l u e  of  1.0 • 10 -9 cm2/sec  a t  923~  
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cule in  the silica phase  a nd  a s i l i con-s i l i con  bond  
at the ox ide-s i l i con  in te r face  to fo rm a s i l icon-  
oxygen  br idge  and  a hyd rogen  molecule .  The  reac-  
t ion  is 

HOH 
HoO~', (SiO~) + Si -- Si-~ Si -- Si 

N 
Si --  O --  Si ~- H~ (SiO~) [1] 

where  C~ is the  concen t r a t i on  of w a t e r  molecules  
in  the  oxide in  m o l e c u l e s / c m  ~ and  N is the  concen-  
t r a t ion  of si l icon bonds  in  b o n d s / c m  ". The ox ida t ion  
ra te  is 

d x  ~ 
12 = kC~Ne ~ [2] 

d t  

where  a is a convers ion  factor,  k is the  ra te  con-  
s t an t  for oxidat ion,  and  AE is the  ac t iva t ion  energy  
for oxidat ion.  If we assume the  w a t e r  in  the  fi lm 
obeys H e n r y ' s  law, the  concen t r a t i on  of w a t e r  in  
the silica film wi l l  be  

PNo ~ ~' 
C ~  - ~  e ~ e ~T  

R T  

where  No is Avagadro ' s  n u m b e r ,  R is the  gas con-  
s tant ,  and  AS and  • are the  e n t r opy  and  e n t h a l p y  
of solut ion of w a t e r  in  silica, respect ively .  The 
final equa t ion  for the  ox ida t ion  ra te  is 

~s 

d x  kNoe ~ P N  (~+~E) 
12 . . . .  e R~ [3a] 

dt  R T 

d x  P N  (~+A~) 
- -  k '  - -  e R~ [ 3 b ]  

dt  T 

where  k" = kNoe ~ / a R .  The  form of Eq. [3b]  is in  
a g r e e m e n t  w i th  the  e x p e r i m e n t a l  data.  The  oxida-  
t ion  ra t e  is cons t an t  in  t ime,  p ropor t iona l  to the  
pressure ,  and  is d e p e n d e n t  on the  o r i en ta t ion  
th rough  the  p a r a m e t e r  N. 

The p a r a m e t e r  N wi l l  in  gene ra l  be  d e t e r m i n e d  
by  the bond  densi ty ,  the  specific conf igura t ion  of 
the  si l icon bonds  at the in terface ,  and  by  the fact  
tha t  the  effective d i a m e t e r  of the  w a t e r  molecu le  is 
l a rge  enough  w h e n  in  r eac t ing  posi t ion  on a si l icon 
bond  to p rec lude  reac t ion  on ad jacen t  bonds.  The  
grea te r  the  ava i l ab le  bond  densi ty ,  the  l a rger  the  
ox ida t ion  rate,  p rov ided  tha t  the  ac t iva t ion  e n e r g y  
~E for the  di f ferent  o r i en ta t ions  r e ma i ns  unchanged .  
A deta i led  ana lys i s  of this  effect, a long wi th  the  
appropr i a t e  exper imen t s ,  wi l l  be pub l i shed  at a 
l a t e r  da te  (6) .  

The  va lues  of the p r e - e x p o n e n t i a l  cons tan t  k ' N  

and  the  a p p a r e n t  ac t iva t ion  ene rgy  (AH ~ AE) for 
the  da ta  p resen ted  here  can be d e t e r m i n e d  by  ap -  
p l y i n g  Eq. [3b]  to the  e x p e r i m e n t a l  ra tes  g iven  in  
Tab le  I. However ,  these va lues  wi l l  be of ques t ion -  
able  accuracy  since no a t t e mp t  was  made,  whi le  
cu t t ing  the  spec imens  f rom the  crystals ,  to ob ta in  
bu t  one sur face  or ien ta t ion .  Undoub ted ly ,  more  
t h a n  one o r i en ta t ion  has b e e n  used, and  this  wi l l  
affect the  precis ion as wel l  as the  accuracy  of the  
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Fig. 2. Arrhenius plot of the steam oxidation data. The slope 
is the apparent activation energy (AH + AE)/2.303R, with 
AH + AE = 23,800 ~_ 920 cal/mole. The intercept is log k'N 
with k'N = 1.90 x 10~A ~ min -1 atm -1. 

results.  The pa rame te r s  k 'N and (AH + AE) are  

obtained by  plot t ing log -P" dt vs. ~ - .  The 

plot  is shown in Fig. 2. The apparen t  ac t ivat ion 
energy is AH + AE -- 23,800-- 900 ca l /mo le  and 
k'N is 1.9 • 108A ~ rain -1 arm -1. 
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ABSTRACT 

The potential behavior of uranium was studied in both oxidizing and non- 
oxidizing media�9 A low critical anodic current and a very high critical po- 
tential for passivity were observed. In the presence of oxygen especially 
interesting behavior was noted. Oxygen, while passivating the corroding elec- 
trode, was reduced to form hydrogen peroxide. At steady state the poten- 
tial of the passive electrode was found to be slightly more active than that  for 
the reversible oxygen-peroxide couple. Under these conditions, changing the 
partial  pressure of oxygen caused potential shifts in accordance with the 
Nernst equation�9 

Stern  (1-3) has descr ibed in both genera l  and 
specific te rms the mechanism for passivation.  An 
interes t ing special  case is the e lectrochemical  be-  
havior  of uranium,  which may  be adequate ly  in-  
t e rp re t ed  by  using the concepts developed by  Stern.  
Since u ran ium appears  to react  by  anionic diffusion 
(4),  even the "act ive s tate" involves wha t  must  
be considered a protec t ive  film, and resul ts  must  
be v iewed wi th  the real iza t ion tha t  no measurab le  
quan t i ty  of u ran ium ever  enters  solution. Most of 
the potent ia ls  recorded in this s tudy were  open-  
circuit  values  in neu t ra l  solution, and, as such, 
re la te  to the  spontaneous corrosion behavior  of 
uranium.  

General Concepts 
Uranium exhibi ts  ac t ive-pass ive  behavior  s imi lar  

to that  of stainless steel and t i tanium.  A typical  
anodic polar izat ion curve for this type  of behavior  

is shown in Fig. 1. Such a curve is obta ined by  
holding the potent ia l  constant  and measur ing  the 
current ,  and wil l  descr ibe the anodic polar izat ion 
and pass ivat ion of an or ig ina l ly  active metal .  S tern  
(1) has shown tha t  the addi t ion of pass iva t ing  in-  
hibi tors  (oxidizing agents)  produces a mixed  po-  
ten t ia l  dependent  on the redox potential ,  exchange 
current ,  Tafel  slope, and l imi t ing diffusion current  
of the oxidizing inhibitor .  This behavior  is a t t r ibu ted  
to the  product ion  of a loca l -ac t ion  cur ren t  which 
acts to polar ize the meta l  anodically.  Whether  or 
not pass iv i ty  is a t ta ined  wil l  then depend on p a r a m -  
eters  exhib i ted  by  the metal ,  p r i m a r i l y  the cri t ical  
anodic cur ren t  and the cri t ical  potent ia l  for pas-  
sivity. 

The genera l  behavior  of the composite system is 
shown in Fig. 2. Oxidizing inhib i tor  A is not present  

in sufficient concentrat ion to pass ivate  the  metal .  
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Fig. 1. Anodic polarization curve for a metal exhibiting active- 
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Fig. 2. Anodic polarization diagram, showing mixed potential pro- 
duced by the addition of oxidizing agents of various concentrations 
and redox exchange currents. 

I n h i b i t o r  B p r o d u c e s  a s i t ua t ion  w h e r e b y  two  pos -  
s ib le  po t en t i a l s  m a y  exis t ,  one ac t ive  and  one p a s -  
sive.  U n d e r  these  cond i t ions  i t  is poss ib le  for  t he  
m e t a l  to osc i l l a t e  b e t w e e n  ac t ive  and  pas s ive  s ta tes .  
I n h i b i t o r  B'  (a t  a h i g h e r  c o n c e n t r a t i o n  t h a n  B)  
p r o d u c e s  s t ab le  pas s iv i ty .  I n h i b i t o r  C, w h o s e  r e d o x  
e x c h a n g e  c u r r e n t  IoD is g r e a t e r  t h a n  the  pa s s ive  
cor ros ion  cu r ren t ,  p r o d u c e s  a m i x e d  p o t e n t i a l  
s l i gh t ly  m o r e  ac t ive  t h a n  the  r e v e r s i b l e  r e d o x  
p o t e n t i a l  of t he  inh ib i to r .  The  v a l u e  for  th i s  m i x e d  
p o t e n t i a l  w i l l  be  r e l a t e d  to t he  c u r r e n t  t h a t  is p r o -  
d u c e d  t h r o u g h  r e d u c t i o n  of t he  inh ib i to r ,  and  w h i c h  
is equa l  to the  sum of the  c u r r e n t s  p r o d u c e d  due  
to o x i d a t i o n  of t he  m e t a l  and  o x i d a t i o n  of t he  
r e d u c e d  f o r m  of t he  inh ib i to r .  F i n a l l y ,  i n h i b i t o r  D, 
n o r m a l l y  c a p a b l e  of p a s s i v a t i n g  the  me ta l ,  e x h i b i t s  
c o n c e n t r a t i o n  p o l a r i z a t i o n  u n d e r  c e r t a i n  e x p e r i -  
m e n t a l  cond i t ions  as, for  e x a m p l e ,  w h e n  the  con-  
c e n t r a t i o n  of D is low,  and  the  l i m i t i n g  d i f fus ion  
c u r r e n t  can  b r i n g  the  m i x e d  p o t e n t i a l  in to  a n o n -  
pa s s ive  reg ion .  F i g u r e  2 was  c o n s t r u c t e d  to  i l l u s t r a t e  
the  m a n n e r  in w h i c h  h igh  concen t r a t i ons  of an  
i n h i b i t o r  and  h igh  r e d o x  e x c h a n g e  c u r r e n t s  bo th  
f a v o r  pa s s iv i t y .  

Fig. 3. Sketch of the potential cell used 

I t  wi l l  be s h o w n  tha t  u r a n i u m ,  u n d e r  a p p r o p r i a t e  
e x p e r i m e n t a l  condi t ions ,  w i l l  e x h i b i t  e l e c t r o c h e m -  
ical  b e h a v i o r  i n t e r p r e t a b l e  b y  the  s i t ua t ions  A 
t h r o u g h  D d e s c r i b e d  above .  

Experimental 
Apparatus.--The a p p a r a t u s ,  s h o w n  in Fig .  3, 

cons i s ted  e s s e n t i a l l y  of a g lass  vessel ,  90 m m  in 
d i a m e t e r ,  w i t h  a ba l l  j o i n t  cap  t h r o u g h  w h i c h  the  
e l ec t rodes  w e r e  suspended .  Gas  was  b u b b l e d  into  
the  so lu t ion  t h r o u g h  f r i t s  in t he  b o t t o m  of the  
c h a m b e r .  B y  r o t a t i n g  the  cap,  t he  e l e c t rode s  could  
be  p l a c e d  d i r e c t l y  ove r  t he  gas s t r e a m,  or  r e m o v e d  
a d i s t ance  f r o m  it. I t  was  found,  h o w e v e r ,  t h a t  
s t i r r i n g  the  so lu t ion  b y  use  of an  impe l l e r ,  r a t h e r  
t h a n  b u b b l i n g  the  gas  d i r e c t l y  pa s t  t he  spec imen  
as was  done  in e a r l i e r  work ,  i m p r o v e d  the  r e p r o -  
d u c i b i l i t y  i m m e n s e l y  and  also sh i f t ed  t h e  o b s e r v e d  
p o t e n t i a l  w i t h  o x y g e n  in t he  nob le  d i rec t ion .  One 
e x p l a n a t i o n  for  th is  effect is t ha t  a su r f ace  p a r t i a l l y  
c ove re d  b y  b u b b l e s  is no t  homogeneous ;  a n o t h e r  is 
t ha t  u n d e r  t hese  cond i t ions  the  s u p p l y  of o x y g e n  to 
t he  su r f ace  is no t  cons tan t .  S t i r r i n g  shou ld  in 
g e n e r a l  p r o v i d e  a m o r e  cons t an t  t h i cknes s  of t he  
s t a g n a n t  l aye r .  

O p e r a t i o n  of t he  cel l  shou ld  be  e v i d e n t  f rom Fig.  
3. S ince  ch lo r ide  ion was  f o u n d  to affect  t he  s t u d y  
a dve r se ly ,  t he  0.1F KC10,  c o m p a r t m e n t  was  i n t e r -  
posed  b e t w e e n  the  s a t u r a t e d  KC1 e l e c t r o d e  c o m p a r t -  
m e n t  and  t h e  m a i n  c h a m b e r .  The  s iphon  a r r a n g e -  
m e n t  connec t ed  to the  m a i n  c h a m b e r  was  used  to  
m a i n t a i n  a cons t an t  l eve l  of so lu t ion ,  as a s m a l l  
a m o u n t  of e v a p o r a t i o n  o c c u r r e d  d u r i n g  s e v e r a l  
d a y s  r u n  t ime.  The  cel l  was  i m m e r s e d  in a l a r g e  
t h e r m o s t a t i c a l l y  c on t ro l l e d  ba th ,  m a i n t a i n e d  at  35 ~ 
• 0.01~ 

P o t e n t i a l s  w e r e  m e a s u r e d  a ga in s t  a s a t u r a t e d  
ca lome l  e lec t rode ,  b y  us ing  a Rub i c on  No. 2780 
p o t e n t i o m e t e r  in  c o n j u n c t i o n  w i t h  a L&N 2430-D 
g a l v a n o m e t e r  h a v i n g  a s e n s i t i v i t y  of 0.00045 ~ a / m m .  
C u r r e n t s  w e r e  m e a s u r e d  w i t h  a B r o w n  No. 15038G 
e l e c t r o m e t e r  a n d  s t r i p - c h a r t  r e c o r d e r .  

Materials.--Carbon e l ec t rodes  w e r e  m a d e  a c c o r d -  
ing to a t e c h n i q u e  o u t l i n e d  b y  B e r l  (5 ) .  
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So lu t ions  of e l e c t r o l y t e s  w e r e  p r e p a r e d  and  s to r ed  
in  g l a s s - s t o p p e r e d  v o l u m e t r i c  flasks.  D i s t i l l ed  w a t e r  
(specif ic  c o n d u c t i v i t y  0.5 m i c r o m h o s )  was  p r o d u c e d  
b y  m e a n s  of a Comroe  L a b o r a t o r i e s ,  Inc. " Q u i k p u r e "  
i o n - e x c h a n g e  w a t e r  pu r i f i e r  and  was  used  in m a k -  
ing  up  a l l  solut ions .  The  p H  of th is  w a t e r  was  7.0. 

S ix  d i f fe ren t  gases  w e r e  used :  p u r e  oxygen ,  a i r ,  
and  fou r  a r g o n - o x y g e n  m i x t u r e s  h a v i n g  o x y g e n  
c o n c e n t r a t i o n s  f rom 10 to 0.1 v / o  ( v o l u m e  p e r  
c e n t ) .  These  m i x t u r e s  w e r e  m a d e  b y  d i l u t i n g  com-  
m e r c i a l l y  p u r e  o x y g e n  w i t h  w e l d i n g  g r a d e  argon.  
I t  h a d  been  f o u n d  in o t h e r  w o r k  t h a t  s a t i s f a c t o r y  
m i x i n g  could  be  a c h i e v e d  in l a r g e  c y l i n d e r s  b y  first  
a d m i t t i n g  the  d i l u e n t  gas to t h e  c y l i n d e r  in h i g h -  
p r e s s u r e  s p u r t s  to cause  t u r b u l e n c e ,  and  t h e n  h e a t -  
ing  a l o w e r  edge  of t he  i nc l i ned  cy l inde r .  F o r  the  
p r e s e n t  w o r k  the  o x y g e n  m i x t u r e s  w e r e  m a d e  up  
in  H - s i z e  cy l inde r s ,  and  mass  s p e c t r o g r a p h i c  a n -  
a lys i s  conf i rmed  the  accu rac i e s  of compos i t ions .  The  
c o n c e n t r a t i o n  of d i s so lved  o x y g e n  at  each  p a r t i a l  
p r e s s u r e  was  c a l c u l a t e d  f r o m  s tud ies  b y  M a c A r t h u r  
(6)  and  the  w o r k  of Sh i r l ey ,  Pachuck i ,  and  Lobos  
(7 ) .  

Procedure. - -A g iven  so lu t ion  was  a d m i t t e d  to 
t he  cell ,  a n d  the  gas  ( e i t he r  p u r e  argon,  or  an  
o x y g e n  m i x t u r e ,  d e p e n d i n g  on the  e x p e r i m e n t )  
was  t h e n  b u b b l e d  t h r o u g h  the  f r i t s .  The  i m p e l l e r  
was  t u r n e d  on and  the  cel l  was  t hen  m a i n t a i n e d  in 
th is  m a n n e r  for  4 h r  be fo re  the  e l e c t rodes  w e r e  
i m m e r s e d  in  t h e  so lu t ion  and  m e a s u r e m e n t s  made .  
Because  of the  des ign  of t he  cell ,  t he  e q u i l i b r i u m  
p r e s s u r e  ove r  the  so lu t ion  was  a l w a y s  1 Los A l a m o s  
a t m o s p h e r e  ( ~ 5 9 0  m m ) .  A t m o s p h e r i c  p r e s s u r e  was  
no ted  before ,  du r ing ,  a n d  a f t e r  each  e x p e r i m e n t .  
A f ixed flow ra te ,  used  for  a l l  s tudies ,  was  ach i eved  
b y  us ing  a Brooks  R o t a m e t e r .  

U r a n i u m  e l ec t rodes  w e r e  p r e p a r e d  as fo l lows :  
1.6 x 1.9 c m  d e p l e t e d  u r a n i u m  spec imens  w e r e  
po l i shed  t h r o u g h  600 g r i t  p a p e r  and  t hen  spo t -  
w e l d e d  to a u r a n i u m  w i r e  t h a t  h a d  been  p o l i s h e d  in 
s i m i l a r  fashion .  This  u r a n i u m  w i r e  was  in t u r n  
s p o t - w e l d e d  to a p l a t i n u m  w i r e  w h i c h  pa s sed  
t h r o u g h  the  cel l  cap.  Q u i c k - s e t t i n g  e p o x y  res in  was  
used  to m a s k  the  w i r e  to b e l o w  so lu t ion  level .  A l l  
of t he  a b o v e  ope ra t i ons  w e r e  p e r f o r m e d  in an  a rgon  
a t m o s p h e r e .  The  e l ec t rodes  w e r e  t hen  i n se r t ed  into  
t h e  cell ,  w h i c h  was  a l r e a d y  at  b a t h  t e m p e r a t u r e ,  
and  s a t u r a t e d  w i t h  gas  of the  g iven  compos i t ion .  
P o t e n t i a l  r e c o r d i n g  w a s  b e g u n  i m m e d i a t e l y .  S t e a d y -  
s t a t e  po t en t i a l s  w e r e  u s u a l l y  a c h i e v e d  w i t h i n  12 
h r  ( w i t h  s e v e r a l  excep t ions ,  w h i c h  w i l l  be  n o t e d ) .  
A p o t e n t i a l  v a l u e  was  accep ted  a f t e r  five i den t i ca l  
r e a d i n g s  w e r e  o b t a i n e d  ove r  a 2 - h r  pe r iod .  Mos t  of 
the  w o r k  was  done  in 0.1F K C I O ,  w h i c h  was  
chosen  as a n o n c o m p l e x i n g  n e u t r a l  sal t .  

Behavior in Oxygen-Free  Water 

U r a n i u m  is an  e l e c t r o p o s i t i v e  m e t a l  c apa b l e  of 
r e l e a s i n g  h y d r o g e n  f r o m  w a t e r .  In  bo i l ing  H~O the  
ne t  r e a c t i o n  is 

U + 2Ho_O-, UO_~ + 2H~ [ 1 ] 

I t  was  a s s u m e d  in th is  s t u d y  t h a t  e s s e n t i a l l y  t h e  
s a m e  r e a c t i o n  occurs  a t  r o o m  t e m p e r a t u r e ,  a l t h o u g h  
the  a m o u n t  of co r ros ion  is too sma l l  to a l l ow m e a s -  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  F e b r u a r y  I962 

u r e m e n t  of t he  e v o l v e d  h y d r o g e n  in t he  a p p a r a t u s  
used  for  these  s tudies .  The  r easons  for  th is  a s s u m p -  
t ion  wi l l  become  ev iden t .  

The  first  p o t e n t i a l  o b s e r v a t i o n  t a k e n  a f t e r  t he  
e l ec t rodes  w e r e  i m m e r s e d  in  t he  a r g o n - s a t u r a t e d  
w a t e r  gave  a v a l u e  of abou t  - -0 .3v vs. SCE. The  
p o t e n t i a l  rose  q u i c k l y  at  f i rs t  to  m o r e  ac t ive  va lue s  
and  ove r  a 3 - h r  p e r i o d  a t t a i n e d  a s t e a d y  v a l u e  of 
- -1 .1012v vs. SCE. This  p o t e n t i a l  was  o b s e r v e d  for  
bo th  d i s t i l l ed  w a t e r  and  0.1F KC10~. The  v a l u e  was  
no t  c h a n g e d  b y  us ing  bas ic  or  ac idic  sal ts ,  b u t  a d d -  
ing  l a r g e r  a m o u n t s  of H + or  OH- ions caused  com-  
p e t i n g  side r eac t i ons  to occur .  

No p H  change  was  o b s e r v e d  d u r i n g  th is  co r ros ion  
r e a c t i o n  even  a f t e r  s e v e r a l  d a y s  of exposu re .  T h e r e -  
f o r e  i t  was  a s sumed ,  as i n d i c a t e d  above ,  t h a t  t he  
p r i m a r y  r e a c t i o n  r e su l t s  in t he  evo lu t ion  of h y d r o -  
gen.  

A n  a d h e r e n t  f i lm was  f o r m e d  on the  e l e c t r o d e  and  
was  du l l  g r a y - b l a c k  in a p p e a r a n c e .  B r o a d  x - r a y  
d i f f rac t ion  p e a k s  i n d i c a t e d  t h a t  the  f i lm h a d  a f ine-  
g r a i n e d  s t ruc tu re .  U n d e r  mic roscop ic  e x a m i n a t i o n  
t h e  ox ide  a p p e a r e d  dense  and  g r a n u l a r .  The  fi lm 
could  not  be r e m o v e d  f rom the  e l ec t rode  b y  r u b b i n g  
w i t h  a cloth.  

The  v e r y  ac t ive  p o t e n t i a l  v a l u e  r e a c h e d  b y  t h e  
e l e c t r o d e  c e r t a i n l y  i nd i ca t e s  t h a t  t he  m e t a l  was  in 
t he  ac t ive  s t a t e  a l t h o u g h  co r ros ion  was  l i m i t e d  or  
c o n t r o l l e d  b y  an ion ic  d i f fus ion  t h r o u g h  the  ox ide  
l ayer .  The  l a rge  r i se  in p o t e n t i a l  i nd ica t e s  t h e  p r o -  
duc t i on  of a p o w e r f u l  r e d u c i n g  agen t  in t he  ox ide  
film, w h i c h  is l og i ca l l y  t r i - p o s i t i v e  u r a n i u m  in 
some form.  A l i k e l y  o x i d a t i o n  r e a c t i o n  for  the  ac t ive  
r eg ion  is the  m e t a l  f irst  go ing  to the  pos i t i ve  t h r e e  
s ta te ,  in l ine  w i t h  S t e r n ' s  sugges t ion  (1)  t h a t  a 
m e t a l  co r rod ing  in t h e  ac t ive  s t a t e  p r o d u c e s  ions 
of l o w e r  v a l e n c e  t h a n  t h e  s ame  m e t a l  does w h e n  
pas s iva t ed .  

U + H 2 0 ~  UO § + H~ + e- ( fas t  s tep)  [2]  

UO + § H~O-~ UO2 + H 2 -  e- ( s low s tep )  [3 ] 

U + 2H20-~ UO2 + 2H~ (ne t  e q u a t i o n )  

This  set  of equa t i ons  p r e d i c t s  t he  ex i s t ence  of an  
excess  of the  t r i - p o s i t i v e  s t a t e  a t  a n y  g iven  in s t an t ,  
as we l l  as pH inde pe nde nc e .  Bo th  p r e d i c t i o n s  ag ree  
w i t h  the  e x p e r i m e n t a l  obse rva t ions .  S ince  on ly  
UO~ is found  b y  x - r a y  ana lys i s ,  the  excess  m u s t  be  
smal l ,  and  t h e r e f o r e  t he  e l e c t r o d e  shou ld  be  pa s s i -  
v a t e d  eas i ly .  

A n o d i c  p o l a r i z a t i o n  does  p a s s i v a t e  t he  e l ec t rode  
qu ick ly ,  as does  t he  a d d i t i o n  of c e r t a i n  ox id iz ing  in -  
h ib i to rs .  Bo th  these  s i t ua t ions  wi l l  be  d iscussed.  
U n d e r  anod ic  p o l a r i z a t i o n  the  ox ide  g r a d u a l l y  b e -  
comes  glossy,  and  t h e r e a f t e r  the  e l e c t r o d e  a p p a r -  
e n t l y  canno t  eas i ly  r e t u r n  to t he  ac t ive  s ta te .  This  
sugges t s  t h a t  t h e  ox ide  f o r m e d  u n d e r  ac t ive  cond i -  
t ions  ( o x i d a t i o n  in o x y g e n - f r e e  w a t e r )  m a y  be 
s o m e w h a t  porous .  

Behavior with Inhibitors 

T h e  a d d i t i o n  of ox id i z ing  agen t s  to t he  so lu t ion  
caused  changes  in b e h a v i o r  t h a t  w e r e  d e p e n d e n t  on 
the  concen t ra t ion ,  r e d o x  po ten t i a l ,  and  e x c h a n g e  
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Table I. Effect of various oxidizing agents on the corrosion 
potential of an active uranium electrode 

O x i d i z i n g  a g e n t  F o r m a l  c o n c e n t r a t i o n  F i n a l  p o t e n t i a l ,  v 

None (0.1F KC10,) --1.1012 
NaNO~ 0.0005 --1.04 
NaNO2 0.005 --0.94 
NaNO~ 0.05 --0.54 
NaNO~ 0.5 --0.11 
NaNO~ 0.1 +0.03 
Na~CrO, 0.066 --0.66 
Na2MoO, 0.001 --0.84 
Na~WO, 0.001 --0.82 

cur ren t ,  as i l l u s t r a t ed  in  Fig. 2. Resul ts  are p r e -  
sented  in  Tab le  I. 

F igu re  4 shows the  p o t e n t i a l - t i m e  behav io r  of 
the n i t r i t e  and  n i t r a t e  solutions.  The 0.0005F NaNO~ 
cu rve  is suggest ive  of case A of Fig. 2. The p o t e n -  
t ial  was  shif ted on ly  s l ight ly  in  the noble  direct ion.  
Wi th  0.005F and  0.05F NaNO.. no te  the  u n c e r t a i n -  
ties exh ib i t ed  by  the potent ia ls ,  and  indeed  the  
v io len t  osci l la t ion b e t w e e n  act ive and  passive va lues  
wi th  the 0.005F concen t r a t i on  before  a s teady bu t  
sti l l  act ive po ten t i a l  was reached.  These two curves  
ap t ly  i l lus t ra te  case B. Case B' is shown in  the  curve  
for 0.5F NaNO.q af ter  an  in i t i a l  smal l  rise, the  po-  
t en t i a l  falls to a s teady  passive value .  The behav io r  
of 0.1F NaNO~ is also s imi la r  to case B'. 

Surpr i s ing ly ,  n i t r a t e  ion appears  to be a be t t e r  in -  
h ib i to r  for u r a n i u m  t h a n  does n i t r i t e  ion. Also, the  
mo lybda t e  and  t ungs t a t e  solut ions  are no t  as d r a -  
ma t i ca l ly  effective wi th  u r a n i u m  as they  appear  to 
be wi th  t i t a n i u m  and  iron. The addi t ion  of oxygen  
to any  of the solut ions  l is ted in  Table  I p roduced  i m-  
med ia te  pass ivi ty .  

Addi t ion  of salts w i th  complex ing  anions  (CI-, 
Br-, CNS-, etc.) caused des t ruc t ion  of the pro tec t ive  
film and  rap id  corrosion of the specimen.  This  be-  
havior  was  ac tua l ly  accen tua ted  by  the addi t ion  of 
oxygen.  

B e h a v i o r  w i t h  O x y g e n  

N a t u r e  of  the  r e a c t i o n . - - B y  far  the most  i n t e r -  
es t ing resul t s  of this  s tudy  were  ob ta ined  whi le  us -  
ing 0.1F KC10~ solut ions sa tu ra t ed  w i th  oxygen  and  
oxygen  m i x t u r e s  of var ious  concent ra t ions .  The 
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Fig. 4. Potential-time behavior of a uranium electrode in sodium 
nitrite and sodium nitrate solutions. 

oxide tha t  was  formed in  the  presence  of oxygen  
and  oxidiz ing agents ,  which  p roduced  pass ivat ion,  
exh ib i t ed  b r igh t  i n t e r f e rence  colors. X - r a y  diffrac-  
t ion  p a t t e r n s  of the oxide were  sharp,  and  mic ro -  
scopic e x a m i n a t i o n  showed tha t  it  had  a smooth,  
n o n g r a n u l a r  surface.  

The po ten t i a l  of the  electrode in  o x y g e n - s a t u -  
ra ted  so lu t ion  decreased over a per iod  of about  6 
hr  to a s teady  va lue  of + 0.1432 ---- .0002v vs.  SCE. 
So lu t ion  samples  t a k e n  af ter  this s t eady- s t a t e  po-  
t en t i a l  was reached  gave a posi t ive  P b S  test  for h y -  
drogen  peroxide ,  i nd ica t ing  an  e q u i l i b r i u m  con-  
cen t r a t i on  of 1 x 10 -~ moles per  l i t e r  or greater .  The  
pH r e m a i n e d  at  7.0. The  po ten t i a l  of an  act ive car -  
bon  electrode in  this  so lu t ion  was  + 0.145v vs.  SCE, 
ind ica t ing  tha t  the u r a n i u m  elect rode was  abou t  2 
m v  more  act ive t h a n  the  r eve r s ib l e  o x y g e n - p e r -  
oxide redox couple  in  this  solut ion.  F r o m  the  con-  
cen t r a t i on  of oxygen,  the pH, and  the  observed  po-  
tent ia l ,  the e q u i l i b r i u m  concen t r a t i on  of peroxide  
was  ca lcula ted  by  me a ns  of the  Nerns t  equat ion .  A 
va lue  of 9 x 10 ~ moles per  l i ter  was  obta ined ,  which  
agrees wel l  w i th  the  qua l i t a t i ve  resu l t  of the  PbS  
test. 

The behav io r  of the  u r a n i u m  electrode wi th  oxy-  
gen is a good e xa mpl e  of case C in  Fig. 2. The redox 
exchange  cur ren t ,  Ioc, is e v i d e n t l y  somewha t  grea te r  
t han  the pass ive  corrosion cur ren t ,  and  the  me ta l  
po ten t i a l  is s l ight ly  more  act ive t h a n  the  revers ib le  
redox potent ia l .  I t  is also clear  tha t  the  u r a n i u m -  
u r a n i u m  oxide electrode mus t  exh ib i t  a surface  on 
which  the  o x y g e n - p e r o x i d e  exchange  c u r r e n t  is 
r e l a t i ve ly  high, and  tha t  the  ca ta ly t ic  decomposi -  
t ion  of pe rox ide  is no t  effected (or is effected ve ry  
s lowly)  on this  surface.  

De lahay  (8) has po in ted  out  tha t  the r educ t ion  
of oxygen  to wa te r  is u s u a l l y  easier  t h a n  the  re -  
duc t ion  of oxygen  to h y d r o g e n  peroxide,  bu t  t ha t  
under irreversible conditions this conclusion may 
not hold. Churchill (9) has shown that hydrogen 
peroxide is formed during the corrosion of a number 
of metals (Zn, Sn, Pb, Ag, Hg, Cu, Al); further- 
more, he reported that freshly abraded specimens 
gave a strong Russell effect, but that well-aged 
specimens did not. Of special interest was his ob- 
servation that the process was cathodic and prob- 
ably involved direct oxidation of atomic hydrogen 
by 02. Such a process could produce the result ob- 
served with the uranium electrode (H~O~ produc- 
tion with no pH change) since atomic hydrogen 
must be formed at the oxide-solution interface be- 
fore released as molecular hydrogen. If this is the 
actual mechanism, then hydrogen peroxide is 
formed, both from the 0--+3 step (Eq. [2]) and 
the +3--+4 step (Eq. [3]), as hydrogen is released 
during the corrosion of uranium. A pH-independent 
net equation could then be written as 

U + 2H~O + 20~-~ UO~ + 2H~O~ [4] 

Under these conditions the basic corrosion mech- 
anism might still be the reaction of uranium with 
water, with no direct intervention by oxygen. The 
formation of the entirely different passive film in 
the presence of oxygen is not so easily explained, 
however. The film normally formed by reaction 
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wi th  wa te r  is c lear ly  hea led  in  some unspecif ied 
m a n n e r .  

Effect of oxygen concentrat ion.- -Equi l ibr ium po-  
t en t i a l s  were  m e a s u r e d  for pu re  oxygen,  air, and  
four  m i x t u r e s  of oxygen  and  argon:  10, 3, 1, and  
0.1 v / o  oxygen.  It  was found  tha t  the  va lues  for air, 
10, and  3 v / o  oxygen  were  as r ep roduc ib le  as tha t  
for p u r e  oxygen  (----0.2 m v ) ,  bu t  tha t  dev ia t ions  
were  somewha t  l a rger  for the 1 and  0.1 v / o  oxygen  
mix tures .  It  is t hough t  tha t  this  r esu l t  was  due, at  
least  par t ly ,  to the  slow approach  to equ i l ib r ium.  
The more  d i lu te  the  oxygen  mix tu re ,  the longer  was  
the  t ime  necessary  to achieve a s t eady- s t a t e  po-  
tent ia l .  Whereas  6 hr  was  sufficient t ime  for p u r e  
oxygen,  a lmos t  30 hr  were  needed  for the 1 v / o  
mix tu re .  Wi th  both  the  1 and  the  0.1 v / o  m i x t u r e s  
the  po ten t i a l  began  to rise to act ive  va lues  w h e n  
the  fresh electrode was  inser ted ,  un less  the  e lec-  
t rode was first exposed for severa l  hours  to a 
h igher  oxygen  concen t ra t ion  to es tabl ish  the  pass ive  
film. Once this  fi lm was establ ished,  a s teady va lue  
in  (or close to) the pass ive  reg ion  could be achieved.  
It  is clear, however ,  tha t  the  pas s ive - type  film mus t  
be present .  

Chang ing  oxygen  m i x t u r e s  af ter  an  electrode had  
reached  a s teady  va lue  p roduced  in t e re s t ing  resul ts .  
Swi tch ing  to h igher  oxygen  concen t ra t ions  caused 
fa i r ly  rap id  shifts (~--2 hr )  to the po ten t i a l  associ- 
a ted wi th  the  h igher  value.  C h a n g i n g  to a lower  
oxygen  concent ra t ion ,  however ,  caused only  a v e r y  
slow shift  t oward  the  po ten t i a l  associated w i t h  t ha t  
mix tu re .  Indeed,  the  shift  f rom the  1 v / o  va lue  to 
tha t  for 0.1 v / o  wou ld  p r o b a b l y  have  t a k e n  severa l  
days to effect, bu t  the  supp ly  of mixed  gas was  not  
sufficient for such a l o n g - t e r m  study.  

S t e rn  (1) has po in ted  out that ,  w h e n  the po t en -  
t ia l  is in  the  pass ive  region,  chang ing  the  concen-  
t r a t ion  of oxidiz ing agen t  should cause the  r e v e r -  
sible redox  po ten t i a l  to shift  according to the  Nerns t  
equat ion.  At  equ i l i b r ium,  the  c u r r e n t  p roduced  by  
oxida t ion  of u r a n i u m  and  ox ida t ion  of pe rox ide  is 
equa l  to the c u r r e n t  p roduced  due to the r educ t ion  
of oxygen.  If it is a s sumed  tha t  a s t eady- s t a t e  con-  
cen t r a t ion  of peroxide,  which  is a f unc t i on  of the  
corrosion ra te  of u r a n i u m ,  exists  u n d e r  these condi -  
t ions, the  po ten t i a l  shift  due to a change  in  the  oxy -  
gen concen t ra t ion  m a y  be calculated.  Sub t r a c t i ng  
the  Nerns t  equa t ions  for two dif ferent  oxygen  con-  
cent ra t ions ,  we get 

• = R T / n F  ln(O._,)J(O~)~ [5] 

where  T is 308~ and  n, the  n u m b e r  of e lect rons  
t r ans fe r red ,  is 2. 

The  po ten t ia l s  m e a s u r e d  for the  severa l  gas m i x -  
tu res  at 590 m m  Hg, a long wi th  the  va lues  ca lcu-  
la ted  for these  concen t ra t ions  (Eq. [ 5 ] ) , a r e  l is ted 
in  Tab le  II. The first po ten t i a l  used for the  ca lcu la -  
t ions  was  -{- 0.1432v, the  va lue  for pu re  oxygen.  The  
other  ca lcu la ted  va lues  were  t h e n  ob ta ined  f rom 
this s t a r t ing  value.  

The data  of Table  II are  p lo t ted  in  Fig. 5. As can  
be seen, the  ca lcula ted  va lues  closely a p p r o x i m a t e  
the m e a s u r e d  va lues  f rom pu re  oxygen  t h r o u g h  the  
3 v / o  mix tu re .  The sl ight  va r i a t ions  are p r o b a b l y  due 
to e r rors  i n  e s t ima t ing  solubil i t ies .  Dev ia t ions  be -  
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Table II. Potentials as a function of the concentration 
of oxygen in 0.1F KCIO~ 

Composition of Oxygen con- Observed Calculated 
gas mixture centration, g/1 potential,* v potential,* v 

Pure  O2 2.455 X 10 -2 0.1432 0.1432t 
Air  5.2 X 10 -~ 0.1230 0.1227 
10 v /o  O2 2.455 X 10 -~ 0.1127 0.1127 
3 v /o  O3 7.365 • 10-' 0.0962 0.0974 
1 v/o  02 2.455 >< 10 -~ 0.0793 0.0822 
0.1 v/o  02 2.455 • 10-" 0.0408 0.0516 

* Potentials referred to a SCE at 35~ 
t Base value. 

come not iceable ,  however ,  for the  1 v / o  m i x t u r e  
and  become large wi th  the  0.1 v / o  mix.  I t  is be -  
l ieved tha t  these dev ia t ions  are due to concen t r a t i on  
polar izat ion.  This  s i tua t ion ,  then ,  is s imi la r  to case 
D of Fig. 2, w h e r e  the  l imi t ing  diffusion c u r r e n t  due 
to the  s ta rved  oxygen  supp ly  at the  surface  p r o -  
duces a po ten t i a l  more  act ive  t h a n  is expected.  

Other Measurements  

Anodic  po la r iza t ion  m e a s u r e m e n t s  were  made  
on the act ive e lec t rode  in  OAF KC10,  s a tu ra t ed  wi th  
argon.  As ind ica ted  ear l ier ,  a smal l  a m o u n t  of a n -  
odic c u r r e n t  b r ough t  the e lect rode in to  the  pass ive  
region.  S ince  no potent ios ta t ic  e q u i p m e n t  was 
avai lable ,  on ly  an  "or thodox"  po la r i za t ion  m e a s u r e -  
m e n t  could be made.  The cr i t ical  c u r r e n t  b r e ak  oc- 
cu r r ed  at  on ly  2.2 ~ a / c m t  

The first po ten t i a l  observed w h e n  a u r a n i u m  elec-  
t rode  was  i m m e r s e d  in  a pa r t i cu l a r  so lu t ion  was  
close to --0.3v vs. SCE. This va lue  was  observed 
regardless  of the  so lu t ion  media.  Po ten t i a l s  t h e n  
e i ther  rose to more  act ive  values,  or fell  to pass ive  
va lues  f rom this  --0.3v point ,  d e pe nd i ng  on the  
media.  Therefore ,  - -0 .3v was chosen as a r ea son -  
able  es t imate  of the cr i t ical  anodic  potent ia l .  

In  the s i tua t ion  w i th  oxygen  present ,  add i t ion  of 
jud ic ious ly  smal l  concen t ra t ions  of H +, OH-, and  
H20~ produced  po ten t i a l  shifts  qua l i t a t i ve l y  in  ac-  
cordance  w i th  the  Nerns t  equat ion .  Add i t ion  of 
m u c h  la rger  quant i t ies ,  however ,  caused dras t ic  po-  
t en t i a l  changes,  f o r ma t i on  of u r a n i u m  peroxide,  etc. 
It  was  conc luded  tha t  the exis tence  of the r e v e r -  
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Fig. 5. Comparison of measured potentials with values calculated 
using the Nernst equation. 
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s ib le  o x y g e n - p e r o x i d e  coup le  on the  u r a n i u m  e l ec -  
t r o d e  is a d e l i c a t e l y  b a l a n c e d  s i tua t ion .  

Conclusions 
U r a n i u m  has  been  s h o w n  to e x h i b i t  a c t i v e - p a s -  

s ive  co r ros ion  b e h a v i o r  s i m i l a r  to t h a t  o b s e r v e d  
w i th  s t a in less  s tee l  and  t i t a n i u m .  The  u r a n i u m  s u r -  
face  p r e s e n t s  a low e x c h a n g e  c u r r e n t  for  e s t a b l i s h -  
ing  the  r e d o x  p o t e n t i a l s  of a n u m b e r  of ox id iz ing  
agents ,  t he  mos t  i n t e r e s t i n g  of w h i c h  is the  o x y g e n -  
p e r o x i d e  sys tem.  A v a l u e  of - -0 .3v  vs. SCE was  
e s t i m a t e d  for  the  c r i t i ca l  anod ic  po t en t i a l ,  and  a 
v a l u e  of 2.2 ~,a/cm ~ was  o b t a i n e d  for  t he  c r i t i ca l  
cu r ren t .  

The  electrochemical b e h a v i o r  of u r a n i u m  in t he  
p re sence  of ox id iz ing  agen t s  a n d  w i t h  o x y g e n  i l l u s -  
t r a t e s  m a n y  of t h e  g e n e r a l  po in t s  m a d e  b y  S t e r n  
(1) .  D a t a  t ha t  show the  p r o d u c t i o n  of a l o w e r  v a l -  
ence s t a t e  d u r i n g  ac t ive  cor ros ion  h a v e  b e e n  ci ted,  
and  e x a m p l e s  h a v e  been  g iven  w h i c h  i l l u s t r a t e  t h e  
effect of ox id iz ing  agen t s  of d i f f e ren t  concen t r a t i ons  
and r e d o x  e x c h a n g e  c u r r e n t s  on the  anod ic  p o l a r i -  
za t ion  c u r v e  of u r a n i u m .  

The  cor ros ion  of u r a n i u m  in t he  p r e s e n c e  of o x y -  
gen has  been  s h o w n  to g e n e r a t e  h y d r o g e n  p e r o x i d e .  
The  r e s u l t i n g  e q u i l i b r i a  t h a t  w e r e  e s t a b l i s h e d  p r o -  
duced  an  e l ec t rode  r e v e r s i b l e  w i t h  r e s p e c t  to o x y -  
gen  concen t r a t ion ,  r e p r o d u c i b l e ,  and  p r e d i c t a b l e  
w i t h  r e spec t  to t he  N e r n s t  equa t ion ,  ove r  a f a i r  
c o n c e n t r a t i o n  range .  

Because  u r a n i u m  r eac t s  b y  an ion ic  diffusion,  t h e  
i n t e r e s t i n g  s i t ua t i on  has  been  o b s e r v e d  w h e r e b y  

bo th  the  ac t ive  and  pa s s ive  s t a tes  i nvo lve  the  b u i l d -  
up  of a d h e r e n t  UO~ films, w h i c h  a r e  of e n t i r e l y  d i f -  
f e r en t  na tu re s .  I t  has  been  s h o w n  t h a t  t he  pa s s ive  
film, once fo rmed ,  is e x t r e m e l y  s tab le ,  a n d  f u r t h e r -  
more ,  t ha t  th is  f i lm  m u s t  be  p r e s e n t  in o r d e r  for  
pa s s ive  p o t e n t i a l s  to occur.  

Of i n t e r e s t  is the  absence  of a p H  shi f t  for  t he  
s p o n t a n e o u s  process ,  bo th  at  o x y g e n - f r e e  and  o x y -  
g e n - s a t u r a t e d  e lec t rodes ,  a n d  the  poss ib le  c lue  th i s  
g ives  to the  g e n e r a t i o n  of pe rox ide .  The  v igo rous  
co r ros ion  p r o d u c e d  b y  c o m p l e x i n g  anions,  e spec i a l l y  
in the  p r e s e n c e  of oxygen ,  was  also no ted .  

Manuscr ip t  rece ived  Dec. 29, 1959; rev ised  m a n u -  
script  rece ived  Sept.  30, 1961. This paper  was p repa red  
for  de l ive ry  before  the  Columbus Meeting,  Oct. 18-22, 
1959. The work  on this paper  was pe r fo rmed  under  
the auspices of the  U. S. Atomic  Energy  Commission. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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ABSTRACT 

In neu t ra l  and a lka l ine  solutions containing both inhibi t ive  and corro-  
sive const i tuents  corrosion becomes localized and weight  loss measurements  
a re  of l i t t le  va lue  in finding out  when solut ion becomes corrosive.  Points  of 
a t t ack  also va ry  considerably  at border  l ine concentrat ions.  An  e legant  method 
of finding out  at  wha t  concentra t ion  of corrosive const i tuents  such solutions 
become corrosive is described.  The method  is based on anodic polar iza t ion  
measurements  over  as shor t  a per iod  as 5 rain and takes  into account the  
mechanism of pass ivat ion of me ta l  surfaces in such solutions. 

A n o d i c  p o l a r i z a t i o n  s tud ies  b y  g a l v a n o s t a t i c  and  
p o t e n t i o s t a t i c  m e t h o d s  in ac id  so lu t ions  h a v e  been  
shown  to be  a p o w e r f u l  tool  for  e l u c i d a t i n g  the  
m e c h a n i s m  of p a s s i v a t i o n  of m e t a l  su r faces  (1 -3 ) .  
T h e i r  a p p l i c a t i o n  to t he  b e h a v i o r  of n e u t r a l  a n d  a l -  
k a l i n e  so lu t ions  con ta in ing  cor ros ion  i nh ib i t o r s  as 
we l l  as co r ros ive  cons t i t uen t s  is l ack ing .  M a y n e  and  
H a n c o c k  (4)  h a v e  r e c e n t l y  shown  t h a t  t he  c o r r o -  
s ive  o r  i n h i b i t i v e  c h a r a c t e r  of n e u t r a l  a n d  a l k a l i n e  
so lu t ion  con t a in ing  cor ros ion  i nh ib i t o r s  can be  p r e -  
d ic ted  b y  anod ic  p o l a r i z a t i o n  m e a s u r e m e n t s  i n v o l v -  

ing a p p l i c a t i o n  of a f ixed c u r r e n t  and  fo l lowing  the  
changes  in p o t e n t i a l  w i t h  t ime .  T h e y  h a v e  s t ud i ed  
s e v e r a l  sys t ems  c on t a in ing  i nh ib i t i ve  a n d  co r ros ive  
cons t i t uen t s  b y  anod ic  p o l a r i z a t i o n  m e a s u r e m e n t s  
a t  a f ixed c u r r e n t  d e n s i t y  of 10 ~ a / c m  ~. A d e t a i l e d  
i nve s t i ga t i on  into  t he  a p p l i c a b i l i t y  of M a y n e ' s  
m e t h o d  w i th  N a O H - - N a C 1  sys t em r e v e a l s  t ha t  
M a y n e ' s  choice of 10 ~ a / c m  ~ is a r b i t r a r y  and  t h a t  a 
r i se  in  p o t e n t i a l  to t he  p a s s i v a t i o n  p o t e n t i a l  on a p -  
p l i c a t i on  of th i s  c u r r e n t  c anno t  b e  a suff ic ient ly  r e -  
l i ab l e  c r i t e r i o n  for  t h e  i n h i b i t i v e  c h a r a c t e r  of a 
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solut ion .  A m o r e  e l e g a n t  a n d  sens i t i ve  m e t h o d  is 
p r e sen t ed .  The  p r e s e n t  s t u d y  is of c o n s i d e r a b l e  
p r a c t i c a l  i m p o r t a n c e  in  r e l a t i o n  to t he  u n d e r s t a n d -  
ing  of t h e  cor ros ion  b e h a v i o r  of s tee l  e m b e d d e d  in 
concre te .  

Exper imenta l  

Metal: 1.25 cm d i a m e t e r  m.s.  rods  f r o m  the  s ame  
s tock  w e r e  used  in  a l l  t he  tes ts .  The  rods  w e r e  cut  
in to  5 cm pieces ,  sca le  and  ru s t  r e m o v e d  on g r i n d -  
ing  mach ine ,  a n d  a smoo th  f inish g iven  b y  a b r a s i o n  
w i t h  120 e m e r y  whee l .  This  w a s  f o l l o w e d  b y  so l -  
ven t  c l e a n i n g  in t r i c h l o r o e t h y l e n e .  A th in  s t em was  
s c r e w e d  to t he  rod,  a n d  the  j o i n t  was  i n s u l a t e d  
f rom so lu t ion  b y  f ix ing a g lass  s l eeve  and  sea l ing  
t h e  j o i n t  w i t h  a t h in  f i lm of paraf f in  wax .  
Solutions: N a O H  so lu t ion  in  t h e  n o r m a l i t y  r a n g e  
0 .0001-0. IN a n d  con t a in ing  v a r y i n g  c o n c e n t r a t i o n s  
of s o d i u m  ch lo r ide  w e r e  used.  The  so lu t ions  w e r e  
a e r a t e d  b e f o r e  tes t .  
Procedure: The  t e s t  so lu t i on  w a s  t a k e n  in  a 600 m l  
b e a k e r ,  t he  s p e c i m e n  s u s p e n d e d  in  t he  so lu t ion  and  
m a d e  anode.  A m i l d  s tee l  shee t  cu t  in to  the  f o r m  of 
a c y l i n d e r  and  l in ing  t h e  w a l l  of t h e  c o n t a i n e r  was  
m a d e  ca thode .  C u r r e n t  w a s  a p p l i e d  to  t h e  cel l  
f r o m  a b a t t e r y  source  a n d  the  p o t e n t i a l  m e a s u r e d  
b y  nu l l  me thod ,  w i t h  r e f e r e n c e  to a s a t u r a t e d  ca lo -  
m e l  e l e c t r o d e  connec t ed  to t h e  t e s t  so lu t ion  w i t h  a 
s a t u r a t e d  K C l - a g a r  b r idge .  A l l  e x p e r i m e n t s  w e r e  
c a r r i e d  ou t  a t  35~ ~ 0.5~ 

Results 

Potential t ime curves of NaOH--NaC1  solutions 
at 12 ~ a / c m t - - I n  his  e x p e r i m e n t s  ]VIayne (4)  con -  
s i d e r e d  v a r i o u s  c u r r e n t  dens i t i e s  in t h e  r a n g e  5-100 
/ , a / c m  2 and  conc luded  t h a t  10 / , a / c m  ~ was  a s u i t a -  
b le  c u r r e n t  d e n s i t y  to be  a p p l i e d  to t h e  sys t em.  P o -  
t e n t i a l - t i m e  cu rves  of t es t  spec imens  i m m e r s e d  in 
0.04N N a O H  con ta in ing  seven  c o n c e n t r a t i o n s  of 
ch lo r ide  a n d  12 s a / c m  ~ a p p l i e d  a f t e r  24 h r  i m m e r -  
s ion in  t he  t es t  so lu t ion  a r e  g iven  in  Fig .  1. T h e r e  
is c o n s i d e r a b l e  s i m i l a r i t y  b e t w e e n  these  cu rves  and  
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Fig. 1. Potential time curves of mild steel in NuOH-NaCI solu- 
tions when anadically polarized at 12 pa/cm ~. Concentration of 
NaOH 0.04N and concentrations of NuCI: 1, 0.001%; 2, 0.01%; 
3, 0.02%; 4, 0.03%; 5, 0.05%; 6, 0.07%; and 7, 0.1%. Polariza- 
tion carried out 1 day after immersion. 
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Fig. 2. Effect of current density on potential-time curves in 
0.04N NaOH containing (a) 0.001% and (b) 0.05% NaCI. Current 
densities are: 1, 4.8; 2, 9.6; 3, 14.4; 4, 19; 5, 24; 6, 290; 7, 33.6; 
8, 2156; and 9, 4800 ~a/cmt Polarization carried out immediately 
after immersion. 

those  o b t a i n e d  b y  Mayne ,  and  i t  is a lso seen  t h a t  
w h e n  a c o n c e n t r a t i o n  of 0.05% NaC1 is r e a c h e d  
the  p o t e n t i a l - t i m e  c u r v e  f irst  r i ses  f o l l o w e d  b y  a 
s t eep  fal l ,  w h i l e  a t  l o w e r  c o n c e n t r a t i o n s  t he  p o t e n -  
t i a l  r i ses  to a s t e a d y  v a l u e  of + 0 . 6 5 v  (vs. SCE)  a t  
w h i c h  o x y g e n  evo lu t ion  can  t a k e  p l a c e  in  th is  m e -  
d ium.  T h e  r i se  in  p o t e n t i a l  d i m i n i s h e s  to a n e g l i -  
g i b l y  sma l l  v a l u e  at  t he  h ighe s t  c h l o r i d e  concen -  
t r a t i o n  emp loyed .  

Potential-t ime curves at six difJerent current den- 
sities in O.04N N a O H  containing 0.001% and 0.05% 
NaC1, respectively.--Unlike the  p o t e n t i a l - t i m e  
cu rves  g iven  in  Fig .  1, the  cu rves  g iven  in Fig.  2 
w e r e  o b t a i n e d  i m m e d i a t e l y  a f t e r  i m m e r s i o n  of t he  
tes t  s p e c i m e n  in t he  m e d i u m  w h i c h  cond i t ion  was  
p r e s u m a b l y  also e m p l o y e d  b y  Mayne .  I t  is n o w  seen 
t ha t  t h e  p o t e n t i a l  r i ses  s l o w l y  at  mos t  of t he  c u r r e n t  
dens i t ies ,  and  a s teep  r i se  is o b s e r v e d  on ly  a t  the  
h ighe s t  c u r r e n t  d e n s i t y  (290 # a / c m  ~) in  t he  case of 
0.001% NaC1 solut ion .  The  p o t e n t i a l  of o x y g e n  evo-  
lu t ion  is o b t a i n e d  w i t h i n  5 min  a t  th is  c u r r e n t  d e n -  
si ty.  The  cu rves  in 0.05% NaC1 so lu t ion  a r e  qu i t e  
d i f fe ren t  f rom the  cu rves  in 0.001% NaC1 solut ion.  In  
0.05% so lu t ion  a l l  t h e  cu rves  show a r a p i d  fa l l  a f t e r  
r i s ing.  The  p o t e n t i a l  r i ses  a b o v e  +0 .3v ,  the  p o t e n t i a l  
to w h i c h  r i se  shou ld  t a k e  p l ace  acco rd ing  to Mayne ,  
a t  t he  h i g h e r  c u r r e n t  dens i t ies .  The  p o t e n t i a l  va lues ,  
in  fact ,  show c o n s i d e r a b l e  v a r i a t i o n  at  such  h igh  
a p p l i e d  c u r r e n t  d e n s i t y  va lues .  

Applied current density vs. NaC1 concentra t ion . -  
The  d a t a  g iven  in Fig .  1 and  2 show t h a t  w i t h  some of 
t h e  so lu t ions  t he  p o t e n t i a l  r i ses  s t e e p ly  to the  p o t e n -  
t i a l  of o x y g e n  e v o l u t i o n  and  r e m a i n s  s t e a d y  there ,  
w h i l e  in some o the r  solut ions ,  a l t h o u g h  the  p o t e n t i a l  
r i ses  in i t i a l ly ,  i t  f a l l s  subse que n t l y .  I t  is also seen  
t h a t  t h e  v a l u e  of a p p l i e d  c u r r e n t  decideg how 
q u i c k l y  t h e  p o t e n t i a l  of o x y g e n  evo lu t i on  is r e a c h e d  
in  d i f fe ren t  solut ions .  In  e v e r y  solut ion,  as has  been  
obse rved ,  i t  is poss ib le  to r e a c h  a g iven  p o t e n t i a l  a t  
suff ic ient ly  h igh  c u r r e n t  dens i t i e s  w i t h i n  t he  d u r a -  
t ion  of tes t ,  n a m e l y ,  5 min .  I t  is also seen  t h a t  a t  
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Table I. Current density required to raise the potential of M.S. 
Rod in 0.04N NaOH-NaCI solutions to (a) 4- 0.3v (SCE) and 

(b) 4- 0.6v (SCE) in the course of 5 rain when anodically 
polarized 

A p p l i e d  c u r r e n t  dens i t y  (ma/em~) 

NaC1 
c o n c e n -  

trat ion ,  % 

I m m e d i a t e l y  48 h r  
a f t e r  i m m e r s i o n  a f t e r  i m m e r s i o n  

(a) (b) (a) (b) 

0.001 0.014 0.024 0.007 0.019 
0.01 0.014 0.024 0.0096 0.014 
0.03 9.6 14.4 9.6 12.0 
0.05 4.8 9.6 4.8 9.6 
0.1 14.4 19.2 9.6 9.6 
0.5 33.6 48.0 14.4 19.2 

t he  same  c u r r e n t  d e n s i t y  and  in t he  s ame  so lu t ion  
t h e  p o t e n t i a l  r i ses  s t e ep ly  in the  case  of the  spec imen  
e x p o s e d  to so lu t ion  for  24 hr ,  b u t  th is  does no t  t a k e  
p l a c e  i m m e d i a t e l y  a f t e r  i m m e r s i o n  ( c o m p a r e  Fig.  1 
a n d  2).  

The  c u r r e n t  dens i t i e s  a t  w h i c h  the  p o t e n t i a l  r i ses  
to 4-0.3 and  4-0.6v i m m e d i a t e l y  a f t e r  i m m e r s i o n  in  
t h e  so lu t ion  and  w h e n  p o l a r i z e d  48 h r  a f t e r  i m -  
m e r s i o n  a r e  g i v e n  in T a b l e  I. I t  is seen f r o m  the  
t a b l e  t h a t  the  c u r r e n t  d e n s i t y  dec reases  in  t he  case  
of spec imen  p o l a r i z e d  48 h r  a f t e r  i m m e r s i o n  as com-  
p a r e d  to spec imens  p o l a r i z e d  i m m e d i a t e l y  a f t e r  i m -  
mers ion .  S i m i l a r l y  t he  c u r r e n t  d e n s i t y  to r a i s e  t he  
p o t e n t i a l  to 4-0.6v is a l w a y s  h i g h e r  t h a n  the  c u r r e n t  
d e n s i t y  to r a i s e  i t  to 4-0.3v. In  Fig .  3, t he  log  c u r r e n t  
d e n s i t y  is p l o t t e d  aga in s t  log NaC1 c o n c e n t r a t i o n  in 
a l l  cases. I t  is seen  f r o m  the  f igure  t h a t  a S - s h a p e d  
c u r v e  is o b t a i n e d  for  bo th  4-0.3v a n d  4-0.6v, t he  
r a n g e  of p o t e n t i a l  ove r  w h i c h  the  p a s s i v a t i o n  of 
m e t a l  su r f ace  is l i k e l y  to t a k e  place ,  and  t h e  two  
cu rves  coincide.  The  cu rves  also show t h a t  t he  c u r -  
r en t  a t  w h i c h  a j u m p  in p o t e n t i a l  a b o v e  + 0 . 3 v  w i l l  
t a k e  p l ace  shows  a s teep  r ise  a f t e r  a c e r t a i n  ch lo r ide  
c o n c e n t r a t i o n  is r eached .  The  ch lo r ide  c o n c e n t r a t i o n  
and  c u r r e n t  d e n s i t y  c o r r e s p o n d i n g  to t he  m i d d l e  
po in t  a p p e a r  to d iv ide  t h e  so lu t ions  as we l l  as the  
c u r r e n t  dens i t i e s  in to  two  b r o a d l y  d i s t i n g u i s h a b l e  
g roups ,  one in w h i c h  the  c u r r e n t  d e n s i t y  r e q u i r e -  
m e n t  is l ow  and  the  o t h e r  in w h i c h  t h e  c u r r e n t  d e n s i t y  
r e q u i r e m e n t  is v e r y  m u c h  h ighe r .  P r a c t i c a l l y  the  
same  v a l u e s  a r e  o b t a i n e d  for  t he  c u r r e n t  d e n s i t y  and  
the  NaC1 c o n c e n t r a t i o n  for  the  cu rves  r e l a t i n g  to 
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Fig. 3. Applied anodic current density vs, sodium chloride con- 
centration: (A) immediately after immersion of specimen to get 
4-0.3v (SCE) (ehe__e - -e )  and 4-0.6v (SCE) ( O - - O - - O - - O ) ;  (B) 
48 hr after immersion in solution to get 4-0.3v and 4-0.6v (SCE). 
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(oJ (b) 
Fig. 4. Potential-time curves of mild steel in 0.04N NaOH con- 

taining (a) 0.02% and (b) 0.03% at various applied current den- 
sities: 1, 2.4; 2, 12; 3, 24; 4, 72; 5, 144; and 6, 290 ~a/cm ~. 

spec imens  p o l a r i z e d  i m m e d i a t e l y  a f t e r  i m m e r s i o n  
and  those  p o l a r i z e d  a f t e r  i m m e r s i o n  in so lu t ion  for  
48 hr.  The  c u r r e n t  d e n s i t y  and  the  NaC1 c o n c e n t r a -  
t ion  c o r r e s p o n d i n g  to t he  m i d d l e  po in t  a r e  290 ~ a / c m  -~ 
and  0.02% NaC1, r e spec t i ve ly .  S ince  the  loca l  cel l  
c u r r e n t  t h a t  can  be g e n e r a t e d  in t he  absence  of a p -  
p l i ed  anodic  c u r r e n t  wi l l  be  on ly  of the  o r d e r  of t he  
c u r r e n t  dens i t i e s  i n d i c a t e d  in  the  first  p o r t i o n  of t he  
curve ,  i t  m a y  also be  conc luded  t ha t  c h l o r i d e  c oncen -  
t r a t i o n s  b e l o w  t h a t  c o r r e s p o n d i n g  to t he  m i d d l e  p o i n t  
p e r h a p s  do no t  m a k e  the  so lu t ion  cor ros ive .  The  c u r -  
r en t  d e n s i t y  c o r r e s p o n d i n g  to the  m i d d l e  p o i n t  is 
t h e n  t h e  a p p r o p r i a t e  c u r r e n t  d e n s i t y  to a p p l y  for  d i s -  
t i n g u i s h i n g  the  two  t y p e s  of solut ions .  In  Fig.  4 t h e  
p o t e n t i a l - t i m e  cu rves  for  two  so lu t ions  on e i t h e r  s ide  
of t he  m i d d l e  po in t  a r e  cons ide red  a t  va r ious  c u r -  
r en t  dens i t ies .  The  i n t e r e s t i n g  o b s e r v a t i o n  is m a d e  
t ha t  t he  so lu t ion  above  the  c o n c e n t r a t i o n  co r -  
r e s p o n d i n g  to t he  m i d d l e  po in t  a l w a y s  shows  a fa l l  of 
p o t e n t i a l  w i t h i n  the  d u r a t i o n  of the  tes t ,  and  the  
so lu t ion  h a v i n g  a c o n c e n t r a t i o n  b e l o w  t h e  m i d d l e  
p o i n t  does not  show such a fal l .  This  seems  to be  a 
c h a r a c t e r i s t i c  d i f fe rence  b e t w e e n  the  two  t y p e s  of 
solut ions .  F u r t h e r ,  a t  t he  c u r r e n t  d e n s i t y  c o r r e s p o n d -  
ing  to t he  m i d d l e  po in t  and  at  some l o w e r  c u r r e n t  
dens i t ies ,  t he  r i se  of p o t e n t i a l  t a k e s  p l ace  v e r y  
s t e e p l y  in bo th  t y p e s  of so lu t ions .  Hence ,  t he  two  
so lu t ions  canno t  be  d i s t i n g u i s h e d  on the  bas is  of 
w h e t h e r  the  p o t e n t i a l  r i ses  to a g i v e n  v a l u e  w i t h i n  
t he  d u r a t i o n  of t he  tes t .  On the  o the r  hand ,  a t  v e r y  
low c u r r e n t  dens i t i e s  t he  p o t e n t i a l  does  no t  r i se  a p -  
p r e c i a b l y  in bo th  solut ions .  S u b s e q u e n t  b e h a v i o r  
a f t e r  the  r ise,  t he re fo re ,  seems  to be  m o r e  i m p o r t a n t  
t han  the  in i t i a l  change ,  and  the  s u b s e q u e n t  b e h a v i o r  
is b r o u g h t  out  in an  u n a m b i g u o u s  m a n n e r  b y  a p p l i -  
ca t ion  of t h e  c u r r e n t  d e n s i t y  c o r r e s p o n d i n g  to the  
m i d d l e  point .  

Anodic polarization behavior at 290 ~a/cm" of so- 
lutions containing varying ratios of N a O H  and NaC1. 
- - I n  Fig .  5, t h e  N a O H  c o n c e n t r a t i o n  is m a i n t a i n e d  at  
0.04N and  NaC1 c o n c e n t r a t i o n  is changed .  I t  is seen  
f r o m  the  f igure  t ha t  so lu t ions  h a v i n g  NaC1 concer t -  
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Fig. 5. Potentlal-time curves of mild steel in 0.04N NaOH con- 
taining: 1, 0.001%; 2, 0.005%; 3, 0.01%; 4, 0.02%; 5, 0.03%; 6, 
0.05%; 7, 0.1%; and 8, 0.5% NaCI when anodically polarized at 
290/~a/cm ~. 

t r a t i o n  above  0.02% show the  c h a r a c t e r i s t i c  fa l l  r e -  
f e r r e d  to ea r l i e r ,  w h i l e  a t  th is  c o n c e n t r a t i o n  a n d  b e -  
low the  f a l l  is no t  observed�9  These  o b s e r v a t i o n s  con-  
f i rm t h e  conc lus ions  e a r l i e r  a r r i v e d  a t  f r o m  Fig.  3. In  
Fig.  6, the  ch lo r ide  c o n c e n t r a t i o n  is k e p t  cons t an t  a t  
0.02%, b u t  n o r m a l i t y  of N a O H  so lu t ion  var ies .  I t  is 
o b s e r v e d  t h a t  on ly  in one  so lu t ion  con ta in ing  0.1N 
NaOH the  p o t e n t i a l  r i ses  to + 0 . 6 5 v  (SCE)  and  r e -  
m a i n s  cons t an t  there�9 In  Fig.  7, bo th  N a O H  and  NaC1 
concen t r a t i ons  va ry .  I t  is now o b s e r v e d  t ha t  on ly  one 
so lu t ion  is ab l e  to show b e h a v i o r  s im i l a r  to w h a t  is 
o b s e r v e d  in 0.04N N a O H  at  NaC1 c o n c e n t r a t i o n  b e -  
low the  m i d d l e  po in t  of Fig.  3. 

Ef]ect of stirring and deaeration during the test  
on the  polarization behavior at 290 ~a/cm~. - I t  was  
shown e a r l i e r  t h a t  in a 0.04N N a O H  so lu t ion  c o n t a i n -  
ing 0.02% NaC1, t he  p o t e n t i a l  r i ses  s t e ep ly  to + 0 . 6 -  
0.7v and  r e m a i n s  cons tan t .  The  e x p e r i m e n t  was  r e -  
p e a t e d  a f t e r  d e a e r a t i n g  the  so lu t ion  b y  b u b b l i n g  n i -  
t r o g e n  be fo re  and  d u r i n g  test .  I t  is seen  t h a t  no i m -  
p o r t a n t  d i f fe rence  is o b s e r v e d  b e t w e e n  the  two  cond i -  
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Fig. 6. Potential-time curves of mild steel in 0.02% NaCI con- 
taining: I ,  N/10;  2, N/IO0; 3, N/1000; and 4, N/10000 NaOH 
anodically polarized at 290 ~a/cm 2. 
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Fig. 7. Potential-time curves of mild steel when anodically polar- 
ized at 290 ~a/cm 2 in the following solutions: 

NaOH NaCI 
1. 0.01N 0�9 
2. 0�9 0�9 
3. O.03N 0,07N 
4. 0.04N 0.06N 
5. O.05N 0.05N 
6. 0.06N 0.04N 
7. 0.07N O.03N 
8. 0,08N 0.02N 
9. 0.09N 0.01N 

t ions  (Fig .  8) .  The  effect  of s t i r r i n g  the  m e d i u m  on 
the  b e h a v i o r  of 3 so lu t ions  con ta in ing  0.02%, 0.03%, 
and  0.04% NaC1, r e spe c t i ve ly ,  a r e  also cons ide red  in 
th is  figure.  I t  is seen  t h a t  w h e n  t h e  so lu t ion  is s t i r r e d  
the  f a l l  in p o t e n t i a l  is no t  o b s e r v e d  in  0.03% w i t h i n  
t he  d u r a t i o n  of t he  tes t ,  b u t  th i s  w a s  o b s e r v e d  a t  
0.04% NaC1. A p p a r e n t l y  t he  i n c r e a s e d  a v a i l a b i l i t y  
of o x y g e n  b r o u g h t  abou t  b y  s t i r r i n g  a p p e a r s  to h a v e  
some  effect, a l t h o u g h  v a r i a t i o n  shou ld  h a v e  been  
o b s e r v e d  on d e a e r a t i o n  also in t h a t  case. 

A l l  t he  e x p e r i m e n t s  m e n t i o n e d  e a r l i e r  h a v e  been  
conf ined to a tes t  p e r i o d  of 5 rain.  I t  is of i n t e r e s t  to 
cons ide r  the  b e h a v i o r  ove r  l onge r  pe r i ods  a l t hough ,  
f rom the  po in t  of v i e w  of a p p l i c a t i o n  as t e s t  me thod ,  
s h o r t e r  t e s t  pe r i ods  wi l l  be  p r e f e r r e d .  P o t e n t i a l - t i m e  
cu rves  for  two  concen t r a t i ons  of NaC1 in 0.04N N a O H  
a re  g iven  in  Fig .  9. I t  is seen  t h a t  even  in so lu t ions  
b e l o w  0.03% NaC1, the  p o t e n t i a l  fa l l s  a f t e r  a suffi- 
c i e n t l y  long per iod .  But  i t  is also o b s e r v e d  t h a t  th is  
t i m e  a p p e a r s  to i nc rea se  e x p o n e n t i a l l y .  I t  is, t h e r e -  
fore,  conc luded  tha t ,  for  a l l  p r a c t i c a l  purposes ,  i t  
w i l l  be  jus t i f ied  to c a r r y  out  the  e x p e r i m e n t s  f o r  a 
p e r i o d  of 5 min .  

Discussion 
K a b a n o v  a n d  Le ik i s  (5, 6) showed  t h a t  if i ron  

p r e v i o u s l y  r e d u c e d  in h y d r o g e n  a t m o s p h e r e  was  
s u b j e c t e d  to anod ic  p o l a r i z a t i o n  in 2N N a O H  so lu -  
t ions,  t h r e e  a r r e s t s  w e r e  o b t a i n e d  w h i c h  w e r e  c h a r -  
ac t e r i s t i c  of f e r rous  h y d r o x i d e  fo rma t ion ,  f e r r i c  h y -  
d r o x i d e  or ox ide  fo rma t ion ,  a n d  o x y g e n  evo lu t ion ,  
r e spec t ive ly �9  Mayne ,  Men te r ,  a n d  P r y o r  (7)  found  
t ha t  these  a r r e s t s  w e r e  not  o b s e r v e d  in the  case of 
i ron  c a r r y i n g  an  ox ide  f i lm f o r m e d  d u r i n g  e x p o s u r e  
to air .  They,  t he re fo re ,  o b s e r v e d  a s h a r p  r i se  in 
anodic  p o l a r i z a t i o n  a t  a c u r r e n t  d e n s i t y  of 15 ~ a / c m  -~ 
to t he  p o t e n t i a l  of o x y g e n  evolut ion�9  S u b s e q u e n t l y  
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Fig. 8. Potential-time curves of mild steel in 0.04N NaOH con- 
taining NoCl when anodicolly polarized at 290 #o/cm ~. 
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Fig. 9. Potential-time curves when onodically polarized at 290 
p.o/cm 2 in 0.04N NaOH containing 1, 0.01%; 2, 0.02%; 3, 0.03%; 
and 4, 0.05% NoCI. 

M a y n e  a n d  H a n c o c k  (8)  s h o w e d  t h a t  t he  c u r r e n t  
d e n s i t y  a t  w h i c h  the  p o t e n t i a l  rose  to t he  p o t e n t i a l  
of o x y g e n  evo lu t ion  v a r i e d  d e p e n d i n g  on the  n a t u r e  
of the  an ion  p resen t .  T h e y  showed  t h a t  co r ros ion  in -  
h i b i t i v e  an ions  such  as  ace ta te ,  benzoa te ,  bo ra te ,  
etc., po l a r i ze  the  m e t a l  su r f ace  to the  o x y g e n  e v o l u -  
t ion  p o t e n t i a l  a t  tow c u r r e n t  dens i t i e s  w h i l e  t he  c u r -  
r en t  d e n s i t y  was  v e r y  m u c h  h i g h e r  in t he  case  of su l -  
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fa te  and  p e r c h l o r a t e  solut ions .  T h e y  could  no t  po -  
l a r i ze  in ch lo r ide  solut ions .  On the  bas is  of t he  d e -  
t a i l ed  ana lys i s  of the  p o l a r i z a t i o n  c u r v e  o b t a i n e d  
w i t h  i ron  f rom w h i c h  the  a i r - f o r m e d  ox ide  f i lm was  
c o m p l e t e l y  r e m o v e d ,  as was  done  b y  K a b a n o v  and  
Leik is ,  t h e y  conc luded  t ha t  t he  s igni f icant  p o t e n t i a l  
is the  p o t e n t i a l  a t  wh ich  the  second  a r r e s t  c o r r e -  
spond  to the  r eac t ion :  

2Fe -t- 6 OH--> Fe..O, + 3H20 -F 6e 

is obse rved .  
A so lu t ion  w h i c h  r e q u i r e s  a v e r y  h igh  c u r r e n t  

d e n s i t y  in  o r d e r  to r e a c h  such  a p o t e n t i a l  a t  w h i c h  
the  d i s so lu t ion  r e a c t i o n  w i l l  g ive  p lace  to t he  r e a c -  
t ion  l e a d i n g  to f i lm f o r m a t i o n  is obv ious ly  no t  l i k e l y  
to g e n e r a t e  sufficient  c u r r e n t  in t he  cor ros ion  p rocess  
i t se l f  to r each  the  s t a t e  of pa s s ive  f i lm fo rma t ion .  I t  is 
a p p a r e n t l y  f r o m  this  po in t  of v i e w  tha t  t he  c u r r e n t  
d e n s i t y  of 10 ~ a / c m  ~ is e m p l o y e d  in M a y n e ' s  s tudies .  
On c o m p a r i n g  Fig.  1 and  2, i t  is seen  t h a t  t he  same  
c u r r e n t  d e n s i t y  causes  m u c h  less change  on a f r e sh ly  
i m m e r s e d  spec imen  as c o m p a r e d  to the  spec imen  
w h i c h  h a d  been  le f t  in so lu t ion  for  24 hr.  I t  is a lso 

j • r e a d i l y  seen f rom the  t y p i c a l  S - s h a p e d  c u r v e s . w h i c h  
a r e  ob t a ined  in  anodic  p o l a r i z a t i o n  s tud ies  w i t h  
m e t a l s  w h i c h  fo rm pas s ive  f i lms t ha t  the  c u r r e n t  
d e n s i t y  r e q u i r e d  to m a i n t a i n  t he  pas s ive  s ta te  is 
much  s m a l l e r  t h a n  the  in i t i a l  c u r r e n t  to r each  the  
pa s s ive  s ta te .  The re fo re ,  i t  is conc luded  t ha t  a co r -  
r od ing  s y s t e m  mus t ,  if  t he  a n a l o g y  is cor rec t ,  g e n e r a t e  
in t he  first  i n s t ance  sufficient c u r r e n t  t o  r e a c h  the  Po-  
t e n t i a l  a t  w h i c h  ox ide  f i lm f o r m a t i o n  t a k e s  p lace .  
This  p o t e n t i a l  is also r e f e r r e d  to as " f l a d e - p o t e n t i a l "  
(9, 10) a l t h o u g h  f l a d e - p o t e n t i a l  o r i g i n a l l y  m e a n t  
t h e  r e s t i ng  p o t e n t i a l  be fo re  f i lm b r e a k d o w n  oc-  
cu r red .  

I t  is seen f r o m  Fig.  2 t ha t  in two  d i f fe ren t  so lu-  
t ions  l ike  (a )  0.04N N a O H  -t- 0.001% NaC1 and  (b )  
O.04N N a O H  ~0.05% NaC1 s tee l  can  be  po l a r i zed  to 
the  p o t e n t i a l  of o x y g e n  evo lu t ion  w i t h i n  a f ew  
m i n u t e s  b y  choos ing  the  a p p r o p r i a t e  c u r r e n t  d e n -  
s i ty .  If  the  t ime  of m e a s u r e m e n t  is i nc reased ,  t he  c u r -  
r en t  d e n s i t y  m a y  p e r h a p s  be  r e d u c e d  in  t he  case of 
so lu t ion  ( a ) ,  b u t  th is  is i m m a t e r i a l  in t he  p r e s e n t  
d iscuss ion.  I t  is, t he re fo re ,  poss ib le  to f ind out,  for  t he  
s ame  t ime  of m e a s u r e m e n t ,  a t  w h i c h  c u r r e n t  d e n -  
s i t ies  the  d i f fe ren t  so lu t ions  con ta in ing  i nc rea s ing  
c o n c e n t r a t i o n  of ch lo r ide  a r e  p o l a r i z e d  to r each  
e i t he r  the  p o t e n t i a l  of ox ide  fi lm f o r m a t i o n  or  of 
o x y g e n  evolu t ion .  W h e n  th is  was  done  and  the  log 
c u r r e n t  d e n s i t y  was  p lo t t e d  a ga in s t  ch lo r ide  concen -  
t r a t ion ,  t he  c u r v e  s h o w n  in Fig.  3 is ob t a ined .  Desp i t e  
t he  d i f fe ren t  cond i t ions  cons ide red  in Fig.  3, i t  is 
seen  t h a t  a c h a r a c t e r i s t i c  b e h a v i o r  is also i n d i c a t e d  
in Fig.  3, n a m e l y ,  in a l l  cases  the  c u r r e n t  d e n s i t y  
m a k e s  a j u m p  a f t e r  a p a r t i c u l a r  ch lo r ide  c o n c e n t r a -  
t ion is r eached .  F u r t h e r ,  t he  c u r r e n t  d e n s i t y  and  
ch lo r ide  c o n c e n t r a t i o n  c o r r e s p o n d i n g  to t he  m i d d l e  
po in t  a r e  p r a c t i c a l l y  the  s ame  in a l l  cases. A p p l i c a -  
t ion  of such a c u r r e n t  d e n s i t y  c o r r e s p o n d i n g  to the  
m i d d l e  po in t  shou ld  d i s t i n g u i s h  b e t w e e n  a co r ros ive  
and  i n h i b i t i v e  solut ion.  A p p a r e n t l y ,  the  j u m p  shou ld  
i nd i ca t e  the  vas t  change  in t he  c u r r e n t  r e q u i r e m e n t  
for  p a s s i v a t i o n  to be  b r o u g h t  a b o u t  a f t e r  a c e r t a i n  
ch lo r ide  c o n c e n t r a t i o n  is r eached .  So lu t ions  h a v i n g  
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h igher  chlor ide concen t ra t ion  could not  be polar ized 
b y  the  c u r r e n t  dens i ty  cor responding  to the  midd le  
point .  But  solut ions hav ing  chloride concen t ra t ion  
cor respond ing  to the region  before  the  j u m p  could be 
qu ick ly  polar ized because  they  show this  behav io r  at 
lesser c u r r e n t  densi t ies  also. 

The po la r iza t ion  behav io r  of the two solut ions on 
both sides of the chloride concen t r a t i on  cor respond-  
ing to the midd le  po in t  are g iven  in  Fig. 4. As a l r eady  
poin ted  out, the t ime  over  which  a cer ta in  po ten t i a l  is 
reached is a func t ion  of the  cu r r en t  densi ty .  It  is seen 
f rom the  figure r e l a t ing  to a chloride concen t r a t i on  
on the  h igh side of the  midd le  po in t  that ,  a l though  
the  po ten t i a l  rises to s ta r t  wi th ,  the re  is a s u b s e q u e n t  
fal l  which  is not  observed in the  case of the curves  
cor responding  to the  chloride concen t r a t i on  on the  
low side of the midd le  point .  This  is significant.  W h e n  
the  me ta l  is made  posit ive,  the field p roduced  a t t rac ts  
the chlor ide ions to the  me t a l  surface.  Adsorp t ion  of 
C1- on the m e t a l - o x i d e  film is fac i l i ta ted  by  such con-  
dit ions.  If the chloride concen t r a t i on  is such tha t  the 
ra te  of b r e a k d o w n  of the oxide film is h igher  t h a n  
the  ra te  of fo rma t ion  of the oxide film, t hen  passive 
condi t ions  wi l l  no t  be  ma in t a ined .  In  this  sense, the  
absence of a fall  of po ten t i a l  m a y  be said to be more  
charac ter i s t ic  of the  inh ib i t ive  sys tem t h a n  the  rise 
to the  pa r t i cu l a r  potent ia l .  However ,  at the  i n s t a n t  
at which  c u r r e n t  is applied,  in  v iew of the  w e l l - k n o w n  
affinity ef OH- for me t a l  surface  and  the  presence  
of OH- in  much  la rger  concen t ra t ion  at the v ic in i ty  
of the  electrode,  condi t ions  m a y  be favorab le  for the 
po ten t i a l  to r ise as is observed  in  Fig. 4 in  both  cases. 
However ,  w h e n  the field is ma in t a ined ,  adsorp t ion  of 
C1- wi l l  be faci l i ta ted,  and  the  chlor ide concen t ra t ion  
should no t  be such as to b r e a k d o w n  the oxide film. 
In  a sys tem in  which  no e x t e r n a l  c u r r e n t  is applied,  
the  same s i tua t ion  is expected  to arise over a longer  
per iod of t ime. 

The  po la r i za t ion  curves  for va r ious  chloride con-  
cen t ra t ions  in  Fig. 5 show tha t  be low a ce r ta in  con-  
cen t r a t i on  the po ten t i a l  is m a i n t a i n e d  cons tan t  af ter  
the  in i t i a l  rise, bu t  at h igher  concen t ra t ions  the  po-  
t en t i a l  falls back. The highest  concen t ra t ion  at which  
the  po ten t i a l  r ema ins  cons tan t  and  the  lowest  con-  
cen t r a t i on  at which  the  po ten t i a l  beg ins  to fal l  are  on 
the  two sides of the midd le  point ,  as is to be expected.  
W h e n  the  concen t r a t i on  of OH- is changed,  this be-  
hav ior  is also changed,  which  is to be  expected.  At  
concen t ra t ions  lower  t h a n  0.01N, 0.02% NaC1 can-  
not  be tolerated.  The  me thod  is also he lp fu l  in  p ick-  
ing out  the  i nh ib i t i ve  sys tem w h e n  both  NaOH con-  
cen t r a t i on  and  chloride concen t ra t ion  are var ied.  It  
is seen f rom Fig. 7 tha t  out  of the 9 concen t ra t ions  
on ly  one is able  to m a i n t a i n  the  po ten t i a l  af ter  the 
in i t ia l  rise. In  Fig. 9, the impl ica t ions  of such an  ap-  
proach are examined .  On  increas ing  the  d u r a t i o n  
over which  the observa t ions  are made,  we get the 
in t e re s t ing  resul ts  tha t  at concen t ra t ions  of chlor ide 
lower  t han  tha t  cor responding  to the midd le  point ,  
the re  appears  to be an  exponen t i a l  increase  in  the  
t ime  over  which  the  fal l  can  be observed.  The exact  
re la t ionship ,  however ,  r equ i res  f u r t he r  s tudy.  If the  
corrosion c u r r e n t  is considered to be less t h a n  10 
tm/cm ~, appl ica t ion  of 290 tm/cm ~ m a y  be said to ac-  
celerate  the  test  more  t han  30 t imes.  
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Table II. Changes in potential with time in the absence of 
applied current of steel specimen immersed in 0.04N NoOH-NaCI 

solution 

Concen-  P o t e n t i a l  i n  m i l l i v o l t s  v s .  SCE 
t r a t i o n  of 
NaCI, % 1 h r  2 h r  3 h r  4 h r  1 day  2 days  

0.001 --243 --237 --228 - - 2 3 1  --380 --460 
0.01 --250 --250 --245 --250 --302 --302 
0.02 --286 --279 --280 --284 - - 3 1 1  --331 
0.03 --295 --293 --280 - - 2 6 8  --325 --354 
0.04 --297 --306 --323 --306 --395 -- 
0.05 --320 --337 --354 --366 --402 -- 
0.i --430 --470 --416 --416 --446 --454 

The e xpe r i me n t s  wi th  deaera ted  solut ions  shows 
tha t  the ex ten t  of va r i a t ion  is not  cr i t ical  wi th  regard  
to p re sen t  s tudy.  S imi la r ly ,  s t i r r ing  appears  to b r i ng  
about  on ly  a m i no r  change  in  the resul t s  obta ined.  

A compar i son  of the  po ten t i a l  m e a s u r e m e n t s  in  the  
absence  of appl ied  c u r r e n t  wi th  the po la r iza t ion  ex-  
p e r i m e n t s  can be made  wi th  the  help of Table  II. 

I t  is seen f rom the  t ab le  tha t  in  all  cases the  p o t e n -  
t ial  tends  to become more  nega t ive  wi th  t ime. F u r -  
ther ,  as the chlor ide concen t r a t i on  is increased,  the  
po ten t i a l  becomes more  negat ive .  These can h a r d l y  
be usefu l  c r i te r ia  for d i s t ingu i sh ing  b e t w e e n  the two 
types  of solutions.  I t  was ear l ie r  pu t  fo rward  (11) in  
connec t ion  wi th  the  po ten t i a l  changes  fo l lowing p re -  
t r e a t m e n t  of the me ta l  surface  tha t  the po ten t i a l  wi l l  
not  change  w h e n  both  anodic  and  cathodic areas are 
increased  or d imin i shed  and  tha t  d i m i n u t i o n  of the  
cathodic area as wel l  as increase  of anodic  area can 
shift  the po ten t ia l  in  nega t ive  direct ion.  Thus  the 

Table Ill. Total immersion tests, visual observations 

Specimen: 3 • 2 in.  m i l d  s teel  pane l s ;  Tes t  S o l u t i o n :  0.04N NaOH 
so lu t i ons  c o n t a i n i n g  NaCI;  r oom t e m p e r a t u r e .  

NaC1 W h e n  v i s i b l e  r u s t  
concen-  a p p e a r e d  on speei-  A p p e a r a n c e  of t h e  specimens 

t r a t ion ,  % m e n  a f t e r  i m m e r s i o n  a t  the  end  of  two  m o n t h s  

0.001 - -  Unat tacked 

0.005 - -  Unat tacked 

0.01 12th day A t iny spot of rust  formed 
at the top corner of one 
specimen. One spot at the 
edge of the second spec- 
imen; otherwise una t -  
tacked. 

0.02 6th day One elongated patch of rust  
on one side of one spec- 
imen. Three spots of rust  
on edge, one at the cor- 
ner  and suspension hole 
on the second specimen. 
Otherwise unaffected. 

0.03 6th day 3 elongated patches of rust  
on the one specimen; and 
one elongated patch on 
the second specimen, 
otherwise unaffected. 

0.05 1 day Several  elongated patches 
on both specimens. 

0.1 4 hr Widely attacked. 

0.5 4 h r  Widely attacked covering 
almost the whole surface. 
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i n t e r p r e t a t i o n  of changes  in  po ten t i a l  in  the nega t ive  
d i rec t ion  does not  l end  i tself  to an  u n a m b i g u o u s  ex-  
p lana t ion .  I t  is no t  u n l i k e l y  tha t  wi th  exposure  to the  
m e d i u m  the  oxide film undergoes  a ce r t a in  a m o u n t  
of t h i cken ing  in  the  inh ib i t ive  solut ions  which  re -  
duces the  a rea  over  which  cathodic r educ t ion  can 
t ake  place and  tha t  the  fal l  in  po ten t i a l  is not  ind ica -  
t ive of corrosive condi t ions  in t roduced .  The  v i sua l  
observa t ions  made  in  di rect  corrosion tests for a 
per iod of two months ,  Table  III, confirms this  view. 

On ly  at  a concen t r a t i on  above 0.01% does the  su r -  
face of the me ta l  become suscept ib le  to at tack.  The 
shift  in  po ten t i a l  in the nega t ive  d i rec t ion  in these 
cases is p r e s u m a b l y  due to the p roduc t  of anodic  
areas where  a t tack  can take  place. 

Conclusions 
The corrosive or i nh ib i t i ve  charac te r  of the n e u t r a l  

and  a lka l ine  solut ions con ta in ing  both  corrosive and  
i nh ib i t i ve  cons t i tuen t s  can be eva lua ted  qu ick ly  by  
anodic  po la r iza t ion  m e a s u r e m e n t s  at fixed c u r r e n t  
densi ty .  The  c r i te r ion  on which  the  c u r r e n t  dens i ty  
should be chosen is indicated.  The corrosive cha r -  
acter  is b rough t  about  by  not  m a i n t a i n i n g  the  po t en -  
t ia l  of the  me t a l  so tha t  on ly  react ions  which  do not  
i nvo lve  d issolu t ion  can take  place. I t  is l ike ly  tha t  
this  me thod  lends  i tself  for app l ica t ion  in the case 
of other  sys tems whe re  anodic  i nh ib i t i on  takes  place. 
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Dissolution of Zirconium in HCI-Methanol 

J. R. Aylward and E. M. Whitener 

Atomic Energy Division, Phillips Petroleum Company, Idaho Falls, Idaho 

ABSTRACT 

The dissolution of zirconium in HCl-methanol  was studied potentiostat-  
ically as a function of HC1 concentrat ion and temperature.  At low over-  
vc~ages the reaction is activation controlled and the rate independent  of 
HC1 concentration. In this region preferent ial  grain boundary  attack results 
in etching and separation from the electrode of finely divided particles of 
a-zirconium. At overvo]tages above 0.5v a l imit ing current  density is ob- 
served and the metal  surface electropolished at HC1 concentrat ions above 
1.5M. The current  for electropolishing decreases with increasing HC1 con- 
centration.  The energy of activation at overvoltages of 0.0 and 1.0v (corrosion 
and electropolishing reactions) was found to be 16.5 and 7.7 kcal /mole,  respec- 
tively. 

The  need  to reprocess nuc l ea r  reac tor  fuel  e le-  

men t s  has g iven  impe tus  to tlke s tudy  of the disso- 

lu t ion  of z i rconium,  a l u m i n u m ,  and  s ta inless  steel. 

The  p resen t  paper  is concerned  wi th  the dissolu-  

t ion of z i rconium,  one of the more  chemica l ly  

res i s tan t  fuel  e l emen t  mater ia ls .  The chemical  in -  

e r tness  of z i r con ium is due  to its s t rong affinity for 

oxygen  and  the r e su l t i ng  fo rma t ion  of p ro tec t ive  

oxide films. Of the  anions,  on ly  f luoride forms a 

s t ronger  bond  wi th  z i r con ium t h a n  oxygen,  so tha t  

in  aqueous  sys tems z i r con ium read i ly  dissolves in  

hydrof luor ic  acid. Because  of the u n d e s i r a b l e  p rop -  

ert ies  of this  r eagen t  in  s u b s e q u e n t  reprocess ing 

steps, o ther  media  not  con ta in ing  fluoride were  

inves t iga ted .  

Since the affinity of z i r con ium for an ions  de-  

creases in  the  order  F - >  O = >  CI-, a chlor ide sys-  
t em appeared  to be the logical  a l te rna te .  The  for -  
m a t i o n  of soluble  z i r con ium compounds  w i th  chlo-  
r ide  m a y  be effected in  two ways ;  (a ) ,  by  chang ing  
the po ten t ia l  across the m e t a l / s o l u t i o n  in ter face;  
(b) ,  by  us ing  n o n a q u e o u s  systems. A p r e l i m i n a r y  
inves t iga t ion  ind ica ted  tha t  e lect rolyt ic  d issolu t ion  

in  H C l - m e t h a n o l  [a c omb i na t i on  of (a) a nd  ( b ) ]  
showed promise  for d issolv ing z i r con ium as wel l  
as other  reac tor  fuel  e l emen t  mater ia l s .  

Po ten t ios ta t i c  d e t e r m i n a t i o n s  of the po ten t i a l -  
c u r r e n t  dens i ty  re la t ionsh ip  for z i r con ium in  HC1- 
m e t h a n o l  solut ions  were  u n d e r t a k e n  to define the  
factors affecting the  dissolut ion,  the  reac t ions  t a k -  
ing place, and  the i r  mechan i sms .  
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Fig. 1. Electrolysis cell 

E x p e r i m e n t a l  

The cel l  and  e l e c t r o d e  des ign  used  in th is  w o r k  
a r e  shown  in Fig .  1. V a c u u m  a n n e a l e d  r e a c t o r  
g r a d e  z i r c o n i u m  r o d  w a s  m a c h i n e d  to  fit t i g h t l y  in 
t he  Teflon h o l d e r  so t h a t  1 cm -~ of e l ec t rode  su r f ace  
w o u l d  be  exposed  to t h e  solu t ion .  A 12 -gauge  cop-  
p e r  w i r e  was  i n s e r t e d  in to  a n i p p l e  on  the  z i r -  
con ium and  c r imped .  In  a l l  cases  t h e  r e s i s t ance  
f rom the  e l e c t r o d e  su r f ace  to t he  end  of t h e  coppe r  
l ead  was  less  t h a n  0.002 ohm. A s ta in less  s tee l  
sc rew m e c h a n i s m  f a c i l i t a t e d  r e m o v a l  of t h e  z i r -  
con ium f r o m  the  Teflon h o l d e r  on c o m p l e t i o n  of an  
e x p e r i m e n t .  The  h o l d e r  was  cut  w i t h  a 19/38 s t a n d -  
a r d  t a p e r  (T) and  p r o v i d e d  w i t h  s t a in l e s s  stee l  
hooks  to g ive  a l e a k  p roo f  fit in  t h e  p o l i s h e d  T 19/22 
glass  j o i n t  of t he  cell .  The  c o u n t e r  e l e c t r o d e  was  
m a c h i n e d  f r o m  H a s t e l l o y  C (Ni  54.6%, Mo 16.0%, 
Cr  15.5%, F e  5 .5%,  W 3.8%, Co 2 .5%,  S i  a n d  M n  
1 .0%) to fit the  o t h e r  T 19/22 po l i shed  glass  j o i n t  
and  a t a p e r e d  Teflon s l eeve  used  to p r e v e n t  l e a k -  
ing. A so lu t ion  b r i d g e  w i t h  a L u g g i n  c a p i l l a r y  con-  
nec t ed  the  cel l  to a s a t u r a t e d  ca lome l  r e f e r e n c e  
e l e c t r o d e  (S .C.E. ) .  The  absence  of a p p r e c i a b l e  
e r r o r  f r o m  IR  d rop  and  sh i e ld ing  effects w i t h  th is  
c a p i l l a r y  was  conf i rmed  b y  the  use  of i n t e r r u p t e r  
t echn iques .  

The  so lu t ions  w e r e  f r e sh ly  p r e p a r e d  b y  s a t u r a t -  
ing  abso lu t e  m e t h y l  a lcoho l  w i t h  a n h y d r o u s  h y d r o -  
gen  c h l o r i d e  gas  at  15~ and  d i l u t i n g  th i s  w i t h  
m e t h a n o l  to the  de s i r ed  concen t r a t ion .  So lu t ion  
concen t r a t i ons  w e r e  d e t e r m i n e d  b y  t i t r a t i o n  w i th  
s o d i u m  h y d r o x i d e .  No a t t e m p t  was  m a d e  to  e l i m i -  
n a t e  a t m o s p h e r i c  gases  f rom the  cel l  because  any  
c u r r e n t  r e su l t i ng  f r o m  the  r e d u c t i o n  of d i s so lved  
o x y g e n  w o u l d  be  neg l i g ib l e  c o m p a r e d  to the  l owes t  
c u r r e n t  d e n s i t y  i n v e s t i g a t e d  (10-'  a m p / c m ' ) .  

D u r i n g  a g iven  e x p e r i m e n t  t he  so lu t ion  t e m p e r a -  
t u r e  was  con t ro l l ed  to w i t h i n  _+ I ~  and  the  s t i r -  
r i ng  speed  m a i n t a i n e d  at  140 • 10 rpm.  P r i o r  to 
each  e x p e r i m e n t ,  t he  exposed  su r f ace  of t he  z i r -  
con ium e l ec t rode  was  r e f aced  b y  m a c h i n i n g  u n d e r  
an  a rgon  a t m o s p h e r e .  The  r e s u l t i n g  w o r k - h a r d e n e d  
su r face  was  r e m o v e d  b y  d i s so lu t ion  a t  a h igh  c u r -  

+1.4 

�9 12 HCI CONCENTRATION I l l  
o 2.8 I~ ~l~l 

�9 ,.o o s.2 ~ j ~  
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*0.4 

~*0.2 

o ~o.o~ 
-02 

_ 0.410_4 . . . . . . . .  I , , 10-3 10-2 i0-| i0 0 
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Fig. 2. Overvoltage at a zirconium electrode as a function of 
HCI concentration at 20~ 

r e n t  d e n s i t y  in  an  H C l - m e t h a n o l  so lu t ion  of t he  
s a m e  c o n c e n t r a t i o n  as used  in the  ensu ing  e x p e r i -  
ment .  

A n  e l ec t ron ic  p o t e n t i o s t a t  was  used  to ob t a in  the  
p o t e n t i a l - c u r r e n t  d e n s i t y  curves .  M e a s u r e m e n t s  
w e r e  i n i t i a t e d  at  the  s t e a d y - s t a t e  m i x e d  p o t e n t i a l  
( a p p r o x i m a t e l y  - -0 .54v w i t h  r e spe c t  to t he  S.C.E.) .  
T h e  p o t e n t i a l  was  i n c r e a s e d  in 50 m v  i n c r e m e n t s  to  
+ l . 0 v ,  t hen  d e c r e a s e d  s t e p w i s e  back  to t he  s t e a d y -  
s t a t e  m i x e d  po ten t i a l .  The  ca thod ic  p o t e n t i a l - c u r -  
r e n t  d e n s i t y  c u r v e  was  m e a s u r e d  a f t e r  c omp le t i on  
of t he  anod ic  m e a s u r e m e n t s .  

This  p r o c e d u r e  was  r e p e a t e d  t h r e e  t imes  for  each  
run ,  and  the  c u r r e n t  f o u n d  to be  r e p r o d u c i b l e  to 
w i t h i n  •  D u p l i c a t e  e x p e r i m e n t s  w e r e  also 
c a r r i e d  out  for  each  t e m p e r a t u r e  and  HC1 c o ncen -  
t r a t i o n  to check  the  o v e r - a l l  r e l i a b i l i t y  of t he  da ta .  

Results  

The  anodic  and  ca thod ic  o v e r v o l t a g e l - c u r r e n t  
d e n s i t y  r e l a t i o n s h i p s  for  a z i r c o n i u m  e l ec t rode  in 
H C l - m e t h a n o l  so lu t ions  a r e  shown  in Fig.  2 as a 
func t ion  of HC1 c onc e n t r a t i on  at  20~ A t  low 
o v e r v o l t a g e  v a l u e s  a Tafe l  r e l a t i o n s h i p  is o b t a i n e d  
i nd i c a t i ng  t h a t  bo th  the  anod ic  and  ca thod ic  r e a c -  
t ions  a r e  a c t i va t i on  cont ro l led .  The  Ta fe l  s lopes  at  
20~ a re  0.115 and  0.15v, r e spec t i ve ly .  I t  can be  
seen  t h a t  t he  c u r r e n t  d e n s i t y  a t  cons t an t  o v e r v o l t -  
age  in th is  r eg ion  is i n d e p e n d e n t  of HC1 concen -  
t r a t ion .  The  cor ros ion  ra te ,  as g iven  b y  t h e  i n t e r -  
sec t ion  of t he  TafeI  l ines  e x t r a p o l a t e d  to  zero o v e r -  
vo l tage ,  is also i n d e p e n d e n t  of HC1 c onc e n t r a t i on  
w i t h i n  the  l im i t s  of r e p r o d u c i b i l i t y  (3 to  5 x 10 -~ 
a m p / c m ~ ) .  The  r e p r o d u c i b i l i t y  of t h e  s t e a d y - s t a t e  
m i x e d  p o t e n t i a l  ( - -0 .54v vs. S.C.E. for  6.0M HC1) 
was  in t h e  o r d e r  of ----- 10 mv. Because  of this ,  i t  was  
diff icult  to d e t e r m i n e  w i t h  a n y  a c c u r a c y  the  v a r i -  
a t ion  of t he  s t e a d y - s t a t e  m i x e d  p o t e n t i a l  as a f u n c -  
t ion  of so lu t ion  compos i t ion .  H o w e v e r ,  t h e r e  a p -  
p e a r e d  to be  a t r e n d  t o w a r d  m o r e  pos i t i ve  va lue s  
w i th  i nc rea s ing  HC1 c onc e n t r a t i on  (30 m v  in going  
f r o m  1M to 10M HC1). 

Z i r c o n i u m  d i s so lu t ion  in t he  Tafe l  r eg ion  ( f r o m  
zero  to a p p r o x i m a t e l y  + 0 . 4 v )  r e su l t s  in an  e tched  
s u r f a c e  and  is a c c o m p a n i e d  b y  t h e  s e p a r a t i o n  of 
a f inely  d i v i d e d  b l a c k  r e s idue  f rom the  e l e c t r o d e  

i O v e r v o l t a g e  is def ined  i n  th i s  case as the  d i f fe rence  b e t w e e n  th e  
p o t e n t i a l  a t  any  c u r r e n t  dens i t y  a n d  t he  s t e a d y - s t a t e  m i x e d  po ten t i a l .  
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Fig. 3. Anodic overvultage of a zirconium electrode in dilute HCI- 
methanol solutions at 20~ 

which is pyrophor ic  and gives an x - r a y  pa t t e rn  
corresponding to a lpha-z i rconium.  This zirconium 
residue is quite passive in HCl -methano l  solutions 
in contrast  to bulk zirconium which corrodes at a 
ra te  of 3.4 x 10-' a m p / c m  ~. The amount  of res idue 
formed decreases wi th  increasing overvoltage.  

At  high anodic overvol tages  ( >  ~-0.5v) the cur-  
rent  densi ty  is independent  of potential ,  and the 
value of this l imit ing current  densi ty  decreases 
with increasing HC1 concentrat ion.  Also, in this 
region, the zirconium surface is e lectropolished and 
complete  dissolution is a t ta ined  (no undissolved 
res idue) .  

As shown in Fig. 3, the anodic behavior  of zir-  
conium in more di lute  HCl -me thano l  solutions 
( < l . 5 M )  is different at high overvol tages  in tha t  
the l imit ing current  densi ty  is not well  defined and 
its value at constant  overvol tage  decreases with 
decreasing HC1 concentrat ion.  In this case the sur-  
face at high overvol tages  is etched (as opposed to 
e lect ropol ished) ,  but  the over -a l l  surface is 
b r igh te r  than  the etched surface obtained at low 
overvoltages.  

A comparison of the different  surface features  
obtained under  the various dissolution conditions 
ment ioned above is shown in Fig. 4. In A and B 

Fig. 4. Electrode surface obtained under various dissolution con- 
ditions: A. (top) 6.0M HCI, -1-0.8v overvoltage, ~1 amp/cm~; B. 
(left) i.0M HCI, -I-0.Sv overvoltage, ~1 amp/cm~; C. (right) 6.0M 
HCI, ~0.3v overvoltage, ~100 ma/cm ~, 

Fig. 5. Schlieren photographs of metal/solution interface during 
dissolution in HCi-methanol: A (left), 6.0M HCI, 1 amp/cm~; B 
(center) 1.0M HCI, 1 amp/cm2; C (right) 6.0M HCI, 100 ma/cm ~. 

of Fig. 4 the effect can be seen of a h igher  dissolu-  
t ion ra te  at  the electrode boundary.  This is due to 
the presence of a considerable  product  concen t ra -  
tion grad ien t  which plays  a p redominan t  role in 
control l ing the react ion ra te  in the l imit ing current  
densi ty  region. The fact tha t  the gradient  is l a rger  
at the electrode edge resul ts  in a h igher  dissolution 
r a t e  at this point. In the region where  the  react ion 
is act ivat ion control led an even dissolution r a t e  is 
observed over the whole surface (e lect rode C of 
Fig. 4). Schlieren photographs  of the m e t a l / s o l u -  
tion interface under  conditions corresponding to A, 
B, and C of Fig. 4 are shown in Fig. 5A, B, and C, 
respect ively.  The l ight  areas  represen t  regions of 
higher  re f rac t ive  index (dissolut ion product  con- 
cent ra t ion) .  In Fig. 5A the s t reaming off of the vis-  
cous layer  is character is t ic  of electropolishing,  
while  in B a quiescent  concentrat ion grad ien t  typ i -  
cal of concentrat ion polar izat ion is evident.  Both 
A and B were  taken  at  the  same current  densi ty  
(~1 amp/cm~).  F igure  5C obtained at  a p p r o x i m -  
a te ly  100 m a / c m  ~ (ac t iva t ion-cont ro l led  region)  
shows no significant concentrat ion gradient .  

F igure  6 shows the effect of t empera tu re  on the 
anodic overvol tage curves in 6.0M HCl-methanol .  
As is to be expected,  the react ion ra te  in the act i -  
vat ion and electropolishing region increases as the 
t empera tu re  is raised. F rom these data  the energy 
of act ivat ion at overvol tages  of zero and 1.0v cor-  
responding to the corrosion and electropol ishing 
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Fig. 6. Effect of temperature on the onodic overvottage of zir- 
conium in 6.0M HCI-methanol. 
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and  <1) 
i~=io 'exp  - - ~  [7]  

w h e r e  ~ is t he  ove rvo l t age ,  bo and  bo cons tan ts ,  and  
i /  t he  r e a c t i o n  r a t e  a t  zero  ove rvo l t age .  A t  zero 
o v e r v o l t a g e  the  anodic  [4]  and  ca thod ic  [5]  r a t e s  
a r e  equa l  and,  t he re fo re ,  to' is t he  cor ros ion  r a t e  

( r eac t i on  [ 2 ] ) .  The  cel l  c u r r e n t  dens i ty ,  I, w i l l  be  
g iven  b y  the  d i f fe rence  in  t he  r a t e s  of r e a c t i o n  [4]  
and  [5] .  Thus,  

I = i o - - i o = i /  exp  ~ 

1 ex ( 
This  p a r t i c u l a r  f o rm  of the  e q u a t i o n  g ives  n e g a t i v e  
va lue s  for  t he  ce l l  c u r r e n t  w h e n  z i r c o n i u m  is t he  
cel l  c a thode  and  pos i t i ve  w h e n  i t  is t he  a n o d e ?  

U n d e r  c i r c u m s t a n c e s  w h e r e  a l i m i t i n g  c u r -  
r en t  d e n s i t y  is obse rved ,  e.g., in the  e l e c t r o p o l i s h -  
ing  region ,  i t  can  be  shown  (2, 3) t h a t  t he  e q u a t i o n  
e xp re s s ing  the  c u r r e n t  d e n s i t y  as a func t ion  of 
o v e r v o l t a g e  t a k e s  the  f o r m  

I =  
1 + i,,1%, 

i0' [ e x p  < ~  ~?) - -  exp  < - - 1 ~ ) ]  

[9] 
l + i / / i ,  exp ( ~ )  

w h e r e  i, is the  l i m i t i n g  c u r r e n t  d e n s i t y  for  e l e c t r o -  
pol i sh ing .  F r o m  t h e  e x p e r i m e n t a l  d a t a  t he  c o r r o -  
s ion c u r r e n t  and  the  l i m i t i n g  c u r r e n t  d e n s i t y  ( fo r  
e l e c t r o p o l i s h i n g )  a r e  g iven  b y  

i0' : exp  [ 20.09 - -  AHo+/RT] [10] 

i, : C ...... exp  [ 14.02 - - A H , + / R T ]  [11] 

w h e r e  C = H C 1  concen t r a t ion ,  AHo ~- ~ 16.5 k c a l /  
mo le  and  AH~+ = 7.7 k c a l / m o l e .  E q u a t i o n  [9]  r e -  
duces  to t he  u s u a l  Tafe l  r e l a t i o n s h i p  w h e n  n > • 50 
m v  a n d  io <= i,/lO. 

The  s to i ch iome t r i c  n u m b e r  ~ for  the  anod ic  r e a c -  
t ion can be  c a l c u l a t e d  f r o m  the  equa t ion  

b. n F  
v : - -  [12] 

2RT 

w h e r e  n is the  n u m b e r  of e l ec t rons  t r a n s f e r r e d  
d u r i n g  one act  of t he  o v e r - a l l  p rocess  ( e q u a l  to four  
f r o m  r e a c t i o n  [4 ] )  and  the  o the r  t e r m s  h a v e  t h e i r  
u sua l  s ignif icance.  E q u a t i o n  [12] a s sumes  a s y m -  
m e t r i c a l  energy barrier. The stoichiometric number 
calculated from the average experimental anodic 

Tafel slope (2.3 b~ = 0.i15 • 0.005v) and Eq. [12] 
is 3.96 ----- 0.16. From this it is concluded that the 
rate-determining step in the activation-controlled 
region for the anodic process represented by Eq. 
[4] must take place four times for each act of the 
over-all reaction. However, the behavior of the 
steady-state mixed potential and the corrosion 
rate with changing HCI concentration cannot easily 
be associated with any simple sequence of re- 
action steps for the over-all process. The change 
in the steady-state mixed potential of approxi- 
mately 30 mv in going from IM to 10M HC1 is not 
of r e a l  s igni f icance  b e c a u s e  of pos s ib l e  c h a n g e s  in 
the  l iqu id  j u n c t i o n  p o t e n t i a l  (HC1 m e t h a n o l  [ I KC1 

=In Fig. 2 this sign convention is disregarded.  

r eac t i ons  was  c a l c u l a t e d  to be  16.5 and  7.7 
k c a l / m o l e ,  r e spec t i ve ly .  

Discussion 
W h e n  z i r c o n i u m  is p l a c e d  in an  H C l - m e t h a n o l  

so lu t ion ,  d i s so lu t ion  of t he  m e t a l  t a k e s  p lace  a t  a 
v e r y  s low r a t e  to g ive  as  p r o d u c t s  h y d r o g e n  gas  
and  a m i x t u r e  of t h e  v a r i o u s  c h l o r o z i r c o n i u m  
m e t h o x i d e s .  This  o v e r - a l l  r e a c t i o n  is shown  in [1]  
w h e r e  x has  v a l u e s  f r o m  0 to 4. 

Zr  + (4 - -  x )HC1 + xCH~OH 
--> ZrCI,,_~(OCH~)~ + 2H~ [1]  

E v i d e n c e  for  th is  r e a c t i o n  is s u p p o r t e d  b y  the  i d e n -  
t i ca l  op t i ca l  spec t r a  of d i s so lve r  so lu t ions  and  so lu -  
t ions  p r e p a r e d  b y  a d d i n g  z i r c o n i u m  t e t r a c h l o r i d e  
to me thano l .  Reac t ion  [1]  is b e l i e v e d  to t a k e  p lace  
in  two  p r i n c i p a l  steps.  F i r s t ,  z i r c o n i u m  reac t s  w i t h  
h y d r o g e n  ch lo r ide  to f o r m  z i r c o n i u m  t e t r a c h l o r i d e  
a n d  h y d r o g e n  gas a t  t he  m e t a l / s o l u t i o n  in t e r face .  

Zr  + 4HC1 ~ ZrCI~ + 2H~ [2]  

The  n e x t  s t ep  [3]  t a k e s  p lace  p r i m a r i l y  in the  b u l k  
of the  so lu t ion  (a t  HC1 c o n c e n t r a t i o n s  > I M )  and  
has  l i t t l e  if a n y  effect  on  t h e  d i s so lu t ion  ra t e .  

K ,  
ZrC1, + xCH~OH ~ ZrCL,_,) (OCH~),  + xHC1 [3] 

A t  low HC1 concen t r a t i ons  ( < I M )  and  h igh  o v e r -  
v o l t a g e  t h e r e  is some i nd i ca t i on  t h a t  ch lo roz i r c on -  
i um m e t h o x i d e s  m a y  be  f o r m e d  d i r e c t l y  a t  the  
m e t a l / s o l u t i o n  in te r face .  This  pos s ib i l i t y  wi l l  be  
d i scussed  l a t e r .  

The  e q u i l i b r i u m  cons tan t s  K ,  for  r e a c t i o n  [3]  
w e r e  d e t e r m i n e d  b y  S i m m o n s  and  H a n s e n  (1) ,  
(pkl = 1.62, pk2 = 5.18, pk3 =- 10.4, and  pk~ ~ 18.2). 
F r o m  these  d a t a  i t  is obv ious  t ha t  ZrCI ,  and  
ZrCl~OCH~ a re  the  m a i n  species  in  solu t ion .  

Reac t ion  [2]  can  be  d i v i d e d  in to  t w o  ha l f  r e a c -  
t ions;  one  r e p r e s e n t i n g  an  o x i d a t i o n  [4]  and  the  
o t h e r  a r e d u c t i o n  [5]  

Zr  + 4C1--> ZrCI~ + 4e [4]  

4H + + 4e --> 2H~ [5]  

In  r eac t i on  [4]  i t  is not  to be cons t rued  t h a t  the  
r e a c t i v e  species  is t he  ch lo r ide  ion as such b e c a use  
m o l e c u l a r  HC1 is p r e s e n t  a t  a h i g h e r  concen t r a t i on  
a n d  m a y  se rve  j u s t  as wel l .  H o w e v e r ,  if t he  e q u i -  
l i b r a t i o n  H C I ~  H + +  C1- is r a p i d  t he  two  w o u l d  
be  k i n e t i c a l l y  equ iva l en t .  

W h e n  r eac t i ons  [4]  a n d  [5]  a r e  a c t i v a t i o n  con-  
t ro l l ed  t h e i r  r e s p e c t i v e  r a t e s  i~ and  i, e x p r e s s e d  in 
t e r m s  of c u r r e n t  d e n s i t y  a r e  g iven  b y  

i ~ - i 0 ' e x p  -~,V [61 
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aqueous )  w i t h  HC1 concen t r a t ion .  U n f o r t u n a t e l y ,  
t he  Ag, Ag_~CL e l e c t r o d e  was  found  to be  u n s u i t a b l e  
as a r e f e r e n c e  in c o n c e n t r a t e d  H C l - m e t h a n o l  b e -  
cause  of the  h igh  s o l u b i l i t y  of Ag~CI.~. 

The  i n d e p e n d e n c e  of t h e  cor ros ion  r a t e  on HC1 
c o n c e n t r a t i o n  can  p o s s i b l y  b e  e x p l a i n e d  b y  a s s u m -  
ing  c o m p l e t e  c o v e r a g e  of t h e  z i r c o n i u m  su r face  
w i t h  spec i f ica l ly  a d s o r b e d  C1-. This  a d s o r p t i o n  s tep  
could  be r a p i d  at  t he  p o t e n t i a l s  a n d  HC1 concen -  
t r a t i o n s  i n v o l v e d  (4) .  The  n e x t  s tep  w o u l d  t hen  
r e s u l t  in  t h e  f o r m a t i o n  of a p o s i t i v e l y  c h a r g e d  z i r -  
c o n i u m  c h l o r i d e  spec ies  w h i c h  cou ld  r e a c t  f u r t h e r  
w i t h  ch lo r ide  ion or  m e t h a n o l  in  t he  doub le  l a y e r  
to fo rm a so lub le  p roduc t .  Thus,  the  r e a c t i o n  m a y  
be  d i v i d e d  in to  t h r e e  p a r t s :  

M - Z r  ~- pC1- -* M-ZrCI~, -p [13a]  

M-ZrClp-~ ~ M-ZrCI~ § ~- 4e [13b]  

M-ZrCI~ +(4-~) + (4 - -p )C1- -~  M + ZrCI~ [13c] 

The  s to i ch iome t r i c  n u m b e r  of fou r  i nd i ca t e s  t ha t  
the  r a t e - d e t e r m i n i n g  s tep  m a y  be  a s soc ia t ed  w i t h  
t he  f o r m a t i o n  of t he  z i r c o n i u m  ch lo r ide  spec ies  of 
[13b] .  

U n d e r  cond i t ions  of e l ec t ropo l i sh ing  i t  is g e n e r -  
e r a l l y  b e l i e v e d  t ha t  a sol id  f i lm is f o r m e d  on the  
m e t a l  su r face  w h i c h  in t he  s t e a d y  s t a t e  is d i s so lv -  
ing as fas t  as i t  is f o r m e d  (5, 6) .  The  r a t e - d e t e r -  
m i n i n g  s tep  is, in th is  case, the  " p h y s i c a l "  d i s so lu -  
t ion  of t he  f i lm and,  t he re fo re ,  i n d e p e n d e n t  of 
e l ec t rode  po ten t i a l .  I n c r e a s i n g  t h e  p o t e n t i a l  m e r e l y  
inc reases  the  s t e a d y - s t a t e  f i lm th ickness .  S ince  the  
f i lm is the  con t ro l l ing  fac to r  in t he  d isso lu t ion ,  t he  
d i f fe r ing  r a t e s  of r e m o v a l  of ca t ions  f rom the  m e t a l  
l a t t i c e  due  to t he i r  spec ia l  pos i t ions  w i t h i n  t he  l a t -  
t ice  a r e  no longe r  of s ignif icance.  On the  o the r  
hand,  in the  n o n e l e c t r o p o l i s h i n g  r eg ion  p r e f e r e n t i a l  
a t t a c k  a t  g r a i n  b o u n d a r i e s ,  etc., r e su l t s  in e t ch ing  
and  the  s e p a r a t i o n  of sma l l  b i t s  of m e t a l  f r o m  the  
surface .  (The  r ea son  for  t he  p a s s i v i t y  of th is  u n -  
d i s so lved  r e s i d u e  in H C l - m e t h a n o l  so lu t ions  is not  
a p p a r e n t . )  F e d o t ' e v  and  G r i l i k h e s  (6) a t t r i b u t e  
e l e c t r o p o l i s h i n g  to the  f o r m a t i o n  of ox ide  f i lms 
r a t h e r  t h a n  sa l t  films. This  m a y  be  t r ue  for  the  
mos t  p a r t  in aqueous  sys tems ,  b u t  w e  do not  b e -  
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l i eve  i t  to be t h e  g e n e r a l  case  in n o n a q u e o u s  so lu-  
t ions.  I t  is diff icult  to see h o w  inc rea s ing  the  HC1 
c o n c e n t r a t i o n  w o u l d  dec rease  t he  d i s so lu t ion  r a t e  
of  an  ox ide  f i lm (see  Fig.  2) ,  b u t  th is  effect  is con-  
c e i v a b l e  if  t he  f i lm w e r e  a c h l o r i d e  of z i rcon ium.  

A t  low HC1 concen t r a t i ons  and  h igh  c u r r e n t  d e n -  
s i t ies  the  t r a n s p o r t  of HC1 to the  e l ec t rode  su r face  
becomes  r a t e  d e t e r m i n i n g  ( c o n c e n t r a t i o n  p o l a r i z a -  
t i on ) ,  and  t h e  v a l u e  of t he  l i m i t i n g  c u r r e n t  d e n s i t y  
dec reases  as the  HC1 c o n c e n t r a t i o n  is d e c r e a s e d  
(see  Fig.  3) .  U n d e r  t hese  cond i t ions  the  e l ec t rode  
su r f ace  canno t  be  c o m p l e t e l y  c ove re d  w i t h  a d s o r b e d  
C1- so t ha t  i t  becomes  poss ib le  for  t he  so lven t  
( m e t h a n o l )  to p l a y  a d i r ec t  p a r t  in t he  d i s so lu t ion  
m e c h a n i s m  w i t h  t he  r e s u l t i n g  f o r m a t i o n  of c h l o r o -  
z i r c o n i u m  m e t h o x i d e s  a t  the  m e t a l / s o l u t i o n  i n t e r -  
face.  This,  c o m b i n e d  w i t h  t he  fac t  t h a t  t he  r a t e  of 
t r a n s p o r t  of C1- to t he  m e t a l  su r f ace  w o u l d  inc rease  
w i t h  i nc rea s ing  p o t e n t i a l  ( in  t he  absence  of sup -  
p o r t i n g  e l e c t r o l y t e ) ,  m a y  e x p l a i n  the  i l l - de f ined  
l i m i t i n g  c u r r e n t  d e n s i t y  o b s e r v e d  at  low HC1 con-  
cen t ra t ions .  
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Effect of Partial Dissolution of the Oxide Film on the 
Aqueous Corrosion Resistance of Zircaloy-2 

S. Kass and D. B. Scott  

Bettis Atomic Power Laboratory/Pittsburgh, Pennsylvania 

ABSTRACT 

The aqueous corrosion resistance of corrosion-tested Zircaloy-2 was found 
to decrease markedly  after vacuum heating to dissolve the oxide film par-  
tially. Although a complete explanat ion of the accelerated corrosion is not 
proposed, several possible mechanisms are presented. 

D u r i n g  the  fabr ica t ion  of Z i rca loy-2  componen t s  
for p ressur ized  wa te r  reactors,  it  is occasional ly  
des i rab le  to r emove  the oxide film formed  by  v a r -  
ious corrosion tests  to ascer ta in  tha t  the  corrosion 
res is tance  has not  been  reduced  by  processing m e t h -  
ods. A po ten t i a l  me thod  for accompl i sh ing  this  
ut i l izes z i rcon ium's  h igh affinity for oxygen.  The 
componen ts  are  v a c u u m  a n n e a l e d  for sufficient t ime 
to dissolve the  oxide film in to  the  me ta l  comple te ly  
and  to m i n i m i z e  the  oxygen  g rad ien t  in the v ic in i ty  
of the surface.  A l though  the feas ib i l i ty  of the p ro -  
cess has been  demons t r a t ed  (1) ,  the  work  descr ibed 
he re in  was  pe r fo rmed  to de t e rmine  the corrosion 
res i s tance  of p rev ious ly  corrosion tes ted Zi rca loy-2  
which was  i m p r o p e r l y  v a c u u m  a n n e a l e d  and  p ro -  
duced only  pa r t i a l  d issolut ion of the oxide film. 

Exper imenta l  
Specimens  of Zi rca loy-2 ,  ~ m e a s u r i n g  1.5 x 0.5 x 

0.1 in. p r epa red  f rom one section of strip,  were  
corrosion tes ted for 3 or 14 days  in  360~ w a t e r  
us ing  t echn iques  and  p recau t ions  p rev ious ly  no ted  
(2) .  Af te r  the  weigh t  change  m e a s u r e m e n t s  we re  
recorded,  spec imens  were  annea l ed  in v a c u u m  (dy-  
namic  system, less t han  0.1/~ Hg pressure )  for 40 
or 60 m i n  at 590~ or for 60 or 80 m i n  at 700~ All  
spec imens  were  t hen  r e t u r n e d  for corrosion tes t ing  
in  360~ water .  Weigh t  gains  were  d e t e r m i n e d  
per iod ica l ly  d u r i n g  the final corrosion exposure.  
The  corrosion p roduc t  was  no t  r emoved  af ter  the 
v a c u u m  t r e a t m e n t  or d u r i n g  the  s u b s e q u e n t  cor-  
rosion exposure.  

V a c u u m  annea l i ng  t imes  and  t e m p e r a t u r e s  we re  
selected in  accordance  wi th  ref. (1) to produce  
incomple te ly  dissolved oxide films. 

Results 
Corrosion test  resul t s  depicted g raph ica l ly  in 

Fig. 1 and  2, show tha t  Z i rca loy-2  corrodes at an 
accelerated ra te  w h e n  the oxide film formed d u r i n g  
the  in i t i a l  corrosion exposure  is pa r t i a l l y  dissolved 
in the base me ta l  by  t h e r m a l  t r e a tmen t .  R e - e x a m i -  
na t i on  of the data  w h e n  p lo t ted  in  the  conven t iona l  
m a n n e r  on logar i thmic  scales (Fig. 3) shows the  
inf luences  of a n n e a l i n g  t imes and  t empera tu re .  

1 O p e r a t e d  f o r  t h e  U .  S .  A t o m i c  E n e r g y  C o m m i s s i o n ,  B e t t i s  A t o m i c  
P o w e r  L a b o r a t o r y ,  W e s t i n g h o u s e  E l e c t r i c  C o r p o r a t i o n .  

- ~ A  z i r c o n i u m  b a s e  a l l o y  c o n t a i n i n g  1 . 5 %  S n ,  0 . 1 4 %  F e ,  0 . 1 0 %  C r ,  
a n d  0 . 0 5 %  N i .  U .  S .  P a t e n t  N o .  2 , 7 7 2 , 9 6 4 .  

Coupons  a n n e a l e d  at 590~ af ter  the in i t i a l  cor-  
rosion test  showed l i t t le  or no va r i a t i on  of we igh t  
gain  wi th  va r i a t i on  in  a n n e a l i n g  t ime. S imi la r ly ,  
l i t t le  or no dependence  of corrosion kinet ics  on 
a n n e a l i n g  t ime  is no ted  for coupons t rea ted  at  
700~ Large  differences in  the corrosion behav io r  
as func t ions  of a n n e a l i n g  t empe ra tu r e ,  however ,  are  
apparen t .  Coupons  which  were  tes ted for 3 days at 
360~ and  s u b s e q u e n t l y  annea l ed  at 590~ showed 
weigh t  gains  of 9-12 m g / d m  ~ in  the first 3 days of 
r e -exposure .  In  compar ison,  coupons which  were  
no t  v a c u u m  a n n e a l e d  showed weigh t  gains of on ly  
4 m g / d m  ~ af ter  3 days of r e -exposure .  The same 
genera l  t r ends  are no ted  for spec imens  tes ted for 
14 days, v a c u u m  a n n e a l e d  at 700~ and  r e - co r -  
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Fig. 1. 3600C water corrosion of Zircoloy-2 after vacuum an- 
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Fig. 3. Logarithmic plof of 360~ water corrosion of Zircaloy-2 
after vacuum annealing at 590 ~ and 700~ 

ros ion  tes ted .  T r e a t e d  spec imens  showed  w e i g h t  
ga ins  of 41-45 m g / d m  ~ a f t e r  3 d a y s  of r e - e x p o s u r e ,  
wh i l e  those  not  t r e a t e d  showed  ga ins  of on ly  1-2 
m g / d m  ~. 

Cor ros ion  f i lms on the  coupons  t e s t ed  for  3 d a y s  
and  t r e a t e d  at  590~ were  b l a c k  t h r o u g h o u t  t he  
tes t ;  those  t r e a t e d  at  700~ w e r e  g r a y - b l a c k .  No 
ev idences  of spa l l i ng  or  f lak ing  w e r e  obse rved .  I t  
should  be  no ted  t h a t  the  w e i g h t  changes  of t he  
spec imens  no t  v a c u u m  a n n e a l e d  ag ree  w i t h  p r e -  
v ious ly  r e p o r t e d  Z i r c a l o y - 2  cu rves  ( 2 - 4 ) .  

Discussion 

I t  is no t  b e l i e v e d  t h a t  the  h e a t i n g  a lone  caus ing  
modi f ica t ions  in t he  m a t e r i a l  m i c r o s t r u c t u r e s  p r o -  
duced  the  h i g h e r  cor ros ion  r a t e s  as i t  has  been  
shown  t h a t  the  cor ros ion  r e s i s t ance  of Z i r c a l o y - 2  
does no t  v a r y  w i t h  h e a t  t r e a t m e n t  p r o v i d e d  t e m -  
pera , tures  a r e  m a i n t a i n e d  b e l o w  815~ (5) .  

Chi r igos  and  T h o m a s  o b s e r v e d  t h a t  t he  ox ide  
g rows  b y  the  i n w a r d  d i f fus ion of o x y g e n  ions 
t h r o u g h  the  f i lm and  t h a t  n e w  ox ide  is p r o d u c e d  
a t  the  m e t a l - o x i d e  i n t e r f a c e  (5 ) .  The  cor ros ion  
i n i t i a l l y  fo l lows  a q u a s i - c u b i c  r e l a t i o n s h i p  w i t h  
t ime,  and  the  r a t e  dec reases  as t he  ox ide  fi lm 
th ickens .  As  v a c u u m - a n n e a l i n g  t r e a t m e n t s  r educe  
the  ox ide  fi lm th i cknes s  t h r o u g h  the  m e c h a n i s m s  of 
o x y g e n  di f fus ion in to  t he  m e t a l  (6) ,  the  o x y g e n  
u p t a k e  r a t e  d u r i n g  s u b s e q u e n t  co r ros ion  should  
increase .  This  e x p l a n a t i o n  a p p e a r s  to be  an  o v e r -  
s impl i f i ca t ion  of the  p h e n o m e n a  o b s e r v e d  if Fig .  2 
is r e - e x a m i n e d .  D u r i n g  the  first  14 d a y s  of co r -  
rosion,  w h e r e  the  spec imens  w e r e  i n i t i a l l y  in t he  
b r i g h t  e t ched  cond i t i on  ( u n o x i d i z e d  s u r f a c e s ) ,  an  
a v e r a g e  w e i g h t  ga in  of 18 r a g / d i n  ~ was  ob ta ined .  
T h r e e  days  of co r ros ion  e x p o s u r e  a f t e r  h e a t i n g  the  
ox id i zed  s a m p l e s  in v a c u u m  p r o d u c e d  an a d d i t i o n a l  
w e i g h t  ga in  of 44 m g / d m  *, a v a l u e  f a r  in excess  
of w h a t  w o u l d  be  e x p e c t e d  if c o m p l e t e  ox ide  fi lm 
d i s so lu t ion  was  caused  b y  the  t h e r m a l  t r e a t m e n t .  

A n o t h e r  f ac to r  w h i c h  m u s t  be  cons ide r ed  is t h e  
o x y g e n  e n r i c h m e n t  of t he  m e t a l  a t  the  m e t a l - o x i d e  
in te r face .  Ca l cu l a t i ons  of the  o x y g e n  u p t a k e  and  
g r a d i e n t  in t he  m e t a l  p r o d u c e d  b y  the  t r e a t m e n t s  
h a v e  shown  the  700~ spec imens  to con ta in  in 
excess  of (2 w / o )  o x y g e n  at  t he  i n t e r f ace  and  for  

some  d i s t a n c e  be low,  w h i l e  va lue s  for  the  590~ 
spec imens  a p p r o x i m a t e  0.1 w / o .  S ince  R u b e n s t e i n  
and  c o - w o r k e r s  h a v e  shown  t h a t  o x y g e n  e n r i c h e d  
Z i r c a l o y - 2  co r rodes  m o r e  r a p i d l y  t han  n o r m a l  m a -  
t e r i a l  (7) ,  i t  is sugges t ed  t ha t  a f t e r  s u b s e q u e n t  
co r ros ion  e x p o s u r e  t he  v a c u u m  a n n e a l e d  spec imens  
shou ld  i n i t i a l l y  co r rode  m o r e  r a p i d l y  t h a n  spec i -  
mens  not  con t a in ing  an o x y g e n - r i c h  a r e a  at  t he  
in te r face .  This  e x p l a n a t i o n  is u n t e n a b l e  if  t he  
g r o w t h  of t h e  ox ide  fi lm is c on t ro l l e d  b y  the  d i f -  
fus ion  of o x y g e n  t h r o u g h  the  film. The  e x p l a n a t i o n  
is r e a s o n a b l e  (a)  if  m a r k e d  changes  in  f i lm c h a r a c -  
t e r i s t i cs  occu r r ed  d u r i n g  the  v a c u u m  annea l ,  or  (b )  
if t he  g r o w t h  of t he  ox ide  f i lm is c on t ro l l ed  b y  
o the r  fac to rs  in a d d i t i o n  to s imple  diffusion.  

The  sugges t ed  change  in  k ine t i c s  and  a c c e l e r a t e d  
co r ros ion  r a t e s  m a y  be e x p l i c a b l e  on the  bas is  of 
the  m e m o r y  effect no t ed  b y  T h o m a s  and  Kass  (4)  
in e x p e r i m e n t s  w h e r e  Z i r c a l o y - 2  was  i n i t i a l l y  t e s t ed  
in s t e a m  at  400~ and  t hen  t r a n s f e r r e d  to  w a t e r  
a t  360~ S p e c i m e n s  showed  a p e c u l i a r  t e n d e n c y  
for  the  co r ros ion  r a t e  c h a r a c t e r i s t i c s  of the  h igh  
t e m p e r a t u r e  to pe r s i s t  for  c ons ide r a b l e  t imes  a f t e r  
t r a n s f e r  to t he  l o w e r  t e m p e r a t u r e .  The  m e m o r y  
p h e n o m e n o n  a p p e a r e d  to be  e x p l i c a b l e  on the  bas is  
of an ion  di f fus ion as the  ox ide  fi lm is b e l i e v e d  to 
g r o w  b y  the  d i f fus ion of ions v ia  o x y g e n  ion v a -  
cancies  f rom the  w a t e r / o x i d e  i n t e r f ace  to t h e  
m e t a l / o x i d e  in te r face .  I t  was  e x p e c t e d  t h a t  an  
ox ide  fi lm of a g iven  th i ckness  f o r m e d  at  a h i g h e r  
t e m p e r a t u r e  w o u l d  h a v e  a g r e a t e r  o x y g e n  ion 
v a c a n c y  g r a d i e n t  t h a n  w h e n  f o r m e d  at  a l o w e r  
t e m p e r a t u r e .  I t  was  not  su rp r i s ing ,  then ,  t h a t  on 
r e t u r n i n g  the  spec imens  to t he  l o w e r  t e m p e r a t u r e  
an  i n i t i a l l y  h i g h e r  cor ros ion  r a t e  o p e r a t e d  u n t i l  
the  excess  an ion  v a c a n c y  g r a d i e n t  was  r e m o v e d .  
Ana logous  b e h a v i o r  is n o t e d  here .  In  the  ease of 
the  3 - d a y  tes t  (F ig .  1) i t  is seen  t h a t  t he  u n t r e a t e d  
spec imens  ga ined  a b o u t  4 m g / d m  ~ ( an  i nc rea se  of 
36%)  w h i l e  the  60 rain,  590~ t r e a t m e n t  p r o d u c e d  
w e i g h t  ga ins  of 11 m g / d m  ~ ( an  i nc rea se  of 100%) 
a f t e r  the  r e t u r n  to cor ros ion  test .  The  a c c e l e r a t e d  
cor ros ion  r a t e  a s soc ia t ed  w i t h  the  excess  v a c a n c y  
g r a d i e n t  m u s t  also r e su l t  in a c o n t i n u e d  r a p i d  r a t e  
in t he  g e n e r a t i o n  of vacanc ies .  Thus  the  pas sage  of 
m a n y  vacanc ie s  is r e q u i r e d  be fo re  the  cor ros ion  
r a t e  decays  to no rma l .  I t  is n o t e d  in  Fig.  1 and  2 
t ha t  t imes  in excess  of 84 d a y s  a re  r e q u i r e d  be fo re  
the  cor ros ion  r a t e  of the  h e a t - t r e a t e d  spec imens  
a p p r o a c h e s  t he  r a t e  of t he  u n t r e a t e d  spec imens .  

The  a u t h o r s  a g r e e  w i t h  Misch  and  Gunze l  (6)  
who  s t ud i e d  the  effects of v a c u u m  h e a t i n g  and  
e l ec t r i ca l  c o n d u c t i v i t y  of t he  ox ide  f i lms f o r m e d  
on z i r c o n i u m  tha t  m o r e  ev idence  c onc e rn ing  the  
ZrO_~ s t ruc tu re ,  d i f fus ion ra tes ,  and  e l ec t r i ca l  p r o p -  
e r t i e s  is des i r ab le .  

Manuscr ip t  received May 11, 1961; rev ised  m a n u -  
scr ipt  rece ived  Oct. 12, 1961. This paper  was p repared  
for de l ive ry  before  the Detroi t  Meeting, Oct. 1-5, 1961. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  I962 
JOURNAL. 
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Physical and Dielectric Properties of the 
Metal-Silicon Dioxide-Silicon System 

J. L. Sprague, J. A. Minahan, and O. J. Wied 

Research Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Thin  film capacitors using silicon dioxide as the dielectric mater ial  have 
been prepared by the thermal  oxidation of silicon. The physical and optical 
characteristics of the oxide dielectric are given, and the permit t iv i ty  and loss 
tangent  of the capacitors are shown as functions of a-c f requency and d-c 
bias. The dielectric properties are seen to be functions of the conductivi ty 
type and resistivity of the substrate silicon�9 

It is possible to fabr ica te  a capaci t ive  device w i th  
si l icon dioxide as the dielectr ic  ma te r i a l  by  t h e r m -  
a l ly  oxidiz ing sil icon at high t empera tu res .  This 
paper  descr ibes  the resul t s  of phys ica l  m e a s u r e -  
men t s  made  on the  dielectr ic  film, p resen t s  ne w  
dielectr ic  m e a s u r e m e n t s  on the  me ta l - s i l i con  di -  
oxide-s i l icon  system, and  gives a qua l i t a t ive  ex-  
p l ana t i on  for the shape of the  observed dielectr ic  
curves.  

The m e a s u r e d  capaci tance  vs. appl ied  d-c  bias 
curves  are s imi la r  to those repor ted  by  Moll (1) ,  
except  tha t  at low f requenc ies  we have  observed 
a u n i q u e  capaci tance  m i n i m u m  in m a n y  cases. Such 
a m i n i m u m  was found  by Brown  (2) in  m e a s u r e -  
men t s  of the  di f ferent ia l  surface  capaci tance  of a 
g e r m a n i u m  sample,  and  predic ted  by  P f a n n  and  
G a r r e t t  (3) for the  more  genera l  case of the m e t a l -  
i n s u l a t o r - s e m i c o n d u c t o r  system�9 In  each of these 
s tudies  a change  in  the charac te r  of a space-charge  
region  at  the  semiconduc tor  surface  was  g iven  as 
the  reason for the observed capaci tance  var ia t ions .  
This  m e c h a n i s m  is s imi la r  to t ha t  descr ibed by  
Uhl i r  (4) to exp la in  the opera t ion  of the n o n l i n e a r  
p - n  j u n c t i o n  capacitor.  In  add i t ion  to the  v a r i a t i o n  
of capac i tance  wi th  d-c  bias, we have  observed 
dis t inc t  d ispers ion  effects in  the  f r e q u e n c y  r ange  
studied�9 These effects are due, it is bel ieved,  to 
charge exchange  b e t w e e n  the b u l k  of the si l icon 
and  surface states or an  inve r s ion  region  at the  
surface  of the  semiconductor .  Such charge  exchange  
has been  discussed by  Lehovec (5) .  

Experimental Techniques and Results 
Physical characteristics of the silicon dioxide 

f i lm.--All  m e a s u r e m e n t s  were  made  on films fo rmed  
by  the  t h e r m a l  ox ida t ion  of si l icon at 950~ Disks, 
0.6 cm d iameter ,  of s ingle  crys ta l l ine ,  n o n c o m p e n -  
sated si l icon were  first c leaned by  brief ly e tching  
t hem in  a hydrof luor ic  ac id -n i t r i c  acid so lu t ion  fol-  
lowed by  a series of r ec i rcu la t ing  hot  deionized 

water ,  cold deionized water ,  and  m e t h y l  alcohol 
rinses.  The  disks were  t hen  oxidized in  a fu rnace  
in  which  s team was in t roduced  at a tmospher ic  p res -  
sure  by  passing a rgon  t h r ough  a hea ted  deionized 
wa te r  bubb le r .  

The dielectr ic  cons tan t  of the films was de te r -  
m i ne d  as follows. First ,  the capaci tance  of a para ] le l -  
p la te  capaci tor  consis t ing of opt ical ly  pol ished low 
res is t iv i ty  n - t y p e  si l icon as one electrode,  the  
t h e r m a l l y  g r ow n  sil icon dioxide film as the  dielec-  
tric, and  an  evapora ted  me ta l  p la te  as the coun te r -  
electrode was  measured�9  T h e n  the  oxide th ickness  
was d e t e r m i n e d  by  m u l t i p l e - b e a m  in t e r f e rome t ry ,  
and  the p e r m i t t i v i t y  of the si l icon dioxide layer  
ca lcula ted  us ing  the s t anda rd  p a r a l l e l - p l a t e  capaci-  
tance  formula�9 By this method,  a re la t ive  p e r m i t -  
t iv i ty  of 3.82 ---+ 0.02 was found�9 For  compar ison,  
Von Hippel  (6) found  a va lue  of 3.78 for severa l  
d i f ferent  samples  of fused silica a nd  quar tz .  

Si l icon dioxide films were  s t r ipped  f rom the 
si l icon subs t ra te  by  e tching  wi th  hyd rogen  b romide  
(7)�9 This  me thod  is s imi la r  to one descr ibed by  
T a n n e n b a u m  (8) ,  except  tha t  the  b romide  is used 
as the e tching  agent  r a the r  t h a n  chlor ine.  The  films 
showed an  absence of c rys ta l l ine  s t ruc tu re  w h e n  
s tudied  by  me a ns  of x - r a y  diffract ion and  optical  
microscopy and  gave an  i n f r a r ed  absorp t ion  spectra  
ident ica l  to tha t  of fused silica. The absorp t ion  
spectra,  in  the u.v. and  vis ib le  regions,  of films 
which  had  been  i r r ad ia t ed  w i th  u.v. l ight,  high 
ene rgy  x - rays ,  and  g a m m a  rays  were  also studied�9 
These  spectra  showed an absence  of an ion  vacancy  
absorpt ion,  i nd ica t ing  that ,  as expected,  the films 
were  of ve ry  h igh pur i ty .  

F ina l ly ,  the index  of re f rac t ion  of the films was 
found  to be equa l  to 1.458 by  ma tch ing  t h e m  vs. 
different  so lut ions  of n o r m a l - a m y l - p h t h a l a t e  and  
ca rbon  disulfide�9 C ompa r i ng  wi th  other  forms of 
nonc rys t a l l i ne  si l icon dioxide, opal ine  silica (SiO_o 
�9 X tLO) has an  n = 1.40 --  1.46 which  increases  
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wi th  d e c r e a s i n g  h y d r a t i o n ,  w h i l e  l e cha t e l i e r i t e ,  a 
n a t u r a l  g l a s sy  fo rm of si l ica,  has  an  i n d e x  of r e -  
f r ac t ion  of 1.458--1.462. The re fo re ,  we  conc lude  t h a t  
the  t h e r m a l  ox ide  fi lm f o r m e d  was  a h i g h - p u r i t y  
f o r m  of a m o r p h o u s  or  g l a s sy  si l ica,  s i m i l a r  to " d r y "  
opa l  or  l echa t e l i e r i t e .  

Dielectric properties of the metal-silicon dioxide- 
silicon system.--Dielectric m e a s u r e m e n t s  w e r e  
m a d e  on a s t a n d a r d  G e n e r a l  Rad io  716-C S c h e r i n g  
b r i d g e  w i t h  a Rhode  and  S c h w a r z  T u n a b l e  De tec to r  
and  D u m o n t  T y p e  347 Osc i l la tor .  I n c l u d e d  in  t he  
b r i d g e  c i rcu i t  was  a n e t w o r k  w h i c h  p e r m i t t e d  a 
k n o w n  d - c  vo l t age  to be  a p p l i e d  across  t h e  sample .  
The  capac i t o r s  m e a s u r e d  w e r e  cons t ruc t ed  as fo l -  
lows:  0.6 cm d i a m e t e r  d i sks  of s ingle  c r y s t a l l i n e  
n o n c o m p e n s a t e d  s i l icon w e r e  ox id i zed  for  5 h r  at  
950~ b y  the  m e t h o d  o u t l i n e d  above .  This  gave  an 
ox ide  f i lm th i ckness  of a r o u n d  1.14 x 10-' cm. Then  
the  ox ide  was  r e m o v e d  f r o m  one side of each  d i sk  
by  l a p p i n g  or  s a n d b l a s t i n g  and  m e t a l  p l a t e s  w e r e  
e v a p o r a t e d ,  one d i r e c t l y  onto t he  s i l icon as an  ohmic  
con tac t  a n d  one onto the  ox ide  fi lm as a coun te r  
e lec t rode .  The  c a p a c i t i v e  a r e a  of t he  dev ices  was  
d e t e r m i n e d  b y  the  a r e a  of t he  m e t a l  p l a t e s  w h i c h  
was  0.178 c m t  

F i g u r e s  1 and  2 show the  f r e q u e n c y  d e p e n d e n c e  
of c a p a c i t a n c e  and  loss angle ,  m e a s u r e d  a t  zero 
d - c  bias,  for  n -  and  p - t y p e  capac i to r s ,  r e spec t ive ly .  
The  c a p a c i t a n c e  of n - t y p e  capac i t o r s  is seen to be  
f r e q u e n c y  i n v a r i a n t  w h i l e  t he  loss ang le  inc reases  
w i th  i nc r ea s ing  r e s i s t i v i t y  i n d i c a t i n g  t ha t  t h e r e  is 
an  ohmic  c o n t r i b u t i o n  due  to t he  b u l k  si l icon.  The  
r eason  w h y  the  1 o h m - c m  and  20 o h m - c m  loss 
ang le  cu rves  in Fig.  1 cross  is not  c l e a r l y  u n d e r -  
s tood,  b u t  th is  m a y  be  due  to d i f fe ren t  r e s i s t ance  
va lue s  for  the  ohmic  con tac t s  on t h e  two  samples .  
The  p - t y p e  uni ts ,  on the  o the r  hand ,  show a s t rong  
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Fig. 3. Bias and frequency dependence of capacitance of 0.1 
ohm-cm capacitors. 

c a p a c i t a n c e  va r i a t i on ,  p a r t i c u l a r l y  w i t h  t he  h i g h e r  
r e s i s t i v i t y  m a t e r i a l ,  and  the  o v e r - a l l  d i e l ec t r i c  r e -  
sponse  ind i ca t e s  a r e l a x a t i o n  t y p e  p h e n o m e n o n .  I t  
appea r s ,  in Fig .  2, t h a t  t he  r e l a x a t i o n  f r equenc ie s  
for  t he  0.1 o h m - c m  and  1 o h m - c m  m a t e r i a l  a r e  
l o w e r  t h a n  the  lowes t  m e a s u r e d  f r e q u e n c y  of 10 -~ kc. 
This  w o u l d  account  for  t he  i n t e r sec t i on  of t he  100 
and  1300 o h m - c m  curves  w i t h  those  for  t he  0.1 and  
1 o h m - c m  m a t e r i a l .  

F i g u r e  3 shows  the  b ias  and  f r e q u e n c y  d e p e n d -  
ence  of c a p a c i t a n c e  for  capac i to r s  m a d e  f r o m  0.1 
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o h m - c m  silicon. The sign of the potent ial  indicates 
the polar i ty  of the d-c voltage applied to the ohmic 
silicon contact. As is seen, with n - t ype  silicon ca- 
pacitance is bias and f requency independent,  while 
with the p - t ype  mater ia l  there is a slight f requency 
dispersion and increase in capacitance s tar t ing 
around 70v. As Fig. 4 shows, these effects are am-  
plified with 1 ohm-cm material ,  both types of ca- 
pacitors demonst ra t ing  a bias and f requency de-  
pendence. However ,  whereas  the capacitance of 

n - t ype  units decreases with increasing bias, that  of 
p - t y p e  capacitors increases at high positive bias. 

Figures 5 and 6 show the bias effects on capaci-  
tance and tangent  8 for 100 o h m - c m  material ,  n-  
and p- type ,  respectively. Here  the bias and f re -  
quency sensit ivity is considerable, and there is evi-  
dent a certain mi r ro r - image  s y m m e t r y  between the 
two types of capacitors. While no capacitance mini-  
m u m  was observed with these par t icular  n - type  
units, others have  shown such a min imum in the 
lower f requency curves (see Fig. 8B). The loss 
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ang le  cu rves  a r e  seen  to be  e x c e e d i n g l y  complex ,  
and  the  e x a c t  cause  of these  c o m p l e x i t i e s  is no t  
c l e a r l y  u n d e r s t o o d  at  th is  t ime,  as is po in t e d  out  
be low.  

As  w o u l d  be expec t ed ,  these  effects a r e  even  
g r e a t e r  w i t h  1000 o h m - c m  m a t e r i a l .  This  is seen  
c l e a r l y  in Fig.  7. I n t e r e s t i n g l y ,  h o w e v e r ,  the  1200 
o h m - c m  n - t y p e  c u r v e  shows  t h a t  th is  m a t e r i a l  has  
been  c o n v e r t e d  to p - t y p e  d u r i n g  the  o x i d a t i o n  p r o c -  
ess. This  was  pos s ib ly  due  to the  i n t r o d u c t i o n  of 
bo ron  into  t he  s y s t e m  f rom P y r e x  g l a s s w a r e  as -  
soc ia ted  w i t h  the  q u a r t z  f u r n a c e  tube .  This  p h e -  
n o m e n a  has  been  e n c o u n t e r e d  b y  L a w  (9) d u r i n g  
his  s tud ies  on the  su r f ace  p r o p e r t i e s  of v a c u u m  
c l eaned  si l icon.  

T h e o r e t i c a l  Discussion 
The  c a p a c i t a n c e  vs. d - c  b ias  p - t y p e  cu rves  at  

h igh  f r equenc i e s  a n d  the  c o r r e s p o n d i n g  n - t y p e  
cu rves  w h i c h  h a v e  been  d i scussed  so f a r  a r e  s i m i l a r  
to those  of Moll  (1) .  Tha t  is, t h e y  show an  i n c r e a s -  
ing or  d e c r e a s i n g  capac i t ance ,  r e spec t i ve ly ,  as b ias  
is i nc r ea sed  and  the  absence  or  n e a r  absence  of a 
c a p a c i t a n c e  m i n i m u m .  On the  o t h e r  hand,  t he  l o w e r  
f r e q u e n c y  p - t y p e  cu rves  a l l  show a def in i te  ca -  
p a c i t a n c e  m i n i m u m ,  as was  e n c o u n t e r e d  in  t he  
w o r k  of B r o w n  (2)  and  p r e d i c t e d  b y  P f a n n  and  
G a r r e t t  (3 ) .  I t  is ev iden t ,  t he re fo re ,  t h a t  t he  d i -  
e l ec t r i c  r e sponse  of the  m e t a l - s i l i c o n  d i o x i d e - s i l i c o n  
s y s t e m  is s t r o n g l y  d e p e n d e n t  on the  m e a s u r e m e n t  
f r equency ,  and  th is  fac t  m u s t  be  t a k e n  into  con-  
s i de r a t i on  in evo lv ing  a n y  t h e o r e t i c a l  m o d e l  for  
t he  sys t em.  

F i g u r e  8A shows  a t h e o r e t i c a l  curve ,  a f t e r  G a r -  
r e t t  and  B r a t t a i n  (10) ,  of c a p a c i t a n c e  vs. su r f ace  
p o t e n t i a l  for  an  ox ide  c a p a c i t a n c e  of 287 ~ f  in 
ser ies  w i t h  t he  space  cha rge  c a p a c i t a n c e  of 100 
o h m - c m  n - t y p e  si l icon.  F i g u r e  8B shows,  for  com-  
pa r i son ,  e x p e r i m e n t a l  cu rves  of c a p a c i t a n c e  vs. 
bias  for  t he  m e t a l - s i l i c o n  d i o x i d e - s i l i c o n  s y s t e m  in 
w h i c h  the  ox ide  c a p a c i t a n c e  is also 287 ~ f ,  a n d  the  
b u l k  s t a r t i n g  m a t e r i a l  was  100 o h m - c m  n - t y p e  
si l icon.  These  l a t t e r  cu rves  d i f fer  f r o m  the  e x p e r i -  
m e n t a l  n - t y p e  cu rves  in Fig.  5 on ly  in t ha t  the  o x i d a -  
t ion  t i m e  was  longe r  (19 h r )  and  t h e r e f o r e  t he  ox ide  
f o r m e d  t h i c k e r  (2.06 x 104 c m ) ,  and  t ha t  h e r e  a 
c a p a c i t a n c e  m i n i m u m  was  obse rved .  The  t h e o r e t i c a l  
and  l o w e r  f r e q u e n c y  e x p e r i m e n t a l  cu rves  a r e  seen  
to be  s i m i l a r  in shape.  

The  shape  of t he  t h e o r e t i c a l  cu rve  is due  to t he  
fac t  tha t ,  w i t h  n - t y p e  si l icon,  as one goes f r o m  a 
s t r o n g l y  pos i t i ve  to s t r o n g l y  n e g a t i v e  su r f ace  p o -  
t e n t i a l  the  space  c h a r g e  at  t he  su r f ace  of the  s e m i -  
conduc to r  goes f rom an  a c c u m u l a t i o n  to a d e p l e t i o n  
and  f ina l ly  in to  an  i n v e r s i o n  reg ion .  The  c a p a c i -  
t ance  m i n i m u m  is caused  b y  dec r ea s ing  a c c u m u l a -  
t ion  a n d  d e p l e t i o n  capac i t ances  fo l lowed  b y  an  in -  
c r eas ing  i nve r s ion  c a p a c i t a n c e  as Y goes f rom 
s t r o n g l y  pos i t i ve  to s t r o n g l y  nega t ive .  The  e x p r e s -  
s ions used  in  ca l cu l a t i ng  the  t h e o r e t i c a l  c u r v e  a r e  
g iven  in t h e  a p p e n d i x  a t  t he  end  of t he  pape r .  

F i g u r e  9 shows a p r o p o s e d  e q u i v a l e n t  c i r cu i t  for  
the  m e t a l - s i l i c o n  d i o x i d e - s i l i c o n  sys tem.  In  it, Co 
is t he  ox ide  capac i t ance ,  C~ is t he  d e p l e t i o n  r eg ion  
capac i t ance ,  Co is t he  a c c u m u l a t i o n  r eg ion  c a p a c i -  
tance ,  r~, is the  b u l k  s i l icon res i s t ance ,  and  ~ is a 
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Fig. 8A. Theoretical curve of capacitance vs. surface potential 
for oxide capacitance in series with space charge capacitance for 
100 ohm-cm n-type silicon. 

Fig. 8B. Bias and frequency dependence of capac,tance of metal- 
silicon dioxide-silicon (100 ohm-cm, n-type) system. 
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Fig. 9. Equivalent circuit for metal-silicon dioxide-silicon system 

c omple x  a d m i t t a n c e .  ~ has  c o n t r i b u t i o n s  f r o m  an  
i n v e r s i o n  r eg ion  capac i t ance ,  f r o m  cha rge  l e a k a g e  
t h r o u g h  the  space  cha rge  reg ion ,  and  f r o m  cha rge  
e x c h a n g e  b e t w e e n  the  s e m i c o n d u c t o r  b u l k  and  s u r -  
face  s ta tes  a t  the  s i l i con-s i l i con  d i o x i d e  i n t e r f ace  
or  an  i nve r s ion  r eg ion  at  t he  s i l icon sur face .  Us ing  
th is  e q u i v a l e n t  c i rcui t ,  one can  e x p l a i n  the  shape  of 
the  cu rves  in Fig .  8B as fo l lows.  I t  is p o s t u l a t e d  t h a t  
t h e r e  is sufficient  pos i t i ve  charge ,  a t  zero  bias,  in 
donor  t y p e  su r f ace  s t a tes  to cause  an  a c c u m u l a t i o n  
r eg ion  on the  s e m i c o n d u c t o r  surface .  A t  v e r y  low 
f r equenc i e s  one  a p p r o a c h e s  a b ias  i n d e p e n d e n t  
c a p a c i t a n c e  c o r r e s p o n d i n g  e s s e n t i a l l y  to Co. This  is 
due  to the  fac t  t ha t  t he  i m p e d a n c e  of ~ is m u c h  less  
t h a n  t ha t  of C~ or  Ca at  t he se  f r equenc i e s  and  t h e y  
a r e  e s s e n t i a l l y  s h u n t e d  b y  it. A t  h i g h e r  f requenc ies ,  
for  e x a m p l e  a t  0.1 kc, one obse rves  a c u r v e  w i t h  a 
capac i t ance  m i n i m u m  s imi l a r  in shape  to t he  t h e o -  
r e t i c a l  curve .  He re  as one  inc reases  t he  p o t e n t i a l  on 
t h e  si l icon,  the  space  c h a r g e  goes f r o m  an  a c c u m u -  
l a t ion  to a d e p l e t i o n  to an  i n v e r s i o n  region .  F i n a l l y ,  
a t  h igh  f r equenc ies ,  one sees on ly  the  ser ies  c o m -  
b i n a t i o n  of Co and  C~ or  Ca d u e  to  t h e  h igh  r e l a t i v e  
i m p e d a n c e  of ~. In  the  e x p e r i m e n t a l  n - t y p e  cu rves  
w h e r e  a c a p a c i t a n c e  m i n i m u m  has  no t  been  ob -  
s e r v e d  ( for  e x a m p l e ,  Fig.  4 and  5) a p p a r e n t l y  
t h e r e  was  insuff ic ient  d - c  p o t e n t i a l  to fo rm  an  in -  
ve r s i on  region .  
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W i t h  p - t y p e  s i l icon the  effect is r eve r sed .  He re  
the  p o s i t i v e l y  c h a r g e d  su r face  s ta tes  cause  an  in -  
ve r s ion  r eg ion  to be f o r m e d  on the  semiconduc to r ,  
and  i nc rea s ing  the  p o t e n t i a l  on the  s i l icon causes  
the  space  cha rge  r eg ion  to go f r o m  inve r s ion  to d e -  
p l e t i on  and  f ina l ly  to accumula t i on .  Thus ,  the  
m i r r o r  s y m m e t r y  b e t w e e n  n -  and  p - t y p e  capac i to rs .  

The  dec r ea s ing  a m o u n t  of c a p a c i t a n c e  change  
w i t h  b ias  as t he  s i l icon r e s i s t i v i t y  dec reases  is 
r e a d i l y  e x p l a i n e d  b y  the  fac t  t h a t  as b u l k  dop ing  
increases ,  Co and  C~ inc rease  also. A t  a h igh  enough  
dop ing  l eve l  t h e y  become  so l a r g e  t h a t  one on ly  ob -  
se rves  the  ser ies  ox ide  capac i t ance .  On the  o the r  
hand ,  the  pos i t ion  of the  c a p a c i t a n c e  m i n i m u m  is 
d e t e r m i n e d  b y  the  c h a r g e  d e n s i t y  in t he  d o n o r - t y p e  
su r face  s ta tes .  The  c o m p l e x  fo rm of the  loss ang le  
cu rves  and  f r e q u e n c y  d i spe r s ion  of c apac i t ance  a re  
due  to  ~. The  e x a c t  f o r m  of ~ is p r e s e n t l y  not  c o m -  
p l e t e l y  unde r s tood .  I t  is be l i eved ,  howeve r ,  t ha t  
t he  f r e q u e n c y  d i spe r s ion  in the  i nve r s ion  c a p a c i t y  
r eg ion  is due  to the  r e l a x a t i o n  effects  i n v o l v e d  in 
m i n o r i t y  c a r r i e r  e x c h a n g e  b e t w e e n  the  i nve r s ion  
l a y e r  and  b u l k  of the  s e m i c o n d u c t o r  t h r o u g h  the  
d e p l e t i o n  region ,  w h i l e  d i spe r s ion  in the  d e p l e t i o n  
or  a c c u m u l a t i o n  r eg ion  is due  to m i n o r i t y  and  m a -  
j o r i t y  c a r r i e r  e x c h a n g e  t h r o u g h  the  space  cha rge  
reg ion  b e t w e e n  the  b u l k  s i l icon a n d  su r face  s ta tes  
a t  the  s i l i con-s i l i con  ox ide  in te r face .  A c o m p l e t e  
u n d e r s t a n d i n g  of ~ shou ld  m a k e  i t  poss ib le  to i n t e r -  
r e l a t e  cu rves  of c a p a c i t a n c e  vs.  t o t a l  cha rge  and  vs. 
space  cha rge  in a s im i l a r  m a n n e r  to the  w a y  in 
w h i c h  conduc tance  change  and  c h a r g e  a r e  r e l a t e d  
in field effect s tudies .  In  t he  p r e s e n t  s tudies ,  if one 
a s sumes  t h a t  a t  h igh  f r equenc ie s  on ly  an  a c c u m u l a -  
t ion or  d e p l e t i o n  capac i t ance  is o b s e r v e d  in  ser ies  
w i t h  Co, t hen  f rom the  curves  in Fig .  8 one can  ca l -  
cu la t e  t h e  su r f ace  s t a t e  cha rge  as a func t ion  of Y 
for  t he  a c c u m u l a t i o n  and  d e p l e t i o n  condi t ions .  Such  
ca lcu la t ions  have  been  m a d e  b y  Lehovec  for  100 
o h m - c m  n - t y p e  s i l icon (5) .  U l t i m a t e l y ,  s i m u l t a -  
neous  c a p a c i t a n c e  and  field effect m e a s u r e m e n t s  
shou ld  se rve  as the  bes t  check  of t he  model .  

Conclusions 
The  d i e l ec t r i c  r e sponse  of t he  m e t a l - s i l i c o n  d i -  

o x i d e - s i l i c o n  s y s t e m  is s t r o n g l y  d e p e n d e n t  on the  
r e s i s t i v i t y  and  c o n d u c t i v i t y  t y p e  of t he  s u b s t r a t e  
si l icon.  This  is due  to t he  p r e s e n c e  of a space  cha rge  
r eg ion  at  t he  s u r f a c e  of t he  s e m i c o n d u c t o r  u n d e r -  
n e a t h  t he  oxide .  W h e n  low r e s i s t i v i t y  s i l icon (0.1 
o h m - c m  n - t y p e  or  l o w e r  r e s i s t i v i t y  p - t y p e )  is used,  
t he  o b s e r v e d  d i e l ec t r i c  r e sponse  is e s s e n t i a l l y  t h a t  
of the  s i l icon d iox ide  film. Capac i to r s  m a d e  us ing  
such m a t e r i a l  exh ib i t  the  e x c e l l e n t  d i e l ec t r i c  p r o p -  
e r t i e s  of h i g h - p u r i t y  a m o r p h o u s  s i l ica:  b ias  and  
f r e q u e n c y  insens i t iv i ty ,  h igh  i n su l a t i on  res i s tance ,  
h igh  p o w e r  fac tor ,  low t e m p e r a t u r e  coefficient,  r a -  
d i a t i on  res i s tance ,  and  h igh  s t ab i l i ty .  On the  o t h e r  
hand,  as t he  r e s i s t i v i t y  of the  s i l icon is i nc r ea sed  
one obse rves  an  i nc rea s ing  d i e l ec t r i c  c o n t r i b u t i o n  
due  to the  space  cha rge  r eg ion  in the  si l icon. W h e n  
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h igh  r e s i s t i v i t y  m a t e r i a l ,  such  as 100 o h m - c m ,  is 
used,  c o n s i d e r a b l e  c a p a c i t a n c e  change  w i t h  bo th  
bias  and  f r e q u e n c y  is obse rved .  The  p r e s e n t  diffi- 
cu l ty  in us ing  such capac i to r s  in v a r a c t o r  a p p l i c a -  
t ions  is in r e p r o d u c i b l y  con t ro l l ing  the  cha rges  in 
the  s i l icon su r face  s ta tes  and  t h e r e f o r e  con t ro l l i ng  
the  pos i t i on  of the  c a p a c i t a n c e  m i n i m u m .  This  p r o b -  
l em is p r o b a b l y  not  inso lvab le ,  h o w e v e r .  

W h e n  the  exac t  r e l a t i o n s h i p s  b e t w e e n  d i e l ec t r i c  
r e sponse  and  the  n a t u r e  of t he  s i l icon su r face  a r e  
unde r s tood ,  m e a s u r e m e n t s  of t he  t y p e  de sc r ibed  in 
th is  p a p e r  shou ld  become  a v a l u a b l e  tool  in s t u d y -  
ing  s i l icon surfaces .  
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A P P E N D I X  

S y m b o l s  

Ca, accumulat ion  capaci tance = A[e~ eeono/2kT] 1/~ e YI~, 
f a r ad  

C~.,, space charge capaci tance at Y = 0 
---- A[e~eeo n, (no/n~ + n~/no) / k T ]  ~l~, f a rad  

C~, deple t ion  capaci tance = 
A [eeeo n~ (no/n~ --  n~/no) /2  (--V~) ] 1/~, f a rad  

C~, invers ion capaci tance = 
A [e~eeo n~2/2nokT] ~/~ e-r/2, f a r ad  

A, area, cm ~ 
e, electronic charge, coulomb 
e, re la t ive  pe rmi t t iv i ty  of silicon 
eo, pe rmi t t i v i ty  in f ree  space, f a r a d / c m  
no, concentra t ion of electrons in body of semicon-  

ductor,  cm -3 
k, Bol tzmann constant,  v o l t - c o u l o m b / ~  
T, t empera tu re ,  ~ 
Y, surface potent ia l  = e (r - -  ~o) /kT ~- e V d k T  
~ ,  e lectrostat ic  potent ia l  at surface of semiconductor  
r e lectrostat ic  potent ia l  in bu lk  of semiconductor  
n~, intr insic  car r ie r  concentrat ion,  cm -~ 
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ABSTRACT 

The preparat ion of film capacitors by evaporation is described uti l izing 
the following dielectric materials:  silicon monoxide, silicon dioxide, mag- 
nesium fluoride, l an thanum fluoride, cerium fluoride, cerium dioxide, and 
zinc sulfide. The dielectric constants and loss tangents of these materials  
are presented as functions of the deposition parameters,  and the contr ibut ion 
of the lead and condenser plate losses to the apparent  loss tangents  is shown. 
The necessary evaporation conditions are discussed for optimizing the di- 
electric properties of the chosen insulator  material .  For cerium fluoride, a 
deposition method util izing a controlled part ial  decomposition is described 
yielding dielectric constants up to ~/e,, ~ 300 without  an undue  increase of 
the capacitor losses. 

In  the field of microelec t ronies ,  d e v e l o p m e n t  of 
componen t  and  in t e r connec to r  ne tworks  p roduced  
by  the  v a c u u m  evapora t ion  of metals ,  dielectr ics  
and,  to a more  l imi ted  degree,  semiconductors  has 
made  rap id  progress  du r ing  recen t  years.  Dielec-  
trics serve two purposes  in these " th in  fi lm" cir-  
cuits:  they  are used as i n su l a t i ng  layers  b e t w e e n  
crossing or supe r imposed  conductor  pa t t e rn s  a nd  
as capaci tor  dielectrics.  In  both  cases, un i fo rmi ty ,  
good adhes ion  to subs t ra tes  and  other  film m a t e -  
rials,  h igh electr ic  b r e a k d o w n  s t rength ,  and  low 
dielectr ic  losses are desirable .  The r e q u i r e m e n t s  
r ega rd ing  the pe rmi t t iv i ty ,  however ,  differ to a 
ce r ta in  ex ten t :  a low dielectr ic  cons tan t  is p r e fe r -  
able  for i n su l a t i on  films, a h igh dielectr ic  cons tan t  
for capaci tor  dielectrics.  

The choice of die lectr ic  film mate r i a l s  is u sua l ly  
l imi ted  to inorgan ic  compounds ,  since dielectr ic  
films are  of ten deposi ted jo in t ly  wi th  ma te r i a l s  r e -  
qu i r i ng  high deposi t ion or a n n e a l i n g  t empera tu re s .  
The select ion of su i t ab le  die lect r ic  ma te r i a l s  has 
been  hampered ,  however ,  by  the  lack of da ta  on 
the  e lectr ical  and  mechan ica l  p roper t ies  of most  
inorganics  evaporab le  w i thou t  decomposi t ion.  In  
v i ew  of this  s i tuat ion,  this  s tudy  was  a imed  at  the  
compi la t ion  of data  on the e lectr ical  and  m e c h a n i -  
cal p roper t ies  of the most  common  dielectr ic  film 
mate r i a l s  and  the  deve lopmen t  of a su i t ab le  capaci-  
tor  die lectr ic  of high pe rmi t t i v i t y ,  e.g., eleo ~ 100. 

Deposi t ion  Techn iques  

A New York Ai r  Brake  v a c u u m  sys tem of the 
type  R2H wi th  an  18-in. glass bel l  j a r  was  used for 
film deposit ion.  Its 6- in.  diffusion p u m p  yields a 
v a c u u m  of 1 X 10 -~ to r r  or be t t e r  in  less t h a n  1 hr. 
The deposi t ions were  pe r fo rmed  be tween  10 ~ and  
10 -'~ torr .  

Dielectr ic  film th ickness  was  mon i to red  d u r i n g  
deposi t ion by  record ing  the change  of optical  re -  
flectance at  a w a v e l e n g t h  of 4358A wi th  an  optical  
dens i tome te r  (Welch  Dens ich ron)  coupled to a 
L&N mi l l ivo l t  recorder .  Meta l  capaci tor  p la te  and  

l and  th icknesses  were  cont ro l led  by  mon i to r ing  
the i r  resis tance.  T o l a n s k y ' s  mu l t i p l e  i n t e r f e r ence  
me thod  was used to ob ta in  the  accura te  film th i ck -  
ness  af ter  r e mova l  of the samples  f rom the  bel l  jar .  

The  coat ing c ha mbe r  was  equ ipped  wi th  a mask  
changer  to pe rmi t  deposi t ion  of the  capaci tor  a r r ay  
shown in  Fig. 1 w i t hou t  b r e a k i n g  the  vacuum.  In  
this mask  changer  (Fig. 2), two 1 >< 3-in.  subs t ra tes  
are pos i t ioned over  a ro t a t ab le  disk w i th  ape r tu res  
for four  masks.  Two masks  y ie ld  the uppe r  and  

| F i r e d  Silver Londs 
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Fig. 1. Evaporated capacitor array 
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lower  meta l  capaci tor  plates,  one a silicon monox-  
ide undercoat  and a protect ive  top layer,  and the 
four th  the dielectr ic  film to be studied. The geo- 
metr ic  reg is t ra t ion  is accurate  to • The 
subs t ra te  can be heated to a t empera tu re  of 400~ 
measured  by  thermocouple.  A source changer  pe r -  
mits evapora t ion  of the different  layers  from a 
single source location for a more uniform thickness 
dis tr ibut ion.  I t  consists of a t u rn tab le  with outside 
dr ive  and rubbe r - sea l ed  feedthrough.  

Graphi te  crucibles have been used successfully 
for the evapora t ion  of a luminum, but  be t te r  resul ts  
were  obtained with  boron n i t r i de - t i t an ium dibor ide  
crucibles made by the Nat ional  Carbon Company.  
The dielectr ics have been evapora ted  from a num-  
ber  of different source ar rangements .  Except  as 
noted later ,  best resul ts  were  achieved with  a h igh-  
pur i ty  a luminum oxide crucible (Morgani te  "Tr i -  
angle RR ''1 recrys ta l l ized  a lumina)  covered wi th  an 
a luminum oxide aper tu re  pla te  wi th  an orifice d i -  
ameter  of 0.25 in. The . installation of such an aper -  
ture  pla te  creates a space of more near ly  sa tura ted  
vapor  over the evapora t ing  surface and reduces 
the reby  the decomposi t ion of the evaporant .  The 
crucible is heated by radia t ion  f rom an enclosing 
graph i te  crucible,  which in turn  is induction 
heated.  The source t empe ra tu r e  was moni tored  by 
an optical  pyrometer .  

Substrate Requirements 

Ear ly  a t tempts  to evapora te  capacitors  on cleaned, 
but  o therwise  unprepa red  microscope slides y ie lded 
a large  number  of film pinholes,  accompanied by 
electr ical  shorts be tween the capaci tor  plates.  Mi- 
croscopic examinat ion  of the glass slides showed 
extended areas  of increased surface roughness 
which p robab ly  represented  recrys ta l l iza t ion  zones. 
By apply ing  an undercoat  of silicon monoxide,  
however,  a sufficiently smooth surface could be ob- 
ta ined to e l iminate  pinhole formation.  

The y ie ld  of shor t - f ree  capaci tors  was fu r the r  
increased by  a proper  choice of the  meta l  used for 
the capaci tor  plates.  Metals of high evapora t ion  
t empera tu re  such as chromium, nickel,  germanium,  
and iron resul ted  in a higher  percentage  of fai lures,  
p robab ly  due to pene t ra t ion  of the dielectr ic  by  the 
highly energized meta l  atoms. Gold, an obvious 
choice because of its low evapora t ion  t empe ra tu r e  
and high conductivi ty,  also gave poor results.  Its 
high mobi l i ty  may  have caused shorts  by  g ra in -  
boundary  diffusion. Of all metals  invest igated,  a lu-  
minum yie lded  the fewest  shorts. This can p roba -  
b ly  be exp la ined  by its low evapora t ion  t e m p e r a -  
ture  combined, wi th  a decreased surface mobi l i ty  
caused by  the Zaffinity of a luminum for oxide bonds. 
Copper, another  obvious choice, was not inves t i -  
gated due to the known poor adherence  of copper 
films when not backed by  thin chromium layers.  
With a luminum plates and lands,  a 95-100% yie ld  
of shor t - f ree  capacitors  could be obtained with  
most dielectr ics invest igated.  In all  cases, the same 
subst ra te  cleaning procedure  was followed, using 

1 T r a d e m a r k  of M o r g a n i t e ,  Incorporated. 

detergent ,  water ,  and alcohol washes under  u l t r a -  
sonic agitat ion.  

Electrical Measurements 

The dielectr ic  constants and loss tangents  of the 
capaci tor  samples were  measured  in the  f requency 
range  f rom 120 cps to 5 mc on two different  com- 
merc ia l  capaci tor  bridges.  At  120 cps, 1 kc and 10 
kc, an ESI  Universa l  Impedance  Br idge  wi th  adap-  
tors gave capaci tance and loss tangent  direct ly.  
F rom 30 kc to 5 mc, a W a y n e - K e r r  601 Bridge,  
using a Rhode and Schwarz  SBF Signal  Genera tor  
and USVH Null  Detector,  y ie lded  the capaci tance 
and the effective para l l e l  resistance,  from which 
the loss tangent  was calculated.  The dielectr ic  
constant  was calcula ted f rom the capaci tor  p la te  
area  and the thickness of the dielectr ic  wi thout  
correct ing for edge effects, which are small  com- 
pared  to the exper imenta l  error.  

Film Structure Determination 

The crys ta l lographic  invest igat ion of the film 
s t ructures  was per formed  by electron diffraction 
and x - r a y  diffraction. Samples  for electron diffrac- 
t ion and electron microscopy were  p repa red  on 
f reshly  cleaved rock salt  subst ra tes  which were  
first coated wi th  a thin amorphous silicon monoxide  
layer  to p reven t  a p re fe ren t ia l  c rys ta l  growth  of 
the dielectr ic  films. 

The optical  constants n ( ref rac t ive  index)  and k 
(absorpt ion coefficient) were  obtained f rom reflec- 
tance and t ransmi t tance  measurements  of separa te ly  
p repa red  dielectr ic  samples on a Beckman DK-2 
spectrophotometer ,  covering the wave length  region 
from 3000 to 10,000A. 

In cases where  the pur i ty  of the deposi ted d i -  
electric films was questionable,  samples were  sub-  
mi t ted  to an analysis  by  x - r a y  fluorescence and 
emission spectroscopy. 

Dielectric Losses at High Frequencies 

The dielectr ic constant  and loss tangent  values  
were  measured  on layers  forming the dielectr ic  of 
vacuum deposi ted capacitors.  To separa te  the  ohmic 
lead and pla te  losses f rom the t rue  dielectr ic  losses, 
the electr ic resis tance of leads and plates  must  
e i ther  be kept  negl igible  or be independent ly  de-  
te rminable .  In the  s tudy of dielectr ic  films, no com- 
p le te ly  sat isfactory exper imenta l  solution exists  for 
e i ther  approach.  

At tempts  to obtain low-res i s tance  capaci tor  
plates  were  not successful. On test capacitors  con- 
sisting of an opt ica l ly  fiat copper electrode coated 
wi th  the  dielectr ic  and a second electrode in con- 
tact  wi th  the first, the remain ing  surface i r regu-  
lar i t ies  often caused electr ical  shorts. In addit ion,  
the  air  film at  the second d ie lec t r i c -meta l  in terface  
caused errors  in the electr ical  measurements .  In-  
creasing the thickness of evapora ted  capaci tor  plates  
and leads by  e lec t ropla t ing  was also unsuccessful,  
since the surface roughness of thick pla t ings  
resul ted  in e lectr ical  shorts. 

Bet te r  resul ts  were  obta ined by  de te rmin ing  lead 
and p la te  losses wi th  a method given by  McLean 
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Fig. 3. Loss tangent vs. frequency for evaporated capacitor 
plates and leads of various thickness in series with a loss-free 
1000 pfd air capacitor. The "ohm per square" values given indicate 
the resistivities of the films, whose dimensions were Vs x ~ in. 
(3 squares). 

l~ r r 

/ 

0.001 I i I 

lOll I0 10 2 10 3 10 4 

Frequency, Kilocycles 

Fig. 4. Loss tangent vs. frequency for an evaporated magnesium 
fluoride 1000 pfd capacitor with plates and leads of various thick- 
nesses. 

(1).  The loss tangent  of a series capac i t ance- re -  
sistance ne twork  is given by 

tan ~ = ~C (R~ + R'~) [1] 

where  R~ is the "effective series resis tance" of the 
dielectric,  and R', is the ohmic resis tance of the 
leads and plates.  At  high frequencies,  R~ becomes 
small  against  the ohmic resis tance R ' ,  and the 
slope of the  loss tangent  curve approaches  45 ~ in 
a log log plot. This has been shown by placing 
evapora ted  leads and plates,  wi th  no dielectr ic  
layer,  in series wi th  a loss-f ree  air  capaci tor  and 
compar ing the loss tangent  curve obtained (Fig. 3) 
wi th  the one obta ined using ident ical  leads and 
plates  containing an evapora ted  magnes ium fluoride 
dielectr ic  l aye r  (Fig. 4). F igures  3 and 4 also show 
the dependence of the  capaci tor  losses on the th ick-  
ness of the leads and plates.  

Equat ion [1] can be solved s imul taneously  at 
two points on the 45 ~ slope of the loss tangent  
curve y ie ld ing  R' ,  since it can be assumed that  
~C R~ is app rox ima te ly  constant  over  this interval .  
With  the R'~ values  obtained,  the  loss tangent  
curve is then corrected point  by point  to y ie ld  the 
loss tangent  of the dielectr ic  i tself  as a funct ion of 
frequency.  The dielectr ic  losses given in Fig. 6 have 
been obta ined by this method. 
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Fig. 5. Dielectric constant vs. frequency for evaporated dielectric 
materials. 
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Fig. 6. Loss tangent vs. frequency for 1000 pfd evaporated 
capacitors. The solid line indicates the loss tangent measured on 
the evaporated capacitors, the dashed line the corrected loss 
tangent of the dielectric obtained by the method outlined in the 
text. 

Exper imental  Results 
Dielectrics of low dielectric constant.--The fol-  

lowing dielectr ic  mater ia l s  have been studied:  
cer ium dioxide, cer ium fluoride, l an thanum fluor- 
ide, magnes ium fluoride, silicon dioxide,  silicon 
monoxide,  and zinc sulfide. 

Severa l  of these mater ia l s  were  found to be un-  
sat isfactory as capaci tor  dielectrics.  Cer ium dioxide 
decomposed s t rongly when evapora ted  f rom a lu-  
minum oxide crucibles. Its behavior  when evapo-  
ra ted  f rom meta l  crucibles wi l l  be discussed later .  
Lan thanum fluoride and silicon dioxide films were  
hygroscopic. These silicon dioxide films were  p ro-  
duced by  evapora t ing  silicon monoxide  in oxygen 
at a pressure  of 5 • 10-' torr .  

The remain ing  mater ia l s  all  were  sat isfactory to 
a g rea te r  or lesser extent .  Their  dielectr ic  constants  
as a function of f requency are shown in Fig. 5, and 
thei r  loss tangents  as a funct ion of f requency in 
Fig. 6. Silicon monoxide  has been prev ious ly  used 
as a capaci tor  dielectr ic  (2).  I ts dielectr ic  constant  
of 6.0 could be reproduced  only to about  --10%, 
due to the  s trong dependence  of the film composi-  
t ion on the deposi t ion parameters .  However,  its 
d-c  b reakdown  s t rength  of 2 • 106 v / c m  is excel-  
lent, even exceeding that  of mica (4 • 10 e v / c m ) .  
This fact and the low dielectr ic  constant  make  si l i -  
con monoxide an excel lent  choice for an insulat ion 
mater ia l .  

Zinc sulfide y ie lded  the compara t ive ly  high di-  
electr ic  constant  of 8.2, good reproduc ib i l i ty  ( - -  
5%) ,  and small  low-f requency  losses when de-  
posi ted f rom an ape r tu re  source. However,  its d-c  
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breakdown s t rength  of 2 • 10 ~ v / c m  is an order  of 
magni tude  lower  than  tha t  of silicon monoxide.  

Magnesium fluoride, wi th  a dielectr ic  constant  of 
6.5, good reproducibi l i ty ,  excel lent  d-c  b reakdown 
s t rength  (2 • 10 ~ v / c m ) ,  and very  low d-c  leakage 
current  (less than 1 ~a at 2 • 10 ~ v / c m )  exhib i ted  
the best  dielectr ic  proper t ies  of the mater ia l s  
tested. These values were  achieved wi th  films 
evapora ted  on room t empera tu re  substrates.  The 
films were  hard  and durable ,  even in thicknesses up 
to 2~. 

A l imi ted  amount  of accelera ted life test da ta  is 
ava i lab le  for one of these mater ia ls ,  silicon monox-  
ide. These da ta  indicate  tha t  the dielectr ic  mate r ia l  
i tself  is unaffected by the rma l  stress (--55 ~ to 
100~ re la t ive  humid i ty  (20-95%),  and power  
dissipat ion (0 to 10 w / in# ) .  However,  corrosion of 
the meta l  plates  and leads causes fa i lure  if not 
protec ted  against  excess humid i ty  in combinat ion 
with the  other  stresses. 

Dielectrics of high dielectric constant . - - In  a cer-  
ta in range of deposit ion conditions, cer ium dioxide, 
cer ium fluoride, and l an thanum fluoride y ie lded  
films exhibi t ing a thickness dependent  dielectr ic  
constant  much higher  than  normal.  Because of the 
ease of prepara t ion ,  cer ium fluoride was the most 
ex tens ive ly  invest igated of these compounds. When 
evapora ted  f rom a t an t a lum crucible at  1450~ 
cer ium fluoride films have an apparen t  dielectr ic  
constant  at  1 kc va ry ing  f rom E/~ = 52 at l l 0 0 A  to 
e/Eo = 280 at  5900A, as shown in Fig. 7. Powder  
x - r a y  diffraction measurements  made  from these 
films show the s t ruc ture  of bu lk  cer ium fluoride, 
and measurements  of the  ref rac t ive  index yield,  in 
agreement  wi th  prev ious ly  publ i shed  da ta  (3),  a 
value  for the dielectr ic  constant  of 2.7 at  optical  
frequencies.  Cerium fluoride films evapora ted  f rom 
a luminum oxide crucibles under  otherwise ident i -  
cal condit ions exhibi t  a nonthickness dependent  
dielectr ic  constant  of 8.2 at  1 kc. 

Careful  x - r a y  diffraction measurements  obtained 
d i rec t ly  f rom the evapora ted  films show tha t  films 
evapora ted  from oxide crucibles are  amorphous,  
whi le  the meta l  crucibles y ie ld  po lycrys ta l l ine  
films, wi th  the  c-axis  or iented in the plane of the 
substrate ,  and the a-  and b -axes  r andomly  oriented.  
Cer ium fluoride has a hexagonal  cell (a = 7.112A, 
c = 1.279A). Since no significant change in the de-  
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gree of or ienta t ion could be observed with  increas-  
ing film thickness,  the  thickness behavior  of the d i -  
electric constant  cannot be expla ined  by  assump-  
tions based on crys ta l l ine  anisotropy.  Fer roe lec t r i c -  
i ty  is also ru led  out, since it too does not  expla in  
the observed thickness dependence of the dielectr ic  
constant. 

A decomposit ion of the deposi t  leading to the  
format ion  of metal l ic  grains  imbedded  in the di-  
electric could yie ld  a high dielectr ic  constant  (4).  
However,  in order  to expla in  the  la rge  effect ob- 
served, the percentage  of conducting mate r ia l  would 
have to be so high that  the films would be opt ical ly  
opaque, and insulat ion would  almost  cer ta in ly  not 
be achieved. For  a 5900A film having an apparen t  
dielectr ic  constant  of 280 at  1 kc, the equivalent  
dielectr ic  thickness would be 150A and conductor 
thickness 5750A. 

As a mechanism for this thickness dependence,  
the possibi l i ty  of the presence of Schot tky  ba r r i e r  
layers  at  the meta l -d ie lec t r i c  interfaces was the re -  
fore invest igated.  P a r k e r  and Wasi l ik  (5) have 
found the presence of ba r r i e r  l ayers  at  the elec-  
t rode -c rys t a l  interfaces of a single crys ta l  of ru t i le  
and could the reby  expla in  the high, th ickness -de -  
pendent  dielectr ic  constant  at low frequencies.  

The Schot tky  ba r r i e r  l ayer  is formed at  the in-  
ter face  of mater ia l s  of different  surface work  
functions. Equal izat ion of the Fe rmi  levels of the 
two interface  mater ia l s  resul ts  in a car r ie r  deple-  
t ion in the s l ight ly  semiconducting dielectric,  fo rm-  
ing the ba r r i e r  layer .  The depth  of the l aye r  D is 
de te rmined  by  the difference in work  functions 9, 
by the appl ied vol tage V, and the car r ie r  densi ty  
N: 

D [2~ (0 - -V) ]  lj~ [I] 
e N  

E being the static dielectric constant of the semi- 
conducting dielectric and e the electron charge. 

A slight catalytic decomposition of the cerium 
fluoride at the metal crucible walls is probably 
causing the formation of charge carriers necessary 
to obtain the proposed barrier layers in the investi- 
gated rare earth compounds. 

The equivalent circuit of an evaporated capaci- 
tor having barrier layers at the electrode-dielec- 
tric interfaces is shown in Fig. 8. C,, R1 and C~, R~ 
represent  the capaci tance and resis tance of the 
ba r r i e r  layers,  and C~, R~ tha t  of the dielectr ic  
layer .  When a vol tage  is appl ied  in a fo rward  di-  
rect ion for the ba r r i e r  l ayer  (C~, R~), the resis tance 
R~ becomes much la rger  than  R~ and R~, and the 
capaci tance is given by: 

CI ~ ~ A/DI  [2] 

Cl C2 C3 

L212  
R I R2 R3 

Fig. 7. Apparent dielectric constant vs .  dielectric thickness at Fig. 8. Equivalent circuit of a capacitor having barrier layers 
I kc for cerium fluoride evaporated from refractory metal crucibles, at electrode-dielectric interfaces. 
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Fig. 9. Apparent dielectric constant and loss tangent vs. fre- 
quency for a 2300A cerium fluoride capacitor. 

where  D1 is the th ickness  of the  ba r r i e r  l ayer  C1, 
R ,  The capac i tance  of this  condenser ,  at low f re -  
quencies ,  is therefore  i n d e p e n d e n t  of the  dielectr ic  
th ickness  and  is d e t e r m i n e d  solely by  the  area  and  
the  ba r r i e r  l ayer  thickness .  Us ing  the  va lue  for c of 
7.2 • 10 -11 fa rad  pe r  m measu red  on amorphous  
ce r ium fluoride films, a ba r r i e r  l ayer  th ickness  of 
abou t  150A is indicated.  

As a f u r t he r  proof of the  presence  of ba r r i e r  
layers ,  a capaci tor  was  m a d e  h a v i n g  a si l icon m o n -  
oxide l aye r  at  one me ta l -d i e l ec t r i c  in te r face  abou t  
200A thick. Ohmic  contac t  was  no t  achieved,  bu t  
the  ba r r i e r  l ayer  charac ter is t ics  were  changed  so 
that  rect i f icat ion occurred.  A l though  the  res i s tance  

was  v e r y  h igh ( >  10 ~ ohms)  a f r o n t - t o - b a c k  ra t io  of 
abou t  5- to-1  was  observed.  

As would  be expected,  losses are associated wi th  
such as mechan i sm,  Fig. 9 shows the loss t a n g e n t  
and  a p p a r e n t  dielectr ic  cons tan t  of a 2300A ce r ium 
fluoride film wi th  respect  to f requency .  The dielec-  
t r ic  cons tan t  r e ma i ns  h igh t h r o u g h o u t  the audio 
f r e que nc y  range.  The loss t a n g e n t  at 1 kc is lower  
t h a n  tha t  of si l icon monox ide  a nd  r e ma i ns  accepta-  
b ly  low in  the  audio f r e q u e n c y  range .  

In  spite of the  smal l  b a r r i e r  l ayer  thickness ,  the 
b r e a k d o w n  vol tages  of 20-30v and  leakage  res is t -  
ances of the  order  of 10 ~ ohms or h igher  m a k e  
these capaci tors  we l l  su i ted  for appl ica t ions  in 
evapora ted  circuits.  S torage  of unp ro t ec t ed  capaci-  
tors in  air  at room t e m p e r a t u r e  for over  a yea r  has 
no t  a l te red  the i r  e lect r ical  proper t ies .  

Manuscript  received Ju ly  17, 1961; revised m a n u -  
script received Sept. 28, 1961. This paper was prepared 
for delivery before the Indianapolis  Meeting, Apri l  30- 
May 3, 1961. 

Any  discussion of this paper  will appear in  a Dis- 
cussion Section to be published in  the December 1962 
JOURNAL. 
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Some Effects of the Electric Contact in Films 
of Electroluminescent ZnS:Cu,CI 

W. J. Harper 

E~ectronics Department, Research Laboratories, Westing house Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

A low-conduct ivi ty  layer  placed between a conducting electrode and a 
film of evaporated electroluminescent  ZnS:Cu,C1 phosphor has a pronounced 
effect on the properties of the cell. The logari thm of the integrated br ight -  
ness varies inversely as the voltage or as the square root of the voltage, 
or their  combination, depending on the electric contact and on the conditions 
of excitation. Three brightness peaks may be obtained in each half cycle 
of a l ternat ing voltage, one substant ia l ly  in phase, the other two delayed. The 
in-phase  brightness peak is accompanied by some rectification of current .  
The direction of greater current  is determined by the na ture  of the contact 
and the conditions of excitation. 

In  the e l ec t ro luminescence  (EL) of ZnS  phos-  
phor  powders  embedded  in  a dielectr ic  the n a t u r e  
of the electrode p lays  a m ino r  role (1-3) .  Grea t e r  
a t t en t i on  has been  g iven  to the  electric contact  in  
the  EL of s ingle  crys ta ls  where  some cor re la t ion  
has been  repor ted  b e t w e e n  di f ferent  e lect rode m e t -  
als, the  me thod  of app ly ing  them,  and  the  r e su l t -  
ing cell p roper t ies  (4-11) .  For  EL th in  films Ha l -  
sted and  Kol le r  (12) used an  evapora ted  me ta l  
whi le  Kol le r  (13) appl ied  a t h in  n o n c o n d u c t o r  
pr ior  to the metal .  Vlasenko  and  Popkov  (14) ob-  

served some effects of an i n s u l a t i n g  film on a ZnS:  
Mn phosphor,  whi le  T h o r n t o n  (15) evapora ted  A1 
d i rec t ly  on phosphor  films wi th  var ious  act ivators .  

The  dependence  of EL b r igh tness  on vol tage  may  
be r ep resen ted  by  

L ~ Lo exp (--  a / V )  [1] 
or by  

L ~ Lo exp ( - -  b / V  1/~) [2] 

where  L is the br igh tness ,  V the vol tage,  and  Lo, 
a, b are constants .  These  re la t ionships ,  among  
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others, have been proposed by ear l ie r  authors.  Most 
EL cells of phosphor  powders  and of films follow 
[2] quite well,  a l though Lehmann  (16) found tha t  
[1] r epresen ted  resul ts  for some single par t ic les  
and selected thin films of ZnS: Cu,C1. 

Genera l ly ,  the  b r igh tness -vo l tage  and the b r igh t -  
ness - f requency  re la t ionships  have not been corre-  
la ted wi th  the  electr ic contact  by previous  authors.  
In the work  repor ted  here it was found that  the 
na tu re  of the electr ic contact  to ZnS:Cu,C1 EL 
phosphor  films has a pronounced effect on the 
br ightness  and its re la t ionship  to voltage,  f re -  
quency, and efficiency. 

Experimental Results 
Electric contact.--The films were  p repa red  by  

evapora t ing  a phosphor  onto a glass coated wi th  t in 
oxide and were  then heat  t reated.  They are  sub-  
s tan t ia l ly  s imi lar  to those repor ted  by  Thornton 
(15). The t in oxide on glass forms one electr ic con- 
tact  and also the  t r anspa ren t  electrode. A var ia t ion  
in the proper t ies  of EL is obta ined by va ry ing  the 
other electr ic contact, which is usual ly  an evapo-  
ra ted  meta l  wi th  or wi thout  a film of insula t ing 
mate r ia l  be tween the phosphor  and the metal .  In 
this r epor t  only electr ic  fields normal  to the plane 
of the phosphor  are  considered. The phosphor  
thickness is 1-3/~ and appears  to be a s ing le -c rys ta l  
thickness wi th  the d iamete r  of the crysta ls  about  
the same dimension as the  thickness of the film. 
The layer  of low-conduc t iv i ty  mate r ia l  appl ied  be-  
tween the phosphor  and the meta l  wi l l  be re fe r red  
to as an insula tor  a l though in very  thin  layers  it 
may  conduct cur ren t  appreciably .  

I t  was found tha t  if the meta l  electrode is evap-  
ora ted  d i rec t ly  on to the phosphor  layer ,  EL may  
be obtained with  the meta ls  A1 and Mg, but  not at 
all  or ve ry  poor ly  wi th  some other  meta ls  such as 
Ag, Cu, In, Zn, Sn, Fe, Pt. The la t te r  metals  di -  
rec t ly  on the  phosphor  give a low resis tance con- 
tact  and a subs tan t ia l ly  ohmic cu r ren t -vo l t age  
re la t ionship  for the cell. Thus the t in oxide ap-  
pa ren t ly  also forms a low resis tance contact. How-  
ever,  al l  the  metals  give a high resis tance contact  
and EL from ZnS: Cu,C1 films when exci ted by  an 
a l te rna t ing  vol tage if an insulat ing layer  is placed 
be tween the meta l  and the phosphor.  The thickness 
of the insula tor  requ i red  depends on the ident i ty  
of the me ta l  and the insulator.  Occasionally any 
meta l  alone may  give EL, but  it is thought  tha t  in 
such instances effective insulat ing layers  may  be 
produced by the mechanical  or chemical  t r ea tmen t  
of the ZnS surface or by  some in terac t ion  be tween  
the phosphor  and the metal .  This conclusion is 
reached because the proper t ies  of the resul t ing 
cells are  s imi lar  to those obtained with  A1 or Mg 
electrodes.  However,  there  are addi t ional  factors 

involved since some metals  such as Au, Pd, Ni, Bi, 
Pb yie ld  luminescence and cell p roper t ies  some- 

wha t  different  f rom those obta ined wi th  A1. 
This paper  describes the type  of proper t ies  ob- 

ta ined  wi th  A1 electrodes wi th  and wi thout  an in-  
sulator.  The A1 is evapora ted  from a tungsten fila- 
ment  at a pressure  grea te r  than  10-' mm Hg. I t  is 
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Fig. 1. Schematic diagram of the voltage, current, and bright- 
ness wave forms. Symbols shown for current and brightness are 
used to identify the peaks and also as their maximum amplitude. 

bel ieved that  the A1 oxidizes on exposure  to the 
atmosphere.  There  may  also be some effect due to 
electr ical  forming since usual ly  an in i t ia l ly  h igher  
vol tage and current  must  be appl ied to A1 and Mg 
contacts before EL can be obtained at lower  vol t -  
ages. 

Brightness wave form.---The b~ightness wave  
form of EL films forms a convenient  reference for 
expla in ing and corre la t ing  other  propert ies .  Three  
br ightness  peaks  are usual ly  obtained in each ha l f -  
cycle of sine or t r i angu la r  voltage.  In  the  films de-  
scribed here  the br ightness  peaks  in one ha l f -cyc le  
of vol tage are much grea te r  than  those in the other 
half. Of the three  peaks,  one is subs tan t ia l ly  in 
phase wi th  the vol tage and the other  two are de-  
layed.  F igure  1 shows a schematic d i ag ram of the 
br ightness  and current  wave  forms obtained with  a 
t r i angu la r  vol tage wave  form. A t r i angu la r  r a the r  
than  a sine vol tage is used in order  to dis t inguish 
the  in -phase  peaks  more  readi ly .  The br ightness  
peak  is denoted by  subscr ipt  "g" (or "m")  if it  
begins when the glass (or meta l )  side electrode is 
going positive. Superscr ip ts  "i," double prime,  and 
pr ime are used for the in-phase ,  secondary,  and 
p r i m a r y  peaks,  respect ively.  Somet imes there  are 
smal l  peaks  which cannot be identified as one of 
the above six. F igure  2 shows voltage,  br ightness  
and cur ren t  wave  forms for an evapora ted  A1 elec-  
t rode wi th  and wi thout  a 10 m~ insula t ing layer  of 
SiO~. Brightness  values  given in this and the fol-  
lowing figures should be considered as a pp r ox ima-  

tions. 
The magni tude  of the in -phase  peaks,  L~' and 

Lm l, depend on the amount  and type  of low-con-  
duc t iv i ty  ma te r i a l  be tween  the meta l  electrode and 
the phosphor  and on the conduct ivi ty  of the phos-  
phor itself. Frequent ly ,  Lm ~ is about equal  to L~ i, 
but  because it is often over lapped  by L , ' ,  it  does 
not appear  prominent ly .  Both peaks  are  absent  if 
the me ta l  electrode is insula ted  sufficiently. The 
ampl i tude  of these peaks  at l ow- f requency  a l t e r -  
nat ing vol tage is about  the  same as for the equiva-  
lent  direct  voltage.  With  a-c  exci ta t ion the max i -  
mum of the in -phase  peaks  follows the vol tage and 
cur ren t  max ima  by  an in te rva l  of about  a mi l l i -  
second. The in te rva l  decreases as the vol tage or 
f requency is increased.  

Nar row band optical filters indicate  tha t  the in-  
phase peaks  L~' and L,~' have a strong blue compo- 
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Fig. 3(a). Peak current variation with peak triangular voltage at 
30 cps. Fig. 3(b). Steady-state d.c. with the AI electrode negative 
for increasing voltages starting with a de-excited phosphor, and for 
decreasing voltages. 

Fig. 2. Voltage, current, and brightness wave forms from an 
EL ZnS:Cu,CI layer of thickness 1.5~ at six frequencies. The top 
half of each photograph is for a cell area with an AI electrode 
on 10 m~ of SiO~; the bottom half is for another area of the same 
specimen with AI alone. The triangular voltage was held constant 
at 20v peak. Positive voltage on the glass side is to the top of the 
picture. Brightness zero is shown at the bottom of the picture. The 
brightness magnitude is given in millilamberts per division (major). 
The current magnitude is 25 ma/cm ~ per division. The phosphor 
layer is one of comparatively low conductivity. 

nent. The peaks  Lm' and Lm" are  of the  same qual -  
i ty  green at f requencies  of 1-10 cps, but  possess a 
more blue character is t ic  at  100-1000 cps. 

A bui ldup  in the ini t ia l  several  cycles, wel l  
known in EL powders,  occurs in the peaks  Lm' and 
L~", but  the in -phase  peaks do not have a buildup.  

Current relations.--The current  wave  forms are 
also affected by  the na tu re  of the electric contact.  
With  thick insulators  the capaci t ive p rope r ty  of the 
cell dominates  the  cur ren t  wave  form. If  h igh r e -  
sistance Mg or A1 contacts are used, the ins tan-  
taneous cur ren t  I var ies  app rox ima te ly  as the 
square of the voltage,  V, as may  be seen in Fig. 2. 
If p rominen t  in -phase  peaks are present ,  the cur-  
ren t  may  be somewhat  rectified. The direct ion of 
g rea te r  cur ren t  is usual ly  the glass side posi t ive at 
low voltages,  low frequencies,  and high t e m p e r a -  
tures. If the small  differences due to current  rec t i -  
fication are  neglected,  the ampl i tude  of the cur ren t  
peaks at low frequencies  varies  roughly  as the 
second to the four th  power  of the vol tage [Fig. 
3 ( a ) ] .  

If  a d i rec t  voltage,  V, is appl ied in steps to a cell 
wi th  an A1 contact  and the current ,  I, is a l lowed 
about  1 min to reach a s teady state, the current  is p ro-  
por t ional  to V up to about  0.5v, var ies  as V-" from 
about  1 to 8v and app rox ima te ly  as V ' or a h igher  

power  up to breakdown.  At  voltages above about 8v 
the current  must  be l imi ted  to p reven t  dest ruct ion of 
the cell. The po la r i ty  of the appl ied vol tage or 
whe ther  it is being increased or decreased does not 
change the shape of the I -V re la t ionship  great ly .  
However,  the h is tory  of the cell and other  unknown 
factors often have large effects on the magni tude  of 
the current  at low voltages. For  example,  as shown in 
Fig. 3 (b ) ,  the ini t ia l  cur rent  through a de -exc i t ed  
phosphor  l ayer  is much lower  than in the same cell 
af ter  it has been recent ly  excited. 

Effect of voltage.--The dependence of in tegra ted  
br ightness  on vol tage for a ZnS:Cu,C1 l aye r  may  
range  f rom Eq. [1] to Eq. [2], depending on the elec-  
tric contact, f requency of excitation,  t empera ture ,  
and the conduct iv i ty  of the phosphor.  Equat ion [2] 
is favored by phosphor  films with  high conductivi ty,  
wi th  ve ry  thin insulators,  and at low frequencies.  
With  more insulation,  Eq. [1] is fol lowed quite well  
in the audio f requency range.  Combinat ion of the two 
forms are  usual ly  obtained.  Frequent ly ,  a t  very  low 
voltages,  the fit is not good to e i ther  of the equations.  

Whe the r  Eq. [1] or [2] is fol lowed by  the var ia t ion  
of in tegra ted  L wi th  V is de te rmined  by the domi-  
nant  br ightness  wave  forms. The ampl i tude  of the 
peaks L~', Lm', and Lm" follow [2]; the peaks Lm' fol-  
low [1] fa i r ly  well.  When the logar i thms of L~ i and 
Lm" are p lot ted  against  V -lj~, the slopes of the lines 
are  app rox ima te ly  equal  as shown in Fig. 4. In all  the 
figures showing ampl i tude  of br ightness  peaks,  the  
m a x i m u m  was measured  f rom zero brightness,  and 
no correct ion has been made for over lap of peaks.  
The re la t ive  magni tude  of the br ightness  peaks de-  
pends on the resis tance of the contact, p repa ra t ion  
of the phosphor,  and conditions of excitat ion.  

The peak  Lm' may  consist of two superposed peaks,  
suggested by  the following evidence. At  high vol t -  
ages its ampl i tude  may  become grea ter  or less than 
tha t  given by  [1], and this is accompanied by the 
na r rowing  or broadening  of the peak.  At  high vol t -  
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ages and wi th  high posi t ive bias on the meta l  elec- 
trode, L :  may  develop two over lapping  peaks.  In 
the  first few cycles af ter  a vol tage is applied,  the am-  
p l i tude  sometimes decreases while  the width  b road-  
ens. These proper t ies  of L~' occur even when L~' and 
Lm" are  d is t inc t ly  separa ted  f rom it. However ,  in this  
report ,  L~' wi l l  be t rea ted  as a single peak. 

The vol tage re la t ionship  be tween the three  peaks  
may  also be shown by adding a small  direct  voltage, 
posi t ive on the glass side, to an a l t e rna t ing  voltage. 
Peaks  L~' and L~" increase app rox ima te ly  the same 
amount,  while  peak  L~' remains  unchanged.  This in-  
dicates tha t  L :  depends more on the p e a k - t o - p e a k  
vol tage than  on ei ther  of the two peak  voltages. 

Ef]ect of thickness of insulator.--As the thickness 
of the insulat ing layer  be tween the meta l  contact  and 
the phosphor  is increased beyond about  5 m/~, the 
conductance of the cell is decreased,  while  the 
br ightness  at  modera te  voltages and frequencies is 
increased. Thus the efficiency is increased subs tan-  
t ia l ly  by  the use of the insulat ing layer .  

F igure  5 shows how the b r igh tness -vo l tage  re -  
la t ionship is affected by increasing the thickness of 
SiO~ under  A1 electrodes.  Up to a point  the slope re -  
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Fig. 5. Dependence of integrated brightness on thickness of 
silica insulator under an evaporated AI metal electrode as a func- 
tion of voltage. 

mains constant  whi le  the  br ightness  increases. Then, 
as more insulat ion is added, the slope increases by  
pivot ing on a point  of constant  Lo. The la t te r  p rop-  
e r ty  is s imilar  to tha t  found for cells of phosphor 
powders  embedded in a dielectric.  

For  the phosphor layer  used, the op t imum br igh t -  
ness at a given vol tage corresponds to an SiO~ layer  
of about 10 m~. Opt imum efficiency is obta ined with  
grea te r  thicknesses of insulation. F igure  6 shows how 
the efficiency var ies  wi th  vol tage as the SiO~ layer  is 
increased in thickness. At  1000 cps and modera te  
voltages the equivalent  pa ra l l e l  capaci tance of the 
contact 'C' in Fig. 5 is about 10 n f / cm ~ and the a-c  
conductance is 100 ~mhos/cmL 

Effect of frequency.--The nature  of the electric 
contact also determines  the re la t ion of br ightness  
to frequency.  Again,  a correla t ion with  the b r igh t -  
ness wave  form is possible. The ampl i tude  of the 
peaks  L~' and L,,,' is almost independent  of frequency.  
The base of the in -phase  peaks  re ta ins  the same f rac-  
t ion of each cycle as the f requency is varied.  Thus 
the in tegra ted  br ightness  of the in -phase  peaks is 
a lmost  independent  of f requency up to about  500 cps. 
Beyond this f requency the ampl i tude  of the peaks  
diminishes and thei r  ident i ty  is lost. An example  is 
shown in Fig. 7. At  room t empera tu re  the in -phase  
peaks  dominate  the total  br ightness  up to frequencies 
of about  3 cps. The films descr ibed were  p repa red  for 
a-c  excitat ion.  F i lms  may  be p repa red  to have the 
in -phase  peaks  dominant  to higher  frequencies.  Such 
films are more sui table  for d-c  excitat ion.  

.~ ~o7 L ~ ~i.8~ inS: CulO ~ ~ / '  
l 20 Volts Peak a/~ 

I L , ~  N Gont~t I V ~  (b) 
10 -3 m ~" ~ I. I 20 ,u. Nitrocellulose 

E .51I" ~ ~  g ~9~. and AI Contact 

Frequency (cps) 

Fig. 7. The variation with frequency of the amplitude of bright- 
ness and current peaks, (a) with an AI contact, (b) with 20 m~ 
nitrocellulose under the AI. No correction is made for the overlap 
of brightness peaks. The phosphor layer is relatively more conduct- 
ing than the specimen in Fig. 2. 
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The ampl i tude  of peaks  L' and L" increases wi th  
f requency and hence the in tegra ted  l ight  does also, 
if the de layed peaks  dominate  the br ightness  wave  
form. In the films descr ibed here the in tegra ted  l ight  
at  modera te  voltages is constant  up to a f requency of 
about 3 cps, then increases wi th  f requency up to 
about 5000 cps where  it levels off. 

E]~ect of temperature.--Each of the br ightness  
peaks  is affected by  t empera tu re  somewhat  differ-  
ently.  F igure  8 shows the ampl i tude  of some peaks  
for a l aye r  wi th  20 m~ of ni t rocel lulose plus A1 and 
the corresponding peaks  for the same phosphor  wi th  
A1 contacts only. In the figure it may  be noted tha t  
curve Lm", ra the r  than  Lm', for the Al -con tac t  peak  
has the same slope as the peak  Lm'(ins) for the  in-  
sula ted contact. This correla t ion occurs quite f re -  
quently.  The range of t empera tu re  where  these two 
curves are  para l le l  seems to decrease wi th  decreas ing 
vol tage and frequency.  The magni tude  of the b r igh t -  
ness peaks  and thei r  dependence on t empera tu re  
va ry  cons iderably  for specimens which are  subs tan-  
t ia l ly  a l ike  so tha t  the values given in the example  
cannot be considered represen ta t ive  of the phosphor.  

The in tegra ted  br ightness  curves for layers  wi th  
insulated contacts have the same slope as those for 
the corresponding ampl i tudes  of L~'. In the speci-  
mens examined  act ivat ion energies of 0.005-0.03 ev 
were  obtained.  The in tegra ted  br ightness  for layers  
wi th  A1 contact  only is usual ly  flat f rom 77~ to 
about 250~176 where  it drops off rapidly .  

Discussion 

A common in te rpre ta t ion  of EL in ZnS is tha t  a 
ba r r i e r  provides  a high field region which may  give 
rise to collision processes. An exhaust ion  layer  of the 
Mot t -Scho t tky  type  has been proposed by  Piper  and 
Wil l iams (17). An insula tor  at  the ba r r i e r  contact  
has been considered by  Zalm (18) and suggested by  
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others (19, 20). Froel ich  (21) deduced f rom exper i -  
menta l  observat ions that  AI~O, is associated wi th  the 
format ion of bar r ie r s  in EL Z n ( A 1 ) S : C u  phosphor 
powders.  Larach  and Shrader  (22) showed tha t  a 
surface phase of CuZnS plays  an impor tan t  role in 
the EL of ZnS powders.  

The resul ts  of the present  work  indicate  tha t  a low 
conduct ivi ty  l ayer  at an electrode is one method of 
inducing EL in s ing le - layer  thin films of ZnS: Cu,C1 
when the vol tage is appl ied  no rma l ly  to the p lane  of 
the films. 

I t  is bel ieved tha t  the contact  of the meta l  elec- 
t rode and the insula t ing layer  resul ts  in the accumu-  
lat ion of electrons in the insulator.  Sk inner  (23) has 
shown tha t  such an accumulat ion in depth  occurs for 
a sui table  choice of meta l  and insulator.  The contact  
be tween the insula tor  and the phosphor  p robab ly  
resul ts  in a deplet ion or exhaust ion layer  in the 
phosphor,  thus provid ing  a high resistance and a 
local high field. Har r i ck  (24) has shown tha t  an in-  
sulator  of thickness about  10 m~ faci l i ta tes  charge in-  
ject ion and extract ion.  In the present  work  it was 
found that,  wi th  favorable  conditions, about  5 m~ of 
SiO~ plus a h igh-res i s tance  A1 evapora ted  electrode 
resul ted  in grea te r  cur rent  at  modera te  voltages than 
wi th  silica thickness somewhat  grea ter  or none at  
all. Charge carr iers  pene t ra t ing  the insulat ing layer  
provide  current  for the in -phase  peaks.  When the in-  
sulator  is thicker ,  an accumulat ion of electrons at  
the interface be tween the phosphor  and the insulator  
may  provide  electrons for the de layed  peaks.  When 
the glass side electrode is positive, electrons from the 
insula tor  or, if the la t te r  is th in  enough, f rom the 
meta l  electrode are accelerated and may  produce ex-  
cited and ionized luminescent  centers. Some of the 
electrons are t r apped  in the phosphor,  forming a 
space charge. A field resul t ing from the space charge 
accelerates  electrons toward  the meta l  electrode. As 
the field due to the appl ied vol tage is reduced,  elec- 
t rons t he rma l ly  re leased could recombine  wi th  
empty  act ivator  centers and produce the secondary 
peak  L.,". If a thick insula tor  is present ,  the la t te r  
action is subdued. As the  field due to the ex te rna l  
vol tage reverses,  electrons re leased f rom t raps  and 
the in jected electrons are  t ranspor ted  into the region 
of the crys ta l  having ionized centers and the p r ima ry  
peak  Lm' results.  The peak  L.,' may  be due to the field 
resul t ing  f rom the superposi t ion of an ex te rna l  vol t -  
age and the space charge or polar izat ion voltage.  The 
effect of a small  bias vol tage ment ioned above is used 
to suppor t  this in terpre ta t ion .  The presence of a 
polar izat ion vol tage has been previous ly  rev iewed 
and descr ibed by Haake  (25). 

The a s y m m e t r y  of the br ightness  peaks Lm' and 
L,," wi th  respect  to the halves  of the vol tage cycle 
indicates tha t  they  depend on the ba r r i e r  or junct ion 
at the meta l  electrode. The substant ia l  s y m m e t r y  of 
the in -phase  peaks  indicates tha t  they  are not ve ry  
sensit ive to the na ture  of the contacts. Changing the 
voltage, t empera ture ,  or f requency can reverse  the 
direct ion of the current  rectification and the re la t ive  
in tensi ty  of the peaks,  Lm' and LgL Since both peaks  
have s imilar  blue components  in the i r  spectrum, the 
peak  L.J does not depend on the "blue" centers  
created in the previous  half  cycle. I t  is concluded 
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when the insula t ing layer  is thicker.  With  a thick 
insulator,  the peak  L , "  is reduced,  and a small  peak 
often appears  approx ima te ly  where  L~" would be ex-  
pected. This evidence also suggests tha t  the peak  L , '  
arises from two sources. The dependence of the 
peaks  L,. l and L~' on tempera ture ,  shown in Fig. 8, is 
not well  es tabl ished since there  was considerable  
var ia t ion  in them in the specimens examined.  The 
act ivat ion energies (0.005-0.03 ev) obtained from the 
slopes of the curves of p r i m a r y  peaks are s imilar  in 
magni tude  to those obtained by Haake  (33) for pow-  
ders. 

Var ia t ions  in current  ampl i tude  with  tempera ture ,  
frequency,  and vol tage may  be pa r t l y  due to the na-  
ture  of the conduction at the me ta l - insu la to r  contact 
as expla ined  by Fisher  and Giaever  (34). Two com- 
pet ing processes, the electrons tunnel l ing  through the 
ba r r i e r  and those passing over the potent ia l  bar r ie r ,  
could cause reversa ls  in the direct ion of g rea te r  cur-  
rent.  
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Luminescence of Copper-Activated Orthophosphates 
of the Type ABPO  (A = Ca, Sr, or Ba and B = Li, Na, or K) 

W. L. Wanmaker and H. / .  Spier 
Light Division, N. V. Philips' Gloeilampenfabrieken, Ei~zdhoven, Netherlands 

ABSTRACT 

Activation of orthophosphates of the type ABPO4 with copper gives an 
efficient phosphor in some cases. The brightest phosphors found are SrLiPO,- 
Cu and BaLiPO,-Cu, with an emission peak (with 2537A excitation) at 4150 
and 4600A, respectively. The properties of orthophosphates of the type ABPO, 
with two kinds of alkali earth or alkali metal ions, respectively, were also 
studied. X-ray  diagrams of the compounds investigated are given. 

During the past  few years  several  papers  concern-  
ing copper -ac t iva ted  phosphors have been published.  
Uehara,  Kobuke,  and Masuda (1) descr ibed the 
p repara t ion  and luminescent  proper t ies  of copper -  
ac t iva ted  calcium or thophosphates  and re la ted  phos-  
phors, and W a n m a k e r  and Bakker  (2) invest igated 
modified s t ront ium orthophosphates.  The proper t ies  
of copper-  and t in -ac t iva ted  halophosphates  were  
given in a paper  publ i shed  by Hunt  and McKeag (3).  

Thor ium phosphate  ac t iva ted  wi th  copper shows a 
ye l low-orange  emission when exci ted by  2537A rad i -  
ation (4).  In a subsequent  pa ten t  the appl icat ion of 
this phosphor in low-pressu re  mercu ry  discharge 
lamps is given, wi th  the addi t ion of d iammonium 
phosphate  or phosphoric  acid (5).  

Moreover,  some papers  were  publ i shed  concerning 
the more fundamenta l  proper t ies  of this k ind  of 
phosphor.  The configurational  coordinate  curve for 
the copper center  in calcium or thophosphate  was re -  
por ted  by  Maeda (6).  Uehara  (7) has given a quan-  
t i ta t ive  in te rpre ta t ion  of the luminescent  proper t ies  
of the same phosphor.  

The quantum efficiency of many  copper -ac t iva ted  
phosphors  is high, e.g., we found a quan tum effi- 
ciency of 0.87 for s t ront ium magnes ium or thophos-  
phate.  Uehara  and co-workers  give a value of 0.91 
for fl-Ca~(PO4)~-Cu wi th  2537A exci ta t ion (8). 

In this paper  we deal  wi th  the p repara t ion  and 
luminescent  proper t ies  of a new type  of copper -ac -  
t iva ted  phosphors,  ABPO,, in which A = Ca, Sr, or 
Ba and B ----- Li, Na, or K. Al though we did not suc- 
ceed in obtaining as high a quan tum efficiency as tha t  
of the modified s t ront ium orthophosphates ,  some 
phosphors of r a the r  good efficiency were  made, e.g., 
SrLiPO4-Cu with  an emission peak  at 4150A and 
BaLiPO~-Cu with  an emission peak  at 4600A, both 
wi th  2537A excitat ion.  

Severa l  phosphors  wi th  this type  of host crys ta l  
have a l ready  been ment ioned in the l i te ra ture .  

KrSger  (9) repor ts  the luminescence of manganese-  
ac t iva ted  CaLiPO,, MgLiPO4, ZnLiPO,, and CdLiPO,. 
More recent ly  Smith  (10) s tudied manganese  lumi -  
nescence in the system Zn3(PO4).~-Li~PO, or Na3PO, 
and Cd~(PO,).-Li~PO, or Na~PO,. In the first system, 
format ion of ZnLiPO, and ZnNaPO, was found, 
whereas  in the second system more complicated 
s t ructures  a re  formed. Act ivat ion  wi th  cer ium ren-  
ders an u.v. emission (11) wi th  ve ry  short  decay 
t ime (smal ler  than  0.1 t~sec.). F rom this group of 
phosphors BaNaPO4-Ce (emission peak  at 3600A 
with ca thode - r ay  exci ta t ion)  may  be used for ex -  
ci tat ion of other phosphors  in order  to de te rmine  
their  decay t imes (12). 

The quantum efficiency of the ce r ium-ac t iva ted  
phosphors,  s tudied by  KrSger,  decreases in the se- 
quence B ~ Li, Na, K. The highest  values  were  ob- 
ta ined with  SrLiPO4-Ce (0.88) and CaLiPO4-Ce 
(0.81). The copper -ac t iva ted  phosphors s tudied by 
us showed a s imi lar  difference in br ightness  wi th  
var ia t ion  of the a lkal i  ions. 

Concerning other act ivator  ions, a faint  green 
emission (u.v. exci ta t ion)  is repor ted  for MgNaPO~-U 
(13). CaKPO~-T1, exci ted wi th  2537A radiat ion,  gives 
an emission peak  at  3150A and was s tudied by Clapp 
and Ginther  in connection with  its possible use in 
sun- t an  lamps (14). 

Method of Phosphor Preparation 

The ingredients  used in the firing mix tures  were  
reagent  grade CaHPO~, SrHPO,, BaHPO,, NaoCO,, 
Li_oCO,, K2CO3, (NH,) 2HPO,, CuSO4, A1~O3, and 
MnNH,PO,. The requi red  amounts  of the d ry  ma te -  
rials were  thoroughly  mixed  and subsequent ly  fired 
in a way  a l r eady  descr ibed (2). In some cases a p r e -  
firing in air  at about  l l 00~  was car r ied  out, fol-  
lowed by a second firing in a s l ight ly  reducing a tmos-  
phere  at  about  700~ This procedure  often gives a 
more homogeneous product .  
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Chemical Composition 
In  n e a r l y  all  phosphors  the  b r igh tness  gene ra l l y  

depends  s t rong ly  on the ra t io  be tween  the  basic  and  
the  acidic cons t i tuen t s  of the  compound,  the o p t i m u m  
br igh tness  be ing  found  most ly  at the  s to ichiometr ica l  
composi t ion.  In  the  phosphors  inves t iga ted  in  this  
paper,  however ,  we found  the o p t i m u m  br igh tness  
w i th  a s l ight  excess of cations,  e.g., in  S rL iPO, -Cu  
the  o p t i m u m  br igh tness  is reached  wi th  a mola r  rat io 
Me/P=O, = 3.05 (Me be ing  A"O -F B~20). The mola r  
rat ios are de r ived  f rom the added amoun t s  of i n -  
gredients ,  so the  ac tua l  mo la r  ra t io  of the  fired phos-  
phors  m a y  be different ;  e.g., it m a y  be possible tha t  
pa r t  of the  a lkal i  or ea r th  a lka l i  ca rbona te  added 
does no t  reac t  w i th  the phospha te  added,  g iv ing  rise 
to an  ac tua l  Me/P~O~ rat io  be ing  lower  t h a n  the  mola r  
rat io de r ived  f rom the added a m o u n t s  of ingred ien t s .  

As regards  the  ra t io  of the a lka l i  ea r th  me ta l  ions 
to the a lka l i  me ta l  ions, an  o p t i m u m  br igh tness  was 
found  wi th  an  excess of a lka l i  ions of abou t  5 mole  %. 

In  accordance  wi th  our  prev ious  results ,  we found  
tha t  s imu l t aneous  add i t ion  of Cu and  A1 enhances  the  
b r igh tness  of the  phosphors  prepared .  This  effect is 
p r o b a b l y  due  to a fac i l i ta t ion  of the  incorpora t ion  of 
Cu § in  the A~'B'PO, latt ice,  two A H ions be ing  sub -  
s t i tu ted  by  a Cu ~ and  an  AF § ion. 

A m i n i m u m  a m o u n t  of copper is necessary  in  order  
to absorb  the u.v. rad ia t ion .  Wi th  a h igh a m o u n t  of 
copper added, however ,  in most  cases a ce r ta in  pe r -  
centage  of this copper is not  incorpora ted  into the 
crys ta l  latt ice,  and  the r e su l t ing  copper -ox ides  give 
rise to gray ish  colored products  w i th  a low b r i g h t -  
ness. 

Wi th  S r L i P O , - C u  we achieved the  best  resul t s  
wi th  the  fo l lowing composi t ion:  P 2 0 , =  1; SrO + 
Lifo = 3.05; L&O ---- 1.05; CuO = 0.01; A1._.O~ = 0.04. 
It  wi l l  be clear  tha t  this  o p t i m u m  composi t ion  is also 
a func t ion  of the fir ing condi t ions  and  the p r i m a r y  
ing red ien t s  used. 

Fluorescence of Copper-Activated Orthophosphates 
o] the Type ABPO, 

In  this  su rvey  only  the  l uminescence  wi th  2537A 
exc i ta t ion  is considered,  as the  q u a n t u m  efficiency 
wi th  long w a v e l e n g t h  u.v. exc i ta t ion  is v e r y  low. 

A = C a . - - C a L i P O , - C u  shows an  u.v.  emiss ion  wi th  
a peak  at 3600A. Moreover ,  a b lue  emiss ion  is ob-  
served in  m a n y  cases at 4800A, as m a y  be seen f rom 
Fig. 1. The re la t ive  i n t ens i t y  of the two bands  var ies  
wi th  the  f ir ing condi t ions,  the  u.v. peak  be ing  more  
p r o n o u n c e d  at  a lower  f ir ing t empe ra tu r e .  

Severa l  exp lana t ions  for the occurrence  of two 
emiss ion bands  in  CaLiPO, -Cu  are possible;  e.g., one 

tOO[ ,. 
Ca Li PQ~ Cu / ~\ 
Ca Li PQ~ Cu Al / !  ~ 

50 ~ .,, i / ",, 

/ ~'x i i  2 ",<1 
z/ x x / x x 

O0 /'000 5000 6000 
Wevelength(l~) 

Fig. 1. Spectral energy distribution curves of the emission of 
CoLiPO~-Cu, with AI added (curve 1) and without AI (curve 2). 
Cu/P205 ~ 0.01 (curve 1) and 0.015 (curve 2). AI/P205 ~ 0.08 
(curve 1 ). 

m a y  suppose tha t  two crys ta l  forms are  present .  
X - r a y  diffract ion analysis ,  however ,  showed tha t  the  
u n a c t i v a t e d  CaLiPO,  has the  same crys ta l  s t ruc tu re  
at f ir ing t e m p e r a t u r e s  r a n g i n g  f rom 500 ~ to 1300~ 
Because  at a f ir ing t e m p e r a t u r e  be low 900~ the 
p r i m a r y  ing red ien t s  wi l l  no t  reac t  complete ly ,  these 
p repa ra t ions  were  made  by  re t i r ing  the  p roduc t  p r e -  
pa red  at a t e m p e r a t u r e  of 900~ at the r equ i r ed  
lower  t empera tu res .  CaL iPO, -Cu  has the  o l iv ine  
s t ruc ture ,  this s t ruc tu re  possessing two k inds  of 
cat ion sites (15, 16). Accord ing  to Dachi l le  (17) the 
o l iv ine  (Mg,~SiO,) s t ruc tu re  is bu i l t  of SIC), t e t r a -  
hed ra  jo ined  toge ther  by  O - M g - O  bands .  One  half  of 
the  Mg "~+ is in  a pos i t ion  of s y m m e t r y  b e t w e e n  two 
te t rahedra ,  the  o ther  hal f  sha r ing  oxygen  of four  
t e t r ahedra ,  a l though  all  Mg ~§ ions are s u r r o u n d e d  by  
six oxygens.  I t  is ques t ionab le  w h e t h e r  the  occur-  
rence  of these two k inds  of cat ion sites exp la ins  the  
presence  of two emiss ion ba nds  in  CaLiPO,-Cu.  

Pe rhaps  the e xp l a na t i on  of the  p r ob l e m m a y  be 
found  in  the fo l lowing direct ion.  One canno t  k n o w  
for ce r ta in  where  the copper  ions ( ionic rad ius  of 
Cu + --  0.96A) are  to be  found,  on a Ca 2§ ( ionic  rad ius  
1.06A) or on a Li + site ( ionic rad ius  0.78A). On i n -  
creas ing the  a m o u n t  of a l u m i n u m ,  however ,  one 
wou ld  expect  a t e n d e n c y  for the  Cu § to occupy a Ca 2§ 
site ( two Ca 2§ ions be ing  rep laced  by  a Cu + and  an  AF + 
ion) .  Compar ing  the  spect ra l  ene rgy  d i s t r i bu t ion  
curves  of these types  of phosphors ,  the ac tua l  a m o u n t  
of Cu § and  AF + in the  phosphors  should be k n o w n ,  as 
in m a n y  cases a r a the r  la rge  p ropor t ion  of the  copper  
added is no t  incorpora ted  into the host c rys ta l  la t t ice  
(as fol lows f rom the  g ray i sh  body  color of the  fired 
p roduc t s ) .  Compa r i ng  phosphors  wi th  about  the 
same body color, we found  tha t  inc reas ing  the  
a m o u n t  of A1 increases  the r e l a t ive  i n t e ns i t y  of the  
b lue  emiss ion  peak  as i l l u s t r a t ed  in  F i g u r e  1. 

One  migh t  conclude  therefore  tha t  a Cu § ion on a 
Li § site gives the  u.v. emiss ion b a n d  and  on a Ca ~+ 
site the b lue  emiss ion band .  More work  is r equ i r ed  
to e luc ida te  this  i n t e re s t ing  problem,  e.g., i nves t i -  
ga t ing  the  effect of que nc h i ng  on the in tens i t i es  of 
the two peaks,  and  the  effect of the  fir ing a tmosphere ,  
as there  are some ind ica t ions  tha t  the h y d r o g e n  pres -  
sure  also inf luences  the r e l a t ive  i n t e ns i t y  of the  two 
emiss ion  peaks of CaLiPO,-Cu.  

Normal ly ,  coppe r -ac t iva t ed  phosphors  have  a 
r a the r  n a r r o w  emiss ion peak.  Wi th  the type  of phos-  
phors  s tudied  by  us, we found  in  some cases a b roader  
emiss ion band ,  viz., with  CaNaPO,-Cu,  CaKPO, -Cu ,  
S rNaPO, -Cu ,  BaNaPO,-Cu ,  and  BaKPO, -Cu .  

P r o b a b l y  these emiss ion ba nds  are caused by  the 
s imu l t aneous  occurrence  of two crys ta l  forms,  as it 
is k n o w n  f rom the  l i t e r a tu r e  (18, 19) tha t  severa l  
compounds  inves t iga ted  occur in  two crys ta l  forms. 
E.g., we found,  f rom x - r a y  dif f ract ion ana lys i s  the  
h igh-  and  l o w - t e m p e r a t u r e  fo rm of CaNaPO,-Cu ,  
which  phosphor  has a b road  emiss ion peak  located at 
4400A (Fig. 2). A l t h o u g h  it  was  not  possible  to j udge  
f rom x - r a y  analys is  w h e t h e r  the  C a K P O , - C u  sample  
inves t iga ted  con ta ins  both  the  a -  a nd  B-form (due to 
the  smal l  difference in  the x - r a y  d i a g r a m of the  two 
fo rms) ,  we do conclude  f rom the  spectra l  d i s t r i bu -  
t ion  curve  tha t  the  two crys ta l  forms are p resen t  
(Fig. 2). The emiss ion peak  of the  second crys ta l  
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Fig. 2. Spectral energy distribution curves of the emission of 
CaNaPO4-Cu (curve 1) and of CaKPO4-Cu (curve 2). Cu/P20~ = 
0.01 and AI/P=O~ = 0.08. 
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Fig. 4. Spectral energy distribution curves of the emission of 
SrNaPO~-Cu (curve 1) and of BaLiPO4-Cu (curve 2). Cu/P=Os = 
0.01 (curve 1) and 0.016 (curve 2). AI/P20~ = 0.08 (curve 1) 
and 0.016 (curve 2). 

s t r u c t u r e  can be found  at  a w a v e l e n g t h  of a b o u t  
5400-5700A. P e r h a p s  b r o a d n e s s  m a y  be  due  to a s i t u -  
a t ion  s im i l a r  to the  one p r o p o s e d  for  CaLiPO, ,  the  
two  p e a k s  l y i n g  close toge the r .  

A = S r . - - F r o m  Fig.  3 a n d  4 i t  m a y  be  seen  t ha t  
t he  emiss ion  p e a k s  of S r L i P O , - C u  and  S r N a P O , - C u  
a r e  to be  f o u n d  at  4100A and  at  5150A, r e spec t i ve ly .  
In  S r L i P O , - C u  a d d i t i o n  of A1 has  on ly  a s m a l l  inf lu-  
ence on the  loca t ion  of the  emiss ion  peak .  W i t h  t he  
i n t r o d u c t i o n  of m a n g a n e s e ,  a second  emiss ion  p e a k  
a r i ses  at  6100A, as i l l u s t r a t e d  in Fig .  3. S r L i P O , - C u  
has  a r a t h e r  h igh  b r i g h t n e s s  a n d  is of p o t e n t i a l  i n t e r -  
est  for  t he  a p p l i c a t i o n  in b l u e - p r i n t i n g  l amps ,  as t he  
emiss ion  c u r v e  of th is  p h o s p h o r  fits c losely  to t he  a b -  
so rp t ion  c u r v e  of w i d e l y  used  t y p e s  of d i a z o t y p e  
pape r s .  S r N a P O ,  shows  a b r o a d  emiss ion  b a n d  w i t h  
a m a x i m u m  at  5000-5250A (see  Fig.  4, c u r v e  1).  As  
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Fig. 3. Spectral energy distribution curves of the emission of 
SrLiPO4-Cu (curve 1) and of SrLIPO4-Cu.Mn (curve 2). Cu/P~O5 
= 0.01, AI/P~O5 = 0.08, and Mn/P205 = 0.04 (curve 2). 

a l r e a d y  discussed,  S r N a P O , - C u  p r o b a b l y  con ta ins  
two  c r y s t a l  forms.  So, a cco rd ing  to expec t a t i on ,  i t  
was  found  t h a t  chemica l  compos i t ion  and  f i r ing t e m -  
p e r a t u r e  h a v e  an  inf luence  on the  pos i t ion  of t he  
emiss ion  peak .  P r o b a b l y  A1 p r o m o t e s  the  f o r m a t i o n  of 
t he  h i g h - t e m p e r a t u r e  form,  be c a use  bo th  w i t h  an  in -  
c rease  of the  A1 con ten t  and  w i t h  a h i g h e r  f i r ing t e m -  
p e r a t u r e ,  the  emiss ion  p e a k  b roadens ,  t he  h i g h - t e m -  
p e r a t u r e  emiss ion  p e a k  l y i n g  a t  a b o u t  5600A. 
S r K P O , - C u  g ives  a n a r r o w  emiss ion  p e a k  of a low 
in t ens i ty ,  l oca t ed  at  4600A. 

A = B a . - - T h e  emiss ion  p e a k  of B a L i P O , - C u  t ies  
a t  4600/],, as i l l u s t r a t e d  in Fig .  4. B a N a P O , - C u  and  
B a K P O , - C u  g ive  an  emiss ion  at  a b o u t  4600 a n d  
4900A, r e spec t i ve ly .  

T e r n a r y  O r t h o p h o s p h a t e s  

Nex t  to the  b i n a r y  o r t h o p h o s p h a t e s  of t he  t y p e  
ABPO, ,  d e s c r i b e d  in  t he  fo regoing ,  some t e r n a r y  
o r t h o p h o s p h a t e s  w e r e  p r e p a r e d  w i t h  two  k i n d s  of 
a l k a l i  or  e a r t h  a l k a l i  ions. P r o b a b l y  due  to t he  fac t  
t ha t  s e v e r a l  b i n a r y  o r t h o p h o s p h a t e s  h a v e  two  c r y s -  
t a l  s t ruc tu re s ,  the  change  in emiss ion  colors  of the  
s u b s t i t u t e d  o r t h o p h o s p h a t e s  is compl ica ted .  

S u b s t i t u t i n g  sod ium for  l i t h i u m  in C a L i P O , - C u  
causes  t he  v i s ib le  emiss ion  to sh i f t  g r a d u a l l y  f rom 
4800 to 4400A, w h e r e a s  t h e  u.v.  emiss ion  d i s a p p e a r s  
w h e n  equa l  a m o u n t s  of Na  and  L i  a r e  added .  A l -  
t h o u g h  SrL iPO~-Cu  g ives  a s ingle  emiss ion  b a n d  
only ,  a s m a l l  a m o u n t  of sod ium gives  a g r e e n  e m i s -  
s ion b a n d  (5100A) n e x t  to t he  deep  b lue  emiss ion  
b a n d  of the  p u r e  SrLiPO, .  On inc rea s ing  the  a m o u n t  
of Na, bo th  b a n d s  move  to s h o r t e r  w a v e  lengths ,  
u n t i l  a t  a h igh  p e r c e n t a g e  of sod ium the  b r o a d  e m i s -  
s ion b a n d  of S r N a P O ,  a p p e a r s  a t  5100A. The  loca t ion  
of t he  emiss ion  p e a k s  in S r  ( L i , N a ) P O ,  a r e  i l l u s t r a t e d  
in Fig.  5. 

S u b s t i t u t i o n  of the  e a r t h  a l k a l i  ions in the  o r t h o -  
p h o s p h a t e s  of the  t y p e  A B P O ,  also g ives  r i se  to shi f ts  
in t he  loca t ion  of t h e  emiss ion  peak ,  as  m a y  be  seen  
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Fig. 5. Location of the emission peaks in Sr(Li,Na)PO~-Cu. 
Cu/PeO~ = 0.01; AI/P20~ = 0.08. o, main peak; x, secondary 
peak. 

Ca L i PO 4 Sr Li PO 4 Ba L i PO 4 
6000 

• 
~ x  / x~x 

\ 

o Mam peak 
x Secondary peak 

J 

5000 

T /.000 

3006 ~ , i ~ L 
~  100 25 50 75 0 
%St  0 75 50 25 I00 75 50 25 0 
% Ba 0 25 50 75 100 

Fig. 6. Location of the emission peaks in (Ca,Sr)LiPO4-Cu and 
(Sr, Ba)LiPO,-Cu. Cu/P~O5 ~ 0.016; AI/P205 = 0.016. 

from Fig. 6. Subst i tu t ing  Sr  for Ca in CaLiPO,-Cu 
shifts the  b lue  emission peak  to longer  wavelengths ,  
unt i l  a peak  is obta ined at 5100A wi th  equimolar  
amounts  of Ca and Sr. With  a stil l  h igher  propor t ion  
of Sr  this peak  is moved to shorter  wavelengths ,  and 
finally above about 75% of SrLiPO,,  the emission 
peak  of SrLiPO,-Cu is g radua l ly  reached. The u.v. 
peak  of CaLiPO,-Cu disappears  wi th  about  50% of 
the Ca being replaced  by Sr. Subs t i tu t ing  Ba for Sr 
in SrLiPO,-Cu the emission peak  shifts g radua l ly  
from 4100 to 4600A, as may  be seen f rom Fig. 6. 

Reflection and Excitation Spectra 

Figure  7 shows the reflection spectra  of the most 
impor tan t  phosphors  invest igated,  viz., SrLiPO,-Cu 
and BaLiPO,-Cu.  In order  to de te rmine  the influence 
of the copper addit ion,  the reflection spectra  of the 
unact iva ted  compounds are also given. I t  may  be seen 
that  the in t roduct ion of the copper ions produces an 
increase in absorpt ion of the u.v. radiat ion.  In the 
vis ible  region of the spec t rum an apprec iab le  absorp-  
tion sti l l  takes  place, p robab ly  due to a cer ta in  
amount  of metal l ic  copper or copper -oxides  produced 
dur ing  the firing process. I t  is superfluous to say that  
this absorpt ion decreases the br ightness  of the phos-  
phors considerably.  

The exci ta t ion spectra  of SrLiPO,-Cu and 
BaLiPO,-Cu may  be found in Fig. 8. F rom this figure 
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Fig. 7. Reflection spectra of SrLiPO,-Cu (curve 1), BaLiPO4-Cu 
(curve 2), SrLiPO~ (curve 3) and BaLiPO4 (curve 4). Cu/P~O5 
0.01; AI/P20~ = 0.08; LiJP205 ~ 1.05. Me ( =  earth alkali 
metal ~- alkali metal)/P20~ = 2.90. 

( 9  

Q) 

g 

? 
100 

50 

I 

2500 3000 3500 4000 
Wavelength (2) 

Fig. 8. Excitation spectra of SrLiPO4-Cu (curve 1) 
BaLiPO4-Cu (curve 2). Molar ratios as given in Fig. 7. 

and of 

it  may  be seen that  the phosphors invest igated have a 
quantum efficiency of about  0.50 by  exci ta t ion with  
the 2537A mercu ry  resonance line. Thus this  new 
type of phosphor  might  be sui table  for use in low-  
pressure  mercu ry  discharge lamps,  were  it not for 
the difficulties encountered  wi th  the appl icat ion of 
these phosphors,  as a l r eady  repor ted  in a previous 
paper  (2).  

X - r a y  Analysis  

In our invest igat ion,  the x - r a y  diffraction of the 
phosphors  was de te rmined  by convent ional  x - r a y  
diffraction techniques using CuK~ rad ia t ion  from a 
Phil ips  Norelco Unit. 

The x - r a y  diffraction da ta  of the compounds in-  
ves t igated are given in Tables I and II. The samples 
invest igated have the theore t ica l  chemical  composi-  
t ion and are  double  fired for 3 hr  at 900~ No copper 
and a luminum were  added in order  to avoid any in-  
fluence of these ions on the crys ta l  s tructure,  a l -  
though we did not find a difference in the  x - r a y  
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Table I. X-ray diffraction data for Cal.iPO~, CaNaPO~, CaKPO~, SrLiPO~, and SrNaPO~ 
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CaLiP04 CaNaPO4 CaKPO~ SrLIPO4 SrNaPO4 
I* Bredig ce 

d (A) I / Io  d (A) Int.  

I Bredig ~ I I I 

d (A) I/Io d (A) Int. d (A) I/Io d (A) I/Io d (A) I/Io 

6.11 I0 3.815 m. 
5.87 5 3.510 w. 
4.95 10 2.780 v.st. 
4.75 11 2.620 v.st. 
3.90 5 2.170 w. 
3.82 23 1.913 st. 
3.71 16 1.770 w. 
3.63 38 1.542 m. 
3.47 8 1.514 m. 
3.34 13 1.461 m. 
3.16 19 1.314 m. 
3.11 19 
3.00 5 CaNaPO4~ 
2.92 49 d Int. 
2.88 23 5.52 W. 
2.805 38 4.66 V.W. 
2.739 23 3.86 m. 
2.698 13 3.43 v.w. 
2.667 1 0 0  3.12 v.w. 
2.578 10 2.755 v.st. 
2.550 25 2.675 v.st. 
2.462 5 2.435 V.W. 
2.436 6 2.335 w. 
2.404 8 2.275 w. 
2.338 8 2.200 m. 
2.275 5 2.126 v.w. 
2.216 6 2.034 st. 
2.161 8 1.928 st. 
2.122 5 
2.085 13 
2.036 5 
1.957 8 
1.949 21 
1.899 8 
1.852 23 
1.810 6 
1.778 10 
1.734 5 
1.728 10 
1.701 8 
1.675 5 

5.40 8 4.06 4 4.39 44 8.67 7 
4.62 7 4.02 4 4.33 89 5.12 10 
3.82 42 3.98 4 4.11 11 4.72 5 
3.78 28 3.800 m. 3.77 15 3.86 39 4.19 7 
3.40 7 2.990 v.st. 2.98 46 3.83 80 3.90 15 
3.10 5 2.96 47 3.69 10 3.66 8 
2.886 5 2.93 50 2.98 >114 3.62 17 
2.822 5 2.830 4 2.92 60 3.47 15 
2.772 8 2.790 v.st. 2.755 100 2.731 4 3.31 8 
2.739 100 2.310 m. 2.275 12 2.698 11 2.89 100 
2.690 49 2.253 10 2.593 13 2.875 >130 
2.644 82 2.050 st. 2.027 22 2.501 100 2.763 15 
2.416 5 1.997 21 2.436 46 2.723 >130 
2.321 8 1.900 w. 1.888 6 2.392 11 2.607 15 
2.264 15 1.650 m. 1.637 9 2.321 11 2.550 7 
2.196 36 1.610 m. 2.196 14 2.436 8 
2.166 8 1.570 m. 2.166 21 2.385 12 
2.108 7 1.395 m. 2.142 54 2.264 42 
2.058 5 1.263 w. 2.099 21 2.253 37 
2.027 10 1.224 w. 2.058 36 2.176 10 
2.013 31 1.149 v.w. 2.013 7 2.099 14 
1.933 14 1.119 w. 1.945 20 2.053 10 
1.918 38 1.060 w. 1.941 20 2.040 10 
1.896 10 1.048 w. 1.918 71 2.001 12 
1.765 5 1.859 44 1.989 39 
1.737 8 1.695 4 1.981 69 
1.704 8 1.640 20 1.859 10 
1.698 10 1.831 10 

1.817 10 
1.810 8 
1.791 5 
1.740 8 
1.701 8 
1.686 8 

* I,  present  investigation.  

Table II. X-ray diffraction data for $rKP04, BaLiP04, BaNaPO~, 
and BaKP04 

SrKPO4 BaLiPO4 BaNaPO4 BaKPO4 

d (A) I/Io d (A) I / Io  d (A) I / I :  d (A) I / Io  

5.87 10 4.39 36 4.02 52 6.11 
5.10 45 4.27 6 2.90 91 4.93 
4.04 5 3.91 14 2.805 100 3.86 
3.26 74 3.15 7 2.607 6 3.38 
3.07 16 3.07 100 2.417 22 3.05 
2.92 >135 2.780 6 2.303 35 2.866 
2.772 >135 2.585 6 2.237 9 2.831 
2.585 6 2.550 26 2.161 6 2.564 
2.514 8 2.528 14 2.018 52 2.488 
2.423 19 2.226 6 1.831 24 2.298 
2.380 47 2.211 13 1.784 13 2.281 
2.292 22 2.196 27 1.701 11 2.226 
2.222 27 2.151 12 1.642 24 2.186 
2.191 14 1.969 17 2.118 
2.161 16 1.937 17 2.076 
2.122 62 1.675 6 2.036 
2.013 100 1.650 10 1.934 
1.953 24 1.873 
1.866 16 1.798 
1.842 14 1.725 
1.824 16 1.707 
1.810 16 1.672 
1.722 24 1.642 
1.686 10 
1.645 32 

d i a g r a m  b e t w e e n  ac t i va t ed  and u n a c t i v a t e d  phos-  
phors.  

Accord ing  to Thi lo  (15) CaLiPO4 should  be iso-  
typ ica l  w i t h  Mont ice l l i t e  CaMgSiO~, both  h a v i n g  the  
o l iv ine  (Mg~SiO~) c rys ta l  s t ruc ture .  The  c rys ta l  

5 
27 s t r u c t u r e  of CaNaPO4, SrNaPO4, and BaNaPO,  and of 
5 the co r re spond ing  po ta s s ium compounds  w e r e  g iven  

37 by K l e m e n t  and S t e c k e n r e i t e r  (18).  B red ig  de-  
100 scr ibed  in m o r e  de ta i l  the  c rys ta l  s t ruc tu re s  of the  a 
37 
37 and fl f o r m  of CaNaPO,  and C a K P O ,  (19).  We  found 

4 no r e f e r ences  conce rn ing  the  c rys ta l  s t ruc tu re  of 
16 S rL iPO,  and BaLiPO4. 
5 B r a g g  and B r o w n  (16) desc r ibed  the  o l iv ine  s t ruc -  

12 t u r e  ex tens ive ly .  Accord ing  to these  au thors  the  o x y -  
5 

27 gen a toms are  hexagona l ,  c losed packed,  w h e r e a s  the  
4 m a g n e s i u m  is oc tohedr i ca l ly  and the  s i l icon t e t r a -  

44 hed r i ca l l y  s u r r o u n d e d  by oxygen .  
11 Conce rn ing  CaNaPO, ,  B red ig  found  two  c rys ta l  
15 5 s t r uc tu r e s  w i t h  a t r ans i t ion  t e m p e r a t u r e  of 680~ 
12 As m a y  be  seen f r o m  Tab le  I, our  u n a c t i v a t e d  sample  
4 is a m i x t u r e  of the  a and B s t ruc tu re ,  the  a m o u n t  of 

12 /~ be ing  g r e a t e r  t h a n  tha t  of a. This  m a y  exp l a in  the  
10 b road  emiss ion  band  obse rved  in CaNaPO, -Cu .  

5 
Acco rd ing  to B r e d i g  a C a K P O ,  is t r a n s f o r m e d  into 

f lCaKPO,  at a t e m p e r a t u r e  of 705~ the  a - f o r m  h a y -  
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ing  a h e x a g o n a l  s t r u c t u r e  [ g l a s e r i t e  t y p e  
(K,Na)~SO~] and  the  f l - f o rm  be ing  r h o m b i c  w i t h  a 
p s e u d o h e x a g o n a l  cell .  F r o m  T a b l e  I i t  m a y  be  seen 
t ha t  our  f igures  fit c lose ly  w i t h  those  of Bred ig .  As  
t h e  d - v a l u e s  of a a n d  flCaKPO4 dif fer  on ly  w h e n  d is 
g r e a t e r  t h a n  abou t  1.60A, and  the  d i f fe rences  a r e  
v e r y  smal l ,  m o r e o v e r ,  i t  canno t  be conc luded  f rom 
our  f igures  w h e t h e r  a or  flCaKPO4 a re  p resen t .  F r o m  
t h e  s p e c t r a l  e n e r g y  d i s t r i b u t i o n  of t he  phosphor s ,  
h o w e v e r ,  i t  fo l lows  t ha t  p r e s u m a b l y  two  c r y s t a l  
fo rms  a r e  p re sen t .  O u r  x - r a y  d a t a  of S rNaPO, ,  
SrKPO~, BaNaPO4, and  BaKPO~ c o r r e s p o n d  to t he  
l o w - t e m p e r a t u r e  f o r m  of t he  f igures  g iven  b y  
K l e m e n t  and  S t e c k e n r e i t e r .  
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Surface Concentration of Indium in Germanium 

from Gaseous Diffusion 

Karl M. Busen, Earl L. Meeks, and George A. Shim 

Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

In order  to measure  surface concentrat ions  Co of indium, indiffused f rom 
the vapor  phase into germanium,  a new closed system was designed. Nu-  
mer ica l  values  for  Co' as a funct ion of the diffusion t empera tu re  and the 
t empe ra tu r e  of the  l iquid source, which  is in equ i l ib r ium wi th  its vapor,  
are  given. The surface concentrat ion,  which depends most ly  on the concen-  
t ra t ion  of the  ind ium vapor,  is p ropor t iona l  to the  concentra t ion  of the  ind ium 
vapor  wi th  a "segregat ion coefficient" of about  10 -7. 

E l ec t r i ca l  dev ices  m a d e  f r o m  s e m i c o n d u c t i v e  s ingle  
c rys t a l s  u s u a l l y  r e q u i r e  t he  f o r m a t i o n  of p -  a n d  
n - t y p e  r eg ions  w i t h i n  t h a t  c rys ta l .  One  t e c h n i q u e  to 
ob t a in  such reg ions  is gaseous  diffusion.  I t  is p e r -  
f o r m e d  b y  expos ing ,  a t  an  e l e v a t e d  t e m p e r a t u r e ,  t he  
su r f ace  of a s e m i c o n d u c t o r  d o p e d  h o m o g e n e o u s l y  
w i t h  an  i m p u r i t y  to t he  v a p o r  of a second  i m p u r i t y  
of oppos i t e  c o n d u c t i v i t y  type .  

A f t e r  c o m p l e t i o n  of t he  d i f fus ion process  a con-  
c e n t r a t i o n  d i s t r i b u t i o n  of the  second  i m p u r i t y  has  
been  f o r m e d  w h i c h  e x t e n d s  f r o m  t h e  su r f ace  t o w a r d  
the  i nne r  p a r t  of t he  s emiconduc to r .  

W h e r e  the  concen t r a t i on  of the  second  i m p u r i t y  
becomes  equa l  to t he  c o n c e n t r a t i o n  CB of t he  first  
i m p u r i t y ,  a b o u n d a r y  or  j u n c t i o n  b e t w e e n  p - t y p e  

and  n - t y p e  r eg ions  is fo rmed .  The  d i s tance ,  xj,  of th is  
j u n c t i o n  f rom the  su r f ace  and  the  c o n c e n t r a t i o n  of 
t he  ind i f fused  i m p u r i t y  at  t he  surface ,  Co, a r e  i m -  
p o r t a n t  p a r a m e t e r s  for  dev ice  des ign  and  f ab r i ca t i on .  
Co is one of t h e  p a r a m e t e r s  d e t e r m i n i n g  t h e  j u n c t i o n  
dep th ;  i t  also d e t e r m i n e s  the  "base"  r e s i s t ance  of a 
g r a d e d  base  t r ans i s to r .  F o r  m e s a - t y p e  t r a n s i s t o r s  
w h e r e  t he  e m i t t e r  is p l a t e d  and  m i c r o - a l l o y e d  on the  
sur face ,  Co is t he  i m p u r i t y  c o n c e n t r a t i o n  a d j a c e n t  
to t h e  e m i t t e r  w h i c h  is of g r e a t  s igni f icance  for  t he  
e m i t t e r  c a p a c i t a n c e  and  e m i t t e r  b r e a k d o w n  vol tage .  

I t  is t h e  p u r p o s e  of th is  p a p e r  to d iscuss  t he  su r f ace  
c o n c e n t r a t i o n  of i n d i u m  r e s u l t i n g  f rom ind i f fus ion  
into  a n t i m o n y  d o p e d  g e r m a n i u m .  In  the  fo l lowing ,  
the  a p p a r a t u s  w h i c h  was  used  for  the  e x p e r i m e n t s  is 
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desc r ibed ,  and  the  su r face  concen t r a t i ons  r e s u l t i n g  
f r o m  the  e x p e r i m e n t s  a r e  p r e sen t ed .  A d iscuss ion  of 
the  r e su l t s  conc ludes  t he  p a p e r .  

Apparatus Design and Experimental Procedures 
A g e n e r a l  m e t h o d  for  d i f fus ion of an  i m p u r i t y  into 

a s e m i c o n d u c t o r  is to expose  the  sol id  s e m i c o n d u c t o r  
to the  v a p o r  of the  d i f fus ing  i m p u r i t y .  The  t e m p e r a -  
t u r e  of t he  s e m i c o n d u c t o r  a n d  the  v a p o r  p r e s s u r e  of 
the  d i f fus ing  i m p u r i t y  m u s t  be  w e l l  con t ro l l ed  to ob -  
t a i n  r e p r o d u c i b l e  c o n c e n t r a t i o n  d i s t r i bu t ions .  One 
w a y  to con t ro l  t he  v a p o r  p r e s s u r e  is to h a v e  e q u i l i b -  
r i u m  cond i t ions  b e t w e e n  v a p o r  and  l iqu id  p h a s e  of 
t h e  d i f fus ing  i m p u r i t y  in a c losed  sys tem.  The  p r e s -  
su re  w i l l  t h e n  d e p e n d  on the  t e m p e r a t u r e  of t he  l i qu id  
p h a s e  p r o v i d e d  t h a t  the  l i qu id  p h a s e  is a t  t he  l owes t  
t e m p e r a t u r e  of t he  c losed sys tem.  This  r e q u i r e m e n t  
imposes  t he  cond i t ion  tha t ,  if t he  s y s t e m  has  a c lo-  
sure,  th i s  c losure  m u s t  be  a t  or  a b o v e  the  t e m p e r a -  
t u r e  of t he  l i qu id  phase .  I f  t he  v a p o r  p r e s s u r e  of the  
i m p u r i t y  is r e l a t i v e l y  low ( in  t he  o r d e r  of 10 -8 m m  
Hg)  i t  is conven i en t  to e v a c u a t e  t he  s y s t e m  p r i o r  to 
the  e v a p o r a t i o n  of t he  i m p u r i t y .  This  m e a n s  t h a t  
t h e  c losure  m u s t  h a v e  the  p r o p e r t i e s  of a h igh  v a c -  
u u m  va lve .  If, f u r t h e r m o r e ,  the  l i qu id  p h a s e  is a t  a 
r e l a t i v e l y  h igh  t e m p e r a t u r e  (ove r  500~ mos t  of 
t h e  k n o w n  v a c u u m  v a l v e s  wi l l  no t  p e r f o r m  sa t i s -  
f ac to r i ly .  

A p o p u l a r  so lu t ion  to th is  p r o b l e m  is to seal  t he  
i m p u r i t y  and  g e r m a n i u m  in an  e v a c u a t e d  q u a r t z  
t u b e  a n d  to i n t r o d u c e  th is  t u b e  into  a two  zone f u r -  
nace.  T h e r e  a r e  s e v e r a l  d i s a d v a n t a g e s  to th is  m e t h o d :  
t he  n e c e s s i t y  of a g l a s s - b l o w e r  to sea l  off for  each  
run ;  i n t r o d u c t i o n  of i m p u r i t i e s  f r o m  the  q u a r t z  in 
s ea l ing  the  tubes ;  use  of n e w  q u a r t z  for  each  r u n  
w h i c h  i n t roduces  an  a d d i t i o n a l  p a r a m e t e r  to be  
t a k e n  into  c o n s i d e r a t i o n  in t he  e v a l u a t i o n  of resu l t s .  
T h e r e  a r e  s e v e r a l  o the r  so lu t ions  k n o w n  w h i c h  o v e r -  
come the  p r o b l e m  of the  va lve .  F o r  conven i ence  a n d  
bes t  poss ib l e  con t ro l  of t he  v a p o r  p r e s s u r e  a n e w  
a p p a r a t u s  w a s  d e s i g n e d  w h i c h  is shown  in Fig .  1. 
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Fig. 1. Apparatus used for the diffusion experiments 

This  a p p a r a t u s  r e q u i r e s  no glass  b l o w i n g  a f t e r  in i t i a l  
cons t ruc t i on  and  m a y  be used  r e p e a t e d l y  for  m a n y  
runs .  I t  m a y  also be  c l e a ne d  a n d  b a k e d  out  u n d e r  
h igh  v a c u u m  a t  t e m p e r a t u r e s  in  excess  of t e m p e r a -  
t u r e s  i n t e n d e d  for  t he  e x p e r i m e n t a l  work .  This  e l i m -  
ina tes  t h e  a f o r e m e n t i o n e d  d i s a d v a n t a g e s  of t he  
sea l ed  q u a r t z  tube .  The  a p p a r a t u s  consis ts  of two  
v e r t i c a l  q u a r t z  tubes ,  1 and  2, of d i f fe ren t  d i a m e t e r  
w h i c h  a r e  c o n c e n t r i c a l l y  a r r a n g e d .  A p a r t  of the  u p -  
p e r  q u a r t z  t u b e  is i n s e r t e d  into t he  l o w e r  one and  
bo th  q u a r t z  t ubes  a r e  sea led  toge the r .  T h r o u g h  the  
open ing  of t he  l o w e r  q u a r t z  t u b e  a q u a r t z  rod,  3, is 
i n t r o d u c e d  w h i c h  b e a r s  a t rough ,  4, for  t he  i m p u r i t y ,  
5, and  a ho lder ,  6, for  the  s emiconduc to r .  A n  i ron  
slug, 7, is connec t ed  to the  end  of t he  q u a r t z  rod.  The  
slug, t o g e t h e r  w i t h  t he  rod,  can  be  m o v e d  up  and  
d o w n  b y  m e a n s  of  an  e l e c t r o m a g n e t ,  8. The  q u a r t z  
t u b e s  a r e  s u r r o u n d e d  b y  two  i n d e p e n d e n t l y  con-  
t r o l l e d  fu rnaces ,  9 and  10. Two t h e r m o c o u p l e s ,  11 
and  12, a r e  in s ide  the  u p p e r  q u a r t z  tube .  F o r  an e x -  
p e r i m e n t  the  t rough ,  4, is f i l led w i t h  ind ium,  5, and  
the  ho lde r ,  6, is l o a d e d  w i t h  g e r m a n i u m .  The  rod,  3, 
is in i ts l owes t  pos i t ion .  F i r s t  the  q u a r t z  s y s t e m  is 
p u m p e d  d o w n  to a p r e s s u r e  of a b o u t  10 -8 m m  Hg. 
Then  the  two  fu rnaces  a re  hea ted .  The  u p p e r  f u r -  
nace,  9, hea t s  t he  g e r m a n i u m  and  d e t e r m i n e s  the  
d i f fus ion t e m p e r a t u r e .  The  l o w e r  fu rnace ,  10, hea t s  
the  ind ium,  w h i c h  is l iquif ied.  As  long  as t h e  f u r -  
naces  a r e  not  on t h e i r  p r e d e t e r m i n e d  t e m p e r a t u r e  
ca re  is t a k e n  tha t  t he  g e r m a n i u m  a l w a y s  has  a h i g h e r  
t e m p e r a t u r e  t h a n  the  i n d i u m  in o r d e r  to p r e v e n t  
c onde nsa t i on  of i n d i u m  on the  g e r m a n i u m .  W h e n  
bo th  f u r n a c e s  h a v e  the  r i g h t  t e m p e r a t u r e ,  the  rod  is 
l i f t ed  b y  m e a n s  of the  ma gne t ,  8, in to  a pos i t i on  (see  
d o t t e d  l ine )  such t h a t  the  r i m  of t he  u p p e r  q u a r t z  
t ube  is i m m e r s e d  into  the  l i q u i d  i nd ium,  w h i c h  acts  
now as a v a l v e  a ga in s t  the  p u m p i n g  sys tem.  This  
i n d i u m  v a l v e  a t  t he  s ame  t i m e  acts  as a source  w h i c h  
bu i lds  up  a s a t u r a t i o n  v a p o r  p r e s s u r e  c o r r e s p o n d i n g  
to the  t e m p e r a t u r e  of the  l i qu id  i nd ium.  The  m o m e n t  
the  i n d i u m  v a l v e  is closed,  t he  d i f fus ion p rocess  
s ta r t s .  W h e n  the  d i f fus ion is to be  t e r m i n a t e d ,  t he  rod  
is l o w e r e d  b y  m e a n s  of t he  m a g n e t ,  t hus  ope n ing  the  
i n d i u m  va lve .  The  p r e s s u r e  of t he  i n d i u m  v a p o r  
d rops  a n d  the  d i f fus ion  p rocess  is s topped .  Care  was  
t a k e n  t h a t  t he  cool ing t i m e  of t he  f u r n a c e  was  shor t  
c o m p a r e d  to t he  d i f fus ion t ime.  The re fo re ,  no co r -  
r ec t ion  was  neces sa ry .  

Methods of Evaluation for the Experiments 
The  su r f ace  concen t r a t ion ,  C~, of ind ium,  ind i f fused  

into  g e r m a n i u m ,  has  been  o b t a i n e d  b y  the  fo l lowing  
m e a s u r e m e n t s :  ( a )  m e a s u r e m e n t s  b y  f o u r - p o i n t -  
p robe ;  (b )  m e a s u r e m e n t  of t he  a b s o r p t i o n  of i n f r a r e d  
l igh t ;  (c)  m e a s u r e m e n t  of j u n c t i o n  d e p t h :  ( i )  b y  
coppe r  p l a t ing ,  (if)  b y  d i e l ec t r i c  p o w d e r  depos i t ion ,  
( i i i )  b y  t h e r m o e l e c t r i c  p robe .  

Measurements by the 5our-point probe.--For t he  
e v a l u a t i o n  of t he  su r f ace  concen t r a t ion ,  Co, f o u r -  
p r o b e  m e a s u r e m e n t s  (1)  w e r e  m a d e  on the  d i f fused  
samples .  Co was  d e t e r m i n e d  f r o m  

p0 ---- - - ~ - -  k • 2.56 o h m - c m  [1]  
I In 2 I 

w h e r e  ~ - - - -2 (Dt )  '/~ and  V/I  was  m e a s u r e d  b y  the  
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fou r -p robe .  The f o r m u l a  is de r ived  f rom the  r e l a -  
t ion  (2, 3) 

G = ~ x ~ - - - - e  ~ (C)  Co e r f c - - - -  C,  dx  [2] 
o k 

where  xj is the j u n c t i o n  depth,  G is the tota l  con-  

duc tance  b e t w e e n  surface  and  junc t ion ,  ~ is the  
average  conduc t iv i ty ,  C is the concen t r a t i on  and  Co 
the  surface  concen t r a t i on  of the  indiffused impur i ty ,  
C~ is the  concen t r a t i on  of the n - t y p e  i m p u r i t y  (back-  
g r o u n d  c o n c e n t r a t i o n ) ,  and  e is the  e lectronic  charge.  
With  the a s sumpt ions  tha t  

/~(C) ---- #(C0) = cons tan t  

X 
f e r f c - -  dx  ~ 0 

C, < <  Co 

j [3] 

e,(Co) 1 
~* = k Co [4] 

X t ~r 1/~ 

Eq. [2] yields  

If the  space be tween  the probes  is m u c h  la rger  t h a n  
the j u n c t i o n  dep th  and  if the j u n c t i o n  a rea  is con-  
s idered as a n o n c o n d u c t i n g  bot tom,  the  sheet  con-  
duc t iv i t y  of the  diffused l ayer  is g iven  by  (4) 

In 2 I 
[5] 

~rxj V 

Defining ~ ~ - g  ~*, comb in ing  Eq. [4] and  [5] and  
observ ing  Co = 1/ep~ resul t s  in  

Y ~1/2 

po = g - -  x - -  [6] 
I in  2 

The  func t i ona l  r e l a t ion  b e t w e e n  po and  Co as g iven  by  
H u n t e r  (5) is 

3.47 • 10 ~ 
Co = for 10 > po > 1 o h m - c m  

po 

3.47 • 10 ~ 
Co = for po -~ 1 o h m - c m  

(1 + 0.33 logpo) 

This re la t ion,  which  is in  a g r e e m e n t  w i th  P r ince  (6) 
and  T r u m b o r e  and  Ta r t ag l i a  (7) enab les  the  e v a l u -  
a t ion  of Eq. [ 6 ]. 

For  our  m e a s u r e m e n t s ,  g was  chosen uni ty .  The 
e r ror  i n t roduced  by  this  choice and  by  the  a s s u m p -  
t ions [3] was  d e t e r m i n e d  by  compar i son  of the  two 
surface  concen t ra t ions  Co ~ and  Co which  were  de-  
r ived  f rom the  conduc tances  G ~ (where  ~ = ~ (Co) 
= c o n s t .  and  g = l )  and  G ( w h e r e  ~ = ~ ( C )  and  

g- - - -~ /~*) .  The  conduc tances  were  ob ta ined  f rom 
graphica l  i n t eg ra t i on  w i th  the  a s sumpt ion  tha t  
C, = 10 TM and  xj /X = 2. A compar i son  of Co* and  Co 
shows tha t  the  surface concen t ra t ions  differ ( in  on ly  
a few cases) at  the most  by  a factor  of 1.4. This  is 
wel l  w i t h i n  the e x p e r i m e n t a l  e r ror  and  can t he re -  
fore be d is regarded.  The  va lues  for the  diffusion co- 
efficient D used in  the  ca lcula t ions  were  t a k e n  f rom a 
paper  by  BSsenberg  (8) .  W h e n  the concen t r a t i on  dis-  
t r i bu t ion ,  C, the diffusion coefficient, D, and  the  t ime, 

t, a re  known ,  the  to ta l  n u m b e r  of a toms diffused in to  
a sample  af ter  t ime  t is g iven  by  

s ---- q f~ Cdx tota l  n u m b e r  of a toms [7] 
o 

Divid ing  both  sides of Eq. [7] by q, the  cross section 
th rough  which  the diffusion took place gives 

-- f ~ C d x  a t o m s / c m  ~ 
8 

q o 

If C ----- Co erfc x /k ,  t h e n  f~ Cdx  = CA~ (~r) 1/~ so tha t  
o 

s k 
= c o - -  [8] 

q (~r) 1/,~ 

By d e t e r m i n i n g  Co by  the  f o u r - p r o b e  s /q  can be 
easi ly  de r ived  by  me a ns  of Eq. [8].  

In f rared  absorpt ion m e a s u r e m e n t s . - - T h e  method  
is descr ibed by  severa l  papers  (9-11) .  The  se t -up  for 
the  absorp t ion  m e a s u r e m e n t s  is shown  in  Fig.  2. The  
quar tz  p la te  together  wi th  the  n - t y p e  g e r m a n i u m  act 
as a filter wh ich  passes a b a n d  of l ight  w i th  w a v e  
l eng ths  b e t w e e n  2 a nd  4/z. W h e n  d is the  th ickness  of 
the  specimen,  a is the  coefficient of absorpt ion ,  Io is 
the i n t ens i t y  of the inc iden t  l ight  beam,  and  R is the  
f rac t ion  which  is reflected (for g e r m a n i u m  R = 0.36), 
t hen  t ak ing  into account  all  t r a n s m i t t e d  componen t s  
and  the  absorpt ion,  the t r a n s m i t t e d  r ad i a t i on  can be 
ob ta ined  as 

( 1  - -  R) ~ exp [--ad] 
~ ,  = i. [9] 

1 --  R ~ exp [ - -2ad]  

By means  of the  the rmocoup le  the vol tages  for the  
combina t ions :  

1. filter and  spec imen  ( i n t ens i t y  of t r a n s m i s s i o n ) ,  

V1 
2. filter w i t h o u t  spec imen  ( i n t ens i t y  of the  inc i -  

den t  l igh t  b e a m ) ,  V~, are measured .  Because  the 
vol tage  is p ropor t iona l  to the  in tens i ty ,  

V1 I, (1 --  R) 2 exp [ - - ~ d ]  

V_~ I~ 1 --  R ~ exp [ - -2ad]  

F r o m  a ca l ib ra t ion  curve,  where  L / L  is p lo t ted  vs. 
ad, a can be ob ta ined  w h e n  d is measured .  Because a 
is p ropor t iona l  to the  n u m b e r  of holes per  cm ~ (9) it 
can be w r i t t e n  a = AC,  ~d = A f f  Cdx,  or 

f ad ~ Cdx  n u m b e r  of a t o m s / c m  ~ [10] 
A 

where  A is a constant .  For  the  m e a s u r e m e n t s  re -  
por ted  here  the  cons tan t  A was  d e t e r m i n e d  to be 

CHOPPER 

r ]  REFLECTING 
QUARTZ 1 )~1 OBJECTIVE 1"1 SPECIMEN 

ZLIGHT I 
SOURCE I LE 

I 
I L N-TYPE GERMANIUM 
I FILTER 

OBJECTIVE 

Fig. 2. Schematic diagram of the apparatus setup for infrared 
absorption. 
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A = 1.124 x 10 -1~ cm-~/atoms. F u r t h e r m o r e ,  the  ex-  
press ion  R = exp [ - -2ad]  was neglec ted  aga ins t  1. 
Thus  the  n u m b e r  of holes per  cm ~ is ob ta ined  s imply  
by  d iv id ing  the  d e t e r m i n e d  express ion  ad  by  the  
cons tan t  A. 

Measurements  o5 junctio~ depths.--Evaluat ions of 
sur face  concen t ra t ions  f rom j u n c t i o n  dep th  m e a s u r e -  
men t s  r equ i re  knowledge  of the  concen t r a t i on  dis-  
t r i b u t i o n  of the ind ium,  the  ne t  ionized a n t i m o n y  
concen t ra t ion ,  and  the diffusion coefficient. Diffi- 
cult ies were  encoun t e r ed  w h e n  va lues  had  to be as-  
s igned to the  ne t  ionized a n t i m o n y  concen t ra t ion .  A 
deta i led  discussion of this  p r o b l e m  is p resen ted  be -  
low. In  order  to be  sure  tha t  the  j u n c t i o n  depths  
d e t e r m i n e d  by  j u n c t i o n  de l inea t ions  were  re l iab le  
in  severa l  cases, th ree  different  de l inea t ion  proce-  
dures  were  appl ied  to the  same sample.  

The first procedure ,  described,  for example ,  by  
Bond and  Smits  (12) and  Glang  (13) consis ted of 
p l a t ing  copper on the  p - t y p e  area  of a l apped  bevel .  
Af te r  p la t ing ,  an in t e r f e r ence  p ic tu re  was t a ke n  in  
order  to ob ta in  the  j u n c t i o n  depth  by  coun t ing  the 
in t e r f e rence  fr inges.  F igu re  3 shows a typica l  s am-  
ple which  has been  copper  plated.  A n o t h e r  j u n c t i o n  
de l inea t ion  p rocedure  was  the  dielectr ic  powder  de-  
posit ion.  The t echn ique  is descr ibed  by  Valdes  and  
Smi th  (14),  for example .  The powder  used consisted 
of BaTiO,  which  was  g r o u n d  in  a mor ta r .  The powder  
was suspended  in  t r i ch lo re thy lene ,  and  the suspen -  
sion was r ega rded  as sa t i s fac tory  w h e n  it  s tayed 
c loudy for severa l  hours  af ter  shaking.  The t h e r m o -  
electric p robe  (12) was appl ied  as a final procedure .  
The  probe  was  r u n  over  a beve l  which  made  a 1 ~ 
angle  w i th  the  o r ig ina l  surface.  The place w he r e  
p - t y p e  changed  to n - t y p e  was  an  ind ica t ion  of the  
junc t ion .  

Discussion and Conclus ions 
The t e m p e r a t u r e s  inves t iga ted  were :  775 ~ , 837 ~ , 

and  900~ for the g e r m a n i u m ,  and  600 ~ 650 ~ 700 ~ 
and  750~ for the ind ium.  The surface  concen t ra t ions  
ob ta ined  f rom these  expe r imen t s  are based on fou r -  
probe  m e a s u r e m e n t s  and  are  shown in  Fig. 4. 

The  three  di f ferent  g e r m a n i u m  t e m p e r a t u r e s  give 
th ree  sets for the  n u m b e r  pa i r :  abso lu te  t e m p e r a t u r e  
of the i nd ium,  surface  concen t ra t ion .  If for a set  the  
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Fig. 4. Surface concentration vs. indium temperature for ger- 
manium temperatures of 775 ~ 837 ~ and 900~ 

log of the sur face  concen t r a t i on  is p lo t ted  vs. the  i n -  
verse  absolu te  t e m p e r a t u r e  of the  i n d i u m  source, the  
g raph  t h r ough  these poin ts  can be a p p r o x i m a t e d  
r a the r  wel l  by  a s t ra igh t  l ine  which  m a y  be descr ibed 
by  the  equa t ion  

C o = e X p  - - - T - + p  [11] 

F i g u r e  4 shows the  th ree  s t ra igh t  l ines  a, b, and  c 
which  have  been  ob ta ined  f rom the  app l ica t ion  of the  
me thod  of leas t  squares  to the  sets of poin ts  which  
be long  to the  g e r m a n i u m  t e m p e r a t u r e s  900 ~ , 837 ~ , 
and  775~ respect ively .  

The n u m e r i c a l  va lues  for the cons tan ts  m and  p, 
as d e t e r m i n e d  f rom the l ines  a, b, and  c are l is ted 
in  Table  I. The sp read ing  of the poin ts  a r o u n d  l ine  
b is ind ica ted  by  l ine  segments .  The  n u m b e r s  on top 
of these segments  give the  n u m b e r s  of poin ts  meas -  
u r ed  at the cor responding  t empe ra tu r e .  The sp read-  
ing of points  for l ines  a and  c is s imi la r  to the  sp read-  
ing for l ine  b. For  the benefi t  of c learness  no l ine  
segments  are g iven  for a and  c. 

The dashed l ine  gives the log of the  concen t r a t i on  
of i n d i u m  vapor  in  ( a t o m s / c m  ~) x 10 ~. The  factor  10 ~ 
was appl ied  to the  ac tua l  va lues  in  order  to place the  
l ine  in  the  v i c in i ty  of the  o ther  three.  The  concen t r a -  
t ion  of the i n d i u m  vapor  was  ob ta ined  f rom vapor  
p ressure  da ta  (15).  

F r o m  Fig. 4 it  can be seen tha t  the l ines  a, b, c are 
close together  and  n e a r l y  pa ra l l e l  to each other.  This  
shows tha t  the  surface concen t ra t ions  depend  mos t ly  
on the  concen t r a t i on  of the  i n d i u m  vapor  and  are 
less d e p e n d e n t  on the t e m p e r a t u r e  of the g e r m a n i u m .  
The slope of l ine  a differs most  f rom the slope of the  
i n d i u m  vapor  l ine.  We t h i n k  tha t  this  does no t  i n -  

Table I. Constants for Eq. [11] 

G e  t e m p ,  
~  n l  p 

Fig. 3. A junction delineated by copper plating 

775 2.50X 104 68.3 
837 2.77 X 10' 70.8 
900 2.25 • 104 69.4 
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Table II. Impact rate of indium atoms at different temperatures 
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Table IV. Time dependence of the surface concentration of 
indium (indiffused at 837~ 

G e  t e m p ,  I n  t e m p ,  I n d i u m  v a p o r  I m p a c t  r a t e ,  
~C ~ p r e s s u r e ,  m m  H g  a t o m s / s e c  cm~ 

900 600 2.0 X 10 -~ 1.91 X 101' 
650 7.0 X 10 -~ 6.70 X 10 ~ 
'700 3.3 • 10 ~ 3,15 X 10 ~ 

837 600 2.0 • 10 -~ 1.96 X 10" 
650 7.0 X 10 -~ 6.85 X 101' 
700 3.3 X 10 ~ 3.23 X 1015 

775 600 2.0 X 10 -~ 2.02 X 10" 
650 7.0 X 10 -~ 7.07 X 101' 
700 3.3 X 10 -~ 3.34 X 10 TM 

S u r f a c e  c o n c e n t r a t i o n  
T e m p  of  t h e  D i f f u s i o n  b y  f o u r - p o i n t - p r o b e ,  

indium sou r ce ,  ~ t i m e ,  h r  a t o m s / c m  ~ 

600 9.0 8.0 X 10 TM 

16.0 9.5 X 10 TM 

650 2.5 4.0 X 10 ~ 
10.5 5.5 X 101~ 
16.0 3.5 • 10 ~7 
22.0 4.6 X 10 ~ 

dicate  a special  p h e n o m e n o n  bu t  t ha t  the  slope comes 
f rom two poin ts  which  we did no t  w a n t  to omit  bu t  
which  were  off f rom the b u l k  of the other  points .  
Whi le  the  ra te  of impac ts  of i n d i u m  atoms on the  
g e r m a n i u m  sample  decreases wi th  inc reas ing  t e m -  
pe ra tu re s  at the  same vapor  pressure ,  the va r i a t i on  
of the surface  concen t r a t i on  w i th  the  g e r m a n i u m  
t e m p e r a t u r e  is m u c h  s t ronger  and  canno t  be ex-  
p l a ined  by  this  effect. Tab le  II lists n u m e r i c a l  da ta  
which  were  ob ta ined  f rom the fo rmu la  v = 3.513 x 
10 "= (P/(MT)~/=), where  P is the  vapor  p ressure  of 
the  i n d i u m  in  m m  Hg, M is the  molecu la r  we igh t  of 
ind ium,  and  T is the  t e m p e r a t u r e  of the  g e r m a n i u m  
(16).  

The  l ines  a, b, and  c in  Fig. 4 are n e a r l y  pa ra l l e l  to 
the  dashed line.  Therefore ,  the  quot ien t :  i n d i u m  
vapor  concen t r a t i on  -- surface concen t r a t i on  is 
n e a r l y  cons t an t  and  abou t  10 -~, which  m a y  be n a m e d  
the d i s t r i bu t i on  coefficient of i n d i u m  b e t w e e n  solid 
g e r m a n i u m  and  i n d i u m  vapor .  

For  the e s t ab l i shmen t  of the l ines  a, b, c it was  ob-  
served tha t  poin ts  were  used whe re  the  l imi t  of solid 
so lubi l i ty  of i n d i u m  in  g e r m a n i u m  was not  exceeded.  
The  va lues  for the  solid solubi l i t ies  were  t ake n  f rom 
T r u m b o r e  (17) and  are l is ted in  Tab le  III. Thus,  one 
should expec t  tha t  according to Tab le  III  and  l ine  
a in  Fig. 4 for a g e r m a n i u m  t e m p e r a t u r e  of, for ex-  
ample,  900~ the solid so lubi l i ty  l imi t  is exceeded 
w h e n  the  i n d i u m  t e m p e r a t u r e  is h igher  t h a n  740~ 
I t  was  in t e re s t ing  to no te  t ha t  for all  g e r m a n i u m  
t e m p e r a t u r e s  the sur face  concent ra t ions ,  which  were  
der ived  f rom f o u r - p r o b e  measu remen t s ,  con t inue  
r a the r  smooth ly  into a r ange  where  the solid solu-  
b i l i t y  is exceeded.  This  is d e m o n s t r a t e d  in  Fig.  4 
where  the  th ree  s ingle  poin ts  a, b, c at 750~ r e p r e -  
sent  centers  of g r av i t y  for 7, 5, and  4 points ,  meas -  
u red  at  g e r m a n i u m  t e m p e r a t u r e s  of 900 ~ 837 ~ and  
775~ respect ively .  

Special  expe r imen t s  were  car r ied  out  to confirm 
tha t  the surface concen t r a t i on  is i n d e p e n d e n t  of dif-  
fus ion  t ime.  I n d i u m  be ing  at 600 ~ and  650~ was  i n -  
diffused into g e r m a n i u m  at  837 ~ for d i f ferent  t imes.  
Table  IV shows tha t  the  surface  concen t ra t ion  is con-  
s tan t  w i th  t ime  w i t h i n  to le rab le  l imits .  

Table III. Solid solubilities for indium in germanium (17) 

T e m p e r a t u r e ,  So l id  so lub i l i t y ,  
~ a t o m s / c m ~  

775 4.0 X 10 TM 

837 3.5 X 10 TM 

900 2.0 X 10 TM 

Table V. Comparison between four-probe and infrared 
absorption measurements 

No. of  i n d i f f u s e d  
i n d i u m  a t o m s ,  a t o m s / c m  e 

S a m p l e  G e  t e m p ,  I n  temp, four-point infrared 
No. ~ ~ probe absorption 

1 775 750 2.4 X 10 TM 2.5 X 10 ~ 
2 775 750 2.4 X 10 TM 1.6 • 10 ~ 
3 775 750 2.4 • 10 TM 2.4 X 10 ~ 
4 837 750 1.8 X 10 TM 1.9 X 10 ~ 
5 837 750 5.6 X 101' 8.1 X 1@ ~ 
6 900 700 1.8 X 10 TM 1.8 X 101~ 
7 900 725 7.6 X 101' 6.3 • 1014 
8 900 750 1.5 X 10 TM 1.9 X 10 ~ 

The  eva lua t ions  of f o u r - p r o b e  and  of i n f r a r ed  ab -  
sorpt ion m e a s u r e m e n t s  bo th  lead to the  n u m b e r  of 
p - t y p e  c a r r i e r s / c m  ~ indiffused into the  g e r m a n i u m .  
Mak ing  m e a s u r e m e n t s  by  bo th  methods  on some 
samples  and  us ing  Eq. [1],  [8] ,  a nd  [10] for the  
eva lua t i on  of s/q, the da ta  of Table  V resul t .  The 
good a g r e e m e n t  b e t w e e n  the  s/q values  of this  t ab le  
indica tes  the  r e l i ab i l i ty  of the  f o u r - p r o b e  m e a s u r e -  
ments .  

Al l  samples  to which  the  f o u r - p o i n t - p r o b e  me thod  
was  appl ied  u n d e r w e n t  a j u n c t i o n  de l inea t ion ,  which  
has a l r eady  been  described.  However ,  in  ea r ly  ex-  
p e r i m e n t s  it was found  tha t  the surface  concen t r a -  
t ions  der ived  f rom the  j u n c t i o n  depths  sca t te red  
cons ide rab ly  in  spite of the  fact tha t  the var ious  
de l inea t ion  methods  were  in  good agreement .  J u n c -  
t ion  depths  ob ta ined  f rom copper p l a t i ng  and  di -  
electric powder  deposi t ion  for the  same sample  were  
in  n e a r l y  all  of the  cases w i t h i n  an  e r ror  of about  
0.25~. S imi la r  resul t s  were  ob ta ined  by  the  t h e r m o -  
electr ic  probe.  But  because  of the  probe  w i d th  the  
l imi ts  of e r ror  were  greater .  

For  the  e v a l u a t i o n  f rom j u n c t i o n  dep th  m e a s u r e -  
ments ,  the  va lue  of the ne t  ionized a n t i m o n y  con-  
cen t r a t i on  m u s t  be k n o w n  because  the surface  con-  
cen t r a t i on  is g iven  by  

C (x~t) 
Co [12] 

erfc x j  
k 

where  C(xLt) is the  ne t  ionized a n t i m o n y  concen-  
t r a t i on  at  the junc t ion .  

The in i t ia l  concen t ra t ion ,  Ca, of the a n t i m o n y  is 
d e t e r m i n e d  by  the  doping and  is u n i f o r m  t h r o u g h o u t  
the  whole  piece of g e r m a n i u m .  D u r i n g  the  expe r i -  
m e n t  outdif fus ion and  t h e r m a l  convers ion  can take  
place. Outdi f fus ion would  lead to concen t ra t ions  n e a r  
the  surface which  are smal le r  t h a n  Ca, and  t h e r m a l  
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Fig. 5. Typical p- and n-type concentration distributions 

convers ion  wou ld  resu l t  in  a u n i f o r m  b u l k  concen-  
t r a t i on  CA which  is sma l l e r  t h a n  CB. The  concen t r a -  
t ion  d i s t r i bu t ion  af ter  an  outdif fus ion t ime of t sec- 
onds is g iven  by  (18) 

C~  erf 2 ( D t ) ~ / - + e x  p K - ~ - I - K  

erfc K + 2 (Dt )  lz~ [13] 

where  D is the  diffusion coefficient for a n t i m o n y  in  
solid g e r m a n i u m  and  K is a cons tant ,  the  surface  
evapora t ion  velocity.  

The a b o v e - m e n t i o n e d  concen t r a t i on  d i s t r ibu t ions  
are  shown in  Fig. 5. The  curves  shown here  are 
typ ica l  for m a n y  samples.  

The  concen t r a t i on  of the  indif fused i n d i u m  is 
p lo t ted  vs. the  d is tance  f rom the  surface and  is r ep -  
resen ted  by  curve  I, which  is a g raph  of C = Co 
erfc x/X. Curves  II and  I I I  are  graphs  of Eq. [13] 
and  show the  concen t r a t i on  d i s t r i bu t ion  of the  a n -  
t i m o n y  (for  t =  16 hr  and  T = 837~ af ter  the 
e x p e r i m e n t  has been  completed.  For  bo th  curves  
II  and  I I I  the  va lues  of K are  f rom a paper  of Mi l le r  
and  Smits  (19).  The va lue  for the  diffusion coeffi- 
c ient  of curve  II  has been  t a k e n  f rom BSsenberg  
(8) and  for the  diffusion coefficient of curve  I I I  f rom 
Blakes lee  (20).  

Af te r  each e x p e r i m e n t  25~ were  lapped  off the  n o n -  
pol ished side of the sample,  and  the  b u l k  res i s t iv i ty  
was m e a s u r e d  w i th  the  four -p robe .  A change  f rom C, 
to CA due  to t h e r m a l  convers ion  could be observed  for 
a lmost  all  of the  samples.  The  difference C~--CA = 
AC is e q u i v a l e n t  to p - t y p e  centers  in t roduced  by  
t h e r m a l  convers ion  and  therefore  r ep resen t s  a p -  
type  level.  For  each sample  it  was t r ied  to d e t e r m i n e  
the ne t  ionized a n t i m o n y  concen t r a t i on  C(xj , t )  in  
such a w a y  tha t  the  concen t r a t i on  profile I, which  
me t  C(xj , t )  at  x~ ma tched  a surface concen t ra t ion  
which  was  close to the  surface  concen t r a t i on  ob-  

served f rom f o u r - p r o b e  me a su r e me n t s .  Severa l  pos-  
sible cases were  cons idered  for the  d e t e r m i n a t i o n  of 
C ( x , t )  : 

1. C ( x , t )  = C~ 
2. C(xj , t )  = C ..... i 
3. C(xj , t )  =Co,  t,~ - -  AC 
4. C ( x , t )  =Cout,m 
5. C(xj , t )  =Cou,,~,~ - -  ~C 

The best  r esu l t  was  found  for case 2, for which  
n e a r l y  hal f  of the  surface  concen t ra t ions  were  w i t h i n  
a factor  of 3 or less in  a g r e e me n t  w i th  the  surface 
concen t ra t ions  f rom the  f o u r - p r o b e  me a su r e men t s .  

This  led us t e m p o r a r i l y  to the  a s sumpt ion  tha t  
t he r ma l  convers ion  m e a s u r e d  for the  b u l k  is neg -  
l ig ible  for a t h i n  surface  layer .  I n  the  l ight  of n e w  
f indings  for the  va lue  of the  diffusion coefficient of 
a n t i m o n y  in  g e r m a n i u m  (20) however ,  cases 4 and  
5 have  to be considered.  Case 4 offers no good agree-  
ment ,  whereas  case 5 gives a good fit for n e a r l y  a 
t h i rd  of the samples.  The other  cases lead to incon-  
c lus ive  resul ts .  Therefore ,  for the  p resen t  t ime  we 
have  no e x p l a n a t i o n  w hy  the  j u n c t i o n  de l inea t ions  
are so far  off. For  a be t t e r  u n d e r s t a n d i n g  of the  
whole  s i tua t ion  it would  be i m p o r t a n t  to d e t e r m i n e  
the  ne t  ionized a n t i m o n y  concen t r a t i on  at the  j u n c -  
t ion  by  direct  me a su r e me n t s ,  e.g., by  capaci tance  
me a su r e me n t s .  

It  was  observed  tha t  at  h igher  i n d i u m  t e m p e r -  
a tu res  the  surface concen t ra t ions  de r ived  f rom j u n c -  
t ion  dep th  m e a s u r e m e n t s  were  h igher  by  a factor  
of 10-103 . The poss ibi l i ty  tha t  f ie ld-a ided diffusion 
(21) was  respons ib le  for the  inconc lus ive  resul t s  
could be exc luded  because  the condi t ion  tha t  the  
in t r ins ic  car r ie r  concen t r a t i on  was  m u c h  smal le r  
t h a n  the surface  concen t r a t i on  was  not  fulf i l led in  
a n y  run .  I t  seems as if the  la rge  d i s a g r e e m e n t  be -  
t w e e n  the  surface  concen t ra t ions  f rom res i s t iv i ty  
m e a s u r e m e n t s  and  j u n c t i o n  de l inea t ion  s tar ts  w h e n  
solid so lubi l i ty  values,  g iven  by  T r u m b o r e  (17),  
are  exceeded. This  indicates  tha t  the  a s sumed  e r ro r -  
func t ion  d i s t r i bu t i on  no longer  holds. I t  is, t he re -  
fore, su rp r i s ing  enough  tha t  the  res i s t iv i ty  meas -  
u r e m e n t s  sti l l  give cons is ten t  va lues  (see poin ts  a, 
b, and  c in  Fig. 4).  

Summary 
1. N ume r i c a l  va lues  for the surface concen t r a t i on  

of i n d i u m  diffused into g e r m a n i u m  at 775 ~ 837 ~ 
and  900~ are given.  

2. The surface  concen t ra t ions  depend  mos t ly  on 
the  concen t r a t i on  of the i n d i u m  vapor  and  on ly  to 
a smal l  ex ten t  on the  g e r m a n i u m  t empera tu r e .  

3. The surface  concen t ra t ions  are p ropor t iona l  to 
the  concen t r a t i on  of the i n d i u m  vapor  phase w i th  a 
"d i s t r i bu t ion  coefficient" of abou t  10 -~. 

4. Res is t iv i ty  m e a s u r e m e n t s ,  which  are in  good 
a g r e e m e n t  w i th  i n f r a r e d  absorp t ion  m e a s u r e m e n t s ,  
give the  most  cons is ten t  va lues  for surface concen-  
t ra t ions .  
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The Chemical Polishing of Germanium 
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Research Laboratory, Associated Electrical Industries, Aldermaston Court, Aldermaston, Berkshire, England 

ABSTRACT 

The mode of action of the components of the polishing solution CP4 has 
been elucidated. The ini t iat ion of dissolution is dependent  on the state of 
the germanium surface and the concentrat ion of bromine. The final etch 
rate is l imited by the diffusion of hydrofluoric acid to the germanium surface 
and even though the oxidizing agent, nitr ic acid, is in excess, the surface is 
free of detectable oxide. A difference in reactivi ty between ground and 
chemically polished surfaces has been demonstrated. Certain observations 
re levant  to the practice of etching are made. 

A n  i m p o r t a n t  step in  the  m a n u f a c t u r e  of devices 
such as diodes and  t rans i s to rs  f rom g e r m a n i u m  
single  crysta ls  is the chemical  pol i sh ing  of cut slices, 
u sua l ly  wi th  C.P.41 to p roduce  cIean surfaces  free 
f rom cu t t ing  damage  to which  al loy contacts  can 
s u b s e q u e n t l y  be made.  A s imi la r  t r e a t m e n t  is used 
in  the  assessment  of c rys ta l  qua l i t y  and  in  the 
p r e p a r a t i o n  of crysta ls  for e lectr ical  m e a s u r e m e n t s  
such as the l i fe t ime of m i n o r i t y  carr iers .  In  the 
p resen t  i nves t iga t ion  the chemical  significance of 
each componen t  of the polish was de te rmined .  

Experimental 
The surfaces  of the  crysta ls  were  p r e p a r e d  by  

g r ind ing  (600 grade  c a r b o r u n d u m  paper )  and  in  
some cases fol lowed by  chemical  pol ishing.  Etch 
ra tes  were  d e t e r m i n e d  f rom the  weight  loss of slices 
e tched for a m e a s u r e d  t ime. Weigh t  losses were  de-  
t e r m i n e d  for several  different  t imes  in  the same 
e tchan t  so tha t  any  change  of ra te  in  the course of 
e tching  became apparen t .  The surface area  of the  
slices was es t imated  f rom the i r  we igh t  and  th ickness  
( d e t e r m i n e d  wi th  a mic rome te r )  and  did no t  change  
s igni f icant ly  du r ing  the course of several  etch ra te  
measu remen t s .  Resul ts  were  ca lcula ted  in  t e rms  of 

1 T he  rec ipe  fo r  C.P.4 is :  25 m l  n i t r i c  ac id  (conc) ;  I5 m l  h y d r o -  
f luor ic  ac id  (conc) ; 15 m l  acet ic  ac id  (glacial)  ; 0.3 m l  b r o m i n e .  The  
b r o m i n e  is f i rs t  d i s so lved  in  t he  acet ic  ac id  a nd  the  o t h e r  acids  
added .  C.P. 8 is  C.P.4 w i t h o u t  b r o m i n e .  

weight  loss ( m g m )  per  square  cen t imete r ,  and  this  
q u a n t i t y  was p lo t ted  aga ins t  t ime. The  slope of the  
plots gives the  etch rate.  Slices of severa l  crysta ls  
were  used, bu t  w h e n  a specific compar i son  was  r e -  
quired,  for ins tance  b e t w e e n  a g round  surface  and  a 
chemica l ly  pol ished surface,  ad j acen t  slices of the  
same crys ta l  were  used. 

The  fo l lowing e tching  t echn ique  was  employed  and  
gave reasonab le  r ep roduc ib i l i t y  (abou t  •  ). A r ing  
of po ly thene  was cut f rom a 1/16 in. sheet  so tha t  it 
was  somewha t  smal le r  in  i n t e r n a l  d i ame te r  t h a n  the  
wid th  of a slice. The  r i ng  was  pu t  r o u n d  the slice so 
tha t  the  la t te r  res ted in  a po ly thene  beake r  at  about  
45 ~ to the hor izontal .  Both sides were  thus  a t tacked  
s i m u l t a n e o u s l y  w h e n  the  slice was  covered wi th  
e tchant .  Af te r  a m e a s u r e d  t ime the e tching  was  
s topped by  flooding wi th  a la rge  q u a n t i t y  of dis t i l led 
w a t e r  (at  least  10 t imes  the  capaci ty  of the beake r )  
pou red  t h r ough  a po ly thene  f u n n e l  which  d ipped 
into the e tchant .  A fresh por t ion  of e t chan t  was  used 
for each m e a s u r e m e n t .  

The  po ten t i a l  differences b e t w e e n  g round  a n d  
chemica l ly  pol ished surfaces u n d e r  e tching  and  n o n -  

e tch ing  condi t ions  were  m e a s u r e d  w i th  the aid of a 
record ing  mi l l ivo l tmete r .  For  these, a slice of ger -  
m a n i u m  was g round  on one side and  gold p la ted  wi th  
a s t anda rd  cyan ide  solut ion us ing  a b r u s h  p la t ing  
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Table I. Ageing of C.P.4 and C.P.8 

C.P.4 
Etch rate, mg/cm~/min 

Time, 
min Initial 

C.P,8 
Etch rate, 

mg/cm~/min  

Final Ini t ial  Final  

0 1.7 7.1 7.1 
15 0.6 7.0 7.0 
30 0.8 7.7 6.5 6.8 
45 1.2 7.9 6.9 
60 1.0 7.7 
75 1.8 7.5 
90 1.8 6.6 
Mean 1.3 7.3 6.9 6.8 

30 

20" 

Weight 
[O$S 
mgm//Sq, cm. IO 

O' 
I 2 3 4 

Time (minutes'~ 

Fig. 1. Weight loss of a chemically polished surface of ger- 
manium in CP4 and CPS. 

I n i t i a l  e t ch  r a t e :  m e a s u r e m e n t s  t a k e n  w i t h i n  t he  1st m i n u t e  of  
e tch ing .  

F i n a l  e tch  rate:  m e a s u r e m e n t s  t a k e n  b e t w e e n  2rid and  4th  m i n u t e  
of  e tch ing .  

t echnique .  The  slice was cut  in  two and  each hal f  had  
a wi re  fixed to the gold p la t ing  wi th  s i lver  paste. The  
jo in t  was  cemen ted  w i th  epoxy res in  and  the  speci-  
men,  except  for the f ron t  face, was  sealed into po ly -  
thene.  The faces of bo th  spec imens  were  g r o u n d  and  
one was  chemica l ly  polished.  

E tchan ts  were  made  up  f rom A n a l a r  reagents .  A 
stock solut ion of 5 % b r o m i n e  in  acetic acid was  used 
to p repa re  e tchants  w i th  i n t e r m e d i a t e  b r o m i n e  con-  
cen t ra t ion .  For  some e x p e r i m e n t s  n i t r i c  acid was  
freed f rom lower  n i t r ogen  oxides by  ref luxing  in  a 
s t ream of n i t r o g e n  a l r eady  sa tu ra t ed  w i th  n i t r ic  acid 
fu l ly  oxidized by  ceric n i t ra te .  Urea  was  added to an  
e tchan t  by  d issolv ing a smal l  q u a n t i t y  (~ l /4g)  in  the 
acetic acid used. 

Results 
The fo l lowing expe r imen t s  were  per formed.  The 

etch ra te  of p rev ious ly  pol ished g e r m a n i u m  surfaces 
was  d e t e r m i n e d  in  bo th  C.P.4 and  C.P.8 i m m e d i a t e l y  
af ter  these  had  been  made  up  and  at  15 -min  i n t e r -  
vals. Resul t s  are g iven in  Tab le  I. I n  addi t ion  a slice 
showed the  same ra te  w h e n  e tched wi th  a C.P.8 m i x -  
tu re  used i m m e d i a t e l y  or s tored in  a closed po ly thene  
bot t le  for 5 days. 

The va r i a t i on  in  etch ra te  d u r i n g  the  course of 
e tching  was  m e a s u r e d  for both  g round  and  pol ished 
surfaces in  C.P.4 and  in  C.P.8. Resul t s  are g iven  in 
Tables  II  and  III  and  are  p lot ted  in  Fig. 1. This  v a r i -  
a t ion was  f u r t h e r  e x a m i n e d  for a series of e tchants  

Table II. Variation of etch rate with degree of etching 

C h e m i c a l l y  P o l i s h e d  Su r f ac e  

W t  loss, m g / c m  e 
T ime ,  r a in  C.P.4 C.P.8 

1 1.1 0.6 7.7 7.0 
2 5.9 7.3 14.1 14.6 
3 14.3 13.6 23.1 23.2 
4 21.4 21.9 29.8 27.8 

Table III. As Table II but with initial surface ground 

C.P.4 C/~.8 

1 8.4 1.8 
2 15.2 7.1 
3 22.4 14.9 
4 28.6 

wi th  i n t e r m e d i a t e  b r o m i n e  concen t ra t ions  (0.01, 0.04, 
and  0.1% approx . ) ,  and  Table  IV gives the results .  
A cons ide rab ly  reduced  b r o m i n e  concen t r a t i on  gave 
more  u n i f o r m  a t tack  on g r o u n d  surfaces.  A smal l  
q u a n t i t y  of hyd roh romic  acid {equ iva len t  to abou t  
0.5% Br._,) was  added to a C.P.8 e tchant .  This, used 
immedia te ly ,  behaved  as n o r m a l  C.P.8 on a pol ished 
surface  and  as C.P.4. on g round  surfaces;  ne i the r  
surface  showed an  acce le ra t ing  period. However ,  the 
e t chan t  oxidized the  hyd r ob r omi c  acid to b romine .  
B r omi ne  in acetic acid so lu t ion  was  in jec ted  into a 
beake r  con ta in ing  a slice be ing  etched by  C.P.8. I t  
did not  affect the  weigh t  loss or the a p p a r e n t  course 
of the  react ion:  b r o m i n e  m u s t  therefore  be p resen t  
before the  e tching  s tar ts  if it is to show its charac-  
ter is t ic  effects. 

The  etch ra te  of pol ished surfaces was  d e t e r m i n e d  
for a series of e tchan t s  in  which  the a m o u n t  of h y -  
drofluoric acid was var ied .  The composi t ions  of the  
e tchan ts  and  the  resul t s  are l is ted in  Tab le  V. A 
s imi la r  series in  which  the  n i t r ic  acid concen t ra t ion  
was  va r i ed  was  car r ied  out  and  the  composi t ions  and  
resul t s  are g iven  in  Table  VI and  Fig. 2. A few ex-  
pe r i me n t s  were  pe r fo rmed  in  which  the  acidi ty  was  
increased  by  us ing  perchlor ic  acid in place of acetic 
a n d / o r  n i t r i c  acid. Rates  were  s imi la r  to those wi th  
high n i t r ic  acid concent ra t ion ,  i.e., rep lac ing  5 ml  of 
acetic acid by  perchlor ic  acid had  s imi lar  effect to 
add ing  5 ml  of n i t r i c  acid in  place of acetic acid. 

A C.P.8 e t chan t  made  up  w i th  pur i f ied n i t r ic  acid 
gave the  same etch ra te  as e t chan t  w i th  the  usua l  
n i t r ic  acid, d e m o n s t r a t i n g  tha t  the  in i t i a l  p resence  of 
n i t rous  acid is no t  essent ia l  for avoid ing  the  acceler -  
a t ing  period.  

40- 
Wt ]o~ 
mcjm/sq, cm 

30 
/ a  b c~%Nitric acid 

/ increasincj 

20 1 S -'~" C P8 

IO ~ ~  

I 2 3 4 5 b 
Time (minutes') 

Fig. 2. Variation of weight loss (mg/cm 2) with concentration of 
nitric acid. 
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Table W. Variation of weight loss with bromine concentration 

February 1962 

Bromine con- wt loss, mg/cm2 
centrat ion 0 (C.P.8) 0.01 0.04 0.1 0.5 (C.P.4) 

Polished surface 

Ground surface 

< 
< 

T i m e  
1�89 min  11.2 8.2 4.5 3.8 3.0 
3 min  22.5 19.7 16.4 - -  14.5 
1Ye min  3.5 13.0 12.5 11.2 11.2 
3 rain 15.0 23.2 24.4 24.2 22.5 

Table V. Variation of weight loss with hydrofluoric acid concentration 

T i m e  

1 rain 
2 rain 
3 min  
4 min  
Final  mean  

r a t e /min  

Vol. hydrofluoric 
acid, ml  

Vol. acetic acid, 
ml  

Wt loss, m g / c m  e 

C.P,8 

25 20 15 10 5 

5 10 15 20 25 
9.2 10.4 6.9 4.1 1.5 

23.0 26.0 15.1 7.6 2.8 
43.7 41.7 22.8 11.2 4.3 

- -  30.5 14.9 
,-,21 ~16 7.5 3.8 1.4 

Table VI. Variation of weight loss with nitric acid concentration 

Nitric acid = 25 ml  

Time  

1 min  
2 rain 
3 rain 
4 rain 
6 min  
Final  mean  

r a t e /min  

Vol. ni tr ic  acid, 
ml  

Vol. acetic acid, 
ml 

W t  loss, m g / c m  2 

C.P.8 

35 30 25 20 15 

5 10 15 20 25 
9.5 8.5 7.7 3.1 

18.6 15.4 14.5 6.2 3.2 
30 23.8 22.4 - -  - -  

11.7 6.4 
10.1 

~9.4 7.9 7.5 3.0 1.6 

Vol. hydrofluoric 
acid, 15 ml 

The  ra te  w i th  an  e t chan t  con ta in ing  u rea  was  con-  
s iderab ly  lower  t h a n  the n o r m a l  rate.  Urea  reduces  
the  n i t rous  acid ava i l ab le  d u r i n g  etching.  

A C.P.8 e tchan t  a l r eady  used for pol i sh ing  ger-  
m a n i u m  u n t i l  a b r o w n  color due to reac t ion  products  
pers i s ted  behaved  as C.P.4. on a g r o u n d  slice. 

The po ten t i a l  difference b e t w e e n  g round  and  pol-  
ished surfaces  of b e t w e e n  25 and  30 m v  (g rou nd  su r -  
face more  act ive)  was recorded in  an  e t chan t  made  
up  wi th  perchlor ic  acid in  place of n i t r ic  acid. In  
C.P.8. the  difference in  m ixed  po ten t i a l  decayed  in  
abou t  1 min.  Revers ing  the  crys ta l  p r epa ra t ions  gave 
s imi la r  resul ts ,  wh ich  could there fore  be d i rec t ly  
a t t r i bu t ed  to surface  p repa ra t ion .  

Discussion 

The resul t s  of the above e x p e r i m e n t s  es tabl i shed 
ce r t a in  facts which  are s u m m a r i z e d  as follows. 

There  is no ageing effect wi th  C.P.4. or C.P.8. 
The  etch ra te  of C.P.4. on a pol ished surface  a nd  

C.P.8 on a g round  surface  bu i lds  up  for abou t  1 min .  
The  ra te  e v e n t u a l l y  reached  is the same as tha t  ob-  
served i m m e d i a t e l y  for C.P.4 on a g r o u n d  surface  
and  C.P.8 on a pol ished surface.  

The acce le ra t ing  per iod  is absen t  on a g round  s u r -  
face even  w h e n  the b r o m i n e  concen t r a t i on  is as low 
as 0.01%. At  reduced  concen t r a t ions  of b r o m i n e  on a 
pol ished surface  the  acce lera t ing  period is reduced,  
b u t  is sti l l  n e a r l y  Y2 m i n  at  0.01% bromine .  

The  add i t ion  of hyd r ob r omi c  acid to C.P.8 did no t  
a l te r  its e tch ing  charac ter is t ics  p rov ided  it was  used 
i m m e d i a t e l y  af ter  m a k i n g  up. The  e tchan t  s lowly 
oxidized h y d r o b r o m i c  acid to b romine .  

At  hydrof luor ic  acid concen t r a t i on  lower  t h a n  in  
C.P.8 etch ra tes  on a pol ished surface were  reduced,  
bu t  were  cons tan t  wi th  t ime.  At  inc reased  h y d r o -  
fluoric acid concen t ra t ion ,  etch ra tes  increased  as 
e tch ing  proceeded.  

At  reduced  n i t r ic  acid concen t ra t ion ,  etch ra tes  on 
a pol ished surface  were  l ikewise  reduced.  Inc reased  
n i t r ic  acid concen t r a t i on  increased  the etch ra te  on ly  
sl ightly,  bu t  caused cons iderab le  increase  in  b u b -  
bl ing.  

Ni t r ic  acid free f rom lower  oxides did no t  a l ter  the 
e tching  of pol ished surfaces.  

E tchan t s  con ta in ing  u rea  had  lower  ra te  on pol-  
i shed surfaces.  

The  presence  of reac t ion  products  r e move d  the ac-  
ce le ra t ing  per iod  of C.P.8 on g r o u n d  surfaces.  

Po ten t i a l  m e a s u r e m e n t s  ind ica te  tha t  a g r o u n d  su r -  
face is more  reac t ive  t h a n  a pol ished one. 

The above facts conform to the  fo l lowing i n t e r -  
p re ta t ion .  The resul t s  at i n t e r m e d i a t e  b r o m i n e  con-  
cen t r a t i on  ind ica te  tha t  evapora t i on  of b r o m i n e  f rom 
C.P.4 is respons ib le  for the a l leged "age ing"  of the  
e tchant .  These  resul t s  also ind ica te  tha t  b r o m i n e  ad-  
sorbs :~ s t rong ly  onto pol ished surfaces and  inh ib i t s  
d issolu t ion  at  low etch rate.  
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The  cons t an t  r a t e  e x h i b i t e d  b y  bo th  C.P.4 a n d  
C.P.8 ind ica t e s  t h a t  the  r a t e  of r e a c t i o n  is l i m i t e d  b y  
the  d i f fus ion of hyd ro f luo r i c  ac id  to t he  surface .  The  
r e su l t s  of t h e  e x p e r i m e n t s  in w h i c h  hyd ro f luo r i c  ac id  
and  n i t r i c  ac id  c o n c e n t r a t i o n s  w e r e  v a r i e d  conf i rm 
this.  The  r a t e s  a t  h igh  n i t r i c  ac id  c o n c e n t r a t i o n  or  
w h e n  pe r ch lo r i c  ac id  was  a d d e d  w e r e  r a t h e r  m o r e  
v a r i a b l e  t h a n  mos t  resu l t s ,  and  th i s  is a t t r i b u t e d  to 
the  change  in r e d u c t i o n  p r o d u c t  n o r m a l l y  e n c o u n -  
t e r e d  w i t h  n i t r i c  acid.  This  p r o d u c e d  excess ive  b u b -  
b l ing  and  t u r b u l e n c e  a n d  r e s u l t e d  in u n e v e n  s u r -  
faces.  (Ni t r i c  ac id  can  be  r e d u c e d  b y  m e t a l s  or  o the r  
r e d u c i n g  agen t s  to n i t r i c  ox ide  or  n i t r o g e n  d i o x i d e  
d e p e n d i n g  on i ts  concen t r a t i on . )  

This  conc lus ion  is in  some w a y s  su rp r i s ing .  The  
ox id i z ing  agent ,  n i t r i c  acid,  is in excess ,  b u t  the  s u r -  
face  p r o d u c e d  b y  e t ch ing  is f ree  f rom a n y  a p p r e -  
c i ab le  o x i d e  l ayer .  H o l m e s  a n d  N e w m a n  (1) f a i l ed  
to de t ec t  a n y  ox ide  on c h e m i c a l l y  po l i shed  g e r m a -  
n i u m  b y  an  e l ec t ron  d i f f rac t ion  m e t h o d  w h i c h  could  
de t ec t  d o w n  to a m o n o l a y e r .  No v i s ib le  o x i d e  fi lm 
was  f o r m e d  even  at  t he  lowes t  hyd ro f luo r i c  ac id  
c o n c e n t r a t i o n  used.  I t  w o u l d  s eem t h a t  t he  h y d r o -  
f luoric ac id  p a r t i c i p a t e s  in the  o x i d a t i o n  r e a c t i o n  a l -  
t h o u g h  it  is not  i t se l f  an ox id iz ing  agent .  (The  s i t u -  
a t ion  is s i m i l a r  to t h a t  in some e l ec t ropo l i sh ing  p r o c -  
esses. The  r a t e  of r e a c t i o n  is con t ro l l ed  b y  the  d i f -  
fus ion  of a r eac t an t ,  a l t h o u g h  the  anod ic  p o t e n t i a l  
is t h e o r e t i c a l l y  g r e a t  enough  to cause  e x t e n s i v e  ox i -  
da t ion .  A f r equen t ,  a l t h o u g h  b y  no m e a n s  e n t i r e l y  
sa t i s f ac to ry ,  e x p l a n a t i o n  invokes  a sol id  l a y e r  on the  
e l ec t rode  su r face  in a d d i t i o n  to t he  d i f fus ion  l a y e r  in 
the  e l ec t ro ly t e . )  

The  o x i d a t i o n  of g e r m a n i u m  b y  n i t r i c  ac id  has  
been  i n v e s t i g a t e d  b y  C r e t e l l a  a n d  Ga tos  (2) .  The  
p r e s e n t  e t c h a n t  r e su l t s  a r e  in s u b s t a n t i a l  a g r e e m e n t  
w i t h  t he  m e c h a n i s m  t h e y  propose .  H o w e v e r ,  t h e i r  
a u t o c a t a l y t i c  f ac to r s  w o u l d  seem u n i m p o r t a n t  in 
m a n y  ins tances ,  and  a cons t an t  e tch  r a t e  is e s t a b -  
l i shed  v e r y  q u i c k l y  even  t h o u g h  the  n i t r i c  ac id  used  
in the  e t c h a n t  is f ree  f r o m  l o w e r  oxides .  The  r e -  
duced  r a t e  in the  p r e s e n c e  of u r e a  ( w h i c h  r eac t s  w i t h  
n i t r ous  ac id  bu t  no t  n i t r i c  ac id  2HNO~ + CO (NH~)2-~ 
2N2 ~-CO2-~ 3H~O) ind ica t e s  t he  i m p o r t a n c e  of n i -  
t r ous  ac id  to the  e tch ing .  I t  is no t  c e r t a i n  t h a t  t he  
u r e a  r e m o v e d  al l  t he  n i t r ous  ac id  p r o d u c e d  b y  the  
reac t ion ,  b u t  t he  r a t e  of r e a c t i o n  of g e r m a n i u m  w i t h  
u n d i s s o c i a t e d  n i t r i c  ac id  m u s t  be  app rec i ab l e .  Usu -  
a l l y  a h igh  su r f ace  c o n c e n t r a t i o n  of n i t r o u s  ac id  is 
r a p i d l y  e s t a b l i s h e d  b y  r e d u c t i o n  of n i t r i c  acid,  and  
t h e  r a t e  is t hen  l i m i t e d  b y  the  a v a i l a b i l i t y  of h y d r o -  

f luoric acid.  The  ac t ion  of b r o m i n e  is bes t  u n d e r s t o o d  
in t e r m s  of t he  d i f fe rence  b e t w e e n  g r o u n d  and  p o l -  
i shed  surfaces .  The  p o t e n t i a l  m e a s u r e m e n t s  i nd ica t e  
t ha t  t he  g r o u n d  su r face  is m o r e  ac t ive  and  t h e  v a l u e  
of 25-30 m v  is qu i t e  l a r g e  e n o u g h  to change  the  r e -  
duc t i on  p r o d u c t  of n i t r i c  ac id  f rom n i t r o u s  ac id  to 
n i t r i c  ox ide  (3) .  N i t r i c  ox ide  a n d  b r o m i n e  r e a c t  in 
t he  p r e s e n c e  of w a t e r  to g ive  n i t r ous  ac id  a n d  b r o -  
m i d e  ion. T h e r e f o r e  b r o m i n e  can  p r o m o t e  t he  a u t o -  
ca ta lys i s ,  due  to n i t r ous  acid,  even  t h o u g h  the  g r o u n d  
su r f a c e  p r o d u c e s  on ly  n i t r i c  oxide .  In  a d d i t i o n  i t  
was  o b s e r v e d  t h a t  b r o m i d e  is ox id i zed  to b r o m i n e  
b y  the  e t c h a n t  or  a t  l eas t  t he  n i t r i c  ac id  i t  conta ins .  
T h e r e f o r e  b r o m i n e  is r e g e n e r a t e d  and  has  i ts  effect 
even  t h o u g h  p r e s e n t  in v e r y  s m a l l  quan t i t y .  

In  add i t ion ,  the  b e h a v i o r  of b r o m i n e - c o n t a i n i n g  
e t c h a n t s  on a l r e a d y  p o l i s h e d  su r faces  sugges t s  t ha t  i t  
is a d s o r b e d  onto  t he  sur face .  The  a d s o r p t i o n  inc reases  
t he  a v a i l a b i l i t y  of b r o m i n e  at  t he  su r f ace  for  r e a c -  
t ion  w i t h  n i t r i c  ox ide .  I t  also i nh ib i t s  a t t ack ,  and  th is  
can  g ive  r i se  to u n e v e n  a t t a c k  at  h igh  b r o m i n e  con-  
c e n t r a t i o n  even  on g r o u n d  surfaces .  The  a bsence  of 
an  a c c e l e r a t i n g  p e r i o d  w i t h  C.P.8 con ta in ing  r e a c -  
t ion  p roduc t s ,  i nc lud ing  n i t r o u s  acid,  on g r o u n d  s u r -  
faces  is also in accord  w i t h  th is  scheme.  

C e r t a i n  o b s e r v a t i o n s  and  de duc t i ons  r e l e v a n t  to 
t he  p rac t i ce  of e t ch ing  h a v e  e m e r g e d  f r o m  th i s  work .  
(A)  P r o v i d e d  ca r e  is t a k e n  to  avo id  loss of b r o m i n e  
and  hyd ro f luo r i c  ac id  th is  t y p e  of c h e m i c a l  po l i sh  
is s t ab l e  and  f ree  f r o m  age ing  effects.  (B)  The  q u a n -  
t i t y  of b r o m i n e  in C.P.4 e t c h a n t  can  be  r e d u c e d  to 
abou t  1/50 t h a t  n o r m a l l y  r e c o m m e n d e d  to g ive  a 
m o r e  even  in i t i a l  a t t ack .  (C)  B r o m i n e  can  be a d d e d  
m o r e  c o n v e n i e n t l y  in t he  f o r m  of h y d r o b r o m i c  acid. 
The  e t c h a n t  ox id izes  th is  to b r o m i n e .  (D)  C h e m i c a l  
po l i sh ing  at  a r e d u c e d  r a t e  t a k e s  p l ace  at  l o w e r  h y -  
drof luor ic  ac id  concen t r a t i ons  and  p r o d u c e s  a good 
surface .  This  modi f ied  e tch  w o u l d  be  u se fu l  for  con-  
t r o l l e d  t h i n n i n g  of spec imens .  

Manuscr ip t  received June  2, 1961; revised m a n u -  
script  received Oct. 11, 1961. 

A n y  discussion of this pape r  will  appea r  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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The Stabilization of Germanium Surfaces by Ethylation 
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ABSTRACT 

It  is proposed that  the termination of each germanium surface atom in 
a (111) plane with an ethyl group should provide stabilization of the chem- 
ical composition of the surface, chemical stabilization being a prerequisite 
for the stabilization of electrical properties. The germanium surface is first 
activated with hydrogen chloride and chlorine gases and then ethylated 
by exposure to ethyl magnesium bromide. Evaluation by various methods 
indicates that ethyl groups are reproducibly and strongly bound to the sur-  
face in a ratio very close to one ethyl group for each surface atom. Details 
of the electrical and chemical evaluation are included in the following two 
papers. 

The object ive of the  work  descr ibed in this  series 
of papers  has been to gain fu r the r  insight  into the  
re la t ionship  be tween the electr ical  character is t ics  
of a semiconductor  surface and the  chemical  con- 
s t i tuents  bonded d i rec t ly  to the  surface, and thus to 
learn  be t te r  how to deal  wi th  the  problems of con- 
t rol  and s tabi l izat ion of semiconductor  surface 
proper t ies .  

The most common approach to surface s tabi l iza-  
t ion has been to inhibi t  in teract ion be tween  the 
surface and the ambien t  by  appl icat ion of a ba r r i e r  
over  an etched surface. The chemical  na ture  of 
such surfaces is not sufficiently well  control led to 
provide  informat ion  on the re la t ionship  be tween  
the chemical  and electr ical  na ture  of the surface 
since the species present  subsequent  to the inher -  
en t ly  i r reproduc ib le  etching processes are  var iable ,  
and the na tu r e  of bonding at  the  surface is not de-  
fined. 

Growth  of oxide layers  on silicon surfaces has 
provided  more  control  over  the species present  on 
the surface (1),  but  the type  of bonding at the  sur -  
face is not c lear  cut since the subs t ra te  is c rys ta l -  
l ine while  the  oxide covering is amorphous  (2).  

I t  should be  possible to p repa re  a chemical ly  
wel l -def ined surface by  choosing a ma te r i a l  as a 
surface covering which bonds to each surface a tom 
independent ly  wi thout  imposing the  requ i rements  
of a c rys ta l l ine  s t ructure.  These considerat ions 
have led to the proposal  to t e rmina te  each surface 
a tom wi th  a sa tu ra ted  carbon chain. The p r e p a r a -  
t ion and eva lua t ion  descr ibed here  is specifically 
concerned wi th  the te rmina t ion  of each ge rman ium 
surface a tom in a (111) p lane  b y  an e thyl  group. 
Idea l ly  such a surface should exhib i t  the fol lowing 
character is t ics :  

1. A re la t ive ly  nonabrup t  t rans i t ion  f rom sub-  
s t ra te  to pro tec t ive  surface layer :  The bonding in 
ge rman ium is s imilar  to tha t  in carbon, thus the 
Ge-C  bond at  the in ter face  should resemble  the  
Ge-Ge  bonds of the subs t ra te  and the C-C bond of 
the barr ier .  This should provide  a more g radua l  

t rans i t ion  of bond charac ter  than  that,  for instance, 
at the g e r m a n i u m - g e r m a n i u m  oxide interface.  

2. Terminat ion  of all the surface ge rman ium 
atoms: Each carbon chain extending  f rom a ger-  
manium surface atom is essent ia l ly  independent  of 
the carbon chain on the ad jacent  ge rman ium atom; 
the cross section of the e thyl  group is la rge  enough 
to fill near ly  the ent i re  surface, but  small  enough 
to permi t  t e rmina t ion  of each surface atom. 

3. Chemical  inertness:  Ge rman ium t e t r ae thy l  is 
an ex t r eme ly  stable compound which is not  hyd ro -  
lyzed by moist  air. This s tab i l i ty  indicates tha t  the 
G e - e t h y l  bond is strong and suggests tha t  the  
e thy la ted  surface should not be a t tacked by  ambient  
consti tuents.  

4. Insula t ing surface covering: German ium te t ra-  
e thyl  is t r anspa ren t  to vis ible  l ight  and noncon- 
ducting. One may  infer  f rom this tha t  the a lkyl  
groups on the surface should also be nonconduct ing 
and thus should inhibi t  surface channeling.  

Preparative Procedure 

Ethyla t ion  of ge rman ium surfaces is achieved 
by car ry ing  out react ions at the surface which are 
analogous to we l l -known  bu lk  reactions.  The sur -  
face is ac t iva ted  by  react ing the (hyd ra t ed )  ger -  
man ium oxide l aye r  on the surface wi th  hydrogen 
chloride and by  react ing the under ly ing  ge rman ium 
wi th  chlorine. The chlor ina ted  surface is then ex -  
posed to e thyl  magnes ium bromide  (a Gr ignard  
reagent )  which replaces the chlorine atoms at  the  
surface wi th  e thyl  groups in a manner  analogous 
to the react ion 

GeCL W 4C,H~ MgBr-~ Ge(C_~H~), -b 4MgBrC1 

Very  nea r ly  quant i t a t ive  yields  have  been real ized 
in the p repara t ion  of t e t r ae thy l  germane  by  this 
procedure  (3).  

The e thyla t ion  process is descr ibed in the  fo l low- 
ing sections. The t r ea tmen t  is designed to offer the 
greates t  assurance of obta ining the desired surface, 
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and the complexi ty  of the  p r epa ra t i ve  procedure  is 
of secondary importance.  

In order  to provide  the greates t  possible la t i tude  
in the ini t ia l  p r e p a r a t i v e  techniques,  the s tabi l iza-  
tion of s imple wafers,  r a the r  than  of devices, was 
a t tempted.  In par t icular ,  the  (111) surfaces of both 
n-  and p - t y p e  ge rman ium were  e thyla ted .  

Sizing and cleaning of the sample.--The sample 
is cut f rom a single crys ta l  and ground on a 240 
gri t  wheel.  A p p r o x i m a t e l y  3 mils of ma te r i a l  are  
removed from each surface by lapping wi th  AO- 
3051 abrasive.  At  least  an addi t ional  2 mils are  re -  
moved from each surface wi th  a fast  etch (2HNOs: 
1HF) to remove the mechanica l ly  worked  layer  
left  by  the lapping  operation.  

It is essential  to avoid the presence on the surface 
of s t rongly  adsorbed ions which might  in te r fe re  
wi th  subsequent  steps in the react ion sequence. 
F luor ide  ions are therefore  careful ly  excluded from 
the surface at  this point. If fluoride ions remain  on 
the surface throughout  the  surface t rea tment ,  they  
may  s t rongly  influence the  electr ical  character is t ics  
of the final surface. For  this purpose an etch free 
of hydrogen fluoride is used subsequent  to the fast  
etch to act as a surface cleaning agent.  The c lean-  
ing etch consists of 30% hydrogen  peroxide  sa tu-  
ra ted  with  oxalic acid d ihydra te .  The acid is added 
because it has been found that,  in hydrogen  pe r -  
oxide solutions, the r a t e  of dissolution of ge rma-  
nium increases r ap id ly  wi th  a decrease in pH below 
5 (4).  Oxalic acid, which is one of the s trongest  
organic acids (K1 = 6.5 x 10-~), provides  a means  
of lower ing the pH of the solution wi thout  adding 
ions which are diffcult to remove later .  Oxalic acid 
is read i ly  removed from the ge rmanium surface 
fol lowing the etch, since it is decomposed by heat  
(186~ or hot hydrogen  perox ide  into carbon d i -  
oxide and water ,  and it subl imes at  100~ This 
t r ea tment  removes approx ima te ly  0.3 mil of ma te -  
r ia l  f rom the surface which carr ies  wi th  i t  s t rongly  
adsorbed contaminants  remain ing  f rom the HNO,- 
HF etch. Mass spect rometr ic  da ta  (5) show that ,  on 
heating, less gaseous mate r ia l  is re leased f rom a 
hydrogen  pe rox ide-oxa l i c  acid etched ge rman ium 
surface than is re leased f rom ge rman ium surfaces 
t r ea ted  with  other  etching mixtures .  The quan t i ty  
of the gases evolved is taken  as an indicat ion of the 
total  amount  of mate r ia l  adsorbed on the surface. 

Activation of the germanium surface.--The sam-  
ple is ac t iva ted  and e thy la ted  in the appara tus  
p ic tured  in Fig. 2. The ge rman ium is mounted  in a 
glass clip on the end of a Trubore  ~ rod which serves 
to center  the specimen in the heat ing tube and 
provides  for the rap id  t ransfe r  of the sample into 
the  var ious  t empera tu re  zones. The two zones A 
and B are  main ta ined  at  the  p roper  t empera tu res  
wi th  automat ic  controllers .  

The sample  is exposed for 15 rain to pure  argon 
at 144~176 and 1 a tm pressure  to dr ive  off ad-  
sorbed moisture.  The argon is first passed through 
type  5A Molecular  Sieve ~ cooled to --78~ The 

I A m e r i c a n  O p t i c a l  Co., P h i l a d e l p h i a ,  Pa .  
-~ A c e  G l a s s  Co.,  V i n e l a n d ,  N.  J .  

L i n d e  Co.,  U n i o n ,  N.  J .  

Ge BY E T H Y L A T I O N  

SINGLE ~Ge-- HYDRATED OXIDES, SURFACE AFTER 
XTAL--Ge ', FLUORIDES, ~ 2 HNOs:IHF 
Ge ~Ge-- ETC. ~ETCH 

SURFACE ATOMS H202- H z C204 ETCH 
, /  

~G'e--O-- t --G~I HYDRATED 
OXIDES H20 +Oz+CO 2 

 o,o_o_ o,,Y 
i 

I HCI GAS 

+ Ge CI<.I+H2 0 ~ 

I HCI-CI z 

+Ge CI4~ 

ON ETHER) 

Ge-- CI 
_ G e / :  

- -  Ge - -C I  / :  

i 

--Ge ' 
- - ~ e - - C l  

I CHsCH2MgSr 

_ G <  e--CH2~G CH 3 +Mg Br CI 

-.~Ge-- C H z CH s 

Fig. I. Alkylation procedure, sequence of steps 
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sample is then exposed to hydrogen  chlor ide  gas 
at 144~176 for 20 min to remove al l  hydrous  
ge rmanium oxide present .  The wa te r  and ge rma-  
nium te t rachlor ide  [bp 83.1 (6 ) ]  which form are  
volat i le  at this  t empera tu re .  

The sample is lowered  into zone B where  the  
t empe ra tu r e  is ma in ta ined  at  87~176 and an 
equal  amount  of chlorine (by  volume)  is then  
added to the HC1 gas s t ream. The lower  t e m p e r a -  
ture  is employed  because above 100~ in the  p re s -  
ence of chlorine, an unidentif ied haze often forms 
on the ge rmanium surface. At  87~176 in 20 min 
the chlorine removes approx ima te ly  0.2tL (by  weight  
loss) from the surface. By removal  of a small  
amount  of ge rman ium all  impur i t ies  should be 
purged  from the surface and each surface atom 
should then be occupied wi th  a chlor ine atom. Both 
tank  gases and gases genera ted  in situ (and dr ied 
with  calcium sulfate and concentra ted  sulfuric  

TRUBORE 

IDR  HC, \ J t' 
o~ c~ 

--SAMPLE 

~ T C  & HTR TO 
~--CONTROLLERS 

- -C2HsMgBr 

Fig. 2. Alkylation apparatus 
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ac id)  h a v e  been  emp loyed .  The  source  of t he  gases  
does  not  a p p e a r  to affect  the  f inal  su r f ace  c h a r a c -  
te r i s t ics .  

Ethyla t ion . - -The  c h l o r i n e - h y d r o g e n  ch lo r ide  gas  
m i x t u r e  is f lushed f r o m  the  a p p a r a t u s  w i t h  d r y  
argon,  and  t h e  s a m p l e  is l o w e r e d  into  zone C w h i c h  
is a t  r o o m  t e m p e r a t u r e .  E t h y l  m a g n e s i u m  b r o m i d e  
wh ich  has  been  p r e p a r e d  and  s to r ed  in c h a m b e r  D 
is fo rced  into  the  r e a c t i o n  c h a m b e r .  A s t r e a m  of 
a rgon  is a l l o w e d  to flow in to  t he  a p p a r a t u s  a t  a l l  
t imes  to m a i n t a i n  a pos i t i ve  p re s su re .  The  s a m p l e  
is a l l owed  to r e m a i n  i m m e r s e d  in t he  e thy l  m a g -  
n e s i u m  b r o m i d e  for  15 min  a l t h o u g h  r a d i o  t r a c e r  
s tud ies  show tha t  t he  su r f ace  a l k y l a t i o n  r e a c t i o n  is 
e s s e n t i a l l y  i n s t a n t a n e o u s  (7 ) .  T h e  excess  e t h y l  
m a g n e s i u m  b r o m i d e  is t hen  fo rced  b a c k  into  t he  
s to rage  c h a m b e r .  W h e n  the  s a m p l e  is expose d  to 
the  a t m o s p h e r e  t h e  e t h y l  m a g n e s i u m  b r o m i d e  c l ing -  
ing  to t h e  su r f ace  i m m e d i a t e l y  hydro l i zes .  The  
a l k a l i n e  h y d r o l y s i s  p r o d u c t s  a r e  r e m o v e d  w i t h  
s l i g h t l y  ac idic  aqueous  a m m o n i u m  ch lo r ide  so lu -  
t ion fo l l owed  b y  d i s t i l l ed  wa te r .  A t  th is  t ime  the  
g e r m a n i u m  su r f ace  is s t r o n g l y  h y d r o p h o b i c .  

Preparation of the ethyl  magnesium b r o m i d e . -  
The  e t h y l  m a g n e s i u m  b r o m i d e  is p r e p a r e d  b y  r e -  
ac t ion  of e t h y l  b r o m i d e  w i t h  m a g n e s i u m  t u r n i n g s  
in d r y  e ther .  De ta i l s  of the  p r e p a r a t i o n  m a y  be  
f o u n d  in o rgan ic  t ex t s  (8) .  The  r e a g e n t  is m a d e  as 
c o n c e n t r a t e d  as poss ib le  w h i l e  a v o i d i n g  sol id i f ica-  
t ion  ( a p p r o x i m a t e l y  5M at  r o o m  t e m p e r a t u r e ) .  
Moi s tu re  and  ca rbon  d iox ide  a r e  r i g o r o u s l y  e x -  
c luded  d u r i n g  p r e p a r a t i o n  of t he  r e a g e n t  b y  c a r -  
r y i n g  out  t he  r e a c t i o n  in f lamed g l a s s w a r e  u n d e r  
an  a t m o s p h e r e  of d r y  argon.  The  r e a g e n t  is t r a n s -  
f e r r e d  to the  s to rage  c h a m b e r  D in a c o m p l e t e l y  
c losed s y s t e m  u n d e r  a rgon .  

Results and Discussion 
The  p r e p a r a t i v e  p r o c e d u r e  o u t l i n e d  a b o v e  was  

d e v e l o p e d  f r o m  m o r e  p r i m i t i v e  t echn iques  in ac -  
c o r d a n c e  w i t h  r e su l t s  f r o m  rad io  t r a c e r  a n a l y s e s  
and  e l ec t r i ca l  m e a s u r e m e n t s .  The  p r o c e d u r e  was  
modif ied ,  us ing  these  m e a s u r e m e n t s  as a control ,  
u n t i l  r e p r o d u c i b i l i t y  and  c o m p l e t e  m o n o l a y e r  cov-  
e r a g e  w i t h  s t r o n g l y  b o n d e d  e t h y l  g roups  was  
ach ieved .  These  m e a s u r e m e n t s  a r e  d i scussed  in d e -  
t a i l  in the  fo l lowing  two  p a p e r s  of th is  ser ies .  

The  two  m a j o r  p r e p a r a t i v e  u n c e r t a i n t i e s  a r e  the  
c omple t enes s  of su r f ace  c o v e r a g e  and  the  effect  of 
r e a g e n t  impur i t i e s .  U n f o r t u n a t e l y ,  b o t h  of t he se  
fac tors  m a y  be  on ly  a p p r o x i m a t e l y  e v a l u a t e d  b y  
macroscop ic  c h e m i c a l  ana lys i s  due  to t he  m i n u t e  
a m o u n t  of m a t e r i a l  a s soc ia t ed  w i t h  a su r f ace  
m o n o l a y e r .  More  e x p l i c i t  i n f o r m a t i o n  m u s t  be  i n -  
f e r r e d  f r o m  the  su r f ace  e l ec t r i c a l  cha rac te r i s t i c s .  
A s t rong  su r f ace  i nve r s ion  l a y e r  ( a p p r o x .  4 k T )  is 
o b s e r v e d  on e t h y l a t e d  n - t y p e  g e r m a n i u m .  This  
m a y  b e  an  u n a n t i c i p a t e d  c h a r a c t e r i s t i c  of a c o m -  
p l e t e l y  e t h y l a t e d  su r f ace  or  i t  m a y  b e  a s soc ia t ed  
w i t h  e i t he r  of t he  p r e p a r a t i v e  u n c e r t a i n t i e s  m e n -  
t i oned  above.  

Occupa t ion  of a su r f ace  a t o m  w i t h  an  e t h y l  g roup  
m a y  affect  t he  c h e m i c a l  r e a c t i v i t y  of a d j a c e n t  su r -  
face  a toms,  a n d  s t e r i c  h i n d r a n c e  a t  a c h l o r i n a t e d  
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a t o m  s u r r o u n d e d  b y  e t h y l a t e d  a toms  m a y  also p l a y  
a ro le  in  t he  deg ree  of su r f ace  coverage .  I t  has  been  
obse rved ,  h o w e v e r ,  t ha t  e x p o s u r e  of a c h l o r i n a t e d  
su r f ace  to l i t h i u m  e thy l ,  w h i c h  is an  even  m o r e  
v igo rous  a l k y l a t i n g  a g e n t  t h a n  e t h y l  m a g n e s i u m  
b r o m i d e  (9, 10),  y i e lds  a su r f ace  w i t h  e s s e n t i a l l y  
the  s a m e  e l ec t r i ca l  c h a r a c t e r i s t i c s  as t h a t  a ch i eved  
w i t h  t h e  e t h y l  m a g n e s i u m  b r o m i d e .  I f  l ow  r e a c -  
t i v i t y  of a p a r t i a l l y  e t h y l a t e d  su r face  w e r e  an  i m -  
p o r t a n t  fac tor ,  one w o u l d  a n t i c i p a t e  t h a t  the  use  of 
e t h y l a t i n g  agen t s  of d i f fe ren t  r e a c t i v i t y  w o u l d  y i e l d  
su r faces  h a v i n g  d i f fe ren t  e l ec t r i ca l  p r o p e r t i e s .  

The  a b o v e  o b s e r v a t i o n  also sugges t s  t h a t  one 
m a y  ru le  out  t he  pos s ib i l i t y  t h a t  t he  su r f ace  e l ec -  
t r i c a l  p r o p e r t i e s  a r e  s t r o n g l y  af fec ted  b y  a d s o r b e d  
m a g n e s i u m  and  l i t h i u m  ions. I t  is a n t i c i p a t e d  t h a t  
m a g n e s i u m  ions  w o u l d  h a v e  a d i f fe ren t  inf luence  
on the  e l ec t r i ca l  p r o p e r t i e s  t h a n  l i t h i u m  ions. 

E v e r y  effor t  has  been  m a d e  to e xc lude  c o n t a m i -  
n a n t s  f r o m  t h e  s y s t e m  p r i o r  to  e thy l a t i on .  T h e  
p u r i t y  of the  c h l o r i n e  and  h y d r o g e n  ch lo r ide  gases  
is p r o b a b l y  the  mos t  diff icult  f ac to r  to control .  I t  
was  f o u n d  t h a t  su r f a c e  e l e c t r i c a l  p r o p e r t i e s  w e r e  
not  a l t e r e d  if  t a n k  gases  r a t h e r  t h a n  gases  g e n e r -  
a t ed  in an  a l l - g l a s s  a p p a r a t u s  w i t h  p u r e  r e a g e n t s  
w e r e  e m p l o y e d  in t h e  c h l o r i n a t i o n  s tep.  M o i s t u r e  
t r a p s  w e r e  used  for  the  t a n k  gases,  t he  v a p o r  p r e s -  
su re  of the  poss ib l e  m e t a l  ch lo r ides  f rom t a n k  gases  
is v e r y  low a t  r o o m  t e m p e r a t u r e ,  and  su r f ace  a d -  
s o r p t i o n  of such c o n t a m i n a n t s  as c a r b o n  d i o x i d e  or  
m o n o x i d e  w o u l d  be  p r e v e n t e d  b y  t h e  m o r e  r e a c -  
t ive  m a j o r  cons t i tuen t s .  I t  is t h e r e f o r e  a s s u m e d  
tha t  t he  c h l o r i n a t i o n  s tep  does  not  i n t r o d u c e  u n -  
k n o w n  i m p u r i t i e s .  

S ince  the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of an  e t h y l -  
a t ed  su r face  a r e  e s s e n t i a l l y  i n d e p e n d e n t  of t he  
a l k y l a t i n g  a g e n t  u sed  and  t h e  source  of the  h y d r o -  
gen  c h l o r i d e  and  ch lo r ine  gases,  t h e  o r ig in  of t h e  
su r f a c e  i n v e r s i o n  l a y e r  is no t  c lear .  This,  as w e l l  
as o t h e r  ques t ions  p r e s e n t e d  in t he  s u b s e q u e n t  
pape r s ,  w i l l  be  t h e  sub j e c t  of f u r t h e r  i nves t iga t ion .  
A l l  m e a s u r e m e n t s  a v a i l a b l e  a t  th is  t ime ,  h o w e v e r ,  
i nd i ca t e  t ha t  t he  p r o c e d u r e  o u t l i n e d  a b o v e  is e f -  
f ec t ive  in r e p r o d u c i b l y  p r e p a r i n g  a su r f ace  e s sen -  
t i a l l y  c o m p l e t e l y  occup ied  w i t h  s t r o n g l y  h e l d  e t h y l  
g roups .  
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The Stabilization of Germanium Surfaces by Ethylation 
II. Chemical Analysis 

J. A. Amick, G. W. Cullen, and D. Gerlich 
RCA Laboratories, Radio Corporation o~ America, Princeton, New Jersey 

ABSTRACT 

Radiotracer techniques and mass spectrometry have been employed in 
analyzing ethylated germanium surfaces; the results from these two an-  
alytical techniques are in  good agreement.  The number  of ethyl fragments  
on a treated (111) germanium surface is the same as the number  of surface 
germanium atoms, wi th in  exper imental  error. The surfaces are stable at 
temperatures  below 200~ in vacuum and in  air, but  begin evolving C~ and 
C~ fragments  above 200~ At higher temperatures,  addit ional hydrocarbon 
fragments  are seen mass spectrometrically. Using wafers having labelled 
ethyl groups, it has been found that the treated surfaces are stable to im-  
mersion in common chemical solvents. 

As a resu l t  of research  on the p r e p a r a t i o n  of s table  
and  rep roduc ib le  semiconduc tor  surfaces,  a chemical  
t r e a t m e n t  has been  developed for g e r m a n i u m  which  
is des igned to bond  e thy l  groups  to all  surface a toms 
(1) .  Elec t r ica l  m e a s u r e m e n t s  made  on these surfaces 
show tha t  they  are u n u s u a l l y  s table  and  insens i t ive  
to a m b i e n t s  (2) .  

To confirm the presence  of e thy l  groups  on the 
t rea ted  surfaces  and  to enab le  a cor re la t ion  of the  
electrical properties of the surface with its chemical 
composition to be made, suitable analytical tech- 
niques were required. For wafers of a few cm ~ total 
area, the number of surface fragments will be no 
greater than about 10 Is for monolayer coverage. Both 
radiotracer studies and mass spectrometry were used 
in this investigation since they possess the required 
sensitivity, and since the two techniques give com- 
plementary information. 

Radiotracer Studies 

(111) wafers  of g e r m a n i u m  h a v i n g  labe l led  e thy l  
groups  were  first p r epa red  by  procedures  more  
p r imi t i ve  t h a n  tha t  descr ibed in  the  first r epor t  of 
this series (1) .  For  the  synthes is  of the  G r i g n a r d  r e -  
agent,  t r i t i u m  labe l led  e thy l  b romide  was  employed.  
The ac t iv i ty  of the  t r ea ted  surfaces  was used as a 
guide for mod i fy ing  the  t r e a t m e n t ,  l ead ing  f inal ly  to 
an  e thy la t i on  p rocedure  g iv ing  rep roduc ib le  resul ts  
and  mono laye r  coverage.  The consequences  of expos-  
ing these t r ea ted  surfaces  to hea t  and  to chemical  
solvents was then determined. 

Materials and Equipment  

The G r i g n a r d  r eagen t  used in  p r e p a r i n g  the  e thy l -  
a ted surfaces,  was  synthes ized  f r o m  labe l led  e thy l  
b romide  suppl ied  by  New E n g l a n d  Nuc lea r  Corpora -  
tion. T r i t i um,  r a t h e r  t h a n  carbon,  was chosen as the  
l abe l l ing  a tom since it can be ob ta ined  in  m u c h  
h igher  specific ac t iv i ty  and  can therefore  be detec ted  

at lower  concen t ra t ions  t h a n  can C 1.. Wi th  a hal f  life 
of 12 years,  the  ac t iv i ty  is essen t ia l ly  cons tan t  over  a 
per iod of one or two months .  S t a n d a r d  p recau t ions  
were  fol lowed in  the  p r e p a r a t i o n  and  h a n d l i n g  of 
G r i g n a r d  reagent .  

The appa ra tu s  used in  the  e thy la t i on  of g e r m a -  
n i u m  surfaces,  was  essen t ia l ly  a dupl ica te  of tha t  de-  
scr ibed ear l ie r  (1) .  Samples  were  counted  in a 2~ 
windowless  gas flow counte r  1 whose  efficiency was  
found  to be 0.670 us ing  t r i t i u m  labe l led  s tearic  acid 
films deposi ted on pol ished copper  surfaces  (3).  

Concentration of Ethyl Groups on the Surface 

The r a d i o - e t h y l  b romide  was  supp l ied  as E t h y l -  
1-H 3 Bromide  in sealed via ls  con ta in ing  40 mg 
each, wi th  a specific ac t iv i ty  g iven  as 27.7 mi l l i cur ies  
per  mi l l imole .  Each via l  was  specified to con ta in  10 
mil l icur ies .  Before use, this  m a t e r i a l  was  d i lu ted  
1:100 wi th  inac t ive  e thy l  b romide ,  m a k i n g  the ra t io  
of l abe l led  to u n l a b e l l e d  molecules  9.19 x 10% 

Correct ions  for back  sca t te r ing  and  for coun te r  
efficiency were  made  on r a w  data.  A factor  of two 
correc t ion  is r equ i r ed  because  the coun te r  detects  
r ad ia t ion  over  on ly  a 2~r r a t h e r  t h a n  a 47r solid angle.  
The  n u m b e r  of e thy l  groups  on a t r ea t ed  surface  can 
thus  be ca lcu la ted  f rom:  

C (1-0.275) (2) 
N =  

0.672 A X R 

where  N is the  n u m b e r  of e thy l  groups  pe r  cm~; C is 
the  ac t iv i ty  of the sample  in  counts  per  m i n u t e ;  0.275 
is the f rac t ion  of the r ad i a t i on  back scat tered;  0.672 
is the  coun te r  efficiency; A is the  a rea  of the  sample  
in  cm 2 = 0.816 cm~; X is the  d i s in t eg ra t ion  cons tan t  
for t r i t i u m  = 1.09 x 10 -7 min-1; R is the  ra t io  of act ive 
to inac t ive  e thy l  b romide  molecules .  

1 N u c l e a r  M e a s u r e m e n t s  Corp .  C o n t i n u o u s  gas  f low p r o p o r t i o n a l  
c o u n t e r  p l u s  a B a i r d  A t o m i c  132 S c a l e r .  
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Table I. 

S a m p l e  A v e r a g e  n e t  c p m  

N u m b e r  of 
e t h y l  g r o u p s  

E t h y l  g r o u p s / c m ~  p e r  sur face  
( ~ 5 %  e s t i m a t e d )  G e  a t o m  

1 117.8 3.12 • 101~ 0.43 
2 105.9 3.1 0.43 
3 134 4.08 0.56 
4 29 0.75 0.10 
5 212 5.62 0.77 
6 211 5.59 0.77 
7 234 6.20 0.85 
8 234 6.20 0.85 
9 254 6.73 0.92 

10 282 7.47 1.0 

T h e  n u m b e r  of s u r f a c e  g e r m a n i u m  a t o m s  p e r  cm2 (111 p l a n e )  is 
g i v e n  b y  H a n d l e r  (4) as 7.3 • 1014/cm~. 

Influence of Ethylation Procedure on 
Ethyl Group Concentrc~tio~ 

The steps in  the or ig ina l  e thy la t ion  p rocedure  con-  
sisted of (a)  an  etch in  CP-8  (HF-HNO~) to remove  
any  mechan ica l ly  worked  surface,  (b)  an  oxalic acid 
hyd rogen  peroxide  etch to remove  undes i r ab l e  ions 
f rom the surfaces (1) ,  (c) ch lo r ina t ion  in  an HC1/CI_. 
m i x t u r e  at 85~ (d)  w i thou t  exposure  to air, i m-  
mer s ion  in G r i g n a r d  r eagen t  for a few minu tes ,  (e) 
r ins ing  w i th  sa tu ra t ed  a m m o n i u m  chloride solut ion,  
then  wi th  water ,  and,  finally,  (I)  d r y i n g  in  air  at 
room t empera tu re .  

The inf luence of mod i fy ing  the p rocedure  m a y  be 
seen in  Tab le  I. Samples  1 and  2 were  t rea ted  ac- 
cording to the  steps ou t l ined  above.  Samples  3 a nd  4 
were  t r ea ted  s imi la r ly  except  tha t  the ch lo r ina t ion  
step (c) was omit ted.  Sample  3 has a r ea sonab ly  
large concen t r a t i on  of e thy l  groups,  bu t  subsequen t  
heat  t r e a t m e n t  showed tha t  the  surface  was  no longer  
hea t  stable.  The  concen t r a t i on  of e thy l  groups on 
sample  4 is seen to be on ly  10% of tha t  on sample  
10. F r o m  this  it is i n fe r r ed  tha t  ch lo r ina t ion  is an  
essent ia l  step in  the surface t r e a t m e n t  procedure .  
Samples  5 and  6 were  hea ted  in n i t r ogen  at 120~ for 
1V~ hr  fo l lowing ch lo r ina t ion  and  preced ing  Gr ig -  
n a r d  t r ea tmen t .  Samples  7 and  8 were  s imi l a r ly  
hea ted  in  n i t r o g e n  both  p reced ing  and  fo l lowing 
chlor ina t ion .  Samples  9 and  10 were  cycled th ree  
t imes  b e t w e e n  n i t r ogen  hea t  t r e a t m e n t s  at 120~ 
and  ch lo r ina t ion  at 85~ pr ior  to G r i g n a r d  t r ea t -  
ment .  

Wi th  the cyclic t r e a t m e n t s  in  n i t r ogen  and  HC1/CI~ 
mix tu res ,  the  n u m b e r  of e thy l  groups  on the surface  
was  increased,  p r e s u m a b l y  due to more  comple te  
ch lo r ina t ion  of the  g e r m a n i u m  surface  pr ior  to Gr ig -  
n a r d  t r ea tmen t .  S u b s e q u e n t  work  has shown tha t  
e q u i v a l e n t  resul t s  can be ob ta ined  by  t r e a t m e n t  in 
p u r e  HC1 at 144~176 and  this  has been  incor -  
pora ted  in to  the s t a n d a r d  e thy la t i on  p rocedure  (1) .  

Sample  5 was a l lowed to s tand  in  contact  wi th  
the G r i g n a r d  r eagen t  ove rn igh t  [step (d) ]. The su r -  
face concen t r a t i on  of e thy l  groups  is seen to be abou t  
the same as for sample  6 which  was  in  contact  wi th  
the  G r i g n a r d  r eagen t  for on ly  a few minu tes .  Re-  
act ion of the ch lo r ina ted  g e r m a n i u m  surface  is 
therefore  p r e s u m e d  to be n e a r l y  ins t an taneous .  

Fo l lowing  e thy la t ion ,  the  n u m b e r  of e thy l  groups  
p resen t  on the  g e r m a n i u m  surface is seen to be v e r y  

n e a r l y  one for each surface g e r m a n i u m  a tom (Table  
I, samples  9, 10). This  is the ra t io  which  would  be 
expected  us ing  the s imple  concep tua l  mode l  of a 
g e r m a n i u m  surface  in  which  each surface  a tom has a 
bond  directed ou t w a r d  ( n o r m a l  to the surface)  to 
which  an  e thyl  group is cova len t ly  at tached.  Al -  
t hough  the ca lcu la t ion  assumes  an a tomica l ly  smooth 
surface,  the s t a t e me n t  wou ld  sti l l  be t rue,  w i t h i n  ex-  
p e r i m e n t a l  error ,  as long as the  n u m b e r  of surface 
a toms is not  increased  by  more  t h a n  a few per  cent  
because  of surface  roughness .  For  the g e r m a n i u m  
wafers  used in  this  work,  this  seems a reasonab le  
hypothesis .  

If a th ick  h y d r a t e d  oxide surface  l aye r  were  
"esterif ied" by  this t r e a tmen t ,  and  if the s t ruc tu re  
were  sufficiently porous to a l low p e n e t r a t i o n  of re -  
agents  into the  layer ,  it is an t ic ipa ted  tha t  more  t h a n  
one e thy l  group wou ld  be p resen t  for each surface 
g e r m a n i u m  atom. If e thane  or some other  h y d r o c a r -  
bon  molecu le  were  phys ica l ly  adsorbed on the su r -  
face, it would  be su rp r i s ing  if exac t ly  one molecule  
were  p resen t  for each surface  g e r m a n i u m  atom. 

Results of Exposure to Heat and Ambient 

The G r i g n a r d  t rea ted  surfaces  appear  s table  to 
hea t ing  in air  to abou t  200~ Above  this  t e m p e r a -  
tu re  they  decompose and  the  rad ioac t iv i ty  p resen t  
on the  surface decreases rapid ly .  This behav io r  m a y  
be seen in  Fig. 1 w he r e  the  ac t iv i ty  on the surface,  in 
counts  per  minu te ,  is p lo t ted  as a func t ion  of t ime  for 
sample  5 held at 335~ and  for sample  6 held  at 
200~ At  335~ the  ac t iv i ty  drops more  t h a n  an  
order  of m a g n i t u d e  in  the first hour.  Af te r  4 hr  at 
200~ the ac t iv i ty  has dropped  to only  abou t  1/2 the  
in i t i a l  value.  In  Fig. 2, s imi la r  da ta  for sample  9 
( i mpr ove d  t r e a t m e n t )  is presented .  At  200~ the  
ac t iv i ty  drops by  abou t  10% and  then  r e ma i ns  con-  
s tan t  du r ing  a 2 -h r  heat  t r e a t m e n t  du r ing  which  the  
t e m p e r a t u r e  is a l lowed to rise to 230~ W h e n  the 
t e m p e r a t u r e  is s u b s e q u e n t l y  ra ised to 260~ the  ac- 
t iv i ty  i m m e d i a t e l y  begins  to decrease.  No loss in  ac- 
t i v i ty  is observed for a sample  kept  in  a v a c u u m  for 
per iods up to a day  at r oom t e m p e r a t u r e ,  for a 
sample  hea ted  in  a v a c u u m  at 100 ~ for 18 hr, or for 
a sample  hea ted  in  a v a c u u m  at 147~ for 5 hr. 
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Fig. 1. Loss of radioactivity from ethylated germanium wafers 
during heating in air. Ethyl groups labelled with tritium. 
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Fig. 2. Loss of radioactivity from on ethylated germanium surface 
during heating in air. Surface has one monolayer of ethyl groups, 
within experimental error. Ethyl groups labelled with tritium. 

Results of Immers ion  in Common Chemical Reagents 

The effect on the  t r ea t ed  surface  of i m m e r s i o n  in  
some of the more  common  chemical  r eagen ts  was 
d e t e r m i n e d  in  the fo l lowing m a n n e r .  A t r i t i u m  la -  
bel led e thy la t ed  wafe r  was  first p laced in  a beake r  
con ta in ing  the  reagent ,  and  the  so lu t ion  was  m e -  
chan ica l ly  s t i r red  for 3-5 min.  The wafe r  was  t hen  
removed,  r insed  in  water ,  dried,  and  counted.  Resul ts  
of these tests are shown in  Tab le  II. I t  wi l l  be no ted  
tha t  the  surface  is unaffec ted  by  i m m e r s i o n  in the 
organic  solvents  tested,  tha t  smal l  changes  are ob-  
served w h e n  the surface  is i m m e r s e d  in  d i lu te  acids, 
bu t  tha t  concen t ra t ed  acids, and  bases in  all  
s t rengths ,  r emove  most  of the ac t iv i ty  f rom the  
t r ea ted  surface.  

F r o m  these  expe r imen t s  it  is concluded tha t  the 
labe l led  a toms are not  p resen t  in  molecules  adsorbed  
on the surface.  Adsorbed  molecules  should desorb in  
one or more  of the so lvents  l is ted in  the  first c o l u m n  
of Tab le  II  and  should  also desorb w h e n  the  surface 
is hea ted  mode ra t e ly  in  vacuo. 

Mass Spectrometry 
To ob ta in  ana lyses  of the surface  composi t ion by  

mass spec t romet ry ,  it is first necessa ry  to r emove  
f r agmen t s  f rom the surface.  This  has been  done for 
the e thy la t ed  g e r m a n i u m  surfaces by  two tech-  
n iques :  (a)  by  spu t t e r ing  wi th  r a re  gas ions and  
(b)  by  hea t ing  in vacuo. The spu t t e r ing  t echn ique  
has the advan t age  tha t  the  t e m p e r a t u r e  of the sample  

Table I I .  

No c h a n g e  ( w i t h i n  
s t a t i s t i ca l  er ror)  S m a l l  changes  

( •  ( ~ 1 0 %  r e m o v e d )  

Acetone Ethyl  bromide 
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can be kept  low and  there fore  r e a r r a n g e m e n t  of 
f r a gme n t s  on the surface is min imized .  The ra re  gas 
ions, however ,  i n t roduce  s t rong peaks of the i r  own  at 
the p a r e n t  mass and  at submul t i p l e s  of the p a r e n t  
mass. This makes  the  de tec t ion  of o ther  radica ls  h a v -  
ing masses in  these regions  difficult. Direct  hea t ing  of 
the surface in vacuo is a ve ry  s imple  w a y  of p roduc -  
ing desorp t ion  of surface  f ragments .  The sur face  
m a y  act as a ca ta lys t  at  h igher  t empera tu res ,  how-  
ever,  and  fo rm ne w  species no t  p r e se n t  or ig inal ly .  
The i n t e r p r e t a t i o n  of the  spect ra  mus t  the re fore  be 
made  wi th  caut ion.  

Spectra Obtained by Heating the Ethylated Surface 

For  ana lys i s  of the  f r a gme n t s  desorbed by  s imple  
heat ing,  a D ia t ron  ~ 20 mass spec t romete r  was  ava i l -  
able. This  i n s t r u m e n t  has severa l  ma j o r  advan tages :  
The total  vo lume  is small.  Thus,  the  absolu te  a m o u n t  
of gas needed  for an  ana lys i s  is a m i n i m u m  and  the 
sens i t iv i ty  is high. The reso lu t ion  is abou t  20; thus  
mass 20 is comple te ly  resolved f rom mass  21. The  
useful  m / e  r ange  is 1-50 which  is sa t is factory  for 
the p resen t  work.  The i n s t r u m e n t  has b e e n  modified 
so tha t  it is comple te ly  bakeab le  (5) ,  which  al lows 
b a c k g r o u n d  pressures  of 10 -~ m m  Hg to be ob ta ined  
readi ly .  

For  the p re sen t  work,  the  i n s t r u m e n t  was  mod i -  
fied in  two ways.  A quar tz  sample  tube  w r a p p e d  wi th  
a hea t ing  tape  was connec ted  to the mass  spec t romete r  
t h rough  a G r a n v i l l e - P h i l l i p s  ~ high v a c u u m  valve.  
Secondly,  a flap va lve  was  inc luded  b e t w e e n  the mass 
spec t romete r  and  the  diffusion pump.  The f r a gmen t s  
desorbed f rom the g e r m a n i u m  surface are thus  r e -  
t a ined  in  the mass spec t romete r  c ha mbe r  and  the i r  
concen t ra t ion  increases  as the  hea t ing  proceeds.  The  
t e m p e r a t u r e  of the sample  was  mon i to red  w i th  an  
i ron c o n s t a n t a n  t he rmocoup le  and  a K - 3  p o t e n t i o m -  
e ter2 

The en t i re  system, i nc lud ing  the qua r t z  sample  
tube  and  the  mass spect rometer ,  is first baked  out  at 
350~ for severa l  hours .  Af te r  cooling, base  p ressures  
of 10 -~ m m  Hg are u sua l l y  obta ined.  The  mass  spec- 
t rome te r  is t hen  closed off f rom the  sample  area  by 
me a ns  of the  h igh v a c u u m  valve.  The sample  tube  is 
nex t  cracked open and  the  sample  is inser ted.  The  
sample  t ube  is t hen  sealed back  onto the  system, and  
the  quar tz  section only  is baked  out at 500~ whi le  
the  sample  is kep t  in  the P y r e x  por t ion  of the  sys tem 
at room t e m p e r a t u r e 2  Af te r  a week  of p u m p i n g  the  
p ressure  is u sua l ly  down  to abou t  3 x 10 -~ m m  Hg. 

In  b e g i n n i n g  a run ,  the ion gauge is t u r n e d  off to 
p r e v e n t  the p u m p i n g  of f r a g m e n t s  re leased  by  the  
surface,  the  flap va lve  is closed and  a b a c k g r o u n d  
spec t rum is taken.  The sample  is t hen  hea ted  s lowly 

L a r g e  changes  
(>10% removed)  un t i l  the  surface begins  to re lease hyd r oc a r bon  f rag-  

e C o n s o l i d a t e d  E l e c t r o d y n a m i c s  Corp. ,  Pasadena ,  Ca l i fo rn ia .  
0.1M NaOH 
1.5M NH,OH ~ G r a n v i l l e - P h i l l i p s  C o m p a n y ,  P u l l m a n ,  Wash.  

3.0M NH,OH ~ Leeds  and  N o r t h r u p  Co., P h i l a d e l p h i a ,  Pa. 

5 I n i t i a l l y ,  t h e  s a m p l e  t u b e  w a s  r e m o v e d  and  r e sea l ed  u s i n g  a g a s /  
o x y g e n  flame. A tes t  e x p e r i m e n t  showed ,  h o w e v e r ,  t h a t  d u r i n g  t h i s  
sea l ing  process,  m e t h a n e ,  ca rbon  d iox ide ,  c a r b o n  m o n o x i d e ,  a n d  
w a t e r  w e r e  a d s o r b e d  on a c lean,  de-etl~.vlated g e r m a n i u m  sample ,  
i . e . ,  one w h i c h  h a d  b e e n  b a k e d  ou t  i n  t he  mass  s p e c t r o m e t e r  a t  

1M He1 400oc o v e r n i g h t .  A n e w  s a m p l e  t u b e  was  c o n s e q u e n t l y  d e s i g n e d  
w h i c h  w o u l d  p e r m i t  r e s e a l i n g  w i t h o u t  e x p o s i n g  t he  i n n e r  wa l l s  of 

3.6M HC1 the  s a m p l e  t u b e  to t he  ho t  f lame gases  (Fig. 3).  H y d r o g e n / o x y g e n  
5 M  H e S O 4  f lames w e r e  also u sed  in  o rde r  to m i n i m i z e  t he  p re sence  of h y d r o -  

c a r b o n  i m p u r i t i e s .  W i t h  these  p r ecau t i ons ,  i m p u r i t i e s  w e r e  r e d u c e d  
7.5M HNO3 by  a n  o rde r  of m a g n i t u d e ,  b u t  w e r e  no t  c o m p l e t e l y  e l i m i n a t e d .  

Amyl  acetate 
Ether 
Ethyl  alcohol 
Oleic acid 
Water 
Xylene 

1.8M H~SO, 
0.7M HNO3 
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PYREX QUARTZ PYREX 

TO MASS ~ F ' ~ J - ~ " ' E N D  PLUG OF PYREX 
SPECTROMETER 

GRAOEO SEALS SEAL AT THIS POINT 

Fig. 3. Sample tube used for the thermal desorption of fragments 
from an ethylated germanium surface, showing the shape of the 
plug used for sealing the sample wafer into the system. 

ments .  S p e c t r a  a r e  r e c o r d e d  con t inuous ly ,  each  spec -  
t r u m  ( m / e  12 t h r o u g h  44) r e q u i r i n g  abou t  8 rain.  
T h e  c u r r e n t  t h r o u g h  t h e  h e a t i n g  t a p e  w a s  u s u a l l y  i n -  
c r ea sed  s t epwise  in  such a w a y  t ha t  t he  t e m p e r a t u r e  
of the  q u a r t z  t u b e  a p p r o a c h e d  150 ~ 225 ~ and  400~ 
in sequence ,  spec t r a  be ing  r e c o r d e d  d u r i n g  each  step.  

Results 
T y p i c a l  spec t r a  o b t a i n e d  f rom an  e t h y l a t e d  g e r -  

m a n i u m  su r f ace  a r e  shown  in Fig.  4 and  5. The  first  
s p e c t r u m  Fig.  4a, c o r r e s p o n d s  to t he  b a c k g r o u n d  
f r a g m e n t s  w h i c h  a p p e a r  even  w h e n  the  s a m p l e  is 
k e p t  a t  r o o m  t e m p e r a t u r e .  The  m a j o r  p e a k  is 28 and  
consis ts  of bo th  CO and  N~. Also  p r e s e n t  a r e  w a t e r ,  
c a r b o n  d iox ide ,  and  m e t h a n e .  This  b a c k g r o u n d  spec -  
t r u m  w a s  o b t a i n e d  w i t h  t he  q u a r t z  s a m p l e  t u b e  at  
163~ 

The  e t h y l a t e d  s a m p l e  was  i n s e r t e d  in the  h e a t e d  
tube ,  and  a f t e r  a 10 -min  i n t e r v a l  the  second spec -  
t r u m ,  Fig .  4b, was  t aken .  The  C1 p e a k s  h a v e  c o n t i n u e d  
to  inc rease  as  have  the  CO/N~ and  w a t e r  peaks .  P e a k s  
in the  C~ reg ion  at  25, 26, and  30 a re  ju s t  b e c o m i n g  
de t ec t ab l e .  

W h e n  t h e  q u a r t z  s a m p l e  t u b e  is h e a t e d  to  211~ 
the  C~ p e a k  he igh t s  r i se  b y  a lmos t  two  o rde r s  of m a g -  
n i t u d e  w h i l e  the  C1 a n d  w a t e r  p e a k s  r e m a i n  a lmos t  
unchanged ,  Fig .  4c. As  the  h e a t i n g  of t he  s a m p l e  to 
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Fig. 4. Mass spectra of the fragments released from ethylated 
germanium surfaces by heating. 
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Fig. S. Mass spectra of the fragments released from the ger- 
manium surfaces by heating. (a) ethylated Surface at 354~ (b) 
CP-8 etched surface, (c) oxalate etched surface. 

success ive ly  h i g h e r  t e m p e r a t u r e s  cont inues ,  the  p r e s -  
su re  f ina l ly  r ises  to the  po in t  w h e r e  a b n o r m a l  spec t r a  
h a v i n g  v e r y  b r o a d  p e a k s  a r e  ob ta ined .  This  is a p -  
p a r e n t l y  due  to a con t inuous  d i s c h a r g e  occu r r ing  
w i t h i n  t he  mass  spe c t rome te r .  A t  th is  poin t ,  t h e r e -  
fore,  t he  t e m p e r a t u r e  is he ld  cons t an t  w h i l e  the  
flap v a l v e  is opened  for  ]/z to 1 ra in  to p u m p  out  the  
a c c u m u l a t e d  gases.  The  v a l v e  is t hen  c losed and  the  
h e a t i n g  con t inued .  

F i n a l l y ,  the  s a m p l e  is h e a t e d  to 354~ and  the  
s p e c t r u m  shown  in Fig.  5a is ob ta ined .  The  C~ p e a k  
he igh t s  a r e  m u c h  l a r g e r  t h a n  in  Fig .  4c, and  n e w  
peaks ,  c o r r e s p o n d i n g  to C3 f r a gme n t s ,  a r e  obse rved .  

F o r  compar i son ,  the  s p e c t r a  o b t a i n e d  f r o m  a C P - 8  
e t ched  w a f e r  and  f r o m  an  oxa l i c  a c i d - h y d r o g e n  p e r -  
ox ide  e t ched  w a f e r  a r e  also i n c l u d e d  in Fig .  5. These  
w e r e  o b t a i n e d  at  t e m p e r a t u r e s  g r e a t e r  t h a n  350~ 
s ince  i t  is on ly  at  these  h igh  t e m p e r a t u r e s  t ha t  r e a -  
sonab le  p e a k  he igh t s  can  be  ob ta ined .  The  CP-8  
e t ched  s a m p l e  con ta ins  a lmos t  no C~ or  Ca f r a g -  
ments .  A t  t e m p e r a t u r e s  up  to 300~ no C~ or  C3 
f r a g m e n t s  can  be  d e t e c t e d  on t h e  o x a l a t e  e t ched  
w a f e r  e i ther .  Even  at  the  h igh  t e m p e r a t u r e s ,  h o w -  
ever ,  t he  C_~ p e a k  he igh t s  a r e  100 t imes  less in t ense  
t h a n  those  o b t a i n e d  f r o m  an  e t h y l a t e d  surface .  I t  can  
thus  be  conc luded  t h a t  t he  C~ p e a k s  in the  spec t r a  
of the  e t h y l a t e d  su r f aces  a r e  due  to m o l e c u l a r  f r a g -  
m e n t s  p r e s e n t  on these  sur faces  be fo re  i n se r t i on  into  
the  mass  spe c t rome te r .  

W i t h  the  he lp  of s t a n d a r d  spe c t r a  t a k e n  u n d e r  
n e a r l y  e q u i v a l e n t  cond i t ions  (6) ,  i t  is poss ib le  to d e -  
t e r m i n e  the  compos i t i on  of t he  gases  r e s u l t i n g  f r o m  
v a c u u m  hea t ing .  These  a r e  e thane ,  e thy lene ,  a c e t y -  
lene,  and  m e t h a n e ,  a l l  of w h i c h  w o u l d  be  e x p e c t e d  
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in the  s p e c t r a  of e t h y l a t e d  g e r m a n i u m  surfaces .  
The  e t h a n e  p r o b a b l y  r e su l t s  f r om r e a r r a n g e m e n t  of 
f r a g m e n t s  on the  ho t  q u a r t z  w a l l s  s u r r o u n d i n g  the  
sample .  

A l t h o u g h  no o b s e r v a t i o n  of the  mass  1 or  mass  2 
p e a k s  for  h y d r o g e n  was  m a d e ,  an  a n a l y s i s  of t he  
a v e r a g e  h y d r o g e n  to c a r b o n  ra t io  for  the  o b s e r v e d  
h y d r o c a r b o n s  was  c a r r i e d  out.  This  r a t io  was  2.7 for  
t he  s a m p l e  h e a t e d  at  211~ 2.3 for  t he  s a m p l e  h e a t e d  
at  354~ If  a l l  of the  h y d r o c a r b o n s  o r i g i n a t e d  f r o m  
e thy l  g roups  on the  sur face ,  and  if t he  de so rp t i on  of 
h y d r o g e n  as H or  H~ w e r e  neg l ig ib le ,  t he  r a t i o  shou ld  
be  2.5. This  ana lys i s  is t h e r e f o r e  cons i s t en t  w i t h  t he  
hypo the s i s  of an  e t h y l a t e d  g e r m a n i u m  surface .  

The  s t a b i l i t y  of the  su r face  a t  t e m p e r a t u r e s  b e l o w  
abou t  200~ is also in a g r e e m e n t  w i t h  the  o b s e r v a -  
t ions  m a d e  on the  t r i t i u m  l a b e l l e d  sur faces ,  as is t he  
occu r r ence  of decompos i t i on  a b o v e  200~ W h e n  an  
e t h y l a t e d  s a m p l e  is h e a t e d  to a g iven  t e m p e r a t u r e ,  
say  250~ for  t he  first  t ime,  a n d  t h e n  p u m p e d  a t  
t ha t  t e m p e r a t u r e  for  a p e r i o d  of s e v e r a l  hours ,  t he  
evo lu t ion  of gas  g r a d u a l l y  ceases.  I f  the  s a m p l e  is 
now h e a t e d  a b o v e  th is  t e m p e r a t u r e ,  s ay  to 300~ 
r a p i d  evo lu t ion  beg ins  w i t h  the  spec t r a  h a v i n g  p e a k s  
at  the  s ame  masses  as o b t a i n e d  a t  t he  l o w e r  t e m -  
p e r a t u r e .  This  b e h a v i o r  is c h a r a c t e r i s t i c  of c h e m i -  
so rp t ion  w h e r e  t he  b i n d i n g  e n e r g y  of t he  g roups  on 
the  su r face  d e p e n d s  on coverage .  

Concentration of Surface Groups 
The  n u m b e r  of su r f ace  g roups  o r i g i n a l l y  p r e s e n t  on 

an  e t h y l a t e d  su r f ace  can  be  e s t i m a t e d  f r o m  (a)  t he  
su r face  a r e a  of t he  wa fe r ,  (b )  t h e  v o l u m e  of the  
mass  s p e c t r o m e t e r  and  s a m p l e  c h a m b e r ,  and  (c)  the  
p r e s s u r e  r e a c h e d  a f t e r  mos t  of t he  f r a g m e n t s  h a v e  
been  r e m o v e d  f r o m  the  sur face .  This  e s t i m a t e  is 
on ly  a p p r o x i m a t e  because  of t he  c r u d e n e s s  of the  
m e a s u r e m e n t s  invo lved ,  b u t  shou ld  be  good to w i t h i n  
a f ac to r  of 10. 

The  ion  g a u g e  canno t  be  used  d i r e c t l y  to m e a s u r e  
t h e  p r e s s u r e  because  of i ts  s t rong  p u m p i n g  ac t ion  for  
the  h y d r o c a r b o n  f r a g m e n t s .  A l t h o u g h  the  r ea sons  
a r e  no t  unde r s tood ,  th is  ac t ion  is m u c h  less  p r o -  
nounced  for  w a t e r  v a p o r  and  for  n i t rogen .  The  d e -  
f lect ion of t he  c h a r t  r e c o r d e r  p e n  can  thus  be  ca l i -  
b r a t e d  aga ins t  the  ion g a u g e  d u r i n g  a b a c k g r o u n d  
r u n  w h e r e  on ly  w a t e r  a n d  n i t r o g e n  appea r .  H i g h e r  
p r e s s u r e s  of h y d r o c a r b o n s  can t hen  be  e s t i m a t e d  
us ing  th is  ca l ib ra t ion .  

The  to t a l  p r e s s u r e  can  be  e s t i m a t e d  as t he  sum of 
t he  p a r t i a l  p r e s s u r e s  of the  m a j o r  c o m p o n e n t s  p r e -  
sent  in t he  spec t rum.  In  a s p e c t r u m  such as Fig.  5a, 
the  m a j o r  p e a k s  a r e  26, 27, a n d  28. A s s u m i n g  t h a t  
these  a r e  C~ f r a g m e n t s  w h i c h  o r i g i n a t e d  f r o m  e t h y l  
g roups  on the  sur face ,  t he  t o t a l  def lec t ion  can  be  
t a k e n  as the  sum of the  i n d i v i d u a l  def lect ions  for  
these  t h r e e  masses  only .  F o r  a t y p i c a l  spec t rum,  th is  
l eads  to a su r face  c o n c e n t r a t i o n  of e t h y l  g roups  of 
10 TM p e r  cm'-', e s t i m a t e d  a c c u r a t e  to w i t h i n  a f ac to r  of 
10. This  f igure  is in good a g r e e m e n t  w i t h  t he  n u m b e r  
of su r face  a toms  p e r  cm ~ in t he  (111) p l a n e  of g e r -  
m a n i u m ,  7.3 x 101'. This  ca l cu l a t i on  is t hus  in a g r e e -  
m e n t  w i t h  t he  r a d i o t r a c e r  r e su l t s  w h i c h  i nd i ca t e  t h a t  
e t h y l  g roups  a re  p re sen t ,  w i t h i n  e x p e r i m e n t a l  e r ro r ,  
in t h e  r a t i o  one  for  each  su r f ace  g e r m a n i u m  a tom,  
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and  ind ica t e s  t h a t  c o n t a m i n a t i n g  h y d r o c a r b o n  l aye r s ,  
e.g., of grease ,  a r e  absen t .  

A l t h o u g h  the  s e n s i t i v i t y  of t he  mass  s p e c t r o m e t r i c  
t e c h n i q u e  is e x t r e m e l y  high,  no u n u s u a l  i m p u r i t i e s  
w e r e  de tec ted .  If  f luor ine  or  H F  w e r e  p r e s e n t  in  sma l l  
qua n t i t i e s  ( f rom the  e t c h ing  s t ep ) ,  t h e y  w o u l d  p r o b -  
a b l y  r eac t  r a p i d l y  w i t h  the  q u a r t z  or  t he  glass  and  
w o u l d  no t  a p p e a r  in  t he  mass  spe c t rome te r .  F r a g -  
m e n t s  w h i c h  a re  no t  vo la t i l e ,  e.g., N a  or  K ions, 
w o u l d  not  a p p e a r  e i the r  and  cou ld  on ly  be  d e t e c t e d  
in s p u t t e r i n g  e x p e r i m e n t s .  No o x y g e n  con ta in ing  
f r a g m e n t s  a r e  o b s e r v e d  e x c e p t  CO and  CO~ which  
a r e  p r o b a b l y  due  to b a c k g r o u n d .  The  on ly  f r a g m e n t s  
w h i c h  m i g h t  be cons ide red  i m p u r i t i e s  a r e  the  h i g h e r  
h y d r o c a r b o n  f r a g m e n t s ,  e.g., C~,C,. These  m i g h t  be  
p r e s e n t  in t h e  o r ig ina l  e t h y l  b r o m i d e  in t he  concen -  
t r a t i ons  o b s e r v e d  on the  sur face ,  or  t h e y  m a y  r e su l t  
f r o m  r e a r r a n g e m e n t  on t h e  sur face .  

Spectra Obtained by Sputtering 
the Ethylated Surface 

W i t h  a l a rge r ,  h i g h e r  r e so lv ing  p o w e r  mass  spec -  
t r o m e t e r  h a v i n g  a s u i t a b l e  s p u t t e r i n g  source  (7) ,  
s e v e r a l  e t h y l a t e d  g e r m a n i u m  w a f e r s  h a v e  been  e x -  
amined .  In  th is  i n s t r u m e n t ,  the  g e r m a n i u m  w a f e r  is 
m o u n t e d  ins ide  t h e  ion iza t ion  c h a m b e r  of the  mass  
s p e c t r o m e t e r  so t h a t  f r a g m e n t s  r e l e a s e d  f rom the  
su r face  i m m e d i a t e l y  become  p a r t  of t he  ion beam.  
R e a r r a n g e m e n t  and  loss of the  f r a g m e n t s  on the  
w a l l s  a r e  t h e r e f o r e  avo ided .  A l t h o u g h  the  a rgon  
ions a r e  a c c e l e r a t e d  to 400v, t h e  s p u t t e r i n g  c u r r e n t  
is so low tha t  t he  s a m p l e  t e m p e r a t u r e  is no t  p e r c e p t i -  
b l y  a b o v e  r o o m  t e m p e r a t u r e .  

Those  f r a g m e n t s  r e l e a s e d  f rom the  su r face  as 
pos i t ive  ions a r e  r e c o r d e d  in T a b l e  III .  Those  f r a g -  
m e n t s  r e l e a s e d  f r o m  the  su r f a c e  as n e u t r a l s  and  
ion ized  s u b s e q u e n t l y  w i t h  an  e l ec t ron  b e a m  a re  r e -  
co rded  in T a b l e  IV. 

S ince  the  su r face  is p a r t i a l l y  d e c o m p o s e d  d u r i n g  
a l i g n m e n t  of t he  source,  i t  is not  poss ib le  to ob t a in  
q u a n t i t a t i v e  e s t i m a t e s  of t he  spec ies  p re sen t .  I t  is 

Table III. Bombardment of ethylated germanium wafer by A + ions 
(400 ev): positive ions released from surface 

Data from R. E. Honig (8) 

Mass Species Intensi ty  

15 CH8 40 
27 C~]-I~ 100 
29 C~H5 40 

36-43 C3H In te r fe rence  
51 C,H, 8 
53 C,H~ 15 
74 Ge 1000 
89 GeCH, 20 
91 GeOH 30 
99 GeC~H1 6 

101 GeC~H~ 2 
103 GeC~H~ 1 
113 GeC3H~ (GeK?)  10 
127 GeC~H~ 3 
129 GeC,Hz 3 
131 GeC~H~ 2 
146 Ge~ 16 
162 Ge20 21 

For simplici ty,  only those g e r m a n i u m  peaks  o r ig ina t ing  f rom the 
most  abundant isotope, 74, a re  included.  I n  the or ig inal  spec t rum,  
the  n o r m a l  isotopic d is t r ibut ion  for  g e r m a n i u m  is observed.  
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Table IV. Bombardment of ethylated germanium wafer by A + ions 
(400 ev): neutrals released from surface 

Data from R. E. Honig (8) 

M a s s  Species  I n t e n s i t y  

12 C 220 
13 CH 70 
14 CH2 110 
15 CI-L 220 
16 CH, 300 
24 Cr 40 
25 C~H 150 
26 C~H~ 640 
27 C~Ha 280 
28 CO, CcH, 1900 
29 C2H6 60 

( m / e  = 30 not  seen)  

B e c a u s e  of  i o n i z a t i o n  of  a r g o n  i n  t he  e l ec t ron  beam,  i n t e r f e r e n c e  
in  the  m / e  = 40 r e g i o n  is severe .  Peaks  a b o v e  m / e  = 45 are  too 
w e a k  to b e  de tec ted .  

significant,  however ,  tha t  f r agmen t s  consis t ing of an 
e thy l  group a t t ached  to a g e r m a n i u m  atom are ob-  
served, (Tab le  I I I )  whereas  f r agmen t s  consis t ing of 
an  e thy l  group,  a g e r m a n i u m  atom, and  an  oxygen  
a tom are  no t  observed.  Fu r the r ,  C~H5 + appears  wi th  a 
r ea sonab ly  h igh i n t ens i t y  whereas  C~HsO + is en t i r e ly  
absent .  Since the  oxygen  con ta in ing  f r agmen t s  GeOH 
and  Ge~O do appear ,  ~ it  can be deduced  tha t  the n u m -  
ber  of C.~H.~ groups bonded  to the  surface  via  an 
oxygen  "br idge"  is less t h a n  a few per  cent  of the  
n u m b e r  of C~H5 groups present .  This  obse rva t ion  is 
suppor ted  by  the ve ry  weak  in t ens i t y  of the O- peak  
seen in  the spec t rum of nega t i ve ly  ionized f r a g m e n t s  
re leased f rom the  surface  (8) .  Since no mass  30 peak  
is observed in  the  spec t rum,  the C~H5 groups  canno t  
be  p resen t  as adsorbed ethane.  These  obse rva t ions  
therefore  confirm the hypothes is  tha t  e thy l  groups 
a re  bonded  d i rec t ly  to g e r m a n i u m  atoms in  the su r -  
face. They  also ru le  out  such a l t e rna t i ve  possibi l i t ies  
as tha t  the C~tI5 groups  are p resen t  as adsorbed 
e t h a n e  or e thy l  alcohol or tha t  an "e thy l  g e r m a n a t e "  
surface  resul t s  f rom the e thy la t ion  procedure .  

A l though  the  p r i m a r y  peaks  for chlor ine,  35 mass 
u n i t  region,  are  m a s k e d  by  argon,  no f r a g m e n t s  con-  
s is t ing of a g e r m a n i u m  a tom or an  e thy l  group 
bonded  to a ch lor ine  are observed.  The absence  of 
ch lor ine  con ta in ing  f r agmen t s  is t aken  as ev idence  
tha t  the  reac t ion  b e t w e e n  the G r i g n a r d  r eagen t  and  
the  ch lo r ina ted  g e r m a n i u m  surface  is essen t ia l ly  
complete.  

Summary 
Est imates  of the n u m b e r  of sur face  groups per  u n i t  

area,  as ob ta ined  f rom the mass spec t rometr ic  data,  
agree wel l  wi th  the  n u m b e r  ob ta ined  f rom rad io-  
t racer  studies.  This  n u m b e r  corresponds,  w i t h i n  ex-  
p e r i m e n t a l  error ,  to one e thyl  g roup  for each surface  

5 T h e  G e - O H  and  GefO p e a k s  p r o b a b l y  r e s u l t  f r o m  r eac t i on  of  t h e  
b o m b a r d e d  g e r m a n i u m  s ur f ace  w i t h  b a c k g r o u n d  wate r .  These  p e a k s  
are  re la t ive ly  s t r o n g  b e c a u s e  reac t ion  o c c u r s  c o n t i n u o u s l y  d u r i n g  
s p u t t e r i n g ,  w h e r e a s  t h e  surs  h y d r o c a r b o n  m o n o l a y e r  is  r a p i d l y  
r e m o v e d  and  is n o t  r e g e n e r a t e d .  T h e s e  peaks  are  in  t he  s ame  in -  
t e n s i t y  r a t i o  to  t h e  p r i m a r y  g e r m a n i u m  p e a k  (74) as fo r  a b o m b a r d -  
m e n t  c l eaned  (une thy l a t ed )  g e r m a n i u m  surface .  

g e r m a n i u m  a tom in  a (111) plane.  E thy l  groups  are 
seen in  the  mass spect ra  of f r a g m e n t s  spu t t e red  f rom 
the surface,  b u t  no e thane  is observed.  F r a g m e n t s  
consis t ing of e thy l  groups  a t tached  to a g e r m a n i u m  
a tom are also observed  in these spectra,  bu t  no f rag-  
men t s  con ta in ing  chlor ine  and  no f r a gme n t s  con-  
s is t ing of a g e r m a n i u m  atom, a ca rbon  atom, and  an  
oxygen  are detected.  

Mass spec t rometr ic  ana lyses  and  rad io t racer  
s tudies  show tha t  e thy la t ed  surfaces are s table  in  air  
and  in  v a c u u m  below about  200~ They  are also 
s table  to i m m e r s i o n  in common  organic  solvents  and  
in  water .  This  suppor ts  the  hypothes is  tha t  the su r -  
face layer  consists of groups  chemica l ly  b o u n d  to the 
surface  r a the r  t h a n  molecules  adsorbed on the su r -  
face. 

F r o m  these observa t ions  it is concluded tha t  the  
t r e a t m e n t  descr ibed in the first repor t  of this  series 
resul ts  in  a (111) g e r m a n i u m  surface in  which  an  
e thy l  group is chemica l ly  bonded  to each of the su r -  
face g e r m a n i u m  atoms. 
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The Stabilization of Germanium Surfaces by Ethylation 
III. Electrical Measurements 

D. Gerlich, G. W. Cullen, and J. A. Amick 
RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

ABSTRACT 

Measurements of both the trapped charge density in the fast states and 
the surface recombinat ion velocity as a funct ion of the surface potential  are 
reported for ethylated germanium surfaces. Measurements have been made 
at room tempera ture  on n -  and p- type  wafers. The surface potential  was 
varied over a range of 0.15v by the application of an a-c electric field normal  
to the surface. In  the region of surface potentials examined, the charge 
dis tr ibut ion can be approximated by two discrete sets of surface states. The 
surface formed by  ethylat ion have a concentrat ion of fast states of the order 
of 5 x 1011 cm -2. On n- type  mater ia l  a strong p- type  inversion layer  is 
formed; on p- type  mater ial  the bands are near ly  flat at the surface. Eth-  
ylated samples have also been examined by the large signal surface photo- 
voltage technique and by observation of the slow states conductivi ty relaxation. 
Measurements on several samples and repeated measurements  on the same 
sample in a series of different gaseous ambients  show the surface s tructure 
to be reproducible, stable, and insensit ive to ambients.  

Ex tens ive  research  has been  car r ied  out  d u r i n g  
the  last  severa l  years  on the e lec t r ica l  p roper t ies  
of g e r m a n i u m  surfaces (1) ,  and  a fa i r ly  good con-  
cept  of the  e lect r ical  s t ruc tu re  of these surfaces  
has evolved  as a resu l t  of these  inves t iga t ions .  
Most of this  work,  however ,  has b e e n  done on ger -  
m a n i u m  surfaces e tched in  CP-4  or some s imi la r  
etch con t a in ing  hydrof luor ic  acid. The  chemical  and  
s t ruc tu r a l  fea tures  of the  surfaces p r epa red  in  this  
m a n n e r  are i l l -def ined,  and  it is the re fore  difficult 
to corre la te  the  e lectr ical  p roper t ies  of these su r -  
faces w i th  the i r  chemica l  composi t ion.  I t  is des i r -  
able, therefore ,  to p repa re  a surface  by  a w e l l -  
defined chemical  t r e a t m e n t  and  cor re la te  its e lec-  
t r ical  p roper t ies  to its chemical  composit ion.  

At  this  l abora tory ,  the  approach  to this  p r ob l e m 
was to c rea te  an  ac t ive  sur face  free of mechan i ca l  
damage  as fa r  as possible  on a g e r m a n i u m  wafe r  
and  to react  this  surface  w i th  a chemical  r e a ge n t  
which  wou ld  bond  e thy l  groups  to each surface  
a tom (2) .  To mon i to r  changes  i n  the  chemica l  p ro -  
cedure  and  to d e t e r m i n e  the inf luence  which  the  
chemica l  t r e a t m e n t  has on the e lect r ical  p roper t ies  
of the  wafer ,  e lectr ical  m e a s u r e m e n t s  were  car r ied  
out on these  surfaces.  These inc luded  m e a s u r e -  
men t s  of the  la rge  s igna l  field effect, sur face  r e -  
comb ina t i on  veloci ty,  la rge  s ignal  surface  photo-  
vo l tage  and  slow states conduc t iv i ty  r e l axa t ion  on 
a n u m b e r  of d i f ferent  samples  and  in  a series of 
d i f ferent  gaseous ambien t s .  These m e a s u r e m e n t s  
f u rn i sh  i n f o r m a t i o n  abou t  the  surface  po ten t i a l  and  
the  e lect ronic  s t ruc tu re  of the  surface  states on the  
t rea ted  samples.  Thus,  hopeful ly ,  one wi l l  be  able  
to corre la te  the  chemical  composi t ion  of these  s u r -  
faces wi th  the i r  e lect ronic  s t ruc ture .  

Experimental Method 
The g e r m a n i u m  samples  used in  all  m e a s u r e -  

men t s  except  the  surface  photovol tage  were  in  the  

form of r igh t  para l le lop ipeds  wi th  the app rox ima te  
d imens ions  of 0.03 x 0.4 x 1.2 cm ~, w i th  ohmic t in  
contacts  soldered to the i r  ends. These were  placed 
b e t w e e n  two me ta l  sheets  which  served as elec-  
t rodes for the  appl ied  electric field, two Myla r  1 
sheets  of 0.0005 in. th ickness  se rv ing  as i n s u l a t i n g  
spacers. The  to ta l  capaci ty  b e t w e e n  the  plates  and  
g e r m a n i u m  sample  was  of the  order  of 60 tLt~F. The  
quan t i t i e s  ac tua l ly  measu red  were  the f i l ament  
l i fet ime,  vr, and  the  f i l ament  resis tance,  Rr, as a 
f unc t i on  of a 60 cps electr ic  field which  va r i ed  in  
a m p l i t u d e  f rom zero to a few h u n d r e d  volts.  The  
f r e q u e n c y  was chosen so as to e l i m i na t e  the r e l a x a -  
t ion  effects of the  slow states, whi le  sti l l  be ing  low 
compared  to the  response  of the  fast  s tates (3-5) .  

rt was  m e a s u r e d  by  me a ns  of a double  b r idge  
descr ibed in  de ta i l  e l sewhere  (6, 7). The b u l k  l i fe-  
t ime  of all  the  samples  inves t iga ted  was  h igh 
enough  (severa l  h u n d r e d  microseconds  or more )  
so tha t  effect ively on ly  surface  r e c o m b i n a t i o n  was  
act ive  in  the  a n n i h i l a t i o n  of the  excess m i n o r i t y  
carr iers .  Thus  the  sur face  r e c o m b i n a t i o n  ve loc i ty  
s could be d e t e r m i n e d  d i rec t ly  f rom r r (8) .  Rr was 
m e a s u r e d  by  a modified M o n t g o m e r y  a nd  B r o w n  
ci rcui t  (9) .  The  changes  in  the  m e a s u r e d  Rr va lues  
are  used to e v a l u a t e  the  changes  in  the  surface  
conductance ,  a nd  f rom these  the  surface  po ten t i a l  

r is de t e rmined ,  ~s be ing  defined as E ~ -  E~ whe re  
EF is the  F e r m i  level,  E, the  in t r ins ic  F e r m i  level  
at the  surface.  This is done by  ma tch ing  the  ob-  
served and  theore t ica l  m i n i m u m  of the  surface  
conduc t ance  [as this  m i n i m u m  is i n d e p e n d e n t  of 
the surface  states conf igurat ion,  be ing  d e t e r m i n e d  
solely by  EF (10) ] .  A modified Schrieffer  correc t ion  
for the  surface  mob i l i t y  (11, 12) was used for com- 
p u t i n g  the  theore t ica l  sur face  conduc t ance  vs. ~8 
curve,  s is thus  d e t e r m i n e d  at each ~b, va lue .  F i n -  

1 D u P o n t  r e g i s t e r e d  t r a d e  m a r k .  
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a l l y  f r o m  t h e  v o l t a g e  and  t h e  k n o w n  c a p a c i t y  b e -  ,6,,o ,o 
t w e e n  the  e l ec t rodes  a n d  the  g e r m a n i u m  sample ,  
the  t o t a l  i n d u c e d  c h a r g e  d e n s i t y  can  be  d e t e r m i n e d � 9  ~ ,2 
S u b t r a c t i n g  f r o m  the  l a t t e r  t he  space  c h a r g e  d e n -  
s i ty  e s t i m a t e d  t h e o r e t i c a l l y  (10-13) ,  t he  t r a p p e d  
c h a r g e  d e n s i t y  in  t h e  f a s t  s ta tes ,  Qr,, is ob t a ined .  @~ 4 

T h e  su r f ace  p h o t o v o l t a g e  was  d e t e r m i n e d  in a ~ _ ~  
set  up  e q u i v a l e n t  to t h a t  d e s c r i b e d  b y  J o h n s o n  ~ ~ o 
(14) T h e  s a m p l e s  w e r e  in  f o r m  of c i r c u l a r  p la tes ,  ~ - 4 - -  �9 } _ j  

a b o u t  1 cm in d i a m e t e r  and  3-4 m m  thick�9 The  
back  su r f ace  of each  w a f e r  was  s a n d b l a s t e d  a f t e r  ~ -8  

t he  c h e m i c a l  t r e a t m e n t ,  t he  p h o t o v o l t a g e  b e i n g  a= -12 

m e a s u r e d  on the  f ron t  su r f ace  u n d e r  h igh  i n t e n s i t y  
l i gh t  in jec t ion .  -,6 -8 

The  s low s ta tes  c o n d u c t i v i t y  r e l a x a t i o n  was  
m e a s u r e d  w i t h  t he  s a m e  a p p a r a t u s  a n d  on the  s a m e  
s a m p l e s  u sed  for  field effect s tudies .  The  on ly  d i f -  
f e r ence  is t h a t  t h e  a p p l i e d  f ield is d.c., and  the  off 
b a l a n c e  s igna l  is f o l l owed  w i t h  a r e c o r d i n g  p o t e n -  
t i o m e t e r  i n s t e a d  of  an  osci l loscope�9 
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Fig. 1. Trapped charge density (a) and surface recombination 

0 
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velocity (b) vs. surface potential for an ethylated surface of an 
n-type sample, 15 ohm-cm resistivity in dry nitrogen (run 5 in 
Table I). 

Results 
R e p e a t e d  runs  of Qr, and  s vs.  q ~ , / k T  (q  be ing  

the  e l ec t ron ic  cha rge )  a t  r o o m  t e m p e r a t u r e  w e r e  
t a k e n  in  a ser ies  of gaseous  a m b i e n t s  ove r  a p e r i o d  
of s e v e r a l  weeks .  U s u a l l y  the  su r f ace  was  e x p o s e d  
a t  l e a s t  24 h r  to t h e  a m b i e n t  b e f o r e  m a k i n g  the  
m e a s u r e m e n t .  

F i g u r e  1 shows  t y p i c a l  r e su l t s  for  an  n - t y p e  
sample ,  r e s i s t i v i t y  15 o h m - c m ,  (111) c r y s t a l l o -  
g r a p h i c  p l ane ,  6 d a y s  a f t e r  e t h y l a t i o n ,  t he  s a m p l e  
h a v i n g  been  k e p t  in  d r y  n i t r o g e n  a l l  t he  t i m e  ( r u n  
5 in T a b l e  I ) .  T h e  c i rc les  in F ig .  1 (a )  r e p r e s e n t  t h e  
m e a s u r e d  va lue s  of Qr, vs.  q ~ J k T .  ( A c t u a l l y ,  Qt~ 
is t he  excess  c h a r g e  ove r  and  a b o v e  t h e  c h a r g e  in  
t he  fas t  s t a t es  a t  t h e  qu ie scen t  su r f ace  po t en t i a l ,  
i.e., t h e  s u r f a c e  p o t e n t i a l  a t  zero  a p p l i e d  f ie ld) .  
The  u l t i m a t e  a i m  of t h e  a n a l y s i s  of such  r e s u l t s  is  
to d e t e r m i n e  the  e n e r g y  E, and  c o n c e n t r a t i o n  N, of 
t he  fas t  s t a t es  g iv ing  r i se  to th i s  d i s t r i bu t i on .  In  
p r i n c i p l e  th is  can  b e  done  b y  f i t t ing  t h e  e x p e r i -  
m e n t a l  c u r v e  w i t h  a F e r m i  d i s t r i b u t i o n  of t he  fo rm 

q , ,  = N, {1 + ( 1 / 2 )  exp  [ ( E , - - E ~ -  q ~ , ) / k T ] }  -~ 
[]]  

or a sum of such  t e rms ,  N, and  E, a r e  t r e a t e d  as 
p a r a m e t e r s  to  be  d e t e r m i n e d  b y  t h e  bes t  fit, and  
the  s t a tes  a r e  a s s u m e d  to b e  sp in  d e g e n e r a t e .  B u t  
s ince such  a fit is no t  c o m p l e t e l y  u n a m b i g u o u s  (7) ,  
on ly  an  a p p r o x i m a t e  ana lys i s  is c a r r i e d  out  here .  
The  e x p e r i m e n t a l  c u r v e  is a p p r o x i m a t e d  b y  two  

s t r a i g h t  l ine  segmen t s ,  each  of t h e m  a t t r i b u t e d  to  
a d i sc re t e  fas t  s ta te .  The  s lope  of t h e  s t r a i g h t  l ine  
d e t e r m i n e s  the  c o n c e n t r a t i o n  of t he  s ta te ,  be ing  

2 
e q u a l  to - -  N, w h i l e  the  r a n g e  in ~, ove r  w h i c h  t h e  

9 
p a r t i c u l a r  s e g m e n t  e x t e n d s  d e t e r m i n e s  t h e  r a n g e  in 
w h i c h  E, is to  be  found.  A n a l y z i n g  t h e  c u r v e  in 
Fig .  1 (a )  in  th is  m a n n e r ,  one can  d i s t i n g u i s h  two  
s ta tes  in t hese  r e su l t s ;  one c loser  to t h e  v a l e n c e  
b a n d  w i t h  a c o n c e n t r a t i o n  N,1 of 4.0 x 10 ~ cm -~ and  
an  e n e r g y  E,1 - -  Er < - -  5 k T ;  t he  second  s t a t e  is 
c loser  to  t h e  conduc t ion  b a n d  w i t h  a c onc e n t r a t i on  
N~_~ of 1.3 x 1011 cm --~ and  an  e n e r g y  E, .~--E,  > 
-- 5 k T .  A n o t h e r  fac t  r e v e a l e d  b y  Fig .  1 (a )  is t h a t  
t he  qu ie scen t  su r f ace  p o t e n t i a l  ~,o is a b o u t  - -  5 k T /  
q, i.e., a s t rong  p - t y p e  i n v e r s i o n  l a y e r  of a b o u t  
0 . I2v  is f o r m e d  on t h e  e t h y l a t e d  sur face ,  in con -  
t r a s t  to C P - 4  e t ched  su r faces  w h i c h  u s u a l l y  t e n d  
t o w a r d  f o r m i n g  an  a c c u m u l a t i o n  l aye r .  

F i g u r e  l ( b )  shows  the  c o m p l e m e n t a r y  r e su l t s  of 
s vs.  q ~ , / k T  w h i c h  w e r e  m e a s u r e d  s i m u l t a n e o u s l y  
w i t h  t h e  f ield effect .  As  a r e s u l t  of t h e  l i m i t e d  
swing  in @, due  to t h e  h igh  c o n c e n t r a t i o n  of t he  fas t  
s ta tes  and  t h e  s t rong  i n v e r s i o n  l a y e r  on ly  a l i m i t e d  
p a r t  of t he  e x t r e m e  le f t  b r a n c h  of t he  s ( r  c u r v e  
could  b e  covered ,  and  v e r y  l i t t l e  i n f o r m a t i o n  can  
be  d r a w n  f r o m  it. F i g u r e  2 shows  s i m i l a r  r e su l t s  
on the  s ame  f i lament ,  b u t  in a gaseous  a m b i e n t  of 
d r y  o x y g e n  ( r u n  6 in T a b l e  I ) .  The  ana lys i s  is 
c a r r i e d  out  in a c o m p l e t e l y  ana logous  m a n n e r  to 

Table I. Values of characteristic fast states parameters for an ethylated surface on an n-type sample, 15 ohm-cm resistivity in dry nitrogen 
and oxygen 

E : I  - -  Er  E t 2  - -  E i  q r  
N : I  X 10 -11 N t 2  • I 0  - i~ 

R u n  A m b i e n t  T i m e  c m  -2 k T  c m - ~  k T  k T  

1 dry N2 0 (0) 4.0 <--5 1.4 >--5 --4.6 
2 dry N~ 1 (1) 3.2 <--5 1.6 >--5 --4.6 
3 dry N2 4 (4) 4.1 <--5 1.7 >--5 --4.5 
4 dry  N~ 5 (5) 4.0 < - - 5  1.3 > - - 5  --4.6 
5 dry N~ 6 (6) 3.0 <--5 1.3 >--5 --5.0 
6 dry 02 i (7) 4.8 <--5.5 1.3 >.--5.5 --5.3 
7 d ry  02 2 (8) 4.6 < - - 5  1.3 > - - 5  --5.5 
8 dry O~ 5 (11) 4.5 <--5 1.1 >--5 --4.2 
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Fig. 2. Trapped charge density (a) and surface recombination 
velocity (b) vs. surface potential for an ethylated surface of an 
n-type sample, 15 ohm-cm resistivity in dry oxygen (run 6 in 
Table I). 

the previous  case. The Qts resul ts  show also in this  
case the presence of two states wi th  concentrat ions 
Nil = 4.8 x I0 ~ cm -~ and N,~ ----- 1.3 x I0 ~ cm -r and 
energies E,~-- E~ < - -  5.5kT and E,~ - -  E~ > - -  5.5kT, 
respect ively.  Also here  the surface exhib i t s  a 
s trong p - t y p e  invers ion layer ,  and the s(,b,) curve 
is s imi lar  in shape to tha t  obta ined  wi th  the  n i t ro -  
gen ambient .  

F igures  1 and 2 are typical  examples  of a la rge  
number  of runs  on the same sample  f rom im-  
media te ly  af ter  e thyla t ion  to 11 days  later .  These 
runs are  summarized  in Table  I, whe re  the energies  
En and E,~, the concentrat ions Nn and N,~ of the  
two states, as well  as the  quiescent  surface po ten-  
t ia l  qr are  given. The column " t ime" shows 
the number  of days dur ing  which the  surface was 
exposed to the  same ambient ,  whi le  the numbers  
in parenthes is  show the  t ime elapsed since e thy la -  
tion. The most s t r ik ing fea ture  of Table  I is the  
s tabi l i ty  and insensi t iv i ty  of the e thy la ted  surface 
s t ruc ture  to the different  ambients ,  as contras ted to 
etched surfaces. The changes f rom run  to run are  
wel l  wi th in  the exper imenta l  e r ror  which is r a the r  
large due to the high concentrat ion of fast states, 
the  l imi ted  swing in surface potent ial ,  and the d i f -  
ficulty of using the s(~b,) curves for  the  analysis  of 
the surface s t ructure .  The quiescent  surface po ten -  
t ia l  is v i r t ua l ly  c lamped at  --4 to --5kT/q dur ing  
the whole cycle, which shows tha t  the B r a t t a i n -  
Bardeen gaseous cycle could not possibly have  been 
used in the invest igat ion of these surfaces. 

Table II. Values of characteristic fast states parameters for an 
ethylated surface on an n-type sample, 30 ohm-cm resistivity in 

dry oxygen 

Run 

E t l  - -  E e  E t ~  --  E~ q r  
T i m e ,  N t l  • 10 -11 - -  N t 2  • 10 -11 
d a y s  e m  -2 k T  c m  --~ k T  k T  

1 0 (0) 5.4 <--3 --4.1 
2 1(1) 4.8 <--3 --3.8 
3 2(2) 4.5 <--3 --3.8 
4 3 (3) 5.0 <- -4  2.2 >- -4  --4.4 
5 4(4) 4.7 <- -4  2.6 >--4  --4.2 
6 6 (6) 2.0 >--4  --5.5 

Table III. Values of characteristic fast states parameters for an 
ethylated surface on an n-type sample, 16 ohm-cm resistivity 

in room temperature 

R u n  

E t l  - -  E~ E ~ e  - -  E~ q r  
T i m e ,  N t l  x 10  -11 - -  N t 2  X 10 -11 - -  
d a y s  e m  -~ k T  c m  -~ k T  k T  

1 0 (0) 6.5 <- -5  2.8 >- -5  --4.8 
2 1 (1) 6.5 <- -4  ? ? --4.2 
3 2 (2) 5.5 <--4  1.2 >- -4  --4.7 
4 4(4) 6.4 <--5  1.3 >--5  --5.2 

Table  II  gives s imilar  resul ts  for an n - t y p e  sam-  
ple of 30 ohm-cm res is t iv i ty  and (111) c rys ta l lo-  
graphic  plane, the sample  having been kep t  in d ry  
ni t rogen dur ing the whole course of the  measu re -  
ments. Table  I I I  shows s imi lar  resul ts  for an n - t y p e  
sample,  res i s t iv i ty  16 ohm-cm,  (111) c rys ta l lo-  
graphic  plane, the sample  having been exposed to 
room a tmosphere  all  the  time. The resul ts  p re -  
sented in both Tables II  and II I  a re  ex t r eme ly  
s imi lar  to those given in Table I, which shows tha t  
the e thyla t ion  forms a reproducib le  electronic 
s t ruc ture  which is ve ry  insensi t ive to changes in 
ambients  ranging f rom dry  ni t rogen through dry  
oxygen to room atmosphere .  

In order  to check whe ther  this  pa r t i cu la r  surface 
s t ruc ture  is de te rmined  by  the e thyla t ion  process 
or is due to some other  factor,  the  same measu re -  
ments  were  car r ied  out on an n - t y p e  sample, res is -  
t iv i ty  31 ohm-cm crys ta l lographic  plane (111) 
which has undergone  only the oxala te  etching 
process (2),  and not the chlor inat ion and e thyla t ion  
steps. The resul ts  are  shown in Fig. 3. As is r ead i ly  
seen, the s t ruc ture  which resul ts  is comple te ly  di f -  
ferent  f rom tha t  of the e thy la ted  surfaces. The un -  
d i s turbed  surface shows an accumulat ion layer ,  
and the charac te r  of the s(~, )  curve is complete ly  
different  from the case of the a lky la t ed  surfaces. 

S imi lar  measurements  have also been car r ied  out 
on p - t y p e  mater ia l .  F igu re  4 shows typ ica l  resul ts  
of Qt, vs. q~,/kT for a p - t y p e  sample,  22 ohm-cm 
resis t ivi ty,  (111) c rys ta l lographic  plane,  immedi -  
a te ly  af ter  e thylat ion,  the surface being exposed to 
d ry  ni t rogen ( run 1 in Table IV).  It is evident  that  
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Fig. 3. Trapped charge density (a) and surface recombination 
velocity (b) vs. surface potential for an oxalate etched surface of 
an n-type sample, 31 ohm-cm resistivity in room atmosphere. 
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Table IV. Values of characteristic fast states parameters for an ethylated surface on p-type material, resistivity 22 ohm-cm in different 
gaseous ambients 

E t l  --  E i  E t 2  -- Er qr 
N t l  X 10 -11 Nt2 • 10 -1l 

R u n  A m b i e n t  T i m e ,  d a y s  cm -2 k T  cm -~ k T  k T  

1 dry N~ 0 (0) 10 < - - 3  3.0 > - -3  --2.5 
2 dry N~ 1 (1) 8.4 < - -2  4.7 > - -2  --1.9 
3 dry N~ 4 (4) 8.2 <--3 4.1 ~--3 --2.7 
4 dry Nz 5 (5) 10 < - - 3  4.6 >--~ --2.5 
5 dry 02 1 (6) 7.0 <--2 3.8 >--2 --1.4 
6 dry O~ 3 (8) 7.2 < - -2  3.4 > - -2  --1.6 
7 dry O: 7 (12) ? ? 3.2 > - - 2  --1.3 
8 wet N~ 1 (13) 3.2 <3 7.0 ~3  2.9 
9 wet N~ 3 (15) ? ? 5.8 >3 3.3 

10 dry N~ 0 (15) 5.6 <- -1  4.8 > - -1  --0.4 
11 dry N~ 3 (18) 8.6 <--2 3.3 >--2 --1.8 
12 dry N~ 4 (19) 6.3 < - - 2  3.1 > - - 2  

the  essent ia l  charac ter is t ics  of the  surface  s t r uc t u r e  
are  the  same as in  the  case of n - t y p e  mate r ia l .  The  
Q,, resu l t s  p re sen ted  in  Fig. 4 can  also be exp la ined  
by  the  presence  of two levels,  one closer to the  
va lence  b a n d  wi th  a concen t r a t i on  N,1 = 1.0 X 10 ~ 
cm -~ and  ene rgy  E,1 - -  E~ < - -3kT,  the  second closer 
to the conduc t ion  b a n d  wi th  a concen t r a t i on  N,1 = 
3.0 • 1011 cm -~ and  ene rgy  E,~ -- E~ > --3kT.  In  this  
case the  qu iescen t  sur face  po ten t i a l  is close to the  
flat b a n d  posi t ion.  

Tab le  IV summar i zes  the  resul t s  of a whole  series 
of r u n s  in  di f ferent  amb ien t s  on the  sample  de -  
scr ibed p rev ious ly  d u r i n g  a per iod  of th ree  weeks.  
Aga in  one notes  the  s imi l a r i ty  w i th  the  resul t s  for 
n - t y p e  mate r ia l .  Ne i the r  the  fast  s tates densi t ies  
nor  the  qu iescen t  surface  po ten t i a l  changes  ap -  
p rec iab ly  in  the  di f ferent  d ry  ambien t s .  There  is a 
change  in  these quan t i t i e s  in  the m e a s u r e m e n t s  
pe r fo rmed  in  wet  n i t r ogen  (100% re la t ive  h u m i d -  
i ty ) ,  a po in t  which  wi l l  be  t a k e n  up  la ter .  
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F i g .  4. Trapped charge density vs. surface potential for an 
ethylated surface of a p-type sample, 22 ohm-cm resistivity in dry 
nitrogen (run 1 in Table IV). 

P r e l i m i n a r y  m e a s u r e m e n t s  of the  slow states 
conduc t iv i ty  r e l axa t i on  were  also car r ied  out  on 
the  e thy la t ed  surfaces.  U sua l l y  a d-c  field of _ 
800v was swi tched on and  off, the  conduc t iv i ty  
v a r i a t i o n  be ing  recorded con t inuous ly  as a f unc t i on  
of t ime. These  r e l axa t ions  are  u sua l l y  v e r y  long, of 
the order  of hours.  A p p a r e n t l y  a h igh ly  i n s u l a t i n g  
film has fo rmed  on the surface  which  slows down 
apprec i ab ly  the  leakage  of charge f rom the  space 
charge  region  a nd  the  fast  s tates to the  slow states.  
However ,  t he  surface  re laxes  back  to its o r ig ina l  
s tate  if one wai t s  long enough,  i.e., al l  the  charge 
in i t i a l ly  induced  in  the  fast  states has looked to the  
slow states ind ica t ing  tha t  the l a t t e r  are m u c h  
more  n u m e r o u s  t h a n  the  fast  states, a nd  tha t  the re  
has been  no p e r m a n e n t  chemica l  change  ~ffecting 
the  fast  states d u r i n g  the  cycle. Since the  t e m p e r a -  
t u r e  s tab i l i ty  of the sys tem over  e x t e n d e d  per iods  
was no t  good enough,  no qua l i t a t i ve  resu l t s  con-  
c e r n i ng  the  slow states could be deduced.  

Pho tovo l tage  m e a s u r e m e n t s  on e thy la t ed  wafers  
were  car r ied  out  for both  n -  and  p - t y p e  mater ia l .  
Tab le  V lists the  resul ts  of the photovol tage  in  
un i t s  of k T / q  (0.025 volts  at room t e m p e r a t u r e )  
for an  n - t y p e  sample,  15 o h m - c m  res is t iv i ty ,  (111) 
c rys ta l lographic  plane,  in  a series of gaseous a m b i -  

ents.  
Tab le  VI p resen t s  s imi la r  resul t s  for a p - t y p e  

sample,  22 o h m - c m  res is t iv i ty ,  (111) c rys ta l lo -  
g raphic  plane.  The  m e a s u r e d  photovol tage  is g iven  
as such. I t  has b e e n  shown (14) tha t  for complete  
sa tu ra t ion ,  the photovol tage  is equa l  to r - -  ~bb, 
where  Cb = EF - -  E~ in  the bulk ,  EF be ing  the  F e r m i  
level.  Since in  our  case comple te  s a tu r a t i on  has no t  
b e e n  reached,  the  m e a s u r e d  photovol tages  are 
somewha t  smal le r  t h a n  ~ --  ~ .  However ,  the meas -  

Table V. Photovoltage for an ethylated surface on an n-type 
material, 15 ohm-cm resistivity in different gaseous ambients 

P h o t o v o l t a g e  

T i m e ,  S u r f a c e  
R u n  A m b i e n t  d a y s  t y p e  

1 dryN~ 0(0) --2.2 p 
2 dry O2 0 (0) --2.2 p 
3 wet O~ (100% rel-  0 (0) --1.9 p 

ative humidi ty)  
4 dry 02 0 (0) --2.1 p 
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Table VI. Photovoltage for an ethylated surface on a p-type 
material, 22 ohm-cm resistivity in different gaseous ambients 

P h o t o v o l t a g e  

Time, Su r face  
R u n  A m b i e n t  days  type  

1 d ry  N~ 0 (0) --0.9 p 
2 dryN2 1(1) --0.8 p 
3 d ry  O~ 0 (1) --0.9 p 
4 room a tmosphere  3 (4) --0.4 p 
5 wet  O~ (100% re l -  0 (4) --0.4 p 

at ive humid i ty )  
6 wetN~ (100% re l -  0(4) --0.4 p 

at ive humid i ty )  
7 wetN~ (100% re l -  1(5) --0.5 p 

at ive humid i ty )  
8 d ry  N~ 0 (5) --0.5 p 

u r e m e n t s  a r e  in a g r e e m e n t  w i t h  t he  o b s e r v a t i o n  
m a d e  w i t h  the  field effect t echn ique .  F u r t h e r m o r e ,  
t h e s e  m e a s u r e m e n t s  show t h a t  t he  qu ie scen t  s u r -  
face  p o t e n t i a l  is no t  a f fec ted  even  b y  w e t  a m b i e n t s ;  
i t  r e m a i n s  e s s e n t i a l l y  u n c h a n g e d  d u r i n g  the  w h o l e  
cycle  of d i f f e ren t  amb ien t s .  

Discussion 
S e v e r a l  conc lus ions  conce rn ing  the  e t h y l a t e d  

sur faces  can b e  d r a w n  f r o m  the  r e su l t s  p r e s e n t e d  
above .  The  su r faces  p r o d u c e d  b y  th is  t r e a t m e n t  a r e  
r e p r o d u c i b l e ;  c o m p l e t e l y  d i f fe ren t  c ry s t a l s  y i e l d  
e s sen t i a l l y  t he  s ame  su r f ace  s t r u c t u r e  a f t e r  e t h y l a -  
t ion.  The  qu ie scen t  su r f ace  p o t e n t i a l  is no t  af fec ted  
a p p r e c i a b l y  b y  t h e  w h o l e  gaseous  cyc le  r a n g i n g  
f rom d r y  o x y g e n  to w e t  n i t rogen .  This  s t r o n g l y  
sugges t s  t h a t  the  s low s ta tes  on t h e s e  su r f aces  a r e  
qu i t e  iner t ,  be ing  u n a b l e  to a b s o r b  or  deso rb  
c h e m i c a l  spec ies  f r o m  or  to t h e  a m b i e n t .  The  c h a r -  
ac te r  of t h e  Qrs(4s) and  s(4~ ) cu rves  is e s s e n t i a l l y  
the  s ame  for  t h e  d i f fe ren t  gaseous  ambien t s ,  w h i c h  
ind ica tes  t h a t  t he  f a s t  s t a t e  s t r u c t u r e  s t ays  con-  
s tan t .  I t  can  t h e r e f o r e  be  i n f e r r e d  t h a t  the  e t h y l a -  
t ion  t r e a t m e n t  y i e l d s  a r e p r o d u c i b l e  a n d  s t ab le  
sur face ,  one w h i c h  does  no t  c h a n g e  c h e m i c a l l y  in 
va r i ous  gaseous  amb ien t s .  

In  con t ras t ,  fo r  C P - 4  e t ched  surfaces ,  t h e  q u i e s -  
cent  su r f ace  p o t e n t i a l  w i l l  u s u a l l y  change  ove r  a 
r a n g e  of 12 k T / q  d u r i n g  t h e  gaseous  cycle  (15-17) ,  
some changes  in t h e  fas t  s ta tes  s t r u c t u r e  w i l l  occur  
due  to e x p o s u r e  to d i f f e r en t  gaseous  a m b i e n t s  (7, 
18),  and  s low s ta tes  c o n d u c t i v i t y  r e l a x a t i o n  is of 
t he  o r d e r  of  m i n u t e s  (19) .  

The  d i s c r e p a n c y  b e t w e e n  the  p h o t o v o l t a g e  and  
the  field effect  m e a s u r e m e n t s  for  t he  case  of the  
w e t  a m b i e n t s  is p r o b a b l y  due  to i r r e v e r s i b l e  
changes  caused  b y  t h e  ac t ion  of t h e  h igh  e lec t r i c  
f ields on the  s u r f a c e  in  the  p r e s e n c e  of  t he  w e t  
a m b i e n t ,  on t h e  sur face .  Such  effects on e t ched  
su r faces  h a v e  also b e e n  r e p o r t e d  b y  o t h e r  i n v e s t i -  
ga t ions  (20-22)  and  m i g h t  be  due  to ionic m o v e -  
m e n t  in a w a t e r  f i lm on t h e  sur face .  

A puzz l ing  f e a t u r e  of the  e t h y l a t i o n  t r e a t m e n t  is 
t he  h igh  c o n c e n t r a t i o n  of fas t  s t a t es  and  the  s t rong  
p - t y p e  i nve r s ion  l a y e r  f o r m e d  on n - t y p e  m a t e r i a l .  
I f  one a s sumes  t h a t  a l l  the  d a n g l i n g  b o n d s  a t  t he  
su r f ace  a r e  occup ied  b y  e t h y l  g roups ,  an  a s s u m p -  
t ion  w h i c h  is c o r r o b o r a t e d  b y  t r a c e r  a n a l y s i s  and  

mass  s p e c t r o s c o p y  (23) ,  t h e n  such a s t r u c t u r e  
should ,  concep tua l ly ,  be  n e a r l y  e l e c t r i c a l l y  n e u t r a l .  
I t  is t h e r e f o r e  diff icult  to conce ive  w h e r e  t he  s t a tes  
o b s e r v e d  on t h e  e t h y l a t e d  su r f aces  can  ar i se .  On 
t h e  o t h e r  hand ,  t he  n u m b e r  of " d a n g l i n g  b o n d s "  on 
a (111) g e r m a n i u m  su r f ace  is of the  o r d e r  of  10 ~' 
cm -'~ (24) so tha t ,  if  on ly  1% w e r e  no t  s a t u r a t e d ,  
t h e y  could  accoun t  for  t he  c o n c e n t r a t i o n s  of t h e  
fas t  s t a t es  a p p e a r i n g  in  ou r  e x p e r i m e n t .  I n c i d e n t -  
a l ly  the  d e n s i t y  of t he  fas t  s t a t es  on e t h y l a t e d  su r -  
faces  is of the  s ame  o r d e r  of m a g n i t u d e  as  t he  
d e n s i t y  of fas t  s t a t es  for  e t ched  su r faces  (7, 9, 18).  
I t  is a lso poss ib le  t h a t  t he  fas t  s t a t es  a p p e a r i n g  on 
these  su r faces  a r e  a s soc ia t ed  w i t h  d i s to r t i ons  of the  
bonds  connec t ing  the  e t h y l  g roups  to  t he  g e r m a -  
n i u m  atoms,  or  w i t h  s t r u c t u r a l  defec t s  in the  g e r -  
m a n i u m  l a y e r  b e n e a t h  t he  e t h y l  g roups ,  de fec t s  
wh ich  h a v e  no t  b e e n  r e m o v e d  b y  e t ch ing  p r i o r  to 
e thy l a t i on .  A n o t h e r  p o s s i b i l i t y  is t h a t  o t h e r  g roups  
bes ides  e t h y l  a r e  b o u n d  to t h e  su r face  in s m a l l  
qua n t i t i e s  d u r i n g  the  t r e a t m e n t ,  and  t h a t  these  a r e  
r e spons ib l e  for  t h e  a p p e a r a n c e  of t he  fas t  s ta tes .  

A l l  these  ques t ions  r e q u i r e  f u r t h e r  i nve s t i ga t i on  
be fore  a c o m p l e t e  u n d e r s t a n d i n g  of t he  su r face  
e t h y l a t i o n  t r e a t m e n t  can  be  ach ieved .  
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ABSTRACT 

A technique has been developed for the detect ion of donor impur i t ies  in 
vola t i le  sil icon compounds.  The method  consists of deposi t ing a th in  l ayer  
of e lementa l  sil icon f rom the s i l icon-conta ining vapor  on to a single c rys ta l  
wafe r  of h igh- res i s t iv i ty  silicon. Elect r ica l  measurements  on the f reshly  de -  
posi ted layer  y ie ld  informat ion  about  the effective concentra t ion of total  donor  
or acceptor  impur i t ies  p resen t  in the vola t i le  compound.  The method  is 
sensi t ive to at  least  1 ppb of contamina t ing  substance. 

The  use  of S i  in sol id  s t a t e  e l ec t ron ic  dev ices  has  
p r o d u c e d  the  need  for  Si  of an  u n u s u a l l y  h igh  d e g r e e  
of pu r i t y .  M a n y  of t he  m e t h o d s  c u r r e n t l y  in use  for  
p r o d u c i n g  u l t r a p u r e  Si i nvo lve  t h e r m a l  or  r e d u c t i v e  
decompos i t i on  of v o l a t i l e  Si  compounds .  I t  is i m -  
p o r t a n t  t h e r e f o r e  to deve lop  m e a n s  of p r e p a r i n g  the  
Si  compounds  in a h i g h l y  pur i f i ed  s t a t e  and  to have  
an  a n a l y t i c a l  m e t h o d  of e x t r e m e  s e n s i t i v i t y  for  d e -  
t ec t ing  e l e c t r i c a l l y  ac t ive  i m p u r i t i e s  in the  vo l a t i l e  
s e m i c o n d u c t o r  p recu r so r s .  This  w o r k  desc r ibes  such 
an  a n a l y t i c a l  t e c h n i q u e  b a s e d  on t h e  e l e c t r i c a l  b e -  
h a v i o r  of i m p u r i t i e s  in the  s e m i c o n d u c t o r  i tself .  

T h e  m e t h o d  d e v e l o p e d  in our  l a b o r a t o r y  consis ts  of 
the  depos i t i on  of a th in  l a y e r  of Si  f r om a v a p o r  
con ta in ing  the  vo l a t i l e  Si  c o m p o u n d  to be  a n a l y z e d  
onto a s ingle  c r y s t a l  w a f e r  of h i g h - p u r i t y  Si. E x a m i -  
na t i on  of t he  t y p e  and  r e s i s t i v i t y  of t he  f r e s h l y  d e -  
pos i t ed  l a y e r  can  in an  e m p i r i c a l  m a n n e r  r e v e a l  the  
t y p e  and  q u a n t i t y  of t he  e l e c t r i c a l l y  ac t ive  i m p u r i t i e s  
p r e s e n t  in the  vo la t i l e  compound .  

I t  is i m p o r t a n t  to no t e  tha t ,  s ince  t h e  m e a s u r e m e n t  
e m p l o y e d  shows  on ly  t he  final r e s i s t i v i t y  s ta te  of the  
Si, an i n t e g r a t e d  or  ne t  n -  or  p - c o n c e n t r a t i o n  is d e -  
t e r m i n e d .  Thus ,  if t h e  f r e s h l y  d e p o s i t e d  l a y e r  is 
found  to be low res i s t iv i ty ,  n - t y p e  Si, the  v o l a t i l e  
p r e c u r s o r  c o m p o u n d  con ta ins  a s ign i f ican t  c o n c e n t r a -  
t ion  of donor  impur i t i e s .  Conve r se ly ,  if t he  vo l a t i l e  
c o m p o u n d  was  c o n t a m i n a t e d  w i t h  h igh  l eve l s  of 
accep to r  impur i t i e s ,  a p - l a y e r  of low r e s i s t i v i t y  
w o u l d  be  fo rmed .  W h e n  l o w e r  l eve l s  of donors  or  
accep to r s  a r e  p re sen t ,  h i g h e r  r e s i s t i v i t y  l a y e r s  w i l l  
resu l t .  

A n a l y s e s  d e s c r i b e d  h e r e  w e r e  c a r r i e d  out  on t r i -  
ch lo ros i l ane ;  h o w e v e r ,  t he  m e t h o d  is e q u a l l y  a p -  
p l i cab l e  to o t h e r  v o l a t i l e  Si  c o m p o u n d s  and  in p r i n -  
c ip le  cou ld  be  used  to  a n a l y z e  t h e  v o l a t i l e  p r e c u r s o r s  
of a n y  s emiconduc to r  m a t e r i a l .  

Apparatus 
The  a p p a r a t u s  consis ts  o f  a q u a r t z  r e a c t i o n  t u b e  

18 m m  in d i a m e t e r  and  30 cm long.  T h e  b o t t o m  ( i n -  

le t )  is t a p e r e d  to r e c e ive  5 m m  ( ID)  p o l y e t h y l e n e  
tub ing ,  and  the  top  t e r m i n a t e s  in a 24/40 s t a n d a r d  
t a p e r e d  q u a r t z  jo in t .  A 24/40 g r o u n d  glass  ( P y r e x )  
a d a p t e r  is i n s e r t e d  in  the  top  a n d  ex t ends ,  v i a  T y g o n  
tub ing ,  to an  oil  b a t h  b u b b l e r  t h r o u g h  w h i c h  the  
ex i t i ng  gases  a r e  d i s c h a r g e d  into  a f u m e  hood.  T h e  
gases  a r e  i n t r o d u c e d  in to  t he  r e a c t o r  a t  the  b o t t o m  
t h r o u g h  the  v a p o r  t r a i n  s k e t c h e d  in Fig.  1. 

The  i n t e r i o r  a s s e m b l y  consis ts  of a q u a r t z  d i sk  
w i t h  a h a n d l e  on top  and  a s m a l l  hook  on the  bo t tom.  
T h e  d i sk  is of a d i a m e t e r  l a r g e  enough  to r e s t  on 
i n d e n t a t i o n s  in t he  q u a r t z  r e a c t o r  i n s e r t e d  j u s t  b e -  
low the  q u a r t z  jo in t .  S u s p e n d e d  f r o m  the  hook  is a 
t h in  q u a r t z  rod  (2 m m  d i a m e t e r  a n d  12 c m  long)  on 
w h i c h  the  s ingle  c r y s t a l  Si  s u b s t r a t e  is m o u n t e d  
ho r i zon t a l l y .  The  Si is t h e n  v i r t u a l l y  f r ee  of con tac t  
w i th  t he  r eac to r .  

A n  R F  coil  is f i t ted r a t h e r  snug ly  a r o u n d  the  w a l l  
of the  q u a r t z  r e a c to r  to p r o v i d e  for  t he  h e a t i n g  of 
the  Si  wafe r .  The  coil, i s su ing  f rom the  R F  g e n e r a t o r  
on f lex ib le  leads,  is m o u n t e d  on a l a b o r a t o r y  j a c k  
w h i c h  p e r m i t s  e a sy  r a i s ing  and  l o w e r i n g  of the  coil  
in the  v i c i n i t y  of the  wafe r .  R F  h e a t i n g  is p r e f e r r e d  
s ince  i t  a l l ows  the  w a l l s  of t he  r e a c to r  to be  cooler  
t h a n  the  Si subs t r a t e ,  e f fec t ive ly  e l i m i n a t i n g  d e p o s i -  

DEOXO 
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Fig. 1. Diagram of vapor train 
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t ion  of Si  on the  w a l l s  and  dec r ea s ing  the  t r a n s f e r  of 
i m p u r i t i e s  f rom q u a r t z  to Si.  

Operation 

Si l icon  w a f e r s  16 x 14 x 2 m m  a re  cut  f r o m  h i g h -  
r e s i s t i v i ty ,  1 u n c o m p e n s a t e d  (~1000  o h m - c m ) ,  zone -  
re f ined  s ingle  c rys ta l s ,  and  a 3 m m  hole  is d r i l l e d  
j u s t  o f f - cen te r  of t he  wafe r .  The  Si  p iece  is s u s p e n d e d  
f rom the  th in  q u a r t z  rod  ( d e s c r i b e d  above )  b y  s l ip -  
p ing  i t  ove r  t he  hook  a t  the  top  and  s l id ing  i t  d o w n  
un t i l  i t  r es t s  on a b e a d  at  the  bo t tom.  The  w a f e r  m u s t  
l ie  a p p r o x i m a t e l y  h o r i z o n t a l l y  in  t he  r e ac to r  to p r o -  
v ide  sufficient  su r face  for  R F  coupl ing .  I f  t he  c r y s t a l  
hangs  p e r p e n d i c u l a r l y ,  insuff ic ient  coup l ing  occurs  
and  the  w a f e r  canno t  be  r a i s ed  to t he  p r o p e r  t e m -  
p e r a t u r e  w h e n  an  i nduc t i on  h e a t e r  w i t h  a c a p a c i t y  of 
5 k w  o p e r a t i n g  at  4 m e g a c y c l e s  is used.  

The  wa fe r ,  s u s p e n d e d  on the  q u a r t z  rod,  is e t ched  
in 30 m l  of w a r m  (60~ 50% p o t a s s i u m  h y d r o x i d e  
so lu t ion  for  5 min.  H i g h - r e s i s t i v i t y  (--~16 m e g o h m )  
w a t e r  is p o u r e d  in to  t h e  b e a k e r  to p r o d u c e  a m o r e  
d i l u t e  so lu t ion  (3: 1),  and  the  w a f e r  is t r e a t e d  for  an  
a d d i t i o n a l  15 ra in  in  th is  solut ion.  The  w a f e r  is r e -  
m o v e d  f r o m  the  b a t h  a n d  w a s h e d  cop ious ly  w i t h  the  
h i g h - r e s i s t i v i t y  w a t e r .  F i n a l l y ,  t he  p iece  is s p r a y e d  
w i t h  r e a g e n t  g r a d e  ace tone  and  a i r  d r ied .  

The  rod  and  w a f e r  a r e  a t t a c h e d  to t he  i n n e r  as -  
s e m b l y  and  the  w h o l e  i n s e r t e d  in to  t he  r e a c t i o n  
t ube  f rom above .  The  P y r e x  a d a p t e r  is f ixed in p l ace  
and  a s t r e a m  of h y d r o g e n  pas sed  t h r o u g h  the  r e a c t o r  
for  15 min ,  a t  0.8 l i t e r / m i n ,  to p u r g e  i t  of air .  The  
v a p o r i z e r  l ine  is also p u r g e d  w i t h  h y d r o g e n  to i n su re  
c o m p l e t e  r e m o v a l  of o x y g e n  f rom a l l  p a r t s  of the  
a s s e m b l y  be fo re  t h e  Si  w a f e r  is hea t ed .  The  t o t a l  f ree  
v o l u m e  in t he  sy s t em is a p p r o x i m a t e l y  250 cc; thus ,  
a t  a p lug  flow r a t e  of 0.8 1/min,  the  t i m e  r e q u i r e d  to 
d i sp l ace  the  a i r  w i t h  h y d r o g e n  is a p p r o x i m a t e l y  20 
s e e .  

To effect R F  coup l ing  to t he  h i g h - r e s i s t i v i t y  Si  
( w h i c h  wi l l  no t  couple  at  r o o m  t e m p e r a t u r e )  t he  
w a f e r  is h e a t e d  to a r ed  g low  b y  w a r m i n g  the  r e a c t o r  
w a l l  i m m e d i a t e l y  a r o u n d  the  w a f e r  w i t h  a h a n d  
to rch  b u r n i n g  a g a s - o x y g e n  m i x t u r e .  As  the  Si p iece  
g lows  red,  t o r ch  h e a t i n g  is d i scon t inued ,  and  the  R F  
coil, w h i c h  has  been  he ld  s e v e r a l  inches  b e l o w  the  
w a f e r  reg ion ,  is c r a n k e d  in to  p l a c e  and  the  R F  gen -  
e r a t o r  t u r n e d  on to a c t i v a t e  the  coil. Coup l ing  oc-  
curs  i m m e d i a t e l y ,  and  the  w a f e r  is b r o u g h t  to 1150~ 
( u n c o n n e c t e d )  b y  a d j u s t i n g  the  p o w e r  con t ro l  on the  
R F  g e n e r a t o r  to t h e  p r o p e r  se t t ing .  A n  op t i ca l  
p y r o m e t e r ,  a c c u r a t e  to -----2.5% in th is  t e m p e r a t u r e  
range ,  is used  to check  the  t e m p e r a t u r e  of t he  wa fe r .  

W h e n  the  d e s i r e d  t e m p e r a t u r e  has  b e e n  e s t ab l i shed ,  
the  h y d r o g e n  flow is c o n t i n u e d  for  a p p r o x i m a t e l y  
Y2 h r  to effect  a f inal  in  s i t u  r e m o v a l  of SiO~ f rom the  
s u b s t r a t e  su r face  b e f o r e  depos i t i on  of Si  is b e g u n  (1) .  
The  h y d r o g e n  s t r e a m  is t h e n  d i v e r t e d  to pass  
t h r o u g h  t h e  v a p o r i z e r  l ine  a n d  c a r r y  t he  t r i c h l o r o s i -  
l ane  in to  t he  r eac to r .  The  h y d r o g e n  flow is he ld  at  
500 c c / m i n ,  and  the  t r i c h l o r o s i l a n e  is a t  r o o m  t e m -  
p e r a t u r e .  V a p o r i z a t i o n  is c a r r i e d  out  for  30 sec, and  
the  s t r e a m  of h y d r o g e n  is r e a d j u s t e d  i m m e d i a t e l y  b y  

1 A l t h o u g h  h i g h  res is t iv i ty  Si  w a s  used  t h r o u g h o u t  t h i s  w o r k ,  
l ower  resist ivi ty  materia l  cou ld  b e  used  s ince  t he  r e q u i r e m e n t  of 
n o n c o n d u c t i n g  su r faces  (cf. M e a s u r e m e n t  Sect ion)  is  p r o v i d e d  by  
the  p - n  j u n c t i o n .  

m e a n s  of t he  t w o - w a y  s topcock  to a l l ow p u r e  h y d r o -  
gen  to pass  t h r o u g h  the  r eac to r ,  p u r g i n g  i t  of r e s i d u a l  
t r i ch lo ros i l ane .  F i n a l l y ,  t he  R F  g e n e r a t o r  is t u r n e d  
off and  the  w a f e r  a l l o w e d  to cool to r o o m  t e m p e r a -  
t u r e  in a s t r e a m  of h y d r o g e n .  B l a n k  r u n s  a r e  c a r r i ed  
out  in i den t i ca l  f a sh ion  w i t h  t he  t r i c h l o r o s i l a n e  s tep  
omi t t ed .  

Measurements 
The  th i ckness  of the  d e p o s i t e d  n - l a y e r s  is d e t e r -  

m i n e d  b y  ang le  l app ing .  The  spec imen  is l a p p e d  in  a 
j ig  of the  sor t  d e s c r i b e d  b y  F u l l e r  (3) ,  t hus  expos ing  
the  junc t ion .  The  p and  n a r e a s  a r e  c l e a r l y  d e l i n e a t e d  
b y  a p p l y i n g  the  H F .  HNO3 s t a in ing  e tch  d e s c r i b e d  b y  
t h e  s a m e  au thors ,  a n d  f r o m  the  a n g l e  of a l ap  and  a 
d i r ec t  m e a s u r e m e n t  of t he  e x p o s e d  n zone  the  thick.- 
ness  can  be  c a l c u l a t e d  f r o m  the  r e l a t i o n s h i p :  X = d /  
sin 8, w h e r e  d is the  h o r i z o n t a l  d i s t ance  across  t he  
s t a i n e d  sur face .  F o l l o w i n g  the  depos i t i on  cond i t ions  
g iven  above ,  l a y e r s  1.0 mi l s  in t h i cknes s  a r e  ob ta ined .  

The  r e s i s t i v i t y  of the  d e p o s i t e d  Si  l a y e r s  is d e t e r -  
m i n e d  w i t h  a f o u r - p o i n t  p r o b e  a p p a r a t u s  (2) .  F o r  a 
c r y s t a l  of inf in i te  t h i ckness  t he  r e s i s t i v i t y  po is g i v e n  
b y  t h e  f o r m u l a  po = ( V / I )  2~S, w h e r e  I is t h e  c u r r e n t  
( a m p )  s u p p l i e d  to t he  c r y s t a l  t h r o u g h  the  two  o u t e r  
p robes ,  V is t h e  p o t e n t i a l  d i f fe rence  (v)  b e t w e e n  the  
i n n e r  two  p robes ,  a n d  S is t he  spac ing  b e t w e e n  the  
p robes  ( cm)  w h e r e  a l l  spac ings  a r e  m a d e  equal .  F o r  
a f ini te  g e o m e t r y  (i.e., v e r y  t h in  l a y e r )  w i t h  n o n -  
c onduc t i ng  su r f aces  t he  n e c e s s a r y  c o r r e c t i on  to t he  
r e s i s t i v i t y  f o r m u l a  is g iven  b y  the  func t ion  (p/po) = 
F ( W / S ) ,  w h e r e  W is the  t h i cknes s  of t he  l a y e r  a n d  
po the  m e a s u r e d  res i s tance .  F o r  va lue s  of W / S  < <  1 
the  f ac to r  r e duc e s  to (p/po) ~--- 0.72 W / S .  

In  m e a s u r i n g  the  r e s i s t i v i t y  of t he  depos i t ed  l aye r s ,  
w e  h a v e  a s s u m e d  t h a t  t he  p - n  j u n c t i o n  acts  as an  in -  
su l a t i ng  p l a n e  (3)  and  t h a t  t he  c o r r e c t i on  for  f ini te  
g e o m e t r y  w i t h  a n o n c o n d u c t i n g  su r f ace  can  be a p -  
p l ied .  The  r e s i s t i v i t i e s  g iven  in  t h e  fo l l owing  t ab l e s  
h a v e  been  c o r r e c t e d  b y  m u l t i p l y i n g  the  o b s e r v e d  r e -  
s i s t iv i t i e s  (po) b y  0.72 W / S ,  s ince  W is 0.0025 cm a n d  
S = 0.1 cm in our  sys tem.  

A s t a n d a r d  c u r v e  for  t he  effect  of v a r i o u s  leve ls  of 
p h o s p h o r u s  on the  f r e s h l y  depos i t ed  l a y e r s  was  o b -  
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Fig. 2. Plot of resistivity v s .  concentration of PCI~ 
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Table I. 

O b s e r v e d  
re s i s t iv i ty ,*  Ca lcu la ted*  * 

C h a r g e  ohm-e ra  r e s i s t i v i t y  Type  

SiHCh + 1000 ppbPCL 0.10, 0.15 0.22 n 
SiHCL + 100 p p b P C h  0.60, 0.75 2.40 n 
SiHCL + 10 ppb PCL 3.00, 2.60 24.0 n 
SiHCL -t- 1 ppbPC13 50.0, 32.0 240 n 
H2 005 p 

* D u p l i c a t e  r u n s  a t  t h e  v a r i o u s  PCls l eve l s  i n d i c a t e d  an  accuracy  
of N25%. The  r e s i s t i v i t i e s  h a v e  b e e n  co r rec ted  fo r  l a y e r  th ickness .  

** The  ca l cu l a t ed  r e s i s t i v i t y  v a l u e s  a re  o b t a i n e d  by  a s s u m i n g  100% 
c r a c k i n g  and  i n c o r p o r a t i o n  of p h o s p h o r u s  f r o m  the  PCI~, A 10% 
y i e l d  of  Si  f r o m  the  t r i e h l o r o s i l a n e  is used  in  t he  c a l cu l a t i on  based  
on  da t a  o b t a i n e d  by  A l l e g r e t t i  (4) fo r  t h e  r e d u c t i v e  c r a c k i n g  of  
SiHC13 in  f low s y s t e m  of  t he  t ype  u sed  here.  F i n a l l y ,  the  m o b i l i t i e s  
used  w e r e  f r o m  a c o m p i l a t i o n  by  C o n w a l l  (5). 

~; Wafe r s  h e a t e d  i n  h y d r o g e n  a lone  ac qu i r e  a v e r y  t h i n  f i lm of 
h i g h - r e s i s t i v i t y  p ma te r i a l .  I m m e d i a t e l y  b e l o w  th i s  l aye r  one  de tec t s  
t h e  o r i g i n a l  100O o h m - c m  Si  u n c h a n g e d ,  

Table II. 

M a t e r i a l  Re s i s t i v i t y ,  o h m - c m  Type  

Commercial SiHCL 6.0, 8.0, 7.5, 7.0, 5.5, 6.7 n 
Dist i l lat ion fractions 

Cuts 4 and 5 46.0, 45.0, 46.0 n 
Late cu t - -cu t  8 12.0, 16.0 n 
Residue 0.60 n 

Table IIh 

M a t e r i a l  R e s i s t i v i t y ,  o h m - c m  T y p e  

F e b r u a r y  1962 

f rom severa l  d is t i l la t ions  of this mate r ia l .  The re -  
sul ts  of these ana lyses  are  p resen ted  in  Tables  II  
and  III.  

Both d is t i l la t ions  were  car r ied  out  in a l l - q u a r t z  
stills wi th  quar tz  r ing  pack ing  wi th  an  efficiency of 
a pp r ox i ma t e l y  14 plates.  In  the  first d i s t i l l a t ion  a 
reflux rat io of 5 to 1 was  used whi le  in the  second 
d is t i l la t ion  a 10 to 1 ra t io  was employed.  The d is t i l la -  
t ion covered in  Tab le  II  was  pe r f o r me d  on approx i -  
m a t e l y  17 l i ters  of t r ichloros i lane .  A 0.5 l i te r  f o r e run  

Forerun  300 n 
Center cut 160 n 
Residue 1.0 n 

t a ined  by  add ing  successively h igher  charges  of 
phosphorus  t r ich lor ide  ( f rom 1 ppb  to 1 p p m  based 
on g rams  of PCL added  to g rams  of SiHCL) to h i gh -  
p u r i t y  t r ich loros i lane  and  c rack ing  a l iquots  of these 
k n o w n  solut ions  on wafers .  The resul t s  are shown  in  
Table  I. A plot of res i s t iv i ty  vs. concen t ra t ion  of PCL 
in  SiHCL revea l s  a n e a r l y  l i nea r  r e l a t ionsh ip  be -  
tween  the added PCI~ and  the  observed  res i s t iv i ty  of 
the deposi ted l ayer  (cf. Fig. 2). 

A series of analyses  were  car r ied  out  on samples  
of commerc ia l  t r i ch loros i lane  and  f rac t ions  ob ta ined  

and  8 cuts of 1.8 l i ter  each were  taken ,  l eav ing  a 
res idue  of 2 l i ters.  Ana lyses  were  pe r fo rmed  on cuts 
4 and  5, cut  8, a nd  the residue.  The ve ry  low re -  
s is t ivi t ies  r e su l t i ng  f rom the d is t i l la t ion  res idues  are 
ev idence  of the fact tha t  a donor  i m p u r i t y  is concen-  
t r a ted  in  tha t  f rac t ion ;  f u r t he rmore ,  the  h igher  r e -  
s is t ivi t ies  ob ta ined  wi th  f rac t ions  f rom the 10 to 1 
ra t io  d is t i l la t ion  show tha t  improved  d is t i l la t ion  con-  
d i t ions  can yie ld  h igher  p u r i t y  t r ichloros i lane .  

F i t t i ng  the  da ta  ob ta ined  for the commerc ia l  t r i -  
ch loros i lane  and  the  d i s t i l l a t ion  cuts de r ived  t he re -  
f rom to the  plot  in  Fig. 2, one could conclude tha t  the  
commerc ia l  ma te r i a l  conta ins  a p p r o x i m a t e l y  10 ppb  
donor  impur i ty .  F r ac t i ona l  d is t i l la t ion  is capable  of 
r educ ing  this wel l  be low the  1 ppb  level  in  the  over -  
head cuts whi le  the  concen t ra t ions  in  the res idue  go 
up  to ~110 ppb. This, of course, assumes  tha t  the  
donor  i m p u r i t y  in  SiHCI~ is b e h a v i n g  l ike PCL. In  any  
event ,  it  is possible  w i t h  th is  m e t h o d  to fol low the  
r educ t ion  of e lec t r ica l ly  act ive impur i t i e s  in  volat i le  
Si compounds  wi th  a sens i t iv i ty  not  ava i l ab le  by  
a ny  o ther  ana ly t i ca l  t echnique .  

Manuscript  received June  13, 1961; revised m a n u -  
script received Oct. 13, 1961. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1962 
J O U R N A L .  
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Measurement of the Depth of Diffused Layers in Silicon 
by the Grooving Method 

B. M c D o n a l d  and A. Goetzberger  

Shockley Transistor, Unit of Clevite Transistor, Palo Alto, California 

ABSTRACT 

A technique for the determination of the depth of diffused layers pre- 
sented first by Happ and Shockley in 1956 is evaluated and compared with 
conventional methods. The process involves cutting a groove of cylindrical 
shape into a diffused specimen, delineating the junction by standard tech- 
niques, and, under magnification, measuring two variables which can be 
subst i tu ted  into a s imple  equat ion to calcula te  the  thickness  of the diffused 
layer.  The r egu la r i ty  of the groove contour  is eva lua ted  f rom measurements  
wi th  in te r fe rence  fringes. Diffused layers  as thin as 0.2~ can be measured  
with  a devia t ion  of +_ 0.04~ over  an ent i re  slice. 

I t  is t h e  p u r p o s e  of th is  p a p e r  to e v a l u a t e  a t e c h -  
n i q u e  of  j u n c t i o n  d e p t h  d e t e r m i n a t i o n  d e s c r i b e d  in 
1956 b y  H a p p  and  S h o c k l e y  (1 ) .  The  t e c h n i q u e  
d i scussed  h e r e  l ends  i t se l f  p a r t i c u l a r l y  w e l l  to t h e  
m e a s u r e m e n t  of v e r y  th in  d i f fused  l a y e r s  w h i c h  
a r e  diff icul t  to m e a s u r e  a c c u r a t e l y  b y  the  c o m -  
m o n l y  used  m e t h o d s  such as a n g l e  l a p p i n g  (2)  or  
b r e a k i n g  a long  c r y s t a l  p l anes  (3) .  S ince  e x t r e m e  
ca r e  in s a m p l e  p r e p a r a t i o n  is not  r e q u i r e d  for  
th is  t echn ique ,  m e a s u r e m e n t s  of d i f fused  l a y e r s  
m a y  be  m a d e  c o n v e n i e n t l y  and  w i t h  a h igh  d e g r e e  
of accuracy .  This  t e c h n i q u e  i nvo lves  cu t t i ng  a 
c y l i n d r i c a l  g roove  into  the  s i l icon sur face ,  s t a in ing  
t h e  l a y e r s  b y  c o n v e n t i o n a l  me thods ,  and ,  u n d e r  
magn i f i ca t ion ,  w i t h o u t  t he  neces s i t y  of i n t e r f e r e n c e  
f r inges ,  m a k i n g  s imp le  l i n e a r  m e a s u r e m e n t s  f r o m  
w h i c h  t h e  d e p t h  of t h e  d i f fused  l a y e r  can  be  eas i ly  
ca lcu la ted .  

Sample preparation.---A l ow  me l t i ng ,  r e a d i l y  
so lub le  wax ,  such as A p i e z o n  wax ,  is m e l t e d  on the  
top  of a s ta in less  s tee l  m o u n t i n g  b l o c k  ( l a b e l e d  2 
in Fig .  1) in a v e r y  th in  l aye r .  I f  t h e  s a m p l e  to b e  
m e a s u r e d  is th in ,  a g lass  cover  p l a t e  (5 in Fig .  1) 
is t hen  p l a c e d  on t h e  w a x  to p r o v i d e  a smoo th  fiat  
su r f ace  on w h i c h  to m o u n t  the  sample .  A d d i t i o n a l  
w a x  is m e l t e d  in a th in  l a y e r  0n the  cover  p l a t e  to 
ho ld  a s m a l l  p i ece  of s i l icon b r o k e n  f r o m  ~ d i f fused  
sample .  The  excess  w a x  is r e m o v e d  and  the  m o u n t -  
ing b l o c k  is p l aced  as shown  in Fig .  1. The  g r o o v i n g  
cy l inde r ,  w h i c h  m a y  be  m a d e  f rom a h i g h l y  p o l -  
i shed  cast  s emis t ee l  such  as m e e h a n i t e , '  is he ld  in 

1 P r o d u c t  (process) of the  M e e h a n i t e  Corp.  

Fig. 1. Grooving apparatus: 1, grooving cylinder; 2, mounting 
block; 3, silicon slice; 4, spring; 5, glass cover plate. 

a s m a l l  l a the .  The  s a m p l e  is he ld  a g a i n s t  t h e  c y l i n -  
d e r  b y  a s p r i n g  ( l a b e l e d  4 in  Fig.  1),  a n d  t h e  
c y l i n d e r  is r o t a t e d  ove r  the  s a m p l e  b y  the  l a the  in 
t he  p re sence  of an  e x t r e m e l y  fine a b r a s i v e  (such  
as " L i n d e  B" )  s u s p e n d e d  in a l i gh t  oil. This  p rocess  
cu ts  a g roove  into  t he  s i l icon.  (The  a c c u r a c y  of 
l oca t ing  a g roove  in a p a r t i c u l a r  a r e a  of t h e  s a m p l e  
s u r f a c e  is d e t e r m i n e d  b y  t h e  c a p a b i l i t i e s  of t he  
l a t h e  be ing  used . )  The  a b r a s i v e  suspens ion  is 
c l e a ne d  off, and  t h e  s a m p l e  is r e a d y  to be  s ta ined .  
I t  is pos s ib l e  to use  a n y  of t h e  c o n v e n t i o n a l  m e t h -  
ods for  d i f fused  l a y e r  de l i ne a t i on ;  h o w e v e r ,  t he  
s t a in ing  m e t h o d  w h i c h  was  f o u n d  to be  fas tes t  and  
mos t  r e p r o d u c i b l e  is t ha t  d e s c r i b e d  b y  F u l l e r  and  
D i t z e n b e r g e r  (2) .  This  s ta in  consis ts  of 1/2 H~O, 
1/2 H F  ( 4 9 % ) ,  a n d  0.1% HNO~ ( 6 7 % ) .  A d rop  of 
th is  s ta in  is p l a c e d  on the  g roove  and,  w i t h  an  
i l l u m i n a t i o n  of a p p r o x i m a t e l y  850 f.c. f r o m  a t u n g -  
s ten  f i l ament  l amp,  t he  d i f fused  l a y e r  can  be  n i c e l y  
d e l i n e a t e d  in  a b o u t  1 rain.  

Mea su rem en t - -T h e  m a t h e m a t i c s  of t he  g r o o v -  
ing t e c h n i q u e  a r e  as fol lows.  F i g u r e  2 shows  a 
s chema t i c  cross  sec t ion  of a g roove  in  t he  su r face  
of a s i l icon sample .  Xj  r e p r e s e n t s  t he  d e p t h  of t h e  
d i f fused  l aye r ,  R is the  r a d i u s  of t he  g r o o v i n g  
cy l inde r ,  D is the  c y l i n d e r  d i a m e t e r ,  and  x and  y 
a r e  t he  d i s t ances  one w o u l d  m e a s u r e  l ook ing  at  t h e  
g roove  f r o m  the  top.  

Fig. 2. Groove cross section 
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Fig. 3. Diffused n-layer 

and 

From Fig. 2, 
x - = a - - b ,  

y = a W b ,  

X~ = x / I V  - b ~ - -  x/R" - -  a ~ 

b ~ a ~ 

When b < <  R 

b2 a ~ ] 
X,.~R 1- -  ~2 ~--; - -  1 + ~/2 ~--; 

a 2 _ 5 2 

R 

(a + b) ( a - -  b) = ~  
R 

x y  x y  
] / 2  - -  - -  - -  

R D 

The grooved and stained sample will appear as in 
Fig. 3, which shows an n + layer delineated. (The 
surface of the sample is in the plane of the photo- 
graph. In this case, the axis of the grooving cylin- 
der was at an angle to the surface). The values 
x and y are then measured along a continuous 
straight line, divided by the magnification of the 
optical system, and the simple calculation is made 
for Xj. 

Evalua t ion  of  the T e c h n i q u e . - - I n  order to evalu- 
ate the process more fully, several investigations 
were made, the first being a study of the groove 
contour. This was done by observing the groove 
with an interference objective and a filar eyepiece 
(Fig. 4). The number  of fringes were counted be- 
tween regular increments in the filar eyepiece and 
the number  of fringes plotted against the number  
of increments to obtain the derivative of the curve. 
If the contour was of regular curvature, one would 
expect a plot displaying a straight line, such as is 
shown in Fig. 5. (These points were taken from the 
groove shown in Fig. 4.) Proof of a regular contour 
was obtained on all samples evaluated in this man-  
ner. 

Fig. 4. Groove with interference fringes 
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Fig. 5. Derivative of groove contour 

The contour produced by the grooving technique 
has several qualitative advantages over the sloping 
surface produced by the conventional angle lapping 
method. For some undetermined reason, the dif- 
fused layer can be more easily delineated (using 
the same staining solution) with greater reproduci-  
bility. Since the angle of the silicon surface with 
respect to the axis of the cylinder is not critical 
within a few degrees, the sample may be mounted 
without extreme care, and there is no problem of 
maintaining the sample in a specific orientation 
while the operation is being performed. The ad- 
vantages of the grooving method become part icu- 
larly apparent  when applied to very  thin layers. 
The rounding which occurs at the edge of the 
lapped angle does not appear at the edge of the 
groove because the system is maintained securely 
in position and the abrasive action occurs only in 
one direction. This eliminates a very large source 
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Fig. 6. Thin diffused layer (0.27~) 

Fig. 7. Thin diffused layer with interference fringes 

of er ror  in measur ing  thin  layers.  Another  advan-  
tage of the grooving method is tha t  it  is not  nec-  
essary to measure  a very  small  angle accurately.  
The only quan t i ty  tha t  has to be known is the  
d iameter  of the grooving cyl inder .  

In measur ing  the de l inea ted  l aye r  by  conven-  
t ional  methods,  e i ther  a probe or an in ter ference  
object ive is genera l ly  used. Probing  for the  depth  
is an ex t r eme ly  t ime-consuming  and exact ing p ro -  
cedure requi r ing  del icate and precise equipment ,  
especial ly in measur ing  shallow layers  of less than  
0.5~. The es t imated accuracy is - 0.1~. The use of 
an in ter ference  object ive is also l imi ted  in accuracy 
when appl ied  to ex t r eme ly  shal low layers ,  an ex-  
ample  of which is shown in Fig. 6 and 7. F igure  6 
shows a l aye r  in a grooved sample  which, meas -  
ured  by  employing the technique previous ly  de-  
scribed, was found to have  a depth  of 0.27~. F igure  
7 shows the same l aye r  under  i l luminat ion  f rom a 
sodium vapor  lamp with  the f r inge plates  of an 
in terference object ive in contact  wi th  the sample. 
The edge of the del ineated  layer  lies somewhere  
under  the  first f r inge and cannot be seen at all. 
Even wi th  a deep layer ,  as in Fig. 4, the in ter f r inge  
distance wi th  sodium vapor  is 0.2945~. The meas -  
u remen t  can at best  be approx imated  to • 0.1~. In 
contrast ,  measurements  of diffused layers  can be 
made down to depths  as shal low as the order  of 
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0.2~, using the grooving technique,  wi th  an ac-  
curacy of • 0.04~. 

In order  to evalua te  the reproduc ib i l i ty  of the  
grooving technique,  measurements  were  made  on 
severa l  grooves in the same specimen. This was 
repea ted  for specimens having diffused l aye r  th ick-  
nesses be tween  0.195 and 3.92~. The devia t ion  of 
the measurements ,  which was taken  as the average  
of the  difference be tween the  mean and measured  
values,  and the per  cent deviat ion are  shown 
plot ted  against  the diffusion depth  in F igures  8 and 
9. These resul ts  indicate  a high degree  of r ep ro -  
ducib i l i ty  and also point  out that ,  whi le  the  abso-  
lu te  deviat ion increases wi th  increasing layer  
thickness,  the re la t ive  deviat ion decreases. 

As a final check on the accuracy of this  method, 
samples were  sectioned anodical ly  (4, 5) unt i l  the  
junct ion was reached.  In  al l  cases eva lua ted  in this  
manner ,  the  sum of the thicknesses removed  down 
to the junct ion came wi th  200A of the l aye r  depth  
as measured  by  the grooving method.  

Conclusion 

The grooving technique descr ibed in this  paper  
offers a convenient  and accurate  method for de te r -  
mining the depth  of diffused layers  in silicon. In 
this  labora tory ,  the  technique has been found to be 
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i nd i spensab le  w h e n  it  is necessary  to d e t e r m i n e  
accura te ly  the  dep th  of a v e r y  sha l low layer .  

Manuscript  received Sept. 25, 1961. This work was 
supported in  par t  by the Air Force Cambridge Re- 
search Laboratory AF 19 (604) 8060. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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Vapor Pressure of Gallium, Stability of 
Gallium Suboxide Vapor, and Equilibria of 

Some Reactions Producing Gallium Suboxide Vapor 
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New Kensington, Pennsylvania 

ABSTRACT 

Vapor pressures of gall ium in the l i terature are too high because Ga20(v) 
formed in the reaction of gal l ium with the quartz effusion cells used for 
the measurements.  Gal l ium was found to be less reactive with a lumina  
than with quartz. Measurements in an a lumina  effusion cell gave vapor 
pressures for gall ium that obey the expression 

log P (atm) ~ --  14,900/T --  0.515 log T + 7.34 
Values for AH of --17.4 ___ 0.7 and --19.7 • 0.7 kcal /mole  were 

f 298[Ga20 (v) ] 
found for the reaction of gal l ium with quartz and magnes ium oxide, respec- 
tively. The lat ter  value was employed to calculate the equi l ibr ia  in forming 
Ga20(v) from the following pairs of reactants:  gall ium-gall ia ,  graphite-  
gallia, t in-gall ia,  ga l l ium-alumina ,  and ga l l ium-water  vapor. The vapor pres-  
sures of silver and t in were determined and compared with l i terature values 
to check the constants of the system. 

P rev ious  m e a s u r e m e n t s  (1, 2) of the  vapor  p res -  
sure  of gaI l ium employed  the K n u d s e n  me thod  wi th  
qua r t z  effusion cells. However ,  a mass  spectroscopic 
s tudy  of A n t k i w  and  Dibe le r  (3) showed tha t  con-  
s iderable  concen t ra t ions  of Ga~O(~) fo rmed  f rom re -  
act ion of ga l l i um wi th  a quar tz  c ruc ib le  at 865 ~ 
1025~ This indica tes  tha t  the repor ted  vapor  p res -  
sure  data  for ga l l ium are too high. 

In  the p resen t  w o r k  an  a l u m i n a  effusion cell was  
used to measu re  the  vapor  p ressure  of gal l ium.  A d d i -  
t ions of qua r t z  or m a g n e s i u m  oxide were  made  to 
the  ga l l i um in  the  cell to fo rm ga l l i um suboxide.  The 
differences in  the effusion ra tes  wi th  and  wi thou t  
quar tz  or m a g n e s i u m  oxide are used to der ive  the  
heat  of fo rma t ion  of ga l l i um suboxide  vapor.  

Experimental 
A single  s in te red  a l u m i n a  ( 9 9 + %  pure )  effusion 

cell, 15 m m  ID, 30 m m  deep, w i th  an  orifice 0.90 m m  
in d i ame te r  and  0.37 m m  thick, was  employed  in  ob-  
t a in ing  all  of the  data.  React ions  b e t w e e n  the  charge 
mate r i a l s  and  the a l u m i n a  cell were  negl ig ible .  The 
weight  loss of the cell in  an  effusion e x p e r i m e n t  was 
a lways  cons ide rab ly  less t h a n  1% of the  tota l  we igh t  
loss. A cell  cons tan t  of 0.00098 and  a Claus ing  factor  
of 0.71 were  ca lcula ted  for the  orifice. 

In  two expe r imen t s  whe re  s i lver  was  employed  in  
the cell, the orifice was covered wi th  a t ight  f i t t ing 

cover  of s in te red  a lumina .  By compar ing  the loss in 
this case wi th  tha t  w h e n  the  orifice was  uncovered ,  
46 _+ 5% of the  tota l  loss w i t h  the  orifice uncove red  
was  found  to occur t h rough  the  lapped  seal b e t w e e n  
the  r e mova b l e  cover and  the body  of the  cell. Wi th  
this  " leakage"  t a ke n  into account ,  the fo l lowing  re -  
l a t ionsh ip  b e t w e e n  pressure  and  effusion losses f rom 
the  cell was ob ta ined  

0.00075 (effusion ra te  in  g / h r ) T  ~/~ 
P r e s s u r e ( a t , n )  = 

(molecu la r  we igh t  vapor )  1/~ 

The ra tes  of we igh t  loss were  d e t e r m i n e d  wi th  an  
automat ic ,  recording,  v a c u u m  ana ly t i ca l  ba lance ,  
modeled  af ter  the mic roba lance  descr ibed e l sewhere  
(4) .  On ly  da ta  f rom the l i nea r  por t ions  of the weigh t  
loss - t ime  plots were  used. This pract ice  e l im ina t ed  
errors  in effusion ra te  d e t e r m i n a t i o n  caused by  out -  
gassing of the  cell and  its conten ts  as s t eady- s t a t e  
condi t ions  were  approached.  Usual ly ,  s t eady- s t a t e  
condi t ions  were  reached w i t h i n  1~ hr  af ter  r each ing  
t empe ra tu r e .  

T e m p e r a t u r e s  were  r egu la t ed  to w i t h i n  • 1 7 6  by  a 
Foxboro  Recorde r -Con t ro l l e r ,  Model  8253-201R, 
wi th  the control  t he rmocoup le  located b e t w e e n  w i n d -  
ings of the fu rnace  e l e me n t  at a posi t ion cor respond-  
ing to the midpo in t  of the  cell. The re la t ionsh ip  be -  
t w e e n  the t e m p e r a t u r e  of the control  couple and  the  
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Table I. Gallium vapor pressure data 
Ga(,~ ~ Ga(~ 

145 

~ 

Ef fus ion  
ra te ,  

m g / h r  

No q u a r t z  p r e s e n t  
F~  H~ AF~ AH~ 

G a l l i u m  v a p o r  -- A - - -  
p ressure ,  a t m  T T T 

6 8 , 9 6 0  

AH~ T Pca l r  a rm 

Quar t z  a d d e d  
A p p a r e n t  

E f fu s ion  g a l l i u m  
rate ,  v a p o r  p res -  
m g / h r  sure ,  a tm* 

1179 0.050 
1231 0.15 
1280 0.38 
1332 1.07 
1357 1.56 
1383 2.64 

2300 
2400 
2500 
2676 

1.53 X 10 -~ 27.03 31.17 58.20 
4.69 X 10 -~ 26.96 28.94 55.90 
1.21 X 10 -6 26.90 27.06 53.96 
3.47 X 10 -6 26.84 24.97 51.81 
5.11 • 10 -~ 26.81 24.20 51.01 
8.75 X 10 -6 26.78 23.14 49.92 

26.00 
25.94 
25.88 
25.77 

68,620 58.49 1.3 X 10 -~ 
68,810 56.02 4.4 X 10 -~ 
69,070 53.88 1.3 • 10 -~ 
69,010 51.77 3.5 X 10 -~ 
69,220 50.82 5.6 X 10 -" 
69,040 49.86 9.0 X 10 -" 

Avg. 68,960_ 190 
29.99 0.134 
28.74 0.244 
27.59 0.421 
25.77 1.00 

0.126 3.9 X 10 ~7 
0.39 1.2 X 10 -~ 
1.21 3.9 X 10 -~ 
3.7 1.2 X 10 -5 
6.7 2.2 X 10 -~ 

11.6 3.8 X 10 -5 

* Ef fus ion  of  Ga20(v) a n d  Ga(v) f r o m  cel l  t r e a t e d  as b e i n g  e n t i r e l y  Ga(v). 

cell was d e t e r m i n e d  wi th  a second the rmocoup le  in  a 
separa te  expe r imen t .  

Mater ia ls  
Alcoa GA-6  grade,  99.99994 % p u r e  ga l l ium,  T a d -  

anac Brand  (Consol ida ted  Min ing  and  S m e l t i n g  
C o m p a n y  of Canada ,  Ltd., Trai l ,  B. C.) 99.9999% 
silver,  and  F i sher  Scientific C o m p a n y ' s  99.97% t in  
were  employed  in  this  work.  I n  the  Ga-SiO~ and  
Ga-MgO exper iments ,  the ga l l i um was covered wi th  
a bed of 4 to 8 -mesh  chips of o r d i n a r y  fused quar tz ,  
and  pel le ts  (Ys in. in  d i ame te r  and  1/s-1/4 in. long)  
of F isher  Scientific C o m p a n y ' s  99.93% m a g n e s i u m  
oxide, respect ively .  

Vapor  Pressure of Gal l ium 
Vapor  pressures  ca lcula ted  f rom the  effusion da ta  

for ga l l ium are g iven  in  Table  I and  compared  wi th  
l i t e r a tu r e  va lues  in  Fig. 1. The va lues  f rom the  pres -  
en t  w o r k  range  f rom fourfold  lower  at l l 0 0 ~  to 
fivefold lower  at 900~ t h a n  the  va lues  selected by  
S tu l l  and  S inke  (5) f rom p rev ious ly  pub l i shed  data.  

IO-4 
"•o o a THIS WORK 

~,  ~ 0 HARTECK' 
~ ' ~  ~ o SPEISER 8~ JOHNSTON 2 

0 o o 

1 0 - 6  0 O 0  

I 0  ~7 I / ~  
I I 0 0  I 0 0 0  9 0 0  
TEMPERATURE, DEGREES C. 
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. 0 0 0 6 8  .OOOT2  .OOOT6 . O O O 8 0  . O O O 8 4  

I / T  

Fig. 1. Gallium vapor pressure data. 1, Third law extrapolation 
of previous data by Stull and Sinke (5), AHO~s = 65.00 kcal/ 
mole; 2, third law extrapolation of data from this work, AH =, ~8 
68.96 kcal/mole; 3, measured in presence of quartz; 4, measured 
in an alumina effusion cell. 

With  the vapor  cons idered  as be ing  monatomic ,  as 
ind ica ted  in mass spectroscopic s tudies  (3,6), log 
P = - - 1 4 , 9 0 0 / T - -  0.515 log T + 7.34, AH~ =68.96 
• 0.19 kcal,  a nd  the  boi l ing  po in t  is 2676~ Stu l l  
and  S inke  (5) chose AH%~8 = 65.00 kcal  and  a 
bo i l ing  po in t  of 2510~ 

D r ow a r t  and  Honig  (6) found  the  hea t  of vapor i -  
zat ion of ga l l ium f rom be ry l l i a  and  g raph i te  c ruc i -  
bles to be 59 • 4 k c a l / m o l e  by  second law t r e a t m e n t  
of ion in tens i t i es  in  a mass  spectroscopic s tudy.  I t  is 
recognized tha t  the i r  p rocedure  migh t  give on ly  ap-  
p rox ima te  resul ts .  

A p p a r e n t  mona tomic  ga l l i um pressures  were  cal-  
cu la ted  f rom the g a l l i u m - q u a r t z  effusion data  and  
also p lo t ted  in  Fig. 1. These data  were  found  to fal l  
w i th in  the  band  of pressures  r epor ted  by  the  p r e -  
vious worke r s  who vapor ized  ga l l i um f rom quartz .  
These va lues  show the  same sys temat ic  dev ia t ion  
f rom the  th i rd  law ex t r apo la t ion  l ine  of S tu l l  and  
S inke  (5) as do the  data  of the  p rev ious  workers .  
This  dev ia t ion  is ano the r  proof, as no ted  by  D rowar t  
and  Honig  (6),  tha t  these  da ta  canno t  be r ep resen ted  
s imply  by  vapor iza t ion  of mona t omi c  ga l l ium.  

Stabil i ty of G a 2 0  Vapor  

Before i n f o r m a t i o n  on the  s tab i l i ty  of Ga~O~v~ could 
be ob ta ined  f rom the  effusion data  wi th  quar tz  or 
m a g n e s i u m  oxide added to the ga l l ium,  the  most  
f avorab le  of the  possible reac t ions  had  to be de te r -  
mined .  This  was  accomplished in  each case by  f inding 
the reac t ion  tha t  r esu l t ed  in  the  least  nega t ive  va lue  
of a H ~  and  tha t  showed no sys temat ic  

f 298 [GaeO(v) ] 
dev ia t ion  of this  q u a n t i t y  w i th  t empe ra tu r e .  Using 
these  cr i ter ia ,  the  s t eady- s t a t e  reac t ion  b e t w e e n  
quar tz  and  ga l l i um is 

2Ga(. + SiO~(c~ ~ SiO(v~ + Ga20(~ [I] 

However, calculations showed that the initial re- 
action of quartz with gallium produces silicon (reac- 
tion [2] ) 

4Ga(,~ + SiO~(~.~ +~- St(,. Q.~ + 2Ga._,O{~ [2] 

This dissolves in the gallium until its activity is 
large enough that any further silicon produced will 
react with the quartz to produce SiO(v, (reaction [3]) 
and give the same over-all reaction as [I]. 
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TaMe II. Calculation of A H * ~  for the reactions and AH~ ~s for Ga~O(~) 
2Ga(~) -I- SiO~(~) ~ SiO(~) -+- Ga~O(~> 

February 1962 

~ 

To ta l  
e f fus ion  

ra te ,  
m g / h r  

C o r r e c t i o n  
for  G a  
evapo- 
ration, Ga20 loss, SiO loss, 
m g / h r  m g / h r  m g / h r  

AF~ 
PGa20 , a rm Ps io ,  a tm  K 

T 

- -  _A[ F~176 AH~ 

T ~ T AH~ 

1179 0.126 0.043 0.065 0.018 
1231 0.39 0.14 0.195 0.055 
1280 1.21 0.40 0.63 0.18 
1332 3.7 1.1 2.0 0.57 
1357 6.7 1.7 3.9 1.1 
1383 11.6 2.7 6.9 2.0 

~ 

1.3 >< 10 -~ 6.9 X 10 -~ 9.0 X 10 -1~ 64.25 79.63 143.88 169,630 
4.1 X 10 -~ 2.2 X 10 -~ 9.0 >< 10 -~' 59.67 79.31 138.98 171,080 
1.3 >< 10 -~ 7.2 >< 10 -~ 9.4 X 10 -~ 55.01 79.02 134.03 171,560 
4.4 X 10 -~ 2.3 X 10 -~ 1.0 X 10 -~' 50.31 78.71 129.02 171,860 
8.6 >< 10 -~ 4.5 X 10 -~ 3.9 X 10 -u 47.61 78.56 126.17 171,210 
1.5 >( 10 -5 8.2 X 10 -~ 1.2 X 10 -~~ 45.37 78.41 123.78 171,190 

Avg .  ~ H ~  = 171,070 ___ 690 

A t  298~ AH~ = AHareaetion + AH~ -- AH~ = 171,070 -- 209,900 + 21,411 = --17,420 • 690 c a l / m o l e  

C o r r e c t i o n  
To ta l  ~or G a  

ef fus ion  evapo-  
ra te ,  r a t ion ,  Ga~-O loss, M g  loss, 

m g / h r  m g / h r  m g / h r  m g / h r  

2Ga(l)  + MgO(c) ~ Mg(v) + Ga_oO(v) 

P~a2O , a rm PMg, arm K 
AF~ [ F~ T -- H~ ] A H~ 

T AL~~ T AH~ 

1179 0.100 0.043 0.049 0.0077 1.0 X 10 -~ 4.0 X 10 .8 
1231 0.85 0.14 0.18 0.028 3.8 X 10 -~ 1.5 X 10 -~ 
1280 0.89 0.40 0.42 0.066 9.0 >< 10 -~ 3.6 • 10 -~ 
1332 2.9 1.1 1.6 0.25 3.5 X 10 -~ 1.4 X 10 -~ 
1383 7.2 2.7 3.9 0.62 8.7 • 10 -~ 3.5 X 10 -~ 

A t  298~ AH~ = AH~ ~b A H ~  - -  AH~ = 159,310 -- 

4.0 X 10 -~5 65.86 68.60 134.46 158,530 
5.7 x 10 -~ 60.58 68.31 128.89 158,660 
3.2 x 10 -~ 57.15 68.05 125.20 160,260 
4.9 X 10 -~ 51.78 67.78 119.51 159,190 
3.0 x 10 -~ 48.13 67.51 115.64 159,930 

Avg.  a H ~  = 159,310 _+ 680 

143,700 -- 35,330 : -- 19,720 -~ 680 ca l /mo le  

Si(, ,  ~,  + SiO~(o) ~ 2SiO(,) [3]  

S i m i l a r  c a l c u l a t i o n s  s h o w  t h a t  t h e  s t e a d y - s t a t e  
r e a c t i o n  of  g a l l i u m  w i t h  m a g n e s i u m  o x i d e  is 

2 G a ( ,  ~ MgO(o  ~ Mg(,) -t- Ga,O(,) [4]  

G a l l i u m  s a t u r a t e s  r a p i d l y  w i t h  m a g n e s i u m  f r o m  t h e  
r e a c t i o n  to a c h i e v e  a s t e a d y - s t a t e  cond i t i on .  

T h e  e f fu s ion  d a t a  f r o m  e x p e r i m e n t s  w h e r e  q u a r t z  
a n d  m a g n e s i u m  o x i d e  w e r e  a d d e d  a r e  l i s t e d  in  T a b l e  

-12 

-~4 5 ~ 

1400 1300 1200 HOO I000 900 800 
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Fig. 2. Equilibrium constants for reaction of go[lium with quartz 
and with magnesium. 
1. 2Ga(,) ~- SiO~(o ~ SiO(~) ~ Ga~O(~), AH~ = 171.1 kcal 
2. 2Ga(,) ~ MgO(o .~  Mg(~) ~ Ga20~), AHO~8 = 159.3 kcal 
3. 4Ga()) -I- SiO2(o ~.~ Si(~) -I- 2Ga20(~), ~H%8 = 175.1 kcal 

II. A f t e r  c o r r e c t i n g  t h e  e f fus ion  losses  fo r  m e t a l  v a -  
p o r i z a t i o n ,  t h e  r e m a i n i n g  w e i g h t  losses  w e r e  d i v i d e d  
s t o i c h i o m e t r i c a l l y  b e t w e e n  t h e  g a s e o u s  p r o d u c t s  a c -  
c o r d i n g  to  t h e  r e a c t i o n  e q u a t i o n s .  P a r t i a l  p r e s s u r e s  
a n d  e q u i l i b r i u m  c o n s t a n t s  w e r e  c a l c u l a t e d  a n d  c o n -  
v e r t e d  to f r e e  e n e r g y  c h a n g e s .  T h e s e  in  t u r n  w e r e  
c o n v e r t e d  to v a l u e s  of  AH%8 w i t h  t h e  a i d  of  f r e e  e n -  
e r g y  f u n c t i o n  d a t a  d i s c u s s e d  in a l a t e r  sec t ion .  V a l u e s  
of  AH~ w e r e  u s e d  t o g e t h e r  w i t h  v a l u e s  of  AH~ ~8 
fo r  t h e  o t h e r  r e a c t a n t s  a n d  p r o d u c t s  to c a l c u l a t e  
v a l u e s  of  - -17 .4  --+ 0.7 a n d - - 1 9 . 7  • 0.7 k c a l / m o l e  fo r  
AH ~ f r o m  t h e  q u a r t z  a n d  m a g n e s i u m  

298 [ Ga20  (v) ] 
o x i d e  r e a c t i o n s ,  r e s p e c t i v e l y .  

O t h e r  w o r k e r s  h a v e  f o u n d  e v i d e n c e  r e c e n t l y  t h a t  
t h e  p r e s e n t l y  a c c e p t e d  h e a t  of  f o r m a t i o n  fo r  s i l i ca  
u s e d  in  th i s  w o r k  m a y  be  too  p o s i t i v e .  T a y l o r  (7)  a n d  
c o - w o r k e r s  b e l i e v e  t h a t  t h e  e r r o r  in  t h i s  v a l u e  m a y  
be  a b o u t  4.5 k c a l / m o l e .  A t e n t a t i v e  c a l c u l a t i o n  b y  
G o o d  (8)  p l a c e s  t h e  e r r o r  a t  b e t w e e n  6-8  k c a l / m o l e .  
I f  a l l  of  t h e  d i f f e r e n c e  in  t h e  v a l u e s  of  AH ~ 

f 298[Ga~O(v>] 

o b t a i n e d  f r o m  t h e  q u a r t z  a n d  m a g n e s i u m  o x i d e  e x -  

p e r i m e n t s  in  t h i s  w o r k  is a s s i g n e d  to  a n  e r r o r  in  

AH~ , t h e  e r r o r  b e c o m e s  2 x 2.3 = 4.6 k c a l /  

mo le .  ( T h e  d i f f e r e n c e  of 2.3 k c a l  is m u l t i p l i e d  b y  
t w o  b e c a u s e  t h e  h e a t  of  f o r m a t i o n  of  S iO  t h a t  is e m -  
p l o y e d  w i l l  b e c o m e  2.3 k c a l  m o r e  n e g a t i v e  a t  t h e  
s a m e  t i m e . )  T h e  v a l u e  of  AH ~ ~298[Ga~Ocvd c a l c u l a t e d  

f r o m  t h e  g a l l i u m - m a g n e s i u m  o x i d e  e x p e r i m e n t s  w i l l  
be  e m p l o y e d  in  a l l  f u r t h e r  c a l c u l a t i o n s  b e c a u s e  of  t h e  
good  a g r e e m e n t  b e t w e e n  t h e  4.6 k c a l / m o l e  e r r o r  in  
t h e  v a l u e  of  •  ~ t h a t  w e  c a l c u l a t e d  u s i n g  

298[S i02(0]  
i t  a n d  t h e  4.5 k c a l / m o l e  t h a t  T a y l o r  a n d  c o - w o r k e r s  

c a l c u l a t e d .  
T h e  fit of  a l l  of  t h e  e f fus ion  d a t a  to t h e  t h i r d  l a w  

e x t r a p o l a t i o n  of  t h e s e  d a t a  is s h o w n  in  F ig .  2. T h e  
e q u i l i b r i u m  c o n s t a n t s  fo r  r e a c t i o n  [2 ] ,  a r e  a lso  
s h o w n  in  Fig .  2. T h e s e  e q u i l i b r i u m  c o n s t a n t s  a r e  t h e  
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Fig. 3. Equilibrium constants of some reoctlons forming gallium 
suboxide based on ~H ~ ~- --19.7 kcal 

: 298[GaEO(v) ] 
I. H~O(+) -F 2Ga(]) ~ GaEO(+) + HEO(~), AH%+ ~ 38.1 kcal 
2. 2C~) + Ga~O~(~) ~ Ga~O(,> + 2C0~), A H ~  = 185.5 kcal 
3. 4Ga(]) -t- Ga~O.(~> ~ 3Ga~O(~), ~H%+ ~ 198.9 kcal 
4. 2Sn(l) -I- GaEO~(r ~- 2SnO(~) -I- Ga~O(~), L~HO~s = 236.3 kcal 
5. 4Ga(]) -I- AIEO~(o) ,~-- AIEO(~> + 2GaEO(~), ~H%+ = 321.6 kcal 
Points represent apparent equilibrium constants calculated from 
Knudsen effusion experiments in which equilibrium was not attained. 

s a m e  w h e t h e r  t h e y  a r e  c a l cu l a t ed  f r o m  the  u n c o r -  
r e c t e d  h e a t  of f o r m a t i o n  of q u a r t z  and  the  h e a t  of 
f o r m a t i o n  of g a l l i u m  s u b o x i d e  f r o m  the  g a l l i u m -  
q u a r t z  e x p e r i m e n t s  or  f r o m  the  co r r ec t ed  v a l u e  for  
q u a r t z  and  the  v a l u e  for  g a l l i u m  s u b o x i d e  f r o m  the  
g a l l i u m  - m a g n e s i u m  ox ide  e x p e r i m e n t s .  

Equil ibr ia of  Some O t h e r  Reactions Producing GaEO(v) 

C a l c u l a t e d  e q u i l i b r i u m  cons tan t s  a r e  s h o w n  in Fig .  
3 for  a n u m b e r  of o t h e r  r eac t i ons  t h a t  p r o d u c e  
Ga,..O(~). The  sma l l  e q u i l i b r i u m  cons tan t s  c a l c u l a t e d  
for  the  r e a c t i o n  of g a l l i u m  w i t h  a l u m i n a  a r e  sub -  
s t a n t i a t e d  b y  the  l ow r e a c t i v i t y  b e t w e e n  g a l l i u m  a n d  
a l u m i n a  f o u n d  in th is  work .  The  e q u i l i b r i a  of t he  
r e a c t i o n  of g a l l i u m  w i t h  w a t e r  v a p o r  wi l l  be  e m -  
p l o y e d  a long  w i t h  the  e q u i l i b r i a  of t he  q u a r t z - g a l -  
l i um r eac t i ons  in  t he  fo l lowing  p a p e r  dea l i n g  w i t h  
i m p l i c a t i o n s  of t he se  r eac t i ons  in  t he  syn thes i s  of 
g a l l i u m  a r s e n i d e  in q u a r t z  sys tems .  

The  r eac t ions  of t in ,  g r aph i t e ,  a n d  g a l l i u m  wi th  
ga l l ia ,  shown  in Fig .  3, w e r e  e m p l o y e d  in o t h e r  a t -  
t e m p t s  to m e a s u r e  t he  s t a b i l i t y  of GaEO(,>. H o w e v e r ,  
e q u i l i b r i u m  was  no t  a c h i e v e d  in  t hese  cases. The  a p -  
p a r e n t  e q u i l i b r i u m  cons t an t s  t h a t  w e r e  o b t a i n e d  
f r o m  the  effusion r a t e s  w e r e  a l w a y s  less  t h a n  the  
c o r r e s p o n d i n g  e q u i l i b r i u m  cons t an t s  c a l c u l a t e d  w i t h  
t h e  ~H ~ ~298[G~EO~+>] f r o m  the  m a g n e s i u m  o x i d e - g a l -  

l i u m  e x p e r i m e n t s .  
The  chief  cause  of poor  a p p r o a c h  to e q u i l i b r i u m  in 

these  cases  is e v i d e n t  f rom the  effusion da ta .  The  
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Fig. 4. Vapor pressures of silver and tin. 1, Third law extrapola- 
tions of previous data by Stull and Sinke (5); 2, Harteck ( ] ) ;  3, 
L. Brewer and R. F. Porter, J. Chem. Phys., 21, 2012 (1953); 4, 
A. W. Searcy and R. D. Freeman, J. Am. Chem. Sec., 76, 5229 (1954); 
5, C. L. McCabe and C. E. Birchenall, AIME Trans., 197, 707 (1953). 

a v e r a g e  inc reases  in  t he  effusion r a t e s  on a d d i n g  
ga l l i a  to tin,  ga l l i um,  and  g r a p h i t e  were ,  r e spec t i ve ly ,  
150-fold,  2000-fold,  and  an  u n d e t e r m i n e d  l a rge  f ac -  
tor.  These  c o m p a r e  to a v e r a g e  inc reases  of two  to 
fou r fo ld  on a d d i n g  q u a r t z  and  m a g n e s i u m  ox ide  to 
ga l l i um.  If  the  r e a c t i o n  b e t w e e n  t h e  ox ide  and  the  
m e t a l  i nvo lves  m a i n l y  m e t a l  v a p o r  r a t h e r  t h a n  
l iqu id  me ta l ,  the  ease  of  a c h i e v i n g  e q u i l i b r i u m  in 
t he  effusion cel l  w i l l  b e  r e l a t e d  to t he  r a t i o  of t he  
e q u i l i b r i u m  p r e s s u r e  f r o m  the  r e a c t i o n  to t he  e q u i -  
l i b r i u m  m e t a l  v a p o r  p re s su re .  I f  th is  r a t i o  is la rge ,  
e q u i l i b r i u m  wi l l  be  diff icult  to achieve ,  e spe c i a l l y  as  
th is  r a t i o  a p p r o a c h e s  t h e  r a t i o  of t he  m e t a l  su r f ace  
a r e a  to the  a r e a  of t he  effusion hole.  

R e a c t i o n  b e t w e e n  m e t a l  v a p o r  and  t h e  ox ide  w o u l d  
be e x p e c t e d  to be t he  p r e d o m i n a n t  r e a c t i o n  in t he  
effusion cel ls  b e c a u s e  gaseous  p r o d u c t s  f o r m e d  at  
s u b m e r g e d  s i tes  w h e r e  the  l i qu id  m e t a l  a n d  ox ide  a r e  
in con tac t  w o u l d  h a v e  di f f icul ty  in e scap ing  f r o m  
u n d e r  the  head  of m o l t e n  m e t a l  a t  these  low p r e s -  
sures.  W i t h  t he  q u a r t z  a n d  m a g n e s i u m  ox ide  a d d e d  
to t he  ga l l ium,  t h e  i nc rea se  in  p r e s s u r e  was  s m a l l  
enough  t ha t  t he  gases  in  t h e  effusion cel l  w e r e  p r o b -  
a b l y  at  e q u i l i b r i u m .  

G e r s h e n z o n  and  M i k u l y a k  (9)  r e p o r t e d  t h a t  
F r o s c h  and  T h u r m o n d  of Be l l  T e l e p h o n e  L a b o r a -  
tor ies ,  Inc. of M u r r a y  Hi l l ,  N e w  Je r s e y ,  h a v e  m e a s -  
u r e d  g a l l i u m  s u b o x i d e  p r e s s u r e s  of  0.2 m m  at  800~ 

Table IIh Silver and tin vapor pressure data 

A g  S n  
E f f u s i o n  P r e s s u r e ,  E f f u s i o n  Pressure, 

"K rate, mg/hr arm rate, mg/hr atm 

1280 2.38 6.1 X 10 -+ 0.044 1.1 X 10 -7 
1332 6.31 1.7 X 10 -6 0.076 1.9 X 10 -~ 
1383 14.5 3.9 X 10 -~ 0.308 7.8 • 10 -+ 
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[ F~ ] 
Table IV. Values of -- and AH~ ~s employed in calculations from Janaf 

T 

tnte6m Thermochemical Tables (11) unless otherwise noted 

~ Sice> H2(v) C(e) A120~(c) A120 r SiO2(c) H~O r 

F~ -- H%~'~ 
-~ 9- / 

A H ~  f,2,o~ 

700 5.912 33.153 2.166 18.549 64.730 13.579 47.406 
800 6.361 33.715 2.449 20.656 65.672 14.728 48.089 
900 6.795 34.250 2.736 22.533 66.584 15.879 48.749 

1000 7.212 34.758 3.020 24.434 67.459 16.999 49.382 
1100 7.610 35.240 3.300 26.261 68.295 18.064 49.991 
1200 7.989 35.696 3.573 28.012 69.093 19.077 50.575 
1300 8.352 36.130 3.839 29.689 69.855 20.041 51.136 
1400 8.698 36.543 4.098 31.295 70.582 20.961 51.675 
1500 9.028 36.937 4.348 32.835 71.276 21.840 52.196 
1600 9.345 37.314 4.591 34.311 71.940 22.681 52.698 

0 0 0 --400.4 --39.4 --209.9 --57.798 

~ SiO(v~ MgO(e) Mg(v) Co(v) Ga203(c) 1 SnOcv) 1 Ga20(v) 2 

T -/ 

AH~ 

700 52.634 9.263 36.892 49.182 25.63 57.56 73.03 
800 53.257 10.130 37.291 49.759 27.38 58.26 74.07 
900 53.858 10.969 37.670 50.314 29.07 58.95 75.08 

1000 54.432 11.775 38.029 50.845 30.71 59.54 76.04 
1100 54.980 12.546 38.368 51.351 32.30 60.13 76.96 
1200 55.502 13.283 38.688 51.834 33.82 60.63 77.83 
1300 55.999 13.986 38.991 52.295 35.24 61.17 78.66 
1400 56.473 14.658 39.278 52.736 36.65 61.56 79.46 
1500 56.926 15.301 39.550 53.158 37.98 62.14 80.22 
1600 57.358 15.916 39.809 53.562 39.23 62.61 80.96 

--21.411 --143.7 --35.330 --26.417 --258.0 (12) --1.0 - -  

1 C a l c u l a t e d  f r o m  AH~ (12) a nd  A F ' f  T and  f ree  e n e r g y  f u n c t i o n  for  the  c o m p o n e n t  e l e m e n t s  (5). 
2 E s t i m a t e d  by  m e t h o d  desc r ibed  in  tex t .  

and  10 m m  at  1000~ for a 4-1M m i x t u r e  of ga l l ium 
and  ga l l i um suboxide.  F r o m  Curve  3 in  Fig. 3, the 
cor responding  pressures  ca lcula ted  for this  reac t ion  
are 0.091 m m  and  8.6 mm.  This good a g r e e m e n t  sup -  
ports  the choice of --19.7 k c a l / m o l e  for the va lue  of 
AH ~ 

i 298 [Ga20(v) ] " 

Vapor Pressures of Silver and Tin 

In  order  to ob ta in  an  i n d e p e n d e n t  check on the 
effusion cell cons tan t s  employed  in  this  work,  the  
vapor  pressures  of s i lver  and  t in  were  de te rmined .  
These are  g iven  in Tab le  III  and  are  compared  wi th  
l i t e r a tu re  va lues  in Fig. 4. There  is good a g r e e m e n t  
wi th  the  resul t s  of Har t eck  (1) who employed  
quar tz  cells. These va lues  average  22% to 46% lower  
t h a n  the  va lues  chosen by  S tu l l  and  S inke  (5) f rom 
da ta  ob ta ined  mos t ly  in  g raph i t e  cells. It  appears  tha t  
diffusion th rough  g raph i t e  cell wal ls  was  not  con-  
s idered in  most  of the  ear l ie r  w o r k ?  

Sources of Thermodynamic Data 

Except  for the  free ene rgy  func t ions  for l iquid  
and  gaseous Ag, Sn, and  Ga  which  were  ob ta ined  
f rom Stu l l  and  S inke  (5),  a l l  of the  f ree  ene rgy  f u n c -  
t ions and  heats  of fo rma t ion  employed  are  l is ted w i th  
the i r  sources in  Tab le  IV. 

Es t ima ted  va lues  of the  free ene rgy  func t ions  for 
Ga.~O~ are  also l is ted in  Tab le  IV. This  q u a n t i t y  is a 
func t ion  of heat  capaci t ies  a lone  and,  therefore ,  can 
be es t ima ted  for gases qu i te  accura te ly  f rom hea t  
capaci ty  data  for molecules  of s imi la r  s t ruc tu re  and  
molecu la r  weight .  A va lue  of 69.54 was es t imated  for 
S ~ f rom a cor re la t ion  of molecu la r  weights  

298[Ga20(v) ] 

Fujishiro and G o k e e n  (10) f o u n d  t h a t  the  a m o u n t  of  t i t a n i u m  
vapor permeat ing  the  wal l s  of  a cel l  m a d e  f r o m  a v e r y  dense ,  im-  
p e r v i o u s  graphite  r a n g e d  f r o m  45 to 77% of the total  effusa te  in  t he  
2383~176 range .  

wi th  va lues  of S~ for other  t r i a tomic  gaseous mole -  
cules. Heat  capaci t ies  for Ga~O~ above 298~ were  
t a ke n  to be the same as for C T e S ~  f rom the B u r e a u  
of Mines  Bu l l e t i n  584 (13) .  

The descr ibed free ene rgy  func t ions  were  used to 
ca lcula te  the free ene rgy  func t ion  changes  for the  re -  
ac t ion  at 100~ in te rva ls .  F ree  ene rgy  f u n c t i o n  
changes  for the desired t e m p e r a t u r e s  were  ob ta ined  
by  graphica l  in te rpola t ion .  

Manuscript  received June  28, 1961. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1962 
J O U R N A L .  
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Reactions of Gallium with Quartz and with Water Vapor, 
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ABSTRACT 

The reac t ion  of gal l ium wi th  quartz  to produce gal l ium suboxide,  Ga.~O, 
and silicon is shown by equi l ib r ium calculat ions to be a mechanism by which  
gal l ium arsenide can become contaminated  wi th  silicon, and possibly  oxygen,  
when synthesized in quartz  systems. The contaminat ion  of gal l ium arsenide 
wi th  sil icon by  this react ion is governed by  the ra te  at which the gal l ium 
suboxide  vapor  is removed.  The sil icon content  commonly  observed  in GaAs 
(up to a few ppm)  can be accounted for by  this mechanism.  Suggest ions 
for  minimizing the a t tack  are  given. The appa ren t  t r anspor t  of GaAs in a 
sys tem containing traces of wa te r  vapor  can be expla ined  by  react ion of 
wa te r  wi th  gal l ium in the hot  zone to form Ga~O and hydrogen,  which react  
wi th  arsenic in the  cold zone to produce  GaAs and regenera te  the water .  

A c u r r e n t  p r o b l e m  in t he  p r o d u c t i o n  of g a l l i u m  
a r s e n i d e  for  use  in s e m i c o n d u c t i n g  dev ices  is con -  
t a m i n a t i o n  of  t h e  p r o d u c t  w i t h  si l icon.  This  s i l icon 
is t h o u g h t  to be  f o r m e d  b y  the  r e a c t i o n  of g a l l i u m  
w i t h  its c o n t a i n e r  d u r i n g  syn thes i s ,  w h i c h  is c a r -  
r i e d  ou t  in a q u a r t z  b o a t  or  c r u c i b l e  c o n t a i n e d  in  a 
sea l ed  q u a r t z  enve lope .  In  th is  ope ra t ion ,  some p a r t  
of t he  q u a r t z  e n v e l o p e  con ta ins  sol id  a r sen ic  at  
abou t  610~ in e q u i l i b r i u m  w i t h  a r sen i c  v a p o r  a t  
1 a t m  p re s su re .  This  is s l i g h t l y  g r e a t e r  t h a n  t h e  
a r sen ic  decompos i t i on  p r e s s u r e  of 0.9 a t m  f r o m  
g a l l i u m  a r s e n i d e  at  the  m e l t i n g  po in t  (1237~ 
(1, 2) .  

A mass  spec t roscop ic  s t u d y  (3) h a d  s h o w n  the  
p re sence  of s igni f icant  quan t i t i e s  of Ga~O v a p o r  
w h e n  g a l l i u m  was  h e a t e d  w i t h  q u a r t z  a t  865 ~ 
1025~ This  Ga~O v a p o r  was  f o r m e d  in the  s a m e  
r e a c t i o n  t h a t  p r o d u c e s  t he  s i l icon t h a t  c o n t a m i n a t e s  
the  g a l l i u m  or  g a l l i u m  a r sen ide ;  thus ,  

4Ga(, o~ ~o,. a~,~ + SiO~(o~ 

K n u d s e n  effusion s tud ies  w e r e  e m p l o y e d  b y  the  
a u t h o r s  to d e t e r m i n e  the  e q u i l i b r i a  of t h e  r eac t i ons  
of g a l l i u m  w i t h  q u a r t z  and  g a l l i u m  w i t h  m a g n e -  
s ium ox ide  in  the  900 ~ l l 0 0 ~  r a n g e  (4 ) .  A r e -  
ac t ion  h e a t  of 175.1 k c a l  a t  25~ for  r e a c t i o n  [1]  
was  used  f r o m  this  w o r k  to ca l cu l a t e  t he  e q u i l i b -  
r i u m  of r e a c t i o n  [1]  a t  1250~ the  t e m p e r a t u r e  of 
syn thes i s  of GaAs .  

Gallium Activity in Gallium Arsenide 

The  a c t i v i t y  of g a l l i u m  in g a l l i u m  a r s e n i d e  a t  
1250~ in 1 a t m  of  a r sen i c  v a p o r  m u s t  be  k n o w n  
be fo re  t he  e q u i l i b r i a  of the  r eac t i ons  w i t h  q u a r t z  
can  be  ca l cu la t ed .  The  a r sen ic  decompos i t i on  p r e s -  
su re  at  t he  m e l t i n g  po in t  of g a l l i u m  a r s e n i d e  r e -  
vea l s  no th ing  a b o u t  t he  g a l l i u m  a c t i v i t y  w i t h o u t  
a d d i t i o n a l  i n f o r m a t i o n  abou t  the  s t a b i l i t y  of GaAs .  

D r o w a r t  and  Gold f inge r  (5) ,  in a c o m b i n e d  
K n u d s e n  e f fu s ion -ma ss  spec t roscop ic  e x p e r i m e n t ,  
m e a s u r e d  the  de c ompos i t i on  p r e s s u r e s  a n d  i d e n t i -  
fied the  v a p o r  species  f r o m  g a l l i u m  a r s e n i d e  a t  
t e m p e r a t u r e s  f r o m  758 ~ to 863~ The  p h a s e  d i a -  
g r a m  of t h e  g a l l i u m - a r s e n i c  s y s t e m  (6)  shows  t h a t  
t he  g a l l i u m  con ten t  of t he  g a l l i u m - r i c h  l i qu id  
phase  p r o d u c e d  in de c ompos i t i on  ove r  th i s  t e m -  
p e r a t u r e  r a n g e  w o u l d  inc rease  f r o m  91 to 94 at. %. 
These  compos i t i ons  w o u l d  c o r r e s p o n d  in t he  s i m p l e  
idea l  case  to g a l l i u m  ac t iv i t i e s  r a n g i n g  f r o m  0.82 to 
0.88, s ince  G a A s  is t he  on ly  c o m p o u n d  in t h e  sys -  
tem.  P r e s u m a b l y ,  D r o w a r t  and  Go ld f inge r  took  th is  
in to  accoun t  w h e n  t h e y  c a l c u l a t e d  the  m e d i a n  
va lue s  of AF~ and  S ~ for  g a l l i u m  a r s e n i d e  at  808~ 
(1081~ g iven  on the  fo l l owing  page ,  a l t h o u g h  
th is  was  no t  m a d e  c lea r  in t h e i r  p a p e r .  ( I f  t h e y  
a s s u m e d  i n s t e a d  t h a t  t h e  l i qu id  d i s soc ia t ion  p r o d -  
uc t  was  p u r e  g a l l i u m  w i t h  un i t  ac t iv i ty ,  t h e  v a l u e  
of ~F~ w o u l d  be  on ly  0.3-0.4 kca l  m o r e  pos i -  
t ive . )  

AF ~ ~1~1 ---- --15.34 k c a l  ( c a l c u l a t e d  f r o m  the  As~ 
c o m p o n e n t  of t he  v a p o r )  

S~ = 34.4 c a l / d e g  

Us ing  S tu l l  a n d  S i n k e ' s  (7)  hea t  c a p a c i t y  d a t a  
for  d i a tomic  a r sen i c  v a p o r  a n d  l i qu id  ga l l i um,  and  
a s s u m i n g  t ha t  Cp ---- 12 for  g a l l i u m  a r s e n i d e  and  t h e  
• ~ 0, ( •  is a c t u a l l y  zero at  the  fus ion  
t e m p e r a t u r e  of 1510~ the  f ree  e n e r g y  change  
and  e q u i l i b r i u m  cons t an t  for  f o r m a t i o n  f r o m  As~(,~ 
and  Ga  w e r e  c a l c u l a t e d  for  m o l t e n  g a l l i u m  a r s e -  
n ide  as fo l lows:  

Ga,,~ + I/2 As~(~ ~ GaAs(,, [2]  

AF ~ ~ ~ --5.40 kca l  

5,400 
log K .... : : -I- 0.77 

(4.576) (1523) 
= - - log  aQ, - -  1~ log  PA~_~, 

149 
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For  self-consistency,  Drowar t  and Goldfinger 's  
va lue  for the  heat  of dissociation of arsenic t e -  
t ramers  to dimers  ( ~H~  = 71.8 kcal)  was em-  
ployed to calculate  the  pa r t i a l  pressure  of Ass(,, 
in 1 a tm of arsenic vapor  at 1250~ Using free en-  
ergy function da ta  for As2(~) and As~,) f rom Stu l l  and 
Sinke, the equi l ibr ium constant  for the dissociation 

[3])  at  1250~ of arsenic t e t r amers  ( react ion 
(1523~ was calculated:  

As,(,) ~ 2As~(,) [3] 

_ F ~ --HO~ + _ _  

T A,4(.) T 

--9.35 
log K~5~3 - -  - -  

4.576 

K ~  := 0.0090 - -  - -  

- - - -  --2.044 

/[:)As 4 

AF ~ 

T 

P ~ . ~  - -  0.090 a tm when PA,~ - - - -  (1-0.090) = 0.91 a tm 

With an As~(,) pressure  of 0.090 a tm subst i tu ted  in 
the  expression for the equi l ib r ium constant  for r e -  
action [2],  the ga l l ium act iv i ty  in gal l ium arsenide 
at  1250~ is 0.56. 

The ac t iv i ty  of ga l l ium in ga l l ium arsenide in 
equi l ib r ium wi th  1 a tm of arsenic vapor  must  also 
be known at  lower  t empera tu res  for some of the  
calculat ions to be made  la ter  in this paper .  The ac- 
t iv i ty  at  808~ is ca lcula ted to provide  a basis for  
obtaining the act ivi t ies  at  t empera tu res  be tween 
808 ~ and 1250~ by graphica l  interpolat ion.  The 
A ~  pressure  in 1 arm of arsenic vapor  becomes 
0.00084 arm at 808~ and the corresponding ga l -  
l ium act iv i ty  in ga l l ium arsenide in equi l ib r ium 
wi th  1 arm of arsenic vapor  becomes 0.027. 

Course of the Reaction of Gallium with Quartz 

According to calculat ions in the  preceding  paper  
(4),  ga l l ium and quar tz  can react  in two ways,  the 
favored react ion depending on the  silicon content  
of the  gal l ium. If  the ga l l ium or gal l ium arsenide 
contains no silicon ini t ia l ly ,  Eq. [1] is favored.  The 
silicon act ivi t ies  vs. G a l a  pressures  from this reac-  
tion, using log K~:~ = --9.24 f rom tha t  paper ,  are 
shown in Fig. 1 for pu re  gal l ium (curve  I)  and  for 
ga l l ium arsenide (curve  I I ) .  As the silicon act iv i ty  
increases in the  ga l l ium or ga l l ium arsenide,  the  
equi l ib r ium G a l a  pressure  decreases.  

As react ion [1] proceeds, silicon monoxide,  SiO(,~, 
is s imul taneous ly  produced f rom the react ion of 
quartz  wi th  the silicon product ,  thus 

St(,.  o. or G.~) + SiO~(~) ~ 2SiO(~) [ 4 ]  

and its pressure increases with increasing silicon 
activity in the gallium or gallium arsenide. For 
reaction [4], log K,~ = -  5.82, by combination of 
the equilibrium constant of reaction [1] and that 
of [5], below [see preceding paper (4)]. The sili- 
con activity from reaction [I] increases eventually 
to a point where the SiO pressure from reaction 
[4] equals the Gala pressure from reaction [i]. 
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Fig. 1. Equilibrium partial pressures of Ga20(v) and SiO(v) from 
reaction of gallium with quartz at  1250~ point A, where reac- 
tions for curve I and curve I I I  occur concurrently, as, = 0.019; 
point B, where reactions for curve II and curve II I  occur concur- 
rently, as~ = 0.0061. 

Curve I 
4 G a ( .  + SiO~(~) ~ Si .~ o~ + 2Ga~O~ 
Curve II 
4Ga( i .  O.A~) -{- SiO~(~) ~ S i . .  O.A~ -l- 2Ga20~.) 
Curve III 
S i . .  ~. or (~.~) + SiO~(~) ~ 2SiO(~ 
Curve IV 
Si(,. ~. o. O.A.) + Si02(~) ~ 2SiO(~) 

F u r t h e r  react ion of ga l l ium wi th  quar tz  wi l l  not  
produce addi t ional  silicon but  only Ga~O<v) and 
Slaty) by the composite react ion [5]. 

2Ga( ........ o~) + SiO2<r ~ Ga20(v, + SiO<v) [5] 

Log K~3 = -  7.53 for reaction [5] from the pre- 
ceding paper (4). 

The silicon activity that has been attained when 
reaction [5] takes over is 0.019 for the reaction of 
pure gallium and 0.0061 for the reaction of gallium 
arsenide (obtained as the intersection of curve III 
with curves I or II). 

Removal o] Reaction Products 

Once the h i g h - t e m p e r a t u r e  zone containing the 
react ing ga l l ium and quartz  has been sa tura ted  
wi th  the  equ i l ib r ium pa r t i a l  pressures  of the  
gaseous products ,  the contaminat ion  react ion can 
proceed fu r the r  only if the vapors  are  removed.  
Removal  can occur by  Ga20(, dissolving in the  ga l -  
l ium arsenide or diffusing to a colder  zone where  
it can react  wi th  arsenic vapor,  as follows 

3Galaxy) + 2As_~(, (or As,,)) ~ Ga~O~(~) + 4GaAs(o) 
[6] 

The solubility of gallium suboxide in gallium 
arsenide is unknown, and therefore only removal 
of vapors by diffusion (the case that results in the 
minimum amount of contamination) will be con- 
sidered? 

The temperatures at which reaction [6] occurs 
to deposit crystalline GaAs and Gala8 are shown in 

I Removal of Ga20(v) by dissolving in the quartz or by reacting 
with the quartz to form gallium silicate are two additional possibil- 
ities which, however, cannot be treated. 
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Fig. 2. Condensation temperatures of gaseous products from re- 
action of gallium with quartz at 1250~ in 1 atm of arsenic vapor. 

Curve I 
3Ga20~,.) (from Ga 3- SiO~) -[- As(,.~ ~ Ga20~:(~) 3- 4GaAs~,~ 
Curve II 
3Ga~O(~) (from GaAs + SiO2) 3- As~,~ ~ Ga20~,) -I- 4GaAs,~ 
Curve III 
2SiO~,.~ ~ Si~.~ 3- SiO~(,.) 
Curve IV 
SiO~,.~ ~ SiO(~) 

Fig.  2. These  ca l cu la t ions  e m p l o y e d  the  p r e v i o u s l y  
c a l c u l a t e d  ac t iv i t i e s  of g a l l i u m  in g a l l i u m  a r s e n i d e  
in 1 a t m  of a r sen i c  vapor ,  t o g e t h e r  w i t h  e q u i l i b -  
r i u m  c o n s t a n t  d a t a  for  t he  d i s p r o p o r t i o n a t i o n  of 
g a l l i u m  s u b o x i d e  to g a l l i u m  and  ga l l i a  f rom the  
p r e c e d i n g  p a p e r  (4) .  

The  r e a c t i o n  zone  wi l l  a lso be  s a t u r a t e d  w i t h  the  
e q u i l i b r i u m  p a r t i a l  p r e s s u r e  of s i l icon monox ide .  
F u r t h e r  t r a n s f e r  of s i l icon can  occur  on ly  i f  t h e r e  
is d i f fus ion of the  s i l icon m o n o x i d e  to a co lde r  
r eg ion  w h e r e  i t  can  condense .  F i g u r e  2 also shows  
the  t e m p e r a t u r e s  a t  w h i c h  the  SiO v a p o r s  wi l l  
depos i t  b y  d i s p r o p o r t i o n a t i o n  for  d i f f e ren t  s i l icon 
ac t iv i t i e s  in t h e  Ga  or  GaAs .  A t  s i l icon ac t iv i t i e s  
n e a r  one  t e n t h  ( t h e  b r e a k  in t he  SiO c u r v e ) ,  t h e  
SiO p r e s s u r e  becomes  l a r g e  enough  for  i t  to con-  
dense  w i t h o u t  d i s p r o p o r t i o n a t i o n ,  acco rd ing  to the  
f r ee  e n e r g y  of v a p o r i z a t i o n  d a t a  g iven  b y  Schick ,  
(8)  as fo l lows :  

•  . . . . . . . . . . . . .  = 77,530 - -  34.94T 

77,530 34.94 16,950 
log Ps,o---- - -  + - -  - -  - -  + 7.639 

4.576T 4.576 T 

This  exp re s s ion  was  used  to co r rec t  t he  SiO,,, 
cu rves  of Fig .  1 and  2 for  f o r m a t i o n  of condensed  
SiO at  h igh  s i l icon ac t iv i t i es .  

K l e m m  (9)  r e p o r t e d  a condensed  p h a s e  f rom 
g a l l i u m  s u b o x i d e  v a p o r s  t h a t  c o n t a i n e d  no g a l l i u m  
b y  x - r a y  d i f f rac t ion  and  on ly  t r ace s  of ga l l ia .  H o w -  
ever ,  th i s  p h a s e  is p r o b a b l y  u n s t a b l e  w i t h  r e s p e c t  
to g a l l i u m  and  ga l l i a  a t  any  of t he  t e m p e r a t u r e s  of 
th is  work .  
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Rate of Silicon Formation 

A s s u m i n g  t h a t  t h e  a c t u a l  r e a c t i o n  of g a l l i u m  
w i t h  q u a r t z  is not  r a t e - d e t e r m i n i n g ,  t he  r a t e  a t  
w h i c h  the  s i l icon a c t i v i t y  a p p r o a c h e s  t he  l i m i t i n g  
ac t iv i t i e s  s h o w n  in Fig.  1 (asi = 0.019 f r o m  r e a c -  
t ion  of p u r e  ga l l ium,  and  as, = 0.0061 f r o m  r e a c t i o n  
of GaAs ,  d e t e r m i n e d  b y  the  p o i n t  a t  w h i c h  r e a c -  
t ion  [5]  t a k e s  o v e r  to  m a i n t a i n  t he  c o n s t a n t  s i l icon 
l eve l )  w i l l  d e p e n d  on the  r a t e  of r e m o v a l  of t h e  
gaseous  p r o d u c t s  f r o m  t h e  r e a c t i o n  zone. 

N o t h i n g  is k n o w n  abou t  t he  so lub i l i t y  or  r a t e  of 
so lu t ion  of GaOl,.) in the  g a l l i u m  a r sen ide ,  b u t  the  
r a t e  of d i f fus ion of Ga~O(v) f r o m  the  1250~ zone 
can  be  cons idered .  This  r a t e  w i l l  l i k e l y  b e  p r o p o r -  
t i ona l  to  t h e  Ga~O(v~ p r e s s u r e  which ,  in tu rn ,  v a r i e s  
i n v e r s e l y  as the  squa re  roo t  of the  s i l icon a c t i v i t y  
( f r o m  t h e  e q u i l i b r i u m  cons t an t  e x p r e s s i o n  for  r e -  
ac t ion  [ 1 ] ) .  As  a resu l t ,  t he  r a t e  of s i l icon p r o -  
duc t ion  shou ld  dec rease  c o n t i n u a l l y  as the  r e a c t i o n  
p roceeds  and  become  zero  a t  the  l i m i t i n g  s i l icon 
con ten t s  g iven  by  the  i n t e r s e c t i o n  of t h e  cu rves  in 
Fig .  1. 

The  r a t e  of Ga~O~v) r e m o v a l  in v a c u u m  can be  
rap id ,  p a r t i c u l a r l y  in t he  p r o x i m i t y  of a cold  con-  
dens ing  sur face ,  and  r e l a t i v e l y  l a r g e  quan t i t i e s  of 
s i l icon can be i n t roduced .  F i g u r e  3 shows,  a t  two  
magni f i ca t ions ,  s i l icon s ing le  c rys t a l s  depos i t ed  on 
a q u a r t z  vesse l  t h a t  h a d  c o n t a i n e d  h i g h - p u r i t y  
g a l l i u m  at  l l 0 0 ~  for  1/2 h r  in a v a c u u m  of b e t t e r  
t h a n  10 - '  mm.  The  g a l l i u m  was  h e a t e d  i n d u c t i v e l y  
and  was  cove red  b y  a co ld  q u a r t z  c o n d e n s e r  s i t u -  
a t ed  abou t  1 c m  a b o v e  the  sur face .  

F i g u r e  4 i l l u s t r a t e s  t h e  a t t a c k  of g a l l i u m  on the  
su r f ace  of a q u a r t z  b e a k e r  h e a t e d  to  1175~ for  
3I/z h r  in  v a c u u m  b e l o w  5 x 10 -" mm.  The  c u r v e d  
b o r d e r  b e t w e e n  the  e t ched  and  u n e t c h e d  a reas  
c o r r e s p o n d s  to t he  o u t e r  p e r i p h e r y  of t he  g a l l i u m  
g lobu l e  t h a t  r e s t e d  on the  quar tz .  A t t a c k  of t he  
q u a r t z  u n d e r n e a t h  t he  g a l l i u m  was  neg l i g ib l e  b e -  
cause  t h e  f irst  Ga~O v a p o r  f o r m e d  was  s low in es-  
cap ing  f r o m  th is  a rea .  H o w e v e r ,  g a l l i u m  v a p o r  

Fig. 3. Silicon crystals from reaction of gallium and quartz, 
growing on quartz surface. 
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Examples of Contamination 

The  i n f o r m a t i o n  t ha t  has  been  o b t a i n e d  can  be 
used  to e s t i m a t e  t he  e x t e n t  of c o n t a m i n a t i o n  b y  
s i l icon u n d e r  v a r i o u s  c i r cums tances .  The  r e l a t i o n -  
sh ip  for  m a k i n g  th is  e s t i m a t e  is d e r i v e d  as fo l lows.  

The  e q u a t i o n  for  c u r v e  I of Fig .  1 is 

log P~a2o~v, = - -  1/~ log as, ,~ as - -  4.62 [7]  

A s s u m i n g  an  idea l  so lu t ion  of s i l icon in  ga l l i um,  
the  a c t i v i t y  of s i l icon in  t he  d i l u t e  r a n g e  is g iven  
by  the  fo l lowing  exp re s s ion :  

MGa 
as, = W [8]  

Ms~ 

w h e r e  M is t he  a tomic  w e i g h t  and  W is t h e  w e i g h t  
f r ac t i on  of  s i l icon.  

S ince  two  mo lecu l e s  of g a l l i u m  s u b o x i d e  a r e  p r o -  
d u c e d  for  each  a t o m  of s i l icon fo rmed ,  t h e  p a r t i a l  
p r e s s u r e  of subox ide ,  Poa.oo~, can  be  e x p r e s s e d  in 
t e r m s  of W and  V, the  r a t i o  of t he  f r ee  v o l u m e  in 
the  1250~ zone to t h e  v o l u m e  of g a l l i u m  us ing  a 
v a l u e  of 6 g / m l  for  the  d e n s i t y  of l i qu id  ga l l i um.  

Fig. 4. Micrograph showing vapor vs .  liquid phase attack of 
gallium on quartz. 

f rom the  g lobu le  e t ched  the  q u a r t z  bes ide  the  
g lobu l e  b e c a u s e  t he  Ga.oO~v, t h a t  f o r m e d  t h e r e  was  
f ree  to  e scape  in to  t h e  v a c u u m .  

The  s i l icon c o n t a m i n a t i o n  of t h e  g a l l i u m  can  
eas i ly  go u n d e t e c t e d  in such  e x p e r i m e n t s  un less  
g r e a t  ca re  is t a k e n  in  s ampl ing .  S i l icon  is c o m -  
p l e t e l y  i n so lub l e  in g a l l i u m  a t  r o o m  t e m p e r a t u r e ,  
and  i t  p r e c i p i t a t e s  ou t  a n d  a d h e r e s  to t h e  q u a r t z  
as shown,  or  f loats to t h e  top  of t he  meta l .  In  t h e  
e x p e r i m e n t s  shown  in Fig.  3, t he  q u a r t z  c o n t a i n e r  
los t  0.03g. 

H e a t i n g  of  g a l l i u m  in the  p r e s e n c e  of q u a r t z  a t  
h igh  t e m p e r a t u r e  in h igh  v a c u u m  is c e r t a i n l y  to be  
avo ided .  In  t he  p r e s e n c e  of t h e  a t m o s p h e r e  of a r -  
senic  v a p o r  e m p l o y e d  d u r i n g  the  syn thes i s  of G a A S ,  
the  d i f fus ion  of gaseous  p r o d u c t s  f rom t h e  r e a c t i o n  
zone wi l l  be  m u c h  s l o w e r  t h a n  in v a c u u m .  

If  t h e  so lub i l i t y  of Ga~O~, in G a A s  shou ld  p r o v e  
to be  ins igni f icant ,  i t  shou ld  b e  poss ib le  to supp re s s  
the  g a l l i u m - q u a r t z  r e a c t i o n  b y  s a t u r a t i n g  the  
1250~ zone w i t h  a suff ic ient ly  h igh  Ga~O<v~ p r e s -  
su re  f r o m  the  r e a c t i o n  of g a l l i u m  w i t h  g a l l i a  or  
w i t h  w a t e r  vapo r .  This  p r e s u p p o s e s  t h a t  o x y g e n  
c o n t a m i n a t i o n  is no t  a p r o b l e m ,  h o w e v e r ,  and  one 
w o u l d  hes i t a t e  to r e c o m m e n d  the  d e l i b e r a t e  a d d i -  
t ion of o x y g e n - c o n t a i n i n g  species.  

C lea r ly ,  if t h e  g a l l i u m  could  be  con t a ined  in  a 
c o m p l e t e l y  n o n r e a c t i v e  boat ,  t he  en t i r e  s i t ua t ion  
w o u l d  be  changed .  T h e r e  w o u l d  be  no need  to 
m a i n t a i n  t he  f ree  v o l u m e  a r o u n d  the  g a l l i u m  at  
1250~ s ince  t h e r e  w o u l d  be  no v o l a t i l e  p r o d u c t s  
t h a t  w o u l d  condense  a t  l o w e r  t e m p e r a t u r e s .  In  fact ,  
i t  w o u l d  b e  d e s i r a b l e  in th is  case  to m a i n t a i n  the  
en t i r e  q u a r t z  e n v e l o p e  j u s t  a b o v e  the  c o n d e n s a t i o n  
t e m p e r a t u r e  of a rsenic ,  and  h e a t  on ly  t h e  g a l l i u m  
to 1250~ 

53,500W 
Pa,~ocv, = [9] 

V 

The weight fraction of silicon is solved for by 
c o m b i n i n g  Eq. [7] ,  [8] ,  and  [9]  to g ive  

log W = - -  6.365 + 2 /3  log V 

The  c o r r e s p o n d i n g  e x p r e s s i o n  for  G a A s  is 

log W = --6.701 + 2/3 log V 

I t  can  be  seen tha t ,  in t h e  case  of t h e  r e a c t i o n  
of a r s e n i c - f r e e  g a l l i u m  a n d  qua r t z ,  if t h e  f r ee  v o l -  
u m e  of the  1250~ zone is five t imes  the  v o l u m e  of 
t he  g a l l i u m  in t he  boat ,  t h e  s i l icon con ten t  of t he  
g a l l i u m  wi l l  r e a c h  1.3 p p m  (or  0.6 p p m  b a s e d  on  
the  f inal  G a A s )  j u s t  in s a t u r a t i n g  th is  zone  w i t h  
Ga.~O vapor .  I f  t he  f ree  v o l u m e  of t he  hot  zone is 
t en  t imes  t h e  v o l u m e  of t he  ga l l i um,  t he  s i l icon 
con ten t  w i l l  r e a c h  2.0 p p m  (or  1.0 p p m  b a s e d  on 
the  f inal  G a A s ) .  S o m e w h a t  l o w e r  s i l icon con ten t s  
w o u l d  r e su l t  if t he  e q u i l i b r i a  shown  b y  c u r v e  I I  
of Fig.  1 w e r e  d e t e r m i n i n g .  

Reaction at the Quartz Envelope 

Thus  far ,  on ly  r e a c t i o n  at  t h e  g a l l i u m - c o n t a i n i n g  
boa t  has  been  cons idered .  G a l l i u m  could  also r e a c t  
w i t h  t he  q u a r t z  e n v e l o p e  to p r o d u c e  gaseous  p r o d -  
uc ts  t ha t  could  diffuse b a c k  to t h e  b o a t  and  be  a 
source  of c o n t a m i n a t i o n .  Reac t ion  [5]  w o u l d  p r e -  
domina t e ,  s ince  t h e r e  is no g a l l i u m  s ink  in  w h i c h  
the  s i l icon w o u l d  d i sso lve  at  low ac t iv i ty .  

In  an  a t m o s p h e r e  of a r sen ic  vapor ,  the  e q u i l i b -  
r i u m  g a l l i u m  a c t i v i t y  in the  gas  p h a s e  is the  same  
as t ha t  in g a l l i u m  a r s e n i d e  (a,:, = 0.56 at  1250~ 
f r o m  an  e a r l i e r  s ec t ion ) .  In  e a r l y  s tages  of t he  
syn thes i s ,  r e a c t i o n  of g a l l i u m  v a p o r  w i t h  t he  q u a r t z  
e n v e l o p e  wi l l  b e  s u p p r e s s e d  b y  the  h igh  p r e s s u r e  
of Ga_~O tha t  is m o r e  eas i ly  p r o d u c e d  b y  r e a c t i o n  
of u n r e a c t e d  g a l l i u m  (or  g a l l i u m - a r s e n i c  so lu-  
t ions )  in con tac t  w i t h  t h e  q u a r t z  boat .  U l t i m a t e l y ,  
w h e n  syn thes i s  is comple te ,  t he  e q u i l i b r i u m  wi l l  
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be the same whe ther  the react ion is wi th  the boat  
or the  walls.  

Solubilities and Activities 

The act iv i ty  coefficients of silicon in gal l ium and 
gal l ium arsenide  are not known and are  assumed 
to be uni ty  for purposes of the presen t  calculations.  
The usual  concepts of solid solubil i t ies  and ac t iv i -  
ties undoubted ly  do not hold in the  ex t r eme ly  
di lute  ranges  tha t  are of in teres t  in semiconductor  
applications.  The act iv i ty  coefficient of silicon on 
cation sites in gal l ium arsenide might  be different  
f rom tha t  when it is on anion sites, for  example .  

The act iv i ty  of silicon in more  concentra ted  
ranges can be pred ic ted  qua l i t a t ive ly  f rom infor -  
mat ion obta ined f rom phase d iagrams of the  Ga-  
As (5),  Ga -S i  (10, 11), and S i -As  (12) systems. 
The high solubi l i ty  (40 w / o )  of silicon in ga l l ium 
at 1250~ wi th  no compound formation,  and the  
close correspondence between the measured  heat  
of solution of silicon in gal l ium and the known heat  
of fusion of silicon both indicate  tha t  the ac t iv i ty  
coefficient of silicon in ga l l ium at 1250~ may  be 
near  uni ty.  

Two compounds, SiAs and SiAs~, have been re -  
ported,  and the ac t iv i ty  coefficient of silicon in 
molten GaAs might  be considerably  less than  uni ty .  

The solid solubi l i ty  l imi t  of Si in GaAs  at  high 
t empera tu res  has not been repor ted.  If  it is low, 
there  exists the possibi l i ty  that  a s i l icon-r ich phase 
could prec ip i ta te  and become occluded in the GaAs 
dur ing cooling. This has not been considered in the 
calculations.  

The observed amounts  of silicon contaminat ing  
the ga l l ium arsenide  tha t  is cu r ren t ly  being p ro -  
duced are of the  same order  of magni tude  as the 
values predic ted  in this  work  for sa tura t ing  the 
1250~ zone wi th  Ga~O vapor.  

Other Factors which May Affect the 

Reaction of Gallium with Quartz 

Effect of oxide ] i /ms . - -Workers  in other organi -  
zations, as wel l  as in these Laborator ies ,  have  noted 
that  etching of the quartz  is p romoted  if the  ga l -  
l ium is not in i t ia l ly  hea ted  in vacuum or flowing 
iner t  gas at  low t empera tu res  (600~176 This 
t r ea tmen t  removes  gal l ia  films and thei r  adsorbed 
water ,  or wa te r  of hydra t ion ,  in the  form of ga l -  
l ium suboxide, water ,  and hydrogen.  A f requent  
observat ion is that  if the gal l ium is not thus t r ea ted  
there  might  be genera l  etching of the  quartz  but  
p re fe ren t ia l  a t tack  at qua r t z -ga l l ium interfaces 
where  oxide films were  known to be t rapped.  

This action is difficult to unders tand  because the  
react ion of ga l l ium wi th  gal l ia  or wa te r  vapor  in 
these areas should form sufficient pressures  of 
Ga-~Ocv, to suppress  the ga l l i um-qua r t z  react ion in 
the ea r ly  stages of the at tack.  A p p a r e n t l y  the 
quar tz  surface is sensit ized in some manner ,  pe r -  
haps as a resul t  of etching by  the vapor  species, 
so that  it is more susceptible to fur ther  at tack.  

Effect of water vapor.--Frosch and Der ick  (13) 
demons t ra ted  that  about  one hundred  t imes more 
gal l ium was t ranspor ted  in flowing wet  hydrogen  

at 950~ than in d ry  hydrogen.  They expla ined  
tha t  the wa te r  reacts  wi th  the gal l ium to form 
gal l ium suboxide and hydrogen.  Weisberg  (14) has 
observed the "dis t i l la t ion"  of l a rge  quant i t ies  of 
GaAs wi th  t races of Water vapor.  

In a test  of these react ions at  the  authors '  Lab -  
oratories,  each of two ident ical  quar tz  boats, 12 mm 
wide and 45 mm long, was placed near  one end of 
separate,  15 cm long 37 ml volume, quar tz  tubes. 
One of the tubes wi th  its boat  was outgassed for  
16 hr  at  1000~ in a pressure  of about 10 -~ mm Hg. 
Vacuum was broken  wi th  argon and 6g of 
99.9999+% gall ium, weighed to • mg, was 
added to each boat.  The tubes were  re -evacua ted ,  
and the tube tha t  had been carefu l ly  outgassed 
was heated again to approx ima te ly  1000~ in high 
vacuum. A pressure  of 19 mm of d ry  argon was 
admi t t ed  to this tube  before  seal ing it off. A quan-  
t i ty  of 0.0008g of wa te r  was in t roduced into the  
second tube before  it was sealed off. These quan t i -  
t ies of wa te r  and argon were  such tha t  the  to ta l  
pressure  would be the same in both tubes at  t em-  
pera ture .  

The sealed tubes were  placed side by  side in a 
furnace  in such a posit ion tha t  there  was a t em-  
pe ra tu re  grad ien t  along thei r  length. The t e m p e r a -  
tu re  at the  end of the  tubes containing the gal l ium 
was 1060~ The t empera tu re  at  the other  end was 
1020~ Heat ing was continued for 48 hr. 

In the tube containing argon, 0.0034g of gal l ium 
dis t i l led to the ends, compared to 0.3259g, or 96 
t imes as much, tha t  dis t i l led to the ends of the tube 
containing added wa te r  vapor.  Near ly  al l  of this  
gal l ium dis t i l led to the  end neares t  the boat,  even 
though this end was p robab ly  no more than 5 ~ 
cooler than the gal l ium in the boat, whereas  the 
other end, 7 in. away,  was 40 ~ colder. 

The equi l ib r ium constant  der ived  for the reac-  
t ion of gal l ium wi th  wa te r  (4) becomes less favor -  
able as the t empe ra tu r e  is lowered  so that  gal l ium 
suboxide and hydrogen  formed at  one t empera tu re  
wi l l  back - reac t  pa r t i a l ly  to l iquid gal l ium and 
wa te r  vapor  at  a lower  t empera tu re ,  other  condi-  
tions remain ing  constant.  The same wa te r  vapor  
can then diffuse back  to the ga l l ium at the h igher  
t empera tu re  to form gal l ium suboxide and hyd ro -  
gen, which can repea t  the action. 

If the  wa te r  pressure  is too high, some gal l ia  
wil l  f o r m  in the  dist i l late.  This wi l l  not  occur if 
the ini t ia l  pressure  of wa te r  vapor  is reduced to 
the point  where  the pressure  of gal l ium suboxide 
vapor  forming at  the h igher  t e m p e r a t u r e  is too low 
for gal l ia  to form by d ispropor t ionat ion  at  the 
lower t empera tu re .  

In pr inciple ,  the t ranspor t  of ga l l ium from the 
hot to the  cold end of the two tubes could be ca l -  
culated from informat ion on the equi l ibr ia  be tween  
gall ia,  gal l ium, hydrogen,  and wa te r  given in the 
previous  paper  (4).  An approx imate  calculat ion 
showed tha t  about  a thousandfold difference in 
t r anspor t  would be pred ic ted  for the  two cases if 
vapor  t ranspor t  were  accomplished by  convection 
alone, one tube  were  comple te ly  f ree  of moisture,  
and the t empe ra tu r e  of the  condenser were  exact ly  
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known .  This  is a b o u t  t en fo ld  g r e a t e r  t h a n  the  ob -  
s e r v e d  ra t io .  H o w e v e r ,  d i f fus ion t r a n s p o r t  m a y  be  
of equa l  or  g r e a t e r  i m p o r t a n c e ,  a n d  t h e  t e m p e r a -  
t u r e  of t h e  ac tua l  s i te  of c o n d e n s a t i o n  w a s  no t  
d e t e r m i n e d .  Moreover ,  i t  is no t  poss ib l e  to  p r e v e n t  
a c c u m u l a t i o n  of some t r a c e  of w a t e r  v a p o r  in  a 
h e a t e d  c losed  q u a r t z  t ube  even  a f t e r  ca re fu l  o u t -  
gass ing.  

Because  of these  u n c e r t a i n t i e s  d e t a i l e d  t r e a t m e n t  
of t he  d a t a  is no t  w a r r a n t e d .  A ref ined  e x p e r i -  
m e n t  w o u l d  y i e l d  m u c h  i n t e r e s t i n g  i n f o r m a t i o n  
a b o u t  th i s  t r a n s p o r t  process .  

D i s t i l l a t i on  of g a l l i u m  f r o m  g a l l i u m  a r s e n i d e  
could  also occur  b y  the  s a m e  t r a n s p o r t  m e c h a n i s m ,  
w i t h  t h e  a r sen i c  r e c o m b i n i n g  w i t h  t he  g a l l i u m  at  a 
co lde r  zone. This  w o u l d  seem to have  i n t e r e s t i n g  
i m p l i c a t i o n s  in  t he  e p i t a x i a l  g r o w t h  of g a l l i u m  
a r sen ide ,  s ince  t h e r e  is no a p p a r e n t  m e c h a n i s m  for  
the  t r a n s p o r t  of GaAs ,  per se. 

Recommendat ions  

I t  is i n t e r e s t i n g  to  specu l a t e  on modi f i ca t ions  of 
the  c o n v e n t i o n a l  h o r i z o n t a l  G a A s  syn thes i s  a p -  
p a r a t u s  t h a t  shou ld  lessen  the  a t t a c k  on q u a r t z  and  
thus  r e d u c e  the  s i l icon c o n t a m i n a t i o n  in t h e  p r o d -  
uct.  

A n  obv ious  p r e c a u t i o n  to o b s e r v e  is to s e p a r a t e  
a n y  cold  su r f ace  as  f a r  as poss ib l e  f r o m  the  r e a c -  
t ion  zone, i.e., e x t e n d  the  1250~ zone as n e a r  as 
poss ib le  to t h e  a r sen ic  boi le r .  A l t h o u g h  e x t e n d i n g  
t h e  ho t  zone  m i g h t  enhance  u n d e s i r a b l e  d i f fus ion 
of gaseous  p r o d u c t s  out  of the  r e a c t i o n  zone, such 
di f fus ion w o u l d  be  i m p e d e d  b y  the  c o u n t e r c u r r e n t  
d i f fus ion of a r sen i c  in to  t he  r e a c t i o n  zone. Th is  
could  be  a c c e n t u a t e d  b y  r e d u c i n g  the  d i a m e t e r  of 
t h e  q u a r t z  t u b i n g  t h a t  jo ins  t he  1250~ zone to  t he  
610~ zone. In  the  l i m i t i n g  case, th is  connec t ion  
m i g h t  even  b e  a c a p i l l a r y  tube .  

The  v o l u m e  of " f r e e  space"  in t he  1250~ zone  
shou ld  b e  as s m a l l  as poss ib le ,  s ince  th is  space  w i l l  
be  f i l led w i t h  the  gaseous  r e a c t i o n  p r o d u c t s  
w h e t h e r  or  no t  t h e r e  is a cold  su r f ace  ava i l ab l e .  

F i g u r e  5 is a ske tch  of t h e  c o n v e n t i o n a l  a p p a r a -  
tus  and  a sugges t ed  s y s t e m  t h a t  i n c o r p o r a t e s  t hese  
r e c o m m e n d a t i o n s .  T h e s e  r e c o m m e n d a t i o n s  m i g h t  
be  m e t  also in t h e  c o n v e n t i o n a l  syn thes i s  s y s t e m  b y  
e n c a p s u l a t i n g  the  g a l l i u m  in a q u a r t z  a m p o u l e  
w i t h  a s m a l l  ho le  a t  one end  to a d m i t  t he  a r sen i c  
vapor .  S u c h  a r r a n g e m e n t s  h a v e  no t  a c t u a l l y  b e e n  
e m p l o y e d  in t he  syn thes i s  of g a l l i u m  a r s e n i d e  to  
ou r  k n o w l e d g e .  

C r u c i b l e  syn thes i s  and  c r y s t a l  p u l l i n g  b y  t h e  
Czoch ra l sk i  t e c h n i q u e  seems  to i n c o r p o r a t e  a n u m -  
b e r  of u n d e s i r a b l e  f e a t u r e s  in t h e  l i gh t  of our  
p r e s e n t  k n o w l e d g e .  The  f ree  space  a r o u n d  t h e  
c ruc ib l e  is l a r g e  in  th is  case  and,  s ince  i n d u c t i o n  
h e a t i n g  is g e n e r a l l y  e m p l o y e d ,  a l a r g e  a r e a  of co ld  
condens ing  su r face  is close at  hand .  These  f e a t u r e s  
c omb ine  to p r e s e n t  t he  w o r s t  s i t ua t ion  f r o m  t h e  
s t a n d p o i n t  of su s t a ined  r eac t i on  w i t h  the  quar tz .  The  
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fact  t ha t  the  c a r r i e r  m o b i l i t y  in Czoch ra l sk i  g r o w n  
G a A s  is g e n e r a l l y  l o w e r  t h a n  in boa t  g r o w n  m a t e r i a l ,  
in  sp i te  of g r e a t e r  c r y s t a l  pe r fec t ion ,  seems  to b e a r  
th is  out.  C l e a r l y  the  s i t ua t ion  w o u l d  be  r e v e r s e d  if a 
c o m p l e t e l y  n o n r e a c t i v e  c ruc ib l e  m a t e r i a l  w e r e  a v a i l -  
able .  In  th is  case, t h e  o u t e r  q u a r t z  e n v e l o p e  shou ld  
be  k e p t  as n e a r  t he  a r sen ic  c o n d e n s a t i o n  p o i n t  as  
poss ib le .  

On ly  e q u i l i b r i u m  ca l cu la t ions  h a v e  been  a t -  
t e m p t e d  here .  Obv ious ly ,  if t he  a t t a i n m e n t  of e q u i -  
l i b r i u m  can be  d e l a y e d  or  p r e v e n t e d ,  l e s se r  con-  
t a m i n a t i o n  shou ld  resu l t .  C a r r y i n g  ou t  t he  s y n -  
thes is  in t he  sho r t e s t  poss ib le  t i m e  and  at  the  l o w -  
es t  poss ib le  t e m p e r a t u r e  a r e  ind ica ted .  

Manuscr ip t  received June  28, 1961. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1962 
JOURNAL. 
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ABSTRACT 

An appara tus  for  s imul taneous  e lec t rochemical  and adsorpt ion  studies on 
single crysta ls  is described.  The e lec t rode  surface can be c leaned and char -  
acter ized af ter  mount ing in position, the composit ion of the e lec t ro ly te  can 
be al tered,  and repea ted  adsorpt ion measurements  can be made  wi thout  
removing  the electrode.  By employing  the rad ioac t ive  t racer  11~I the ad-  
sorpt ion of iodide  was de te rmined  as a funct ion of e lect rode potent ia l  and 
or ienta t ion  in 0.1N Na~SO~ solutions of var ious  pH containing smal l  amounts  
of KI(5.0 x 10 -8 to 2.5 x 10-'N). Revers ib le  mu l t i l aye r  adsorpt ion  on the {111} 
surface was observed,  wi th  a dis t inct  m a x i m u m  near  the  res t  potent ial .  De-  
sorpt ion of iodide occurred at  s t rongly  anodic and cathodic potent ials .  In  
addi t ion to revers ib le  adsorpt ion  of iodide, incorpora t ion  of iodide into an 
anodica l ly  formed surface compound was observed in the  case of the  {100} 
surface over  a l imi ted  range of pH and iodide concentrat ion.  

D i r e c t  m e a s u r e m e n t s  of a d s o r p t i o n  on sol ids  f r o m  
l iqu ids  can be m a d e  b y  t agg ing  the  a d s o r b i n g  spec ies  
w i t h  a r a d i o a c t i v e  t r a c e r  and  d e t e r m i n i n g  the  r a d i o -  
a c t i v i t y  on the  sur face .  In  such  m e a s u r e m e n t s  the  
sol id  is u s u a l l y  r e m o v e d  f rom the  l i qu id  and  f r e e d  
f rom the  m e c h a n i c a l l y  a d h e r i n g  l iqu id  be fo re  count-  
ing. The  e x t e n t  of a d s o r p t i o n  on smooth  e l ec t rodes  
can  a lso  be  d e t e r m i n e d  f rom the  dec rease  in  r a d i o -  
a c t i v i t y  in t he  solu t ion ,  p r o v i d e d  one e m p l o y s  e x -  
t r e m e l y  low a d s o r b a t e  concen t r a t i ons  (1) .  If  p o w -  
de r s  of l a r g e  su r f ace  a r e a  a r e  to be  s tudied ,  d i r ec t  
a d s o r p t i o n  m e a s u r e m e n t s  can  be  c a r r i e d  ou t  by  
m o n i t o r i n g  the  a d s o r b a t e  c o n c e n t r a t i o n  in the  l iqu id  
(2) .  A m e t h o d  has  been  r e p o r t e d  for  the  con t inuous  
m e a s u r e m e n t  of m o n o l a y e r  a d s o r p t i o n  f r o m  so lu-  
t ions,  us ing  a th in  f i lm of the  so l id  e v a p o r a t e d  onto 
the  w i n d o w  of a G e i g e r  t ube  (3) .  

The  m e t h o d s  o u t l i n e d  a b o v e  a re  no t  g e n e r a l l y  su i t -  
ab le  for  p e r f o r m i n g  s i m u l t a n e o u s  and  con t inuous  
e l e c t r o c h e m i c a l  and  a d s o r p t i o n  m e a s u r e m e n t s  on 
sol ids;  t h e y  a r e  p a r t i c u l a r l y  u n s u i t e d  for  s ing le -  
c r y s t a l  e l ec t rodes  and  r e l a t i v e l y  h igh  c o n c e n t r a t i o n s  
of ad so rba t e .  In  o r d e r  to  o v e r c o m e  some of t he se  l i m -  
i ta t ions ,  an  a p p a r a t u s  was  d e v e l o p e d  r e c e n t l y  and  
s u b m i t t e d  to p r e l i m i n a r y  e v a l u a t i o n  (4) .  This  a p -  
p a r a t u s  has  b e e n  e x t e n s i v e l y  mod i f i ed  for  t he  p r e s e n t  
s t u d y  and  e m p l o y e d  in an  i n v e s t i g a t i o n  of t he  a d -  
so rp t ion  of iod ide  ions onto g e r m a n i u m  s ingle  c r y s -  
t a l s  a t  c o n t r o l l e d  e l e c t r o d e  po ten t i a l s .  

The  a d s o r p t i o n  of iod ide  on g e r m a n i u m  has  not  
been  m e a s u r e d  h i the r to .  H o w e v e r ,  t he  m a x i m a  ob -  
s e rved  in the  r a t e  of g e r m a n i u m  d i s so lu t ion  in o x y -  
g e n - s a t u r a t e d  so lu t ions  as a func t ion  of CI-, Br-,  or I- 
c o n c e n t r a t i o n  w e r e  a t t r i b u t e d  to specific a d s o r p t i o n  
of the  an ion  w i t h  cha rge  t r a n s f e r  (5) .  Recen t ly ,  it  
was  r e p o r t e d  (6, 7) t h a t  the  l i m i t i n g  anodic  c u r r e n t  
of n - t y p e  g e r m a n i u m  in 0.1N HC1 w a s  i n c r e a s e d  by  
the  p r e s e n c e  of 0.1N KI .  In  c o n t r a s t  to t he  b e h a v i o r  
of o x a l a t e  ion, w h i c h  s i m i l a r l y  i n c r e a s e d  the  l i m i t -  

1 O p e r a t e d  w i t h  support  from the U. S. A r m y ,  N a v y ,  and  A i r  
Force.  

ing anod ic  cu r r en t ,  iod ide  ion was  not  ox id i zed  at  the  
n - t y p e  g e r m a n i u m  anode.  I t  was  p o s t u l a t e d  t ha t  
iod ide  is ox id i zed  in an  i n t e r m e d i a t e  s tep  of t he  
anodic  process ,  " i n j e c t i n g "  e l ec t rons  in to  the  g e r -  
m a n i u m ,  and  t ha t  t he  iod ine  f o r m e d  is s u b s e q u e n t l y  
r e d u c e d  e l e c t r o c h e m i c a l l y  w i t h  t he  i n j ec t ion  of holes.  
W h e t h e r  or not  th is  e x p l a n a t i o n  is cor rec t ,  sufficient  
i n t e r e s t  is a t t a c h e d  to the  s y s t e m  G e - I - ( a q . )  t o  w a r -  
r a n t  a d i r ec t  s t u d y  of t he  a d s o r p t i o n  charac te r i s t i c s .  

Experimental Techniques 
Apparatus . - -Detai ls  of the  p r e s e n t  sh i e ld ing  and 

coun t ing  a r r a n g e m e n t  a r e  shown  in Fig .  1. The  ad -  

Fig. 1. Adsorption cell and counting arrangement. A, Teflon 
gasket; B, electrode; C, gold foil for electrical contact; D, poly- 
ethylene insulator; E, steel plate for transmitting pressure (side 
arms prevent shearing); F, pressure applying screw; G, scintillation 
crystal; H, light source; I, photomultiplier tube; J, cell support; 
K, lead shield; L, brass fastening plate; M, lead cover; N, brass 
plate; O, reference vial; and P, lead plug. 
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Fig. 2. Side and top view of Pyrex adsorption cell; Teflon coating 
is shown; diameter of recess 1.13 cm; diameter of capillary bore 
1 mm. 

so rp t ion  ce l l  (F ig .  2) is of t he  s ame  cons t ruc t ion  as 
tha t  o r i g i n a l l y  r e p o r t e d ,  excep t  t h a t  a coa t ing  of 
Teflon r e p l a c e s  the  Teflon g a s k e t  shown  in Fig .  1; 
t he  coa t ing  has  p r o v e d  c o m p l e t e l y  r e l i a b l e  in p r e -  
v e n t i n g  l e a k a g e  of r a d i o a c t i v e  so lu t ion  out  of the  
cell .  A d d i t i o n a l  sh i e ld ing  w i t h i n  the  l ead  p ig  and  the  
use  of a s m a l l e r  s c in t i l l a t i on  c r y s t a l  e s sen t i a l l y  r e -  
s t r ic t  de t ec t ion  of r a d i o a c t i v i t y  to t h a t  con t a ined  in 
the  cel l  recess  a n d  in t he  i m m e d i a t e l y  a d j a c e n t  p o r -  
t ions of the  s ide a rms .  I l l u m i n a t i o n  of t he  e l ec t rode  
su r f ace  is p r o v i d e d  b y  a sma l l  l a m p  loca t ed  b e t w e e n  
the  cel l  and  the  s c in t i l l a t i on  c rys ta l .  More  efficient 
c i r cu l a t i on  of the  so lu t ion  has  r e s u l t e d  f rom r e p l a c -  
ing  the  t h e r m a l  convec t ion  a r r a n g e m e n t  w i t h  a gas 
l i f t  (F ig .  3) ;  f u r t h e r  modi f i ca t ions  in t he  glass  a p -  
p a r a t u s  a r e  e v i d e n t  on c o m p a r i s o n  of Fig.  3 w i t h  Fig.  
1 of ref .  (4) .  

The  a d s o r p t i o n  cel l  ( c a p a c i t y  0.05 m l )  e m p l o y e d  in 
th is  s t u d y  has  a recess  0.05 cm deep  and  1.13 cm in 
d i a m e t e r ,  a l l o w i n g  an  exposed  e l e c t r o d e  a r e a  equa l  to 
1.00 cm ~. W i t h  r a d i o a c t i v e  so lu t ion  c i r c u l a t i n g  
t h r o u g h  the  cell ,  i t  was  found  t h a t  the  coun t ing  ra te ,  
exc lus ive  of t h a t  due  to adso rp t ion ,  c o r r e s p o n d s  to 
0.10 ml  of solut ion,  i.e., a f ac to r  of two  g r e a t e r  t h a n  
the  v o l u m e  of so lu t ion  in the  cel l  recess .  Cons ide r ing  
t h e  l a rge  v o l u m e  of so lu t ion  c o n t a i n e d  in t he  glass  
a p p a r a t u s ,  ( a p p r o x i m a t e l y  130 ml,  no t  i nc lud ing  a n y  
so lu t ion  in the  r e s e r v o i r )  i t  is e v i d e n t  t ha t  t he  sh i e ld -  
ing a r r a n g e m e n t  is v e r y  effect ive,  m a k i n g  for  o p t i -  
m u m  sens i t iv i ty .  The  u p p e r  l imi t  of r a d i o a c t i v e  so-  

GAS 
INLET\ . 

lu te  c o n c e n t r a t i o n  r e p o r t e d  e a r l i e r  (4 ) ,  n a m e l y  
10-*M, app l i e s  to t h e  de t ec t ion  of m o n o l a y e r  c o v e r -  
age;  a t  th is  c o n c e n t r a t i o n  the  coun t ing  r a t e  of the  
so lu t ion  co r r e sponds  to 6 x 1015 a toms  of t he  a d s o r b e d  
species,  or r o u g h l y  six m o n o l a y e r  equ iva len t s .  A t  
l o w e r  concen t ra t ions ,  sma l l  f r ac t ions  of a m o n o l a y e r  
e q u i v a l e n t  can be  de tec ted .  

Adsorption measurements . - -The a d s o r b e d  a c t i v i t y  
is m e a s u r e d  t h r o u g h  a th in  l a y e r  of so lu t ion  in con-  
t ac t  w i th  the  e l ec t rode  and  t h r o u g h  some th i ckness  
of glass.  Thus,  the  c h e m i c a l  species  whose  a d s o r p t i o n  
b e h a v i o r  is to be  s t ud i ed  is t a g g e d  p r e f e r a b l y  w i t h  a 
g a m m a - e m i t t i n g  isotope,  in th is  case 1131 ( h a l f - l i f e  
8.14 d a y s ) .  

The  c o n t r i b u t i o n  of the  so lu t ion  to t he  t o t a l  ob -  
s e rved  coun t ing  r a t e  is mos t  c o n v e n i e n t l y  e s t a b l i s h e d  
by  c o m p a r i n g  the  coun t ing  r a t e  of a 1 .00-ml  a l iquo t  
of t he  solut ion,  con t a ined  in a su i t ab l e  pos i t i oned  v ia l  
( see  Fig.  1), w i t h  t ha t  of t he  so lu t ion  in t he  cell ;  for  
th is  m e a s u r e m e n t  t he  specific a c t i v i t y  of the  a d s o r b -  
ing  species  is m a d e  so low tha t  the  a d s o r b e d  r a d i o -  
a c t i v i t y  is c o m p l e t e l y  neg l ig ib le .  The  r a t i o  of so lu-  
t ion coun t ing  r a t e  ( r  ..... ) to v ia l  coun t ing  r a t e  ( r  ..... ) 
is a cons t an t  (R~o,n) for  a p a r t i c u l a r  cel l  and  coun t ing  
a r r a n g e m e n t .  Once  th i s  " g e o m e t r y "  fac to r  has  been  
d e t e r m i n e d ,  the  c o n t r i b u t i o n  of the  so lu t ion  in t he  
a p p a r a t u s  to the  o b s e r v e d  coun t ing  r a t e  is r e a d i l y  
a s c e r t a i n e d  in an  a c t u a l  r u n  b y  i n se r t i ng  the  v i a l  and  
m e a s u r i n g  the  inc rease  in coun t ing  ra te .  

The  d i f fe rence  b e t w e e n  the  o b s e r v e d  coun t ing  ra te ,  
co r r ec t ed  for  b a c k g r o u n d ,  and  the  coun t ing  r a t e  due  
to the  so lu t ion  in the  a p p a r a t u s  is the  coun t ing  r a t e  
of t he  a d s o r b e d  species.  To p r o c e e d  f r o m  th i s  q u a n -  
t i t y  to the  a m o u n t  of m a t e r i a l  adso rbed ,  use  is aga in  
m a d e  of the  coun t ing  r a t e  of 1.00 ml  of the  tes t  so lu-  
t ion in the  v i a l  as  fo l lows:  in a s e p a r a t e  e x p e r i m e n t  
t he  coun t ing  r a t e  (r~,,~,) of a g iven  q u a n t i t y  of r a d i o -  
ac t ive  m a t e r i a l  d e p o s i t e d  on the  su r face  of t h e  e lec -  
t r o d e  is c o m p a r e d  w i t h  t he  coun t ing  r a t e  (r,.~,) of 
t he  s ame  q u a n t i t y  of r a d i o a c t i v e  m a t e r i a l  con t a ined  
in 1.00 ml  of so lu t ion  in the  vial .  The  r a t i o  R~,,,.~---- 
r~,,rf/r,.,~,, l i ke  the  r a t i o  R~,~,, is a cons t an t  for  t he  
g e o m e t r y  emp loyed .  H a v i n g  p e r f o r m e d  the  n e c e s s a r y  
ca l ib ra t ion ,  i t  becomes  poss ib le  to e v a l u a t e  t he  
a m o u n t  of m a t e r i a l  a d s o r b e d  f r o m  the  o b s e r v e d  
coun t ing  ra te ,  ro~ ( c o r r e c t e d  for  b a c k g r o u n d ) ,  the  
coun t ing  r a t e  of t he  via l ,  r~ . , ,  and  the  a d s o r b a t e  con-  
e e n t r a t i o n  in t h e  so lu t ion  in con tac t  w i t h  the  e lec -  
t rode .  Thus,  for  e x a m p l e ,  the  n u m b e r  of a d s o r b e d  
iod ide  ions ( I - ) . . ,  is g iven  by :  

roh~ - -  R~oln r~,ial 
( I - )  ~., = [ I - ]  [1]  

Rsurr  rv la l  

i 

Fig. 3. Apparatus for radiotracer adsorption and electrochemical 
studies on single crystals. 

w h e r e  [ I - ]  is the  n u m b e r  of I- ions  p e r  m l  of solut ion.  
A d i s t i nc t  a d v a n t a g e  in coun t ing  an  a l iquo t  of t he  
so lu t ion  is the  fac t  t h a t  no exp l i c i t  co r r ec t i on  for  
r a d i o a c t i v e  d e c a y  need  be  made .  F u r t h e r m o r e ,  th is  
t e c h n i q u e  does  no t  neces s i t a t e  a d e t e r m i n a t i o n  of 
the  abso lu t e  specific a c t i v i t y  of t he  t a g g e d  species.  

Characterization of the germanium e lec t rodes . -  
Two t y p e s  of e l e c t r o c h e m i c a l  c h a r a c t e r i z a t i o n  w e r e  
e m p l o y e d :  (a )  c h a r g i n g  cu rves  (8, 9),  i.e., plots  of 
e l ec t rode  p o t e n t i a l  vs. t i m e  (or  n u m b e r  of cou lombs )  
w i t h  a c o n s t a n t  c u r r e n t  pass ing  t h r o u g h  t h e  cell ,  and  
(b )  c u r r e n t - p o t e n t i a l  curves .  A n  e l ec t ron ic  con-  
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s t a n t - c u r r e n t  source  h a v i n g  an  e q u i v a l e n t  source  
vo l t age  of 500v was  used  for  the  c h a r g i n g  curves ;  an 
a p p a r e n t  c u r r e n t  d e n s i t y  of 0.02 m a / c m  ~ was  g e n e r -  
a l ly  e m p l o y e d .  C u r r e n t - p o t e n t i a l  c h a r a c t e r i s t i c s  
w e r e  o b t a i n e d  b y  e m p l o y i n g  a po ten t io s t a t .  G e n e r -  
a l ly ,  t h e  c u r r e n t  e m p l o y e d  d id  no t  exceed  0.1 ma.  The  
v a r y i n g  efficiency of c i r cu l a t i on  in d i f fe ren t  p a r t s  of 
the  recess  posed  no p r o b l e m  for t he  m e a s u r e m e n t s  
r e p o r t e d  he re  s ince  the  so lu t ions  used  d id  not  a t t a c k  
the  e l e c t r o d e  and  s ince r e l a t i v e l y  long t imes  w e r e  
r e q u i r e d  for  count ing .  

A l i m i t a t i o n  i n h e r e n t  in t he  m e t h o d  of coun t ing  
a d s o r b e d  a c t i v i t y  t h r o u g h  a th in  l a y e r  of so lu t ion  is 
t ha t  the  c u r r e n t  d e n s i t y  is not  e n t i r e l y  u n i f o r m  over  
the  e x p o s e d  su r face  of t he  e l ec t rode ;  in p a r t i c u l a r ,  
the  c u r r e n t  d e n s i t y  is g r e a t e s t  a t  t he  p o r t i o n s  of t he  
su r face  oppos i t e  t he  c a p i l l a r y  orif ices of t he  cel l  as 
r e v e a l e d  by  p r o l o n g e d  anod ic  e tch ing .  In  t he  p r e s e n t  
a p p a r a t u s ,  a p o r t i o n  of t he  cel l  c u r r e n t  f lows in t he  
d i r ec t ion  of c i r cu l a t i on  (Fig .  3) ,  so t h a t  a s m a l l  IR 
d rop  is i n c l u d e d  in the  p o t e n t i a l  of the  a d s o r p t i o n  
e l e c t r o d e  m e a s u r e d  vs. t he  s a t u r a t e d  ca lomel  e lec -  
t rode.  The  v i r t u a l  e l i m i n a t i o n  of th is  sma l l  e x t r a n e -  
ous v o l t a g e  is l a r g e l y  a m a t t e r  of r e d e s i g n i n g  p a r t s  
of t he  glass  a p p a r a t u s .  F i n a l l y ,  i t  should  be  p o i n t e d  
out  t ha t  the  f o r m a t i o n  of gaseous  r eac t i on  p r o d u c t s  
on the  e l ec t rode  su r f ace  is to be  avo ided ,  s ince  even  
v e r y  s m a l l  b u b b l e s  cons t i tu t e  an  a p p r e c i a b l e  f r ac t i on  
of t he  v o l u m e  of the  recess  and  are,  m o r e o v e r ,  diffi- 
cul t  to d is lodge .  

Prepara t ion  oS e l e c t r o d e s . - - T h e  e l ec t rodes  w e r e  
cut  to the  de s i r ed  o r i e n t a t i o n  f rom p - t y p e  g e r m a -  
n i u m  s ingle  c r y s t a l s  ( r e s i s t i v i t y  abou t  10 o h m - c m )  
and  had  the  n o m i n a l  d imens ions  2 x 2 x 0.8 cm. The  
l a rge  faces  w e r e  g r o u n d  p r e c i s e l y  p a r a l l e l  and  w e r e  
c h e m i c a l l y  po l i shed  be fo re  moun t ing .  P r e l i m i n a r y  
r ins ing  w i t h  d i s t i l l ed  w a t e r  c i r c u l a t i n g  t h r o u g h  the  
cel l  was  fo l l owed  b y  e l ec t ro ly t i c  c l ean ing  in the  so lu-  
t ion  to be  s t ud i ed  (bu t  con t a in ing  no r a d i o a c t i v i t y )  ; 
i.e., t he  e l ec t rode  was  c h a r g e d  a l t e r n a t e l y  a n o d i c a l l y  
and  c a t h o d i c a l l y  u n t i l  the  c h a r a c t e r i s t i c s  of the  
c h a r g i n g  cu rves  d id  not  change  w i t h  t ime.  W h e n e v e r  
some c o n t a m i n a n t  was  p r e s e n t  on the  sur face ,  i t  was  
r e a d i l y  d e t e c t e d  as shown,  for  e x a m p l e ,  b y  the  
anodic  p o r t i o n  of t he  i n i t i a l  c h a r g i n g  cu rves  in Fig .  4. 
Such  c o n t a m i n a t i o n  could  be r e m o v e d  in a sho r t  t i m e  
b y  the  p r o c e d u r e  desc r ibed .  A second p o r t i o n  of i n e r t  
so lu t ion  was  e m p l o y e d  for  the  e l e c t r o c h e m i c a l  c h a r -  
a c t e r i z a t i on  of the  e l e c t r o d e - s o l u t i o n  sys tem,  bo th  b y  
c h a r g i n g  cu rves  and  b y  c u r r e n t - p o t e n t i a l  curves .  The  
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Fig. 4. Charging curves of p-Ge {100} in 0.1N Na~_SO4 + 0.1N 
H2SO~ containing 5 x 10-~ KI, showing removal of surface con- 
tamination present and detection of peroxide contamination in the 
radioiodide. Apparent current density 0.020 ma/cm-~; charging 
intervals 60 sec. 
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c h a r a c t e r i z a t i o n  was  r e p e a t e d  in the  r a d i o a c t i v e  so-  
lu t ion  to i n su re  t ha t  no c h e m i c a l  c o n t a m i n a t i o n  was  
i n t r o d u c e d  a long  w i t h  t he  r a d i o a c t i v i t y .  Occas iona l ly ,  
c o n t a m i n a t i o n  was  d e t e c t e d  a t  th is  s tage,  and  i t  was  
n e c e s s a r y  to r e p e a t  t he  en t i r e  e x p e r i m e n t .  E l e c t r o -  
c h e m i c a l  c h a r a c t e r i z a t i o n ,  w h e r e  app l i cab le ,  is 
c l e a r l y  an  e s sen t i a l  p r e l i m i n a r y  to r e l i a b l e  a d s o r p -  
t ion  m e a s u r e m e n t s .  

Prepara t ion  of  s o l u t i o ~ s . - - A l l  of the  so lu t ions  e m -  
p l o y e d  in th is  s t u d y  w e r e  0.1N Na~SO, con ta in ing  
va r ious  c o n c e n t r a t i o n s  of H~SO, and  KI .  R e a g e n t  
g r a d e  a n h y d r o u s  Na~SO, was  used  to p r e p a r e  a l a r g e  
v o l u m e  of 1.0N s tock  so lu t ion;  s tock  so lu t ions  of 
H._,SO, w e r e  p r e p a r e d  f r o m  A c c u l u t e  v o l u m e t r i c  
s t a nda rds .  S ince  iod ide  in ac id  so lu t ions  is s l owly  
ox id i zed  b y  f ree  oxygen ,  spec ia l  c ons ide r a t i on  was  
g iven  to t he  p r e p a r a t i o n  of  t he  K I  solu t ions .  F i r s t ,  
w e i g h e d  q u a n t i t i e s  of r e a g e n t  g r a d e  K I  w e r e  a d d e d  
to a d r y  v o l u m e t r i c  f lask c o n t a i n i n g  a m a g n e t i c  s t i r -  
r i ng  bar .  The  a i r  in the  f lask w a s  t h e n  d i s p l a c e d  b y  
pur i f i ed  n i t r ogen ;  subse que n t l y ,  the  n i t r o g e n  in the  
f lask was  d i s p l a c e d  b y  t h o r o u g h l y  d e o x y g e n a t e d  
d i s t i l l ed  wa te r ,  w h i c h  was  a l l o w e d  to fill t he  f lask to 
the  b r im.  The  so lu t ion  in t he  c o m p l e t e l y  f i l led and  
s t o p p e r e d  f lask was  t hen  s t i r r e d  m a g n e t i c a l l y .  This  
s tock  K I  so lu t ion  was  a d d e d  las t  in m a k i n g  up  
Na~.SO,/H~_SO,/KI so lu t ion  in the  r e s e r v o i r  and  on ly  
a f t e r  o x y g e n  h a d  been  r e m o v e d  f rom the  so lu t ion  b y  
b u b b l i n g  pur i f i ed  n i t rogen .  

The  usua l  c o m m e r c i a l  f o r m  of c a r r i e r - f r e e  I ~1, o b -  
t a i n e d  f rom fission p roduc t s ,  is in the  f o r m  of NaI  in 
a l k a l i n e  sulf i te  solut ion.  Since,  h o w e v e r ,  sulf i te  p a r -  
t i c ipa te s  in g e r m a n i u m  e l e c t r o d e  processes ,  su l f i te -  
f ree  so lu t ions  w e r e  spec i a l l y  p r o c u r e d  f r o m  the  
Oak  R idge  N a t i o n a l  L a b o r a t o r y .  Occas iona l ly ,  these  
so lu t ions  c o n t a i n e d  p e r o x i d e  and  could  no t  be  used  
for  a d s o r p t i o n  m e a s u r e m e n t s  ( see  Fig.  4) .  

Results and Discussion 

C u r r e n t - p o t e n t i a l  characteris t ics .  - -  C u r r e n t - p o -  
t e n t i a l  cu rves  w e r e  o b t a i n e d  at  va r i ous  pH va lues  
and  iod ide  concen t ra t ions .  Some  r e su l t s  a r e  s h o w n  in 
Fig.  5 and  6. I t  is seen (Fig .  5) t h a t  in ac id  so lu t ions  
of 10-*N K I  w i t h  0.1N Na~SO, s u p p o r t i n g  e l ec t ro ly t e ,  
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Fig. 5. Current-potential characteristics of p-Ge {100} in 0.1N 
Na.~SO~ containing 10-4N KI plus H~SO, as follows: A, zero; B, 
10-~N; C, 10-2N; D, 10-1N. Figure also shows convention used 
throughout this paper in plotting cathodic and anodic currents; 
24~ 
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Fig. 6. Comparison of current-potential characteristics of the 
{100} and {111} surfaces of p-Ge in 0.1N Na,~SO4 ~ 0.1N H2SO~ 
containing the indicated concentrations of KI; 24~ 

both the  g e r m a n i u m  dissolut ion reac t ion  (anodic  
b r a n c h )  and  the h y d r o g e n  ion discharge reac t ion  
(cathodic  b r anch )  become inc reas ing ly  polar ized 
wi th  inc reas ing  pH. Since the p r i m a r y  in te res t  in the 
p resen t  s tudy  is in adsorp t ion  behavior ,  and  since 
the  c u r r e n t  dens i ty  d i s t r i bu t ion  is not  en t i r e ly  u n i -  
form, as po in ted  out  ear l ier ,  a de ta i led  discussion of 
these curves  wil l  no t  be  a t t empted .  It  should  be 
stated, however ,  tha t  the  inflect ion in the  cathodic 
por t ion  of curve  B is r eproduc ib le ;  it may  indica te  
the  adven t  of s t rong iodide adsorp t ion  as the  ger -  
m a n i u m  electrode po ten t i a l  is changed  in  the posi t ive  
direct ion.  In  the  n e a r l y  n e u t r a l  solut ion,  c u r r e n t -  
po ten t ia l  charac ter i s t ics  at var ious  lower  KI  concen-  
t r a t ions  were  v i r t u a l l y  superposab le  on curve  A. This  
resu l t  is a t t r i b u t a b l e  to the  fact  tha t  apprec iab le  
concen t ra t ions  of hyd rox ide  ion inh ib i t  the adsorp-  
t ion of iodide, direct  ev idence  for which  wi l l  be p re -  
sen ted  later .  

At  pH 1.4, the  h y d r o g e n  overvol tage  on the {111} 
surface increases  wi th  iodide concen t r a t i on  (Fig. 6). 
By contrast ,  the  {100} surface  is charac ter ized  by  an 
apprec iab ly  lower  hyd rogen  overpo ten t ia ]  at the 
highest  iodide concen t r a t i on  and,  in  the  same con-  
cen t r a t i on  range,  iodide decreases the  h y d r o g e n  
overpotent ia l .  The l a t t e r  effect is small ,  however ,  and  
is not  shown in the figure. Ev iden t ly ,  no genera l i za -  
t ion  can be made  conce rn ing  the  effect of iodide on 
the  h y d r o g e n  ove rpo ten t i a l  on a g e r m a n i u m  elec-  
trode. As is shown below, the  {111} and  {100} su r -  
faces also differ cons ide rab ly  in the i r  adsorp t ion  be-  
havior .  

Adsorption measurements.~The most  cha rac te r -  
istic f ea tu re  of the adsorp t ion  da ta  is the occur rence  
of a sharp  adsorp t ion  m a x i m u m  at  the  rest  po t en t i a l  
or at somewha t  more  posi t ive  potent ia ls .  F igu re  7 
shows the  resul ts  ob ta ined  wi th  the  {111} electrode 
at the  lowest  KI  concen t r a t i on  studied.  A s s u m i n g  a 
roughness  factor  of 1.5, the  u n i t  l f f  ~ cm -~ app rox i -  
mates  the  ca lcula ted  n u m b e r  of iodide ions in  1 cm -~ 
of a c lose-packed  monolayer .  Resul ts  ob ta ined  wi th  
inc reas ing  and  decreas ing  po t en t i a l  are  also shown 
in  the  figure. The da ta  are somewha t  a typ ica l  in  tha t  
(a)  the  cathodic po la r iza t ion  curves  t aken  wi th  in -  
c reas ing  and  decreas ing  po ten t i a l  do no t  more  n e a r l y  
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Fig. 7. Current-potential curves and iodide adsorption on {111} 
p-Ge f rom 0 . 1 N  Na_~SO, -~- O . ] N  H=S04 containing 1~3Z-tagged 5 x 

IO-~N KI .  Measurements made with increasing (a) and decreasing 
(e )  potential. Squares show adsorption measurements made on a 

subsequent day; 2 4 ~  

coincide, and  (b)  the ca lcula ted  a m o u n t  of adsorbed 
iodide does not  fal l  to zero on e i ther  side of the m a x i -  
m u m .  The genera l  fea tures  of the adsorp t ion  be -  
havior ,  however ,  were  dup l ica ted  at iodide concen-  
t r a t ions  up to 2.5 x 10 4N KI.  The data  are s u m -  
mar ized  in Tab le  I. 

I t  is seen f rom the tab le  tha t  iodide is desorbed at 
po ten t ia l s  more  posi t ive  t h a n  0.4v. This behav io r  is 
cons is ten t  wi th  the  fact  tha t  the  s t eady- s t a t e  anodic  
reac t ion  in these solut ions  is g e r m a n i u m  dissolut ion.  
On the  other  hand,  the r eady  r e mova l  of adsorbed 
iodide by  cathodic po la r iza t ion  cont ras t s  wi th  ea r l i e r  
resul t s  ob ta ined  by  K o l o t y r k i n  (1),  who es t ima ted  
tha t  adsorp t ion  of iodide on s i lver  and  lead begins  at 
po ten t ia l s  nea r  --1.0v. The cont ras t  is even  g rea te r  
than  it appears  since a subs t an t i a l  por t ion  of an  ap-  
pl ied cathodic po ten t i a l  m a y  reside in  the  space 
charge region  of a p - t y p e  g e r m a n i u m  electrode 
(10,11). 
At potentials close to maximum adsorption, the 

amount of adsorbed iodide increases with iodide con- 
centration over the entire range investigated. The 
adsorption isotherm taken at --0.11v, i.e., approxi- 
mately at the rest potential, shows no sign of leveling 
off even though the adsorption attained very high 
values, e.g., 25 x i0 I~ atoms/cm ~ for the 2.5 x 10-4N 
KI solution. Comparably large iodide adsorption was 
measured by Balashova (12) on smooth platinum. In 

Table I. Adsorption of Wl-tagged iodide a on a {111} 
germanium surface at various potentials b 

I o d i d e  
c o n c e n t r a -  
t i o n ,  g r a m  
i o n s / l i t e r  

A d s o r b e d  i o d i d e  i n  u n i t s  1 0 1 ~ / c m  ~ 

- - 0 . 4 1 v  --  0 . 2 1 v  --  0 . 0 1 v  + 0 . 1 9 v  + 0 . 3 9 v  

1.0 X 10 .5 0;02 0.22 2.9 0.27 0.05 
2.5 X 10 -~ 0.07 1.0 7.3 0.42 0.22 
5.0 X 10 -~ 0.01 2.4t ~ 3.85 6.85 0.105 
1.0 X 10-' 0.10 3.2 7.9 5.35 - -  
2.5 X 10 -' 0.07 1.7t 9.3 8.5 0.53 

I n  0 . 1 N  N a 2 S O ~  + 0 . 1 N  H 2 S O ~ ,  2 4 ~  
b R e s t  p o t e n t i a l  = - - 0 . 1 0 v ,  
c A r r o w s  i n d i c a t e  t h a t  t h e  a m o u n t  o f  r a d i o a c t i v i t y  w a s  s l o w l y  i n -  

c r e a s i n g  I t  } o r  s l o w l y  d e c r e a s i n g  ( $ )  a t  t h e  t i m e  o f  t h e  m e a s u r e -  
m e n t .  
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our  case, a u t o r a d i o g r a m s  showed  no ev idence  of ac -  
c u m u l a t i o n  of iod ide  at  ac t ive  s i tes  such as at  the  
t e r m i n a t i o n  of d is loca t ions ,  and  the  a d s o r p t i o n  a p -  
p e a r e d  to be u n i f o r m  ove r  s m a l l  r eg ions  of the  s u r -  
face. A d s o r p t i o n  to the  e x t e n t  of m a n y  m o n o l a y e r -  
e q u i v a l e n t s  canno t  r e a s o n a b l y  be  d e s c r i b e d  as specific 
adso rp t ion ,  s ince  con tac t  w i t h  t he  su r face  is no t  pos -  
s ib le  for  t he  m a j o r i t y  of a d s o r b e d  a toms.  Moreove r ,  
t h e r e  m u s t  be c o a d s o r p t i o n  of ca t ions  in o r d e r  to 
p r o v i d e  coun t e r  cha rges  in sufficient  n u m b e r s .  A con-  
v e n i e n t  a l k a l i  m e t a l  iod ide  for  s t u d y i n g  c o a d s o r p t i o n  
m i g h t  be  RbI  t a g g e d  w i t h  Rb~"; b y  m e a s u r i n g  a d s o r p -  
t ion of bo th  I- and  Rb § i t  cou ld  be  d e t e r m i n e d  
w h e t h e r  HI  is a d s o r b e d  in s igni f icant  amoun t s .  

The  d a t a  of Fig.  7 and  Tab le  I w e r e  o b t a i n e d  w i t h  
the  s a m e  e l ec t rode  b y  d i sp l ac ing  a g iven  so lu t ion  
w i t h  one con ta in ing  a h i g h e r  c o n c e n t r a t i o n  of iodide.  
R e p e a t e d  t r e a t m e n t  of the  e l ec t rode  was  u n n e c e s s a r y  
s ince the  a d s o r p t i o n  was  c o m p l e t e l y  r eve r s ib l e ,  i.e., 
a d s o r b e d  a c t i v i t y  was  r e m o v e d  ( b y  e x c h a n g e )  w h e n  
the  r a d i o a c t i v e  so lu t ion  was  r e p l a c e d  b y  a so lu t ion  
of i ne r t  ( n o n r a d i o a c t i v e )  iodide.  The  a d s o r b e d  ac -  
t i v i t y  cou ld  also be  r e m o v e d  b y  c i r c u l a t i n g  w a t e r  or  
an  i o d i d e - f r e e  so lu t ion  t h r o u g h  the  a p p a r a t u s .  A 
t i m e - d e p e n d e n t  i r r e v e r s i b l e  a d s o r p t i o n  as found,  for  
e x a m p l e ,  b y  B a l a s h o v a  (12) for  iod ide  on p l a t i n u m  
was  not  o b s e r v e d  in the  p r e s e n t  sys tem.  N o  a t t e m p t  
was  m a d e  in our  e x p e r i m e n t s  to m e a s u r e  r a t e s  of e x -  
c h a n g e  of  iod ide  b e t w e e n  su r f ace  and  solut ion ,  a l -  
t h o u g h  such m e a s u r e m e n t s  can be  c a r r i e d  out  w i t h  
the  p r e s e n t  a p p a r a t u s  p r o v i d e d  the  t imes  i nvo lved  
a re  no t  too short .  

In  some ins tances  i l l u m i n a t i o n  effects w e r e  looked  
for,  bu t  no s igni f icant  changes  in t he  a m o u n t  of a d -  
so rbed  iod ide  w e r e  noted .  H o w e v e r ,  for  t he  e lec -  
t rodes  a n d  so lu t ion  compos i t ions  e m p l o y e d ,  the  
p h o t o p o t e n t i a l s  w e r e  no t  l a rge .  In  o r d e r  to o bse rve  
p h o t o a d s o r p t i o n  and  de so rp t i on  on g e r m a n i u m ,  one 
w o u l d  need  to e m p l o y  an  e l e c t r o d e  h a v i n g  b u l k  e l ec -  
t r i c a l  p r o p e r t i e s  such as to r e su l t  in a l a rge  p e r m a -  
nen t  p h o t o p o t e n t i a l  (13) in t he  g iven  e l e c t r o l y t e  so-  
lu t ion  and  in a r eg ion  of e l ec t rode  p o t e n t i a l  w h e r e  
t he  a m o u n t  of a d s o r p t i o n  d e p e n d s  s t r o n g l y  on p o -  
t en t ia l .  

Orientation ef]ects.--Polarization and  a d s o r p t i o n  
cha rac t e r i s t i c s  for  t he  {111} and  the  {100} su r faces  
a r e  c o m p a r e d  in Fig.  8 for  10-~N K I  in 0.1N Na:SO~ + 
0.1N H..SO~. I t  is seen f r o m  Fig.  8 tha t ,  in a d d i t i o n  to 
the  s m a l l e r  anod ic  and  ca thod ic  o v e r v o l t a g e s  on the  
{100} su r f ace  (see  also Fig.  6) ,  iod ide  ions a re  a d -  
so rbed  on the  {100} su r f ace  to a m u c h  s m a l l e r  e x t e n t  
t h a n  on the  {111} sur face .  F o r  the  {100} sur face ,  t he  
a m o u n t  of iod ide  a d s o r b e d  at  the  m a x i m u m ,  n e a r  
zero vol t s  on the  h y d r o g e n  scale,  is close to t h a t  ob -  
s e rved  for  the  {111} su r f ace  at  t he  s ame  po ten t i a l ,  
bu t  a t  one t w e n t i e t h  of t he  iod ide  c o n c e n t r a t i o n  
(Fig .  7) .  

A n o t h e r  s igni f icant  f e a t u r e  of t he  a d s o r p t i o n  b e -  
h a v i o r  of t he  {100} s u r f a c e  in t he  so lu t ion  of Fig .  8 is 
the  a p p e a r a n c e  of a second  and  l a r g e r  a d s o r p t i o n  
m a x i m u m  at  a p o t e n t i a l  m o r e  pos i t ive  t h a n  t ha t  of 
t he  first.  U n l i k e  t he  r e v e r s i b l y  a d s o r b e d  iodide,  the  
iod ide  in th i s  case  is a s soc ia t ed  w i t h  an  a n o d i c a l l y  
f o r m e d  su r f ace  compound .  Effects  r e l a t e d  to the  
p re sence  of an  a n o d i c a l l y  f o r m e d  c o m p o u n d  c o n t a i n -  
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Fig. 9. Effect of pH on the polarization and iodide adsorption 
characteristics of {]00} surface of p-Ge in O.]N Na2S04 contain- 
ing ] x ]O-SN KI -~- ]O-'~N NoOH (pH ]0.6, 26~ or ]O-eN H2504 
(pH 3.5, 24~ 

ing iod ide  a r e  t r a n s i e n t  e x c e p t  w i t h i n  a f a i r l y  n a r -  
r o w  r a n g e  of so lu t ion  compos i t i on  as d i scussed  b e -  
low. A n  e x a m p l e  of a t r a n s i e n t  effect of th is  n a t u r e  
is shown  in Fig .  9 ( l o w e r  c u r v e ) .  The  hys t e r e s i s  i n -  
d i c a t e d  b y  the  d a s h e d  l ine  w a s  r e c o r d e d  b y  us ing  the  
i ne r t  solut ion,  b u t  was  no t  found  s u b s e q u e n t l y  b y  
us ing  the  r a d i o a c t i v e  so lu t ion;  o the rwise ,  the  cu rves  
for  t he  two  so lu t ions  a r e  iden t i ca l .  The  p r i n c i p a l  
s igni f icance  of Fig .  9 is a c o m p a r i s o n  of iod ide  a d -  
so rp t ion  at  low and  h igh  pH. The  e x t e n t  of a d s o r p -  
t ion  a t  the  m a x i m u m  is s m a l l e r  b y  a f ac to r  of s e v e n -  
t e e n  in the  a l k a l i n e  so lu t ion  in w h i c h  the  concen -  
t r a t i o n  of h y d r o x i d e  ion exceeds  t ha t  of iod ide  ion b y  
a f ac to r  of for ty .  

F o r  the  {100} e lec t rode ,  effects a s soc ia t ed  w i t h  an  
anod ic  f i lm ( su r f ace  c o m p o u n d )  w e r e  o b s e r v e d  r e -  
p e a t e d l y  in 10-4N K I  + 10-~N H_~SO4 + 0.1N Na,SO~, 
i.e., at  the  s ame  p H  as for  Fig .  9, b u t  a t  a h i g h e r  K I  
concen t r a t i on .  Thus,  f o l l owing  anodic  po la r i za t ion ,  
an  e x t e n d e d  s tep  a p p e a r e d  in t he  ca thod ic  c h a r g i n g  
curve ,  as shown  in Fig.  10. By  a l l owing  v a r i o u s  t imes  
to e l apse  b e t w e e n  anodic  and  ca thod ic  c h a r g i n g  (see  
Fig .  10),  i t  was  d e t e r m i n e d  t h a t  a t  l eas t  two  hour s  
a r e  r e q u i r e d  for  the  c o m p l e t e  d i s so lu t ion  ( w i t h o u t  
e x t e r n a l  p o l a r i z a t i o n )  of the  a n o d i c a l l y  f o r m e d  su r -  
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Fig. 10. Charging curves for {100} p-Ge in 0.1N Na2SO~ + 
10 -~ H2SO4 containing 10-4N KI; apparent current 0.020 ma/cm =. 

face layer.  For  short  anodic charging times, the 

width  of the cathodic step CD is app rox ima te ly  equal  

to the length of the horizontal  por t ion AB" of the 
anodic curve. The thickness of the anodical ly  formed 
layer  does not increase indefinitely, however ;  if, for 

example ,  AB is made  twice as great  as for Fig. 10, CD 
is increased by  about  40%. The s t eady-s t a t e  anodic 
reaction, in other words,  is st i l l  ge rmanium dissolu-  
tion. The s t eady-s ta te  thickness of the anodic surface 
layer  at a cur ren t  densi ty  of 20 ~a /cm ~- is about  11 
monolayer -equiva len ts ,  assuming tha t  10 ~ a toms /  
cm'-' consti tutes one mono laye r -equ iva len t  and tha t  
one electron is t r ans fe r red  for each atom incorpo-  
ra ted  into the surface film. On the other hand,  ad-  
sorption measurements  revealed  tha t  17 monolayer -  
equivalents  of iodide present  in the anodical ly  
formed surface layer, are removed  cathodical ly  (Fig. 
11). This observat ion is significant wi th  regard  to the 
chemical  composition of the film in tha t  it indicates  
that  not all  of the  incorpora ted  iodide is in good elec-  
t r ical  contact  with the substrate.  

In the solution of Fig. 10 and 11, a pronounced hy-  
steresis occurred in the cu r ren t -po ten t i a l  curves 
when measurements  were  made fa i r ly  rapidly .  How- 
ever,  the cathodic potent ia l  at which the anodical ly  
formed surface compound appears  to be suddenly  r e -  
duced is not crit ical,  but  depends on the r ap id i ty  of 
the measurements .  In tak ing  the adsorpt ion data,  
roughly  20 rain e lapsed be tween  set t ings of the elec-  
t rode  potent ia l ;  consequently,  a l though the cur ren t  
densi ty  fol lowed the hysteresis  curve for a time, the 
abrup t  removal  of the surface film occurred at a po-  
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Fig. 11. Hysteresis in the polarization and adsorption behavior 
of the {100} surface of p-Ge resulting from the anodic formation 
of a surface compound. Solution composition as in Fig. 10; 25~ 
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tent ia l  more posi t ive by 0.54v (compare  upper  and 
lower  par t s  of Fig. 11). 

The adsorpt ion da ta  of Fig. 11 may  be compared to 
those for the {100} electrode in Fig. 8. As a resul t  of 
increasing the pH by two units, the amount  of iodide 
adsorbed f rom 10~N KI  solution was increased f rom 
0.43 to 5.5, and the amount  of iodide incorpora ted  
into the  anodical ly  formed surface layer  was in-  
creased f rom 1.2 to 17.2, in units  of 10 TM cm -2. Hove- 
ever,  there  is reason to bel ieve tha t  at  st i l l  h igher  
pH's  the amount  of adsorbed iodide wil l  decrease as 
for the  10-SN KI  solution (Fig. 9). 

Summary 

The capabi l i t ies  and l imi ta t ions  of the appara tus  
and technique for the s imultaneous measurement  of 
adsorpt ion and e lect rochemical  proper t ies  of s ingle-  
crys ta l  electrodes were  assessed in a s tudy of the 
sys tem ge rman ium- iod ide  solution. In the absence of 
a significant amount  of i r revers ib le  adsorption,  the 
same electrode can be used repeatedly ,  wi thout  in te r -  
media te  t r ea tmen t  of the surface. Elect rochemical  
charac ter iza t ion  (charging curves as wel l  as cu r ren t -  
potent ia l  curves)  proved indispensable  both as an 
aid in in te rp re t ing  the adsorpt ion da ta  and as a 
sensi t ive means of detect ing contaminat ion  of the 
surface or of the  solution. 

The prac t ica l  upper  l imi t  of adsorba te  concent ra-  
t ion (about  10~N for monolayer  adsorpt ion)  is orders  
of magni tude  higher  than  tha t  a t ta inable  by  other  
techniques using solid electrodes and de te rmining  ad-  
sorpt ion in situ by differences in rad ioac t iv i ty  of the 
solution. In the  case of mul t i l aye r  adsorption,  as ob- 
served in the present  work,  cor respondingly  higher  
adsorbate  concentrat ions can be invest igated.  Owing 
to the necessi ty of counting through a thin l ayer  of 
solution, IR drops in the solution resul t  in nonuni -  
form cur ren t  d is t r ibut ion  over  the surface, wi th  a t -  
t endant  uncer ta in t ies  in the significance of the po-  
tent ia ls  measured.  I t  was pa r t l y  for this reason tha t  
r e la t ive ly  low current  densit ies were  employed in 
this work.  

Iodide ion is revers ib ly  adsorbed on the {111} sur -  
face of germanium,  leading to an increase in the hy -  
drogen overpotent ia l .  The adsorpt ion exhibi ts  a 
m a x i m u m  near  the  rest  potent ia l ;  v i r tua l ly  complete  
desorpt ion can be accomplished both by cathodic and 
anodic polar izat ion at read i ly  a t t a inab le  potent ials .  
At  pH 1.4, the extent  of adsorpt ion increases wi th  
concentra t ion in the range 5 x 10-~N to 2.5 x 10-'N KI, 
reaching many  mono laye r -equ iva len t s  in the  more 
concentra ted solutions. The na ture  of the observed 
mul t i l aye r  adsorpt ion must  be such as to involve the  
coadsorpt ion of cations; a l te rna t ive ly ,  the adsorbed 
species may  be HI. Evident ly  it wil l  be necessary to 
look for specific adsorpt ion of iodide ions at KI  con- 
centra t ions  wel l  below 5 x 10-~N. 

The {100} surface of ge rman ium differs f rom the 
{111} surface in its polar izat ion and adsorpt ion be-  
havior.  The effect of iodide on the hydrogen  overpo-  
ten t ia l  is smal ler  than  for the { 111 } surface and is in 
the opposite direction. Where  comparisons were  
made at the same solution composition, the amount  
of r evers ib ly  adsorbed iodide was found to be an 
order  of magni tude  less on the {100} surface. In  add i -  
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tion,  in  c e r t a i n  so lu t ions  the  c h a r g i n g  and  c u r r e n t -  
p o t e n t i a l  c h a r a c t e r i s t i c s  r e v e a l e d  the  anodic  f o r m a -  
t ion  a n d  ca thod ic  r e m o v a l  of a su r f ace  c o m p o u n d  
con t a in ing  s u b s t a n t i a l  a m o u n t s  of i od ide  as shown  b y  
a d s o r p t i o n  m e a s u r e m e n t s .  

In  a 0.1N Na~SO~ s u p p o r t i n g  e l e c t r o l y t e  con ta in ing  
10~N KI ,  r e v e r s i b l y  a d s o r b e d  iod ide  on the  {100} 
s u r f ace  a m o u n t e d  to 0.4 and  5.5 m o n o l a y e r - e q u i v a -  
len ts  w h e n  the  so lu t ion  was  m a d e  0.1 and  10-~N, r e -  
spec t ive ly ,  in H~SO~. A t  h i g h e r  pH ' s  the  t r e n d  is r e -  
ve r sed ,  a n d  a d s o r p t i o n  of iod ide  is s m a l l  in a l k a l i n e  
solu t ions .  The  anod ic  su r face  c o m p o u n d  is f o r m e d  
w i t h i n  f a i r l y  w e l l - d e f i n e d  compos i t i on  l imi ts .  Thus,  
as ide  f r o m  t r a n s i e n t  effects,  ev idence  for  i ts f o r m a -  
t ion  in 0.1N Na~SO, con t a in ing  10-4N K I  was  o b t a i n e d  
at  p H  3.4, b u t  no t  a t  p H  2.4, and  also no t  a t  p H  3.4 
w h e n  the  K I  c o n c e n t r a t i o n  was  d e c r e a s e d  to 10~N. 

In  conclus ion,  i t  can  b e  s t a t ed  t h a t  t he  a p p a r a t u s  
d e s c r i b e d  p r e v i o u s l y  and  modi f i ed  for  t he  p r e s e n t  
w o r k  is a d m i r a b l y  su i t ed  for  e x t e n s i v e  a d s o r p t i o n  
and  p o l a r i z a t i o n  s tud ies  c a r r i e d  out  in situ us ing  
sol id  e lec t rodes .  The  c a p a b i l i t i e s  of t he  t e c h n i q u e  
w i t h  r e s p e c t  to e l e c t r o c h e m i c a l  c h a r a c t e r i z a t i o n  and  
a b s o l u t e  m e a s u r e m e n t s  of a d s o r p t i o n  h a v e  been  
d e m o n s t r a t e d  in a s t u d y  of g e r m a n i u m  e l ec t rodes  in 
con tac t  w i t h  so lu t ions  con ta in ing  iod ide  ion. 
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Transient Potentials of the Mercury-Aqueous Solution Interface 
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ABSTRACT 

Methods of s tudying  t rans ient  e lect rode potent ia ls  produced by e xpa nd -  
ing a mercu ry -aqueous  KC1 solut ion interface  at constant  ra te  are  descr ibed 
and resul ts  obta ined  in studies of the expanding  me rc u ry  e lec t rode-aqueous  
chlor ide  ion system presented.  Correla t ions  wi th  avai lab le  potent ial ,  over -  
potent ial ,  and e lec t rocap i l l a r i ty  da ta  for this system pe rmi t  one to de te r -  
mine the var iables  which control  the t rans ient  potent ia ls  for such a system. 
The t rans ient  potent ia l  produced by  expans ion  of this me ta l -aqueous  solu-  
t ion interface  is the reby  shown to be associated with  a finite ra te  of r e fo rma-  
t ion of the  diffuse pa r t  of the e lectr ical  double  layer .  

S tud i e s  of s t r a i n  p o t e n t i a l  t r a n s i e n t s  of m e t a l s  
w e r e  s t i m u l a t e d  b y  t h e  d e v e l o p m e n t  of t he  e l e c t r o -  
ly t i c  t h e o r y  of cor ros ion .  A n d r e w s  (1)  in 1894 in -  
v e s t i g a t e d  t h e  p o t e n t i a l  b e t w e e n  c o l d - w o r k e d  and  
a n n e a l e d  s teels .  R e s e a r c h e r s  who  h a v e  m o r e  r e -  
c e n t l y  s t ud i ed  the  effect  of s t ress  on e l ec t rode  p o -  
t e n t i a l s  for  sol id  m e t a l s  a r e  N i k i t i n  (2) ,  Z a r e t s k i i  
(3 ) ,  G a u t a m  a n d  J h a  (4 ) ,  Coffin and  S i m o n  (5) ,  

M c F a d d e n  (6 ) ,  D u d l e y ,  E l l io t ,  M c F a d d e n ,  and  
S h e m i l t  (7 ) ,  F r y x e l l  and  N a c h t r i e b  (8) ,  Coffin and  
T i n g l e y  (9 ) ,  and  W e r n i c k  (10) .  

More  r ecen t l y ,  E y r i n g  et  al. m a d e  e x p e r i m e n t a l  
s tud ies  of s t r a in  i n d u c e d  e l ec t rode  p o t e n t i a l s  as  a 
func t ion  of e l ec t rode  m a t e r i a l ,  pH,  n a t u r e  a n d  con-  

1 P resen t  address :  Research  and Deve lopmen t  Divis ion,  Corning 
Glass Works,  Corning,  New York.  

c e n t r a t i o n  of e l ec t ro ly t e ,  d i s so lved  gases,  etc. (11-  
14) us ing  as t he  r e f e r e n c e  of p o t e n t i a l  t he  c o r r e -  
spond ing  u n s t r a i n e d  e lec t rode .  A m o d e l  based  on 
e l ec t rode  k ine t i c s  was  p r o p o s e d  (11) in  w h i c h  t h e  
e l ec t rode  s t r a in  po t e n t i a l s  w e r e  e x p l a i n e d  in t e r m s  
of r eac t i ons  t h a t  t r a n s f e r  c h a r g e  across  t h e  e l e c t r i -  
cal  d o u b l e - l a y e r .  

Also  e a r l y  i n v e s t i g a t o r s  (2)  a s c r i b e d  t r a n s i e n t  
po t e n t i a l s  of s t r e t c h ing  w i r e s  to h e a t  p r o d u c e d  b y  
i n t e r n a l  s t r a in ;  h o w e v e r ,  m o r e  r e c e n t  ones h a v e  
i n d i c a t e d  t h a t  su r f ace  r eac t i ons  a r e  r e s p o n s i b l e  
(3, 8, 11). 

In order to demonstrate experimentally whether 
or not internal strain is necessary for the develop- 
ment of transient potentials of this sort the liquid 
metal mercury was chosen because its surface can 
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be expanded  w i thou t  deve lop ing  i n t e r n a l  s t ra in  
and  surface  i r regular i t ies .  For  this  purpose  a cell 
and  p u m p  sys tem was des igned which  p e r m i t t e d  
the  m e r c u r y - a q u e o u s  solut ion in te r face  to be ex -  
p a n d e d  at  a cons t an t  ra te  ana logous  to e longa t ing  a 
me ta l  wi re  in  contact  wi th  an  aqueous  solut ion at 
a cons t an t  ra te .  

F u r t h e r  advan tages  of m e r c u r y  for s t u d y i n g  
t r an s i en t  po ten t ia l s  are tha t  the  ex tens ive  i n f o r m a -  
t ion  conce rn ing  the  e lectr ical  d o u b l e - l a y e r  g iven  
by  e lec t rocap i l l a r i ty  and  ove rpo ten t i a l  studies,  and  
the la rge  v o l u m e  of s t anda rd  e lect rode po ten t i a l  
da ta  p e r m i t  one  to es tab l i sh  a q u a n t i t a t i v e l y  s t eady-  
s tate  po ten t i a l  ( d V / d t  ~ O) as func t ions  of the  ap-  
p ropr ia t e  i n d e p e n d e n t  so lu t ion  and  var iables .  

Apparatus and Procedures 
The e q u i p m e n t  consis ted of two par t s :  (a) a 

p u m p  for the  l iqu id  m e r c u r y  su i t ab le  for p u m p i n g  
the  m e r c u r y  at  a cons tan t  ra te  into a cell p e r m i t -  
t ing  the m e r c u r y  surface  to e x p a n d  the  m e r c u r y -  
aqueous  solut ion in te r face  at a cons tan t  ra te ;  and  
(b)  an  e lect ronic  device to m e a s u r e  and  record 
au toma t i ca l l y  the vol tages  produced.  

The m e r c u r y  p u m p  was cons t ruc ted  f rom a 100 
ml  hypode rmic  sy r inge  and  a screw and  n u t  sys tem 
which  d rove  a p l u n g e r  in to  the  syr inge  cyl inder .  
The screw was d r iven  b y  an  electr ic  motor  wi th  
a low r p m  gear  box  and  pul leys  so tha t  va r ious  
expans ion  ra tes  of the  i n t e r f a c e  f rom 1.0 cmf/sec 
to 5.2 cmVsec were  achieved.  

In  d e t e r m i n i n g  the  cell geome t ry  it was  neces-  
sa ry  to des ign  the cell so tha t  the  m e r c u r y - s o l u t i o n  
in te r face  e x p a n d e d  at a cons tan t  r a t e  w h e n  a con-  
s tan t  v o l u m e  of m e r c u r y  was p u m p e d  into the cell 
( d V / d a )  = k. 

The cell was  cons t ruc ted  f rom three  sheets  of 
1/4-in. th ick  p lexig las  cemen ted  toge ther  w i th  a 
plast ic  cement .  I t  was  connec ted  to the  p u m p  wi th  
s ta inless  steel  t u b i n g  (2 m m  ID) w i th  a j o in t  as 
shown in  Fig. 1. 

Fig. 1. Mercury cell which 
between mercury and electrolyte. 
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The electrodes used to me a su r e  the  po ten t i a l  de-  
ve loped in  the  cell are  also shown  in  Fig. 1. The  
e lect rode for the e x p a n d i n g  surface was s imply  a 
p l a t i n u m  wi re  pass ing  t h r ough  the  cell wa l l  into 
the m e r c u r y  at  the  bo t tom of the  cell. E i the r  a 
sa tu ra t ed  ca lomel  cell or m e r c u r y  i tself  was used 
as the  re fe rence  electrode.  The  m e r c u r y  e lect rode 
was  made  of a glass tube  (3 m m  ID) w i th  a U bend  
s i tua ted  jus t  above the l im i t i ng  posi t ion tha t  the  
e x p a n d i n g  m e r c u r y  surface was capable  of r each-  
ing. The  U bend  was filled wi th  m e r c u r y  and  a 
p l a t i n u m  electrode placed in  contact  wi th  the  m e r -  
cury.  The  two electrodes were  connec ted  to a high 
impedance  L&N No. 7664 pH ind ica tor  for a m p l i -  
fication. The ou tpu t  f rom the pH ampl i f ier  was 
modified by  a va r i ab l e  vo l tage  d iv ide r  to ac tua te  
a Va r i an  s t r i p - c h a r t  po t e n t i ome t e r  G l l A  recorder .  
A ca l ib ra t ion  vol tage  was d i sp layed  on the char t  
by  m e a n s  of the  s t anda rd i za t i on  cont ro l  on the pH 
indicator .  

The  e lec t ro ly te  was  deae ra ted  wi th  N~. The  flow 
of gas was  m e a s u r e d  w i th  a f iowmeter  wh ich  meas -  
u r ed  the  pressure  difference across a cap i l l a ry  con-  
s tr ict ion.  A ce l lophane  tape  lid, wi th  openings  for  
the re fe rence  electrode and  gas bubb le r ,  m a i n -  
t a ined  the  des i red gas composi t ion.  The b u b b l e r  
wi th  a s in te red  glass bo t tom was made  us ing  s im-  
ply  a glass rod long  enough  to reach  to the bo t tom 
of the  cell. A p y r o g a l l o l - s o d i u m  hydrox ide  solut ion 
t r ap  was  in t roduced  into the  n i t r o g e n  l i ne  to r e -  
move  traces of oxygen,  and  a w a t e r  t r ap  kept  the 
dry  gases f rom deple t ing  the wa te r  in  the cell and 
chang ing  the  e lec t ro ly te  concen t ra t ion .  

The spent  m e r c u r y  was  first c leaned in  a m e r -  
cury  oxifier. The  c lean  m e r c u r y  was  t h e n  dis t i l led  
in  a Cenco v a c u u m  m e r c u r y  still. F resh  m e r c u r y  
p repa red  in this  m a n n e r  was used in  each sepa-  

ra te  run .  
In  ca r ry ing  out  a r u n  the  hypode rmic  syr inge  

( the  p u m p )  was  first filled wi th  m e r c u r y  and  con-  
nec ted  to the cell by  a coupl ing  t h r ough  a s ta inless  
steel tube.  The  m e r c u r y  was  t h e n  b r o u g h t  to a cer-  
t a in  fixed level  at the  bo t tom of the  cell, and  a 
p l a t i n u m  wi re  in  contact  wi th  the  m e r c u r y  at  this  
po in t  served as the lead for the e x p a n d i n g  m e r c u r y  
electrode.  The  e lec t ro ly te  was t hen  poured  in to  the  
cell and  a m e r c u r y  electrode or a sa tu ra t ed  calomel  
r e fe rence  electrode placed in  it. The leads f rom the  
e x p a n d i n g  m e r c u r y  e lec t rode  a nd  re fe rence  elec-  
t rode were  connec ted  to the  pH mi l l ivo l tme te r .  To 
r emove  dissolved oxygen  the  e lec t ro ly te  was  t hen  
deae ra t ed  wi th  n i t rogen .  Af t e r  deae ra t ion  for abou t  
1 hr, the  glass t ube  was  r e move d  and  the p u m p  
motor  swi tched on. The  t r a n s i e n t  po ten t i a l  began  

to rise the  i n s t a n t  the  m e r c u r y  surface s ta r t ed  to 

expand.  
Experimental Results 

The  p o t e n t i a l - t r a n s i e n t  t races  shown in  Fig. 2 
are typ ica l  of the resu l t s  ob ta ined  wi th  an  ine r t  

e lec t ro ly te  such as po tass ium chloride.  I n i t i a l l y  the  

po ten t i a l  rose sha rp ly  to a m a x i m u m  and  t h e n  re -  

m a i n e d  essen t ia l ly  cons t an t  except  for a s l ight  dip 

in  the  curve  caused by  a t e n d e n c y  toward  over -  
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shoot. When expansion was s topped the I)otential 
unde rwen t  character is t ic  exponent ia l  type  decay. 
As may  be seen f rom Fig. 2 the fastest  expansion 
ra te  produced the greates t  potent ia l  and the most 
rap id  decay when expansion was stopped. 

F igure  3 presents  plots of the s t eady- s t a t e  po ten-  
t ia l  (max imum potential ,  dV/dt = 0) against  the 
ra te  of expansion r for solutions of three  different  
concentrations.  For  a given concentra t ion of elec-  
t ro ly te  the  vol tage  approached a p la teau  as the ex-  
pansion r a t e  increased.  F igure  4 presents  g raph i -  
cal ly  the s t eady- s t a t e  potent ia ls  against  e lect rolyte  
concentrat ion for var ious  expansion rates.  The po-  
ten t ia l  was l inear  in log [C1-] at high concent ra-  
tions. At  6 • 10-~I KC1, the po ten t i a l - concen t ra -  
t ion curves reached the  most negat ive  value.  Sig-  
nificantly, this corresponds to the point  where  the 
potent ia l  of the expanding  electrode reached the 
poten t ia l  of the e lec t rocapi l la ry  maximum.  The 
poten t ia l  then fol lowed the e lec t rocapi l la ry  m a x i -  
mum curve which var ies  wi th  the  concentra t ion of 
the electrolyte.  This occurred because the  expand-  
ing interface  was then essent ia l ly  deple ted  of its 
charge. The dropping mercury  electrode confirms 
this since its s t eady- s t a t e  vol tage is coincident  wi th  
the e lec t rocapi l la ry  maximum.  The curves in Fig. 
4 also show tha t  at  a given concentra t ion the  po-  
ten t ia l  approached  the e lec t rocapi l la ry  m a x i m u m  
more and more as the expansion ra te  was increased.  

For  concentrat ions lower  than  6 • 10-~I KC1 the 
voltages were  nonreproducible .  A probable  reason 
for this was the presence of impur i t ies  in the  elec-  
t rolyte.  While  these impur i t ies  were  a lways  pres -  
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Log [CI ]~ vs. potential of an expanding mercury elec- 
oxygen free electrolytes. 

ent thei r  effects were  negl ig ib le  a t  high chloride 
ion concentrations.  Hence, only the average  values 
are shown in Fig. 4. The s tandard  deviat ion was 
about  70 mv at potent ia ls  of 400 mv in this  region, 
corresponding to an expe r imen ta l  e r ror  of about  
-----20%. This is contras ted wi th  the high concent ra-  
t ion region where  the exper iments  were  reproduc-  
ible to wi th in  •  

The logar i thm of the expansion ra te  against  po- 
ten t ia l  plot  was l inear  as shown in Fig. 5. 

Discussion 
The expanding  mercury  surface gave essent ia l ly  

the same type  of po t en t i a l - t ime  t race  descr ibed 
previous ly  for e longat ing meta l  wires  (see Fig. 2). 
The fact tha t  the po ten t i a l - t ime  traces for mercu ry  
and the ones for meta l  wires  were  closely analo-  
gous indicates that  the genera t ion  of act ive surface 
sites by  in te rna l  s t ra in  may  not  be necessary for 
the deve lopment  of t r ans ien t  potent ia ls  of s t re tch-  
ing or expanding  meta ls  in aqueous solutions. The 
s imi lar i ty  of the t races cannot, of course, exclude 
the poss ibi l i ty  tha t  active surface sites p lay  a role 
in t rans ien t  potent ia l  phenomena  for solid meta l  
wires. However  i t  appears  tha t  the impor tan t  con- 
s iderat ions  are:  when a meta l  is s t rained,  in te r -  
facial  conditions are d i s rupted  and surface reac-  
tions resul t  which tend to res tore  the wi re -aqueous  
solution interface  to its or iginal  condition. The re -  
actions cause charge  to flow into or f rom the elec-  
t r ical  doub le - l aye r  or possibly in some cases of 
chemical  react ion to cross it, depending on the 
na ture  of the e lect rode and its environment .  

Because of the prac t ica l ly  ideal  polar izat ion 
character is t ics  of mercury  in contact  wi th  aqueous 
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Fig. 5. Log (r) vs. potential of an expanding mercury electrode 
for oxygen free KCI electrolytes. 
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p o t a s s i u m  ch lo r ide  i t  is n e c e s s a r y  on ly  to accoun t  
for  the  f low of ions in to  the  r e f o r m i n g  e l ec t r i ca l  
d o u b l e - l a y e r  fo l l owing  e x p o s u r e  of n e w  su r f a c e  
in o r d e r  to account  for  the  t r a n s i e n t  p o t e n t i a l  d e -  
ve loped  w h e n  the  e l e c t r o d e  expands .  The  fo l lowing  
r e a c t i o n  is p o s t u l a t e d  for  t he  a b s o r p t i o n  of C1- at  
the  m e r c u r y - a q u e o u s  ch lo r ide  so lu t ion  in te r face .  

r 
I H g + C 1 - - - ~  I HgC1-  [ 1 ]  

L e t t i n g  0 e q u a l  t he  f r a c t i o n  of t he  su r f ace  cove red  
w i th  a d s o r b e d  ch lo r ide  ions and  ( 1 -  0) t he  f r a c -  
t ion  of u n c o v e r e d  m e r c u r y  su r f ace  i Hg, t he  ve loc i ty  
of the  c h l o r i d e  ion a d s o r p t i o n  on the  su r f ace  m i g h t  
be  e x p e c t e d  to be  p r o p o r t i o n a l  to  ( 1 - - 0 ) ,  to t he  
a c t i v i t y  of the  ch lo r ide  ions (C1-)~, and  to the  r a t e  
k~ of r e a c t i o n  [ 1] in  t he  f o r w a r d  d i r ec t ion .  The  r a t e  
k~ is a func t ion  of t h e  p o t e n t i a l  across  t he  m e t a l -  
so lu t ion  i n t e r f a c e  a n d  t h e r e f o r e  a r e l a t i o n s h i p  of 
t he  fo l lowing  f o r m  can  b e  w r i t t e n  (1 ) :  

_+Z~eV 

k T  

kl = k%e [2]  

w h e r e  V is t h e  p o t e n t i a l  d i f f e rence  b e t w e e n  e lec -  
t rode  and  so lu t ion  and  k'~ t h e  r a t e  a t  zero  p o t e n t i a l  
or  charge .  The  p a r a m e t e r  a,  is u s u a l l y  cons ide red  
to be  a f r a c t i o n  w h i c h  d e p e n d s  on t h e  s y m m e t r y  of 
t he  e n e r g y  b a r r i e r .  In  a s y m m e t r i c a l  b a r r i e r  a~ 
1/2. The  s ign  of the  e x p o n e n t i a l  f ac to r  is e i t h e r  
pos i t ive  or  n e g a t i v e  d e p e n d i n g  on w h e t h e r  the  r e -  
ac t ion  is anod ic  or  ca thodic ,  r e spec t i ve ly .  He re  e 
---- 4.80 • 10 -~~ esu a n d  the  n u m b e r  of e l ec t ron ic  
cha rges  t r a n s p o r t e d  b y  a s ing le  i th  p rocess  is Z,. 
The  r a t e  of loss  of c h l o r i d e  ions f r o m  the  m e r c u r y  
su r face  is p r o p o r t i o n a l  to 0 and  to t h e  r a t e  k~ of 
t he  d e s o r p t i o n  reac t ion ,  w h i c h  for  a f r e s h l y  e x -  
p a n d e d  su r f ace  m i g h t  be  e x p e c t e d  to be  neg l ig ib l e  
r e l a t i v e  to the  r e f o r m a t i o n  of t h e  e l e c t r i c a l  d o u b l e -  
l aye r .  I t  w o u l d  no t  be  neg l ig ib l e  as t he  e q u i l i b r i u m  
condi t ions  a r e  aga in  a p p r o a c h e d .  Also,  e x p a n s i o n  
dec reases  t he  su r face  coverage .  Hence,  t he  u n -  
cove red  su r f ace  changes  w i t h  t i m e  as fo l lows:  

d (1  - -  #) - -aVF 
- -  - - / g r - -  ( 1 - - 8 )  [ C 1 - ] , k ' ~ e - -  

dt RT 

a'VF 
+ 0 k % e - -  [3] 

RT 

where ,  as a b o v e  r is the  e x p a n s i o n  r a t e  and  • is a 
p r o p o r t i o n a l i t y  cons tan t .  I f  0 is smal l ,  w h i c h  is t he  
case  w h e n  the  p o t e n t i a l  is a p p r o a c h i n g  the  e l e c t r o -  
c a p i l l a r y  m a x i m u m  or  t he  po in t  of zero  charge ,  and  
if t he  r a t e  k~ for  c h l o r i d e  ions l e a v i n g  the  m e r c u r y -  
aqueous  so lu t ion  i n t e r f ace  is s m a l l  c o m p a r e d  to the  
e x p a n s i o n  ra te ,  the  t e r m  8k%e a 'VF / RT  m a y  be  
neg lec ted .  A t  the  m a x i m u m  v o l t a g e  the  s lope  of the  
p o t e n t i a l - t i m e  c u r v e  (see  Fig .  2) is zero.  The  
change  in t he  u n c o v e r e d  i n t e r f a c e  w i t h  t ime  wi l l  
t hen  also be  zero  because  the  a m o u n t  of t he  i n t e r -  
face  cove red  w i t h  cha rge  d e t e r m i n e s  t he  p o t e n t i a l  
a t  a n y  g iven  t ime.  Hence  [ d ( 1 - - O ) / d t = O ]  and  

Eq. [3]  becomes  
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Fig. 6. Correlation of chloride ion concentration and the expan- 
sion rate r of the mercury with the steady-state potentials de- 
veloped for an expanding mercury electrode. 

--aVF 
;3 r - ( 1  - 0 )  [ c r ] .  ~ ' l e  - -  - 0 [ 4 ]  

RT 
So lv ing  for  V r e su l t s  in t he  e xp re s s ion  

RT fl r 
V - -  in  [5]  

~F (1 - -  8) [C1-]~ k' ,  

N o w  i t  is a s s u m e d  t h a t  the  f r a c t i o n  8 is p r o p o r -  
t i ona l  to t he  cha rge  q on the  i n t e r f a c e  d i v i d e d  by  
the  t o t a l  c h a r g e  t h a t  occupies  t h e  i n t e r f a c e  (0 ~ q/  
Q) w h e n  it  is fu l l y  covered .  Thus,  q is sma l l  b e -  
cause ,  as the  m e r c u r y  su r f a c e  is e x p a n d e d ,  t he  
p o t e n t i a l  a p p r o a c h e s  the  p o i n t  of zero  c h a r g e  and  
t h e r e f o r e  8 < <  1. E q u a t i o n  [5]  t h e n  becomes  

RT [C1-],  
V = 2.303 log - -  

a F  r 
ktl 

RT log [6]  + 2.3o3 

I n  Fig .  6 log  [ ( C 1 - ) J r ]  is p l o t t e d  a ga in s t  t he  p o -  
t en t ia l .  Note  the  good c o r r e l a t i o n  of the  da ta .  M o r e -  
over ,  f r om the  o b s e r v e d  s lope  (0.126) one ob ta in s  
for  ~ t h e  v a l u e  0.43 w h i c h  is in good a g r e e m e n t  
w i th  t h e o r e t i c a l  v a l u e  0.5 b a s e d  on s y m m e t r y  of 
the  r e a c t i o n  b a r r i e r .  

S u m m a r y  
1. Based  on r e su l t s  o b t a i n e d  w i t h  m e r c u r y ,  it  

m a y  be  conc luded  t h a t  i n t e r n a l  s t r a in  or  t he  p r o -  
duc t ion  of ac t ive  s i tes  b y  the  g e n e r a t i o n  of d i s lo -  
ca t ions  in  a m e t a l  is no t  r e q u i s i t e  for  t h e  d e v e l o p -  
m e n t  of t r a n s i e n t  p o t e n t i a l s  for  an e x p a n d i n g  
m e t a l - a q u e o u s  so lu t ion  in t e r face .  

2. Cons ide r ing  the  v a r i a b l e s  w h i c h  con t ro l  the  
t r a n s i e n t  p o t e n t i a l s  of an  e x p a n d i n g  m e r c u r y -  
aqueous  so lu t ion  i n t e r f ace  u n d e r  t he  cond i t ions  
a p p r o a c h i n g  p e r f e c t  p o l a r i z a t i o n  the  t r a n s i e n t  p o -  
t e n t i a l  was  found  to obey  the  equa t ion  

RT [C1-] 
V - -  2 . 3 0 3 - - 1 o g - - + K  

~F r 

in t he  case  of aqueous  p o t a s s i u m  chlor ide .  The  cor -  
r e l a t i o n  h e l d  un t i l  t he  t r a n s i e n t  p o t e n t i a l s  r e a c h e d  
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the electrocapillary maximum or point of zero sur- 
face charge. Then the potential followed that of 
the electrocapillarity maximum. 
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Birefringence Studies in Electroluminescent Zinc Sulfide 
F. J. Baum and F. J. Darnell 

Central Research Department, E. I. du Pont de Nemours and Company, Wilmington, Delaware 

Several investigators have found correlation be- 
tween electroluminescent activity in ZnS crystals 
and the extent of stacking disorder as evidenced by 
x- rays  (1, 2) and optical birefringence (3-5). Mi- 
crobeam x - r a y  studies (50t~ diameter beam) on 
ZnS crystals in these laboratories have also shown 
electroluminescent activity to occur predominantly 
in regions of mixed hexagonal and cubic structure, 
with little activity in perfect cubic or perfect hex-  
agonal regions. The majori ty of our crystals, which 
were grown from the vapor (6), appear in the form 
of prisms containing both wurtzite and sphalerite 
with the hexagonal [00" 1] and cubic [111] directions 
along the prism axis. Stacking faults of planes per- 
pendicular to this axis give rise to layered regions 
of differing structure. Electroluminescence, viewed 
normal to the axis, occurs in streaks parallel to these 
layers (6), in agreement with observations of others 
(3-5, 7, 8). The present experiments make use of 
birefringence to study the layered structure on a 
scale smaller than is possible with x-rays,  and to 
correlate structure with electroluminescent activity. 

The optical method involves the fact that  ZnS in 
the sphalerite structure exhibits a single index of 
refraction, while in the wurtzite or other noncubic 
structures it has different indices for light polarized 
normal or parallel to the hexagonal axis. The 
amount of hexagonal structure in an element of a 
zinc sulfide crystal can then be determined by the 

degree of birefringence provided stacking sequences 
are regular, i.e., definite polytypes exist, for dis- 
tances along the prism axis comparable to the light 
wavelengths. There exists also the possibility that 
one-atom layer displacements of the type postu- 
lated by Strock (9) will lead to changes in bire- 
fringence. 

A crystal to be examined was placed on a micro- 
scope stage between crossed polaroids with the axis 
of the crystal perpendicular to the microscope optic 
axis and at 45 ~ to the polarizing direction of each 
polaroid. The magnified image of the crystal, made 
visible in high order colors, was projected onto the 
slit of a medium Hilger spectrograph equipped with 
glass optics. Interference between the ordinary and 
extraordinary rays created channel spectra which 
could then be photographed. Measurement of the 
wavelengths k~ at which extinctions occurred, to- 
gether with measurement  of the crystal thickness, 
d, then allowed determination of the bireiringence 
from the relation (10) 

1 AN 
A n  -~ n o  - -  n ~  1) 

where AN is the difference in extinction orders 
which take place at wavelengths Xl and X~. Correla- 
tion of electroluminescenee with the birefringenee 
so observed was accomplished by exciting electro- 
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Photograph of birefringence channel spectra and electrolumi- 
nescence in the visible region. Horizontal axis is wavelength, and 
vertical axis is 28~ distance along [00"1] direction of ZnS crystal. 
Upper image is birefringence only; lower image shows same bire- 
fringence filtered to pass only the red end of the spectrum, with 
electroluminescent image superposed. Birefringence exposure 3 sec; 
electroluminescence exposure 40 hr. 

luminescence in the crys ta l  as mounted  and pro-  
ject ing this through the spec t rograph onto the  same 
photographic  pla te  to make  a double  exposure.  Since 
the in tens i ty  of the e lect roluminescence was low, 
16-40 hr  exposures  wi th  ASA film speed of about  
2000 were  necessary.  A typica l  photograph  of b i re -  
f r ingence and electroluminescence is shown in Fig. 
1. The superposed spectra,  ar is ing in one case from 
localized occurrences of e lectroluminescence and in 
the other  f rom the va ry ing  magni tudes  of b i re -  
fr ingence,  pe rmi t t ed  a s t ruc tu ra l ly  sensi t ive char -  
acter izat ion of those regions exhibi t ing  e lec t ro lumi-  
nescenee. 

Al l  crysta ls  were  found to have a l ayered  s t ruc ture  
wi th  layers  lying pe rpend icu la r  to the hexagonal  
c axis (pr i sm axis) .  F rom the spect rographic  plates,  
the b i ref r ingence  of regions as small  as 5~ in di-  
mension along the crys ta l  axis could be de termined;  
regions as small  as 1~ could be differentiated,  but  
not  accura te ly  measured.  

Many ind iv idua l  regions were  character ized by 
discrete b i ref r ingence  values  ranging f rom zero to 
0.036 at a mean wave length  of 5000A, whi le  other 
regions showed continuous variat ions.  A few ab-  
solute values of b i re f r ingence  were  checked wi th  an 
e igh t -o rde r  Babinet  eyepiece-compensator ,  in order  
to check the larges t  va lue  in this region of the spec- 
t rum. The zero va lue  corresponds to cubic s t ructure ,  
the in te rmedia te  values  p re sumab ly  to po ly types  (11- 
13) or fau l ted  s tructures,  and the m a x i m u m  value  to 
perfect  hexagonal  s t ructure .  Birefr ingences  f rom 
0.003 to 0.028 have  been repor ted  by  Strock, Brophy,  
and Peters  (5), wi th  wave leng th  unspecified, but  
p robab ly  for Na D light.  Careful  measurements  of 
the two indices of ref rac t ion  as functions of wave -  

length  on three  ZnS single crystals  have been made 
by Piper ,  Marple,  and Johnson (14), who find a 
broad  bi ref r ingence  m a x i m u m  in the vis ible  r e -  
gion. Their  larges t  value  is An----0.024. According 
to Smith  (13), a deta i led  x - r a y  s tudy of na tu ra l  
zinc sulfide minera l  y ie lded  no crysta ls  possessing 
per fec t ly  hexagonal  s t ructure.  I t  is possible that  the 
present  na r row layers  having the highest  b i re f r ing-  
ence correspond to perfect  hexagonal  s t ructure.  

It was found tha t  e lect roluminescent  ac t iv i ty  oc- 
cur red  only in c rys ta l  volumes tha t  were  charac te r -  
ized by  vary ing  s tructure.  No s t ructure  in which 
electroluminescence occurred pers is ted  for more 
than 2~. The resolut ion of the technique unfor tu -  
na te ly  was not sufficient to de te rmine  whe ther  ac-  
t iv i ty  occurred in regions of a fixed s t ruc ture  or in 
the  t rans i t ion  p lane  be tween  s tructures .  There  was 
no indication of a relation between occurrence of 

electroluminescence and any particular value of 

birefringence. 
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JOURNAL. 
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Junction Delineation in GaSb by Differential Chemical Etch Rate 
S. J. Si lverman 

Research Laboratory, General Electric Company, Schenectady, New York  

Etching to de l inea te  p - n  junct ions  in semicon-  
ductors is a useful  tool in detect ing impur i t y  
s t r ia t ions incorpora ted  dur ing  the course of c rys ta l  
growing and also in reveal ing  single or mul t ip le  
junct ions produced by  var ious  device processing 
techniques.  There  is extensive l i t e ra tu re  on the 
subject  concerning e lementa l  semiconductors  such 

as Ge or St, a few examples  of which are  given in 
the b ib l iography  (1, 2). Less informat ion  is ava i l a -  
ble on I I I -V  compounds. Whereas  Cunnel l  (3),  
Schell  (4),  and more recent ly  Hais ty  (5) re fer  to 
severa l  such etches to detect  junct ions in GaAs, 
l i t t le  has been recorded about  GaSb other  than  Det-  
wie ler ' s  (6) unspecified concentra t ion rat io  for the 



Vol. 109, No. 2 J U N C T I O N  D E L I N E A T I O N  I N  G a - S b  167 

Fig. 1. GaSb ingot etched 12% HF:25% HNO3:60% H20 to de- 
lineate grain boundaries as well as the p-n junction; p-type, left; 
n-type, right. Magnification approximately 1 VzX. 

H C I : H N O ,  sys tem.  This  p a p e r  dea l s  w i t h  the  H F :  
HNO3:H~O sys t em and  i ts  success fu l  a p p l i c a t i o n  to 
t he  d e l i n e a t i o n  of n - p  j u n c t i o n s  in  GaSb .  

Exper imenta l  
T. J. Sol tys ,  of th is  L a b o r a t o r y ,  in t he  course  of 

g r o w i n g  G a S b  b y  the  Czoch ra l sk i  t echn ique ,  p r o -  
duced  a g r o w n  j u n c t i o n  b y  dop ing  t h e  m e l t  w i t h  
Te. The  r e s u l t a n t  ingot ,  J -75 ,  was  cut  l o n g i t u d i -  
n a l l y  a long  the  g r o w t h  axis .  S ing l e  c r y s t a l  b a r s  
t a k e n  f r o m  the  T e - d o p e d  sec t ion  w e r e  i n v e s t i g a t e d  
at  r o o m  t e m p e r a t u r e  b y  Hal l ,  r e s i s t i v i t y ,  and  m o -  
b i l i t y  m e a s u r e m e n t s .  The  r e su l t s  of these  m e a s u r e -  
m e n t s  i n d i c a t e d  a ne t  c a r r i e r  c o n c e n t r a t i o n  of 2 X 
1017/cc, n - t y p e  and  a Ha l l  m o b i l i t y  of 3000 cm-~/v 
sec. The  u n d o p e d  p - t y p e  r e g i o n  was  s i m i l a r l y  
s t ud i ed  and  found  to con t a in  2 X 1017 c a r r i e r s / c c  
w i t h  a H a l l  m o b i l i t y  of 500 cm2/v sec. The  pos i t ion  
of t he  j u n c t i o n  was  d e t e r m i n e d  i n d e p e n d e n t l y  b y  
o b t a i n i n g  r e s i s t i v i t y  and  t h e r m a l  emf  prof i les  a long  
the  l e n g t h  of the  ingot .  The  ingo t  was  t hen  p r e -  
p a r e d  for  e t ch ing  to show tha t  t h e  pos i t ion  of t he  
j u n c t i o n  could  be  c o r r e l a t e d  w i t h  t h e  p r e v i o u s  
m e a s u r e m e n t s  as w e l l  as the  o b s e r v a t i o n s  on the  
dop ing  d u r i n g  c r y s t a l  g rowth ,  as i n d i c a t e d  b y  an 
a b r u p t  change  in c r y s t a l  d i a m e t e r  seen in Fig.  1. 

F r o m  a p r e l i m i n a r y  s t u d y  i t  was  soon r ea l i zed  
t ha t  t he  e tch  compos i t i on  was  p r i m a r i l y  i n s t r u -  
m e n t a l  in  t he  success  or  f a i l u r e  of j u n c t i o n  d e t e c -  
t ion.  C o n s e q u e n t l y  a ser ies  of e tches  w i t h  d i f fe ren t  
r a t io s  of t he  c o m p o n e n t s  was  e v a l u a t e d  to  d e t e r -  
m i n e  o p t i m u m  compos i t ions  r e q u i r e d .  The  s ame  
s p e c i m e n  was  used  b y  f r e s h l y  p r e p a r i n g  the  su r -  
face  p r i o r  to each  e x p o s u r e  to a n e w  solut ion.  The  
su r f ace  p r e p a r a t i o n  i n v o l v e d  l a p p i n g  w i t h  600 
mesh  c a r b o r u n d u m ,  t h o r o u g h  r in s ing  in  r u n n i n g  
H~O, and  a i r  d ry ing .  T h e  s p e c i m e n  was  t hen  p l a c e d  
in a 25 cc p o l y e t h y l e n e  con ta ine r .  Ca re  was  t a k e n  
not  to c o n t a m i n a t e  t h e  su r f ace  b y  i m p r o p e r  h a n -  
d l ing  t echn iques ,  w h i c h  m i g h t  o t h e r w i s e  l e a d  to 
spu r ious  pa t t e rn s .  T h e  so lu t ion  for  each  e tch  was  
f r e s h l y  p r e p a r e d  i m m e d i a t e l y  p r i o r  to use, and  in 
each  case  was  10 cc in vo lume .  The  e t ch ing  p e r i o d  
was  s t a n d a r d i z e d  to a 2 - m i n  e x p o s u r e  for  each  
solut ion.  A t  t he  end  of th i s  p e r i o d  the  excess  ac id  
was  decan t ed ,  l e a v i n g  a s m a l l e r  a m o u n t  w h i c h  s t i l l  
cove red  t h e  s p e c i m e n  b u t  w h i c h  could  be  q u i c k l y  
f lushed w i t h  r u n n i n g  w a t e r  f r o m  the  tap.  In  th i s  
m a n n e r  t he  f o r m a t i o n  of ox ide  f i lms was  min imized .  

Some  of the  compos i t i ons  w e r e  e q u a l l y  effect ive  
in p o r t r a y i n g  g r a i n  b o u n d a r i e s  as we l l  as a j u n c -  
t ion,  as seen  in Fig.  1. A s ing le  c r y s t a l  sec t ion  con-  

Fig. 2. Single crystal section cut from area (A) of ingot in Fig. 
1 and etched in 15% HF:35% HNO3:50% H~O; p-type, left; n- 
type, right. Magnification 5X. 

r a i n ing  the  j u n c t i o n  was  cut  f r o m  the  o r ig ina l  ingo t  
to e l i m i n a t e  the  p o s s i b i l i t y  of a n y  c o m p e t i n g  d i f -  
f e r e n t i a l  e t ch ing  ac t ion  a t  t he  g r a i n  b o u n d a r i e s .  A n  
e x a m p l e  of t he  j u n c t i o n  d e l i n e a t i o n  on such a 
s ingle  c r y s t a l  r eg ion  is s h o w n  in Fig .  2. 

A s u m m a r y  of the  compos i t ions  and  t h e i r  effects 
is g iven  in T a b l e  I. If  one w e r e  to a v e r a g e  the  c o m -  
pos i t ions  of so lu t ions  1 and  2, t hen  the  e tch  h a v i n g  
15% H F : 3 5 % H N O ~ : 5 0 % H ~ O  w o u l d  be  t y p i c a l  of a 
fas t  r e a c t i o n  solut ion ,  p r o d u c i n g  m o d e r a t e  gas  evo -  
lu t ion .  U n d e r  these  cond i t ions  a d i sk  of G a A s  h a v -  
ing  a d i a m e t e r  of 0.4-in.  and  th i ckness  of 40 mi l s  
h a d  an  e tch  r a t e  of 2 m i l / m i n .  This  ac t ion  r e s u l t e d  
in a d i f f e r en t i a l  e t ch ing  r a t e  a t  t he  junc t ion ,  l e a v -  
ing  the  p - t y p e  side w i t h  a smoo the r ,  m o r e  lu s t rous  
su r f ace  t h a n  the  n - t y p e  side,  as seen  in Fig .  2. 
F r o m  mic roscop ic  o b s e r v a t i o n  at  100X, i t  was  es t i -  
m a t e d  t h a t  t he  p - t y p e  s ide  w a s  a b o u t  10~ l o w e r  
t h a n  the  n - t y p e  side. This  ac t ion  is ana logous  to 
t h a t  for  a S i  n - p  j u n c t i o n  w h e r e  t he  p - t y p e  s ide  
e tches  f a s t e r  t h a n  the  n - t y p e  s ide  in e i t he r  an  a l k a -  
l ine  so lu t ion  or  a 3 % K  MnO4:95% HNO~ solut ion.  
The  m e c h a n i s m  of th is  e t ch ing  ac t ion  a p p e a r s  to 
be  s im i l a r  to t h a t  d i scussed  by  T u r n e r  (7)  who  
desc r ibes  t he  e t ch ing  p h e n o m e n o n  for  Si  or  Ge in 
t he  HF-HNO3-H~.O s y s t e m  as be ing  e l e c t r o c h e m i c a l  
in na tu r e .  S e m i c o n d u c t o r  m a t e r i a l  goes in to  so lu-  
t ion b y  f o r m i n g  w a t e r  so lub le  c o m p l e x e s  w i t h  t he  

Table I. Comparison of etch compositions and the effects 
on GaSh junctions 

S o l u -  
t i o n  composition in vol % Effect 

HF HNO3 H20 
(a)  modera te  gas evolu-  

t ion 
1 10 40 50 (b) r ap id  junct ion  de l in -  

eat ion by  differen-  
t ia l  etch ra te  

2 20 30 50 (c) p - t y p e  surface shiny 

(a) l i t t le  gas evolut ion 
3 19 19 62 (b) slow del ineat ion by 

d i f f e r e n t i a l l y  r e -  
flected l ight  

4 12 29 59 (a) l i t t le  gas evolut ion 
5 13 20 67 (b) r ap id  del ineat ion  by  

d i f f e r e n t i a l l y  r e -  
flected l ight  

(a) no gas evolut ion 
6 6 31 63 (b) c o m p l e t e  s u r f a c e  

b lackening  

7 31 6 63 No appa ren t  react ion 
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F-  an ion  on the  anod ic  p - t y p e  s ide  w h i l e  t he  o x i -  
d iz ing  agent ,  HNO~, is r e d u c e d  on  t h e  ca thod ic  n -  
t y p e  s ide  of t h e  junc t ion .  

The  e tch  r a t e  cou ld  be  s ign i f i can t ly  r e d u c e d  w i t h  
i n c r e a s e d  w a t e r  d i lu t ion .  So lu t ions  4, 5, and  6 w e r e  
t y p i c a l  of t h e  s l ower  r e a c t i o n  r a t e  w h i c h  was  ac -  
c o m p a n i e d  b y  v e r y  l i t t l e  gas  evo lu t ion .  A d i f fe rence  
in t he  re f lec ted  l i g h t  i n t ens i t i e s  on e i t he r  s ide  of 
t he  j u n c t i o n  was  o b s e r v e d  w i t h i n  t he  specif ied 
e t ch ing  per iod .  In  th is  connec t ion  the  a p p a r e n t  
v a r i a t i o n  in re f lec ted  l i gh t  i n t e n s i t y  was  r e m i n i s -  
cen t  of t he  s ta in  e tch  d e s c r i b e d  b y  F u l l e r  (8)  and  
the  A u  c h e m i p l a t i n g  (9)  on Si p - n  j u n c t i o n  d i s -  
cussed  b y  the  au tho r ,  in w h i c h  a p h o t o v o l t a i c  effect  
was  a t t r i b u t e d  to t h e  d i f f e r en t i a l  s t a in ing  or  p l a t i n g  
act ion.  F r e s h  so lu t ions  s im i l a r  to 4 t h r o u g h  6 w e r e  
used  to e tch  the  s p e c i m e n  u n d e r  t he  l i gh t  of a 60 -w  
t u n g s t e n  source  as we l l  as in  t h e  d a r k .  U n d e r  bo th  
cond i t ions  t he  j u n c t i o n s  w e r e  r e p r o d u c i b l y  d e -  
l i n e a t e d  so t h a t  th i s  effect  was  no t  cons ide r e d  to  
be  s igni f icant  in  th is  case.  The  p r e s e n t  case is no t  
to b e  confused  w i t h  a s ta in  w h i c h  has  been  a t -  
t r i b u t e d  to t he  p r e s e n c e  of an  ox ide  l a y e r  on t h e  
p - t y p e  s ide  of t he  j u n c t i o n  in S i  (7) .  F u r t h e r m o r e ,  
w h e n  a S i  s p e c i m e n  so s t a i n e d  is v i e w e d  u n d e r  a 
t o w - p o w e r  mic ro scope  us ing  ob l i que  l igh t ,  t h e  a p -  
p a r e n t  co lor  c o n t r a s t  r e m a i n s  i n v a r i a n t  w i t h  spec i -  
m e n  ro t a t i on .  This  is no t  t he  case  for  G a S b  e t ched  
in s l owly  r e a c t i n g  so lu t ions  such  as 4 to 6. Upon  
r o t a t i n g  the  s p e c i m e n  the  c o n t r a s t  in the  l i g h t  i n -  
t e n s i t y  can  be  o b l i t e r a t e d  or  r e v e r s e d  d e p e n d i n g  
on the  a n g l e  of  i nc idence  of t he  l i gh t  as  w e l l  as  
t he  ang le  in  t he  p l a n e  of s p e c i m e n  ro ta t ion .  This  
is e x a c t l y  s im i l a r  to t he  d i f f e r en t i a l  r e f l ec t iv i ty  
f r o m  d i f f e ren t  face t s  on an  a b r a d e d  s ingle  c r y s t a l  
or  f r o m  d i f f e ren t  g r a i n  o r i e n t a t i o n s  on p o l y c r y s t a l -  
l ine  spec imens .  H o w e v e r ,  in th is  case  t he  c r y s t a l  
o r i e n t a t i o n  is t he  same,  b u t  t h e  i m p u r i t y  con ten t  
is d i f fe ren t .  

The  c o n t r a s t  in re f lec ted  l i gh t  i n t ens i t i e s  f r o m  
the  s p e c i m e n  su r f ace  was  e n h a n c e d  as one in -  
c r ea sed  the  r a t i o  of HNO,  to t-IF, p r o d u c i n g  an  eas i ly  
d e l i n e a t e d  j u n c t i o n  as seen in Fig .  1 un t i l  one a p -  
p r o a c h e d  cond i t ions  in  so lu t ion  6 w h e r e  a b l a c k e n -  
ing  of t he  en t i r e  sur face ,  p r e s u m a b l y  due  to o x i d a -  

t ion  b y  excess ive  HNO3 a n d  H20, c o m p l e t e l y  
o b s c u r e d  t h e  junc t ion .  R e v e r s i n g  th i s  r a t i o  to a 
h igh  c o n c e n t r a t i o n  of HF,  as in so lu t ion  7, l e ads  to 
a cond i t i on  of no a p p a r e n t  reac t ion .  

I t  is of i n t e r e s t  to no te  t h a t  in  c o n t r a s t  to so lu t ion  
5, if one  subs t i t u t e s  g l ac ia l  ace t ic  ac id  for  w a t e r  
as t he  d i luen t ,  r a p i d  e t ch ing  occurs ,  and  the  en t i r e  
su r f a c e  is l e f t  w i t h  a s h i n y  l u s t e r  w h i c h  r e v e a l s  
n e i t h e r  j u n c t i o n s  no r  g r a i n  b o u n d a r i e s .  

Conclusion 
F r o m  the  fo rego ing  discuss ion,  i t  can  be  seen 

t h a t  G a S b  p - n  j u n c t i o n s  can  be  r e v e a l e d  r e a d i l y  b y  
two  d i f f e ren t  r a t e s  of d i f f e r e n t i a l  c h e m i c a l  a t t ack .  
The  first  is a r a p i d  d i f f e r e n t i a l  e tch  r a t e  in w h i c h  
t h e  p - t y p e  r e g i o n  e tches  f a s t e r  t h a n  the  n - t y p e  
reg ion .  A r e p r e s e n t a t i v e  compos i t i on  is 15% HF:  
35% H N O , : 5 0 %  H~O. F o r  a p p l i c a t i o n s  w h e r e  t he  
e tch  r a t e  is v e r y  smal l ,  b u t  d i f f e ren t i a l  r e f l ec t iv i ty  
is des i red ,  a t y p i c a l  compos i t i on  12% H F : 2 5 %  
HNO,:  63 % H~O wi l l  suffice. 

I t  has  been  s h o w n  t h a t  b y  a j ud i c ious  choice of 
the  compos i t ion  of the  HF:HNO3:H.oO sys tem,  n - p  
j u n c t i o n s  and  d i f f e r en t l y  o r i e n t e d  g r a i n s  in  p o l y -  
c r y s t a l l i n e  spec imens  can  be  r e v e a l e d  a n d  d e l i n e -  
a t ed  b y  a s imple ,  s t r a i g h t f o r w a r d  e t ch ing  t e c h -  
n ique .  
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E x p e r i m e n t a l  m e a s u r e m e n t s  of t h e  p o l a r i z a t i o n  
c a p a c i t a n c e  of t he  e l ec t r i ca l  doub le  l a y e r  a t  a m e -  
ta l l i c  su r f ace  in  a n o n a q u e o u s  e l ec t ro ly t i c  so lu t ion  
w e r e  u n d e r t a k e n  a t  th is  l a b o r a t o r y  as a p a r t  of an  
e v a l u a t i o n  s u r v e y  of v a r i o u s  m e t h o d s  of m e a s u r i n g  
i r r e g u l a r i t i e s  in  m e t a l l i c  surfaces .  Resu l t s  f r o m  tes ts  
us ing  p o t a s s i u m  iod ide  as  t he  e l e c t r o l y t e  and  f o r -  

1 A d e t a i l e d  r e p o r t  of  these experiments is  a v a i l a b l e  ~ rom t h e  U n i -  
v e r s i t y  of  A r k a n s a s  T e c h n o l o g y  C a m p u s ,  L i t t l e  Rock ,  in  r e p o r t  n u m -  
b e r  W A D C - T R - 6 0 - 9 7 .  

m a m i d e  as  t he  n o n a q u e o u s  so lve n t  (0.25M K I -  
HCONH~) sugges t  t ha t  th is  s y s t e m  could  be  e m -  
p loyed ,  w i t h  some modi f i ca t ion  in  t echn ique ,  to d e -  
t e r m i n e  r o u g h n e s s  f ac to r s  for  m e t a l l i c  sur faces .  

The  p o l a r i z a t i o n  c a p a c i t a n c e  was  m e a s u r e d  as an  
impe da nc e ,  us ing  a modi f i ca t ion  of G r a h a m e ' s  b r i d g e  
c i rcu i t  (1) .  The  e l e c t r o l y t i c  m e d i u m ,  0 .25M-KI  ,- 
HCONH~, was  p r e p a r e d  f r o m  r e a g e n t  g r a d e  c h e m i -  
cals  and  s u b s e q u e n t l y  f lushed w i t h  h e l i u m  for  24 
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Fig. 1. Mercury and amalgamated copper polarization capaci- 
tance: solid circle, mercury; open circle, amalgamated copper. 
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" r o u  hit  Fig. 2. Copper polarization capacitance: solid circle, g 
electrode; open circle, "smooth" electrode. 
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Fig. 3. Stainless steel polarization capacitance: solid circle, 
"rough" electrode; open circle, "smooth" electrode. 

hr preceding polar izat ion exper iments .  A he l ium 
a tmosphere  was main ta ined  in the 300 ml P y r e x  
test  cell dur ing  exper iments .  A l a rge - a r ea  gold-foi l  
cyl inder  was employed as a nonpolar izable  electrode. 
Al l  voltages were  read  re la t ive  to this  gold-foi l  
electrode. 

The meta ls  used in these tests were  mercury ,  
ama lgamated  copper, copper, stainless steel, a lu -  
minum, and t i tanium. The design of the mercu ry  
pool electrode holder  was s imi lar  to tha t  descr ibed 
by McMullen and Hacke rman  (2) ,  consist ing of a 
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POTENTIAL (volts relative to gold foil electrode) 

Fig. 4. Aluminum polarization capacitance: solid circle, "rough" 
pretreated electrode; open circle, "smooth" pretreated electrode; 
triangle, untreated electrode. (Note: Differences in polarization 
capacitance between "rough" and "smooth" untreated electrodes 
were too small to show on graph.) 
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Fig. 5. Titanium polarization capacitance: solid circle, "rough" 
pretreated electrode; open circle, "rough" untreated electrode. 

Teflon cup a t tached to a length  of P y r e x  tubing.  The 
ama lgamated  copper  electrode was p repa red  by 
first e lec t ropla t ing mercu ry  on copper and then d ip-  
ping into meta l l ic  mercury .  The sol id  me ta l  elec-  
t rodes consisted of small  cylinders,  each sealed to 
a P y r e x  tube  whose outer  d iamete r  equal led tha t  
of the  meta l  cylinder.  For  each solid metal ,  two 
electrodes were  prepared ,  one of which was ab raded  
wi th  320-gri t  sandpaper  for a " rough" surface and 
the other  wi th  800-gri t  sandpaper  for a r e la t ive ly  
"smooth" surface. The surfaces were  r insed wi th  
doubly  dis t i l led wa te r  to remove any foreign p a r -  
ticles present  af ter  the  abras ion process. The ap-  
pa ren t  surface area  of each e lect rode was 1 cm ~. 
F igures  1-5 show typica l  polar izat ion capaci tance 
curves using these electrodes.  

Surfaces of a luminum and cer ta in  other meta ls  
(e.g., tan ta lum,  t i t an ium)  are  normal ly  covered by  
a na tu r a l l y  occurr ing oxide film. This film is con- 
s idered to be the cause of the abnorma l ly  low po la r -  
izat ion capaci tance usual ly  exhib i ted  by  these me t -  
als. Various film removal  methods have  been 
a t t empted  with  some success, but  they  have proved  
to be l a rge ly  unreproducible0 A 10% t r i sodium phos-  
phate  bath  immedia te ly  before  polar izat ion in the 
fo rmamide  solution wil l  deoxidize an a luminum 
surface sufficiently to give reproduc ib le  polar izat ion 
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capaci tance readings  of the  same order  of magni -  
tude as those of the other  meta ls  tes ted (Fig. 4). 
In this t r ea tmen t  the  a luminum is: (a)  immersed  
in a hot  (65~ ba th  of Na~PO~ unt i l  effervescence 
of hydrogen  infolds the surface completely;  (b)  
t r ans fe r red  to an acetone ba th  unt i l  gas evolut ion 
is complete;  (c) r insed in doubly  dis t i l led wa te r  to 
displace any res idual  Na~PO~; (d)  r insed again in a 
separa te  solution of the e lec t ro ly te  before being 
placed in the polar izat ion cell. Reox ida t ion -p re t r ea t -  
men t -po la r i za t ion  cycles were  repea ted  severa l  
t imes wi th  the  a luminum electrodes.  Capaci tance 
readings  were  consis tent ly wi th in  • 0.05 ~F /cm ~ of 
the ini t ia l  values  obtained using this method. 

A t i t an ium electrode p re t r ea t ed  in this  same man-  
ner  responded with  a rise in capaci tance (Fig. 5). 

The resul ts  of these exper iments  indicate  that  
this system offers a re l iab le  and compara t ive ly  s im- 
ple method of obtaining re la t ive  roughness factors 
for metal l ic  surfaces. 

Manuscript received Sept. 13, 1960; revised manu- 
script received Sept. 22, 1961. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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The Effective Duration of a Linear Slow-Cool 
Daniel Richard Killoran 

Michigan State University,  East Lansing, Michigan 

In the  diffusion of impur i t ies  into l ow-qua l i t y  
semiconductor  mater ia l ,  anneal ing is often prac t iced 
to avoid the undes i rab le  effects of the rmal  shock. 
When the anneal ing is done at a constant  t e m p e r a -  
ture,  the effective dura t ion  is s imple to calculate,  
but  if the t empera tu re  is a l lowed to vary,  t r ia l  and 
er ror  methods  have been re l ied  upon. This paper  
examines  the popular  method  of a l lowing the t em-  
pe ra tu re  to fal l  l inear ly  wi th  time. In pa r t i cu la r  
we wish to find what  length  of time, at  the ini t ia l  
t empera tu re ,  wil l  produce the same diffusion as an 
indefini tely prolonged slow-cool.  

Given the diffusion equat ion 

O C a~C 
-- D { O } -  [ I ]  

at  ax ~ 

where C is the impurity concentration, 6 is the tem- 
perature, t is the actual physical time, x is the dis- 
tance from the surface, and D is the diffusion con- 
stant, we define a new variable (~) by the relation 

dr = D(8{ t } )  dt  [2] 

We shall  assume l inear  dependence of t emper -  
a ture  on time. 

8o --  0 = Rt [3] 

where  (8~ is the  ini t ia l  t empera ture ,  and R is the 
ra te  at  which t empera tu re  is fa l l ing with  time. 

For  most diffusion processes 

D = Do exp {-- k/8} [4] 

where k and D. are constants. 
Inserting [3] and [4] into [2] and integrating 

f '  k } d s  
---- D, exp f - -  8o --  Rs 

[5] 

where  s is used as the in tegra t ion  var iable .  
Let t ing  

k 
X - -  

Oo --  Rs  
[6] 

we have  

. d x - -  [7]  T =  R oo x o_ / (oo-~ x '~ dx  

Now define 

e-X 
K ( y )  = f l  - - ~ d x  [8] 

In tegra t ing  [8] by parts ,  we have  

e-y 
K ( y )  -- + E i ( - - y )  [9] y~ 

where  Ei{--y}  is the w e l l - know n  exponent ia l  in te-  
gral  function. (See the  Handbook of Chemis t ry  and 
Physics  for t ab les ) .  

For  a tong slow-cool,  the  second t e rm in [7] is 
small, so we have approx ima te ly  

However,  the  exponent ia l  in tegra l  is not com- 
monly  t abu la ted  for the range  of values of the a rgu-  
ment  in which we are interested,  so we in tegra te  [8] 
by par t s  and obtain 
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e-~ { 1"2 1"2"3 . . . .  } 
K ( x )  - ~ .  x ~' 1 - - - - x  + x 2 + [11] 

Us ing  a m o r e  c o n v e n i e n t  f o r m  for  t h e  expon e n t i a l ,  

1 - -  2 / x  + 6 / x  ~ -  + . �9 �9 
K ( x )  [12] 

x ~ antilog~0 (0, 43 x )  

In  the  spec ia l  case of s eek ing  the  ef fec t ive  t i m e  a t  
the  i n i t i a l  t e m p e r a t u r e ,  the  e x p o n e n t i a l  cance l s  w h e n  
we  inse r t  [4]  in to  [10] a n d  w e  h a v e  s i m p l y  

t e o :  - - 2  -~ 6 \ k ! - - + .  �9 �9 [13] 

E x a m p l e :  B o r o n  is d i f fused  into  s i l icon for  5 h r  a t  
1200~ T h e n  the  t e m p e r a t u r e  is d e c r e a s e d  at  a r a t e  
of 2 o / m i n  to r o o m  t e m p e r a t u r e .  

I f  t he  d i f fus ion  w e r e  to  be  done  at  a cons t an t  t e rn-  
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p e r a t u r e  of 1200 ~ i n s t e a d  of s l o w - c o o l i n g  it, how 
long a d i f fus ion is n e e d e d ?  

S o l u t i o n :  W e  a r e  g iven  R = 2 ~  8o = 1200~ 
-~ 273 = 1473~ 
40,800~ 
T h e r e f o r e  

~o~ (1473) ~ 
te~ ~ 

k R 2 X 40,800 

A n d  for  bo ron  in si l icon,  k ---- 

ra in  ----- 27 m i n  

is t he  effect ive  l e n g t h  of t he  s low cool, w i t h  an  e r r o r  
of less t h a n  10 %. 

Consequen t ly ,  to o b t a i n  t he  s ame  d i f fus ion  w e  
m u s t  l e a v e  the  s i l icon a t  1200~ for  5 h r  + 27 m i n  ---- 
5.45 hr.  

Manuscr ip t  rece ived  Oct. 16, 1961. 

Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1962 
JOURNAL. 



The AgO-Ag O Electrode in Alkaline Solution 

Thedford P. Dirkse 
Department of Chemistry, Calvin College, Grand Rapids, Michigan 

ABSTRACT 

The standard potential of the AgO/Ag~O/OH- electrode has been found by 
direct measurement against a hydrogen electrode to be 0.599 • 0.001v at 25~ 
The value appears to vary slightly with KOH concentration. Furthermore, 
dE/dT values appear to change with KOH concentration as well as with tem- 
perature. Voltages measured with pellets of AgO and Ag~O show that the 
voltage is determined by the materials present at the grid. 

It became evident  whi le  doing a l i t e ra tu re  search 
on s i l v e r ( I I ) o x i d e  that  ve ry  l i t t le  work  has been 
done to de te rmine  the s tandard  electrode potent ia l  
of the  s i lver  (I)  ox ide-s i lver  ( I I )ox ide  couple in a l -  
kal ine solutions. Some careful  work  has been done 
wi th  the Ag++-Ag § couple in acid solutions (1),  but  
the l i t e r a tu re  shows nothing corresponding to this 
in a lkal ine  solutions. Nor is there  much t h e r m o d y -  
namic data  f rom which the potent ia l  of this couple 
could be calculated.  

Some of the  ear l ies t  work  in this  area  was tha t  
of Lu ther  and Pokorny  (2).  They fol lowed the oxi-  
dat ion of s i lver  in 1N NaOH and measured  the po-  
ten t ia l  difference be tween  tha t  e lectrode and a 
H g O / H g / O H -  electrode in the same solution. Their  
resul ts  give the  potent ia l  of this  couple on the h y -  
drogen e lect rode scale as 0.57v, and they  suggested 
that  this value  was independent  of OH- concent ra-  
tion. They observed also tha t  the difference be-  
tween the poten t ia l  of the AgO/Ag~O/OH- and the 
Ag/Ag~O/OH- couples was 0.23v. These resul ts  
were  confirmed by  others (3).  

La te r  Hickling and Taylor  (41 measured  the po-  
tent ia l  of the  AgO/Ag~O/OH- couple in 1N NaOH 
against  a calomel electrode and obtained a value  
of 0.63v instead of the  va lue  repor ted  by  Lu the r  
and Pokorny.  Hickl ing and Taylor  p repa red  the i r  
e lectrode by  making  a s lu r ry  of the  two oxides. 
Electr ical  contact  was made b y  means  of a p l a t i -  
num wire  d ipped into the  mixture .  This mat te r  of 
the construct ion of the electrode may  be significant 
as wi l l  be pointed out later .  

St i l l  other  resul ts  on the  potent ia l  of this couple 
were  repor ted  (5),  but  in only one case has an a t -  
t empt  been made  to de te rmine  E ~ for this  couple 
(6).  Bonk and Gar re t t  found this  E ~ value  to be 
0.604v by measur ing  the vol tage of the cell 

Pt, Ag_~O(s), A g ( s )  IIM NaOH 1 AgO(s ) ,  
Ag~O(s), Pt  

They also measured  dE/t iT for  this cell and f rom 
this ca lcula ted var ious  the rmodynamic  values  for 
AgO. Previous  to this, the  only the rmodynamic  
da ta  de te rmined  independen t ly  was tha t  of J i r sa  
et al. (7),  who measured  the heat  of react ion of 
AgO wi th  hydraz ine  and the hea t  of solution of 
AgO both in perchlor ic  acid and in ni t r ic  acid. 

F rom this they  concluded tha t  the  hea t  of fo rma-  
tion of Ag~O~ is close to 5400 cal /mole .  This cor re-  
sponds to 2700 ca l /mole  using the more genera l ly  
accepted formula,  AgO. 

There  are  severa l  difficulties to be overcome in 
making emf measurements  wi th  the  AgO/Ag~O 
couple. There  is, e.g., the ma t t e r  of the  p repara t ion  
of the  electrode. I t  was found in our work  tha t  
when a s lu r ry  of AgO and Ag~O was p repa red  and 
a p la t inum wire  was used to make  electr ical  con- 
tact,  the  measured  emf was fa i r ly  steady,  but  it  
gave a value  of about  0.4v on the hydrogen  elec-  
t rode scale. Other workers ,  however,  have been 
more  successful wi th  this  type  of e lectrode (6 / . 
Using only a s lu r ry  of AgO, a somewhat  lower 
value  was obtained.  A s imilar  difficulty has been 
pointed out wi th  respect  to the Ag/Ag~O couple 
(8).  For  this l a t te r  couple the  difficulty was r e -  
solved by insur ing in t imate  contact be tween the 
two solid phases in the electrode.  

Another  possible difficulty arises f rom the fact 
that  not all  methods  suggested for the p repara t ion  
of s i lver  (II)  oxide yie ld  the  same product  (9).  This 
work  of Schwab and H a r t m a n n  raises some ques-  
t ion about the oxide produced by  anodizing a si lver 
n i t ra te  solution be tween  p la t inum electrodes and 
then  boil ing the  product  wi th  water .  The AgO used 
by  Hickl ing and Taylor  (4) was p repa red  in this  
manner .  

The purpose of this work  was to de te rmine  the 
s tandard  potent ia l  of the AgO/Ag_~O/OH- electrode 
by  direct  measurement  against  the hydrogen  elec-  
trode. 

Experimental 
The cell used in this work  can be represen ted  as 

follows 

Pt, H~(g) IKOH(aq)  I A gO ( s ) ,  Ag~O(s), P t  

The construct ion of the cell, the method of p r epa r -  
ing and storing the electrolyte ,  the procedure  used 
in making  a run, the method for ana lyz ing  the elec-  
t rolyte ,  and the t ra in  used to pur i fy  the  hydrogen 
have  all  been descr ibed prev ious ly  (10). A new 
hydrogen  electrode was p repa red  for  each run. 

Severa l  methods were  used to p repa re  the AgO/  
Ag,O electrodes. Some were  p repa red  by  past ing 
moist  AgO on a Pt  screen about  1 cm ~ and folded 
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Table I. Electrolyte concentrations and cell voltages at 25~ for the cell 
Pt, H~ I KOH(aq) I AgO, Ag20, Pt 

S o l u t i o n s  
H2 e l e c t r o d e  A g O  e l e c t r o d e  

Ece119 v Pbar,  m m  Ejm~x, V m all20 m ~ H 2 O  E l e c t r o d e  E~  v 

1.4251 738 0.0000 0.199" 0.994 0.200* 0.994 A 0.5979 
1.4248 744 --0.0002 0.251 0.992 0.248 0.992 C 0.5973 
1.4278 742 --0.0003 0.396 0.987 0.391 0.987 A 0.5998 
1.4268 746 0.0000 0.580 0.980 0.579 0.980 C 0.5990 
1.4278 744 --0.0002 0.742 0.974 0.737 0.974 C 0.6000 
1.4276 748 --0.0002 1.031 0.963 1.024 0.963 C 0.5994 
1.4270 743 0.0000 1.056 0.962 1.056 0.962 C 0.5991 
1.4278 739 0.0000 1.750 0.934 1.750 0.934 C 0.5995 
1.4278 746 --02001 2.023 0.922 2.020 0.922 C 0.5991 

Average 0.599 

* NaOI-I w a s  u s e d  a s  t h e  e l e c t r o l y t e  i n  t h i s  cel l .  

to make  a t rough.  The AgO used was tha t  c o m m e r -  
c ial ly  ava i l ab le  f rom Merck  and  Co. and  also f rom 
the  M. Ames  Chemica l  Works.  These  electrodes 
were  a l lowed to s t and  in  wa t e r  and  in  a d i lu te  
KOH solut ion for severa l  weeks  to age t h e m  and  to 
produce  a film of Ag.~O on the surface  (11).  The 
resul ts  ob ta ined  wi th  two such electrodes are g iven 
in  Tab le  I, and  the resul ts  ob ta ined  by  us ing  a th i rd  
one are  shown  on Fig.  1. 

A n o t h e r  e lectrode was  p r epa red  by  pas t ing  an  
aqueous  s l u r r y  of Ag~O on  a 40 mesh  n icke l  screen 
and  t h e n  t r ea t ing  this  anodica l ly  for 24 hr  in  a 
K O H  solut ion.  Af te r  m a k i n g  a series of m e a s u r e -  
men t s  wi th  this  electrode,  shown  on Fig. 1, it was 
placed in  a 14% K O H  solu t ion  and  kep t  in the  da rk  
for  a week. Then  this  K O H  solu t ion  was boiled, 
w i th  the  electrode st i l l  in  it, for 15 m i n  and  set 
aside for ano the r  day, at  which  t ime  ano the r  series 
of m e a s u r e m e n t s  was  made  wi th  this  electrode.  
These last  resul ts  agreed w i t h i n  a mi l l ivo l t  wi th  
those de t e rmined  ear l ie r  for this same electrode. 
This was  done to get an  es t imate  of the  s tab i l i ty  of 
the  electrode.  

E 
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Fig. 1. Electrode potential of silver oxide electrodes vs. the hy- 
drogen electrode: o, electrolyfically prepared AgO on nickel screen 
grid; o, chemically prepared AgO on Pt screen grid; X, AgO~.B on 
Pt screen grid; [ ] ,  Ag/Ag~O electrode on Pt screen grid. 

A th i rd  type  of electrode was p r epa red  by  pas t -  
ing an  aqueous  s l u r r y  of Ag~O on a 40 mesh  Pt  
screen. This was reduced  t h e r m a l l y  to Ag and  then  
the  e lect rode was t r ea ted  anodica l ly  at a cons tan t  
potent ia l ,  about  350 m v  above the revers ib le  A g /  
Ag...O/OH- potent ia l ,  in  a 21% K O H  solut ion for 7 
weeks.  It  was  t h e n  soaked in  dis t i l led  water ,  d r ied  
in  a s t ream of N_~ at room t empera tu r e ,  and  p laced  
in  a desiccator  for at  least  a day.  A s s u m i n g  the  
weight  ga ined  by  this  e lectrode to be due solely to 
oxygen  added d u r i n g  the  ox ida t ion  process, this  
e lect rode had a composi t ion tha t  can be r ep resen ted  
as AgO .... M e a s u r e m e n t s  wi th  this  e lectrode gave  
va lues  tha t  were  in  a g r e e me n t  w i th  those of the 
o ther  electrodes,  Fig. 1. The x - r a y  diffract ion pa t -  
t e rn  of this e lectrode had peaks ident ica l  to those 
ob ta ined  f rom AgO. 

F igu re  1 shows tha t  the  electrodes p r epa red  by  
these var ious  methods  all  have  the same electrode 
po ten t i a l  value .  

The cell was i m m e r s e d  in  a c o n s t a n t - t e m p e r a -  
tu re  ba th  kept  at  25 ~ • 0.05~ This  was measu red  
wi th  a t h e r m o m e t e r  which  had  been  ca l ib ra ted  by  
the  Na t iona l  B u r e a u  of S tandards .  A Rub icon  po r t -  
able  po t en t iome te r  was used to m a k e  the  vol tage  
readings .  It  was checked f rom t ime to t ime aga ins t  
a Na t iona l  B u r e a u  of S t a nda r ds  ca l ib ra ted  s t and -  
a rd  cell, and  could be read  to 0.1 my.  A r u n  was  
cons idered  acceptable  on ly  if the  tota l  va r i a t i on  of 
cell vol tage  read ings  was less t h a n  0.5 m v  over  a 
3 -h r  period. F u r t h e r m o r e ,  the  resul t s  were  re -  
jec ted if there  was a cons tan t  a l though  smal l  dr i f t  
in  vol tage  d u r i n g  this  t ime.  Li t t le  difficulty was  
exper ienced  in  ge t t ing  a s table  H~ electrode. In  one 
case cell vol tages  were  cons t an t  w i t h i n  a mi l l ivo l t  
for 48 hr. Some cells were  also r u n  at  45 ~ • 0.2 ~ 
a nd  0 ~ • 1~ 

Results 

The reac t ion  for the Ag/Ag.~O/OH- electrode is 
g iven  in Eq. [1]. 

Ag~O ~- H~O ~- 2e ~ 2Ag ~ 2 OH- [1] 

The va r i a t ion  of the po ten t i a l  of this  couple  wi th  
OH- and  so lvent  ac t iv i ty  is the same as tha t  of the  
AgO/Ag~O/OH- electrode in  the  same solut ion,  Fig. 
1. This  indica tes  tha t  the c o n t r i b u t i o n  of H._,O and  
OH- is the same for bo th  these electrode react ions,  
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and  the  r e a c t i o n  of t he  l a t t e r  e l ec t rode  is t h e n  
t a k e n  .,to b e  

2AgO -t- H~O -F 2e --~ Ag~O -~ 2 OH- [2]  

T a b l e  I l is ts  the  r e su l t s  of cel l  v o l t a g e  m e a s u r e -  
m e n t s  and  the  ana lys i s  of t he  so lu t ions  in t h e  e l ec -  
t r o d e  c o m p a r t m e n t s .  The  e l ec t rode  r eac t i ons  w e r e  
a s s u m e d  to be  Eq. [2]  and  [3] .  

H2 -b 2 OH- ---- 2H~O -b 2e [3]  

The  e q u i l i b r i u m  e l ec t rode  p o t e n t i a l s  for  each  of 
these  r eac t ions  as w r i t t e n  is, a t  25~ 

EA~ = E%~oj~g~o - -  0.05916 log aoH- -t- 0.02958 log  a~o 
[4] 

E .  = 0 . 8 2 8 2 -  0.05916 log aH~o 

A- 0.05916 log  aoH- -t- 0.02958 log a.= [5]  

The  a c t i v i t y  of t he  OH- ions was  c a l c u l a t e d  f rom 
the  d a t a  of  A k e r l o f  and  B e n d e r  (12) .  The  a c t i v i t y  
of the  so lven t  a t  25~ was  c a l c u l a t e d  f r o m  th is  
s ame  w o r k  w h i l e  t he  va lue s  a t  O ~ a n d  45~ w e r e  
c a l c u l a t e d  us ing  the  t r e a t m e n t  d e s c r i b e d  b y  L e w i s  
and  R a n d a l l  (13) .  The  a.~ was  t a k e n  to be  e q u a l  to 

(P~.,~ m m  --  aH_~o �9 23.76 m m ) / 7 6 0  m m  [6]  

As a first  a p p r o x i m a t i o n ,  t he  cel l  v o l t a g e  a t  e q u i -  
l i b r i u m  is 

E .... ~-- EA~ -t- EH [7]  

This  a s sumes  no j u n c t i o n  po ten t i a l .  Tab le  I shows 
t ha t  in some ins tances  t h e  so lu t ions  in the  two  e lec -  
t r o d e  c o m p a r t m e n t s  d id  no t  h a v e  e x a c t l y  t he  same  
compos i t ion .  Consequen t ly ,  t he  p o s s i b i l i t y  of a 
j u n c t i o n  p o t e n t i a l  m u s t  be  cons idered .  S ince  the  
so lu t ions  in t he  e l e c t r o d e  c o m p a r t m e n t s  d i f fe red  
on ly  in concen t r a t i on ,  t he  j u n c t i o n  p o t e n t i a l  m a y  
b e  cons ide red  as  due  to t h e  t r a n s f e r  of ions across  
t he  junc t ion .  I ts  v a l u e  t h e n  is g iven  b y  Eq. [8] .  

E~ = ( 2 t - - -  1) - 0.05916 log  ao~-~/aoH-n [8]  

w h e r e  ao~-~ and  aoH-H re fe r  to t h e  h y d r o x i d e  ion 
ac t iv i t i e s  in  t h e  s i lve r  and  h y d r o g e n  e l e c t r o d e  com-  
p a r t m e n t s ,  r e spec t i ve ly .  To e s t i m a t e  t h e  m a x i m u m  
v a l u e  of th is  j u n c t i o n  p o t e n t i a l  t-, t h e  t r a n s f e r e n c e  
n u m b e r  of t he  OH- ions, is a s s u m e d  to be  un i ty .  
E q u a t i o n  [8]  t hen  becomes  

E j ~  = 0.05916 log  ao~-A~/aoH-H [9]  

E q u a t i o n  [9]  has  been  used  to ca l cu l a t e  the  Ej .... 
v a lue s  g iven  in  Tab le  I. 

The  E%~o/A~.~o v a l u e s  in Tab le  I a r e  c a l c u l a t e d  
f rom Eq. [4] ,  [5] ,  and  [6]  a n d  a r e  b a s e d  on t h e  as -  
s u m p t i o n  of zero j u n c t i o n  po ten t i a l .  A s u m m a r y  of 
t he  m a x i m u m  u n c e r t a i n t i e s  i n t r o d u c e d  in to  these  
c a l c u l a t e d  E ~ va lue s  b y  the  v a r i o u s  e x p e r i m e n t a l  
ope ra t i ons  is g iven  in T a b l e  II .  

Table II. Maximum uncertainties introduced into E~ of 
Table I 

Poten t iomete r  reading  -4-0.2 
Act iv i ty  of solute • 
Ac t iv i ty  of solvent  _+0.02 
Act iv i ty  of hydrogen  +--0.05 

Total  • 
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The  E ~ v a l u e  of 0.599v is l a r g e r  t h a n  t h a t  g iven  
b y  L a t i m e r  (14)  b a s e d  on t h e  w o r k  of L u t h e r  a n d  
P o k o r n y  (2 ) ,  b u t  s m a l l e r  t h a n  t ha t  f o u n d  b y  B o n k  
and  G a r r e t t  (6) .  Us ing  t h e  v a l u e  0.599v, AF~ for  
r e a c t i o n  [2]  is --27.63 kcal .  F r o m  th is  a n d  o the r  ac -  
cep ted  f r ee  e n e r g y  v a l u e s  (8, 15) AF%8 for  t h e  f o r -  
m a t i o n  of AgO is 3200 c a l / m o l e .  

The  v a l u e  of 0.604 for  E ~ of t he  A g O / A g ~ O / O H -  
coup le  r e p o r t e d  b y  B o n k  a n d  G a r r e t t  (6)  was  d e -  
t e r m i n e d  b y  m e a s u r i n g  the  d i f f e rence  in p o t e n t i a l  
b e t w e e n  this  couple  and  the  A g / A g ~ O / O H -  coup le  
in t h e  s a m e  solut ion .  This  d i f fe rence  was  0.262v, 
and  E ~ for  t h e  l a t t e r  coup le  w a s  t a k e n  to  b e  0.342v. 
The  d i f fe rence  b e t w e e n  the  E ~ r e p o r t e d  in th i s  
p a p e r  (0.599) and  t h a t  r e p o r t e d  e a r l i e r  (10) for  
t h e  A g / A g 2 0 / O H -  couple  b y  d i r ec t  m e a s u r e m e n t  
vs. a h y d r o g e n  e l e c t r o d e  (0.338) is 0.261v, p r a c t i -  
c a l l y  t he  s ame  as the  d i f fe rence  r e p o r t e d  b y  B o n k  
and  G a r r e t t .  

T h e r e  seems  to be  some d e p e n d e n c e  of th is  E ~ 
v a l u e  on t h e  e l e c t r o l y t e  concen t r a t i on ,  Fig.  2. The  
l o w e r  va lue s  at  t he  low concen t r a t i ons  a r e  no t  d u e  
to p e r m a n e n t  changes  in or  d a m a g e  to t h e  e l ec -  
t rode .  Each  of  t he se  low v a l u e s  w a s  o b t a i n e d  w i t h  
a d i f fe ren t  e lec t rode .  One  of these  e l ec t rodes  w a s  
l a t e r  used  in  m o r e  c o n c e n t r a t e d  K O H  solu t ions  
and  t hen  gave  the  h i g h e r  v o l t a g e  v a l u e  o b t a i n e d  
w i t h  o the r  e l ec t rodes  in  such solut ions .  I t  a p p e a r s  
t ha t  these  low vo l t a ge  va lue s  a r e  a s soc ia t ed  w i t h  
t he  s t r e n g t h  of t he  a l k a l i  so lu t ion ,  and  th is  m a y  
ind i ca t e  a change  in e l ec t rode  r e a c t i o n  or  m e c h a n -  
ism. If  the  two  lowes t  po in t s  on Fig.  2 a r e  exc luded ,  
t hen  E ~ for  t h e  A g O / A g ~ O / O H -  e l ec t rode  a t  25~ is 
0.5994 • 0.0003v. 

To o b t a i n  f u r t h e r  t h e r m o d y n a m i c  da ta ,  t h e  t e m -  
p e r a t u r e  coefficient of t h e  e l ec t rode  p o t e n t i a l  for  
r e a c t i o n  [2]  was  m e a s u r e d .  F i g u r e  3 shows  the  
t e m p e r a t u r e  v a r i a t i o n  of th is  po ten t i a l .  T h r e e  d i f -  
f e r e n t  t e m p e r a t u r e s  w e r e  used.  F r o m  these  d a t a  a 
p lo t  of E vs. T can be  m a d e  for  va r i ous  OH- a c t i v i -  
t ies,  Fig .  4. The  t e m p e r a t u r e s  a r e  too fa r  a p a r t  to 
p e r m i t  a d e t e r m i n a t i o n  of dE/dT  v a l u e s  a t  a spe -  
cific t e m p e r a t u r e .  The  r e su l t s  do sugges t  t h a t  dE/ 
dT va r i e s  w i t h  K O H  c o n c e n t r a t i o n  as w e l l  as w i t h  
t e m p e r a t u r e .  This  also m a y  i n d i c a t e  t h a t  t h e  e l ec -  
t r o d e  r e a c t i o n  or  m e c h a n i s m  is not  t h e  s a m e  u n d e r  
a l l  t h e  cond i t ions  d e s c r i b e d  here .  T h e  p o s s i b i l i t y  

E ~ 
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Fig. 2. Variation of E ~ for the AgO/Ag20/OH- electrode with 
KOH concentration. 
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Fig. 3. Potential of the AgO/Ag~O/OH-  vs.  the hydrogen elec- 
trode as a function of temperature and OH-  activity. 
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Fig. 4. Variation of the potential of the AgO/Ag20/OH- elec- 
trode vs. the hydrogen eJectrode at  various OH- ion activities, 

of a mixed  po ten t ia l  seems to be ru l ed  out  because  
on ly  two solid species are present ,  AgO and  Ag~O. 

Bedwel l  (16) found  difficulty in  get t ing repro-  
ducib le  vol tage  va lues  above 30~ for a cell s imi la r  
to tha t  used by  B a n k  and  G a r r e t t  (6) .  However ,  
she did not  a t t r i bu t e  these difficulties to e i ther  
electrode as aga ins t  the  other.  Her  vol tage  va lues  
for this cell f rom 0 to 25~ were  l i nea r  and  fa i r ly  
reproducib le .  A s s u m i n g  tha t  the  va lues  on Fig. 4 
are l inear  f rom 0 to 25~ then  they  are  in  agree-  
m e n t  wi th  those of Bedwel l  as far  as compar isons  
can be made.  

A n  a t t emp t  was made  to re la te  the va lues  re -  
por ted  here  to the s i l v e r - z i n c - a l k a l i  cell. The  open-  
circui t  vol tages  (ocv) of this  sys tem are usua l ly  
1.85 and  1.60v, cor responding ,  it  is bel ieved,  to the 
presence  of the  AgO/Ag~O and  the Ag/Ag~O couple, 
respect ively .  These are  abou t  the  va lues  expected 
a s suming  E ~ va lues  of 0.599 and  0.338, respect ively ,  
for these two couples in a lka l ine  solutions.  

To check this, pel lets  of Ag20 and  AgO were  p re -  
pared  and  used in  a cell descr ibed p rev ious ly  (17). 
The pel lets  were  2.5 cm in  d i ame te r  and  abou t  1 
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Table Ill. Open-circuit voltages of silver oxide pellets 

Elec- Open-c i rcui t  vol tage  v s .  zinc 
t rade  Metal  Af te r  
pellet  back ing  At  s tar t  Af te r  charge  discharge 

Ag~O Ag 1.80 1.95 1.89 1.67 1.82 
Ag~O Pt 1.89 2.18 1.96 1.66 
AgO Ag 2.13 1.79 1.95 1.67 
AgO Pt 2.05 1.93 1.95 1.66 

m m  thick.  They  were  m a d e  f rom commerc ia l ly  
ava i l ab le  ma te r i a l  and  were  pressed at 5000 lb. 
The open ing  b e t w e e n  the pel le t  and  the  e lec t ro ly te  
was  6 m m  diameter .  The e lec t ro ly te  was  30% KOH 
to which  a smal l  a m o u n t  of ZnO had  been  added. 
The  ocv's were  m e a s u r e d  by  a G e n e r a l  Radio d-c  
e lec t romete r  hav ing  an  i n p u t  res i s tance  of 101~ 
ohms. The ou tpu t  f rom this  e l ec t romete r  was  fed 
into a recorder .  A sheet  of zinc served as the  nega -  
t ive electrode.  Elec t r ica l  contac t  to the pel le ts  of 
s i lver  oxide was  made  by  me a ns  of a p l a t i n u m  or 
s i lver  foil c lamped  aga ins t  the  pellet .  

The ocv was m e a s u r e d  over  a per iod of severa l  
hours.  Then  the  e lect rode was charged at 10 ma for 
about  30 rain, and  the  ocv was  aga in  m e a s u r e d  for 
an hour.  F i n a l l y  the  e lect rode was d ischarged  at 10 
ma for an hour  or more,  and  the  ocv was  aga in  
measu red  over a per iod  of an  hour  or so. Resul ts  
are shown  in  Table  III. "Meta l  back ing"  refers  to 
the  me ta l  foil used to m a k e  electr ical  contac t  wi th  
the pellet ,  and  the mu l t i p l e  va lues  refer  to the  fact 
tha t  the ocv va r i ed  f rom the first to the  second 
d u r i n g  the t ime  the  m e a s u r e m e n t s  were  be ing  
made.  

The ocv of the  fresh pel le ts  does not  cor respond 
to the po ten t i a l  for e i ther  reac t ion  [1] or [2].  The 
ocv of the f resh Ag~O pel le t  was s teady  bu t  con-  
s iderab ly  h igher  t h a n  tha t  of the  A g20 / A g  elec- 
t rode even  w h e n  Ag foil was  used as the  backing.  
These ocv's are l ike ly  those of a n o n e q u i l i b r i u m  
sys tem a n d / o r  those of a so l id -e lec t ro ly te  in te r face  
even  though  they  a pp r ox i ma t e  the  va lues  associ-  
ated wi th  the  p resence  of AgO. 

The ocv of the f resh AgO pel lets  was  uns teady ,  
s t a r t ing  at a h igh vol tage  a nd  fa l l ing  r ap id ly  at  
first. Wi th  the  Ag foil as back ing  no s teady  ocv was  
obta ined.  P r o b a b l y  the  AgO reacts  wi th  the  elec-  
t ro ly te  to fo rm Ag~O (11) so tha t  Ag20 and  AgO 
are  p resen t  at the  Ag foil. This  m a y  give a mixed  
po ten t i a l  or it m a y  p r e v e n t  a t t a i n m e n t  of equ i l i b -  
r ium.  Wi th  P t  foil as back ing  the  reac t ion  of AgO 
wi th  the e lec t ro ly te  produces  Ag~O giv ing  an A g O /  
Ag20 electrode on a P t  surface.  This decomposi t ion  
takes  place rapidly .  The ocv then  corresponds  to 
tha t  of the  AgO/Ag~O/OH- electrode a nd  is 1.93v 
in  the 30% KOH. This is subs t a n t i a l l y  the  same as 
the  ocv ob ta ined  af ter  the Ag~O pel le t  had  been  
charged  on a P t  foil backing.  In  the  case of the  AgO 
pellets,  the  smal l  charge  did no t  oxidize all  the 
Ag.oO tha t  had  been  fo rmed  p rev ious ly  on s tand  so 
tha t  the  ocv af ter  charge was  st i l l  t ha t  of the  A g O /  
Ag20/OH-  electrode.  

The  ocv cor responding  to the  Ag/Ag~O elect rode 
is obv ious ly  1.67v u n d e r  these  conditions, as seen 
f rom the  last  c o l u m n  in  Tab le  III.  The  r educ t ion  of 
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the  Ag20 pel le t  on a Ag foil back ing  gave an  ocv 
of 1.67v, bu t  this l a te r  increased  to 1.82v. This  no 
doub t  is due  to react ions  at  the  Ag foil which  could 
have  resu l ted  f rom the  dissolving of some Ag,  O in  
the  e lectrolyte ,  or some change  in  contact  of the  
back ing  wi th  the  pellet .  

Wi th  the  pa r t i a l  d i scharge  of the  AgO pel le ts  
on ly  a smal l  a m o u n t  of r educ t ion  could t ake  place 
because of the  smal l  q u a n t i t y  of c u r r e n t  w i t h d r a w n .  
At  the  end  of this  d ischarge  the  pel le t  was  l a rge ly  
AgO. W h a t  d ischarge  the re  was appea red  to have  
t aken  place at  the  backing.  Spots of reduced  Ag 
were  observed there  and  on ly  there.  I t  appears  
then  tha t  the  po ten t i a l  of the electrode is de t e r -  
m i n e d  solely by  the  ma te r i a l s  p resen t  at the  gr id  
and  not  by  the  b u l k  composi t ion  of the  pellet .  Here  
the  ocv cor responded  to tha t  of Ag~O/Ag even  
though  the  b u l k  of the  pe l le t  was  AgO. 

These resul t s  show, among  other  things,  tha t  
ocv's of s i lve r -z inc  cells in  the  ne ighborhood  of 
1.66v correspond to the  presence  of the  Ag/Ag.~O/ 
OH- sys tem in  the s i lver  electrode,  and  those n e a r  
1.93v cor respond to the  p resence  of the  AgO/Ag~O/  
OH- system. However ,  the  ocv's are  d e t e r m i n e d  by  
the  ma te r i a l s  p re sen t  at the  back ing  and  give no 
ind ica t ion  of the  composi t ion of the  electrode act ive 
mater ia l .  

I n t e r m e d i a t e  po ten t ia l s  or vol tages  have  been  
observed  (18) ,  and  these  p r o b a b l y  a re  mixed  po-  
ten t ia l s  due  to the presence  of AgO, Ag~O, and  Ag. 
This is l ike ly  also t rue  of ocv va lues  in  the  n e i g h -  
borhood of 1.85v. 

Acknowledgment 
The a u t h o r  wishes to express  his apprec ia t ion  

and  t h a n k s  to the  Office of Nava l  Research  for a 
g r an t  in  suppor t  of this  work,  to the M. Ames  
Chemica l  C o m p a n y  and  to Merck and  C o m p a n y  for 
supp ly ing  the  oxides used in  this  work,  to Dr. W. J. 
H a m e r  for his he lp fu l  comment s  and  suggest ions,  

and  to Dr. J. De Vries  for help wi th  the  e x p e r i m e n -  
ta l  work.  

Manuscript  received Aug. 9, 1961; revised manuscr ipt  
received Nov. 20, 1961. This paper was prepared for 
delivery before the Detroit Meeting, Oct. 1-5, 1961. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1962 
JOURNAL. 

REFERENCES 
1. A. A. Noyes and A. Kossiakoff, J. Am.  Chem. Soc., 

57, 1238 (1935); A. A. Noyes, D. De Vault, C. D. 
Coryell, and T. J. Deahl, ibid, 59, 1326 (1937). 

2. R. Luther  and F. Pokorny,  Z. anorg, u. allgem. 
Chem., 57, 290 (1908). 

3. F. Jirsa and J. Jelinek, ibid., 148, 130 (1925). 
4. A. Hickling and D. Taylor, Discussions Faraday 

Soc., 1, 277 (1947). 
5. P. Jones, H. R. Thirsk, and W. F. K. Wynne-Jones ,  

Trans. Faraday Soc., 52, 1003 (1956). 
6. J. F. Bonk and A. B. Garrett ,  This Journal,  106, 612 

(1959). 
7. F. Jirsa, J. Jelinek, and J. Srbek, Z. anorg, u. allgem. 

Chem., 158, 33 (1926). 
8. W. J. Hamer and D. N. Craig, This Journal, 104, 206 

(1957). 
9. G. Schwab and G. Har tmann,  Z. anorg, u. allgem. 

Chem., 281, 183 (1955). 
10. T. P. Dirkse, J. Chem. Eng. Data, 6, 538 (1961). 
11. P. Riietschi and R. F. Amlie, This Journal,  108, 813 

(1961). 
12. G. Akerlof and P. Bender, J. Am.  Chem. Soc., 70, 

2366 (1948). 
13. G. N. Lewis and M. Randall ,  "Thermodynamics,"  p. 

269, McGraw-Hil l  Book Co., Inc., New York 
(1923). 

14. W. M. Latimer, "Oxidation Potentials," 2nd ed., p. 
190, Prentice-Hail ,  Inc., New York (1952). 

15. "Selected Values of Chemical Thermodynamic  
Properties," National Bureau of Standards Cir- 
cular 500 (1952). 

16. M. E. Bedwell, "Thermodynamics  of the Zinc-Si lver  
Oxide Cell," Report No. Chem. 515, Feb. 1958, 
Royal Aircraft  Establishment,  Farnborough,  Eng-  
land. 

17. T. P. Dirkse, This Journal, 107, 862 (1960). 
18. C. P. Wales, ibid., 108, 395 (1961). 

Electrode Potentials and Thermal Decomposition 
of Alpha- and Beta-PbO 

R. T. Angstodt, C. J. Venuto, and P. R~etschi 
The Carl F. Norberg Research Center,  The E~ectric Storage Bat tery  Company,  Yardley ,  Pennsylvania  

ABSTRACT 

Electrode potentials of ~- and fi-PbO~ were measured in solutions contain-  
ing fixed amounts  of SO4-- ions or C10( ions, as a funct ion of pH. Oxygen 
overvoltage and ease of electrochemical reduction are correlated with anion 
adsorption and true surface area of the two oxide modifications. A method for 
synthesis of a-PbO~ by chemical means is described. Differences in the solid- 
state properties between ~- and fi-PbO2 are revealed by thermal  degradation to 
the intermediate  oxide PbO,, with 1.42 ~ x ~ 1.58. The uni t  cell of PbO~ was 
determined to be orthorhombic with ao z 7.76A, bo ~ 10.98A, and co z 15.31A. 

The  e lec t rochemica l  and  so l id-s ta te  proper t ies  of 
lead dioxide have  been  s tud ied  ex tens ive ly  in  re -  
cent  years ,  wi th  pa r t i cu l a r  emphas is  on the  po ly -  
m o r p h i s m  of the subs tance  (1-19) .  Both modif ica-  
t ions, the  o r tho rhombic  a-PbO.~ and  the t e t r agona l  

fl-PbO_~, are good conductors  of e lec t r ic i ty  (20-23) ,  
bu t  un t i l  r ecen t ly  l i t t le  q u a n t i t a t i v e  da ta  were  
ava i l ab le  on the i r  phys ica l  proper t ies .  Resul ts  w i t h  
nuc l e a r  and  e lec t ron  resonance  t echn iques  (24-26) 
are cons is tent  wi th  the concept  tha t  PbO2 behaves  
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as a me ta l .  The  K n i g h t  sh i f t  in the  PbO~ r e sonance  
is d e p e n d e n t  on the  d e n s i t y  of conduc t ion  e l ec t rons  
n e a r  t he  top  of t he  F e r m i  d i s t r i b u t i o n  and  is t h e r e -  
fo re  a q u a l i t a t i v e  m e a s u r e  of conduc t iv i ty .  F r o m  
the  r e l a t i v e  c h e m i c a l  sh i f t s  of  ~-  a n d  B-PbO~ (0.48 
for  a and  0.62 for  fl) ,  i t  a p p e a r s  t h a t  a-PbO~ m i g h t  
be  a s l i gh t ly  b e t t e r  conduc tor .  The  c o n d u c t i v i t y  of 
bo th  modi f i ca t ions  seems  to be  due  to a nons to i ch io -  
m e t r y ,  r e l a t e d  to t he  o x y g e n  deficiency.  The  a m o d i -  
f icat ion o f t en  t e n d s  to show a l o w e r  o x y g e n  conten t .  

I f  t he  o x y g e n  con ten t  of  fl-PbO~ is d e c r e a s e d  by  
t h e r m a l  decompos i t i on  b e l o w  P b O  ..... a n e w  c h e m -  
ical  c o m p o u n d  s t a r t s  to a p p e a r  in  t he  r eac t i on  p r o -  
duc t  (2 ,27-29) ;  a c o m p o u n d  w i t h  t he  compos i t ion  
P b O ,  w i t h  x --~ 1.5, is fo rmed .  The  c o r r e s p o n d i n g  
N M R a b s o r p t i o n  (25) ind ica t e s  an  inc rease  in t he  
K n i g h t  sh i f t  r e l a t i v e  to t he  m e t a l  w h i c h  c o r r e s p o n d s  
to a d e c r e a s e  in  conduc t iv i ty .  

The  p r e s e n t  p a p e r  p r e s e n t s  n e w  resu l t s  of e l e c t r o -  
c h e m i c a l  and  s o l i d - s t a t e  m e a s u r e m e n t s  w i t h  ~-  a n d  
fl-PbO~. In  p a r t i c u l a r ,  t h e r m a l  decompos i t i on  was  
s t u d i e d  w i t h  i m p r o v e d  t e chn iques  a n d  w i t h  spec ia l  
c ons ide r a t i on  of t he  p o l y m o r p h i s m  of PbO~. 

A l t h o u g h  a l a rge  a m o u n t  of w o r k  has  been  done 
on t h e r m a l  d e g r a d a t i o n  of PbO~ b y  e a r l i e r  i n v e s t i -  
ga tors ,  a lo t  of p r e v i o u s  r e su l t s  a r e  i nconc lus ive  and  
in  d i s a g r e e m e n t  w i t h  each  o ther .  Th is  is in p a r t  due  
to the  fac t  t h a t  e a r l i e r  i nves t i ga to r s  d id  no t  k n o w  
of the  p o l y m o r p h i s m  of PbO~. The  decompos i t i on  
p r o d u c t s  r e p o r t e d  b y  these  i n v e s t i g a t o r s  r a n g e  f rom 
Pb80,, Pb~O~, Pb~O~, Pb,O~, to i n t e r m e d i a t e  ox ides  
w i t h  v a r i a b l e  o x y g e n  content ,  ca l l ed  PbO, .  T h e  
c r y s t a l  s t r u c t u r e s  r e p o r t e d  for  these  c o m p o u n d s  
r a n g e  f rom f a c e - c e n t e r e d  cubic  (28)  to t e t r a g o n a l  
(28) to o r t h o r h o m b i c  (27) to monoc l in ic  (27) .  In  t he  
p r e s e n t  p a p e r  t he  decompos i t i on  p r o d u c t s  w e r e  
a n a l y z e d  c h e m i c a l l y  and  b y  x - r a y  t echn iques .  

E q u i l i b r i u m  e l e c t r o d e  p o t e n t i a l  s tud ies  and  k i n -  
et ic  m e a s u r e m e n t s  on o x y g e n  evo lu t i on  a n d  e lec -  
t r o c h e m i c a l  r e d u c t i o n  to P b S O ,  w e r e  p e r f o r m e d  wi th  
i m p r o v e d  e x p e r i m e n t a l  t e chn iques  and  w i t h  p a r t i -  
cu l a r  e m p h a s i s  on the  inf luence  of the  l a t t i ce  p o l y -  
m o r p h i s m  on these  e l e c t r o c h e m i c a l  p a r a m e t e r s .  

Exper imenta l  

E l e c t r o d e  po t en t i a l s  of  ~- and  fl-PbO~ w e r e  
m e a s u r e d  us ing  a n e w  t y p e  of e l ec t rode  c o n s t r u c -  
t ion,  i l l u s t r a t e d  in  Fig .  1. A th in  p l a t i n u m  w i r e  was  

Fig. 1. Powder-type Pb02 electrodes for potential measurements. 
At the left the Pt-wire seal into the glass cup is illustrated. In the 
middle, the Pt-wire extending into the cup is shown electroplated 
with PhO~. At the right, the cup is filled with powdered PbO~. 

sea led  into  a U - s h a p e d  glass  t ube  f o r m i n g  an  open 
cup at  one end  ( e l e c t r o d e  to t he  le f t ) .  The  p l a t i n u m  
w i r e  e x t e n d i n g  in to  t he  cup was  e l e c t r o p l a t e d  w i t h  
t he  p a r t i c u l a r  modi f i ca t ion  of PbO~ to be  s t ud i ed  
( e l e c t r o d e  in  the  m i d d l e ) .  The  p l a t i n g  p r o c e d u r e s  
for  a -  and  fl-PbO~ have  been  r e p o r t e d  e a r l i e r  (3 ) .  
By  p l a t i n g  th t  p l a t i n u m  wi res ,  t h e  e x p o s u r e  of a n y  
p l a t i n u m  to t he  e l e c t r o l y t e  was  p r e v e n t e d ,  and  b y  
s u r r o u n d i n g  the  p l a t e d  w i r e s  w i t h  p o w d e r e d  PbO~ 
a v e r y  h igh  d e g r e e  of s t a b i l i t y  of e l ec t rode  p o t e n -  
t i a l s  cou ld  be ach ieved .  The  cup was  s u b s e q u e n t l y  
f i l led w i t h  p o w d e r e d  PbO~ of t he  s ame  modi f i ca t ion  
as e l e c t r o p l a t e d  ( e l e c t rode  to t he  r i g h t ) .  

The  a-PbO~ p o w d e r  was  s y n t h e s i z e d  b y  a m m o -  
m i u m  p e r s u l f a t e  o x i d a t i o n  of l e ad  a c e t a t e  in a 
s t r o n g l y  a m m o n i a c a l  so lu t ion  of a m m o n i u m  ace t a t e  
(1 ) ,  a cco rd ing  to t he  r e a c t i o n  

4NH,OH + PbAc~ + (NH~)~S~Os~ aPbO~ + 

2NH~Ac -b 2 (NH,)~SO, + 2H~O 

A q u a n t i t y  of 250g (NH,)~S20~ was  a d d e d  to 250 
cc of w a t e r  and  1 l i t e r  of s a t u r a t e d  a m m o n i u m  
a c e t a t e  so lu t ion ;  a s a t u r a t e d  so lu t ion  of 325g of 
PbAc~ in w a t e r  was  t hen  a d d e d  s lowly ,  s i m u l t a n e -  
ous ly  w i t h  300 cc of 58% NH4OH. The  r e a c t i o n  
p r o c e e d e d  at  a v e r y  low ra te .  A f t e r  6 h r  an  a d d i -  
t iona l  a m o u n t  of 50g (NH4)~S~O8 was  added .  The  
m i x t u r e  was  s t i r r e d  for  24 h r  a n d  t h e n  h e a t e d  to  
70~ to d r i v e  off excess  NH3 and  to d i s so lve  a n y  
d i v a l e n t  l ead  compounds .  T h e  p r e c i p i t a t e  was  fi l-  
t e r e d  on a B u c h n e r  f i l ter ,  w a s h e d  w i t h  N H ~ c  and  
d i s t i l l ed  w a t e r ,  a n d  d r i e d  at  r o o m  t e m p e r a t u r e .  

The  fl-PbO~ p o w d e r  was  r e a g e n t  g r a d e  M e r c k  
PbO~ whose  c r y s t a l  s t r u c t u r e  was  conf i rmed  b y  
x - r a y  d i f f rac t ion .  

E l ec t rode  p o t e n t i a l s  w e r e  m e a s u r e d  as a func t ion  
of p H  in so lu t ions  c on t a in ing  cons t an t  a m o u n t s  of 
e i t h e r  S O , - -  or  C1Oj  ions. In  so lu t ions  con ta in ing  
SO j -  ions, t he  e l e c t r o d e  po t e n t i a l s  w e r e  m e a s u r e d  
w i t h  Hg/Hg~SO,  r e f e r e n c e  e l e c t rode s  up  to p H  4, 
and  w i t h  H g / H g O  e lec t rodes  a b o v e  p H  10. These  
so lu t ions  w e r e  s a t u r a t e d  w i t h  PbSO, .  The  p o t e n t i a l s  
w e r e  c he c ke d  also a ga in s t  h y d r o g e n  e lec t rodes .  F o r  
these  checks  l e ad  su l fa t e  s a t u r a t i o n  was  o m i t t e d  
in  t he  h y d r o g e n  e l ec t rode  cel ls  to  p r e v e n t  po i son ing  
of the  h y d r o g e n  e lec t rodes .  S e v e r a l  t h o u s a n d  m e a s -  
u r e m e n t s  w e r e  m a d e  on s e v e r a l  h u n d r e d  d i f fe ren t  
e l ec t rodes  of t he  t y p e  shown  in Fig .  1 ove r  a p e r i o d  
of two  years .  

In  so lu t ions  c on t a in ing  C I O j ,  a cons t an t  l e a d  ion 
c onc e n t r a t i on  of 1 /1000M was  m a i n t a i n e d  for  a l l  
e x p e r i m e n t s .  In  th is  sys tem,  t h e  e l ec t rode  po t en t i a l s  
w e r e  m e a s u r e d  a ga in s t  a h y d r o g e n  e l ec t rode  in a 
s e p a r a t e  c o m p a r t m e n t ,  con t a in ing  the  s ame  e lec-  
t r o l y t e ,  b u t  w i t h o u t  t he  l e a d  ions be ing  p re sen t .  The  
r e f e r e n c e  e l e c t r o d e  c o m p a r t m e n t  was  s e p a r a t e d  b y  
a m i c r o p o r o u s  p lug .  

K i n e t i c  m e a s u r e m e n t s  w e r e  p e r f o r m e d  w i t h  e l ec -  
t r o p l a t e d  r o d - s h a p e d  e lec t rodes ,  20 m m  long and  
1.3 m m  in d i a m e t e r .  The  e l ec t rodes  w e r e  p r e p a r e d  
acco rd ing  to the  p r o c e d u r e  d e s c r i b e d  e a r l i e r  (3 ) .  
Smooth ,  a d h e r e n t  depos i t s  a b o u t  1 m m  in t h i cknes s  
w e r e  o b t a i n e d  us ing  a p l a t i n g  c u r r e n t  of 1 m a / c m  ~ 
for  168 hr,  a t  30~ 
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These  e l ec t rodes  w e r e  t r a n s f e r r e d  to 4.00M H~SO, 
so lu t ion  and  anod ized  a t  10 ~a a t  30~ ove r  e x -  
t e n d e d  p e r i o d s  of t ime ,  p r i o r  to t a k i n g  m e a s u r e -  
ments .  

F o r  a l l  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  the  so lu -  
t ions  w e r e  p r e p a r e d  w i t h  t r i p l e  d i s t i l l ed  w a t e r .  
E q u i l i b r i u m  e l ec t rode  p o t e n t i a l s  w e r e  m e a s u r e d  
w i t h  a M i n n e a p o l i s - H o n e y w e l l / R u b i c o n - I n s t r u m e n t  
P o t e n t i o m e t e r ,  Mode l  No. 2780S and  g a l v a n o m e t e r .  

F o r  t he  k ine t i c  m e a s u r e m e n t s  cons t an t  c u r r e n t  
was  o b t a i n e d  w i t h  e l ec t ron ic  i n s t r u m e n t a t i o n  d e -  
s c r ibed  p r e v i o u s l y  (1) .  Changes  in e l ec t rode  p o -  
t e n t i a l  w e r e  fo l l owed  us ing  a K e i t h l e y  m o d e l  610 
e l e c t r o m e t e r ,  w i t h  an  i n p u t  i m p e d a n c e  of b e t t e r  
t h a n  10 ~ ohm, d r i v i n g  a ~/4 sec M i n n e a p o l i s - H o n e y -  
we l l  r e co rde r .  In  th is  m a n n e r  e l ec t rode  po t e n t i a l s  
w e r e  m e a s u r e d  w i t h  a p rec i s ion  of 1 m v  and  w i t h  a 
r e sponse  of b e t t e r  t h a n  1 m v  in 20 msec  (30) .  

A l l  the  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  w e r e  m a d e  
in P y r e x  glass  vessels ,  t h e r m o s t a t e d  to ----+- 0.02~ 
us ing  an  i n f r a r e d  l a m p  as a hea te r ,  con t ro l l e d  b y  
a m e r c u r y  c o n t a c t - t h e r m o m e t e r ,  and  an  e lec t ron ic  
re lay .  

F o r  t he  t h e r m a l  decompos i t i on  e x p e r i m e n t s  t he  
s t a r t i n g  m a t e r i a l s  w e r e  a-PbO.., p r e p a r e d  b y  the  
p e r s u l f a t e  o x i d a t i o n  m e t h o d  d e s c r i b e d  in  t h e  e x -  
p e r i m e n t a l  p a r t ,  a n d  fl-PbO~ in t he  fo rm of r e a g e n t  
g r a d e  M e r c k  PbO~. S a m p l e s  of l g  w e r e  p l a c e d  in  
8 m m  P y r e x  tubes ,  70 cm long,  and  i n s e r t e d  in a 
t u b e  f u r n a c e  at  cons t an t  t e m p e r a t u r e  for  23 hr .  
The  t e m p e r a t u r e  was  con t ro l l ed  b y  se t t ing  a r e g u -  
l a t ed  (0 .25%)  a - c  vo l t age  w i t h  a Var iac .  Two 
samp le s  in s e p a r a t e  t ubes  w e r e  h e a t e d  s i m u l t a n e -  
ously .  One t ube  was  m a i n t a i n e d  at  47 m m  p r e s s u r e  
of O.~, and  the  o the r  a t  2280 m m  O, p res su re .  A t  the  
end  of the  23 -h r  p e r i o d  the  t ubes  w e r e  r e m o v e d  
f rom the  fu rnace ,  a i r  cooled,  and  s a m p l e s  s u b j e c t e d  
to x - r a y  d i f f rac t ion ,  and  a n a l y z e d  i o d o m e t r i c a l l y  for  
ac t ive  o x y g e n  conten t .  

The  47 m m  O~ p r e s s u r e  r e g u l a t i o n  d u r i n g  t h e r m a l  
decompos i t i on  was  ach i eved  b y  a m e r c u r y - g l a s s  
check  v a l v e  s im l i a r  to the  one d e s c r i b e d  b y  S m i t h  
etal .  (31) .  The  s a m p l e  t u b e  was  a t t a c h e d  to the  
h i g h - p r e s s u r e  s ide  of a f r i t t e d  glass  disk,  w h i c h  was  
b a r e l y  i m m e r s e d  on the  oppos i t e  s ide  into a m e r -  
c u r y  pool .  The  l o w - p r e s s u r e  s ide  was  a t t a c h e d  to 
a v a c u u m  p u m p .  The  r e g u l a t i o n  of  t he  o x y g e n  
p r e s s u r e  to 2280 m m  H g  was  a c h i e v e d  b y  a spec ia l  
r e g u l a t o r  v a l v e  on an  o x y g e n  t a n k  and  a con t ro l l e d  
leak .  The  l a t t e r  was  n e c e s s a r y  because  of the  o x y -  
gen g e n e r a t e d  b y  the  t h e r m a l  d e g r a d a t i o n  reac t ion .  

The  decompos i t i on  p r o d u c t s  w e r e  a n a l y z e d  w i t h  
x - r a y  t echn iques  us ing  n i c k e l - f i l t e r e d  copper  r a d i a -  
t ion.  The  d i f f rac t ion  un i t  was  a G E - X R D - 5 .  S low 
and  fas t  s cann ing  was  used  and  the  ref lec t ions  w e r e  
i n d e x e d  b y  a n a l y t i c a l  me thods .  

Results 

E l e c t r o d e  po t en t i a l s  m e a s u r e d  w i t h  c u p - t y p e  
e l ec t rodes  in  so lu t ions  1M and  1/10M in SO~-- ions 
at  30~ a r e  shown  in Fig.  2 and  3. The  v a r i a t i o n  
in p H  at  cons t an t  SO~-- ion c o n c e n t r a t i o n  was  
ach i eved  b y  m i x i n g  a p p r o p r i a t e  a m o u n t s  of  N a O H  
and  H~SO, ( e x c e p t  the  first  p o i n t  a t  n e g a t i v e  pH, 
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Fig. 2. Electrode potentials (vs. H2 in the same solution) of ~- 
and /~-Pb02 electrodes in solutions containing S O ( -  ions at ] 
mole/liter as a function of pH at 30~ 

i .e  m 

2 

>~ 1.4 - -  

z ~ 
o~ I . a  - -  

o 
, ^  

u 

o . |  - -  

I I I I I I /  

\ \ \  _ _  

. . . .  [.o.--] \~- 

I I I I I I I -  
o z 4 a �9 Io  i , t  

pH 

Fig. 3. Electrode potentials (vs. H2 in the same solution) of c~- 
and /~-Pb02 electrodes in solutions containing S O ( -  ions at 1/10 
mole/llter as a function of pH at 30~ 

w h i c h  was  o b t a i n e d  in 4M H~SO~). Each  po in t  is an 
a v e r a g e  of a b o u t  100 m e a s u r e m e n t s  on s e v e r a l  d i f -  
f e r en t  e lec t rodes .  A t  low p H  va lues  t he  e l ec t rode  
p o t e n t i a l  f o l l owed  the  t h e o r e t i c a l l y  e x p e c t e d  b e -  
hav io r ,  c h a n g i n g  a b o u t  60 m v  p e r  p H  un i t  (vs. H2 
in t he  s ame  so lu t i on ) .  A t  p H  v a l u e s  above  4, t h e  
po t e n t i a l s  t e n d e d  to become  i n d e p e n d e n t  of pH. In  
th is  r eg ion  the  e l ec t rode  d id  no t  r e a d i l y  e s t ab l i sh  
s t ab le  va lues .  V e r y  long t i m e  per iods ,  up  to m a n y  
days ,  w e r e  r e q u i r e d  to a p p r o a c h  s t e a d y  po ten t i a l s ,  
and  the  m e a s u r e m e n t s  w e r e  q u i t e  ted ious .  

The  e l e c t r o l y t e  s y s t e m  H~SO~-Na~SO, is n a t u r -  
a l l y  a v e r y  poor  buf fe r  a t  p H  va lues  a b o v e  a b o u t  
4. Because  of our  i n t e r e s t  in r e l a t i n g  our  s tud ies  
to p h e n o m e n a  in l e a d - a c i d  ba t t e r i e s ,  w e  p r e f e r r e d  
no t  to i n t r o d u c e  an  an ion  of a w e a k e r  ac id  and  not  
to buf fe r  the  s y s t e m  b e t w e e n  p H  4 and  10, b u t  
r a t h e r  to m e a s u r e  the  p o t e n t i a l s  as a c c u r a t e l y  as 
poss ib le  in t he  SO~-- sys tem.  

I t  m u s t  be  p o i n t e d  out  t h a t  t he  i m p o r t a n t  p H  
r eg ion  w i t h  r e g a r d  to conclus ions  on l e a d - a c i d  b a t -  
t e r i e s  is the  one at  low p H  va lues .  The  s t r i k ing  
r e su l t  he r e  is t h a t  bo th  the  ~-  and  fl-PbO~ e l e c t r o d e  
show the  t h e r m o d y n a m i c a l l y  e x p e c t e d  r e sponse  to 
t he  h y d r o g e n  ion concen t r a t i on .  This  conf i rms t ha t  
also the  ~-PbO~ e l ec t rode  is ab le  to e s t ab l i sh  an  
e l e c t r o c h e m i c a l  e q u i l i b r i u m  in ac id  so lu t ion  (3, 8) .  

One can  ca l cu l a t e  (32) t h a t  in so lu t ions  c o n t a i n -  
ing SO~-- ions of a c t i v i t y  1, PbSO~ shou ld  be  t he  
s t ab l e  d i v a l e n t  l e a d  phase  up  to p H  8.4, monobas i c  
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l e ad  su l f a t e  b e t w e e n  8.4 and  9.6, t r i ba s i c  su l f a t e  
b e t w e e n  9.6 and  14.7, a n d  PbO a b o v e  this  va lue .  
In  so lu t ions  con ta in ing  S O j -  ions of a c t i v i t y  10 -+ 
only,  t he  PbSO~ p h a s e  is s t ab le  up  to p H  6.4, t hen  
b e t w e e n  p H  6.4 and  7.4 monobas i c  l e ad  su l fa t e  is 
s t ab le  and  a b o v e  7.4 t r i ba s i c  l e ad  su l fa te ,  and  
f ina l ly  a b o v e  p H  12.7 l e ad  oxide .  As long as a sol id  
d i v a l e n t  phase  of some k i n d  is p resen t ,  the  e l ec t rode  
po t en t i a l s  in  these  reg ions  a r e  due  to couples  b e -  
t w e e n  PbO.+ a n d  the  c o r r e s p o n d i n g  bas ic  su l fa t e s  
or  PbO.  

The  s lopes  of p o t e n t i a l - p H  plo ts  shou ld  t h e r e f o r e  
d e c r e a s e  success ive ly  f rom 0.059 to zero t o w a r d  the  
h i g h e r  p H  ranges ,  if t he  po t en t i a l s  a re  m e a s u r e d  
vs.  h y d r o g e n  in the  s ame  solut ion .  D e l a h a y ,  P o u r -  
ba ix ,  and  Rysse lbe rghe ,  in t h e i r  p H - p o t e n t i a l  d i a -  
g ram,  n e g l e c t e d  the  p r e s e n c e  of sol id  bas ic  l e ad  
su l fa tes  and  conc luded  t ha t  i n d e p e n d e n c e  of p H  
beg ins  at  p H  9 i f  the  e l ec t rode  p o t e n t i a l  is m e a s u r e d  
a ga in s t  a h y d r o g e n  e l ec t rode  in t he  same  solut ion.  
E x p e r i m e n t a l l y ,  i t  was  found  he re  t h a t  t he  p o t e n -  
t i a l s  t e n d e d  to become  p H - i n d e p e n d e n t  a t  c o n s i d e r -  
a b l y  l o w e r  p H  va lues .  

As  p o i n t e d  out,  the  h y d r o g e n  ion c o n c e n t r a t i o n  
was  not  s t ab i l i zed  above  p H  4. Never the le s s ,  s e ve r a l  
t h o u s a n d  m e a s u r e m e n t s  on ove r  100 d i f fe ren t  e l ec -  
t r odes  w e r e  m a d e  a b o v e  this  p H  va lue .  A l t h o u g h  
r e p r o d u c i b i l i t y  was  not  as good as in the  low p H  
region ,  i t  m u s t  be  p o i n t e d  out  t ha t  these  m e a s u r e -  
m e n t s  gave  cons i s t en t ly  h ighe r  e l ec t rode  p o t e n t i a l  
va lue s  t h a n  one w o u l d  h a v e  e x p e c t e d  t heo re t i c a l l y .  
The  a v e r a g e  va lues  of the  o b s e r v e d  po t en t i a l s  a re  
i n d i c a t e d  w i t h  d o t t e d  l ines  in Fig.  2 and  3. 

The  r e su l t  t ha t  the  ~-PbO= e l ec t rode  in ac id  
so lu t ion  has  an  e l ec t rode  p o t e n t i a l  7-10 m v  h i g h e r  
t h a n  the  fl-PbO~ e l ec t rode  (2, 3, 12) is s t r o n g l y  
c o r r o b o r a t e d  in F ig .  2 and  3. On the  o t h e r  hand ,  
these  n e w  resu l t s  do now show the  c rossover  of 
e l e c t r o d e  p o t e n t i a l s  b e t w e e n  p H  1 and  2, as r e p o r t e d  
e a r l i e r  (3) .  The  a p p a r e n t l y  r e p r o d u c i b l e  c rossover  
was  o b s e r v e d  w i t h  r o d - s h a p e d  e l ec t rodes  of v e r y  
l i m i t e d  su r f ace  area .  The  p r e s e n t  m e a s u r e m e n t s  
w i t h  p o w d e r - t y p e  e l ec t rodes  a r e  c o n s i d e r a b l y  m o r e  
accura te .  

W h i l e  Fig.  2 and  3 show po t en t i a l s  a t  cons t an t  
S O j -  ion concen t r a t ion ,  Fig.  4 shows the  p H  d e -  
p e n d e n c e  of t he  PbO= e l ec t rode  at  cons t an t  C1Oj  
ion (1 /10M)  and  cons t an t  l e ad  ion (1 /1000M)  con-  
cen t r a t ion .  The  r e su l t s  show t h a t  also in th is  sys -  
tem,  the  p o t e n t i a l  of t he  ~-PbO_+ e l ec t rode  is h i g h e r  
t h a n  t ha t  of the  fi-PbO2 e lec t rode .  Aga in ,  t h e r e  is a 
r eg ion  of i l l - de f ined  p H  in w h i c h  the  po t e n t i a l s  
a p p e a r  i n d e p e n d e n t  of  pH.  In  the  ac id  r eg ion  the  
p o t e n t i a l  d e p e n d e n c e  conf i rms the  e x p e c t e d  b e -  
hav ior ,  the  s lope be ing  j u s t  s l i g h t l y  h i g h e r  t h a n  
theore t i ca l .  

The  t e m p e r a t u r e  d e p e n d e n c e  of the  ~- and  fi-PbO~ 
e l e c t r o d e  p o t e n t i a l s  in  3.90M (4.62M) H+_SO~ is 
i l l u s t r a t e d  in Fig .  5. I t  is i n t e r e s t i n g  to no te  t ha t  
t he  ~-PbO~ p o t e n t i a l  dec reases  m o r e  r a p i d l y  w i t h  
t e m p e r a t u r e  t h a n  the  B-PbO2 po ten t i a l .  A c rossove r  
is o b s e r v e d  at  abou t  50~ I t  seems  t h a t  above  th is  
po in t  ~-PbO~ becomes  the  m o r e  s t ab le  modif ica t ion .  

F r o m  t h e  equa t ions  def in ing  the  e l e c t r o c h e m i c a l  
e q u i l i b r i a  
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fl-PbO~ + H._, (1 a t m )  + H_+SO+ (4.62M) ~ PbSO,  

+ 2H=O (in.  4.62M H~SO,) E ~ 1.713 at  25~ [1]  

=-PbO+ -t- H_+ (1 a t m )  -t- H_+SO+ (4.62M) ~ PbSO~ 

q- 2 H=O (in. 4.62M H+SO~) E = 1.722 a t  25~ [2]  

w i t h  the  c o r r e s p o n d i n g  f ree  e n t h a l p y  equa t ions  
AG~ -- --nFE~, and  AGo = --nFE= one ob ta ins  for  
the  f ree  e n t h a l p y  d i f fe rence  b e t w e e n  =- and  fl-PbO= 
a t  25~ 

~-PbO= ~ fl-PbO~ AG = --0.4 kca l  

The  d a t a  of Fig.  5 a r e  the  mos t  p rec i se  ones  o b t a i n e d  
to da t e  for  ~- and  fl-PbO~ e l ec t rodes  in su l fu r i c  
acid. E a r l i e r  r e su l t s  for  e l ec t rode  p o t e n t i a l s  of t he  
two  modi f ica t ions  we re  o b t a i n e d  w i t h  e l e c t r o p l a t e d  
r o d - t y p e  e l ec t rodes  (3) ,  w h i c h  h a d  a l i m i t e d  su r -  
face  a rea .  The  p r e s e n t  r e su l t s  for  bo th  modi f ica t ions  
a r e  5 to 6 m v  h i g h e r  t h a n  the  v a l u e s  r e p o r t e d  
e a r l i e r  (3 ) .  F r o m  the  d a t a  of H a m e r  (33) one ob-  
ta ins ,  for  an ac id  c o n c e n t r a t i o n  of 4.62M at  25~ 
a p o t e n t i a l  of 1.707v, w h i l e  f rom Fig.  5 the  c o r r e -  
spond ing  v a l u e  for ~-PbO_+ is 1.713v. The  t e m p e r a -  
t u r e  d e p e n d e n c e  of t he  e l ec t rode  p o t e n t i a l  for  
B-PbO= checks  v e r y  a c c u r a t e l y  w i t h  t he  v a l u e s  of 
H a m e r :  

~-PbO~ : -~--/~ = 

--0.36 m v / ~  a t  25~ 4.62M H+SO, 
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fl-PbO~ : -~-~---/~ 

--0.20 m v / ~  at  25~ 4.62M H~SO, 

PbO~ H a m e r  (33) : - - ~ - - / ,  = 

--0.20 m v / ~  at  25~ 4.62M t-I~SO~ 

These  t e m p e r a t u r e  d e p e n d e n c e s  of the  e l ec t rode  
po t en t i a l s  of ,~- and  ~-PbO2 p e r m i t  a ca l cu l a t i on  
of the  e n t h a l p y  d i f fe rence  b e t w e e n  the  two  modi f i -  
ca t ions  a t  25~ W i t h  

AH~ : --nFE~ + riFT \ -~ - - - /~  

( O E o~ "~ 
~H, = - -nFE,  + riFT ~,-o-T--l, 

for Eq. [1]  and  [2]  one ob ta ins  for  the  d i f fe rence  
of the  hH 's  b e t w e e n  a -  and  B-PbO,  

a - P b O ,  ~ f l -PbO,  AH = --2.6 kca l  a t  25~ 

K ine t i c  s tud ies  on a -  and  fl-PbO~ e l ec t rodes  w e r e  
p e r f o r m e d  w i t h  e l e c t r o p l a t e d  r o d - t y p e  e l ec t rodes  
of r e p r o d u c i b l e  su r f ace  area ,  p r e p a r e d  b y  e l e c t r o -  
p l a t i ng  u n d e r  i den t i ca l  cond i t ions  of c u r r e n t  dens i ty ,  
t e m p e r a t u r e ,  e l e c t r o l y t e  compos i t ion ,  a n d  mass  
t r a n s p o r t  (3 ) .  F i g u r e s  6 and  7 show b u i l d u p  of o x y -  
gen o v e r v o l t a g e  at  cons t an t  c u r r e n t  in 4.00M H~SO~ 

" on a -  and  f l -PbO, ,  r e spec t i ve ly .  C h a r g i n g  c u r r e n t s  as 
i nd i ca t ed  w e r e  s w i t c h e d  on on ly  a f t e r  p r o l o n g e d  
( s e v e r a l  d a y s )  anod iza t ion  at  10 ~ a / c m  ~ in o r d e r  to 
p r e v e n t  t he  p re sence  of  PbSO,  and  changes  in su r f ace  
area .  The  c h a r g i n g  cu rves  a r e  l i n e a r  w i t h  t i m e  in i -  
t i a l ly .  F r o m  the  s lopes  one can  conc lude  t h a t  ~ - P b O ,  
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h a d  a l a r g e r  a d s o r p t i o n  c a p a c i t y  p e r  t o t a l  e l ec t rode  
surface .  F r o m  u n p u b l i s h e d  w o r k  in th is  l a b o r a t o r y ,  
i nd ica t ions  a r e  t h a t  a-PbO.~ also has  a l a r g e r  " s p e -  
cific" c a p a c i t y  (pe r  un i t  of "true'~ su r face  a r e a ) .  
The  " t r u e "  t o t a l  su r face  a r e a  of t he  ~-PbO~ e lec -  
t r odes  was  s m a l l e r  t h a n  t h a t  for  the  fi-PbO., e l ec -  
t rodes .  In  gene ra l ,  a -PbO~ t e n d s  to deve lop  l a r g e r  

c ry s t a l s  t h a n  fl-PbO~ (9) .  
The  Tafe l  s lopes  for  t he  o x y g e n  evo lu t ion  on the  

two  modif ica t ions ,  o b t a i n e d  f r o m  the  s t e a d y - s t a t e  
o x y g e n  o v e r v o l t a g e  va lue s  of Fig.  6 and  7, ag ree  
w e l l  w i t h  the  d a t a  r e p o r t e d  e a r l i e r  (3) .  I t  a p p e a r s  
t h a t  the  d i f fe rence  in Tafe l  s lopes  can  be  bes t  in -  
t e r p r e t e d  as fo l lows.  On e l ec t rodes  of fl-PbO~, S O , - -  
ions a r e  a d s o r b e d  to a l a r g e r  deg ree  and  c o n t r i b u t e  
to t he  cha rge  of t he  doub le  l aye r .  This  i nc rease  
of t he  doub le  l a y e r  charge ,  due  to S O ~ -  ions, i n -  
c reases  the  e l ec t rode  p o t e n t i a l  for  a g iven  cur ren t ,  
or  a g iven  n u m b e r  of r e a c t i n g  o x y g e n  species  on the  
surface .  The  Ta fe l  s lope  of the  ~-PbO,_, e lec t rode ,  
h o w e v e r ,  w o u l d  pos s ib ly  be  c h a r a c t e r i s t i c  for  an  
o x y g e n  evo lv ing  e l ec t rode  w i t h  d e c r e a s e d  a d s o r p -  
t ion  of these  SO j -  species.  

To s t u d y  the  d i f fe rence  in t he  k ine t i c s  of the  
d i s cha rge  r e a c t i o n  b e t w e e n  ~- and  B-PbO.~ 

2e -t- PbO~ + 4H + ~ SO,- - - >  PbSO~ -t- 2H~O [3]  

a b o u t  30 e l ec t rodes  of each  t y p e  d e s c r i b e d  in 
ref.  (3)  we re  d i s c h a r g e d  in 1M H~SO, so lu t ion .  The  
d i s cha rge  cu rves  a t  1 r n a / c m '  a re  shown  in Fig .  
8 ( f l - P b O J  and  Fig.  9 (a -PbO~) .  The  d i s cha rge  
t ime  for  the  B-PbO.~ e l ec t rodes  a v e r a g e  2000 sec, 
w h i l e  the  a v e r a g e  t ime  for  a-PbO~ e l ec t rodes  was  
abou t  800 sec. The  r e m a r k a b l e  d i f fe rence  m u s t  be  
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Fig. 10. Oxygen content and x-ray analysis of reaction products 
from thermal decomposition of ~- and fl-Pb02 at 2280 mm 02 
pressure. 

Fig. 12. Typical fast-scan x-ray patterns for c~- and ~-PbO~ ma- 
terials. The chart marked P 318 a was obtained with a sample 
produced at 318~ from c~-PbO~ at 2280 mm 02 pressure. The 
chart marked P 409 is for a sample produced at 409~ at the 
same pressure from fl-PbO~. 

Fig. 11. Oxygen content and x-ray analysis of reaction products 
from thermal decomposition of ~- and fl-Pb02 at 47 mm 02 
pressure. 

a t t r i b u t e d  l a r g e l y  to d i f fe rence  in the  t r ue  su r f ace  
area .  The  a p p a r e n t  a r ea s  w e r e  iden t i ca l .  O n l y  a 
v e r y  th in  su r face  l a y e r  of PbO.., r e a c t e d  on bo th  
e lec t rodes ,  w i t h  a d e p t h  in  the  o r d e r  of 10 -~ cm in 
a g r e e m e n t  w i t h  I k a r i  et al. (15) .  

The  r e su l t s  of  t he  b e h a v i o r  of a -  and  fi-PbO3 
d u r i n g  t h e r m a l  decompos i t i on  a r e  i l l u s t r a t e d  in 
Fig .  10 to 13. In  Fig.  10 and  11 the  l e a d  to o x y g e n  
ra t ios  d e t e r m i n e d  i o d o m e t r i c a l l y  a r e  p l o t t e d  vs. 
the  decompos i t i on  t e m p e r a t u r e  for  two  d i f fe ren t  
p a r t i a l  o x y g e n  p re s su res .  The  r eg ions  of a p p e a r a n c e  
of d i f fe ren t  r e a c t i o n  p roduc t s ,  as d e t e r m i n e d  b y  
x - r a y  d i f f r ac t ion  ( s h o w n  b y  t h e  h a t c h e d  a r e a s ) ,  
c o r r e l a t e  w e l l  w i t h  the  p l a t e a u s  of the  c h e m i c a l  
ana lys i s  da ta .  

A t  2280 m m  p a r t i a l  o x y g e n  p r e s s u r e  (Fig .  10) 
t h r e e  p l a t e a u s  a r e  obse rved .  T h e  t h r e e  p l a t e a u s  cor -  
r e s p o n d  to PbO2, PbO~ ( w i t h  x = 1.52 to 1.58) and  
Pb30~. The  PbO~ m a t e r i a l s  s eem to h a v e  a s o m e w h a t  
v a r i a b l e  o x y g e n  content .  The  decompos i t i on  of 
a-PbO~ to PbO~ occurs  a t  a l o w e r  t e m p e r a t u r e  t han  
t h a t  of fl-PbO~. The  PbO~ c o m p o u n d s  p r o d u c e d  
f r o m  v~- and  fl-PbO~ a re  ca l l ed  h e r e  a -  and  fl-PbO~, 
r e spec t i ve ly .  

A t  47 m m  p a r t i a l  o x y g e n  p r e s s u r e  (Fig .  11) t he  
p l a t e a u  c o r r e s p o n d i n g  to the  PbO~ m a t e r i a l s  is s t i l l  
a p p a r e n t .  H o w e v e r ,  the  Pb30~ p l a t e a u  h a s .  d i s -  
a p p e a r e d ,  a l t h o u g h  some Pb~O, was  d e t e c t e d  b y  
x - r a y  a n a l y s i s  of t he  r e a c t i o n  p r o d u c t s  f o r m e d  
b e t w e e n  415 ~ and  485~ A b o v e  490~ P b O  ( t e t r . )  

Fig. 13. Typical slow-scan x-ray patterns c~- and fl-PbO~. The 
c~-PbO~ (P 395 a) was obtained at 395~ from a-Pb03 at 2280 
mm 03 pressure, the fi-PbO~ (P441 fi) is for o sample produced 
from fl-Pb02 at 441~ at the same pressure. 

is the  sole r e a c t i o n  p roduc t .  A c o m p a r i s o n  of Fig .  
10 and  Fig.  11 r e v e a l s  t h e  d ra s t i c  inf luence  of t he  
p a r t i a l  o x y g e n  p r e s s u r e  on the  s t a b i l i t y  of Pb30,  a t  
t e m p e r a t u r e s  a b o v e  400~ A f u r t h e r  t r ans i t i on ,  no t  
shown  in Fig.  11, was  o b s e r v e d  a t  a p p r o x i m a t e l y  
610~ f r o m  t e t r a g o n a l  to o r t h o r h o m b i c  PbO.  

S ince  c o n s i d e r a b l e  d i s c r epanc i e s  conce rn ing  the  
P b O ,  m a t e r i a l s  ex i s t  in t he  l i t e r a t u r e ,  i t  was  d e -  
c ided  to s t u d y  the  c r y s t a l l o g r a p h y  of t he se  com-  
p o u n d s  in g r e a t e r  d e t a i l  w i t h  x - r a y  t echn iques .  A 
c o m p a r i s o n  of fas t  scan x - r a y  cha r t s  of a -  and  
fl-PbO~ i l l u s t r a t e s  a close s i m i l a r i t y  of t he  c r y s t a l  
s t r u c t u r e  of these  two  l ead  ox ides  (Fig .  12).  The  
we l l  r e s o l v e d  m u l t i p l e  p e a k s  in  the  fl-PbO~ p a t t e r n  
h a v e  t h e i r  c o u n t e r p a r t s  in t he  ~~PbO~ p a t t e r n ,  
w h e r e  t h e y  a p p e a r  as m o r e  diffuse, s ingle  peaks .  
The  diffuse compos i t e  s ingle  p e a k s  of a -PbO2 occur  
at  the  s a m e  a v e r a g e  20 va lue s  as the  e q u i v a l e n t  
doub le  p e a k s  of fl-PbO~. 

D e t a i l e d  s low scans,  as shown  in Fig.  13, of the  
two PbO~ m a t e r i a l s  s u b s t a n t i a t e  and  emphas i ze  t he  
s i m i l a r i t y  of t he  two  pa t t e rn s .  I t  can b e  seen  t h a t  
t he  b r o a d  diffuse p e a k s  in t he  a -PbO~ p a t t e r n  have  
the i r  w e l l - d e f i n e d  e q u i v a l e n t s  in  t he  fl-PbO~ p a t -  
t e rn  at  t he  s a m e  20 angles .  The  x - r a y  d a t a  o b t a i n e d  
for  a -  and  f l-PbO~ w i t h  s low scann ing  a re  s u m -  
m a r i z e d  in Tab les  I and  II. 

The  ref lec t ions  w e r e  i n d e x e d  b y  a n a l y t i c a l  m e t h -  
ods us ing  the  sin~0 r e l a t i o n s h i p  for  t h e  o r t h o r h o m -  
bic  sys tem.  
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Table I. X-ray powder diffraction data ~-PbO~ 

E L E C T R O D E  P O T E N T I A L S  O F  a- A N D  fi-PbO_~ 

Table IV. Comparison between Bystrom's data (27) and 
results of the present paper (ESB) 

hKl d-A. hkl  d-A 

024 3.137 080 1.369 
040 2.728 258 1.355 
204 2.708 268 1.251 
240 2.413 552 1.248 
400 1.926 622 1.243 
008 1.918 3 - 0 . i i  1.225 
064 1.647 614 1.214 
228 1.636 644 1.116 
440 1.573 2.4.12 1.109 
048 1.568 628 1.049 

4.2-12 1.044 

powder diffraction data fl-PbO~ Table II. X-ray 

hKl d A hkl d A 

100 7.893 080 1.373 
003 5.081 258 1.356 
103 4.425 620 1.260 
104/202 3.467 268 1.250 
220 3.148 0.2.12 1.237 
024 3.129 545/527 1.234 
005 2.948 3011 1.225 
040 2.738 630 1.215 
204 2.708 2-0-12 1.212 
240 2.244 086 1.210 
400 1.928 644 1.119 
008 1.913 2-4-12 1.109 
084 1.647 700 1.107 
228 1.635 0-10.4 1.0549 
440 1.584 628 1.0494 
434 1.541 4.2.12 1.0437 

705 1.0249 

Table III. Lattice constants for ~- and fl-PbO, 

(~-PbOx, A fl-PbOx, A 

ao---- 7.72 ao = 7.76 
bo = 10.98 bo = 10.98 
Co = 15.31 Co = 15.31 

k ~ ~ ~,: 
s in ~ 8~1 = h ~ -t- k ~ - -  + 1 ~ - -  

4a ~ 4b ~ 4c ~ 

whe re  8 is the  diffract ion angle,  hk l  are the  indexes  
of the  ref lect ing plane,  ~ is the  w a v e l e n g t h  (copper  
r ad i a t i on ) ,  and  abc are  the  d imens ions  of the  u n i t  
cell. A l l  the  observed  reflections were  indexed.  
Tab l e  I I I  p resen t s  the  data  for the  u n i t  cell of a -  a n d  
fl-PbO~; bo th  u n i t  cells were  d e t e r m i n e d  to be 
or thorhombic .  

I t  is concluded f rom the  s imi l a r i t y  of the  x - r a y  
powder  pa t t e rn s  and  the  u n i t  cell d imens ions  t ha t  
o~- and  fl-PbO~ are iden t ica l  mater ia l s .  I t  appears  
tha t  f~-PbO~ is s imply  a more  per fec t ly  o rdered  
s t r u c t u r a l  e q u i v a l e n t  of a-PbO~. This accounts  for 
the we l l -de f ined  mu l t i p l e  peaks  in  the  fl pa t t e rn ,  
and  some smal le r  peaks,  no t  observed  in  the  
pa t t e rn .  

These c rys ta l lographic  resul t s  agree wel l  wi th  
the  da ta  of Bys t rom (27).  The  two sets of da ta  are 
compared  in  Tab le  IV. The a g r e e m e n t  is p a r t i c u l a r l y  
good for the  fl-PbO~ pa t t e rn .  The  u n i t  cell t u r n e d  
out  to be a mu l t i p l e  of Bys t rom ' s  cell. Wi th  the 
u n i t  cell chosen here,  it was  possible to index saris- 
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~-PbOx 
~-PbO~ ~-PbOx Multiple fl-PbO~ 

Bystrom Bystrom, A Bystrom, A ESB, A. 

7.72A 3.89 7.78 7.76 
10.81A 5.49 10.98 10.98 
11.48A 3.82 15.28 15.31 
8-88.68 ~ 

factorily all the observed reflections of both the 
~- and fl-PbO~ materials. I t  should be po in ted  out  
tha t  Bys t rom p repa red  the  PbO~ mate r i a l s  differ-  
ent ly ,  " a - P b O / '  by  t h e r m a l  decomposi t ion  of fl-PbO.~ 
at  40O~ for 11 hr, or by  h y d r o t h e r m a l  t r e a t m e n t  
w i th  NaOH at 290~ fl-PbO~ by  t h e r m a l  decomposi -  
t ion  of B-PbO~ at  400~ for 37 hr. B ys t r om suggests 
for ~-PbO~ a monoc l in ic  u n i t  cell w i th  fl = 88.68 ~ 
a~---- 7.72A, bo---- 10.81A, co = 11.48A. However ,  he  
expresses  some concern  about  the  p u r i t y  of his 
~-PbO~ sample  a nd  admi ts  tha t  his da ta  m a y  not  
be accura te  due  to the  v e r y  diffuse n a t u r e  of the  
reflections at t he  h igh angles.  Also, his va lue  of 
fl = 88.68 ~ is so close to 90 ~ (and  the o r thorhombic  
sys tem)  t ha t  no conclus ive  d i s t inc t ion  can be made  
on the  basis  of powder  data.  The  same conc lus ion  
was  r ecen t l y  reached  by  Reu te r  (29) .  

Manuscript  received May 1, 1961; revised manuscr ip t  
received Oct. 24, 1961. This paper was prepared for 
del ivery before the Houston Meeting, Oct. 9-13, 1960. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the December 1962 
JOURNAL. 
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Oxide Films on Aluminum 
I. Ionic Conduction and Structure 

Michael J. Dignam 1 
Aluminium Laboratories Ltd., Kingston, Ontario, Canada 

ABSTRACT 

Films formed on superpur i ty  a luminum and certain of its b inary  alloys were 
studied employing anodic polarization and electron transmission microscopy. 
Specimens were prepared by electropolishing followed by either oxidation in 
dry oxygen, anodic oxidation, or anodic oxidation followed by h igh- tempera-  
ture annealing.  The nucleat ion and growth of gamma a lumina  crystalli tes 
dur ing oxidation at 450~ and the inhibi t ing effect of copper and par t icular ly  
silicon on this process was explained by assuming that  an 0.001% magnes ium 
impur i ty  was responsible for the nucleation. The change in ionic conduction of 
anodic oxide films on anneal ing was interpreted as arising pr imar i ly  from a 
decrease in the number  of a luminum ions which can become current  carriers, 
ra ther  than  a change in activation energy or activation distance. Annealed  
anodic films and "amorphous" films formed in dry oxygen could not be dis- 
tinguished. The observations in general, are consistent with Wilsdorf 's model 
for the "amorphous" oxide films, randomly oriented "molecular" groups. 

I t  has been  k n o w n  for some t ime  tha t  films 
fo rmed  on a l u m i n u m  in d ry  oxygen  above  abou t  
500~ exh ib i t  the s t r uc tu r e  of g a m m a  a lumina ,  
whereas  for films fo rmed  be low abou t  500~ x - r a y  
diffract ion ana lys i s  y ie lds  on ly  diffuse halos cha r -  
acteris t ic  of e i ther  amorphous  m a t e r i a l  or ma te r i a l  
composed of e x t r e m e l y  smal l  c rys ta ls  (1-9) .  F r o m  
an  e x a m i n a t i o n  of the l i t e r a tu r e  (10-12) it  can be 
concluded tha t  anodic  oxide films fo rmed  at  room 
t e m p e r a t u r e  and  low cu r r en t  densi t ies  in  a nonso l -  
ven t  e lec t ro ly te  also give r ise to diffuse halo x - r a y  
diffract ion pa t t e rn s2  The  or ig ina l  reason  for u n d e r -  
t ak ing  this  inves t iga t ion  was to compare  the ionic 
conduc t ion  of films fo rmed  in  dry  oxygen  wi th  
tha t  of films fo rmed  by  anodic  oxidat ion.  This in -  
fo rma t ion  was desired in  order  to adap t  an  e lec t ro-  
metr ic  method  developed by  H u n t e r  and  Fowle  
(13) for d e t e r m i n i n g  anodic  oxide film thicknesses ,  
to the m e a s u r e m e n t  of th icknesses  of oxide films 
formed in  d ry  oxygen.  The comple ted  inves t iga -  
tion, however ,  was more  genera l  in  scope. I t  p ro -  
vides i n f o r m a t i o n  conce rn ing  the  n a t u r e  of the  so 
called "amorphous"  films, the  difference in  p rop -  
ert ies  b e t w e e n  anodic  oxide films and  those fo rmed  
in  oxygen  at  e leva ted  t empera tu re s ,  and  the  n u -  
c lea t ion process associated wi th  the  appea rance  of 
g a m m a  a l u m i n a  crys ta l l i tes  in  the  oxide film. 

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  of  To-  
ron to ,  T o r o n t o ,  O n t a r i o ,  C a n a d a .  

2 S t i r l a n d  a n d  B i e k n e l l  (11) i m p l y  t h a t  t h e  a p p l i e d  v o l t a g e  is t h e  
f u n d a m e n t a l  p a r a m e t e r  w h i c h  d e t e r m i n e s  w h e t h e r  t h e  f i l m  is  
" a m o r p h o u s "  o r  c rys t a l l i ne .  I t  is m o r e  l i ke ly ,  h o w e v e r ,  t h a t  t h e  
a n o d i c  c u r r e n t  d e n s i t y  (or f i e ld  s t r e n g t h )  is  t h e  f u n d a m e n t a l  p a -  
r a m e t e r  (10),  t h e  v o l t a g e ,  f o r  f i x e d  cell  a n d  c i r c u i t  g e o m e t r y ,  m e r e l y  
l i m i t i n g  t h e  m a x i m u m  c u r r e n t  o b t a i n e d .  

The b u l k  of the da ta  was  ob ta ined  f rom anodic  
polar iza t ion  m e a s u r e m e n t s  made  in  an  aqueous  
boric acid so lu t ion  on a l u m i n u m  a nd  a l u m i n u m  al -  
loy specimens.  These spec imens  were  t r ea ted  p re -  
v ious ly  by  anodizing,  by  anodiz ing  fo l lowed by  a n -  
nea l ing  in  h e l i u m  at  t e m p e r a t u r e s  of 250 ~ and  
450~ and  by  exposure  to d ry  oxygen  at  t e m p e r a -  
tu res  of 250 ~ 350 ~ and  450~ In  add i t ion  e lec t ron  
t r ansmis s ion  mic rographs  were  t a k e n  of films 
s t r ipped  f rom cer ta in  a l u m i n u m  spec imens  in  order  
to e lucidate  oxide c rys ta l l i za t ion  effects. 

Apparatus 
The  v a c u u m  f u r na c e  a s sembly  was  des igned  to 

p e r m i t  the  s imu l t aneous  t h e r m a l  t r e a t m e n t  of a 
n u m b e r  of specimens.  Samples  could be moved  by  
a magne t i c  coun te rwe igh t  a r r a n g e m e n t  f rom the  
f u r na c e  zone p roper  in to  a wa te r - coo led  head  piece 
whi le  the  a ppa r a t u s  was  u n d e r  v a c u u m  (or  con-  
t ro l led  a tmosphe re ) .  

The cy l indr ica l  res i s tance  f u r na c e  had  three  
w i n d i n g s  cont ro l led  by  two i n d e p e n d e n t  t h e r m o -  
couple  ac t iva ted  py rome t r i c  control lers .  The  t e m -  
p e r a t u r e  was m a i n t a i n e d  u n i f o r m  a nd  cons tan t  to 
•176  over  at least  14 in. of the  furnace .  (Speci-  
mens  ne ve r  exceeded 6 in. in  length . )  Spec imens  r e -  
qu i red  abou t  10 m i n  to reach  t h e r m a l  e q u i l i b r i u m  
w h e n  lowered  in to  the  f u r na c e  in  5 m m  Hg pres -  
sure  of h e l i u m  and,  on removal ,  cooled f rom 350 ~ 
to 300~ in  30 sec and  f rom 300 ~ to 250~ in  60 sec. 

The  v a c u u m  sys tem was of c o n v e n t i o n a l  design. 
A l iqu id  air  t r ap  was  p laced  b e t w e e n  the  speci-  
mens  and  the  rest  of the  sys tem to p r e v e n t  m e r c u r y  
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contaminat ion.  Hel ium was purified, as required,  by  
passage th rough  a br igh t  meta l l ic  sodium column. 
Oxygen was purif ied by  passing it through Asca r -  
ite, phosphorus  pentoxide,  then dis t i l l ing i t  f rom a 
l iquid air  t r ap  re ta in ing  the middle  f ract ion in a 
s torage volume. 

Exper imental  Procedure 
M a t e r i a l s . - - E x p e r i m e n t s  were  car r ied  out on 

0.020 gauge sheet ro l led  f rom ingot  of superpur i ty  
and superpur i ty  base b ina ry  al loys containing 
0.19% Ga; 0.01 or 0.06% Fe; 0.24 or 1.78% Si; 0.53 
or 2.20% Mn; 0.08, 0.19, 1.51 or 6.0% Cu. The 
majo r  impur i t ies  in the  supe rpur i ty  meta l  were  
0.003% Fe, 0.001% Cu, 0.001% Mg, and 0.001% Si. 

S a m p l e  p r e p a r a t i o n . - - S a m p l e s  0.25 X 8 in. were  
cut f rom the 0.020 gauge sheets and formed into 
symmet r ica l  "hai r  pin" shapes. Af te r  vacuum an-  
neal ing for 1 hr at 543~ (this  t e m p e r a t u r e  was 
chosen as the highest  safe t empe ra tu r e  for annea l -  
ing A1 -5 6% Cu),  the samples were  electropol ished 
for 1 min at about  15~ and 17v ( ~  0.5 a m p / c m  ~) 
in a ba th  containing 1 pa r t  71% perchlor ic  acid to 
5 par t s  anhydrous  methanol  by  volume. Immed i -  
a te ly  af ter  polishing, a sample  was r insed 15 sec 
in absolute  methanol ,  45 sec in a je t  of dis t i l led 
water ,  then dr ied in a clean, dry,  air  blast  and 
stored in a desiccator  over ac t iva ted  alumina.  
Oxide  f o r m a t i o n . - - T o  form h i g h - t e m p e r a t u r e  oxide 
films, the  e lectropol ished samples  were  placed on 
the furnace  sample  holder  and the sys tem evacu-  
ated and kep t  at  < 10 -~ mm Hg pressure  for about  
20 hr  wi th  the furnace  at  t empe ra tu r e  and the 
samples in the cold furnace  head. The samples 
were  then  lowered  into the  hot zone in 5 mm 
Hg pressure  of hel ium. Af te r  0.5 hr, 0.2 a tm of 
purif ied oxygen was introduced.  When the  desired 
oxidat ion per iod had  elapsed, the  samples were  
ra ised into the cold furnace head, a l lowed to cool, 
removed,  and s tored in a d ry  desiccator  unt i l  r e -  
quired. 
Anod ic  ox ide  anneal ing . - - -Cer ta in  electropol ished 
supe rpur i ty  samples were  anodized to various vol t -  
ages at  a constant  cur ren t  dens i ty  of about  70 /~a/ 
cm ~. This was achieved by  increas ing the vol tage 
at  a s teady ra te  of 1.75 v/ ra in .  The anodizing ba th  
consisted of an aqueous ammonium bicarbonate  
solution (40 g/ l ,  pH --~ 7.5) held  at  30~ Sets of 
anodized samples were  evacuated  20 hr  in the  cold 
furnace  head  as above then annealed  in purif ied 
he l ium for the  desired period, cooled, removed,  and 
stored in a d ry  desiccator  unt i l  required.  A m m o -  
n ium bicarbonate  was used so tha t  any  of the  salt  
which might  remain  on the samples  would la rge ly  
be removed  dur ing the subsequent  vacuum t r ea t -  
ment.  
Elec t ron  micrographs . - - -Elec t ron  t ransmiss ion mi -  
crographs were  made  of cer ta in  of the oxide films 
formed dur ing  h i g h - t e m p e r a t u r e  oxidation.  The 
films were  isola ted by  dissolving the  me ta l  in a 2% 
b romine -me thano l  solution. 
Polar iza t ion  m e a s u r e m e n t s . - - P o l a r i z a t i o n  measure -  
ments  were  made  employing  one half  a "ha i r  p in"  
sample  as anode suspended wi th in  a cyl indr ica l  
wire  gauze p la t inum cathode (surface  area  ,-, 40 

cm'~). The electrolyte ,  which was main ta ined  at 
30.0~ consisted of an aqueous solution, 0.67M in 
boric acid and neut ra l ized  to pH 6 wi th  ammonia.  
The cell was suppl ied wi th  a d-c  potent ia l  increas-  
ing s teadi ly  at the ra te  of 1.75 v /min ,  the selec- 
t ion of this ra te  being a r b i t r a r y  to a la rge  extent .  
The cell  cur rent  was recorded with  a s t r ip  char t  r e -  
corder.  

Provid ing  tha t  the  cathodic overpoten t ia l  and iR 
drop in the e lec t ro ly te  and ex te rna l  circuit  can 
be neglected, it  is apparen t  tha t  the anodic over-  
potent ial ,  V, is given by  V ~-- V' -t- E where  E is 
the revers ib le  emf for the cell reaction,  2A1 -F" 
3H20 = A120~ -5 3H~ and V' is the appl ied  poten t ia l  
(al l  terms taken  as pos i t ive) .  In the presen t  case, 
for anodic cur ren t  densi t ies  up to 11 /~a/cm ~ or 
more, both these terms were  found to be less than  
10 mv and hence negligible.  The vol tage values  re -  
ported,  therefore,  are  V -~ V" -5 E, where  E was 
calculated to be 1.42v f rom the the rmodynamic  
da ta  compiled by  Thompson (14). Provided  tha t  
space charges at  the m e t a l - o x i d e  and ox ide-e lec-  
t ro ly te  interface are  small, for cur ren t  densit ies less 
than  about  11 # a / c m  ~, V wil l  r ep resen t  wi th in  
about  10 mv the vol tage drop across the oxide film. 

Exper imental  Results 
Polar iza t ion  curves . - - -Figures  1 to 6 are a selec- 

t ion of t racings  f rom the or iginal  polar izat ion 
curves. The curves were  qui te  reproducib le  in 
shape, a l though the peak  heights  and s t eady-s t a t e  
currents  were  reproduc ib le  only to about  10% be-  
cause of lack of careful  control  of the  sample area  
exposed dur ing  measurement .  
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Fig. l .  Influence of annealing on the polarization curve for 
anodized superpurity. 
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Fig. 2. Influence of oxidation temperature on the polarization 
curve for superpurity. 



186 JOURNAL OF THE ELECTROCHEMICAL SOCIETY March 1962 

~ 2oo 
~, 180 

/60 
~. 140 
k 

/20 

IO0 cu 
c~ 80 
k. 60 

OXIDIZED 
2 5 6  H O U R S ~  
350~ 

OXIDIZED 
4 HOURS 
45ooc 

40 
20 

i ' i ' 25 30 3.5 40 45 50 55 6.0 
VOLTA GE 

Fig. 3. Comparison of polarization curves for superpurity treated 
by anodic oxidation and annealing, with those for superpurity 
treated by oxidation in oxygen. 
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Fig. 4. Influence of allaying additians an the polariTation curve 
for specimens oxidized 256 hr at 350=C. (Alloys with the composi- 
tions shown in brackets have polarization curves the same as the 
one illustrated.) 

~ [~..~_ ANODIZED, ~ 
A NNEA LED >.(j 

3\ 5o.c 

% 

% 

260 
240 

~E 220 
(b",. ~ 200 
q 180 
>- 160 F- 

r4o 
~ i20 
c~ I00 
k-. 

8O 
~ eo 

%b 
2O 

0 

Fig. 5. 
curve for 

64 hrs 
/q 

lhr 4 hrs 16 hrs / I / 1 1 1  

20  25 30 35 40  45 50 55 60 65 70 T5 
VOLTAGE 

Influence of oxidation time at 450~ on the polarization 
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Fig. 6. Influence of oxidation time at 450~C on the polarization 
curve for superpurity. 

are 0.83 for f reshly  anodized samples,  1.08 and 1.11 
for samples annealed  1.5 and 5 h r  a t  250~ and 
1.18 and 1.20 for samples annealed  0.5 and 5 hr  at 
450~ 

In terpre ta t ion  of  Results 

O x i d e  n u c l e a t i o n  p h e n o m e n a . - - F r o r n  electron 
t ransmission rnicrographs,  conduction measu re -  
ments, and weight  gain data,  it  is apparen t  tha t  
the oxide film on supe rpur i ty  a luminum undergoes 
a discontinuous change in proper t ies  dur ing  ox ida -  

E l e c t r o n  t r a n s m i s s i o n  m i c r o g r a p h s . - - F i g u r e  7 

represents  a se]ection of the micrographs  obtained 
for e lectropol ished samples  oxidized in 0.2 atm of 
oxygen. 

A n n e a l i n g  r e s u I t s . - - T h e  resul ts  obta ined f rom 
polar izat ion measurements  on the anodized samples 
and the annealed anodized samples are  presented  
in Fig. 8. The "ba r r i e r  vol tage"  values  are anodic 
overpotent ia ls  obta ined in the fol lowing way.  For  
a sample  anodized to about  1 v, the potent ia l  was 
read at  a point  on the  polar izat ion curve corre-  
sponding to a cur rent  densi ty  of about  1 ~a /cm ~, 
those anodized to 6v, at  6 ~a /cm ~, and so on. This 
procedure  was adopted in ant ic ipat ion of the in te r -  
p re ta t ion  of the results.  The slopes of the resul t ing  
s t ra ight  l ines in ba r r i e r  volts per  anodizing volt  

Fig. 7. Electron transmission micrographs of oxide films formed 
on aluminum at 450~ (a) (top left) superpurity oxidized 16 hr, 
(b) (top right) and (c) (center left) superpurity oxidized 64 hr, 
(d) (center right) superpurity -F 0.06% Fe, oxidized 64 hr, (e) 
(bottom left) superpurity -~ 0.53% Mn, oxidized 64 hr, and (f) 
(bottom right) superpurity + 0.24% Si, oxidized 64 hr. 
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Fig. 8. Influence of annealing on the "barrier voltage" values for 
anodic films. 

t ion in pure  oxygen at 450~ Between 4 and 16 hr  
at 450~ the oxidat ion ra te  is found to increase 
somewhat,  fal l ing off once again beyond 16 hr  (15). 
Polar izat ion curves for superpur i ty  samples oxi-  
dized at 450~ for 16 or 64 hr  show dist inct  anoma-  
lies not  present  for samples oxidized for 4 hr  or 
less (Fig. 6) or oxidized at lower t empera tu res  
(Fig. 2). I t  is known (1-9) tha t  sufficiently p ro-  
longed oxidat ion of a luminum at a t empe ra tu r e  of 
about  450~ wil l  lead to the format ion  of gamma 
alumina;  x - r a y  diffraction measurements  on films 
formed at  apprec iab ly  lower t empera tu res  or for 
sufficiently short  oxidat ion periods yie ld  only di f -  
fuse pat terns .  There is l i t t le  doubt, therefore,  tha t  
the decorat ions apparen t  in the t ransmiss ion micro-  
graphs (Fig. 7a, b, and c) represent  crys ta l l i tes  of 
gamma a lumina  which have  nuclea ted  f rom the 
thin base "amorphous"  film. No evidence of these 
crys ta l l i tes  could be found for oxidat ion periods of 
4 hr  or less at 450~ or for oxidat ion periods up to 
256 hr  at 350~ or 600 hr  at 250~ A surface dis-  
colorat ion was observed to accompany the fo rma-  
tion of these crystal l i tes ,  a bluish haze or bloom, 
which var ied  in shading f rom one meta l  gra in  to 
the  next.  

The regula r  or ienta t ion of the oxide crys ta l l i tes  
wi th in  a meta l  gra in  and the change in or ienta t ion 
across a gra in  bounda ry  (Fig. 7) suggest an epi-  
t ax ia l  re la t ionship  be tween  the crysta l l i tes  and the 
metal .  Al though such a re la t ionship  is by no means 
certain,  the postula te  is s t rengthened by evidence 
that  nucleat ion of the crys ta l l i tes  takes place near  
the me ta l - amorphous  oxide interface.  This evi-  
dence is provided  by  the observed var ia t ion  f rom 
grain  to gra in  of the surface concentrat ion of the 
crystal l i tes ,  implying  p re fe r red  meta l  planes  for 
nucleation. The above observat ions  are  only con- 
sistent wi th  nucleat ion near  the meta l  oxide in te r -  
face, unless long range order  in the  amorphous film, 
a contradict ion of terms,  is assumed. (The amor -  
phous films are ~- 40A th ick) .  Crys ta l  nucleat ion at  
the me ta l -ox ide  interface  was found by  Vermi lyea  
(10) dur ing high field anodizing of tanta lum.  
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The nucleat ion sites do not appear  to be re la ted  
to genera l  impuri t ies ,  since addi t ions of 0.53% Mn, 
0.06% Fe, or 0.2% Ga cause no observable  change 
in the nucleat ion behavior.  The presence of copper, 
and to a g rea te r  ex tent  silicon, was found, however ,  
to have  a ve ry  apprec iable  affect on the induct ion 
per iod for c rys ta l  nucleat ion dur ing  oxidat ion at  
450~ From a series of polar iza t ion  curves (curves 
not shown) the induction periods were  es t imated to 
be about  7 hr  for superpur i ty ,  and 10 hr  and 20 hr  
for the 0.2 and 1.5% Cu alloys, respect ively.  Cop- 
per  was also found to affect the conduction p rop-  
ert ies and ra te  of growth  of the  amorphous  oxide 
film; this effect wi l l  be discussed later .  The pres -  
ence of 0.24% silicon, however,  appears  to have no 
apprec iable  effect on the  amorphous oxide or oxi-  
dat ion behavior  except  to increase the  induct ion 
per iod for c rys ta l  nucleation. F rom Fig. 7f, and on 
compar ing Fig. 5 and 6, it  is apparen t  that  l i t t le  or 
no crys ta l  nucleat ion has t aken  place on this al loy 
af ter  64 hr  oxidat ion at  450~ 

It  has been observed by  Brouck~re (1) tha t  ad-  
dit ion of magnes ium to a luminum decreases the 
t empera tu re  at  which gamma a lumina  first becomes 
apparen t  on oxidat ion in d ry  oxygen. That  the 
presence of magnes ium should promote  nucleat ion 
of gamma a lumina  is not at  all  surprising,  since 
gamma a lumina  is isomorphous wi th  spinel, 
MgAl~O~ (16). I t  is reasonable  to suggest, therefore,  
tha t  in the present  exper iments  the nucleat ion 
sites are in some way  re la ted  to the  0.001% mag-  
nesium impur i ty .  The observat ions may  be ex-  
p la ined  qua l i t a t ive ly  if it  is assumed tha t  clusters 
of magnes ium atoms t r apped  by  vacancy- l ike  
defects at the  me ta l -ox ide  interface form the 
nucleat ion sites. The a t t rac t ion  of the  gra in  bound-  
aries for vacancies and impur i t ies  would tend to 
deplete  the areas adjacent  to the gra in  boundar ies  
of such nucleat ion sites, which agrees wi th  the  
observat ions (see pa r t i cu l a r ly  Fig. 7e). P re fe r r ed  
planes for nucleat ion would of course be expected.  
Again,  soluble impur i t ies  which could compete 
wi th  the  t rapp ing  sites for magnes ium atoms would 
be expected to reduce the p robab i l i ty  of format ion  
of a nucleat ion site. Thus the  influence of copper 
and silicon can be explained.  The a t t rac t ion  of 
copper and magnes ium atoms for one another  would 
be expected since copper atoms are smaller,  while  
magnes ium atoms are la rger  than  the host atoms, 
a luminum. The grea ter  influence of silicon can be 
a t t r ibu ted  to weak  chemical  bonding be tween  
magnes ium and silicon atoms. (Magnesium silicide 
is a modera te ly  s table in termeta l l ic  compound.)  

Ionic Conduct ion---General  

The most s t r ik ing fea ture  of the  polar izat ion 
curves (Fig. 1 to 6) is the  high current  peak  which 
occurs for all  films formed or annealed at high 
tempera tures .  Polar izat ion curves for ident ical ly  
anodized samples,  as anodized, and annealed at  
250 ~ and 450~ respect ively,  are  compared  in Fig. 
1. Annea led  samples exhibi t  a cur rent  peak, and the 
"ba r r i e r  vol tage"  is increased over tha t  for an un-  
annealed  sample. For  polar iz ing potent ia ls  g rea te r  
than about 12v, the current  densit ies for the samples 
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illustrated in Fig. 1 become the same within ex- 
perimental  error. Also, the total charge passed in 
the three cases (determined by integration under 
the curves) on anodizing to say 12v, is very nearly 
the same. The suggestion is, therefore, that  the 
change brought  about in the film by annealing is 
reversed by fur ther  anodizing. Although some such 
effect would be predicted by the theory of transient 
ionic conductivity proposed by Bean, Fisher, and 
Vermilyea (17), the very  long observed decay 
times for the transients (>  1 min) is far more con- 
sistent with the postulate of a more major  change 
in the film, perhaps a rearrangement  of the amor-  
phous film structure. 

A comparison of polarization curves for samples 
with films of about the same thickness formed by 
oxidation at 250 ~ 350 ~ and 450~ is presented in 
Fig. 2. The three curves are, within exper.imental 
error, identical in shape. A similar comparison for 
films formed by oxidation at 350 ~ and 450~ and 
by anodizing and annealing at 450~ is presented 
in Fig. 3. Again, the three curves are nearly identi- 
cal in shape. The conduction properties and hence 
film structure are therefore apparently the same 
for samples oxidized in the range 250~176 and 
for samples anodically oxidized and annealed at 
450~ Anodic films annealed for 5 hr  at 250~ do 
not exhibit quite the same conduction properties 
as the above group. It is possible, however, that  on 
prolonged annealing, agreement would be obtained, 
since films formed by oxidation at 250~ conform 
to this group. 

It  has been suggested to the author that  anneal- 
ing anodic films results in the loss of water  which 
is assumed to have been incorporated into the oxide 
structure during the formation of the film. This 
explanation for the observed change in conduction 
properties on annealing, however, appears rather  
unlikely. This is so because on fur ther  anodizing an 
annealed sample, the conduction properties of the 
film return to those of a freshly anodized sample, 
implying a re-hydra t ion  of the anhydrous film if 
the postulate mentioned is accepted. It  is difficult to 
conceive of a mechanism by which this r e -hydra -  
tion could take place during anodizing in a few 
minutes at room temperature.  The transport  num-  
ber for the hydroxyl  ion would be expected to be 
insignificant compared to that for the a luminum 
ion, and protons would hardly diffuse against a 
potential gradient of about 107 v/cm,  the field 
strength present in the film during anodizing. It 
has been assumed, therefore, that  these anodic 
oxide films are essentially anhydrous,  differing 
only slightly from films formed in dry  oxygen. 

Figure 4 illustrates the effect of certain alloying 
additions on the polarization curves. Small addi- 
tions of Ga, Fe, Si, or Cu appear to have little or 
no effect on the conduction properties of the film 
formed during oxidation. The effects observed for 
the 1.78% Si alloy and the manganese alloys are 
probably due to the presence in the metal of a sub- 
stantial second phase, rather  than a change in the 
film properties. This view is supported in the case 
of the 0.54% Mn alloy by the fact that  weight gain 
data for oxidation of this alloy at 450~ does not 

differ from that for superpuri ty a luminum (15). On 
the other hand there is little doubt that  copper 
effects a pronounced change in the conduction 
properties of the oxide films. In the following paper 
(15) it is concluded from a comparison of weight 
gain and barrier voltage data for the oxidation at 
450~ of superpuri ty and superpuri ty plus 1.5% Cu 
that the ratio of film thickness to barrier voltage 
for the 1.5% Cu alloy is about 2.5 times that  for 
superpuri ty aluminum. This indicates that  the spe- 
cific ionic conductivity for the amorphous film on 
this alloy is substantially greater than that for the 
amorphous film on superpurity. Such an effect 
would be expected providing ionic conduction 
through the amorphous film can be considered as 
involving an interstitial cation (or pseudo inter-  
stitial cation) transport  mechanism. The substitu- 
tion of divalent copper for tr ivalent a luminum ions 
in the oxide would then lead to an increase in the 
equilibrium concentration of interstitial cations. It  
is of interest to note that, of the alloying elements 
studied, only copper gives rise to an ion of radius 
close to that for aluminum, but differing f rom it 
in valency. 

A comparison of the polarization curves for sam- 
ples of superpuri ty and superpuri ty -~ 0.24% Si 
oxidized at 450~ is of interest. At 16 or 64 hr  oxi- 
dation, the superpuri ty samples have developed 
oxide crystallites, whereas those of superpuri ty -b 
0.24% Si have not to any appreciable extent. The 
first current  peak for the superpuri ty sample oxi- 
dized 16 hr is very  likely due, therefore, to con- 
duction through the crystallites. The second peak, 
falling in the same position as that for the 0.24% 
Si alloy, is undoubtedly due to conduction through 
the remaining amorphous film. After 64 hr oxida- 
tion, this second peak is very  much reduced in 
agreement with the observed reduction in the pro- 
portion of the original amorphous film remaining 
(cf. a and b, Fig. 7). 

Accepting the above interpretation it follows that  
the specific ionic conductivity of the crystallites is 
considerably higher than that  for the amorphous 
film. (Electronic contribution to the measured cur- 
rent was shown experimentally to be small.) The 
fact that  the crystallites grow to a greater thick- 
ness than does the amorphous film (see Fig. 7) also 
suggests a higher ionic transport  coefficient for the 
crystallites. 

According to the views of Ervin (18), the struc- 
ture of gamma alumina in all its modifications dif- 
fers from spinel, MgALO~, only in that  8 cations 
must be distributed among sites occupied by 9 
cations in the spinel lattice. These various crystal 
modifications, resulting from different cation dis- 
tributions, would not be expected to have greatly 
differing cationic diffusivities or conductivities. 
Also the observed effect of copper on the ionic con- 
ductivity of the amorphous film can only be ex- 
pected if ionic conductance in the film is by inter-  
stitial cations. Ionic conductance in gamma alumina 
would be expected to be by cation vacancies, since 
it possesses as an essential par t  of its structure one 
vacancy per 9 cation sites. It seems unlikely, there-  
fore, that  the amorphous oxide has a proper  gamma 
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alumina type structure. A high cationic transport  
coefficient for gamma alumina is to be expected 
because of the high vacancy concentration. It is, 
however, difficult to conceive a crystalline struc- 
ture, metastable with respect to gamma alumina, 
yet  having a much lower transport  coefficient. Per-  
haps this difficulty can be resolved by considering 
the amorphous film to be made up of randomly 
oriented "molecular" units, as suggested by Wils- 
dorf (9) .8 

Ionic  C o n d u c t i o n - - I n t e r p r e t a t i o n  of  
A n n e a l i n g  Ef]ects 

The interpretation of the results illustrated in 
Fig. 8 has been based on the high field ionic con- 
ductance theory of Bean et  al. (17) as this theory 
appears to provide the best explanation for ionic 
conductance effects in amorphous films on tantalum 
and aluminum (19). Only an outline of the devel- 
opment given by Dewald (19) is presented here. 
It is assumed that during anodic oxidation, metal 
ions are the mobile species and that the ra te-con-  
trolling step is the passage of ions through the 
film. In the bulk of the film, every lattice ion 4 is a 
potential source of an ion-vacancy pair, the rate 
of production of ion-vacancy pairs being given by 

dn + d m  + 
d-----~-- d~- ( N o - - m ) v e x p - -  ( W - - E k q ) / k T  

[1] 

where n is the carrier concentration, m vacancy 
concentration, No concentration of lattice sites, v 
frequency of atomic vibration, 10 ~ sec -1, W activa- 
tion energy for the creation of an ion-vacancy pair, 
k the distance from the equilibrium to the position 
of the maximum in the potential energy diagram 
of an ion around a lattice site, q charge of the in- 
terstitial ion, E electric field in the film, k Boltz- 
mann constant, and T absolute temperature.  

It is fur ther  assumed that whenever  an intersti- 
tial ion passes within an area, r in the vicinity of 
an immobile vacancy, it will be captured by that 
vacancy; the rate of annihilation of ion-vacancy 
pairs is therefore given by 

dn- din- i" ~ m 
- -  - -  - -  [ 2 ]  

dt  dt  q 

where i" is the current  density in the oxide film. 
The conduction through the film is assumed to de- 
pend exponentially on the field strength according 
to Eq. [3] 

i" = 2qa v n exp - -  (U  - -  E a q ) / k T  [3] 

where U is the activation energy for diffusion of an 
ion through the oxide, and a is the activation dis- 
tance associated with U. 

Neglecting space charge in the film and current  

s S u c h  a postulate  does  not  prec lude  the  pos s ib i l i t y  t h a t  t h e  " i n i  
t e r m o l e c u l a r "  o rde r  i n  t h e  a m o r p h o u s  f i l m  is e s sen t i a l l y  t he  s ame  
as  t h e  s h o r t  r a n g e  o r d e r  in  g a m m a  a l u m i n a .  I t  w o u l d  be  e x p e c t e d  
t h a t  i n t e r  a t o m i c  forces  w i t h i n  suf f ic ien t ly  s m a l l  "crystals" w o u l d  
dif fer  c o n s i d e r a b l y  f r o m  those  w i t h i n  m a c r o  crys ta ls .  

4 n e w a l d  (19) def ines ,  f o r  a n  a m o r p h o u s  sol id ,  a l a t t i c e  c a t i o n  as  
a ca t ion  w h o s e  c h a r g e  is  IoeaUy c ompens a t ed ,  a n  i n t e r s t i t i a l  c a t i o n  
as one  w h o s e  c h a r g e  is n o t  l oca l ly  c o m p e n s a t e d ,  a n d  a c a t i o n  v a -  
cancy  as a r e g i o n  of n e g a t i v e  c h a r g e  w h i c h  is not  loca l ly  c o m p e n -  
sa ted.  
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associated with charging the electrolyte-oxide- 
metal capacitor, and assuming n ~ m < No, Eq. 
[1], [2], and [3] become 

dn 
- - = N o v e x p - -  ( W - - E k q ) / k T - - i a n / q  [4] 
dt  

and 
i = 2qa ~ n exp --  ( U - -  E a q ) / k T  [5] 

where i is the external, observed current  density. 
The solution of Eq. [4] and [5] for the case of a 

linearly increasing applied voltage (the conditions 
obtaining during a polarization measurement)  is 
very  complicated; a useful solution can be ob- 
tained, however, for certain limiting conditions. 
For amorphous films either formed or annealed at 
high temperatures,  the concentration of interstitial 
ions and vacancies will be small due to the high 
recombination rate caused by thermal diffusion of 
the ions within the film. During the early stages of 
a polarization measurement,  the rate of annihila- 
tion of ion-vacancy pairs may therefore be neg- 
lected by comparison with their rate of formation, 
giving: 

dn 
-- Nov e x p - -  ( W - - E k q ) / k t  [6] 

dt  

Substituting E -~ V / $  and t ---- V / R  (where V is 
the voltage across the film, 8 the film thickness, and 
R the rate of voltage rise, a constant) and inte- 
grating assuming 8 independent of time (which is 
a good approximation provided that the total 
charge passed is small compared to the film thick- 
ness) the following equation is obtained: 

N o v k T ~  
n -- no ---- (exp -- W / k T )  

R k q  

VX__q_q 1 ~ [7] exp ~kT ] 

where no is the concentration of interstitial ions at 
t ---- V ---- 0. As soon as an appreciable current  is 
flowing, n will be > no, and exp V k q/8  k T  > > ~  1. 
To a first approximation, therefore, n is given by: 

N o v k T 8  
n ----- exp --  ( W  --  V k q / ~ ) / k T  [8] 

R k q  

Substituting this value for n into Eq. [5], the fol- 
lowing relation is obtained: 

k T ~  l n ( R X e x p ( W + U ) / k T  i )  

V = ' ( X  + a ) q  2 a ~ N o k T  - ~  

[9] 
The logari thm term has a value of about 100; a 

factor of 10 error in the value of n resulting say 
from the use of Eq. [8], will therefore cause an 
error of only about 2.5% in V, calculated using 
Eq. [9]. It should be emphasized that  Eq. [9] will 
be valid only for the initial current  rise portion of 
polarization curves for samples with amorphous 
films formed or annealed at high temperatures.  It 
predicts a linear relationship between the barrier  
voltage, V, and the film thickness, $, where the 
voltage measurements are made at current  densities 



190 JOURNAL OF THE ELECTROCHEMICAL SOCIETY March 1962 

such as to m a i n t a i n  ( i /~) a p p r o x i m a t e l y  cons tan t .  
This  is in  a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  d e -  
p e n d e n c e  s h o w n  in Fig .  8, s ince t he  f i lm th i cknes s  
is p r o p o r t i o n a l  to the  anod iz ing  v o l t a g e  (20) .  ( I t  
is  b e l i e v e d  t h a t  the  h igh  b a r r i e r  v o l t a g e  va lue s  for  
t he  s amp le s  anod ized  to 2.5v and  less and  a n n e a l e d  
a t  450~ w e r e  caused  b y  o x i d a t i o n  d u r i n g  a n n e a l -  
ing, a r i s ing  f r o m  the  p r e s e n c e  of a d s o r b e d  o x y g e n  
or  w a t e r . )  P r o v i d e d  a n n e a l i n g  is c a r r i e d  out  u n d e r  
such  cond i t ions  as to r e d u c e  n suff ic ient ly  (i.e., 
m a k e  no suff ic ient ly  s m a l l )  Eq. [9]  c l e a r l y  p r e d i c t s  
t h e  b a r r i e r  vo l t age  vs. t h i ckness  cu rves  to be  in -  
d e p e n d e n t  of a n n e a l i n g  condi t ions ,  w h i c h  is con-  
t r a r y  to t h e  e x p e r i m e n t a l  resu l t s .  

V e r m i l y e a  (21) conc ludes  f r o m  conduc t i on  m e a s -  
u r e m e n t s  on t a n t a l u m  ox ide  fi lms a n n e a l e d  u n d e r  
v a r i o u s  cond i t ions  t h a t  t he  c o n d u c t a n c e  t h e o r y  by  
B e a n  et al. is i n a d e q u a t e .  D e w a l d  (19) ,  h o w e v e r ,  
s t u d y i n g  t r a n s i e n t  conduc t ion  effects d u r i n g  anodic  
o x i d a t i o n  of t a n t a l u m  a t  25~ and  ove r  a m o d e r a t e  
r a n g e  of c u r r e n t  dens i t i es ,  o b t a i n e d  e x c e l l e n t  con -  
f i rma t ion  of t he  t heo ry .  I t  a p p e a r s  to be  r e a s o n a b l e  
to  assume,  w i t h  V e r m i l y e a ,  t h a t  t h e  s t r u c t u r e  of 
t he  ox ide  f i lm modif ies  on annea l ing .  D e w a l d ' s  r e -  
sul ts ,  h o w e v e r ,  sugges t  t h a t  t he  t h e o r y  of Bean  et 
al. is app l i cab le ,  p r o v i d i n g  the  m e a s u r e m e n t s  a r e  
m a d e  on f i lms a l l  of w h i c h  have  t h e  s ame  s t ruc tu re .  
Some  s u p p o r t  for  th is  no t ion  is also p r o v i d e d  b y  
the  r e su l t s  in  Fig .  8. The  v a r i a t i o n  in  t h e  o b s e r v e d  
s lopes  (Fig .  8) for  s amp le s  a n n e a l e d  a t  d i f f e ren t  
t e m p e r a t u r e s  can  p e r h a p s  be  exp l a ined ,  t he re fo re ,  
in t e r m s  of a d i f fe rence  in  s t r u c t u r e  of the  ox ide  
f i lms and  h e n c e  d i f fe ren t  va lue s  for  t he  p a r a m e t e r s  
of Eq. [9] .  In  the  fo l lowing  ca l cu l a t i on  an  a t t e m p t  
is m a d e  to d e t e r m i n e  w h i c h  of t he  p a r a m e t e r s  is 
p r i m a r i l y  r e s p o n s i b l e  for  t h e  change  in  conduc t ion  
p r o p e r t i e s  o b s e r v e d  on annea l ing .  

R e - a r r a n g i n g  Eq. [9] ,  t he  fo l lowing  is ob t a ined :  

k T  
q ( X + a ) / 2 - - - - - - - -  In 

V 2 

R(i /8)  x ~ ( w  + u )  

k T / 2  ~aNo V 2 
[i0] 

F o r  fi lms a n n e a l e d  5 h r  a t  450~ 8 / V  is c a l c u -  
l a t e d  f r o m  the  v a l u e  12.7 A / v  (22) for  c o n v e r t i n g  
b a r r i e r  vo l t age  to f i lm th i cknes s  for  the  a s - a n o -  
d ized  s a m p l e s  and  f r o m  the  s lopes  o b t a i n e d  f rom 
Fig.  8. Thus  3 / V  ~ 12.7 • 0.83/1.20 = 8.8 A / v .  k T  
---- 0.0261 ev a t  30~ the  t e m p e r a t u r e  a t  w h i c h  
p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  m a d e .  R ---- 2.92 
X 10 -~ v / s ec ,  and  i/8 ---- 1.0 ~ a / c m  ~ p e r  anod iz ing  
vo l t  = 7 X I0 ~ e l ec t rons  cm -~ sec-% the  c u r r e n t  
d e n s i t y  to f i lm th i cknes s  r a t i o  u sed  to o b t a i n  the  
b a r r i e r  vo l t age  va lues ,  ( W  + U ) / 2  : 1.76 ev, f r o m  
k ine t i c  m e a s u r e m e n t s  on the  o x i d a t i o n  of a l u -  
m i n u m  in t h e  t e m p e r a t u r e  r a n g e  250~176 (15) .  
The  use  of th is  v a l u e  a p p e a r s  to be  jus t i f ied ,  first,  
b ecause  t he  a i r  o x i d a t i o n  k ine t i c s  a r e  in a g r e e m e n t  
w i t h  Eq. [4]  and  [5] ,  and  second,  b e c a u s e  t h e  con-  
duc t ion  p r o p e r t i e s  of a n n e a l e d  anod ic  and  h igh  
t e m p e r a t u r e  a i r - f o r m e d  fi lms a p p e a r  ident ica l ,  as 
d i scussed  ea r l i e r ,  av(2N0 a/~)  ~/~ ~ 7.5 X 10 -~ c m -  
sec -~, f r o m  k ine t i c s  of a i r  o x i d a t i o n  (15) .  ~1 is the  
v o l u m e  p e r  m e t a l  ion in  t he  o x i d e  and  is 2.34 • 
10 -~ cm ~ for  AI~O~ of d e n s i t y  3.6g cm -~. ~ /h  : 10 -7 

cm, a v a l u e  e s t i m a t e d  f r o m  the  r e su l t s  of D e w a l d  
(19) and  V e r m i l y e a  (21) on  t a n t a l u m  and  a l u -  
m i n u m .  A n  e r r o r  of a f ac to r  of 10 in  th is  e s t i m a t e  
w i l l  i n t r o d u c e  an  e r r o r  of less  t h a n  2.5% in t he  
c a l c u l a t e d  v a l u e  of q (k  + a ) /2 .  

On m a k i n g  the  a b o v e  subs t i tu t ions ,  t he  r e su l t  
q(~, + a ) / 2  : 11.3 eA is ob t a ined .  

In  o r d e r  to m a k e  a s im i l a r  ca l cu l a t i on  for  q(h  + 
a ) / 2  for  t he  a s - a n o d i z e d  films, a s o m e w h a t  d i f fe r -  
en t  e xp re s s ion  m u s t  be  used,  s ince  the  a s s u m p t i o n s  
m a d e  in d e r i v i n g  Eq. [10]  a r e  no t  a p p l i c a b l e  in 
this  case. The  so lu t ion  of Eq. [4]  a n d  [5]  for  s t e a d y  
s t a t e  cond i t ions  (i.e., d n / d t  ~ 0) can  be  w r i t t e n  
as fo l lows :  

kT  ( i~ (~ /a)  ) W q- U 
q(X + a ) / 2 =  2---E-ln q ~ 2 N o  + 2E 

[11] 

D u r i n g  the  f o r m a t i o n  of t he  anod ic  f i lms u n d e r  
d iscuss ion,  s t e a d y  s t a t e  cond i t ions  p r e v a i l e d ,  p e r -  
m i t t i n g  the  use  of Eq. [11] .  The  s a mp le s  w e r e  ano -  
d ized  at a constant current density of about 7 • 
i0 -~ amp/cm ~ ~ i. By comparing the voltage to 
which the samples were anodized with the corre- 
sponding barrier voltage (Fig. 8) and employing 
the value 12.7A per barrier volt, one obtains I/E 
= 8 / V  ~ 0.83 • 12.7 =10 .5  A / v .  Since  the  a c t i v a -  
t ion  e n e r g y  for  anod ic  o x i d a t i o n  of a l u m i n u m  d e -  
t e r m i n e d  b y  C h a r l e s b y  (20) ,  1.6-1.8 ev, is t he  same  
w i t h i n  e x p e r i m e n t a l  e r r o r  as  the  v a l u e  for  h i g h -  
t e m p e r a t u r e  ox ida t ion ,  t he  v a l u e  ( W  + U ) / 2  ~-- 
1.76 ev  was  used  for  th is  c a l cu l a t i on  as wel l .  Se t -  
t ing  No = 4.27 X 10 ~, t he  c o n c e n t r a t i o n  of a l u -  
m i n u m  ions in  AI_~O~ of d e n s i t y  3.6 g / c m  2, ~ /a  ~- 
10 -7 cm (an  e s t i m a t e ) ,  ~ ---- 10 = and  k T  ~ 0.026 ev, 
one  ob ta in s  q ( k  Jr a ) / 2  ~ 10.5 eA. 

V e r m i l y e a  (21) o b t a i n e d  va lue s  of q ( X +  a ) / 2  
for  a l u m i n u m  o x i d e  f o r m e d  b y  anodiz ing .  His  f i lm 
th i ckness  m e a s u r e m e n t s  w e r e  b a s e d  on a d i e l ec t r i c  
cons t an t  for  t he  ox ide  fi lms of 10. S ince  the  p r e s -  
en t  f i lm th i cknes s  m e a s u r e m e n t s  a r e  based  on the  
r e su l t s  of v a n  Gee l  and  S c h e l l e n  (22) (i.e., t h e i r  
v a l u e  12.7 A / b a r r i e r  vo l t  was  e m p l o y e d )  be fo re  
c o m p a r i n g  the  p r e s e n t  va lue s  w i t h  those  of V e r -  
mi lyea ,  his  r e su l t s  w e r e  r e c a l c u l a t e d  us ing  v a n  
Gee l  a n d  Sc he l l e n ' s  v a l u e  for  t he  d i e l ec t r i c  con-  
s tan t ,  8.7. V e r m i l y e a ' s  r e su l t s  t h e n  become  q(X + 
a ) / 2  ~ 9.2 eA a n d  10.5 e/t, for  f i lms f o r m e d  a t  c u r -  
r e n t  dens i t i e s  of a b o u t  2 and  0.2 m a / c m  =, r e s p e c -  
t ive ly ,  as c o m p a r e d  to the  p r e s e n t  va lue s  of 10.5 eA 
for  f i lms f o r m e d  a t  0.07 m a / c m  ~, and  11.3 e A  for  
f i lms a n n e a l e d  at  450~ The  a g r e e m e n t  b e t w e e n  
these  r e su l t s  is qu i t e  a m a z i n g  and  p r o b a b l y  s o m e -  
w h a t  fo r tu i tous .  In  a d d i t i o n  to t h e  va lue s  for  f i lms 
f o r m e d  at  low c u r r e n t  dens i t i e s  a g r e e i n g  so wel l ,  
t he  t r e n d  of i nc r e a s ing  q(X-~ a ) / 2  for  i nc r ea s ing  
o r d e r  in  t he  fiIm s t r u c t u r e  is p r e s e r v e d .  ( I t  is a s -  
s u m e d  t h a t  f i lms f o r m e d  at  h igh  c u r r e n t  dens i t i e s  
w o u l d  be  t he  mos t  d i s o r d e r e d ,  those  f o r m e d  a t  low 
c u r r e n t  dens i t i es  the  nex t ,  and  a n n e a l e d  f i lms the  
mos t  o r d e r e d . )  F r o m  t h e  r e s u l t s  of B e r n a r d  and  
Cook  (23) ,  o b t a i n e d  f r o m  r o o m  t e m p e r a t u r e  anodic  
o x i d a t i o n  m e a s u r e m e n t s ,  one can  ca l cu l a t e  a m e a n  
v a l u e  for  q(X + a ) / 2  of 12.5 e A  ---- 7%.  C o m p a r i n g  
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this  va lue  w i th  the  va lue  of 12.2 A / v  ob ta ined  f rom 
the i r  resul t s  for films fo rmed  at 0.07 m a / c m  ', it 
can be seen tha t  the  ra t io  of these  n u m b e r s  is in  
exce l len t  a g r e e m e n t  w i th  the  ra t io  of the  corre-  
spond ing  va lues  r epor t ed  h e r e i n  (i.e., 10.5 eA and  
10.5 A / v  at  0.07 ma/cm~) ,  i nd i ca t ing  once aga in  
exce l len t  a g r e e m e n t  apa r t  f rom the  scale of t h i ck -  
ness. 

From these calculations most of the change in 
conduction properties which accompany the an- 
nealing of anodic oxide films on aluminum can be 
ascribed to the pre-exponential factor, rather than 
to e i ther  the effective ac t iva t ion  energy,  (W + 
U ) / 2  or the  effective ac t iva t ion  dis tance  (}, + a ) / 2 .  
For  films fo rmed  by  anodiz ing  at 0.07 m a / c m  ~, No 
appears  to be n e a r l y  equa l  to the tota l  n u m b e r  of 
a l u m i n u m  ions in  the  film, tha t  is about  4 • 10 ~-" 
ions/cm". On the o ther  h a n d  for the  a n n e a l e d  films 
N, is equa l  to about  10 ~ i o n s / c m  3 ( f rom ~v(2N,,a/ 
~)lj~ =: 7.3 X 10 -~ cm sec).  A n n e a l i n g ,  therefore ,  
appears  to reduce  g rea t ly  the n u m b e r  of la t t ice  
sites which  are  po ten t i a l  sources of i o n - v a c a n c y  
pairs,  or more  genera l ly ,  it appears  to decrease the  
conduc t iv i ty  of the  film by  r educ ing  the  n u m b e r  of 
po ten t i a l  c u r r e n t  carr iers .  It  can be shown tha t  this 
conclus ion is subs t an t i a l l y  i n d e p e n d e n t  of the  p a r -  
t i cu la r  conduc t ion  m e c h a n i s m  assumed.  

Wilsdorf ' s  mode l  for the  amorphous  oxide can 
once aga in  provide  an  exp l ana t i on  of the  resul ts .  
In  a r a n d o m l y  o r i en ted  molecu la r  a r r ay  one wou ld  
expect  ce r ta in  cat ions  to be  in  r e l a t i ve ly  h igh  po-  
t en t i a l  ene rgy  sites. I t  wou ld  be these ions, p r e -  
sumably ,  tha t  could be exci ted  into in t e r s t i t i a l  
positions,  l ead ing  to cat ionic  conduct iv i ty .  On a n -  
nea l ing  the  film, some order ing  of the  molecu la r  
groups  could take  place, causing a r educ t ion  in  the  
n u m b e r  of cat ions  in  h igh po ten t i a l  ene rgy  sites, 
hence  a r educ t ion  in  the  n u m b e r  of cat ions  which  
can become c u r r e n t  carr iers ,  in  a g r e e m e n t  wi th  the 
i n t e r p r e t a t i o n  of the resul ts .  The  high ionic c u r r e n t  
imposed d u r i n g  r e - a n o d i z i n g  of an a n n e a l e d  s am-  
ple could cause, in i t ia l ly ,  r e a r r a n g e m e n t  of the mo-  
lecu la r  groups,  l ead ing  to an  increase  in  the  con-  
cen t r a t i on  of ions in h igh  po ten t i a l  ene rgy  sites. 
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This, in  tu rn ,  wou ld  lead to an  increase  in  the  con-  
duc t ion  ion concen t r a t i on  a nd  hence  to a c u r r e n t  
overshoot  d u r i n g  a po la r iza t ion  m e a s u r e m e n t .  Ul t i -  
mate ly ,  the  proper t ies  of the  film w ou l d  be ex-  
pected to r e t u r n  to those of a f resh ly  anodized s a m -  
ple, as observed.  A more  q u a n t i t a t i v e  appra i sa l  of 
these  ideas is at  the  m o m e n t  not  possible.  

Manuscript  received Nov. 7, 1960; revised manuscr ip t  
received June  5, 1961. This paper was prepared, in part, 
for del ivery before the Ottawa Meeting, Sept. 8-Oct. 2, 
1958. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1962 
JOURNAL. 
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Oxide Films on Aluminum 
II. Kinetics of Formation in Oxygen 
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ABSTRACT 

The reaction rates in oxygen of electropolished samples of superpuri ty 
aluminum and certain of its binary alloys were investigated in the tempera-  
ture range 250~176 employing anodic polarization 2 and weight gain meas- 
urements. The rate of formation of "amorphous" oxide was not affected by small 
alloying additions of Fe, Mn, or Ga, and was found to be in good accord with 
the Cabrera-Mott  ~ theory for the formation of very thin films. A modified ver-  
sion of this theory is preferred, however, since the rate appears to be controlled 
within the film, ra ther  than at the metal-oxide interface. At 450~ and pre-  
sumably above, the nucleation and initial growth of gamma alumina crystalli tes 
was found to coincide with a region of approximately constant oxidation rate, 
providing a qualitative explanation for the latter. The presence of copper was 
found to have an appreciable effect on the oxidation behavior. This effect can 
be explained by assuming that the presence of copper ions in the oxide film 
increases the concentration of conducting aluminum ions substantially. 

The kinet ics  of format ion  of the oxide film on 
a luminum and its al loys at  low t empera tu res  where  
a so-cal led l imi t ing oxide film thickness  is obta ined 
has not been s tudied in any detail .  The da ta  of 
Hass (3),  Gulbransen  and Wysong (4),  Smel tzer  
(5), and Aylmore ,  Gregg, and Jepson (6) indicate  
tha t  a l imi t ing oxide film thickness is obta ined on 
a luminum for oxidat ion below about  400~ and, 
while  the resul ts  of Obrist  (7) and Cabre ra  and 
Hamon (8) indicate  a somewhat  lower  t e m p e r a -  
ture,  anodic polar izat ion studies of Hunte r  and 
Fowle (9) tend to confirm this value.  I t  might  r ea -  
sonably  be expected,  and indeed the present  resul ts  
show, tha t  the  ra te  of oxidat ion of a luminum in 
this l o w - t e m p e r a t u r e  range  is of the  form predic ted  
by  Cabrera  and Mott (2) for the growth  of very  
thin  oxide films on metals.  

Most of the  da ta  consist of "ba r r i e r  vol tage"  va l -  
ues de te rmined  using a modification of the  anodic 
polar iza t ion  measuremen t  technique employed  by  
Hunter  and Fowle  (10), a l though some weight  gain 
da ta  were  also obtained.  Samples  oxidized for va r i -  
ous t imes at t empera tu res  of 250 ~ 350 ~ and 450~ 
were  anodical ly  polar ized and the ba r r i e r  vol tage 
de te rmined  as descr ibed in the foregoing paper .  
For  superpur i ty  a luminum the  film thickness  may  
then be taken  to be propor t iona l  to the ba r r i e r  
voltage.  Unti l  the  presen t  work,  the  va l id i ty  of this  
method had only been demons t ra ted  for the case 
of nonporous anodic films (10). In the  foregoing 
paper ,  however ,  it  was shown tha t  for superpur i ty  
the ba r r i e r  vol tage  is p ropor t iona l  to film thickness 
for annealed anodic films; also, the  room t e m pe r -  
a ture  ionic conduction proper t ies  of films formed 
by  oxidat ion at 250 ~ 350 ~ or 450~ could not  be 
dis t inguished f rom those of anodic films annealed  

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  T o -  
ron to ,  T o r o n t o ,  O n t a r i o ,  C a n a d a .  

2 S e e  r e f .  (1) .  

s S e e  r e f .  (2) .  

at 450~ it appears  l ikely,  therefore,  tha t  for films 
formed on supe rpu r i t y  a luminum by oxidat ion in 
the range  250~176 the ba r r i e r  vol tage is p ro-  
por t ional  to the oxide thickness,  the value  of the 
p ropor t iona l i ty  constant  being the same as tha t  for 
anodic films annealed at 450~ namely,  8.8 A / v  
(Z). 

The main  advantages  in this method of film th ick-  
ness de te rmina t ion  are the  following. Firs t ,  the 
ba r r i e r  vol tage is independent  of sample  area  to a 
first approximat ion,  in contrast  to weight  gain or 
capaci tance measurements .  For  example,  a rough-  
ness factor  of 2, if not t aken  into account, wi l l  lead 
to an er ror  in the film thickness  ca lcula ted  f rom 
the ba r r i e r  vol tage of less than  1% (cf. Eq. [9], 
( 1 ) ) .  Second, absolute  film thickness can in pr inc i -  
ple be obtained f rom polar izat ion measurements ,  
whereas  only changes of film thickness  can be ob- 
ta ined  f rom weight  gain measurements .  Final ly ,  
the  ba r r i e r  vol tage  value  is not  affected apprec i -  
ab ly  by  flaws or fissures in the oxide film, in con- 
t ras t  to the  film capacitance.  The main  d i sadvan-  
tage of the  method is tha t  it is by  no means  abso- 
lute, requir ing,  therefore,  careful  cal ibrat ion.  Its 
appl icat ion depends on the proper t ies  of the pa r -  
t icular  ox ide -me ta l  sys tem in question. The same 
re la t ion be tween ba r r i e r  vol tage  and film thickness 
cannot  be assumed, a priori, for samples other  than  
those wi th  ident ical  ox ide -me ta l  in ter face  and 
ident ical  oxide form. Techniques for obta in ing the 
thickness of films on a luminum,  s imi lar  to the one 
employed  herein,  have  been used by  some workers  
r a the r  indiscr iminate ly ,  wi thout  exper imen ta l  or 
theore t ica l  just if icat ion for its appl icat ion to the 
system under  study. 

The presen t  invest igat ion was unde r t aken  to de-  
t e rmine  the oxidat ion mechanism of a luminum and 
the  effect of smal l  a l loying addi t ions of gall ium, 
iron, manganese,  silicon, and copper  on the oxida-  
t ion behavior .  Al loy  addit ions were  kep t  small  in 
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o r d e r  to avo id  h a v i n g  to cons ide r  t he  o x i d a t i o n  
p r o p e r t i e s  of phase s  r i ch  in a l l o y i n g  e lement ,  
w h e r e  such phases  ex i s ted .  The  a b o v e  a l loys  w e r e  
i n c l u d e d  in an  a t t e m p t  to  f u r t h e r  e l u c i d a t e  t h e  o x -  
i da t ion  m e c h a n i s m  of p u r e  a l u m i n u m .  C e r t a i n  of 
the  a l loys  s t ud i ed  a r e  h e t e r o g e n e o u s  at  one or  m o r e  
of t he  o x i d a t i o n  t e m p e r a t u r e s .  H o w e v e r ,  copper  
was  t he  on ly  a l l oy ing  a d d i t i o n  f o u n d  to h a v e  an  
o b s e r v a b l e  effect  on the  g r o w t h  r a t e  of t he  a m o r -  
p h o u s  ox ide  fi lm on an  a l u m i n u m  r i ch  phase .  A l l o y  
h e t e r o g e n e i t y  is of consequence  t h e r e f o r e  on ly  in 
t he  case  of t he  d a t a  for  o x i d a t i o n  of the  1.5% Cu 
a l loy  at  350 ~ and  250~ w h e r e  t he  so lub i l i t y  l i m i t  
is a b o u t  0.8% and  0.3%, r e s p e c t i v e l y .  As  o t h e r  
l i m i t a t i o n s  of t he se  d a t a  exis t ,  v e r y  l i t t l e  w e i g h t  
is a t t a c h e d  to them.  A c c o r d i n g l y ,  conc lus ions  con-  
ce rn ing  the  effect of coppe r  a r e  b a s e d  on t h e  b e -  
h a v i o r  of  t he  1.5% coppe r  a l l oy  a t  450~ w h e r e  i t  
is homogeneous ,  and  on t h e  b e h a v i o r  of a l loys  con-  
t a i n ing  less t h a n  0.3% Cu. 

A l l  t he  a l loys  s t u d i e d  e x c e p t  t h e  a l l oy  c o n t a i n -  
ing 1.5% Cu h a v e  been  shown  to e x h i b i t  o x i d a t i o n  
k ine t i c s  cons i s t en t  w i t h  t he  C a b r e r a - M o t t  t h e o r y  
of ox ida t ion .  A modi f i ed  ve r s i on  of th i s  t h e o r y  is 
p r e f e r r e d ,  h o w e v e r ,  s ince  t he  r a t e  a p p e a r s  to be  
c o n t r o l l e d  w i t h i n  t he  f i lm r a t h e r  t h a n  at  t he  m e t a l -  
ox ide  in te r face .  In  con t ras t ,  t h e  r e su l t s  for  t h e  1.5% 
Cu a l loy  sugges t  t h a t  t he  r a t e - d e t e r m i n i n g  s tep  in  
th is  case  cou ld  v e r y  w e l l  be  c o n t r o l l e d  at  t he  m e t -  
a l - o x i d e  in te r face .  The  r e su l t s  for  th is  a l loy  for  
o x i d a t i o n  at  450~ a re  in a cco rdance  w i t h  a d i r ec t  
l o g a r i t h m i c  l aw.  

Experimental Procedure 
S a m p l e s  of s u p e r p u r i t y  a l u m i n u m  and  s u p e r -  

p u r i t y  ba se  b i n a r y  a l loys  of compos i t ion ,  p u r i t y ,  
and  d imens ions  g iven  in t he  fo rego ing  p a p e r ,  w e r e  
ox id i zed  in 0.2 a t m  of pur i f i ed  o x y g e n  at  t e m p e r a -  
t u r e s  of  250 ~ 350 ~ and  450~ as p r e v i o u s l y  d e -  
s c r ibed  (1) .  P o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  then  
m a d e  on the  s amp le s  f r o m  w h i c h  " b a r r i e r  v o l t a g e "  
v a l u e s  w e r e  o b t a i n e d  (1 ) .  A n e w  set  of s a m p l e s  
was  used  for  each o x i d a t i o n  per iod ,  s ince  a p o l a r i -  
za t ion  m e a s u r e m e n t  changes  t he  t h i cknes s  and  con-  

duc t ion  p r o p e r t i e s  of t he  ox ide  f i lm (1) .  C o m p a r i -  
son of t he  b e h a v i o r  of d i f f e ren t  a l loys  was  of p r i -  
m a r y  in t e r e s t ;  one  s a m p l e  of  each  a l l o y  was  t h e r e -  
fo re  ox id i zed  in t he  m u l t i p l e  s a m p l e  f u r n a c e  a t  one 
t i m e  in o r d e r  t h a t  r a n d o m  v a r i a t i o n s  of t h e  f u r -  
nace  t e m p e r a t u r e  m i g h t  inf luence  t h e  o x i d a t i o n  
r a t e  of a l l  a l loys  equa l ly .  Each  s a m p l e  p e r m i t t e d  
d u p l i c a t e  d e t e r m i n a t i o n s  of t he  b a r r i e r  v o l t a g e  to 
be  m a d e .  

W e i g h t  ga in  m e a s u r e m e n t s  for  o x i d a t i o n  at  
450~ w e r e  m a d e  on s u p e r p u r i t y  a n d  s u p e r p u r i t y  
base  b i n a r y  a l loys  c on t a in ing  0.01% Fe,  0.24% Si, 
0.54% Mn, or  1.51% Cu. S a m p l e s  1 X 12 in. w e r e  
cut  f r o m  the  0.020 in. t h i c k  sheets ,  a n d  v a c u u m  
a n n e a l e d  for  1 h r  a t  543~ T h e y  w e r e  t h e n  e lec -  
t r o p o l i s h e d  for  30 m i n  a t  30v ( ~  25 m a / c m  ~) in a 
b a t h  at  abou t  10~ c on t a in ing  27.7% b y  v o l u m e  of 
71% p e r c h l o r i c  acid,  8.3% b y  v o l u m e  of w a t e r ,  and  
64.0% b y  v o l u m e  of ace t ic  a n h y d r i d e .  The  p e r -  
ch lor ic  a c i d - m e t h a n o l  e l e c t r o p o l i s h i n g  b a t h  (1)  
cou ld  no t  be  used  for  these  l a r g e  s a m p l e s  because  
of  t h e  h igh  c u r r e n t s  t h a t  w o u l d  h a v e  been  r e -  
qu i red .  The  s a m p l e s  w e r e  r i n s e d  30 sec in abso lu t e  
m e t h a n o l  and  1 ra in  in  r u n n i n g  d i s t i l l ed  w a t e r ,  
t hen  d r i e d  in a c lean,  d r y  a i r  je t .  T h e y  w e r e  t h e n  
fo lded  ove r  a q u a r t z  h o o k  and  s u s p e n d e d  f r o m  the  
f u r n a c e  s a m p l e  ho lde r .  The  degass ing  a n d  o x i d a -  
t ion  p r o c e d u r e  w a s  the  s ame  as t h a t  d e s c r i b e d  p r e -  
v i o u s l y  (1) .  T h e  s a m p l e s  w e r e  w e i g h e d  on a 
M e t t l e r  c h e m i c a l  m i c r o b a l a n c e ,  c o r r e c t i n g  the  ob -  
s e r v e d  w e i g h i n g s  for  a t m o s p h e r i c  condi t ions .  A f t e r  
we igh ing ,  t he  s a m p l e s  w e r e  r e t u r n e d  to t h e  f u r n a c e  
for  f u r t h e r  ox ida t idn .  

Experimental Results 
The  r e su l t s  o b t a i n e d  f r o m  p o l a r i z a t i o n  and  w e i g h t  

ga in  m e a s u r e m e n t s  a r e  p r e s e n t e d  in Tab l e s  I and  
II, r e spe c t i ve ly .  The  b a r r i e r  v o l t a g e  v a l u e s  a r e  r e -  
p o r t e d  w i t h  r e f e r e n c e  to t h e  h y p o t h e t i c a l  r e v e r s i -  
b l e  a l u m i n u m  e l e c t r o d e  (1) .  Each  v o l t a g e  e n t r y  is 
the  r e s u l t  of a v e r a g i n g  d u p l i c a t e  d e t e r m i n a t i o n s ,  
w h i c h  a g r e e d  in g e n e r a l  to a b o u t  0.04v. The  ac -  
c u r a c y  of  t h e  w e i g h t  ga in  m e a s u r e m e n t s  was  es t i -  
m a t e d  to be  a b o u t  +-- 4 #g. 

Table I. Barrier voltage results for superpurity-base alloys oxidized at 250 ~ 350 ~ and 450~ 

Oxidation Barrier volts 
temp. Time, hr I S.p. I Ga I Fe I Si I Mn I CU 

450~ 

350~ 

250~ 

(per  cent)  0.2 0.01 0.06 0.24 1.78 0.53 2.2 0.011 0.08 0.i9 1.51 

0.0667 1.78 1.83 1.81 1.96 1.98 2.07 1.84 1.83 1.80 1.89 2.22 3.55 
0.25 2.20 2.36 2.50 2.17 2.39 2.43 2.06 2.08 2.24 2.27 2.39 3.79 
1.0 2.47 2.51 2.42 2.42 2.58 2.54 2.38 2.43 2.51 2.50 2.69 3.73 
4 3.29 3.47 3.11 2.97 3.42 3.23 3.11 3.13 3.25 3.36 3.50 4.27 

16 3.66 3.34 3.45 3.55 4.44 3.98 3.57 3.53 3.38 3.68 3.95 4.83 
24 2.89 2.70 3.21 3.05 6.09 4.37 2.96 3.53 2.92 2.95 3.75 4.50 

1.0 1.70 1.78 1.78 1.84 1.86 1.83 1.74 1.73 1.74 1.76 1.86 2.90 
4 2.04 1.93 2.03 2.10 2.26 2.28 2.07 2.06 2.08 2.22 2.39 3.22 

16 2.34 2.36 2.34 2.46 2.35 2.38 2.30 2.30 2.34 2.44 2.67 4.02 
64 2.83 2.72 2.70 2.81 2.70 2.70 2.54 2.52 2.72 2.99 3.23 4.10 

256 3.36 3.38 3.32 3.32 3.34 3.36 3.13 3.14 3.36 3.62 3.70 4.29 

1.0 1.33 1.36 1.34 1.38 1.47 1.49 1.36 1.38 1.38 1.49 1.51 1.92 
5 1.62 1.66 1.65 1.63 1.71 1.72 1.63 1.64 1.64 1.71 1.76 2.41 

24 1.75 1.75 1.76 1.80 1.80 1.85 1.86 1.70 1.78 1.88 1.94 2.91 
120 2.02 2.04 2.03 2.13 2.06 2.11 2.00 1.89 2.00 2.07 2.13 3.19 
600 2.37 2.34 2.35 2.41 2.30 2.45 2.31 2.02 2.36 2.41 2.65 3.53 
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Table II. Weight Gain Results for Superpurity Base Alloys 
Oxidized at 450~ 

W e i g h t  g a i n  i n  s g  p e r  24 i n .  2 f o r  S .P ,  b a s e  a l loys  
O x i d a t i o n  

t i m e ,  h r  S.P, 0 .01% Fe 0.24% S i  0 .53% M n  1.51% Cu  

0.0667 0 0 0 0 0 
0.25 23 39 19 18 43 
1.0 41 49 43 41 84 
4 63 68 62 67 116 

16 151 143 109 137 158 
64 347 231 155 386 263 

Interpretation of Results 

E x a m i n a t i o n  of t he  r e su l t s  in Tab l e s  I and  I I  i n -  
d ica tes  tha t ,  w i t h i n  e x p e r i m e n t a l  e r ro r ,  a l l  of t he  
a l loys  e x c e p t  t he  coppe r  b e a r i n g  a l loys  ox id ize  at  
t he  s a m e  r a t e  a t  t e m p e r a t u r e s  of  250~ 350~ and  
for  o x i d a t i o n  pe r i ods  up  to 4 h r  a t  450~ O x i d a -  
t ion r e su l t s  for  t h e  a l u m i n u m  coppe r  a l loys  a r e  
t h e r e f o r e  t r e a t e d  s e p a r a t e l y ,  those  for  t h e  r e m a i n -  
ing  a l loys  be ing  t r e a t e d  as a uni t .  

F i g u r e  1 i l l u s t r a t e s  t he  effect of s i l icon on the  
o x i d a t i o n  of a l u m i n u m  a t  450~ The  w e i g h t  ga in  
d a t a  was  c o n v e r t e d  to o x i d e  th ickness ,  e x p r e s s e d  
in b a r r i e r  v o l t a g e  uni t s ,  b y  choos ing  t h e  v a l u e  of 
t he  i n i t i a l  w e i g h t  of the  f i lm a n d  the  r e l a t i o n  b e -  
t w e e n  f i lm w e i g h t  and  b a r r i e r  v o l t a g e  (25.8 #g /  
d m  ~ p e r  b a r r i e r  vo l t )  w h i c h  gave  the  bes t  a g r e e -  
m e n t  b e t w e e n  the  two  sets of da ta .  The  a g r e e m e n t  
b e t w e e n  the  two m e a s u r e m e n t  t e chn iques  is con-  
s i d e r e d  qu i t e  good for  t he  0.24% Si  a l loy,  and  for  
o x i d a t i o n  pe r i ods  up  to 4 h r  o r  so for  s u p e r p u r i t y  
as wel l .  Choos ing  a v a l u e  for  t h e  ox ide  d e n s i t y  of 
3.6 g / c m  ~ and  us ing  the  v a l u e  8.8A p e r  b a r r i e r  vo l t  
for  the  conve r s ion  fac tor ,  25.8 ~ g / c m  ~ p e r  b a r r i e r  
vo l t  imp l i e s  a r o u g h n e s s  f ac to r  for  t he  w e i g h t  ga in  
s a m p l e s  of 1.65. This  is cons ide red  a r e a s o n a b l e  
v a l u e  s ince  t hese  samples ,  a l t h o u g h  b r i g h t  a f t e r  
e l ec t ropo l i sh ing ,  w e r e  no t  smoo th  on a m a c r o  scale.  

The  d i v e r g e n c e  of the  w e i g h t  ga in  and  b a r r i e r  
vo l t age  d a t a  for  s u p e r p u r i t y  a f t e r  4-16 h r  o x i d a -  

4 T h i s  c o n c l u s i o n  m a y  be  r e a c h e d  f r o m  t h e  b a r r i e r  v o l t a g e  d a t a  as  
w e l l  as  f r o m  t h e  w e i g h t  g a i n  d a t a  d e s p i t e  t h e  f a c t  t h a t  b a r r i e r  v o l t -  
a g e  v a l u e s  w e r e  c a l i b r a t e d  i n  t e r m s  of f i l m  t h i c k n e s s  o n l y  i n  t h e  
c a s e  of s u p e r p u r i t y  a l u m i n u m .  T h i s  is  so s i n c e  t h e  on ly  a l t e r n a t i v e  
c o n c l u s i o n  is e x t r e m e l y  i m p r o b a b l e ,  n a m e l y ,  t h a t  t h e  f i l m  t h i c k -  
ne s se s  a r e  d i f f e r e n t  fo r  t h e s e  a l loys ,  b u t  t h a t  t h e  c o n d u c t i o n  p r o p e r -  
t i e s  of  t h e  f i l m s  a l so  d i f f e r  i n  j u s t  s u c h  a w a y  as  to g i v e  t h e  s a m e  
b a r r i e r  v o l t a g e  v a l u e s  f o r  o x i d a t i o n  a t  a l l  t h r e e  t e m p e r a t u r e s .  

t ion  a t  450~ is u n d o u b t e d l y  caused  b y  the  onse t  of 
c ry s t a l  n u c l e a t i o n  in the  ox ide  f i lm in a c c o rdance  
w i t h  t he  r e su l t s  and  d i scuss ion  of t he  fo rego ing  
p a p e r .  

I f  t he  r a t e - d e t e r m i n i n g  s tep  for  t h e  o x i d a t i o n  of 
a l u m i n u m  w e r e  c on t ro l l e d  at  the  m e t a l - o x i d e  i n t e r -  
face,  as a s s u m e d  b y  C a b r e r a  a n d  Mott ,  i t  w o u l d  be  
e x p e c t e d  t h a t  t he  o x i d a t i o n  r a t e  w o u l d  v a r y  con-  
s i d e r a b l y  f r o m  one s a m p l e  to t he  n e x t  be c ause  of 
v a r i a t i o n s  in t he  n a t u r e  of t he  i n t e r f a c e  w h i c h  a r e  
b o u n d  to exis t .  To an  even  g r e a t e r  ex ten t ,  one 
w o u l d  e x p e c t  l a r g e  i m p u r i t y  c o n c e n t r a t i o n s  in the  
m e t a l  to affect  t he  o x i d a t i o n  ra te .  H o w e v e r ,  t he  
p o l a r i z a t i o n  d a t a  fa l l  on smooth  cu rves  (see  Fig .  1 
and  2) i n d i c a t i n g  cons is tency ,  s ince  each  p o i n t  is 
o b t a i n e d  f r o m  a s e p a r a t e  sample .  Also,  w i t h  t he  
e x c e p t i o n  of t h e  h igh  copper  b e a r i n g  a l loys ,  the  
p o l a r i z a t i o n  and  w e i g h t  ga in  d a t a  i nd i ca t e  l i t t l e  i n -  
f luence of a l l o y i n g  cond i t ions  on the  o x i d a t i o n  r a t e  
of a l u m i n u m .  In  add i t ion ,  t he  e l ec t ron  t r a n s m i s s i o n  
m i c r o g r a p h s  of the  fo rego ing  p u b l i c a t i o n  (1)  show 
no v a r i a t i o n  in t h e  t h i cknes s  of t he  a m o r p h o u s  
f i lm w i t h  m e t a l  g r a i n  o r i en ta t ion .  I t  seems  p r o b a -  
ble, t he re fo re ,  t h a t  the  r a t e - d e t e r m i n i n g  s tep  is 
c on t ro l l e d  in  the  b u l k  of t he  o x i d e  r a t h e r  t h a n  a t  
t he  o x i d e - m e t a l  in t e r face .  

The  0.24% Si  a l l oy  b e h a v e s  t he  s ame  at  a l l  t e m -  
p e r a t u r e s  as s u p e r p u r i t y  e x c e p t  for  t h e  ox ide  c r y s -  
t a l l i z a t i on  p h e n o m e n o n  at  450~ th is  a l l oy  r a t h e r  
t h a n  s u p e r p u r i t y ,  t he re fo re ,  was  used  to  t es t  t he  
modi f i ed  C a b r e r a - M o t t  t heo ry ,  s ince i t  p r o v i d e s  
m o r e  d a t a  for  ca lcu la t ion .  

Oxidation of superpuri ty  + 0.24% si l icon.--The 
b a r r i e r  v o l t a g e  and  w e i g h t  ga in  d a t a  for  th is  a l l oy  
a r e  i l l u s t r a t e d  in  Fig .  2. 

The  C a b r e r a - M o t t  t h e o r y  of ox ide  f i lm g r o w t h  in 
t h e  v e r y  t h in  f i lm r eg ion  is based  on the  a s s u m p -  
t ion  t h a t  e q u i l i b r a t i o n  of e l ec t rons  b e t w e e n  the  
m e t a l  and  t h e  a d s o r b e d  o x y g e n  is e s t a b l i s h e d  in  a 
t i m e  shor t  c o m p a r e d  w i t h  t h a t  r e q u i r e d  for  ions to 
be  t r a n s p o r t e d  across  t he  o x i d e  film. The  r e s u l t i n g  
cons t an t  vo l tage ,  V, e s t a b l i s h e d  across  t he  f i lm 
causes  t he  m e t a l  ions  to  be  t r a n s p o r t e d  across  a 
b a r r i e r  w h i c h  is a s s u m e d  to be  a t  t he  m e t a l  ox ide  
in te r face ,  t he  r a t e  of t r a n s p o r t  d e p e n d i n g  e x p o -  
n e n t i a l l y  on the  field s t r eng th .  In  i n t e r p r e t i n g  t h e  
p r e s e n t  da ta ,  th i s  t h e o r y  was  modi f i ed  b y  a s s u m i n g  
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the  r a t e - c o n t r o l l i n g  process to be  site to site d i f -  
fus ion  of the  me ta l  ions w i t h i n  the  oxide film in  
accordance  w i th  the  ionic conduc tance  theory  of 
Bean  et al. (1, 11). 

F r o m  the 450~ ox ida t ion  resul ts ,  at 4 min ,  the  
ox ida t ion  ra te  (or ox ida t ion  c u r r e n t )  changes  by  
less t h a n  0.4% per  sec. At  longer  ox ida t ion  t imes,  
or lower  t empera tu re s ,  the r a t e  of change  is m u c h  
slower,  being,  for example ,  0.05% per  sec at  15 m i n  
at  450~ F r o m  this, it  can r e a s o n a b l y  be concluded 
tha t  for  ox ida t ion  t imes  of 4 m i n  or more  at 450~ 
or less, t r a n s i e n t  effects wi l l  be of on ly  secondary  
impor tance .  The  s t eady - s t a t e  r e l a t ion  b e t w e e n  cur -  
r en t  dens i ty  and  field s t r eng th  is ob ta ined  f rom 
Eq. [4] and  [5] of the  foregoing  pape r  (1) by  
e l i m i n a t i n g  n for the  condi t ion  tha t  dn /d t  = 0. The 
resu l t ing  equa t ion  is: 

d~ ( 2 N o a )  ~/~- 
-- 9. v exp 

dt  - - - 7 -  - 
W + U Vq(X + a) ] 

- -  2 2 ~ / k T  [ 1 ]  

where  the  field s t rength ,  E, has been  rep laced  by  
V/8, ~ be ing  the  film thickness ,  and  the  un i t s  have  
been  changed  f rom c u r r e n t  dens i ty  to r a t e  of 
g rowth  of film thickness ,  II be ing  the  v o l u m e  per  
me ta l  ion in  the  oxide. This equa t i on  is f o rma l ly  
the  same as tha t  by  Cab re r a  and  Mott.  

E q u i l i b r a t i o n  of e lec t rons  be tween  the  me t a l  and  
the adsorbed  oxygen,  which  is a s sumed  to e s t ab -  
l ish the  po ten t i a l  V across the film, can on ly  t ake  
place if the  e lec t rons  can pass f ree ly  t h rou gh  the  
film. V e r m i l y e a  (12),  in  discuss ing th i s  p rob lem,  
concludes t ha t  for a fi lm 100A th ick  and  a concen-  
t r a t i on  of e lect rons  in  the  conduc t ion  b a n d  of the  
oxide  of on ly  l0  s cm -~, a po ten t i a l  difference of the  
order  of a vol t  wou ld  be es tab l i shed  across the 
oxide in  1 sec. Since the  films p r e sen t l y  be ing  dis-  
cussed were  no t  more  t h a n  55A thick,  it  seems 
l ike ly  tha t  essen t ia l ly  the  fu l l  e q u i l i b r i u m  p o t e n -  
t ia l  wou ld  be es tabl ished,  p a r t i c u l a r l y  in  v iew of 
the  e x t r e m e l y  slow ra te  of g rowth  of the  th icker  
films. 

The  fo l lowing  me thod  was used to fit the ba r r i e r  
vol tage  da ta  to Eq. [1 ], which  can be w r i t t e n  

d3 
- -  = A exp B/3 [2] 
dt 

where  A and  B, cons tan t s  for a g iven  t empe ra tu r e ,  
are  g iven  by  A = t l v (2N ,a / r  l~ exp -- ( W  + U ) /  
2kT, and  B = Vq(X + a) /2kT .  The in t eg ra t ed  form 
of Eq. [2] can be w r i t t e n  

In  t /8  -~ = -- B f ( B / 3 ) / 8 - - I n  A B  [3] 

w h e r e  y (B /3 ) ,  a f u n c t i o n  of B/8 only,  approaches  
u n i t y  for large va lues  of B/& y(B/8)  was  ca lcu-  
la ted  as a f unc t i on  of B/8 b y  compar ing  Eq. [3] 
wi th  the  fo l lowing in t eg ra t ed  fo rm of Eq. [2] 

A t  So ~/~ - ~  = exp --  B/8 d (8 /B)  [4] 

and  f rom n u m e r i c a l  va lues  of the  above  in tegra l .  
An  a p p r o x i m a t e  va lue  for B at 450~ Bs, was  

ob ta ined  by  p lo t t ing  log t / ~  vs. 1/8, the slope of 
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the  r e su l t ing  s t ra igh t  l ine  be ing  a p p r o x i m a t e l y  
--  BJ2.303.  The  da ta  for the  th ree  t e m p e r a t u r e s  
were  t hen  p lo t ted  for severa l  a s sumed  va lues  of B~ 
(which  set t led the  va lues  for B at  350 ~ a nd  250~ 
B_. and  B1, since B I : B f :  B~: : 1/TI:  1 /Tf :  1/Ts) 
plo t t ing  log t /$  ~- vs. f ( B / 8 ) / 8  a nd  d r a w i n g  the  best  
s t ra igh t  l ines  of slopes B1, B~, and  B~ wi th  in te rcep ts  
a p p r o x i m a t e l y  l i nea r  in  1 /T  (s ince  --  log A B  = -- 
log[llv(2Noa/~) 1/~ Vq(X + a ) / 2 k T ]  + ( W  + U ) /  
4.606kT).  The  t e r m  Vq(X + a) /2  was t h e n  ca lcu-  
la ted  f rom the  best  va l ue  for Bs. F r o m  the  va lues  
of the in te rcep ts  and  of B, log A was p lo t ted  
aga ins t  1/T, and  ( W  + U ) / 2  and  llv(2Noa/~) ~/~ ob-  
t a ined  f rom the  r e su l t i ng  slope and  in tercept .  The 
va lues  of the  p a r a m e t e r s  ob ta ined  in  this  way  for  
the  ox ida t ion  of the  0.24% Si al loy are:  

l lv(2Noa/~) v~ = 3.0 • l0  s ( ba r r i e r  vol ts)  h r  -1 

= 7.3 X 10 -~ cm sec -~ 

(W + U ) / 2  = 1.76 ev 

Vq (x + a ) / 2  = 0.935 e ( b a r r i e r  vol ts)  = 8.2 eA v 

The solid curves  in  Fig. 2 were  ca lcu la ted  us ing  
the  above values.  A l though  the  average  dev ia t ion  of 
the  poin ts  f rom the  l ines  is on ly  abou t  +_0.13v (or 
_ I . 2 A ) ,  there  does appea r  to be a smal l  sys temat ic  
dev ia t ion  of the e x p e r i m e n t a l  poin ts  f rom the  best  
fit ca lcu la ted  curves.  It  can be shown tha t  this  sys-  
t emat ic  dev ia t ion  could have  a r i sen  as a resu l t  of 
smal l  va r i a t ions  wi th  t e m p e r a t u r e  and  film th ickness  
of V, in  accordance  w i th  the  theory  p resen ted  by  
G r i m l e y  (13).  Sma l l  differences in  the conduc t ion  
proper t ies  of the oxide films fo rmed  at the di f ferent  
t e m p e r a t u r e s  migh t  also have  been  responsible .  This  
d iscrepancy,  however ,  is no t  cons idered  to be ve ry  
significant.  

The  va l ue  for the ac t iva t ion  energy,  1.76 ev, com- 
pares  f a vo r a b l y  wi th  the va lues  1.6 and  1.8 ev cal-  
cu la ted  by  Char l e sby  (14) f rom s t eady- s t a t e  a n -  
odic ox ida t ion  m e a s u r e m e n t s  on a l u m i n u m .  F r o m  
tlv(2Noa/r ~/~ = 7.3 X 10 -2 cm sec -1 and  se t t ing  
tl ~ 2.34 X 10 ~ cm -s, v = 10 TM sec -~, a = 10 -s cm, and  

= 10 -1~ cm ~, the resu l t  No = 5 X 10 ~ cm -~ is ob ta ined  
which  is to be compared  wi th  a va l ue  of about  
4 X 10 ~ cm -~ for the concen t r a t i on  of a l u m i n u m  ions 
in  the  oxide latt ice.  A n  i n t e r p r e t a t i o n  of this  resu l t  
w ou l d  be tha t  of the  a l u m i n u m  ions in  the oxide 
latt ice,  on ly  1 in  10 ~ is a po ten t i a l  source of an  ion-  
va c a nc y  pa i r  for films fo rmed  by  oxidiz ing be tween  
250 ~ and  450~ This p h e n o m e n o n  has been  discussed 
in  the  foregoing  paper .  

By m a k i n g  the  ve ry  r easonab le  a s sumpt ion  tha t  
the m e c h a n i s m  of air  ox ida t ion  and  anodic  ox ida t ion  
are  the  same for samples  w i th  the  same film s t ruc -  
ture ,  it is possible to ca lcula te  the  va lue  of the vol t -  
age, V, es tab l i shed  across the  film d u r i n g  oxidat ion.  
F r o m  the  foregoing paper ,  a s tudy  of ionic conduc-  
t ion  th rough  films w i th  a p p a r e n t l y  the  same conduc-  
t ion  proper t ies  are those fo rmed  d u r i n g  air  ox ida t ion  
led to the  va lue  q ( X + a ) / 2 = l l . 3  eA. Compar ing  
this  w i th  the p re sen t  resul ts ,  Vq (X + a ) / 2  = 8.2 eA, 
the resu l t  V =  0.73v is obta ined.  This compares  fa -  
vo r a b l y  wi th  the  va lue  0.7v es t ima ted  by  V e rmi lyea  
(12) for the ox ida t ion  of t a n t a l u m  b e t w e e n  50 ~ and  
300~ 
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In the light of the present results and those pre-  
sented in the foregoing paper, it is of interest to in- 
vestigate the results obtained by Smeltzer (5), and 
more recently by Aylmore, Gregg, and Jepson (6), on 
the oxidation of aluminum between 400 ~ and 650~ 
Both these sets of data were obtained from weight 
gain measurements on samples of superpuri ty  
abraded with emery. A typical curve of weight gain 
vs. t ime can be divided, for purposes of discussion, 
into three regions; an initial region in which the rate 
falls off rapidly, an intermediate region of nearly 
constant oxidation rate, and a final region in which 
the rate decreases once again. The present data for 
oxidation of superpuri ty at 450~ when plotted on a 
linear time scale, indicate an initial region in which 
the rate decreases rapidly with time. This region per-  
sists somewhat beyond 4 hr. Between 4 and 16 hr 
oxidation, during which time crystallites of gamma 
alumina are known to be forming (1), the oxida- 
tion rate actually increases, falling off once again 
from about 16 hr  to 64 hr  oxidation or more. The gen- 
eral features of this curve, al though not the same 
as those obtained by Smeltzer and by Aylmore et aL, 
strongly suggest that  their initial region is associated 
with the formation of amorphous oxide in accordance 
with the mechanism proposed herein, the second ap- 
proximately linear region with the nucleation and 
rapid initial growth of gamma alumina crystallites, 
and the final region with the coalescence of the crys-  
tallites and continued growth of a film composed 
entirely of such crystallites. Smeltzer 's data at 450~ 
exhibits a linear oxidation rate between about 2 and 
16 hr oxidation, confirming the above thesis. In other 
areas of comparison, however,  the data of Smeltzer 
and of Aylmore et al. do not agree with the present 
results. Thus for oxidation at 450~ of samples 
possessing films formed at room temperature  the 
weight gains per unit area reported by Aylmore 
et a/. are higher than those presented herein by fac- 
tors of about 22, 13, and 4 for oxidation periods of 64, 
4, and 0.25 hr, respectively. Some of this enormous 
discrepancy could perhaps be explained by a differ- 
ence in roughness factor, but  the major  difference 
almost certainly arises because of the different meth-  
ods employed for preparing the surface. 

An emery abraded surface will most probably be 
rough on a very  fine scale, giving rise to cracking and 
buckling of the oxide film during oxidation, expos- 
ing fresh metal, and leading to excessively high 
weight gains. This oxide cracking must take place if 
the surface roughness is on a small enough scale such 
that  the radii of curvature  of peaks and edges on the 
surface are of the same order of magnitude as the 
thickness of the oxide film formed. Under these con- 
ditions, as oxidation proceeds, it can be demonstrated 
that the surface area of the metal will decrease 
appreciably in the neighborhood of the sharp edges 
and peaks in much the same fashion as occurs during 
the electropolishing of metals (15). Since the oxide 
grows by transport  of a luminum through the film, 
however, the surface area of the oxide in contact 
with the metal  will not change, leading eventually to 
rupture  of the oxide film. 

In addition to this roughness effect it has been 
demonstrated by Aziz (16) that  emery abrasion 

leaves a very high concentration of emery particles 
in the surface of the metal. The abrading material  is 
revealed after metallographic polishing of the 
abraded surface. 

In the study of any surface reaction, the type of 
surface t reatment  used is all important. Although 
no type of surface t reatment  is without fault, it is 
felt that  abrasion is a poor choice in many instances. 
The state of emery abraded surfaces is ill defined, 
and consequently results pertaining to such surfaces, 
although undoubtedly of practical interest, may  often 
be of little theoretical consequence in respect to the 
elucidation of the basic reaction mechanisms. 

The effect of vacuum annealing in reducing the 
subsequent oxidation rate, as observed by Smeltzer 
and by Aylmore et aL can be explained either by one 
of several hypothesis arising from the foregoing dis- 
cussion, or from a consideration of the process of 
nucleation of gamma alumina. It is not considered 
worthwhile at present to discuss this in detail. 

In contrast to the poor correlation with results ob- 
tained from abraded samples, the present results are 
in quite good agreement  with those obtained by 
Hass (3) on evaporated aluminum films. For oxida- 
tion periods of 2 hr at 20 ~ 150 ~ , 300 ~ 400 ~ , and 
450~ Hass obtained total film thickness values of 
10, 12, 17, 25, and 42A, respectively. From the present 
results, total film thicknesses corresponding to these 
same oxidation conditions were calculated to be 7.5, 
10, 14.5, 21, and 26A, respectively. Excluding the 
values at 450~ the two sets agree very  well, differ- 
ing by a constant factor of about 1.2. The lack of such 
good agreement for oxidation at 450~ is probably 
related to the phenomenon of oxide crystallization. 

Oxidation of superpur i ty -copper  a l Ioys . - -The in- 
fluence of copper on the barr ier  voltage values for 
the oxidation of a luminum is illustrated in Fig. 3. 
The data indicate an increase in barrier voltage for 
increasing copper content. The influence is minor, 
however, for copper additions up to 0.2%. The data 
for these alloys can still be represented, within ex- 
perimental  error, by  the Cabrera-Mott  theory, 
whereas those for the 1.5% Cu alloy cannot. The 
change in oxidation behavior on adding 0.2% copper 
to superpuri ty a luminum can be explained equally 
well, within experimental error, by a change in the 
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Fig. 3. Influence of copper on the barrier voltage values for the 
oxidation of aluminum at 350~ 
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p re - exponen t i a l  factor,  ac t ivat ion energy, or ac-  
t iva t ion distance. Thus the  addi t ion of 0.2% Cu could 
cause a factor  of 6.3 • increase in No, or a 
(12 • 4) % increase in V(k + a) ,  or a decrease in the 
act ivat ion energy,  (W + U)/2, of 0.05 • 0.004 eV, 
or some combinat ion of all  three  changes. 

There is no doubt  tha t  the addi t ion of 1.5% cop- 
per  causes a fundamenta l  change in the react ion 
mechanism. The weight  gain da ta  for the oxidat ion of 
this  a l loy at  450~ indicate  adherence  to a direct  
logar i thmic  oxidat ion  law (3 l inear  in log t ) ,  and are 
qui te  inconsistent  wi th  the Cabre ra -Mot t  theory.  A 
re la t ion be tween  weight  gain and ba r r i e r  vol tage 
change for the oxidat ion at  450~ of this al loy can 
be obtained in the same way  as was tha t  for the 
0.24% silicon alloy. The rat io  52.6 ~ g / d m  ~ per  ba r r i e r  
vol t  obta ined for this a l loy is to be compared  wi th  
the  resu l t  25.8 ~ g / d m  ~ per  ba r r i e r  vol t  obta ined for 
superpur i ty  and the other  superpur i ty  base alloys. 
Assuming the same roughness factors for these a l -  
loys, the re la t ion  be tween  ba r r i e r  vol tage and film 
thickness,  21 .3A/bar r ie r  volt, may  be deduced. I t  is 
doubtful ,  however ,  tha t  this value  also applies  to the 
films formed on this a l loy at  350 ~ and 250~ since 
there  is no ve ry  convincing evidence that  the films 
formed at  the three  t empera tu res  have the same con- 
duction proper t ies .  

Assuming copper  increases the ionic conduct iv i ty  
of the  amorphous  film by in t roducing in ters t i t ia l  a lu -  
minum ions into the oxide (1),  it  is of in teres t  to con- 
sider wha t  effect this  might  have on the kinet ics  of 
air  oxidation.  If the  equi l ib r ium concentrat ion of 
a luminum ions is not too large, but  large  compared 
to the concentra t ion of ion-vacancy  pairs,  it  can be 
shown tha t  oxidat ion wil l  sti l l  proceed in accordance 
with  an equat ion of the same form as Eq. [1], a l -  
though wi th  somewhat  different  parameters .  This is 
appa ren t ly  not  the case for the 1.5% Cu alloy. If the 
in ters t i t ia l  a luminum ion concentrat ion is increased 
sufficiently, it  is en t i re ly  possible tha t  the  r a t e - con -  
t rol l ing process wi l l  no longer  be the t ranspor t  of 
a luminum ions through the film, but  r a the r  the 
t ranspor t  of a luminum ions, or perhaps  electrons, 
across the me ta l -ox ide  interface.  Some evidence to 
suppor t  the  supposi t ion tha t  the oxidat ion  ra te  of the 
1.5% Cu al loy is control led at the me ta l -ox ide  in te r -  
face is found in the lack of reproduc ib i l i ty  of the 
polar izat ion da ta  for this a l loy as compared  to tha t  
for superpur i ty .  Also, some resul ts  obta ined for the 
oxidat ion of a 6% Cu al loy at 450~ (in which a 
second phase  would  be present )  were  h ighly  errat ic ,  
a l though conforming more  or less to those for the  
1.5% Cu alloy. 

Uhlig (17) has der ived  a ra te  equation, assuming 
the ra te -con t ro l l ing  process to be t ranspor t  of elec- 
trons across a rec t i fy ing me ta l -ox ide  interface.  The 
process is assumed to be aided by  the "apparen t  
posit ive potent ia l  at  the  meta l  surface created by  the 
growing oxide," and h indered  by  the opposing field 
ar is ing h 'om a uniform concentration of nega t ive  
space charge in the  film. A major  difficulty presented  
by  the appl icat ion of Uhlig 's  theory  to the 1.5% Cu 
al loy is tha t  it  requires  tha t  the meta l  work  function 
be grea te r  than  the electron affinity of the adsorbed 
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oxygen, whereas  the  Cabre ra -Mot t  theory,  or its 
modification, requires  the opposite. I t  is ve ry  difficult 
to unders tand  how the in t roduct ion of copper could 
cause such a large  change in these proper t ies .  

As an a l t e rna t ive  to Uhlig 's  theory,  i t  is possible to 
obtain a direct  logar i thmic  oxidat ion law of the  same 
form from the Cabre ra -Mot t  (2) theory  for  the 
format ion  of ve ry  thin  oxide films, by including the 
poss ibi l i ty  of space charge  in the oxide. If the r a t e -  
control l ing process has shif ted f rom meta l  ion t r ans -  
por t  wi th in  the film to t r anspor t  across the interface,  
in the manner  proposed, it  can be shown tha t  under  
s t eady-s t a t e  condit ions a negat ive  space charge must  
be present  near  the me ta l -ox ide  interface.  If beyond 
this negat ive  space charge region, a posi t ive space 
charge region is assumed to exist,  such tha t  the to ta l  
negat ive  space charge in the  film decreases l inear ly  
wi th  film thickness,  the des i red  oxidat ion l aw wil l  
result.  Al though the appl icat ion of this theory  to the 
resul ts  does not lead to any obvious contradictions,  
the space charge concentrat ions requ i red  are ve ry  
high indeed (~10  ~~ e/cm~). Also, in common with  
Uhlig 's  theory,  it  is difficult to account en t i re ly  for 
the space charge dis t r ibut ions  required.  Fu r t h e r  ex-  
pe r imen ta l  inves t igat ion must  be made  before a 
definite conclusion can be reached.  

General Discussion 
In conjunct ion wi th  those resul ts  of the  foregoing 

paper  per ta in ing  to oxide crystal l izat ion,  the present  
resul ts  provide  a reasonable  explana t ion  for the 
oxidat ion  behavior  of a luminum in d ry  oxygen. Be-  
low about  450~ and in i t ia l ly  at  h igher  t e m p e r a -  
tures,  a ve ry  thin, amorphous  film is formed.  The ob- 
served kinet ics  are  in agreement  with a mechanism 
in which a nea r ly  constant  potent ia l  difference of 
0.73v is es tabl ished across the film by means  of e lec-  
t ron t ranspor t  f rom the meta l  to oxide surface levels. 
The resul t ing field causes meta l  ion t r anspor t  
through the film in accordance with  an exponent ia l  
field s t rength  relat ionship.  The ra te  of format ion  of 
this film appears  to be unaffected by meta l  grain ori-  
entat ion in conformity  wi th  the  above mechanism. 

Af te r  a sui table  induction period,  for oxidat ion 
t empera tu res  above about  450~ nuclei i  of c rys ta l -  
l ine gamma a lumina  form and in i t ia l ly  grow rapidly .  
The weight  gain da ta  for this region conform ap-  
p rox ima te ly  to a l inear  oxidat ion law. The induction 
per iod is effected by  impuri t ies ,  and the surface con- 
centra t ion of crys ta l  nuclei i  by meta l  gra in  or ien ta -  
tion; each of these factors would  therefore  be ex-  
pected to have considerable  influence on the film 
growth  dur ing this per iod of oxide crystal l izat ion,  
and perhaps  also on the subsequent  g rowth  of the 
a l l - c rys ta l l ine  film, as they  might  influence the dis-  
t r ibut ion  of c rys ta l  or ienta t ion in the final po lycrys -  
ta l l ine  film. 

It is not possible, on the basis of the da ta  presented  
herein,  to suggest a mechanism for the  growth of the  
crys ta l l ine  oxide; i t  is apparent ,  however,  tha t  the 
ra te  does decrease wi th  increasing film thickness. In 
view of the fact  tha t  the crys ta l l ine  film is nuclea ted  
at  the  me ta l -ox ide  interface,  its r a te  of growth  is 
p robab ly  dependent  on the or ienta t ion of the unde r -  
lying metal ,  i r respect ive  of whe ther  the oxidat ion 
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r a t e  is cont ro l led  a t  the m e t a l - o x i d e  in t e r f ace  or 
w i t h i n  the  film. 

The effect of impur i t ies ,  both  sur face  and  bulk ,  on 
the  genera l  ox ida t ion  behav io r  is of in teres t .  On the  
basis  of the  i n t e r p r e t a t i o n  p re sen t ed  here in ,  on ly  
those impur i t i e s  which  can in t roduce  defects  into the  
oxide fi lm wou ld  be expected to affect the  ra te  of 
fo rma t ion  of the  amorphous  film, and  t h e n  only  if 
the  concen t r a t i on  of defects  i n t roduced  is of the  same 
order  of m a g n i t u d e  or l a rger  t h a n  the  concen t r a t i on  
of defects a s sumed  to be i n t roduced  by  the  electr ic  
field, in  accordance  w i th  the  theory  of Bean  et al. I t  
appears  l ikely,  therefore ,  tha t  the  ra te  of fo rma t ion  
of amorphous  oxide for u l t r a  h i g h - p u r i t y  a l u m i n u m  
would  not  differ f rom tha t  for s u p e r p u r i t y  r epor ted  
here in .  I t  is apparen t ,  however ,  tha t  v e r y  smal l  
t races  of impur i t i e s  could have  a p ro found  effect on 
the  nuc l ea t i on  of g a m m a  a lumina ,  and  consequen t ly  
on the  subsequen t  ox ida t ion  rate.  The t ime  and  t e m -  
p e r a t u r e  r equ i r ed  to  in i t i a te  g rowth  of g a m m a  a l u -  
m i n a  m a y  be affected by  t race impur i t i e s  whe t he r  or 
no t  these  appear  in  the  film itself. 
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ABSTRACT 

Fission f ragment  recoil effects on zirconium oxidation in pure  oxygen were 
studied at 1 atm pressure and 250~ Specimens were oxidized under  the 
following conditions: (a) reactor radiations including recoils, (b) reactor 
radiat ions in the absence of recoils, and (c) no radiation. I r radia t ion experi-  
ments  were conducted in a ma x i mum thermal  neut ron  flux of 8.5 x 10 ~1 neu -  
trons/cm~-sec. Specimen surfaces subject to fission f ragments  were exposed to 
an estimated average recoil in tensi ty  of 6 x l0 s particles/cm2-sec, the average 
particle energy being about 32 Mev or ~40% of the ini t ial  energy. It  was con- 
cluded from electron and optical microscopy studies of the specimens that  the 
normal  oxide film on surfaces exposed to recoils had undergone a phase t rans-  
formation with fine particle size, al though the possibility that  the normal  oxide 
had developed a fine particle size of random orientat ion could not be ruled out. 
From estimates of oxide thickness based on interference colors and from a 
l imited amount  of weight gain data, it was concluded that  the oxide film on 
surfaces exposed to fission fragments  was thicker than  surfaces exposed to re-  
actor radiat ion alone. The amount  of corrosion as indicated by the oxide thick- 
ness and weight data was at least a factor of ten less than  that  expected in  a 
solution of u rany l  sulfate producing an equivalent  recoil intensity.  However,  
the data obtained do not provide sufficient informat ion to establish the mech-  
anism of the effects of fission f ragment  recoils on zirconium oxidation. 

I t  has been  shown tha t  u n d e r  r ad i a t i on  the  cor-  rad ia t ion .  J e nks  (1, 2) has s u m m a r i z e d  the  resul t s  
rosion ra te  of Z i rca loy-2  and  z i r con ium in  u r a n y l  of these e x p e r i m e n t s  to date.  
sul fa te  solut ions  is app rec i ab ly  grea te r  t h a n  in  s imi -  Severa l  m e c h a n i s m s  have  b e e n  proposed to ex -  
la r  cont ro l  e x p e r i m e n t s  r u n  in  the  absence  of p l a in  this  increase  in  corrosion rate.  These  invo lve  
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the effects of i r rad ia t ion  on (a)  the  di lute  u rany l  
sulfate solution, and (b)  the meta l  a n d / o r  its oxide 
film. For  aqueous solutions, it  has been repor ted  
(3) tha t  the ini t ia l  products  of i r rad ia t ion  are 
hydrogen  peroxide  and the free radicals  H and OH. 
Al though  these provide  a possible means of influ- 
encing the corrosive proper t ies  of the  liquid, Jenks  
(1) has repor ted  tha t  the resul ts  of rad ia t ion  
studies of Zi rca loy-2  and zirconium in u rany l  sul-  
fa te  solutions have  indica ted  tha t  the increased 
corrosion ra te  is not d i rec t ly  due to changes in the 
solution itself. 

The a l t e rna te  in te rp re ta t ion  proposes that  the 
damage  is due to fission f ragment  recoil  effects on 
the meta l  a n d / o r  its oxide film. Mechanisms which 
have been advanced to expla in  the loss in pro tec-  
t ive qual i t ies  of the oxide film include (a)  in-  
creased ra te  of solution of the oxide exposed in 
aqueous environments  (1),  (b) product ion of easy 
diffusion paths  along the t racks  of the  fission f rag -  
ments  (4, 5), and (c) conversion of the oxide film 
to a different  phase (monoclinic to cubic) (6).  

Another  approach considers the  consequences of 
fission f ragment  recoils on the meta l  itself. This 
model  proposes (2) tha t  recoils produce defects 
wi th in  the meta l  which increases its act ivi ty.  For  
zirconium, in par t icular ,  it  has been suggested (7) 
tha t  the normal  oxidat ion react ion occurs at the 
me ta l -ox ide  interface.  Because of these defects in 
the  metal ,  the ra te  of react ion at the  in terface  is 
increased.  

Since the  s tudy of the aqueous corrosion of z i r -  
conium under  i r rad ia t ion  involves the resolut ion of 
several  variables ,  it was thought  tha t  exper imenta l  
da ta  on the effects of fission f ragment  recoils on 
the  gaseous oxidat ion  of z i rconium would be of aid 
in in te rp re t ing  the aqueous rad ia t ion  corrosion 
results.  Specifically, this  in format ion  might  be  he lp-  
ful  in separa t ing  the effects in the oxide a n d / o r  
me ta l  due to rad ia t ion  per se f rom those due to 
changes in the aqueous environment .  

Equipment 

The exper iments  were  designed to provide  for 
the gaseous oxidat ion of z i rconium under  the fol-  
lowing conditions: (a) reac tor  rad ia t ion  including 
fission f ragment  recoils, (b)  reac tor  rad ia t ion  in 
the absence of fission f ragment  recoils, and (c) no 
radiat ion.  

Each of the exper iments  was conducted in an 
especia l ly  designed autoclave unit  which had  three  
main components:  (a) a wa te r -coo led  stainless 
steel holder  containing the fission f ragment  recoil  
source, (b)  a hollow cyl indr ical  hea te r  unit ,  and 
(c) a specimen holder.  The source was placed in 
one end of the  hol low cylinder .  Inser ted  in the 
other  end was the  holder  containing specifically 
located zirconium specimens. F igure  1 is a sche- 
matic d i ag ram which locates the specimens and 
source wi thin  the autoclave unit.  The components  
of the autoclave are shown in Fig. 2. 

The recoil  source was p repa red  by  powder  met -  
a l lu rgy  techniques (8) .  A b ina ry  powdered  mix -  
tu re  of enr iched u ran ium dioxide (93.2% U-235) 
and stainless steel, 36 w / o  UO~, was s intered and 

WATER WATER IN OUT 

T ST "1' 
SA R.ES  A, GA  

~ -  HEATER WIRE 
CONTROL ~ SAMPLES~ ~V///// / / /J ~ ~////7////J 

CONTROL THERMOCOUPLEI ~TETEST TNERMOCOUPLE 

Fig. 1. Schematic diagram of assembled autoclave unit 

~ COOLER UNIT 

FISSION FRAGMENT SOURCE 

Fig. 2. Components of autoclave 

then bonded to a cooler uni t  to dissipate heat  gen-  
e ra ted  by  u ran ium fission. 

The specimen holder  held four z i rconium speci-  
mens in position. One pair  was placed approx i -  
ma te ly  1 mm away  from the  recoil  source thus 
pe rmi t t ing  one surface of each specimen to be ex-  
posed to recoil  bombardment .  These specimens, 
des ignated as test  specimens, were  main ta ined  at 
250~ by the hea ter  unit.  The remain ing  two speci-  
mens, the control  specimens, were  located in back 
of the test  specimens, and except  for the fission 
f ragment  recoils, were  exposed in approx ima te ly  
the same rad ia t ion  and oxidat ion environment .  
The control  specimens opera ted  at  about  265~ 

The t empera tu res  were  measured  by a t taching 
30-gauge i ron-cons tan tan  thermocouples  to the  
back side of one of the test  and one of the  control  
specimens. From the symmetr ica l  a r rangement  of 
the specimens and their  essent ia l ly  ident ical  mass, 
it was assumed that  the exper imenta l  condit ions for 
the  weighed specimen were  ident ical  to the condi-  
tions for the matching  specimen to which the t he r -  
mocouple had been at tached.  This exper imen ta l  a r -  
rangement  was chosen to provide  a means whereby  
the t empera tu re  of the test  and control  samples 
could be accura te ly  es tabl ished and sti l l  pe rmi t  a 
reasonable  evaluat ion  of the  magni tude  of weight  
changes. 

A th i rd  thermocouple  was peened to the exter ior  
wal l  of the  hea te r  section. This served as a detector  
for t empe ra tu r e  control. 

At  the conclusion of the series of exper iments ,  a 
comparison of the test  and control  specimens, both 
i r rad ia ted  and noni r radia ted ,  was made on the basis 
of weight  change and ind iv idua l  surface charac te r -  
istics. 

Experimental 

The zirconium specimens were  made f rom crys-  
ta l  bar  stock furn ished  in the  form of a co ld- ro l led  
sheet, 0.025-in. thick. This meta l  had the following 
nominal  spectrographic  analysis :  100 ppm hafnium, 
200-500 ppm iron, 200 ppm nickel,  and less than 
100 ppm each of t i tanium,  a luminum, and silicon. 
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S a m p l e s  in  t he  f o r m  of ha l f  d i sks  w e r e  m a c h i n e d  
f rom th is  sheet .  Each  s p e c i m e n  w e i g h e d  a p p r o x i -  
m a t e l y  0.4g and  each  s ide  of t h e  h a l f - d i s k  h a d  a 
s u r f ace  a r e a  of 1.2 c m  9. 

The  su r f aces  of a l l  z i r c o n i u m  spec imens  w e r e  
c h e m i c a l l y  po l i shed  in a so lu t ion  of 50% d i s t i l l ed  
w a t e r ,  45 % c o n c e n t r a t e d  n i t r i c  acid,  a n d  5 % h y d r o -  
f luoric ac id  ( 4 8 % ) .  Each  d i sk  w a s  a l t e r n a t e l y  p u t  
in to  po l i sh  so lu t ion  for  1 or  2 m i n  and  t h e n  in  d i s -  
t i l l ed  w a t e r  u n t i l  t he  su r faces  a p p e a r e d  v i s u a l l y  
to be  smoo th  and  b r igh t .  In  o r d e r  to ach ieve  u n i -  
f o r m  pol i sh ing ,  t he  s p e c i m e n  h a d  to be  m a n u a l l y  
a g i t a t e d  even  t h o u g h  t h e  po l i sh  so lu t ion  was  m a g -  
n e t i c a l l y  s t i r red .  Q u i c k  t r a n s f e r  of t he  d i sk  to v i g o r -  
ous ly  bo i l ing  d i s t i l l ed  w a t e r  r e m o v e d  t r a c e  q u a n -  
t i t i es  of po l i sh ing  solut ion .  This  was  fo l l owed  b y  
success ive  r inses  in e t h y l  a lcohol ,  e t h y l  e ther ,  a n d  
p e t r o l e u m  e ther .  A f t e r  shak ing  off excess  so lvent ,  
t h e  r e m a i n i n g  t h in  f i lm on the  su r f ace  was  e v a p -  
o r a t e d  r a p i d l y  b y  a j e t  of oxygen .  

Each  a s s e m b l e d  a u t o c l a v e  uni t ,  i n c l u d i n g  z i r -  
con ium spec imens ,  was  ox id i zed  in an  o x y g e n  
a t m o s p h e r e  at  250~ for  48 h r  as p a r t  of a r e l i a -  
b i l i t y  t e s t  p r i o r  to i r r a d i a t i o n .  

F o u r  i r r a d i a t i o n  e x p e r i m e n t s  ( T a b l e  I )  w e r e  
p e r f o r m e d  in Hole  16 of t he  O R N L  G r a p h i t e  R e -  
ac to r  w h e r e  t he  m a x i m u m  t h e r m a l  n e u t r o n  f lux is 
8.5 x 10 ~ nv.  T h r e e  of t he se  e x p e r i m e n t s  c o n t a i n e d  
a fission f r a g m e n t  source ;  one was  exposed  for  two  
w e e k s  a n d  two  w e r e  exposed  for  one week .  The  
f o u r t h  i n - p i l e  tes t ,  e x p o s e d  for  one week ,  con-  
t a i n e d  no source  in  o r d e r  to e s t ab l i sh  a n y  effects 
on t h e  spec imens  due  to fas t  n e u t r o n  f lux alone.  
A n o t h e r  t es t  was  a con t ro l  e x p e r i m e n t  r u n  o u t - o f -  
p i le  fo r  t w o  weeks .  

Table I. Experimental summary 

R u n  Time ,  w e e k s  C o n d i t i o n s  

Z-5 1 Source-- - i r radia ted  
Z-6 1 S o u r c e - - i r r a d i a t e d  
Z-8 2 S o u r c e - - i r r a d i a t e d  
Z-7 1 No sou rce - - i r r ad i a t ed  
Z-9 2 S o u r c e - - o u t - o f - p i l e  

I r r a d i a t e d  e x p e r i m e n t s :  HoIe 16 of  O R N L  g r a p h i t e  r e a c t o r  
~ b t h m a x  ~ ~ .5  X 1011 neu t rons / cm~-sec  

Table 11. NucLear conditions~irradiated experiments 

A v e r a g e  
o f  3 exps .  One  e x p . - -  

w i t h  sou rce  n o  s o u r c e  

Thermal  f iux- -Zr  samples  4.7 X 10 ~1 4.9 X 10 ~ 
(neutrons/cm~-sec)  
Thermal  f lux- -Source  ~4.2 X 10 ~ 
(neutrons/cm~-sec)  
Calc 'd  fission f r agmen t  in ten-  5.9 X 10 ~ 

si ty at Zr sample  surface 
(par t ic les /cm2-sec)  
Fas t  f lux--2  Mev e n e r g y - - a t  

Zr  samples  
(neutrons/cm~-sec)  

2 X 101'* ~ 1 0  n 
( ~ 2  Mev) 

* C a l c u l a t e d  Zr  a t o m i c  d i s p l a c e m e n t  ra te  due  to reco i l s  exp re s sed  
i n  t e r m s  of  f as t  f lux .  

A n  e s t i m a t e  of the  fission f r a g m e n t  i n t e n s i t y  
i m p i n g i n g  on the  e xpose d  tes t  s a m p l e  su r f aces  was  
o b t a i n e d  (9)  f r o m  the  p r e v a i l i n g  t h e r m a l  n e u t r o n  
f lux cond i t ions  ( T a b l e  I I ) .  T h e  a c t u a l  t h e r m a l  
n e u t r o n  f lux in  t h e  v i c i n i t y  of  t h e  z i r c o n i u m  s a m -  
p les  and  source  was  d e t e r m i n e d  e x p e r i m e n t a l l y  b y  
a c t i va t i on  ana lys i s  of t he  e x p o s e d  spec imens  t h e m -  
selves.  F o r  t he  g e o m e t r y  of th i s  e x p e r i m e n t ,  i t  was  
e s t i m a t e d  t h a t  t h e  f lux in  t h e  source  was  d e p r e s s e d  
to a b o u t  90% of th i s  v a l u e  d u e  to  i ts  h i g h  t h e r m a l  
n e u t r o n  a b s o r p t i o n  cross  sect ion.  F r o m  th i s  f lux in  
t he  source,  a fission r a t e  was  a p p r o x i m a t e d  for  a 
d e p t h  e q u a l  to t h e  fission f r a g m e n t  r a n g e  in t he  
UO~-s ta in less  s tee l  m i x t u r e  (7~) .  The  n u m b e r  a n d  
t o t a l  e n e r g y  of  f ission f r a g m e n t s  b o m b a r d i n g  the  
e x p o s e d  s a m p l e  su r face  w e r e  c a l c u l a t e d  to be  25% 
and  10% of t he  n u m b e r  a n d  to t a l  e n e r g y  g e n e r a t e d  
in t he  7~ l ayer .  F o r  t h e  n u c l e a r  cond i t ions  of these  
e x p e r i m e n t s ,  t h e  fission f r a g m e n t  i n t e n s i t y  at  t h e  
s a m p l e  was  e s t i m a t e d  to  b e  6 x 10 s p a r t i c l e s / c m  ~- 
s e e .  

The  p o t e n t i a l  d a m a g e  r a t e  a t  t he  fission f r a g -  
m e n t  i r r a d i a t i o n  i n t e n s i t y  can  be  e s t i m a t e d  (9)  to 
be  s e v e r a l  o rde r s  of m a g n i t u d e  g r e a t e r  t h a n  t h a t  
of t he  p r e v a i l i n g  fas t  n e u t r o n  f lux b y  c o m p a r i n g  
the  a tomic  d i s p l a c e m e n t  r a t e  due  to reco i l  a b s o r p -  
t ion  in  a th in  su r f ace  l a y e r  of  z i r c o n i u m  w i t h  t he  
fas t  n e u t r o n  f lux (2 Mev  n e u t r o n s )  w h i c h  w o u l d  
cause  an  e q u i v a l e n t  d i s p l a c e m e n t  ra te .  A s s u m p -  
t ions  m a d e  for  th is  c o m p a r i s o n  i n c l u d e d  (a )  O z e r -  
off 's c a l c u l a t e d  v a l u e  (10) of  10 ~ d i s p l a c e m e n t s  in  
u r a n i u m  p e r  80 Mev  fission f r a g m e n t  app l i e s  in 
z i rcon ium,  and  (b )  a l t h o u g h  a s p e c t r u m  of fission 
f r a g m e n t  ene rg i e s  ex is t s  in t h e  i nc iden t  p a r t i c l e  
f lux on the  spec imen ,  10 ~ d i s p l a c e m e n t s  o c c u r r e d  
for  each  80 Mev  of e n e r g y  in  t hese  pa r t i c l e s .  

The  v o l u m e  of  z i r c o n i u m  cons ide red  for  th is  c o m -  
p a r i s o n  was  2 x 1019 a t o m s / c m  ~ or  a t h i ckness  of 
a b o u t  60% of t h e  m a x i m u m  r a n g e  of  reco i l s  in z i r -  
conium.  Ca l c u l a t i ons  i n d i c a t e  t h a t  t he  p o t e n t i a l  
d a m a g e  r a t e  b y  reco i l s  cou ld  h a v e  been  2 x 10 TM 

z i r c o n i u m  a t o m s  d i sp laced /cm~-sec .  The  d a t a  of 
K i n c h i n  and  P e a s e  (11) w e r e  e m p l o y e d  to f ind a 
fas t  n e u t r o n  f lux w h i c h  cou ld  a p p r o x i m a t e  th i s  r a t e  
of  da ma ge .  T h e y  e s t i m a t e d  tha t ,  a f t e r  e x p o s i n g  
coppe r  to an  i n t e g r a t e d  n e u t r o n  dose of 1019 
( n v t )  ... . .  abou t  10% of these  a toms  a r e  d i sp laced .  
A s s u m i n g  t h e s e  e s t i m a t e s  a p p l y  also to  z i rcon ium,  
i t  was  found,  b y  p r o p o r t i o n ,  t h a t  a fas t  n e u t r o n  f lux 
of a b o u t  2 x 101' n v  w o u l d  cause  a n  a tomic  d i s -  
p l a c e m e n t  r a t e  e q u i v a l e n t  to t h a t  fo r  t h e  e s t i m a t e d  
fission reco i l  i n t ens i ty .  

The  a c t u a l  f lux of  n e u t r o n s  w i t h  ene rg i e s  g r e a t e r  
t h a n  2 Mev  w a s  a p p r o x i m a t e l y  10 ~ nv  f o r  t he se  
e x p e r i m e n t s ,  a b o u t  10% of  t h e  t h e r m a l  flux. Thus  
the  p r o b a b l e  r a t e  of p r o d u c t i o n  of a tomic  d i s p l a c e -  
m e n t s  b y  n e u t r o n s  in th is  e x p e r i m e n t  was  a b o u t  a 
f ac to r  of 102-10 ~ less  t h a n  t h a t  d u e  to fission recoi ls .  

Results 

A t  the  conc lus ion  of each  run ,  t h e  z i r c o n i u m  
spec imens  w e r e  s t u d i e d  b y  a n u m b e r  of t echn iques .  
L i s t ed  acco rd ing  to e xp l i c i t ne s s  of  r e su l t ,  t he se  
w e r e  mic roscop ic  e x a m i n a t i o n  of t h e  su r f aces  a t  
bo th  h igh  a n d  low magn i f i ca t ion  us ing  n o r m a l  a n d  
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polar ized light,  low angle electron diffraction studies 
for possible identif icat ion of the  s t ruc ture  of the  
oxide film on the surface seeing fission f ragment  
recoils, s tudy  of surface topography  of repl icas  of 
sample surfaces by  electron microscopy, and visual  
comparison of surface in ter ference  colors. Weight  
change da ta  were  obta ined  also whenever  possible. 

Visually,  a lmost  a whole range  of in ter ference  
colors was seen on surfaces subject  to recoils. Al l  
surfaces not  subject  to recoils had  more un i formly  
colored surfaces. F igure  3 shows the scheme used 
to ident i fy  the  var ious  specimen surfaces. Unfor-  
tuna te ly  it is not possible to produce  photographs  
which would show, sat isfactori ly ,  the deta i led  
character is t ics  of the surface. However ,  some of the 
gross fea tures  are  shown in Fig. 4, which compares  
the  surfaces of specimens i r r ad ia t ed  for two weeks  
in -p i l e  wi th  a source to those i r r ad ia t ed  one week 
in-p i le  wi thout  a source, an ou t -o f -p i l e  oxidized 
specimen and a chemical ly  pol ished specimen. 

Microscopic examinat ion  of the  specimens under  
br ight  field i l luminat ion  showed a consistent d i f -  
ference be tween those surfaces facing the fission 
f ragment  source and those exposed to neut ron  flux 
only. As shown in Fig. 5, the  recoil  effects were  
pa r t i cu l a r ly  evident  on comparison of the pro tec ted  
edge (due to the shoulder  of a meta l  r ing holding 
the specimen in place)  and the unprotec ted  center  
of the  test  specimen surface facing the source. As-  
suming the blue blotches appear ing  at  the shielded 
edge resul t  f rom first order  interference,  i t  was 
possible to observe the ent i re  second order  in te r -  
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ference color band  and finally a m i x t u r e  of gold 
and r e d - p u r p l e  of th i rd  order  on the main  surface. 
The oxide thickness  of the  d i rec t ly  exposed area  
was es t imated  (9) to be 2500-3000A. 

No other  surface exhib i ted  this fea ture  along its 
per iphery .  The opposite surface of the  test  speci-  
men was a uni form yel low field in t e rmixed  wi th  
blue and reddish  pu rp le  (1500-1600A). Test sam-  
ple surfaces of run  Z-7, which involved no recoils, 
had a uni form a r r a y  of s imilar  in te r fe rence  colors 
whi le  run  Z-9, which was out -of -p i le ,  had  a blue 
field wi th  l ight  yel low and purp le  spots (700- 
800A). 

Microscopic examina t ion  of the specimens under  
polar ized l ight  showed pronounced differences be-  
tween surfaces tha t  were  exposed to fission f rag-  
ment  recoils and al l  other  surfaces examined.  Only 
the  surfaces seeing recoils were  inact ive  to po la r -  
ized light.  Al l  of the other  specimen surfaces, when 
examined,  were  responsive to polar ized l ight  as the 
specimen was ro ta ted  180 ~ F igure  6 shows again 
the  pe r iphe ry  of the  same surface exposed to fission 
f ragment  recoils as in Fig. 5, but  this t ime under  
polar ized light.  A l ine of demarca t ion  divides the 
surface into two dist inct  regions: the featureless  
region corresponds to the surface area  that  saw fis- 
sion f ragment  recoils while  the  contras t ing region 
is the surface area  tha t  was shielded f rom recoils 
by  the meta l  r ing holder.  Figure" 7 is a p ic ture  of 
the opposite surface of the same specimen. Here, 
resolvable  areas  are  un i fo rmly  d i s t r ibu ted  over  the 
whole surface area  exac t ly  as under  the shielded 
edge in Fig. 6. 

SURFACE I 

r zr I I 
SURFACE 2 

Zr 

SURFACE .5 

I I I 
SURFACE 4 

Fig. 3. Configuration of typical fission fragment recoil experiment 

Fig. 5. Periphery of zirconium test specimen surface exposed to 
fission fragment recoils, normal illumination. 

Fig. 4. Effect of neutron flux and fission recoils on the oxidation 
of zirconium (average neutron flux at samples 4.6 x 10 n neu- 
trons/cm2-sec). 

Fig. 6. Periphery of zirconium test specimen surface exposed to 
fission fragment recoils, polarized light (250X). A, Main surface; 
B, shielded edge. 
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Fig. 7. Periphery of zirconium test specimen surface opposite to 
side seeing fission fragment recoils (exposed in neutron flux only), 
polarized light. 

Fig. 9. Surface of zirconium test specimen exposed to fission frag- 
ment recoils (Pd shadowed carbon replica). 

Fig. 8. Low angle electron diffraction patterns of each surface 
of a zirconium test specimen: (a) surface facing fission fragment 
recoil surface; (b) surface opposite to side facing fission fragment 
recoil surface. 

Low angle electron diffraction pa t te rns  of the 
side exposed to fission f ragment  recoils appeared  to 
be composed of very  diffuse rings. In contrast ,  the  
opposite surface showed a pa t t e rn  of a r e la t ive ly  
large  number  of spot ty  rings. The two types  of pa t -  
terns  descr ibed are shown in Fig. 8. 

Pa l l ad ium shadowed carbon repl icas  were  made 
of the surfaces of all  specimens used in this series 
of exper iments .  Fi f teen areas were  photographed  
on the surfaces seeing fission f ragment  recoils. 
These electron micrographs  in all  but  two cases in-  

dicated a rough mot t led  surface, an example  of 
which is shown in Fig. 9. The size of the mounds 
seen in the figure was in the  order  of 0.5~. The sur-  
faces not seeing fission f ragment  recoils were  con- 
s is tent ly  much smoother  as shown in Fig. 10. The 
size of the pebbles  observed was about  an order  of 
magni tude  smal ler  than the mounds seen in Fig. 9. 

Unfor tuna te ly  it was not possible to obtain weight  
change data  on all  of the samples. F rom the da ta  
avai lable ,  however,  it was possible to observe a 
t rend  which was not inconsistent  wi th  the other 
results.  For  the single exper iment  exposed in-p i le  
for two weeks, the weight  gain of the test  and con- 
trol  sample  was 0.10 and 0.11 mg, respect ively.  For  
the single exper iment  run ou t -o f -p i l e  for two 
weeks, the corresponding increases in sample 
weights  were  0.02 and 0.04 rag, respect ively .  A 
comparison of these data  indicate  tha t  (a) the 
weight  gain of the in -p i le  samples was significantly 
g rea te r  than the ou t -o f -p i l e  samples, and (b)  both 
samples of the in -p i le  exper iment  gained about  
the same amount  of weight.  

The la t te r  observat ion suggests that  the fission 
f ragment  recoils had no effect on the weight  gains. 
However,  it was observed tha t  the  control  sample 
was at 265~ which compares  to 250~ for the test 
sample. Thus, it  is possible tha t  a fission recoil  effect 
was masked by the difference in tempera ture .  

Sample  surface studies under  br ight  field i l lumi-  
nat ion of the  two week in-p i le  exper iment  lend sup- 
por t  to this possibil i ty.  As es t imated from observed 
in ter ference  colors, the test  sample surface exposed 
to fission f ragments  had an oxide film thickness of 
about  twice (2500-3000A) tha t  of the unexposed 
surface (1500-1600A), whi le  both surfaces of the 
control  sample had about  the same film thickness 
(2100-2200A). The calcula ted weight  gains, equi-  
valent  to the es t imated oxide thicknesses,  were  
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Fig. 10. Surface of zirconium test specimen opposite to side seeing 
fission fragment recoils (exposed in neutron flux only; Pd shadowed 
carbon replica). 

f o u n d  to be  a b o u t  0.07-0.09 m g  for  bo th  t he  t es t  
and  con t ro l  samples ,  w h i c h  c o m p a r e s  f a v o r a b l y  
w i th  t he  c o r r e s p o n d i n g  m e a s u r e d  w e i g h t  gains.  

Discussion and Conclusions 
P o l a r i z e d  l igh t  and  e l ec t ron  m i c r o s c o p y  s tud ies  

show t h a t  su r faces  exposed  to fission f r a g m e n t s  
e i t he r  (a )  h a d  u n d e r g o n e  a p h a s e  t r a n s f o r m a t i o n  
or  (b )  h a d  d e v e l o p e d  a fine p a r t i c l e  size. B a s e d  on 
r e c e n t l y  p u b l i s h e d  i n f o r m a t i o n ,  t he  au tho r s  a re  
m o r e  i nc l i ned  t o w a r d  t h e  first  poss ib i l i ty .  W i t t e l s  
and  S h e r r i l l  (12, 13) h a v e  f o u n d  t h a t  p u r e  m o n o -  
c l inic  ZrO~ is s t ab le  to an  i n t e g r a t e d  n e u t r o n  f lux 
of ~ 1 0  ~ ( n v t ) ,  .... bu t  t r a n s f o r m s  to t he  cubic  phase  
u n d e r  the  ac t ion  of fission f r a g m e n t s  at  a r a t e  of 
~ 1 0  ~ t r a n s f o r m a t i o n s  p e r  fission recoi l .  A d a m  and  
Cox (14, 15) h a v e  r e p o r t e d  t h a t  t he  ox ide  on ce r -  
t a in  a l loys  of z i r c o n i u m  exposed  to 10 TM (nvt)~.,~ 
wi l l  e i t he r  p a r t i a l l y  or  c o m p l e t e l y  c h a n g e  to t he  
cub ic  p h a s e  w h e n  t h e r e  is u r a n i u m  i m p u r i t y  in t h e  
p re sence  of fission f r agmen t s .  Based  on the  d a t a  of 
W i t t e l s  and  She r r i l l ,  t he  e x p o s u r e  t i m e  for  t he  
z i r c o n i u m  spec imens  ( ~ 1 0  ~ sec)  was  ~ 1 0  ~ sec 
g r e a t e r  t h a n  t ha t  n e e d e d  for  c o m p l e t e  t r a n s f o r m a -  
t ion  of the  ox ide  to the  cubic  phase .  This  e s t i m a t e  
a s sumes  a fission f r a g m e n t  i n t e n s i t y  of 6 x 108 p a r -  
t icles/cm~--sec and  an  ox ide  f i lm thcknes s  of a b o u t  
4000A or  less.  A n  a p p r e c i a b l e  t r a n s f o r m a t i o n  
w o u l d  also be  e x p e c t e d  on the  bas is  of the  f indings  
of D a w s o n  et al. (4)  for  o x i d e  on a Z r - 5 %  V a l loy  
u n d e r  fission reco i l  i r r ad i a t i on .  

A l t h o u g h  r e t a i n i n g  t h e i r  op t i ca l  a c t i v i t y  to 
p o l a r i z e d  l ight ,  su r f aces  e x p o s e d  to r e a c t o r  r a d i a -  
t ion,  b u t  no t  to fission f r agmen t s ,  a p p e a r e d  to h a v e  
an  ox ide  th i ckness  i n t e r m e d i a t e  b e t w e e n  t h a t  
f o r m e d  on su r faces  ox id i zed  o u t - o f - p i l e  a n d  s u r -  
faces  e x p o s e d  to recoi ls .  F i l m  th i cknes s  e s t ima tes ,  
ba sed  on i n t e r f e r e n c e  colors,  in  r a d i a t i o n  r u n  Z-8  
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and  o u t - o f - p i l e  r u n  Z-9  a r e  t y p i c a l  of the  d a t a  
ob ta ined .  F o r  r u n  Z-8,  t h e  t e s t  s a m p l e  sur face ,  
con t ro l l ed  at  250~ and  no t  e x p o s e d  to recoi ls ,  h a d  
an  ox ide  t h i cknes s  of 1500-1600A. This  is a f ac to r  
of abou t  two  g r e a t e r  t h a n  t h a t  o b s e r v e d  on o u t - o f -  
p i l e  ox id i zed  su r faces  (700-800A)  a n d  a f ac to r  of 
two  less t h a n  su r faces  e x p o s e d  to reco i l s  (2500- 
3000A).  I r r a d i a t e d  con t ro l  spec imens  in  r u n  Z-8 ,  
o p e r a t i n g  a t  265~ h a d  an  ox ide  th i ckness  of 2100- 
2200A, a b o u t  a f ac to r  of two  g r e a t e r  t h a n  c o r r e -  
spond ing  spec imens  ox id i zed  o u t - o f - p i l e  ( l l 0 0 A ) .  
Thus  i t  a p p e a r s  t h a t  t e s t  s a m p l e  su r f aces  exposed  
to recoi l s  h a d  an  ox ide  f i lm t h r e e  to fou r  t imes  as  
t h i ck  as t he  c o r r e s p o n d i n g  o u t - o f - p i l e  t es t  s ample ,  
bu t  on ly  tw ice  as t h i c k  as su r faces  e x p o s e d  to r e -  
ac to r  r a d i a t i o n  only.  The  cor ros ion  of t he  su r f ace  
e x p o s e d  to recoi ls ,  as i n d i c a t e d  b y  t h e  ox ide  t h i c k -  
ness,  was  at  l eas t  a f ac to r  of t en  less  t h a n  t h a t  e x -  
p e c t e d  in u r a n y l  su l f a t e  so lu t ion  a t  t he  s a m e  reco i l  
i n t e n s i t y  as  t h a t  a s s u m e d  in th i s  r e p o r t  ( th i s  is 
e q u i v a l e n t  to a so lu t ion  fission p o w e r  d e n s i t y  of  
abou t  12 w a t t s / m l )  (2) .  

T h e r e  is ev idence  t h a t  some  ox ide  was  los t  f r o m  
the  reco i l  i r r a d i a t e d  su r f aces  and,  as  a consequence ,  
t he  a c t u a l  co r ros ion  m a y  h a v e  been  g r e a t e r  t h a n  
t ha t  e s t i m a t e d  f r o m  o x i d e  t h i cknes se s  a n d  s a m p l e  
we igh t s .  This  is b a s e d  on a s u b s e q u e n t  e x p e r i m e n t ,  
no t  r e p o r t e d  here ,  in  w h i c h  z i r c o n i u m  s a m p l e s  
w e r e  i r r a d i a t e d  for  one w e e k  a t  300~ in t he  p r e s -  
ence  of a f ission reco i l  source .  S p e c t r o g r a p h i c  
ana lys i s  of su r f ace  s c r ap ings  f rom the  e x p o s e d  
source  gave  q u a l i t a t i v e  e v i d e n c e  of z i r c o n i u m  b e -  
ing  p resen t .  U n f o r t u n a t e l y ,  su r f aces  of t h e  sources  
r e p o r t e d  in  th is  p a p e r  w e r e  no t  a n a l y z e d  for  t he  
p r e s e n c e  of z i rcon ium.  Hence ,  t he  m a g n i t u d e  of an  
e r r o r  t h a t  m i g h t  be  i n t r o d u c e d  in th is  w a y  is no t  
known .  

F r o m  the  e x p e r i m e n t a l  r e su l t s  and  t h e  a b o v e  
d i scuss ion  t h e  fo l lowing  conclus ions  can  be  s t a t ed :  

1. The  ox ide  f i lm of t h e  su r f aces  t h a t  s a w  fission 
f r a g m e n t  recoi l s  d id  no t  show op t i ca l  a n i s o t r o p y  
as d e t e r m i n e d  b y  e x a m i n a t i o n  u n d e r  p o l a r i z e d  
l i gh t  w i th  the  mic roscope  e m p l o y e d  (750X) .  This  
ind ica t e s  t h a t  t he se  ox ide  f i lms e i t he r  u n d e r w e n t  
a p h a s e  t r a n s f o r m a t i o n  or  d e v e l o p e d  r a n d o m l y  
o r i e n t e d  g r a in s  of a size too sma l l  to r e so lve  the  
op t i ca l  a c t i v i t y  w i t h  an  op t i ca l  microscope .  A l l  
o t h e r  ox ide  su r faces  r e m a i n e d  h i g h l y  o r i e n t e d  a n d  
showed  r e s o l v a b l e  a r e a s  of o p t i c a l l y  ac t i ve  oxide .  

2. The  low a n g l e  e l e c t r o n  d i f f r ac t ion  s t u d y  r e -  
v e a l e d  t ha t  the  su r f ace  s u b j e c t e d  to reco i l  b o m -  
b a r d m e n t  h a d  a s t r u c t u r e  w h i c h  p r o d u c e d  a d i f -  
fuse  r i n g  p a t t e r n  w h i l e  the  oppos i t e  sur face ,  e x -  
posed  to a n e u t r o n  f lux only ,  p r o d u c e d  a p a t t e r n  of 
r e l a t i v e l y  l a r g e  n u m b e r s  of s p o t t y  r ings .  S ince  the  
dif fuse  r ings  could  not  be  i n t e r p r e t e d  in  t e r m s  of  a 
c r y s t a l  s t ruc tu re ,  i t  is no t  pos s ib l e  to s t a t e  w h e t h e r  
or  not  t he  fine p a r t i c l e s  a r e  those  of a t r a n s f o r m e d  
ox ide  or  m e r e l y  fine pa r t i c l e s  of the  n o r m a l  oxide .  

3. I t  was  found  f rom i n t e r f e r e n c e  c o l o r - o x i d e  
th i ckness  e s t ima te s  and  a l i m i t e d  a m o u n t  of w e i g h t  
ga in  d a t a  t h a t  the  ox ide  fi lm of su r faces  e x p o s e d  
to fission f r a g m e n t s  was  t h i c k e r  t h a n  su r faces  e x -  
posed  to r e ac to r  r a d i a t i o n  in t h e  absence  of fission 
f r a g m e n t s .  In  tu rn ,  t h e  o x i d e  f i lm of  these  l a t t e r  
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su r faces  w a s  t h i c k e r  t h a n  su r f aces  ox id i zed  o u t - o f -  
p i le .  Thus  i t  is  c o n c l u d e d  t h a t  f ission f r a g m e n t  r e -  
coils do, in  fact ,  h a v e  an  effect on t h e  o x i d a t i o n  
ra te .  H o w e v e r ,  t h e  a m o u n t  of co r ros ion  as  i n d i c a t e d  
b y  t h e  o x i d e  t h i cknes s  and  w e i g h t  d a t a  was  a t  l e a s t  
a f ac to r  of t en  less t h a n  t h a t  e x p e c t e d  in  a so lu t ion  
of  u r a n y l  su l f a t e  p r o d u c i n g  an  e q u i v a l e n t  r eco i l  
i n t ens i ty .  

4. The  e l e c t r o n  m i c r o g r a p h s  g a v e  ev idence  of a 
d i f fe rence  in  t h e  su r f ace  t h a t  h a d  been  s u b j e c t e d  to 
reco i l  b o m b a r d m e n t .  Mos t  of t h e  p h o t o g r a p h s  of 
t he se  su r f aces  s h o w e d  m o u n d s  on  t h e  su r f a c e  in 
t he  o r d e r  of 0.5~ in  size. In  compar i son ,  mos t  of 
t h e  o t h e r  su r f aces  t h a t  w e r e  e i t h e r  in  a n e u t r o n  
f lux o r  w e r e  ox id i zed  out  of r a d i a t i o n  r e v e a l e d  a 
p e b b l y  su r f ace  w i t h  t h e  size of  each  p e b b l e  be ing  
a b o u t  an  o r d e r  of m a g n i t u d e  s m a l l e r  t h a n  t h e  
mounds .  

5. The  d a t a  o b t a i n e d  do no t  p r o v i d e  suff icient  
i n f o r m a t i o n  to e s t ab l i sh  t h e  m e c h a n i s m  of t h e  e f -  
fec ts  of f ission f r a g m e n t  reco i l s  on  t h e  o x i d a t i o n  of 
z i rcon ium.  

6. T h e  e x p e r i m e n t a l  t e c h n i q u e  t h a t  has  been  
d e v e l o p e d  is one w h i c h  can  be  e f fec t ive ly  u sed  to 
s t u d y  t h e  fission f r a g m e n t  r eco i l  effects on  o t h e r  
m e t a l s  o r  a l loys .  
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ABSTRACT 

Oxidat ion  of z i rconium and z i rcon ium-oxygen  al loys in oxygen  at  800~ has 
been studied. The studies include g rav imet r i c  oxidat ion  ra te  measurements  and 
meta l lograph ic  and x - r a y  diffraction studies of oxidized specimens. The ini t ia l  
oxida t ion  conforms wi th  an approx ima te  cubic oxidat ion  rate,  af ter  which  a 
b r e a k a w a y  oxidat ion  is observed.  The ini t ia l  cubic per iod  becomes shor ter  
and the ra te  of b r e a k a w a y  oxida t ion  becomes fas ter  wi th  increas ing oxygen  
concentra t ion  up to 12-15 at. % oxygen.  The oxidat ion  is in t e rp re ted  in te rms of 
s imultaneous oxide fo rmat ion  and oxygen  dissolution in the  metal .  

O x i d a t i o n  of z i r c o n i u m  cons t i tu t e s  ox ide  scale  
f o r m a t i o n  a n d  o x y g e n  d i s so lu t ion  in t h e  m e t a l  ( 1 - 9 ) .  
In  t he  t e m p e r a t u r e  r a n g e  300~176 t h e  r a t e  d a t a  of 
t he  i n i t i a l  o x i d a t i o n  of z i r c o n i u m  in o x y g e n  a p p e a r  to 
be  bes t  f i t ted  b y  an  a p p r o x i m a t e l y  cubic  o x i d a t i o n  
r a t e  (3, 5, 8) .  A f t e r  a n  in i t i a l  pe r iod ,  a l t e r a t i o n s  in  
t h e  k ine t i c s  h a v e  been  obse rved ,  and  for  a l loys  th i s  
has  in  m a n y  cases  been  f o u n d  to r e s u l t  in  a " b r e a k -  
a w a y "  o x i d a t i o n  (7, 8) .  This  change  in  k ine t i c s  has  

been  sugges t ed  to be a r e s u l t  of a m e c h a n i c a l  b r e a k -  
d o w n  of t h e  scale,  a c h a n g e  in  ZrO~ modi f i ca t ion  or  to  
be  a s soc ia t ed  w i t h  t he  o x y g e n  d i s so lu t ion  in  t h e  
meta l .  So f a r  no c lea r  c o r r e l a t i o n  a p p e a r s  to h a v e  
been  es tab l i shed .  In  g e n e r a l  t h e r e  a p p e a r s  to be  no 
s a t i s f a c t o r y  i n t e r p r e t a t i o n  of t he  o x i d a t i o n  m e c h -  
a n i s m  of z i rcon ium.  

O x i d a t i o n  of m e t a l s  w h i c h  m a y  d i sso lve  r e l a t i v e l y  
l a r g e  a m o u n t s  of o x y g e n  a p p e a r  to h a v e  s e v e r a l  f e a -  
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tures  in common (7, 9-12).  Depending on the t em-  
pe ra tu re  the  oxidat ion of t i tanium,  niobium, and 
t an ta lum involves ini t ia l  stages which are to a la rge  
extent  associated wi th  oxygen dissolution in the  
metal .  These ini t ia l  stages are  fol lowed by  a more 
rap id  r a t e  of oxidation,  a " b r e a k a w a y "  oxidation,  
which p r imar i l y  involves heavy  oxide format ion  
(9-12).  For  t i t an ium the change in kinetics has been 
found to t ake  place when the oxygen concentrat ion 
in an outer  l aye r  of the meta l  reaches  a composit ion 
of app rox ima te ly  TiOo.8, (11). I t  does not  appear  un-  
reasonable  tha t  s imi lar  considerat ions may  apply  
for zirconium. At  any rate,  for an unders tanding  of 
the  oxidat ion  mechanism of zirconium the re la t ive  
impor tance  of and the in te rp lay  be tween  oxide for-  
mat ion  and oxygen dissolution have to be considered. 
In the present  work  the effect of dissolved oxygen on 
the oxidat ion of zirconium at 800~ has been studied. 

Materials and Methods 
Zirconium meta l  in the form of rol led plates  of 0.5 

mm thickness was obtained f rom Johnson, Mat they  
& Co. Ltd., England.  Spect rographic  analysis  of im-  
pur i t ies  gave the fol lowing est imates of metal l ic  im-  
pur i t ies :  A1, 0.01%; Mn, Pb, Si, Mg, and Fe, each 
0.001%. Neut ron  act ivat ion analysis  showed tha t  
2.4% Hf was also present  in the mater ia l .  Meta l lo-  
graphic  examinat ions  of the as - rece ived  mate r ia l  in-  
dicated zirconium carbide  inclusions in the metal .  No 
analysis  was made of the carbon content  or of gase-  
ous impur i t ies  in the  metal .  The hardness  of the as-  
received cold- ro l led  pla tes  was 197 VHN (10 kg) .  

The zirconium meta l  was cut into specimens with  
dimensions 1O x 20 x 0.5 mm. Specimens wi th  v a r y -  
ing concentrat ions of oxygen were  p repa red  by  oxi-  
dat ion at  1200~ at  oxygen pressures  <10 -~ tor r  and 
with  subsequent  h igh -vacuum anneal  at 120O~ in 
high vacuum for 18 hr. Microhardness  indenta t ion  
studies indicated no oxygen grad ien t  in the speci-  
mens af ter  this t rea tment .  The zirconium was oxi-  
dized in commercia l  oxygen dr ied  over  phosphorus 
pentoxide.  
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The ra te  of oxidat ion was measured  g rav ime t r i -  
cal ly  by  means of a quartz  hel ix  type  appara tus .  
Pr ior  to s tar t  of each run  the appara tus  was evacu-  
a ted overnight  to a pressure  of 10 -~ tor t .  A more  de-  
ta i led  descr ipt ion of both the appara tus  and the p ro -  
cedure employed  has been given e lsewhere  (13). 

Experimental Results 
Oxidation rate measurements.--The resul ts  of oxi-  

dat ion of as - rece ived  zirconium at  800~ in oxygen 
at  a tmospher ic  pressure  are  shown in Fig. 1, where  
the  weight  gain is p lo t ted  vs. t ime and ( t ime)  ~.  As 
seen, the  oxidat ion conforms wi th  an approx ima te  
cubic ra te  dur ing  the first 300 min, af ter  which an 
increase in the ra te  of oxidat ion is observed. Annea l -  
ing of the as - rece ived  mate r i a l  in h igh -vacuum at 
1200~ for 1 hr  did not change the kinet ics  of the 
oxidation.  The resul ts  were  reproduc ib le  to wi th in  
5%. 

Zirconium specimens containing f rom 2 to 17 at. % 
oxygen were  oxidized under  the same conditions. The 
resul ts  of these studies are  shown in Fig. 2 where  
the weight  gain is p lo t ted  as a function of time. Dur -  
ing the ve ry  ini t ia l  oxidat ion all  specimens oxidized 
at approx ima te ly  the  same rate. In la te r  stages, how-  
ever, the ra te  of oxidat ion increased wi th  increasing 
oxygen concentration.  Above app rox ima te ly  12-15 
at. % oxygen there  was no increase in oxidat ion ra te  
wi th  oxygen concentrat ion.  Fur the rmore ,  the  t ime 
per iod unt i l  the  t rans i t ion  to a fas ter  b r e a k a w a y  oxi-  
dat ion became shorter  wi th  increasing oxygen con- 
centrat ion.  

X-ray diffraction and metallographic studies of 
oxidized specimens.--X-ray diffraction studies of the  
oxide scale af ter  var ious  lengths  of oxidat ion  showed 
tha t  the  oxide in all  cases consisted of monoclinic 
ZrO,. Micrographs  of meta l lographic  cross sections 
of oxidized specimens of unal loyed zirconium sug- 
gested the presence of a single oxide layer  on the sur -  
face. During ini t ial  per iods  the oxide scale had an 
even thickness,  whi le  wi th  increased oxidat ion a more  
uneven a t tack  of the  meta l  surface was observed. The 
resul ts  suggest  a more localized oxidat ion associated 
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Fig. 3. Microindentation hardness studies on zirconium specimens 
oxidized for various lengths of time at 800~ and 1 atm oxygen. 

with the indiv idual  grains in the metal.  In addi t ion 
the micrographs  also showed evidence of an oxygen-  
enriched zone in the meta l  beneath  the surface oxide. 

Microindenta t ion hardness  studies on specimens of 
unal loyed zirconium oxidized for various lengths of 
t ime c lear ly  showed an increased oxygen pene t ra t ion  
into the meta l  wi th  time. These measurements  are 
shown in Fig.  3. Assuming tha t  the  hardness  in-  
creases wi th  increasing oxygen concentrat ion,  the 
resul ts  suggest  tha t  the oxygen in an outer  layer  of 
the meta l  reaches a "sa tura t ion"  value. 

Examinat ions  of meta l lographic  cross sections of 
oxidized z i rcon ium-oxygen  al loy specimens showed 
an uneven oxidat ion of the meta l  surface af ter  the 
b r e a k a w a y  oxidation.  Specimens containing re la -  
t ive ly  large  concentrat ions of oxygen also exhib i ted  
an apprec iable  grain growth dur ing oxidation.  

D i s c u s s i o n  

The present  resul ts  confirm tha t  the oxidat ion of 
zirconium involves both oxygen dissolution and 
oxide scale formation.  Fur thermore ,  the ra te  and 
kinet ics  of oxidat ion have been shown to be grea t ly  
dependent  on the oxygen concentrat ion in the metal.  

F rom the present  s tudy it is difficult to calculate  
accura te ly  the re la t ive  impor tance  of oxygen dissolu-  
t ion in the metal .  Est imates  of the oxide thickness 
from meta l lographic  cross sections suggest tha t  ap-  
p rox ima te ly  10 and 20% of the  reac ted  oxygen has 
dissolved in the zirconium meta l  af ter  100 and 300 
rain of oxidat ion,  respect ively.  

Assuming a diffusion-control led oxygen dissolu-  
t ion in the metal ,  an est imate of the amount  of dis-  
solved oxygen may  also be made f rom the diffusion 
coefficient and the appropr ia te  diffusion equat ion 
(22). Taking D = 5.2 exp ( - -51000 /RT)  (6) and as-  
suming the oxygen concentrat ion in the metal  at the 
surface to be 29 at. % (solubi l i ty  l imi t ) ,  the amount  
of dissolved oxygen af ter  300 rain at 800~ is calcu-  
la ted to about 1 m g / c m  2. As seen from Fig. 1 this is 
about 25% of the observed weight  gain. The calcu-  
la t ion of course neglects  oxide scale formation.  

The resul ts  c lear ly  suggest tha t  the cubic oxidat ion 
ra te  reflects a combined resul t  of oxygen dissolution 
and oxide scale formation.  A resul tant ,  approx imate  
cubic oxidat ion may  be a resul t  of t w o - p a r t  processes 
obeying approx imate  logar i thmic  and parabol ic  t ime 
dependences,  respect ively .  However ,  a t  present  any 

considerat ions of the mechanism of the cubic oxida-  
tion may  be only speculat ive  due to the lack of de-  
ta i led knowledge  as to the par t  processes and their  
in terplay.  I t  is commonly assumed, possibly pa r t ly  by 
analogy with TiO~, tha t  ZrO_~ is an n - t y p e  semicon- 
ductor  and tha t  its defect s t ruc ture  involves oxygen 
vacancies (3, 14,15). However ,  the only studies 
known to the authors  of the electr ical  conduct ivi ty  of 
ZrO~ as a function of oxygen pressure  at high tem-  
pe ra tu re  (900~176 show that  the electr ical  
conduct ivi ty  is app rox ima te ly  propor t iona l  to po2 § 
(16). This re la t ionship  suggests that  ZrO~ is a p - t y p e  
conductor and possibly tha t  the  defect s t ruc ture  in-  
volves in ters t i t ia l  oxygen ions. 

With  regard  to oxygen dissolution in the metal ,  
studies of oxygen diffusion in zirconium indicate  that  
grain boundary  diffusion predominates  at 800~ and 
lower t empera tu re  (17), and that  volume diffusion 
only becomes apprec iable  at  about  1000~ Grain  
boundary  diffusion would resul t  in a different  t ime 
dependence than  for the parabol ic  volume diffusion. 
According to Fisher ' s  (18) model  for grain boundary  
diffusion, the amount  of oxygen dissolved would  in 
this case be propor t ional  to t ~l'. 

From the above considerat ions it is evident  tha t  
fu r ther  studies of the re la t ive  impor tance  and in te r -  
p lay  of oxygen dissolution and oxide format ion and 
studies of the defect s t ructures  of ZrO~ are needed for 
an elucidat ion of the mechanism of the cubic oxida-  
t ion of zirconium. 

Studies of oxidat ion of zirconium and zirconium 
alloys by Por te  et al. (8) indicate  no change to a 
faster  oxidat ion ra te  during the ini t ia l  400 min of 
oxidat ion at 800~ and an oxygen pressure  of 200 
torr.  In the present  case such a change is observed 
af ter  approx ima te ly  300 min of oxidation.  This may  
possibly be affected by presence of carbon impuri t ies ,  
as such have  been shown to increase the tendency for 
b r e a k a w a y  oxidat ion (8).  However,  the present  r e -  
sults also c lear ly  demons t ra te  the effect of dissolved 
oxygen on the oxidat ion behavior  of zirconium. The 
ra te  of oxidat ion is found to increase wi th  increasing 
oxygen content up to 12-15 at. % above which no 
fur ther  increase in oxidat ion ra te  is observed.  F u r -  
thermore,  the t ime per iods  unt i l  the change in k i -  
netics become shorter  wi th  increasing oxygen con- 
tent up to 12-15 at. %. 

If one assumes, as is suggested for t i t an ium (11), 
that  heavy oxide format ion ( b r e a k a w a y  oxidat ion)  
begins to take  place af ter  the oxygen concentrat ion 
in an outer  layer  of the meta l  reaches a "sa tura t ion"  
value,  the t ime lag unt i l  the change in kinetics occurs 
wil l  be shorter  the higher  the oxygen concentrat ion 
in the s tar t ing mater ia l .  This is in accord wi th  the 
present  results.  The fact tha t  the t ime lag decreases 
unt i l  the oxygen concentrat ion of the Zr -O  alloys 
reaches 12-15 at. % may  suggest  tha t  the " sa tu ra -  
t ion" l imi t  corresponds to this concentrat ion range. 
Zirconium may  dissolve up to 29 at. % oxygen, and it 
is not a l together  clear  why  the ' " sa tura t ion"  value  
does not correspond to this solubi l i ty  l imit .  A possi-  
ble explanat ion  may  be tha t  r e l a t ive ly  la rge  s t ruc-  
tu ra l  changes t ake  place in z i rcon ium-oxygen  solid 
solutions at  concentrat ion of oxygen of 12-15 at. %. 
Such changes m a y  affect the  ra te  of oxygen dissolu-  
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Fig. 4. The d-vatue of the interplanar (205) spacing as a function 
of oxygen content in zirconium-oxygen solid solutions. 

tion, and fur ther  dissolution of oxygen may  lead to 
large stresses and s trains  which pa r t l y  results  in 
cracking of this  layer ,  and with  a subsequent  more 
rapid  oxidation.  T i tan ium solid solutions correspond-  
ing to approx ima te ly  Ti~O (14.3 at. % oxygen)  have 
been found r e m a r k a b l y  volat i le  possibly because of 
the re la t ive  large s tab i l i ty  of indiv idual  Ti60 octa-  
hedra  (19-21).  Corresponding effects may  be found 
in z i rcon ium-oxygen  solid solutions. To s tudy this, 
samples of zirconium oxygen-so l id  solutions were  
p repa red  by argon arc mel t ing of mix tures  of Zr and 
ZrO~ and subsequent ly  s tudied by  x - r a y  diffraction. 
The resul ts  are  given in Fig. 4, which shows the 
in te rp lanar  (205) spacing as a function of oxygen 
concentration.  As seen, a t rans i t ion  in the effect of 
the oxygen content  on the in te rp lana r  spacing is at 
approx ima te ly  15 at. % oxygen, in agreement  wi th  
the arguments  p resen ted  above. 

The increased ra te  of oxidat ion with  oxygen con- 
tent  is suggested to reflect a competi t ion and in te r -  
p lay  be tween oxygen dissolution and oxide fo rma-  
tion. As proposed for oxidat ion of t i tanium,  niobium, 
and t an ta lum (10-12),  the ra te  of oxide format ion is 
suggested to be governed by  the ra te  of nucleat ion 
and ra te  of growth of oxide nuclei  dur ing b r e a k a w a y  
oxidation.  

An addi t ional  or a l t e rna t ive  in te rpre ta t ion  may  be 
made in te rms of considerat ions of the z i rconium- 
oxygen phase d iag ram (23). Z i rcon ium-oxygen  al -  
loys p repa red  at 1200~ containing less than  4 at. % 
oxygen wil l  be homogeneous beta  alloys;  al loys con- 
ta ining between 4 and 12 at. % are in the a lpha -p lu s -  
beta  region; and alloys above 12 at. % are homo- 
geneous solid solutions of the a lpha  alloy. The rapid  
increase in the oxidat ion ra te  in the region be tween  
4 and 5 at. % may  be due to the presence of grains  of 
a lpha alloy. Alloys above 12 at. % oxygen consist 

en t i re ly  of a lpha  al loy and this may  give rise to an 
apparen t  "sa tura t ion"  limit.  Meta l lographic  studies 
of oxidized al loy specimens showed a mix tu re  of two 
phases up to about  10 at. % oxygen, whi le  above this 
value  only one phase was observed.  

The present  s tudy c lear ly  establ ishes the great  
impor tance  of oxygen dissolution and dissolved oxy-  
gen on the oxidat ion of zirconium. For  an elucidat ion 
of the mechanism of oxidat ion of z i rconium fur the r  
studies of the re la t ive  impor tance  and in te rp lay  be-  
tween oxide format ion and oxygen dissolut ion are  
needed. This wil l  form the subject  of fu ture  studies 
of oxidat ion of zirconium in this  labora tory .  

Manuscript received June 19, 1961; revised manu- 
script received Sept. 13, 1961. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1962 
JOURNAL. 
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Solution and Diffusion of Corrosion Oxide Film in Zircaloy 
R. M. Treco 

United Nuclear Corporation, New Haven, Connecticut 

ABSTRACT 

In Zirca loy-2  processing, an oxide  surface film is fo rmed dur ing  the wa te r  
corrosion test. Remova l  by  vacuum anneal ing  is an  economical  and  r ap id  
method.  The effects of hea t ing  on the d is t r ibut ion  of oxygen  in the Zircaloy 
were  reviewed,  and i t  is shown that  subsequent  p ickl ing is des i rable  to 
remove  the surface layer  of diffused oxygen.  

D u r i n g  the  f a b r i c a t i o n  of Z i r c a l o y - 2  for  r e a c t o r  
cores,  a co r ros ion  tes t  is r e q u i r e d  w h i c h  fo rms  a 
b l a c k  ox ide  f i lm on t h e  sur face .  S i n c e  t h e  Z i r -  
c a l o y - 2  is f u r t h e r  p rocessed ,  i t  becomes  n e c e s s a r y  
to r e m o v e  t h e  t i g h t l y  a d h e r e n t  film. The  ox ide  f i lm 
is no t  r e a d i l y  r e m o v e d  b y  the  u s u a l  c h e m i c a l  m e t h -  
ods, and  i ts  e l i m i n a t i o n  poses  a p r o b l e m .  

One  m e t h o d  w h i c h  has  been  used  success fu l ly  has  
been  to a n n e a l  a t  a suff ic ient ly  h igh  t e m p e r a t u r e  to 
d i s so lve  t he  o x i d e  f i lm in t he  Z i rca loy .  This  m e t h o d  
is mos t  d e s i r a b l e  f r o m  the  economic  s t a n d p o i n t  
s ince i t  i nvo lves  f ew  p rocess ing  s teps  and  the  a n -  
n e a l i n g  t r e a t m e n t  i n v o l v e d  is r e q u i r e d  for  o t h e r  
r easons  as wel l .  R e m o v a l  of t he  f i lm b y  a n n e a l i n g  
has  been  o b j e c t e d  to because  t he  d i s so lved  o x y g e n  
a d v e r s e l y  affects t he  m e c h a n i c a l  p r o p e r t i e s ,  p a r -  
t i c u l a r l y  in r e l a t i o n  to su r f ace  c r a c k  suscep t ib i l i t y .  
H o w e v e r ,  i t  is u s u a l  to p i c k l e  t he  su r face  at  a sub -  
s equen t  s tep  of t h e  process ,  and  th is  has  b e e n  t h o u g h t  
sufficient  to r e m o v e  mos t  of t he  d i s so lved  oxygen .  
P i c k l i n g  r e m o v e s  f r o m  0.001 to 0.002 in. of t he  su r -  
face.  A second  m e t h o d  of r e m o v i n g  t h e  f i lm is 
mechan ica l ,  i n v o l v i n g  sand  or  v a p o r  b las t ing .  This  
m e t h o d  has  t he  d i s a d v a n t a g e s  t h a t  the  th in  f i lm is 
diff icult  to r e m o v e  e v e n l y  t h e r e b y  m a i n t a i n i n g  the  
d i m e n s i o n a l  t o l e r a n c e  r e q u i r e m e n t s ,  and  i t  is an  
a d d i t i o n a l  s t ep  r e q u i r i n g  a d d i t i o n a l  equ ipmen t .  

S ince  e x p e r i m e n t a l  d a t a  w e r e  a v a i l a b l e  for  the  
purpose ,  an  ana lys i s  has  also been  m a d e  of t he  
c o n t r i b u t i o n  of t he  co r ros ion  fi lm in a d d i n g  o x y g e n  
to t he  Z i rca loy .  A f u r t h e r  ana lys i s  has  been  m a d e  
of t h e  a n n e a l i n g  p roces s  a n d  i ts  effect  on the  o x y g e n  
c o n c e n t r a t i o n  in  t h e  Z i r c a l o y - 2 .  The  losses due  to 
these  p rocesses  h a v e  been  c o m p a r e d  w i t h  t he  losses 
due  to  p ick l ing .  

Zirconium Oxide Corrosion Film Formation 

The  r a t e  of ox ide  f i lm f o r m a t i o n  on Z i r c a l o y - 2  
has  been  we l l  e s t ab l i shed .  F o r  t he  case  i nvo lved ,  
n a m e l y ,  3 days  in 680~ wa te r ,  t he  w e i g h t  ga in  in 
m g / d m  ~ is f o u n d  f r o m  the  equa t ion ,  

log  a m  = 0.76 W 0.38 log  t [1]  

w h e r e  t is in  days .  Thus  t h e  w e i g h t  ga in  in 3 d a y s  a t  
680~ is 8.7 or  9 m g / d m  ~. C o r r e s p o n d i n g  va lue s  a r e  
15.7 r a g / d i n  ~ for  14 d a y s  a t  680~ and  29.3 m g / d m  ~ 
fo r  14 days  in  750~ s team.  

The  ox ide  f i lm consis ts  of monoc l in i c  z i r c o n i u m  
ox ide  ZrO2, h a v i n g  a d e n s i t y  of 5.6 g / c c  and  con-  
s i s t ing  of 26 w / o  oxygen .  F r o m  th is  i t  is ea s i ly  

s h o w n  tha t  a w e i g h t  ga in  a f t e r  3 days  of 0.09 m g / c m  2 
is e q u i v a l e n t  to a f i lm t h i c k n e s s  on one  su r f ace  of 
t he  Z i r c a l o y  of 62 x 10 -6 cm or  24 x 104 in. T h e  
cor ros ion  f i lm th i cknes s  is b a s e d  on the  a s s u m p t i o n  
t ha t  a l l  of t he  o x y g e n  w e i g h t  ga in  s t ays  on the  su r -  
face,  an  a s s u m p t i o n  w h i c h  is shown  to be  jus t i f i ed  in  
a l a t e r  sec t ion  w h e r e  t he  d i f fus ion  r a t e  of o x y g e n  in 
t he  cor ros ion  tes t  is e x a m i n e d .  

Diffusion Constants ~or Oxygen  in Alpha Zirconium 

To s t u d y  the  effect of su r f ace  ox ide  solut ion ,  i t  is 
n e c e s s a r y  to e s t ab l i sh  the  d i f fus ion  r a t e  of o x y g e n  in 
a l p h a  z i rcon ium.  E x p e r i m e n t a l  w o r k  has  e s t a b l i s h e d  
t h r e e  s e p a r a t e  equa t i ons  for  t h e  d i f fus ion  of o x y g e n  
in z i r c o n i u m  as a func t ion  of t e m p e r a t u r e .  
These  equa t i ons  a r e  s u m m a r i z e d  be low.  

1. P e m s l e r  (3 ) ,  for  t he  t e m p e r a t u r e  r ange ,  T ---- 
400 ~ _ 585~ 

D = 9.4 exp  (--51,780 • 220/RT) [2]  

2. Misch  (2) ,  for  t he  t e m p e r a t u r e  range ,  T = 
450 ~ - -  600~ 

D ~ A exp  (--43,500/RT) [3]  

3. Mal le t t ,  A l b r e c h t ,  and  W i l s o n  (4)  for  t h e  t e m -  

p e r a t u r e  range ,  T ---- 10O0 ~ - -  1500~ 

D ---- 0.196 e x p  (--41,000 • 1500/RT) [4]  

w h e r e  D is t he  d i f fus ion cons t an t  in  cm~/sec, R the  
u n i v e r s a l  gas cons tan t ,  a n d  T the  t e m p e r a t u r e  in d e -  
g rees  Ke lv in .  Of t he  t h r e e  v a l u e s  given,  t he  first  two,  
those  of P e m s l e r  a n d  Misch,  w e r e  d e t e r m i n e d  b y  
s tud ies  of the  d i s so lu t ion  r a t e  of the  ox ide  in  t he  
me ta l .  T h e  t h i r d  e q u a t i o n  w a s  d e t e r m i n e d  as a s t u d y  
of t he  r a t e  of d i f fus ion  of o x y g e n  in a l p h a  and  b e t a  
z i r c o n i u m  in t he  a l p h a  sol id  so lu t ion  r a n g e  of t he  
p h a s e  d i a g r a m .  I t  w i l l  be  a p p a r e n t  t h a t  t he  a c t i va t i on  
ene rg i e s  g iven  b y  Eq. [3]  and  [4]  a r e  in r e a s o n a b l y  
good a g r e e m e n t  and  s o m e w h a t  l o w e r  t h a n  the  v a l u e  
d e t e r m i n e d  b y  P e m s l e r  (Eq.  [ 2 ] ) .  Desp i t e  th i s  fac t  
t h e r e  a p p e a r s  to b e  l i t t l e  s igni f icant  d i f fe rence  in t he  
choice of  t he  d i f fus ion equa t ion .  S ince  Misch  d id  
no t  p u t  his  v a l u e s  in  t he  f o r m  of a specific d i f fus ion  
cons tan t ,  t he  v a l u e s  of P e m s l e r  and  M a l l e t  et al. 
w e r e  used.  T h e  t e m p e r a t u r e  of i n t e r e s t  for  f i lm 
d i s so lu t ion  in  th is  s t u d y  is 750~ a t e m p e r a t u r e  no t  
c ove re d  spec i f ica l ly  b y  e i t h e r  of t he se  inves t iga to r s .  
I t  was  t h e r e f o r e  n e c e s s a r y  to e x t r a p o l a t e  u p w a r d  in 
t h e  case  of t he  Eq. [2]  cons t an t  and  d o w n w a r d  in t he  
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case  of Eq. [4] .  A c o m p a r i s o n  of t he  two  v a l u e s  at  
750~ shows  tha t ,  if t he  h i g h e r  l imi t  of a c t i va t i on  
e n e r g y  is u sed  in Eq. [4] ,  t he  d i f fus ion r a t e  f r o m  th i s  
r e l a t i o n  w i l l  be  in t he  r a t i o  of a p p r o x i m a t e l y  2 to 1 
to t he  d i f fus ion  cons t an t  accord ing  to t he  P e m s l e r  
r e l a t ion .  Thus  the  r e s p e c t i v e  v a l u e s  for  t he  d i f fus ion 
cons t an t  a t  750~ a r e  D (Eq. [ 2 ] )  ----8.07 X 10 -11 and  
D (Eq. [ 4 ] )  = 16.42 • 10 -1~ cmVsec.  In  d e t e r m i n i n g  
t h e  o x y g e n  g r a d i e n t  as a func t ion  of t i m e  d u r i n g  the  
750~ annea l ,  an  a v e r a g e  v a l u e  for  the  d i f fus ion 
c o n s t a n t  b a s e d  on Eq. [2]  a n d  [4]  was  used,  as 
fo l lows :  

D,~o = 12.24 X 10 -~cm~/sec  (T = 750~ 

In  c o n s i d e r i n g  d i f fus ion  at  t e m p e r a t u r e s  l o w e r  
t h a n  585~ the  P e m s l e r  va lue s  w e r e  used.  In  p a r t i c -  
u la r ,  for  t h e  cor ros ion  t e m p e r a t u r e  of 680~ 
(360~  the  d i f fus ion c o n s t a n t  a cco rd ing  to  Eq. [2]  
is equa l  to 11.41 X 10 -= c m ' / s e c .  

A l l  va lue s  of t he  d i f fus ion c o n s t a n t  h a v e  been  
d e t e r m i n e d  for  o x y g e n  in z i rcon ium.  I t  is a s s u m e d  
t h a t  t he  s a m e  va lues  m a y  be  a p p l i e d  to Z i r c a l o y - 2  
w i t h o u t  s u b s t a n t i a l l y  a l t e r i n g  the  conclus ions ,  s ince 
i t  is k n o w n  t h a t  o x y g e n  r eac t ions  w i t h  Z i r c a l o y - 2  
a r e  a lmos t  i den t i ca l  w i t h  those  of z i rcon ium.  

Solution of Corrosion Film in Zircaloy-2 
Quantity of Oxygen.--From Eq. [ 1 ] i t  was  s h o w n  

t h a t  t h e  w e i g h t  ga in  in cor ros ion  a f t e r  3 d a y s  a t  
680~ in w a t e r  is 0.09 m g / c m  ~. I t  is i n t e r e s t i n g  to 
ca l cu l a t e  t h e  t h i cknes s  of t h e  ox ide  fi lm f r o m  the  
o x y g e n  w e i g h t  ga in  a n d  the  fo l lowing  r e l a t i o n :  

A ~  
L = [5] 

(p x w / o  OD~,o, 

w h e r e  ~ m  is w e i g h t  ga in  in r a g / d i n '  a n d  p t h e  d e n s i t y  
of ZrO~ in m g / d m  ~. F r o m  th is  i t  can  be  s h o w n  t h a t  
t h e  t h i ckness  of t he  f i lm is e q u i v a l e n t  to 6180A or  
24.3 X 10 -~ in. In  v i e w  of t he  s m a l l  v a l u e  of L, t he  
d i f fus ion ca l cu la t ions  h a v e  been  m a d e  w i t h  no a l -  
l o w a n c e  for  f i lm t h i c k n e s s  in t he  p e n e t r a t i o n  curve .  

I f  t he  e n t i r e  w e i g h t  ga in  of t he  o x y g e n  in t he  f i lm 
w e r e  to  be  d i s so lved  a n d  d i f fused  u n i f o r m l y  t h r o u g h -  
out  the  Z i r c a l o y - 2 ,  i t  w o u l d  i nc rea se  t he  a v e r a g e  
o x y g e n  c o n c e n t r a t i o n  b y  270 ppm.  Since  the  a v e r a g e  
o x y g e n  l eve l  in w r o u g h t  Z i r c a l o y  is a p p r o x i m a t e l y  
1000 ppm,  t he  t o t a l  o x y g e n  becomes  a b o u t  1300 
ppm.  H o w e v e r ,  t he  o x y g e n  does  no t  diffuse in th i s  
w a y  u n d e r  n o r m a l  condi t ions ,  and  i t  is n e c e s s a r y  to  
cons ide r  f u r t h e r ,  no t  t h e  o v e r - a l l  a v e r a g e  oxygen ,  
b u t  t he  m a x i m u m  c o n c e n t r a t i o n  at  a n y  p a r t i c u l a r  
po in t  in t h e  Z i rca loy .  In  o t h e r  words ,  i t  is neces -  
s a ry  to e x a m i n e  the  d i f fus ion p e n e t r a t i o n  curve .  

Diffusion penetration during corrosion.--The pos -  
s i b i l i t y  of o x y g e n  di f fus ion f r o m  the  f i lm d u r i n g  the  
t i m e  of t he  cor ros ion  tes t  m u s t  be  cons ide r ed  since,  if 
t he  a d d i t i o n a l  o x y g e n  s u p p l i e d  b y  the  f i lm diffuses  
i n w a r d  a p p r e c i a b l y ,  i t  w i l l  h a v e  an  effect  on t h e  con-  
c e n t r a t i o n  g r a d i e n t  a f t e r  annea l ing .  To e x a m i n e  th is  
effect t he  P e m s l e r  d i f fus ion c o n s t a n t  v a l u e  was  used  
r a t h e r  t h a n  the  a v e r a g e  c o n s t a n t  u sed  at  h i g h e r  t e m -  
p e r a t u r e s .  R e f e r r i n g  to  Fig .  1, w e  h a v e  a r e p r e s e n t a -  
t ive  d i a g r a m  of t he  cross  sec t ion  of a co r ros ion  cou-  
pon  showing  the  ZrO~ film. S ince  the  d i f fus ion  con -  
s t an t  does  no t  t a k e  into  account  the  p h y s i c a l  p h e -  
n o m e n a  i n v o l v e d  in  t he  d i s soc ia t ion  of ZrO~ w h i c h  
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Fig. 1. Distribution of oxygen in Zircaley-2 after 3 days in 680~ 

water. 

supp l i e s  o x y g e n  a toms  for  diffusion,  the  o x y g e n  d i f -  
f e r e n t i a l  w h i c h  is t he  d r i v i n g  force  for  t he  diffusion,  
i.e., t he  b o u n d a r y  condi t ions ,  m u s t  be  e s t ab l i shed .  
The  m a x i m u m  c o n c e n t r a t i o n  of o x y g e n  C, is the  
m a x i m u m  sol id  so lub i l i t y  of o x y g e n  in Z i r c a l o y  a n d  
is e q u a l  to 6.75 w / o .  I n i t i a l  o x y g e n  con ten t  Co was  
t a k e n  e q u a l  to 1000 ppm,  co r ros ion  cond i t ions  a r e  3 
days  at  680~ (360~  and  the  d i f fus ion cons t an t  
for  th is  t e m p e r a t u r e  equa l s  11.41 • 10 -18 cm2/sec. 
U n d e r  t hese  cond i t ions  t he  e x p r e s s i o n  for  c o n c e n t r a -  
t ion  vs. d i s t ance  p e n e t r a t e d  is g iven  b y  D a r k e n  and  
G u r r y  as 

(C -- Co)/(C~ -- Co) = 1 -- erf ( X / 2 ~ / D t )  [6] 

where C is O= concentration after time t, Co is initial 
concentration of O~, C, is max solid solubility of O~ 
in Zircaloy-2, erf is error function, D is diffusion 
constant, t is time (sec), and X is penetration 
(in.). In this case it is sufficient to determine the 
depth of penetration at which the oxygen concen- 
tration is reduced to the initial level of the material. 
From Eq. [6] it can be shown that the quantity 

( X / 2 x f D t )  equals 6.0, from which the penetration, 
X, can be calculated as 4.05 X 10 -6 in. This amount of 
penetration is negligible and is therefore ignored in 
the later calculation of diffusion during the anneal- 
ing at 750~ Figure I shows the distribution of oxy- 
gen after the corrosion test. 

Solution of the corrosion fi lm.--The t i m e  r e q u i r e d  
for  c o m p l e t e  so lu t ion  of t he  f i lm is o b t a i n e d  b y  us ing  
the  p r o p e r  b o u n d a r y  cond i t ions  in t he  fo l lowing  
r e l a t i o n  a d a p t e d  f r o m  B a r r e r :  

Q 
C r -  Co = for  X = 0 [7]  

( k/~rD.t ) p.o,. 
To d e t e r m i n e  the  t ime  r e q u i r e d  for  t he  f i lm to be  
c o m p l e t e l y  d i s so lved  and  u n i f o r m l y  d i s t r i b u t e d  
t h r o u g h o u t  t h e  Z i r c a l o y - 2 ,  t he  b o u n d a r y  cond i t ions  
a re :  

Cr ---- 1270 p p m  
Co ---- 1000 p p m  

Q - = 9  • 10 - ~ g / c m  ~ 
D~ = (D,,.e) 750~ -= 12.24 X 10 -= cmVsec  

Pso,~ = 6.55 g/cc 
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S u b s t i t u t i n g  and  r ea r r ang ing ,  

(9 X 10-~)" 
t =  

~(12.24 x 10 -11) [ (1270--1000) (10-') ]5(6.55)= 

f rom which  t = 1.87 X 10 ~h r  ----- 7.8 days. I t  is ap-  
p a r e n t  tha t  this  t ime  is m u c h  too long to be eco- 
nomical .  I t  is therefore  of more  significance to de te r -  
mine  the  a n n e a l i n g  t ime  r equ i r ed  to m a k e  the cor-  
rosion film jus t  d i sappear  f rom the  surface.  In  this  
case, and  us ing  the  same re la t ion ,  the  b o u n d a r y  con-  
di t ions  are Cr = 0.0675 (i.e., m a x i m u m  solid solu-  
b i l i ty )  and  Co = 1000 p p m  as before.  S u b s t i t u t i n g  in 
Eq. [7] and  solving,  the t ime  r e q u i r e d  for the  oxide 
film to jus t  d i sappear  is 0.03 hr  or 1.8 min.  Labo ra to ry  
tests u n d e r  ideal  condi t ions  have  conf i rmed tha t  
this shor t  t ime  is correct  for film d isappearance .  
Since this  t ime  is shor ter  t h a n  the n o r m a l  process 
a n n e a l  of 4 hr, it is a p p a r e n t  tha t  f u r t he r  diffusion 
of the oxygen  wi l l  t ake  place. However ,  if on ly  film 
d i sappea rance  is requ i red ,  an  a n n e a l  of 20-30 ra in  is 
indicated.  

Diffusion penetration during process anneaL--As 
noted  previous ly ,  a common  process a n n e a l  is 4 hr  at 
750~ in vacua. D u r i n g  this a n n e a l i n g  the oxide film 
d isappears  f rom the  surface  of the  Zi rca loy  and  is 
d i s t r ibu ted  by  diffusion. The d i s t r i bu t ion  of oxygen  
af ter  the 4 - h r  a n n e a l  r equ i res  tha t  the  d i f f u s i o n  
equa t ion  be solved for the  condi t ion  whe re  the su r -  
face concen t r a t i on  does no t  r e m a i n  constant ,  b u t  de-  
creases wi th  t ime. The fo l lowing equa t ion  has been  
adapted  f rom B a r r e r  to fit the  condi t ions  for Z i rca-  
l ay -2  d u r i n g  a n n e a l i n g  and  the appropr i a t e  b o u n d a r y  
condi t ions:  

C - - C , = (  Q _ _ ) e x p ( - X ~ / 4 D T t )  [8] 

where Q is the quantity of oxygen dissolving (g/cm~), 

p,o,~ = 6.55 g/cc  

D~ = (D,~)750~ = 12.24 >< 10 -~I cm~/sec 

t is time (sec), and X is penetration (cm). Substi- 
tuting appropriate values, the concentration as a 
function of time and penetration at 750~ is then 

( 0.7 ) 
C - -  Co = \ ~ - -  exp (--1.32 X 10 + '~  [9 ]  

For  an a n n e a l i n g  t ime  of 4 hr  

C--  Co = 5.83 X 10 -~ exp (--9.16 X 10 +~X~.) [10] 

Solv ing  for ( C - -  Co) f rom Eq. [10] for var ious  ap-  
p ropr ia t e  va lues  of X, resul t s  in  the fo l lowing 
values :  

X, in. C, ppm 
0 6830 

1.5 X 10 -4 6710 
5.0 X 10-' 5640 
1.0 X 10 -a 3300 

1.25 X 104 2394 
1.5 X i0 ~ 1780 
2.0 X 10 -~ 1150 
3.0 >< i0 -~ 1002 
4.0 • 10 -~ 1000 

The diffusion g rad ien t  thus  ob ta ined  has been  
p lo t ted  in  Fig.  2 (sol id cu rve ) .  I t  is a p p a r e n t  t ha t  in  
order  to reduce  the surface  oxygen  to a va lue  e q u i v a -  
len t  to tha t  of the Zircaloy,  it is necessa ry  to r emove  

~ 6 0 '  

50-  
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3 0 0 "  50- 

Z200 �9 20- 

u~ 

--~ IOO. ~0- 
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0 ~ 0 
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) 
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N_ 
a& o& 0~3 o~ oSs v 

Penet ra t ion,  X,  ,n ,riches 
f rom sur foce 

Fig. 2. Diffusion gradient after annealing 4.0 hr at 750~ 

0.002 in. f rom the surface.  If a lesser a m o u n t  of 
me ta l  is removed,  it  is t hen  necessary  to consider  the  
effect of the res idua l  surface oxygen  on the  Zi rca loy  
propert ies .  For  example ,  if on ly  0.001 in. is removed,  
there  wil l  be a p p r o x i m a t e l y  0.33 w / o  of oxygen  in  
solut ion at the surface  of the Zircaloy.  However ,  it 
is a p p a r e n t  tha t  all  of the oxygen  added by  solut ion 
and  diffusion of the  3 - da y  corrosion film can be re -  
moved  by  p ick l ing  0.002 in. f rom the surface.  

Recorrosion Testing 

Occasional ly  it becomes necessary  to submi t  
Z i rca loy  to a second corrosion test. In  this  case 
the Zi rca loy  mus t  be p r epa red  so as to have  a 
c lean surface for recorros ion test ing.  To do this, the  
in i t i a l  corrosion film f rom the  first test  mus t  be com- 
p le te ly  removed.  Whi le  the  film can be r e moved  by  
mechan ica l  means ,  it is of ten  more  c o n v e n i e n t  to dis-  
solve the film by  v a c u u m  a n n e a l i n g  as descr ibed 
above.  A s imple  and  obvious  p rocedure  for p r e p a r i n g  
the surface  is to a n n e a l  the  Zi rca loy  at  750~ for jus t  
the  a m o u n t  of t ime  r equ i r ed  to dissolve the film com- 
ple te ly .  I t  has been  shown above tha t  the d issolu t ion  
t ime  is 1.8 m i n  at this  t empe ra tu r e .  A s s u m i n g  tha t  a 
30 -min  a n n e a l  is used for convenience ,  we mus t  con-  
sider how deep the  oxygen  pene t r a t e s  in  this  t ime.  
K n o w i n g  the  pene t ra t ion ,  a decision can  be made  as 
to how much  to pickle  f rom the surface  in order  to 
restore the Zircaloy to its initial condition. To deter- 
mine the concentration gradient curve, the same 
boundary conditions are used as those for the 4 hr 
anneal with the exception that the time is now re- 
duced to 30 min. The diffusion equation is then 

C--C~ exp (--7.33 • 10+6X ~) [11] 

where X is in inches. Values for total oxygen as a 
function of distance penetrated are shown below. 

Penet ra t ion ,  Total  Oe, 
X, in. ppm 

1 X 10 -e 17,500 
1 X 10"* 17,500 
1 X 104 16,350 
5 X 10 -4 3,640 
1 X 104 1,011 
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The  r e su l t s  of th is  ca l cu l a t i on  show t h a t  the  t o t a l  
o x y g e n  c o n c e n t r a t i o n  is r e d u c e d  to the  r e s i d u a l  v a l u e  
of the  Z i r c a l o y  a t  a p e n e t r a t i o n  of 0.001 in. I t  is 
t h e r e f o r e  a p p a r e n t  t h a t  in o r d e r  to r e s to re  t he  Z i r -  
ca loy  to i ts o r ig ina l  cond i t ion  a f t e r  a 3 -day ,  680~ 
w a t e r  co r ros ion  test ,  t he  Z i r c a l o y  shou ld  be  a n n e a l e d  
in vacuo a t  750~ fo r  30 m i n  fo l l owed  b y  a p i c k l i n g  
o p e r a t i o n  to r e m o v e  0.001 in. p e r  sur face .  This  m a y  
be  done  as m a n y  t imes  as r e q u i r e d ,  sub j ec t  to m a i n -  
t a i n ing  f inal  d imens ions .  I f  less t h a n  0.001 in. p e r  
su r face  is r e m o v e d ,  cons ide r a t i on  m u s t  be  g iven  to 
t he  r e t a i n e d  oxygen .  F o r  e x a m p l e ,  r e m o v a l  of on ly  
0.0005 in. p e r  su r face  l e aves  a p p r o x i m a t e l y  3600 
p p m  at  t h e  su r f ace  in solut ion.  

Conclusions 
I t  has  been  shown a b o v e  t h a t  t he  o x y g e n  fi lm 

a c c u m u l a t e d  d u r i n g  a 3 - d a y ,  680~ w a t e r  t es t  d i f -  
fuses  in to  t he  Z i r c a l o y - 2  d u r i n g  the  p rocess  a n n e a l  
a t  750~ The  effect of th is  a d d i t i o n a l  o x y g e n  is 
p r i m a r i l y  one of i nc r ea s ing  h a r d n e s s  a l t h o u g h  o t h e r  
p r o p e r t i e s  a r e  also af fec ted  (8) .  The  h a r d e n i n g  effect 
of o x y g e n  in Z i r c a l o y - 2  has  been  d i scussed  b y  R u -  
bens t e in  (9) ,  and  i t  can be  shown  t h a t  the  V icke r s  
h a r d n e s s  is a func t ion  of o x y g e n  c o n c e n t r a t i o n  as 
fo l lows :  

V H N  = 3 3 3 ( w / o  03) I/2 + 97.5 [12] 

A h a r d n e s s - p e n e t r a t i o n  cu rve  has  been  p lo t t e d  
f rom th i s  r e l a t i o n  in Fig.  2 ( d a s h e d  l ine )  f r o m  w h i c h  
i t  m a y  be  seen  t ha t  the  h a r d n e s s  is a lmos t  d o u b l e d  at  

the  su r face  a f t e r  t he  4 - h r  annea l .  I t  is a p p a r e n t  t h a t  
the  r e m o v a l  of 0.0015-0.002 in. b y  p i c k l i n g  is suffi- 
c ien t  to r e d u c e  the  h a r d n e s s  to an  a c c e p t a b l e  level .  
F u r t h e r m o r e ,  the  h a r d e n i n g  effect  is c o n s i d e r a b l y  r e -  
duced  at  e l e v a t e d  t e m p e r a t u r e s  and  in a d d i t i o n  the  
no tch  s e n s i t i v i t y  of Z i r c a l o y - 2  has  been  shown  b y  
f a t i gue  tes t s  to be  v e r y  low.  These  fac to rs  s u b s t a n -  
t i a t e  the  o r ig ina l  a s s u m p t i o n s  t h a t  the  Z i r c a l o y  is no t  
d a m a g e d  b y  the  so lu t ion  t r e a t m e n t  to r e m o v e  ox ide  if 
the  su r f ace  is s u b s e q u e n t l y  p ick led .  

Manuscr ip t  rece ived  Aug. 14, 1961. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1962 
JOURNAL. 
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An Electron Optical Study of the Effect of 
Temperature and Environment on the Growth of 

Oxide Whiskers on Cold-Rolled and Annealed Copper 
William R. Lasko and Warren K. Tice 

Research Laboratories, United Aircraft Corporation, East Hartford, Connecticut 

ABSTRACT 

A sys temat ic  e lect ron microscope s tudy compar ing  the effect of t empera -  
ture  and envi ronment  on the format ion  of oxide crys ta l  growths  on h igh-pur i ty ,  
cold-rol led ,  and p reannea led  copper  sheet is presented.  Changes in size, shape, 
and ra te  of wh i ske r  growth  in envi ronments  of d ry  air  and oxygen occurred 
only dur ing  cri t ical  t empe ra tu r e  intervals ,  c lear ly  di f ferent ia t ing the phenomena  
of w h i s k e r - t y p e  growth  f rom simple oxide film thickening.  Whisker  growth  
examinat ions  of the  p reannea led  copper specimens at some tempera tures ,  both 
in air  and  oxygen,  revea led  increased whisker  g rowth  over  tha t  exh ib i ted  b y  
specimens which were  in i t ia l ly  cold-rol led .  Genera l ly ,  the oxide crys ta l  
growths  obta ined on the p reannea led  ma te r i a l  were  longer  and th inner  than  
those observed on the p r eworked  mater ia l .  

In  r ecen t  y e a r s  a g r e a t  dea l  of e m p h a s i s  has  been  
g iven  to t he  p r o p a g a t i o n  of ox ide  w h i s k e r s  on m e t a l  
su r faces  ( 1 - 3 ) .  The  f o r m a t i o n  of ox ide  w h i s k e r s  is 
u n i q u e  in i tself ,  b u t  s t i l l  of g r e a t e r  i n t e r e s t  is t he  r e -  
l a t i onsh ip  b e t w e e n  w h i s k e r  g r o w t h  and  m e t a l l i c  
o x i d a t i o n  (4) .  The  l a t t e r  po in t  of v i e w  has  no t  r e -  
ce ived  the  a t t e n t i o n  i t  d e s e r v e s  in  t he  pa s t  l i t e r a t u r e .  
This  was  one of t he  r ea sons  for  t he  c o m p r e h e n s i v e  
r e s e a r c h  effor t  u n d e r t a k e n  to d e t e r m i n e  the  effect of 

t e m p e r a t u r e  and  e n v i r o n m e n t  on the  g r o w t h  of 
ox ide  w h i s k e r s  w i t h  p a r t i c u l a r  a t t e n t i o n  be ing  d i -  
r e c t e d  at  d e t e r m i n i n g  the  r e l a t i o n s h i p  b e t w e e n  
w h i s k e r  g r o w t h  and  ox ida t ion .  

D e sp i t e  t he  l a r g e  a m o u n t  of w o r k  p e r f o r m e d  (5 -7 )  
on the  o x i d a t i o n  b e h a v i o r  of copper ,  l i t t l e  is s t i l l  
k n o w n  a t  w h a t  c r i t i ca l  t e m p e r a t u r e s  ox ide  w h i s k e r  
g r o w t h  is i n i t i a t e d  in e n v i r o n m e n t s  such as a i r  and  
o x y g e n  and  the  effect  of t he se  loca l ized  g r o w t h s  on 
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the  k ine t ics  of oxidat ion.  Recent  work  by  G u l b r a n -  
sen, Copan,  and  A n d r e w  (8) has ind ica ted  tha t  
wh i ske r  growths ,  a l though  of in te res t  as a n a t u r a l  
phenomena ,  do not  have  an  apprec iab le  effect on the  
ox ida t ion  kinet ics .  However ,  i n f o r m a t i o n  is st i l l  
l ack ing  conce rn ing  the  effects of de fo rma t ion  and  
s u b s e q u e n t  a n n e a l i n g  on the  crys ta l  n a t u r e  of oxide 
whiskers  and  the  cor re la t ion  of these g rowth  effects 
wi th  c u r r e n t  concepts  on dis locat ion dens i ty  changes  
d u r i n g  annea l ing .  The purpose  of this  paper  is to 
p resen t  the  resul t s  of a carefu l  and  precise e lec t ron  
microscope inves t iga t ion  of the  effects of t e m p e r a -  
ture,  t r e a tmen t ,  and  e n v i r o n m e n t  on the crys ta l  hab i t  
of copper  oxide whiskers .  The u l t i m a t e  goal is to a r -  
r ive  at  a be t t e r  u n d e r s t a n d i n g  of the  m e c h a n i s m  of 
whi ske r  fo rma t ion  and  its u l t i m a t e  re la t ionsh ip  to 
var ious  me ta l lu rg i ca l  processes and  p h e n o m e n a  such 
as cold- ro l l ing ,  annea l ing ,  and  oxidat ion.  

Experimental Procedure 
H i g h - p u r i t y  (99.999%) copper rod 1 was  cold-  

rol led to a sheet  th ickness  of 0.003 cm, and  0.3 cm 
disks wi th  a V-s lo t  were  punched  out  us ing  a special  
jig. The  disks were  slot ted in  order  to m a k e  an  area 
nea r  the  cen te r  of the  disk which  wou ld  be pa ra l l e l  
to the  e lec t ron  b e a m  so tha t  the  n a t u r e  and  shape of 
the ou tg rowths  e m a n a t i n g  f rom the  s lot ted area  
could be d i rec t ly  observed.  Af te r  punch ing ,  the  
V-s lo t  disks were  degreased,  h a n d  pol ished us ing  
conven t iona l  techniques ,  and  i m m e d i a t e l y  subjec ted  
to e n v i r o n m e n t a l  s tudy  to avoid the  b u i l d u p  of con-  
t amina t ion .  A n n e a l e d  specimens  were  p r epa red  by  
hea t  t r e a t i n g  the  c leaned V-s lo t t ed  disks in  a rgon  at 
450~ for 4 hr. These are r e fe r red  to as condi t ion  B 
spec imens  to d i f ferent ia te  t hem f rom the  n o n a n -  
nea led  (co ld- ro l led)  or condi t ion  A specimens.  This 
d i f fe ren t ia t ion  was made  since it  was real ized that ,  
once the spec imens  were  exposed to t e m p e r a t u r e  
d u r i n g  growth,  they  could no longer  be s t r ic t ly  r e -  
f e r red  to as co ld- ro l led  or annea led .  

React ion  e n v i r o n m e n t s  s tudied  inc luded  d ry  air  
and  l abo ra to ry  p u r e  (99.995%) oxygen.  The  gases 
were  passed t h rough  a d ry ing  c h a m b e r  con ta in ing  
Dr ie r i t e  ( a n h y d r o u s  ca lc ium sul fa te)  and  glass wool 
pr ior  to f lowing over  the  samples  suppor ted  in  por -  
cela in  boats.  A t u b u l a r  fu rnace  was  des igned and  
equ ipped  wi th  a c h r o m e l - a l u m e l  the rmocoup le  ele-  
m e n t  to mon i to r  the  t e m p e r a t u r e  w i t h i n  __2~ A re -  
act ion t ime  of 1 h r  at 100~ in t e rva l s  was  employed  
for t e m p e r a t u r e  ranges  f rom 100 ~ to 800~ 

The Hi tach i  HU-11 e lec t ron  microscope was  used 
to e x a m i n e  the  surface  growths.  N o r m a l  b r igh t - f i e ld  
images,  us ing  the  75-kv  e lec t ron  b e a m  were  t a ke n  
at  3000X and  en la rged  opt ica l ly  to 6000X? In  specific 
instances,  especial ly  at  the  h igher  t empera tu re s ,  
where  the  growths  w e r e  extens ive ,  the  magni f ica t ion  
was  r educed  to accommodate  the  whole  field. Speci-  
mens  were  e x a m i n e d  in  all  phases  of growth,  b u t  
on ly  selected mic rographs  necessa ry  for c la r i ty  are 
i l lus t ra ted .  

Both x - r a y  and  selected a rea  diffract ion tech-  
n iques  were  appl ied  to a n u m b e r  of the  A and  B 
spec imens  to d e t e r m i n e  changes  in  s t ruc tu re  b r o u g h t  

i American Smelting & Refining Co., Research Department, South 
Plainfield, N. J. No impurities detected by standard spectrographic 
methods. 
s Reduced ~'2 for publication. 

abou t  by  the  e n v i r o n m e n t .  U n d e r  the condi t ions  
s tudied  gross oxide fo rma t ion  (whiskers  a nd  base 
oxide)  were  ident if ied by  x - r a y  diffract ion methods  
to be a m i x t u r e  of Cu~O + CuO, whi le  selected a rea  
dif f ract ion ana lys i s  of i n d i v i d u a l  wh i ske r s  a lone 
showed CuO. No differences in  s t ruc tu re  b e t w e e n  the  
A a nd  B spec imens  could be detected in  e i ther  air  or 
oxygen.  

Whiske r  l eng th  m e a s u r e m e n t s  and  dens i ty  counts  
were  t a ke n  f rom the  or ig ina l  nega t ives  of the  va r ious  
samples.  Both d e t e r m i n a t i o n s  were  made  d i rec t ly  on 
the v i e w i n g  glass w i n d o w  of a Jones  and  L a m s o n  
compara to r  by  en l a rg ing  the nega t ives  f rom 3000X to 
30,000X employ ing  a 10X object ive.  W h e n e v e r  pos-  
sible a p p r o x i m a t e l y  50 whiske r s  were  m e a s u r e d  to 
ensu re  ob t a in ing  a good s ta t is t ical  average.  To aid in 
ob ta in ing  accura te  wh i ske r  de te rmina t ions ,  a gr id  
n e t w o r k  consis t ing  of smal l  squares  was d r a w n  on 
the  compara to r  v i ewing  window,  and  the  ends  and  
l eng ths  of the  whiskers  located in  each square  for a 
des igna ted  ve r t i ca l  and  hor izon ta l  a rea  were  coun ted  
and  measured .  As a f u r t h e r  p r e c a u t i o n a r y  measure ,  
to ensu re  ob t a in ing  counts  and  l eng th  m e a s u r e m e n t s  
r ep re sen t i ng  a r a n d o m  d i s t r ibu t ion  of the whiskers ,  
the  d e t e r m i n a t i o n s  were  made  in  a r b i t r a r y  areas of 
the  nega t ives  for each of the samples.  

Results 

A s u m m a r y  of the  observa t ions  which  were  made  
is p r e sen t ed  in  Tab le  I. Since it is e x t r e m e l y  difficult 
to descr ibe q u a n t i t a t i v e l y  or me a su r e  each of the  
spec imens  w i t h  respect  to such sa l ien t  f ea tu res  as 
wh i ske r  shape, densi ty ,  length ,  width ,  etc., p a r t i c u -  
l a r ly  at the  h igher  wh i ske r  densi t ies ,  the  descr ip t ions  
g iven  in  Tab le  I are  s e m i q u a n t i t a t i v e  es t imat ions  of 
the  average  wh i ske r  l eng th  a nd  dens i ty  for the  con-  
di t ions  indicated.  As a resul t ,  in  the  descr ip t ions  of 
the  e lec t ron  mic rographs  to follow, the  discussions 
are confined p r i m a r i l y  to r e ve a l i ng  gross changes  in  
g rowth  r a t h e r  t h a n  to descr ib ing  par t icu lars .  

Table I. Summary of observations on whisker growth 

E n v i r o n m e n t  a n d  t i m e  of  e x p o s u r e * *  
D r y  a i r - - 1  h r  O x y g e n - - 1  h r  

F i g .  1-2 F ig .  3 -4  
Temp, Condi- Avg. Avg. 

~ tion* de~sity/cm ~ Length-/~ density/cme Length-/L 

100 A No growth No growth 
B No growth No growth 

200 A No growth No growth 
B No growth No growth 

300 A 2.2 X 106 0.3 1.5 X l0 T 1.2 
B No growth 8.2 X 106 1.6 

400 A 1.4 >< l0 T 1.8 1.1 X 107 2.6 
B 1.7 X 107 1.0 2.1 X 107 3.2 

500 A 4.0 X 10 ~ 2.5 8.0 X 10 e 6.3 
B 2.0 X 107 3.2 1.1 X 107 7.2 

600 A 4.0 X 10 ~ 4.6 4.4 X l0 s 4.0 
B 1.9 X 10 ~ 9.3 3.4 X 10 6 3.3 

700 A 3.8 X 106 5.2 3.8 X 106 6.4 
B 2.6 X 106 3.2 3.4 X 106 7.2 

800 A Few whisk-  3.2 X 10 ~ 3.0 
ers 

B Few whisk-  2.4 X 106 13.0 
ers 

* A refers to the specimen that was cold-rolled while B refers to 
preannealed spec imen  heat  treated at 450~ in  a r g o n .  

** A l l  treated at a t m o s p h e r i c  p r e s s u r e .  
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Fig. 1. Effect of temperature on the growth of oxide whiskers 
on pretreated copper in dry air. Magnification approx. 3000X. 

Fig. 2. Effect of temperature on the growth of oxide whiskers on 
pretreated copper in dry air. Magnification 1300X. 
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Dry a i r .mSome w h i s k e r - t y p e  g r o w t h s  ( s h o w n  b y  
a r r o w s  on Fig.  l a )  w e r e  o b s e r v e d  a f t e r  e x p o s u r e  for  
1 h r  a t  300~ for  cond i t ion  A ( c o l d - r o l l e d )  spec imens  
and  at  a s l i gh t ly  h i g h e r  t e m p e r a t u r e  for  cond i t ion  B 
( a n n e a l e d )  spec imens .  A t  h i g h e r  t e m p e r a t u r e s  m o r e  
w h i s k e r s  w e r e  f o r m e d  on bo th  the  A and  B spec i -  
mens ,  b u t  in gene ra l ,  t h inne r ,  l onge r  and  a h i g h e r  
d e n s i t y  of w h i s k e r s  f o r m e d  on B spec imens  t h a n  on A 
spec imens  t r e a t e d  u n d e r  i den t i ca l  condi t ions .  
W h i s k e r  g r o w t h s  r e a c h e d  a m a x i m u m  at  abou t  
600~ As  the  t e m p e r a t u r e  was  i n c r e a s e d  to 700~ 
t h e  d i f fe rences  in  w h i s k e r  g r o w t h  b e t w e e n  the  p r e -  
t r e a t e d  spec imens  ( c o l d - r o l l e d  and  a n n e a l e d )  w e r e  
less p ronounced .  A t  800~ w h i s k e r  g r o w t h  h a d  v i r -  
t u a l l y  ceased;  no d i f fe rences  could  be  d e t e c t e d  b e -  
t w e e n  the  A a n d  B spec imens ,  b u t  a g e n e r a l  su r face  
r o u g h e n i n g  h a d  occur red .  

Oxygen . - -Wh i ske r  g r o w t h  b e g a n  at  a b o u t  300~ 
A t  th is  t e m p e r a t u r e ,  m o r e  th in  w h i s k e r s  a p p a r e n t l y  
f o r m e d  on the  A s p e c i m e n  t h a n  on the  B spec imen .  
At  400 ~ and  500~ the  s ame  p a t t e r n  was  o b s e r v e d  
as for  those  spec imens  t r e a t e d  in  a i r ,  n a m e l y ,  m o r e  
th in  long  w h i s k e r s  on the  B d i sks  t h a n  on the  A 
disks.  C o m p a r i n g  the  m i c r o g r a p h  of Fig .  3 w i t h  t ha t  
of Fig .  1, i t  is a lso a p p a r e n t  t h a t  w h i s k e r  g r o w t h  is 
g r e a t e r  in o x y g e n  t h a n  in  air .  The  s ame  t r e n d  of 
m o r e  th in  w h i s k e r s  on the  B s p e c i m e n  t h a n  on the  
p r e w o r k e d  or  A spec imens  p e r s i s t e d  to t he  h ighes t  
r e a c t i o n  t e m p e r a t u r e  s tudied ,  b u t  as t he  t e m p e r a t u r e  
was  ra i sed ,  t he  w h i s k e r s  b e c a m e  coa r se r  and  as a r e -  
sul t ,  t he  d e n s i t y  was  dec reased .  In  an  o x y g e n  a t m o s -  
phe re ,  w h i s k e r  f o r m a t i o n  d id  no t  c o m p l e t e l y  cease  a t  
the  h ighes t  t e m p e r a t u r e  (800~ as i t  d id  on those  
spec imens  e x p o s e d  to a i r  ( c o m p a r e  Fig .  2e and  f w i t h  
Fig.  4e and  f ) .  

Observations 

The  p e r t i n e n t  t r e n d s  w h i c h  have  been  o b s e r v e d  
f rom these  e x p e r i m e n t s  on copper  d i sks  can  be  s u m -  
m a r i z e d  as fo l lows :  

1. A t  the  lowes t  w h i s k e r  f o r m a t i o n  t e m p e r a t u r e  in 
d r y  a t m o s p h e r e s  (300~  w h i s k e r s  occur  m o r e  p r o -  
f u se ly  on the  spec imens  w h i c h  w e r e  i n i t i a l l y  co ld -  
w o r k e d  (A spec imens )  t h a n  on the  p r e a n n e a l e d  
s amp le s  (B spec imens )  (F ig .  l a  vs. lb,  3a vs. 3b) .  

2. In  d i r ec t  c o n t r a s t  to the  p r e v i o u s  o b s e r v a t i o n  
for  t he  i n i t i a t i on  of g rowth ,  a t  t he  h i g h e r  t e m p e r a -  
t u r e s  t he  w h i s k e r s  w h i c h  f o r m  on the  p r e a n n e a l e d  
spec imens  a p p e a r  to be  m o r e  p rofuse ,  longer ,  and  
t h i n n e r  t h a n  on the  spec imens  w h i c h  w e r e  i n i t i a l l y  
in t he  c o l d - r o l l e d  condi t ion .  

3. In  an  a i r  e n v i r o n m e n t ,  t h e r e  was  a t e m p e r a t u r e  
at  w h i c h  g r o w t h  r e a c h e d  a m a x i m u m .  This  t e m p e r a -  
t u r e  was  a l w a y s  in  t he  n e i g h b o r h o o d  of  500 ~ or  
600~ A t  t e m p e r a t u r e s  m u c h  in excess  of this,  no 
w h i s k e r  f o r m a t i o n  was  obse rved .  

4. O x y g e n  e n r i c h m e n t  of t he  r e a c t i n g  a t m o s p h e r e  
a c c e n t u a t e d  w h i s k e r  g rowth .  

5. In  genera l ,  w h i s k e r  f o r m a t i o n s  on the  spec i -  
mens  w h i c h  w e r e  i n i t i a l l y  c o l d - r o l l e d  w e r e  coa r se r  
t h a n  those  o b s e r v e d  on t h e  p r e a n n e a l e d  spec imens .  

Discussion 

I t  has  been  f o u n d  f r o m  these  e x p e r i m e n t s  t h a t  
m a n y  v a r i a b l e s  ( r e a c t i o n  t e m p e r a t u r e  a n d  t ime ,  a t -  
m o s p h e r i c  compos i t ion ,  p r e t r e a t m e n t ,  e tc . )  affect  t he  



214 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  March 1962 

Fig. 3. Effect of temperature on the growth of oxide whiskers on 
pretreated copper in dry oxygen. Magnification approx. 3000X. 

Fig. 4. Effect of temperature on the growth of oxide whiskers on 
pretreated copper in dry oxygen. Magnification 1300X. 

f o r m a t i o n  of w h i s k e r s  and  t ha t  m a n y  p a r a m e t e r s  
( n u m b e r ,  length ,  w id th ,  shape ,  c r y s t a l l o g r a p h y ,  e tc . )  
a r e  r e q u i r e d  to desc r ibe  a w h i s k e r  fo rma t ion .  I t  is 
a p p a r e n t  t h a t  a n y  t h e o r y  of w h i s k e r  f o r m a t i o n  in a i r  
or  o x y g e n  m u s t  account  for  t he  obse rva t i ons  g iven  in 
th is  pape r .  M a n y  of the  concep ts  (3, 9) on ox ide  
w h i s k e r  g r o w t h  have  r e v e a l e d  t ha t  w h i s k e r s  o r i g i -  
na t e  f rom a de fec t  s i te  such  as  a s c r ew d i s loca t ion  
and  t ha t  the  e n e r g y  r e q u i r e d  to fo rm the  w h i s k e r  is 
s u p p l i e d  b y  su r f ace  ox ida t ion .  Two theo r i e s  h a v e  
been  d e v e l o p e d  to e s t ab l i sh  t he  r a t e  a t  w h i c h  w h i s k -  
ers  grow,  n a m e l y ,  b y  d i f fus ion of m a t e r i a l  a t  t he  
w h i s k e r  base  ( g r o w t h  f r o m  the  base )  or  b y  su r face  
d i f fus ion  to t he  g r o w t h  s tep  at  t he  w h i s k e r  t ip  
( g r o w t h  f r o m  the  t i p ) .  U n d o u b t e d l y ,  the  d e v e l o p -  
m e n t  of w h i s k e r  g r o w t h  is a c o m m o n  p h e n o m e n a ,  b u t  
the  e x a c t  m e c h a n i s m  w h e r e b y  this  g r o w t h  occurs  
is s t i l l  qu i t e  obscure .  Neve r the l e s s ,  i t  is b e l i e v e d  t ha t  
va l id  r a t i o n a l i z a t i o n s  can be  m a d e  on some of t he  
f e a t u r e s  of w h i s k e r  g r o w t h  based  on the  r e l a t i v e  
ease  of d i s loca t ion  m o b i l i t y  and  su r face  diffusion.  I t  
is on this  bas is  t h a t  an a t t e m p t  wi l l  be  m a d e  to ac -  
count  for  the  d i f fe rences  in g r o w t h  b e h a v i o r  ob -  
t a i n e d  u n d e r  t he  e x p e r i m e n t a l  cond i t ions  r e p o r t e d  
here in .  The  w h i s k e r  d e n s i t y  w o u l d  t h e n  be  r e l a t e d  
to t he  n u m b e r  of d i s loca t ions  w h i c h  h a v e  p e n e t r a t e d  
the  ox ide  l ayer ,  w h i l e  w h i s k e r  g r o w t h  w o u l d  be  as -  
soc ia ted  w i t h  the  r a t e  of su r f ace  di f fus ion of m a t e r i a l  
to a sp i r a l  g r o w t h  s tep  at  the  w h i s k e r  t ip .  

In  c o m p a r i n g  the  gross  changes  in w h i s k e r  d e n s i t y  
b e t w e e n  the  cold  ro l l ed  and  p r e a n n e a l e d  s amp le s  in 
a i r  and  o x y g e n  f rom Tab le  I, i t  is a p p a r e n t  t ha t  t he  
w h i s k e r  d e n s i t y  counts  a r e  g e n e r a l l y  g r e a t e r  for  
w h i s k e r s  g r o w n  on the  p r e a n n e a l e d  m a t e r i a l  t h a n  
for  those  g r o w n  on the  cold  w o r k e d  samples .  A pos -  
s ib le  e x p l a n a t i o n  for  th is  d i f fe rence  is t h a t  t he  d i s -  
loca t ions  in t h e  c o l d - r o l l e d  s amp le s  a r e  r e s t r i c t e d  in 
m o v e m e n t  b y  oppos ing  d i s loca t ion  s t ress  f ields and  
b a r r i e r s  i n s t i t u t e d  b y  the  cold  ro l l ing  process .  On the  
p r e a n n e a l e d  s amp le s  the  s t ress  fields h a v e  been  suffi- 
c i en t ly  r e d u c e d  to p e r m i t  t he  r e m a i n i n g  d i s loca t ions  
to m o v e  m o r e  r e a d i l y  w h i c h  w o u l d  account  for  t he  
i nc r ea sed  w h i s k e r  dens i ty .  The  effect of t he  co ld -  
ro l l i ng  process  is also d e l i n e a t e d  in t he  w h i s k e r  
shape.  B r o a d e r  w h i s k e r s  w e r e  o b t a i n e d  on the  co ld -  
r o l l ed  t h a n  on the  p r e a n n e a l e d  samples ,  i nd i ca t i ng  a 
r e a r r a n g e m e n t  or  e longa t ion  of the  in i t i a l  g r o w t h  
s i tes  b y  the  c o l d - r o l l i n g  process .  

A s t rong  d e p e n d e n c y  of w h i s k e r  g r o w t h  on t e m -  
p e r a t u r e  is i n d i c a t e d  for  bo th  t he  c o l d - r o l l e d  and  
p r e a n n e a l e d  s amp le s  in a i r  and  oxygen .  The  t e m -  
p e r a t u r e  d e p e n d e n c y  m a y  be  cons ide red  on the  bas is  
of t he  r a t e  of m a t e r i a l  diffusion,  t h a t  is, an  inc rease  
in t e m p e r a t u r e  r e su l t s  in an  inc rease  in t he  r a t e  of 
d i f fus ion accoun t i ng  for  the  i nc rea se  in w h i s k e r  
g r o w t h  l e n g t h  o b s e r v e d  at  t he  h i g h e r  t e m p e r a t u r e s .  
The  effect of t e m p e r a t u r e  on w h i s k e r  d e n s i t y  is no t  
c l e a r l y  de l i nea t ed ,  b u t  m a y  be  p a r t i a l l y  e x p l a i n e d  on 
the  bas is  of s t ress  r e l i ev ing  and  m e t a l  pu r i t y .  A t  
t e m p e r a t u r e s  b e l o w  300~ it  w o u l d  a p p e a r  t h a t  t he  
d i s loca t ions  a r e  s t i l l  qu i t e  i m m o b i l e  and  difficult  to 
m o v e  accoun t ing  for  t he  l a c k  of w h i s k e r  g rowth .  A t  a 
t e m p e r a t u r e  of 300~ and  above ,  i t  w o u l d  be  r e a s o n -  
ab l e  to a s sume  t h a t  the  d i s loca t ion  s t ress  f ields and  
l a t t i c e  f au l t s  i n d u c e d  b y  the  c o l d - r o l l i n g  process  
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have  been  suff ic ient ly  r educed ,  in t he  case of t he  
c o l d - r o l l e d  sample ,  to p e r m i t  t he  d i s loca t ions  to 
move  m o r e  eas i ly ,  a ccoun t ing  for  t h e  g rowth .  The  
l a ck  of a n y  gross  changes  in w h i s k e r  dens i ty ,  a f t e r  
300~ ind ica t e s  t h a t  t he  m e t a l  is of h igh  p u r i t y .  On ly  
in i m p u r e  m e t a l s  w o u l d  i t  be  r e a s o n a b l e  to e x p e c t  a 
gross  v a r i a t i o n  in w h i s k e r  d e n s i t y  a t  a c r i t i ca l  t e m -  
p e r a t u r e  r a n g e  r e su l t i ng  f r o m  a s u d d e n  r e l ea se  of 
d i s loca t ions  w h e r e  b a r r i e r s  of t he  Co t t r e l l  t y p e  a r e  
r e l e a s e d  b y  i m p u r i t y  a toms.  The  r e d u c t i o n  in 
w h i s k e r  dens i t i e s  o b t a i n e d  a t  t he  h ighes t  t e m p e r a -  
t u r e  s t ud i ed  (800~ has  been  p r e v i o u s l y  e x p l a i n e d  
by  o the r  w o r k e r s  on the  bas is  of s i n t e r i n g  of the  
su r f ace  ox ide  l aye r .  

The  i nc rea se  in w h i s k e r  l eng ths  o b t a i n e d  in an  
o x y g e n  e n v i r o n m e n t  ove r  t ha t  typ i f i ed  in a i r  m a y  
be  e x p l a i n e d  on the  bas i s  of i n c r e a s e d  a v a i l a b i l i t y  of 
o x y g e n  for  su r f ace  reac t ion ,  p e r h a p s  b y  the  process  
of su r face  d i f fus ion to t he  sp i r a l  d i s loca t ion  g r o w t h  
s tep  a t  t he  w h i s k e r  t ip .  U n d o u b t e d l y ,  t he  e x p l a n a -  
t ions  d e s c r i b e d  h e r e i n  a r e  no t  w i t h o u t  some l i m i t a -  
t ions,  and  close in spec t ion  w i l l  r e v e a l  some i n h e r e n t  
d i sc repanc ies ,  p a r t i c u l a r l y  t he  o b s e r v a t i o n  t h a t  an 
ox ide  w h i s k e r  e m e r g e s  f r o m  a de fec t  s i te  such  as a 
d i s loca t ion .  To date ,  th is  o b s e r v a t i o n  has  no t  been  
r i g o r o u s l y  d e m o n s t r a t e d .  H o w e v e r ,  i t  is b e l i e v e d  
tha t ,  t h r o u g h  the  use  of t h in  foi ls  s u b j e c t e d  to con-  

t r o l l e d  ox ida t ion ,  t he  ro le  of specific d i s loca t ions  
cou ld  be  u n a m b i g u o u s l y  c o r r e l a t e d  w i t h  w h i s k e r  
fo rma t ions .  In  p a r t i c u l a r  th is  w o u l d  a p p l y  in e s t a b -  
l i sh ing  a c o r r e l a t i o n  b e t w e e n  the  n a t u r e  of the  
g r o w t h  si te  and  the  po in t s  a t  w h i c h  d i s loca t ions  
emerge .  I t  is f u r t h e r  b e l i e v e d  t h a t  a p p l i c a t i o n  of th is  
t e c h n i q u e  shou ld  c l a r i f y  the  effect of e n v i r o n m e n t  
and  p r e t r e a t m e n t  on the  shape  of the  g r o w t h  site.  
F u r t h e r  e m p h a s i s  us ing  th is  a p p r o a c h  is u n d e r w a y .  

Manuscr ip t  received Sept. 25, 1961; revised m a n u -  
scr ipt  rece ived  Nov. 20, 1961. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1962 
JOURNAL.  
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Cell and Thermoelectric Effects of 
Tantalum Electrolytic Capacitors 

Jack M. Law 1 and William C. Richards 

Fansteel Metallurgical Corporation, North Chicago, Illinois 

ABSTRACT 

A vol tage is no rma l ly  present  across the te rmina ls  of e lect r ica l ly  isolated 
e lect rolyt ic  t an ta lum capacitors.  The magni tude,  cause, and source impedance  
of this vol tage were  invest igated.  Wet -e l ec t ro ly t e  units genera te  a small ,  h igh-  
impedance,  cell emf be tween  the t an ta lum anode and the s i lver  case. This 
emf increases  wi th  film thickness  to a m a x i m u m  of 3v at e levated  temperatures .  
So l id -e lec t ro ly te  units  genera te  a small ,  h igh- impedance  emf, apparen t ly  the r -  
moelectr ical ly ,  no rma l ly  not exceeding a few mill ivolts ,  but  on some units, 
reaching a few hundred  mil l ivol ts .  La rge r  vol tages  are  genera l ly  due to a 
res idual  charge f rom previous  electrification, e i ther  from a slow decay ra te  or 
f rom dielectr ic  hysteresis .  

A vol tage ,  a l t h o u g h  i t  m a y  b e  smal l ,  is n o r m a l l y  
f o u n d  to be  p r e s e n t  w h e n  an  e l e c t r i c a l l y  i so l a t ed  
t a n t a l u m  c a p a c i t o r  is t e s t ed  w i t h  a v o l t m e t e r  h a v -  
ing  a h igh  i n t e r n a l  impedance .  In  some a p p l i c a t i o n s  
for  w h i c h  t a n t a l u m  capac i t o r s  a r e  used,  t he  m a g n i -  
t ude  of th is  v o l t a g e  a n d  i ts  v a r i a t i o n  w i t h  t e m p e r a -  
t u r e  a r e  i m p o r t a n t  des ign  cons ide ra t ions .  

This  p a p e r  r e p o r t s  t he  i n v e s t i g a t i o n  t h a t  was  
m a d e  of t he  emf  at  t he  t e r m i n a l s  a n d  the  causes  
for  it. The  two  t y p e s  of t a n t a l u m  capac i to r s  t e s t ed  
w e r e  sol id  e l e c t r o l y t e  and  w e t  e l ec t ro ly t e ,  bo th  
con ta in ing  porous  anodes  of l a r g e  su r f ace  a r ea  
cove red  w i t h  a d i e l ec t r i c  f i lm of Ta20,. The  so l id -  

e l e c t r o l y t e  t y p e  has  a l a y e r  of t h e r m a l l y  d e c o m -  

1 P r e s e n t  a d d r e s s :  R h e e m  S e m i c o n d u c t o r  Corpora t ion ,  Moun ta in  
View, Cal i fornia .  

posed  MnO~ cove r ing  the  Ta~O~ film. T h e  MnO~ is 
e l e c t r i c a l l y  connec t ed  to t he  case  and  the  ca thode  
l ead  t h r o u g h  a l a y e r  of g r aph i t e ,  s i lve r  pa in t ,  and  
solder .  In  the  w e t - e l e c t r o l y t e  type ,  t he  a n o d e  is 
i m m e r s e d  in a l i qu id  e l e c t r o l y t e  w h i c h  is c o n t a i n e d  
in a sea l ed  s i lve r  case. The  c a thode  l e ad  is so lde red  
to t he  case. 

The  poss ib le  causes  for  the  vo l t a ge  w e r e  t h o u g h t  
to be  (a )  an  i n t e r n a l l y  g e n e r a t e d  vo l t a ge  such as a 
cel l  emf  or  a t h e r m o e l e c t r i c  ou tpu t ,  (b)  an  u n d e -  
c a y e d  cha rge  f r o m  p r e v i o u s  e lec t r i f ica t ion ,  (c) 
d i e l ec t r i c  hys t e re s i s ,  or  (d )  an  e l ec t ro s t a t i c  or  
e l e c t r o m a g n e t i c  charge .  T h a t  w e t - e l e c t r o l y t e  e lec -  
t r o l y t i c  capac i to r s  h a v e  a cel l  emf  w i t h  a v e r y  
l a r g e  i n t e r n a l  i m p e d a n c e  was  r e p o r t e d  b y  G u n t h e r -  
schulze  (1) ,  b u t  no v a l u e s  w e r e  g i v e n  for  t a n t a l u m .  
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S e v e r a l  p a p e r s  have  r e p o r t e d  cel l  p o t e n t i a l s  for  
t a n t a l u m  (2, 3) ,  b u t  t he  m e a s u r e m e n t s  a r e  no t  
d i r e c t l y  a p p l i c a b l e  to a c o m m e r c i a l - t y p e  t a n t a l u m  
capac i to r ,  w h e r e  a f o r m e d  a n o d e  and  a s i lve r  case  
a r e  t h e  e lec t rodes .  

D ie lec t r i c  hys t e r e s i s  of a l u m i n u m  e l ec t ro ly t i c  
capac i to r s  was  i n v e s t i g a t e d  b y  v a n  Gee l  a n d  P i s -  
t o r ius  (4) ,  and  the  a m o u n t  of d i e l ec t r i c  hys t e r e s i s  
was  f o u n d  to i nc rea se  w i t h  t e m p e r a t u r e  and  w i t h  
t he  t h i cknes s  of the  ox ide  l aye r .  

M e t h o d s  of Tes t ing  

Vol tages  w e r e  m e a s u r e d  w i t h  a 1 0 - m e g o h m  
m e t e r  (S IE  Mode l  R - 2 )  a n d  a 1011 o h m  e l e c t r o m -  
e t e r  us ing  a c h o p p e r  a n d  an  a - c  ampl i f i e r  ( B r o w n  
Record ing  E l e c t r o m e t e r ) .  

F o r  d - c  l e a k a g e  m e a s u r e m e n t s ,  t h e  v o l t a g e  d rop  
across  a 100 -ohm ser ies  r e s i s to r  was  m e a s u r e d  ( the  
c o n v e n t i o n a l  m a n n e r  of t e s t i n g ) .  H o w e v e r ,  u n u s u a l  
r e su l t s  w e r e  o b t a i n e d  u n d e r  c e r t a i n  cond i t ions  of 
t e s t i ng  if  t h e  l e a k a g e  c u r r e n t  w a s  less  t h a n  1 /m. 
W h e n  a d - c  a m p l i f i e r - t y p e  e l e c t r o m e t e r  was  used  
in  c o m b i n a t i o n  w i t h  a d - c  s u p p l y  con t a in ing  some 
r ipp le ,  a r e v e r s e d  vo l t age  r e a d i n g  was  ob ta ined ,  
i n d i c a t i n g  a n e g a t i v e  l e a k a g e  cu r r en t ,  as  t h o u g h  
t h e  c a p a c i t o r  was  g e n e r a t i n g  a l a r g e r  v o l t a g e  t h a n  
the  a p p l i e d  w o r k i n g  vo l tage .  T h e  r e v e r s e d  v o l t a g e  
r e a d i n g  w a s  no t  t a k e n  to be  a t r u e  r e a d i n g  be c a use  
a n o r m a l  r e a d i n g  was  o b t a i n e d  u n d e r  t h e  s ame  
cond i t ions  us ing  the  c h o p p e r - t y p e  a - c  amp l i f i e r  
e l e c t r o m e t e r .  The re fo re ,  t he  l a t t e r  m e t e r  a n d  a l e a d  
b a t t e r y  v o l t a g e  s u p p l y  w e r e  used  for  a l l  d - c  l e a k -  
age  m e a s u r e m e n t s .  

F o r  d i e l ec t r i c  hys t e r e s i s  tests ,  t h e  w o r k i n g  v o l t -  
age  was  a p p l i e d  for  15 min ,  a f t e r  w h i c h  t h e  un i t  
was  s h o r t e d  t h r o u g h  a 100-ohm re s i s to r  for  5 sec. 
The  o p e n - c i r c u i t  t e r m i n a l  v o l t a g e  was  t h e n  m e a s -  
u r e d  a t  s u i t a b l e  i n t e rva l s .  

W e t - E l e c t r o l y t e  Capac i to rs  

Voltages at room temperature were measured at 
t h e  t e r m i n a l s  of a n u m b e r  of w e t - e l e c t r o l y t e  ca -  
pac i to rs .  To m i n i m i z e  the  p o s s i b i l i t y  of a r e s i d u a l  
c h a r g e  be ing  p resen t ,  a g r o u p  of c apac i t o r s  was  
used  t h a t  h a d  b e e n  a t  r o o m  a m b i e n t  t e m p e r a t u r e  
a n d  h a d  n o t  been  e lec t r i f i ed  fo r  s ix  m o n t h s  or  
longer .  T h e  t e m p e r a t u r e  was  t hen  i n c r e a s e d  in  
i nc remen t s .  Because  of t he  e x t r e m e l y  s low c h a r g e  
d e c a y  r a t e  u s u a l l y  p r e s e n t  in these  capac i to r s ,  p r e -  
cau t ions  w e r e  t a k e n  t h a t  t he  v o l t a g e  at  a g iven  
t e m p e r a t u r e  was  not  a f fec ted  b y  a r e s i d u a l  cha rge  
f r o m  a p r e v i o u s  t e m p e r a t u r e  w h e r e  t he  v o l t a g e  
had  b e e n  h ighe r .  This  was  done  b y  shor t  c i r cu i t i ng  
t h e  a n o d e  a n d  ca thode  l eads  t o g e t h e r  fo r  1 rain.  
T h e  v o l t a g e  a t  each  t e m p e r a t u r e  was  f o u n d  to be  
u n s t a b l e  a t  first,  s l o w l y  chang ing ,  b u t  n o r m a l l y  
r e a c h i n g  e q u i l i b r i u m  w i t h i n  4 hr .  The  v o l t a ge  
r e a d i n g s  w e r e  r e c o r d e d  a f t e r  e q u i l i b r i u m  w a s  
r eached .  

F i g u r e  1 shows  the  a v e r a g e  t e r m i n a l  emf  r e a d -  
ings  fo r  s e v e r a l  of t he se  un i t s  ove r  t he  t e m p e r a t u r e  
r a n g e  of - -55  ~ to 125~ The  e m f  f r o m  --55 ~ to 
~-25~ is a f ew  mi l l ivo l t s ,  c h a n g i n g  f rom s l igh t ly  
n e g a t i v e  to p o s i t i v e  w i t h i n  th is  t e m p e r a t u r e  r ange .  
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Fig. 1. Chonge of emf with temperature of wet-electrolyte 
capacitors. Values are for equilibrium conditions. 
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Fig. 2. Change in emf with time of a wet-electrolyte 25 #f/125v 
capacitor heated from 25 ~ to 125~ as measured on a voltage 
recorder. 

A b o v e  room t e m p e r a t u r e  the  v o l t a g e  inc reases  to 
a m a x i m u m  at  125~ The  emf  r e a c he s  t he  h ighes t  
va lue ,  3v, on  the  25 ~ f /125v  un i t s  w i t h  t h e  t h i c k e s t  
f i lm ( a n d  l a r g e s t  v o l t a g e  r a t i n g ) .  

To d e t e r m i n e  if  t h e  r e su l t s  w o u l d  b e  s i m i l a r  if 
t he  t e m p e r a t u r e  was  i n c r e a s e d  i m m e d i a t e l y  to 
125~ i n s t e a d  of s t epwise  as in  t h e  p r e c e d i n g  tes t ,  
t he  v o l t a g e  was  r e c o r d e d  on a 25 ~ f /125v  un i t  as 
i t  was  p l a c e d  in  a 125~ oven,  Fig.  2. T h e  v o l t a g e  
inc reases  f a i r l y  r a p i d l y  d u r i n g  t h e  f irst  10 ra in  and  
t h e n  leve ls  off. No v io l en t  f luc tua t ions  or  r e v e r s a l s  
in v o l t a g e  a r e  no ted .  

The  sma l l  e m f  on the  t e r m i n a l s  of t h e  c a pac i t o r s  
shown  in Fig .  1 and  2 a r e  a s s u m e d  to be  due  to a 
cel l  effect. To i n v e s t i g a t e  t h e  cel l  emf  f u r t h e r ,  a 
c a p a c i t o r  was  f a b r i c a t e d  w i t h  an  u n f o r m e d  t a n t a -  
l u m  anode,  a s i lve r  case,  and  40% su l fu r i c  ac id  
e l ec t ro ly t e .  F i g u r e  3 shows  how t h e  emf  va r i e s  
w i t h  t e m p e r a t u r e  and  r e a c he s  --190 m y  a t  125~ 
in c o n t r a s t  to t h e  f o r m e d  anodes  t h a t  h a d  a pos i -  
t ive  vo l tage .  T h a t  t h e  p r e s e n c e  of an  o x i d e  causes  
t a n t a l u m  to b e c o m e  m o r e  e l e c t r o p o s i t i v e  in  o x i d a -  
t i o n - r e d u c t i o n  p o t e n t i a l  was  no ted  b y  V e r m i l y e a  
(5 ) .  T h e  un f i lmed  a n o d e  has  a t h in  o x i d e  f i lm f r o m  
con tac t  w i t h  a i r  t h a t  g ives  a p o t e n t i a l  d i f fe ren t  
t h a n  t h a t  o b t a i n e d  w i t h  p u r e  t a n t a l u m .  If  t he  h a l f -  
cel l  p o t e n t i a l  of t a n t a l u m  is m o r e  n e g a t i v e  t h a n  the  
s i lver ,  Ta2Oo t e n d s  to  f o r m  a n d  t h e  t a n t a l u m  e l ec -  
t r o d e  is nega t ive .  I f  a f i lm of Ta20~ is p r e s e n t  and  
the  h a l f - c e l l  p o t e n t i a l  is m o r e  pos i t ive ,  s i l ve r  t ends  
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Fig. 3. The change of emf with temperature of wet-electrolyte 
capacitors containing an unformed tantalum anode. Average values 
for two units for equilibrium conditions. 

to dissolve and  the  s i lver  e lectrode is negat ive .  
Some of the possible ha l f -ce l l  reac t ions  are:  

5H._,O + 2Ta = Ta20.~ + 10H + + 10e-E ~ = --0.81v 

[1] 

Ag = Ag + -t- e- E ~ = 0.7991v [2] 

2Ag + SO,-- ---- Ag~SO, + 2e- E ~ ~ 0.653v [3] 

The re  are m a n y  va r i ab le s  tha t  can affect the cell 
po ten t i a l  of a t a n t a l u m  capaci tor  i nc lud ing  the 
act ivi t ies  of the  va r ious  ions in  the  e lec t ro ly te  and  
the th ickness  of the  Ta20~ film, and  the emf can u n -  
doub ted ly  v a r y  f rom one type  to another .  

The  i n t e r n a l  impedance  was  m e a s u r e d  us ing  a 
1 - m e g o h m  load to d e t e r m i n e  if these capaci tors  are 
a good source of emf. The impedance  was  de t e r -  
m i n e d  by  t ak ing  the open -c i r cu i t ed  emf (no load)  
m i n u s  the  emf  wi th  the  load, and  d iv id ing  by  the  
c u r r e n t  f lowing t h rough  the  load. 

E~. - -  E~ 
g -- [4] 

The  resul t s  are  shown  in  Table  I. The  cu r r en t s  
we re  e x t r e m e l y  small ,  v a r y i n g  f rom 2 to 7 mtm. 
I t  wi l l  be no ted  tha t  the  i n t e r n a l  impedance  in -  
creases as the  th ickness  of the t a n t a l u m  oxide film 
increases.  The  computed  res i s t iv i ty  of Ta~O~ based 
on a th ickness  of 18.5 A / v  (6) compares  w i th  p re -  
v ious ly  repor ted  va lues  of 10 TM to 10 TM o h m - c m  (7-  
9). The  i n t e r n a l  impedance  is due, therefore ,  
p r i m a r i l y  to the res i s t iv i ty  of the  Ta20~. 

Because  the  ava i l ab le  c u r r e n t  is in  the  mi l l i -  
m i c r o a m p e r e  r ange  and  the vol tage  is a few mi l l i -  
vol ts  w i th  a 1 - m e g o h m  load, these devices are no t  
too prac t ica l  as bat ter ies .  

Voltages Srom External Sources 
A vol tage  on a capaci tor  can be due  to dielectr ic  

hys teres is  f rom pr ior  electr i f icat ion (4) even  though  
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Fig. 4. Dielectric" hysteresis oflow-voltage wet-electrolyte capaci- 
tors, measurements at  25~ 
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Fig. 5. Decay in charge on a high-voltage wet-electrolyte capaci- 
tor after the removal of the working voltage compared to the 
theoretical, (25 #f/125v capacitor); measurements were made at 
25~ 

the capaci tor  has been  comple te ly  d ischarged  at 
one t ime. For  example ,  Fig. 4 shows three  capaci-  
tors tha t  we re  charged to the i r  w o r k i n g  vol tage  
and  then  d ischarged  according to the  p rocedure  
p rev ious ly  out l ined.  Af t e r  3 hr  the t e r m i n a l  vol tage  
of one 325 t d / 6 v  capaci tor  is 5% of the charg ing  
vol tage  and  is sti l l  increas ing.  The emf  f rom di-  
electr ic  adsorp t ion  could be m i s t a k e n  for an  i n t e r -  
n a l l y  gene ra t ed  voltage,  p a r t i c u l a r l y  if the capaci-  
tor has a ve ry  slow decay rate.  

To d e t e r m i n e  how long a charge  can be held  if 
a capaci tor  is no t  d ischarged af ter  the w ork ing  
vol tage  is appl ied  for 15 min,  vol tage  read ings  
were  t a ke n  at i n t e rva l s  on a 25 t~f/125v capaci tor  
as shown  in  Fig. 5. I n t e r n a l  leakage  paths  which  
are  respons ib le  for d -c  leakage  w h e n  a s teady 
vol tage  is appl ied  would  also be the  d ischarge  
paths  for a charged  capacitor.  The res i s tance  of the  
i n t e r n a l  leakage  paths  can be a p p r o x i m a t e d  f rom 

Table I. Internal impedance of wet-electrolyte capacitors as cells 

In t e rna l  Resis t iv i ty  
Capacitor Temperature No load Pmf w i t h  Cur ren t  wi th  impedance ,  Thickness  of Ta~Os, 

raUng of test, ~ emf,  m v  load, m v  load, m#a  m e g o h m s  of Ta2Os, A o h m - c m  

325 gf/6v 85 56 2 2 27 185 5 • 10 ~ 
175 ~f/15v 85 161 2 2 80 425 7 • 10 TM 

25 ~f/125v 125 2100 7 7 300 3700 3 • 1015 
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were made at 25~ 

the d-c  leakage  current .  The discharge ra te  should 
follow the formula  for an R-C combinat ion:  

-__~_~ 
E = Eo e ~ '~  [5] 

where  E is the vol tage at t ime, T, in seconds, Eo is 
the ini t ia l  charging voltage,  RC is the t ime con- 
stant, R is the res is tance in megohms, and C is the 
capaci tance in microfarads.  The theoret ica l  values 
do not agree too wel l  wi th  the observed values. The 
calculated in te rna l  resis tance is 62.5 megohms, but  
the apparen t  resis tance dur ing discharge f rom 125 
to 46v (which is 37%, or l / e ,  of 125v) is ten t imes 
grea te r  (640 megohms) .  The apparen t  resistance 
f rom 46v to 17v shows a fu r the r  increase by a fac-  
tor of eight  (5100 megohms) .  Therefore,  it is evi-  
dent  that  the in terna l  res is tance increases as the 
vol tage decays. 

F igure  6 shows the observed decay rates  for two 
low-vo l tage  units. The 325 /~f/6v capaci tor  had 
been charged to 4.3v in i t ia l ly  and the 175 ~f/10v 
capaci tor  had been charged to 10v. Af ter  18 months,  
the 6v pa r t  stil l  has 57% of the ini t ia l  charge and 
the 10v capacitor,  48.5%. 

The exact  explana t ion  for the re tent ion  of such 
a la rge  charge for such a long t ime is not known. 
That  a cell emf causes the  vol tage does not seem 
l ikely;  uncharged units  have not been found to 
approach these values.  The effective in terna l  r e -  
sistance, which has been shown to increase with a 
decay in voltage,  might  reach a sufficiently large  
magni tude  in thin film units to cause the ve ry  slow 
decay rate.  

Severa l  factors can contr ibute  to an increase in 
effective in terna l  resistance.  The res is t iv i ty  of the 
Ta~O~ film can va ry  wi th  a change in space charge 
and also wi th  the  direct ion of cur rent  flow. The 
current  flow caused by  cell action in a capaci tor  is 
opposite in direct ion to the cur ren t  flow due to a 
decay in charge. The current  tha t  is flowing due to 
cell action with  the t an t a lum posi t ive is such that  
the electrons flow in te rna l ly  f rom the t an ta lum 
through the Ta200. The current  tha t  is flowing when 
an isolated capaci tor  is discharging in te rna l ly  is 
such tha t  the electrons flow through the Ta~O~ to 
the tan ta lum.  The resis tance of Ta20~ is known to 
be considerably  less for the former  case than for 
the lat ter .  This might  be the reason for the differ-  

ence in the  in te rna l  impedance  calcula ted for the 
capacitors  as cells in Table  I as compared  to the 
h igher  effective in te rna l  res is tance shown by the 
charge decay rate.  In the l a t t e r  case, the res is t iv i ty  
of Ta2Oo might  be considerably  grea te r  than  101~ 
ohm-cm.  

The effective in te rna l  res is tance of l iqu id -e lec -  
t ro ly te  capacitors  can also be increased by  the 
presence of double  layers  at  both the Ta2Oo and the 
s i lver  case surfaces, which  would add series re -  
sistance. Gaseous layers  causing an overvol tage  can 
also have an effect on the re ta in ing  of a charge. A 
comparison of a thick-f i lm,  125v capaci tor  in Fig. 5 
wi th  the  th in- f i lm capacitors  in Fig. 6 shows tha t  
the former  does not  hold a charge  as efficiently as 
the lat ter .  The 125v capaci tor  cont inued to dis-  
charge at  a fas ter  ra te  and reached lower  voltages 
than the th in-f i lm capacitors.  Young (10) has found 
evidence tha t  the bui ldup of th icker  Ta~O~ films on 
rough t an ta lum surfaces tends to create  stresses as 
the t an ta lum is used up f rom pro tuberances  under  
the  film. F ina l ly  the  Ta~O~ cracks, forming fissures 
down to the t an t a lum metal .  Such fissures would 
resul t  in more  imperfect ions  in th icker  Ta~O~ films 
and would help to expla in  why  such capacitors  do 
not hold a charge as wel l  as th in- f i lm units.  

Sol id -E lect ro ly te  Capac i to rs  

The vol tage  present  on a so l id-e lec t ro ly te  ca-  
paci tor  can be expected to be different  than  a we t -  
e lec t ro ly te  capacitor .  The solid e lec t ro ly te  does not 
conduct cur rent  by  ions. Therefore  no cell emf 
should be present .  Two semiconductors,  MnO~ and 
Ta~O~, are  present .  These capaci tors  appeared  to be 
more  sensi t ive to electrostat ic  charge  p i ck -up  than  
the wet  units, and pa r t i cu la r  care was taken  to 
keep them elect r ica l ly  insula ted  dur ing testing, 
especial ly  f rom contact  wi th  the  hands.  Even ap-  
proaching the units wi th  the hands  can cause 
wide ly  fluctuating e lec t rometer  readings,  which 
subside upon wi thd rawing  the hands.  

The emf at the te rmina ls  of several  typica l  68 
~f/10v capaci tors  over a t empe ra tu r e  range  is 
shown in Fig. 7. When the t empe ra tu r e  was 
changed, the capaci tors  were  discharged by  shor t -  
ing the  leads together  for 5 min to e l iminate  any 
res idual  charge. The resul ts  are  s imi lar  to the wet  
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Fig. 7. Change of emf with temperature of 68 /~f/10v solid-elec- 
tro[yte capacitors. Values are for equilibrium conditions. 
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un i t s  except  tha t  the  vo l tage  decreases  at  h igher  
t e m p e r a t u r e s  (over  130~ The e x p l a n a t i o n  for 
this  is p r e s u m e d  to be the  decrease  in  i n t e r n a l  r e -  
s is tance above  the  m a x i m u m  opera t ing  t e m p e r a -  
tu re  and  the b leed ing  off of the charge.  

The  v o l t a g e - t e m p e r a t u r e  re la t ionsh ip  for th ree  
22 ~f /35v  un i t s  is shown in  Fig. 8. The  emf drops 
to va lues  b e t w e e n  zero and  --10 mv.  The emf 
s tayed in  this  reg ion  w h e n  the un i t s  were  a n n e a l e d  
at 155~ for days. F igu re  9 shows the  resul ts  on 
th ree  smal le r - s ize  capacitors.  The  6 -vo l t  un i t s  
show a decrease above 130~ as was  p rev ious ly  
no ted  for 68 ~f /10v  uni ts .  The  two un i t s  w i th  
h igher  vol tage  ra t ings  are s imi la r  to each other,  
both be ing  s l ight ly  nega t ive  over  the  en t i re  t e m -  
p e r a t u r e  range.  F i g u r e  10 shows the emf for two 
large i n t e r m e d i a t e - v o l t a g e  uni ts .  Here, the  15-vol t  
u n i t  shows a con t inuous  increase  in  vol tage  at  
h igher  t empera tu re s ,  whereas  the  20-vol t  u n i t  
shows ve ry  l i t t le  ou tpu t  over  the en t i re  t e m p e r a -  
t u r e  range .  

F igu re  11 shows the  da i ly  va r i a t i on  in  emf on 
capaci tors  of th ree  di f ferent  vol tage  r a t ings  and  
sizes at 155~ The two groups  wi th  h igher  vol tage  
r a t ings  have  an  emf close to zero, p a r t i c u l a r l y  the 
100 ~f /20v uni ts .  The  6-vol t  un i t s  have  a somewha t  
more  nega t ive  voltage,  b u t  are qui te  stable.  

F i g u r e  12 shows the effect on open -c i r cu i t  t e r -  
m i n a l  vo l tage  of p lac ing  a r o o m - t e m p e r a t u r e  68 
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Fig. 12. Change of emf with time of a solid-electrolyte 68 /d / lOv  
capacitor heated from 25 ~ to 155~ as measured an a voltage 
recorder. 

~f /10v  u n i t  in  a 155~ oven.  Here  again,  the  ca-  
paci tor  was shor ted for 5 m i n  before  be ing  placed 
in the  oven.  The emf  reaches 580 m v  af te r  8 min ,  
t hen  g r a d u a l l y  decreases to zero at  abou t  1000 min.  
This curve  shows evidence  of wha t  appears  to be 
a the rmoelec t r i c  effect due  to the  t h e r m a l  g r ad i en t  
b e t w e e n  the ins ide  and  outs ide of the device d u r i n g  
the shor t  t ime  r equ i r ed  to reach t h e r m a l  equ i l i b -  
r ium.  Such an  emf  could leave  a r e s idua l  vol tage  
on a capacitor .  

Mechan i sms  for the i n t e r n a l  vol tage  gene ra t ion  
were  inves t iga ted  by  a s sembl ing  var ious  c o m b i n a -  
t ions  of the  e l emen t s  n o r m a l l y  found  in  a solid 
uni t .  For  example ,  the  MnO~ elec t ro ly te  was placed 
over  the  surface  of an  unf i lmed  t a n t a l u m  anode 
and  a cathode contact  was made  wi th  solder. No 
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emf  r e a d i n g  was  de tec t ed .  A g r a p h i t e  coa t ing  was  
p l aced  ove r  t h e  MnO~ w i t h  no change .  A cond uc t i ve  
s i lve r  coa t ing  was  p l a c e d  ove r  t he  g r aph i t e ,  m a k i n g  
a c o m p l e t e  c a p a c i t o r  e x c e p t  fo r  t he  T~O~ film. No 
emf  can  be  d e t e c t e d  f r o m  a n y  c o m b i n a t i o n  of c o m -  
ponen t s  as long as un f i lmed  t a n t a l u m  is used.  Tha t  
is, t h e r e  a p p e a r s  to be no t h e r m o e l e c t r i c  or  S e e b e c k  
effects in ac t ion  as long  as the  t e m p e r a t u r e  is he ld  
cons tan t .  W h e n  g r a p h i t e  was  p l aced  d i r e c t l y  ove r  a 
90v t a n t a l u m  ox ide  f i lm w i t h  no MnO~ p resen t ,  an  
emf  of a b o u t  - -12 m v  was  n o t e d  ove r  a 2 2 - d a y  
ser ies  of m e a s u r e m e n t s  a t  155~ No emf  was  d e -  
t e c t a b l e  a t  145~ or  be low.  Thus,  a p p a r e n t l y  t he  
p r e s e n c e  of t h e  MnO.o is no t  n e c e s s a r y  for  such  
vo l t age ,  bu t  t h e  t a n t a l u m  ox ide  is r e q u i r e d .  

The  i n t e r n a l  i m p e d a n c e  of a n u m b e r  of so l id -  
e l e c t r o l y t e  capac i to r s  was  m e a s u r e d .  On g roups  of 
68 /~f/10v and  22 F f / 3 5 v  uni t s ,  t h e  v o l t a g e  d e -  
c r ea sed  to such  low v a l u e s  ( less  t h a n  10 Fv)  t h a t  
i t  was  v e r y  diff icult  to o b t a i n  m e a s u r e m e n t s  h a v i n g  
a n y  r ea l  m e a n i n g .  I t  can  on ly  be  sa id  t ha t  the  i n -  
t e r n a l  i m p e d a n c e  a p p e a r s  to  b e  e x t r e m e l y  h igh  on 
these  devices .  

Voltages from External Sources 

Die lec t r i c  hys t e r e s i s  was  i n v e s t i g a t e d  on these  
uni ts .  F i g u r e  13 shows  the  c u r v e  for  a t y p i c a l  22 
/~f/35v uni t .  T h e  v o l t a g e  r eaches  a p e a k  of 1.2% of 
t h e  o r i g i n a l  a p p l i e d  v o l t a g e  3 min  a f t e r  t he  s h u n t  
is r e m o v e d  and  t hen  dec reases  v e r y  r a p i d l y .  A 68 
~ f /10v  un i t  r e a c h e d  the  p e a k  of 3% of t h e  a p p l i e d  
v o l t a g e  also in 3 m i n  a n d  d e c r e a s e d  r a p i d l y  a f t e r  
tha t .  Thus,  i t  a p p e a r s  t h a t  d i e l ec t r i c  hys t e r e s i s  in 
t he  sol id  c a p a c i t o r  c o n t r i b u t e s  v e r y  l i t t l e  to a n y  
t e r m i n a l  emf.  

C h a r g e  d e c a y  r a t e s  w e r e  also i n v e s t i g a t e d  for  
sol id  uni t s .  T h e y  w e r e  found  to b e  m u c h  m o r e  
r a p i d  t h a n  for  t he  w e t  devices .  F i g u r e  14 shows  the  
c a l c u l a t e d  and  o b s e r v e d  d e c a y  r a t e s  for  a 120 ~ f /  
10v uni t .  The  i n t e r n a l  r e s i s t ance  is 23.8 megohms ,  
c o m p u t e d  f r o m  the  d - c  l e a k a g e  a t  10v. The  a p p a r -  
en t  i n t e r n a l  r e s i s t ance  for  a d e c a y  in v o l t a g e  to 
3.68v ( l / e )  is 360 megohms ,  as c a l c u l a t e d  f r o m  the  
ac tua l  d e c a y  ra te .  T h e  a p p a r e n t  i n t e r n a l  r e s i s t a nc e  
for  a f u r t h e r  d e c r e a s e  to 1.33v is 1470 megohms ,  
showing  t ha t  t he  a p p a r e n t  i n t e r n a l  r e s i s t a n c e  aga in  
i nc r ea se s  as a cha rge  decays ,  as i t  d id  for  the  we t  
devices ,  p r o b a b l y  due  to a change  in r e s i s t ance  of 
t h e  Tao_O~ w i t h  a change  in space  charge .  F i g u r e  15 
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capacitors after the removal of the working voltage compared to 
the theoretical; measurements were mode at 25~ 

shows  the  o b s e r v e d  and  t h e o r e t i c a l  cu rves  for  two  
22 ~ f /35v  uni ts .  Aga in ,  t he  d e c a y  r a t e  is m u c h  
s lower  t h a n  if t he  a p p a r e n t  i n t e r n a l  r e s i s t ance  at  
the  o p e r a t i n g  vo l tage ,  as d e t e r m i n e d  b y  the  l e a k -  
age  cu r ren t ,  ho lds  cons tan t .  The  a p p a r e n t  i n t e r n a l  
r e s i s t ance  for  a v o l t a g e  d e c a y  to 1 /e  of 35v (13v)  
is 10,000 megohms ,  w h i c h  is s u b s t a n t i a l l y  h i g h e r  
t h a n  the  p r e v i o u s  l o w - v o l t a g e  uni t .  

The  i n t e r n a l  r e s i s t a nc e  pa ths ,  bo th  ser ies  and  
pa ra l l e l ,  of s o l i d - e l e c t r o l y t e  c a pa c i t o r s  a r e  u n -  
d o u b t e d l y  a v e r y  i m p o r t a n t  f ac to r  in d e t e r m i n i n g  
w h a t  emf  v a l u e s  can  be  s u s t a i n e d  a n d  h o w  fas t  
t he se  wi l l  decay .  V a r i a t i o n s  in these  r e s i s t ances  
p r o b a b l y  accoun t  for  a c o n s i d e r a b l e  p a r t  of t h e  
d i f fe rences  n o t e d  in t he  o b s e r v e d  o p e n - c i r c u i t  
emf 's .  

Conclusions 

A h i g h - i m p e d a n c e  cel l  emf  can  be p r e s e n t  across  
t h e  t e r m i n a l s  of an  o p e n - c i r c u i t e d  w e t - e l e c t r o l y t e  
t a n t a l u m  c a p a c i t o r  and  can  b e  as h igh  as 3v on a 
25 ~ f /125v  un i t  a t  125~ O t h e r  r a t i n g s  a r e  g e n -  
e r a l l y  f o u n d  to h a v e  on ly  a f ew  h u n d r e d  mi l l ivo l t s .  

A n  emf  can  also be  p r e s e n t  on the  t e r m i n a l s  of 
s o l i d - e l e c t r o l y t e  t a n t a l u m  capac i to rs .  These  a r e  
g e n e r a l l y  on ly  a f ew  mi l l ivo l t s ,  b u t  can  be  as h igh  
as a f ew  h u n d r e d  mi l l ivo l t s .  

No f o r w a r d  c u r r e n t  f low is f o u n d  for  e i t he r  w e t -  
or  d r y - e l e c t r o l y t e  un i t s  w h e n  m e a s u r i n g  d - c  l e a k -  
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age  us ing  a ser ies  r e s i s to r  if  a p r o p e r  d - c  source  
and  v o l t a g e - s e n s i n g  i n s t r u m e n t  a r e  used.  

Vol tages  r e m a i n i n g  due  to t he  e x t r e m e l y  s low 
cha rge  d e c a y  r a t e s  of t a n t a l u m  capac i to r s  can  be  
r e a d i l y  m i s t a k e n  for  i n t e r n a l l y  g e n e r a t e d  vol tages .  

Manuscr ip t  rece ived  May 17, 1961; rev ised  m a n u -  
scr ipt  rece ived  Oct. 6, 1961. This pape r  was p repa red  
for de l ivery  before  the Chicago Meeting, May 1-5, 1960. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Gas Permeation Study and Imperfection Detection of Thermally 
Grown and Deposited Thin Silicon Dioxide Films 

S. W. Ing, Jr., R. E. Morrison, and J. E. Sandor 1 
Semiconductor Products Department, General Electric Company, Syracuse, New York 

ABSTRACT 

Methods have been developed to measure  gas pe rmea t ion  th rough  thin 
t he rma l ly  grown and deposi ted sil icon dioxide  films. F rom the data  collected i t  
is shown tha t  pores  and microchannels  (orders  of magni tude  smal le r  than  
pores)  a re  formed in these films, and pe rmea t ion  th rough  them is the main  
diffusion mechanism involved.  The  exis tence of imperfec t ions  in the  oxides 
is demons t ra ted  by using a chlor ine etching technique.  An  impor tan t  resu l t  
f rom this work  is tha t  insufficient surface cleaning is an impor tan t  factor  in 
the product ion of r e la t ive ly  large  pores in the  oxide. Channel  size approaching  
atomic dimensions could be obta ined in these films by  being e x t r e m e l y  careful  
in the  preoxida t ion  or predepos i t ion  cleaning of the  silicon. Some oxide films 
show the presence of c rys ta l l ine  s t ructures  considered to be caused by  a nu-  
cleation phenomena  due to the presence of foreign par t ic les  on the silicon sur -  
face. 

M e a s u r e m e n t s  of the  p e r m e a t i o n  r a t e  of gases  
t h r o u g h  th in  fi lms (10,000-40,000A) of t h e r m a l l y  
g r o w n  and  p y r o l y t i c a l l y  f o r m e d  s i l icon d i o x i d e  h a v e  
been  m a d e  to d e t e r m i n e  q u a n t i t a t i v e l y  the  i m p e r -  
fec t ions  ex i s t i ng  in  t hese  films. Moreove r ,  the  p r o -  
cedures  and  t echn iques  d e v e l o p e d  m a y  b e  a p p l i e d  
to p e r m e a t i o n  m e a s u r e m e n t s  of t h in  f i lms of o the r  
m a t e r i a l s .  

A s u r v e y  of t h e  t e chn iques  used  for  p e r m e a t i o n  
s tud ies  of g lasses  a n d  c r y s t a l l i n e  m a t e r i a l  i nd ica t e s  
tha t  mos t  c lass ica l  a p p r o a c h e s  a r e  not  a d a p t a b l e  for  
s t u d y i n g  v e r y  th in  films, and  in p a r t i c u l a r ,  mos t  
m e t h o d s  r e q u i r e  l a r g e  a r eas  of m a t e r i a l .  The  e a r l y  
p e r m e a t i o n  s tud ies  for  s i l ica  and  glasses,  done  by  
U r r y  (1, 2) ,  B a r r e r  (3 ) ,  R a y l e i g h  (4, 5) and  o the r s  
(6) ,  u t i l i ze  a f o rm  of  d o u b l e - b u l b  cel l  in w h i c h  t h e  
i n n e r  b u l b  is b l o w n  f r o m  the  m a t e r i a l  b e i n g  s tud ied .  
More  r e c e n t  t e chn iques  d e v e l o p e d  for  p e r m e a t i o n  
s tud ies  of  shee t  o rgan ic  p o l y m e r s  (7, 8) s a t i s fy  the  
r e q u i r e m e n t s  for  th is  i n v e s t i g a t i o n  m o r e  c lose ly ;  
h o w e v e r ,  m a n y  modi f ica t ions  a r e  s t i l l  n e c e s s a r y  
due  to the  e x t r e m e  f r a g i l i t y  of t he  s i l ica  f i lms and  
the  l i m i t e d  size a t t a i n a b l e .  

F r o m  the  e x i s t i n g  p u b l i s h e d  p e r m e a t i o n  s tud ies  
r e v i e w e d ,  t he  dev ice  and  p r o c e d u r e s  used  b y  P a r k  
(7)  s eemed  to sa t i s fy  th in  f i lm r e q u i r e m e n t s  p r o -  

t Present  address: Fairchild Semiconductor  Corporation, Palo Alto, 
California. 

v i d e d  gas  p e r m e a t i o n  r a t e  t h r o u g h  t h e  f i lm is c o m -  
p a r a t i v e l y  high.  The  dev ice  m e a s u r e s  t he  v o l u m e  
of the  p e r m e a t e d  gas  u n d e r  cond i t ions  of cons t an t  
p r e s s u r e  and  t e m p e r a t u r e  w h i l e  a p r e s s u r e  d i f f e r -  
ence is m a i n t a i n e d  across  t he  film. 

P a r k  o b t a i n e d  ----+5% a c c u r a c y  w i th  th is  p r o c e d u r e  
and  could  m e a s u r e  a flow r a t e  of 2.3 • 10 -s cmS/ 
ra in  ( p e r m e a t i o n  cons t an t  of  1 • 10 -9 c c - c m / s e c -  
cm2-cm Hg)  w i t h  e x c e l l e n t  r e p r o d u c i b i l i t y .  

I n i t i a l  p e r m e a b i l i t y  s tud ies  w e r e  b e g u n  b y  e m -  
p l o y i n g  this  v o l u m e  change  p r o c e d u r e ,  b u t  as some 
p e r m e a b i l i t y  cons tan t s  of b e l o w  1 • 10 -14 c c - c m /  
sec -cm~-cm Hg w e r e  a n t i c i p a t e d  for  t he se  s i l icon 
d iox ide  films, u l t i m a t e  v a l u e s  w e r e  e x p e c t e d  to be  
o b t a i n e d  b y  us ing  mass  s p e c t r o m e t e r .  H o w e v e r ,  t he  
s e m i m i c r o  fi lm h o l d e r  and  v o l u m e  inc rea se  m e a s -  
u r e m e n t  p r o c e d u r e  p r o v e s  an  e x c e l l e n t  m e t h o d  for  
s c r een ing  fi lms and  co l lec t ing  i n fo rma t ion .  

Apparatus and Procedure 
Semimicro film holder and volume increase 

measurement  procedure.- -The f i lm ho lde r ,  w h i c h  
is a s l igh t  modi f i ca t ion  of P a r k ' s  dev ice ,  is shown  
in Fig.  1. I t  is c o n s t r u c t e d  of  b rass  w i t h  an  a l u -  
m i n u m  t i g h t e n i n g  r ing.  The  h i g h - p r e s s u r e  s ide  is 
cons t ruc t ed  w i t h  a s e t - s c r e w - b a l l  and  socke t  v a l v e  
to f lush a i r  f r om the  u p s t r e a m  side p r i o r  to tes t ing .  
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Fig. 1. Cross-sectional view of film holder far permeability 
measurement. 

The  v o l u m e  on the  l o w - p r e s s u r e  ha l f  of t h e  dev ice  
is m i n i m i z e d  b y  b r a z i n g  a 0.5 m m  s ta in less  s tee l  
c a p i l l a r y  in to  place.  R u b b e r  "O"  r ings ,  r eces sed  
into  the  face  of t he  device ,  p r o v i d e  a ga s t i gh t  sea l  
w i t h  t he  s a m p l e  w h e n  the  un i t  is a s s e m b l e d  and  
the  t i g h t e n i n g  r i n g  is app l i ed .  To i n su re  aga ins t  
t o r s iona l  t e a r i n g  forces  on the  sample ,  t h r e e  p o s i -  
t i on ing  p ins  a r e  p l a c e d  on the  dev ice  ha lves .  

The  s i l icon d iox ide  f i lms t e s t ed  r a n g e  in  t h i c k -  
ness  f r o m  10,000 to 40,000A. These  f i lms a r e  e x -  
t r e m e l y  f rag i le ,  and  i t  w o u l d  be  imposs ib le ,  as i t  is 
w i t h  p l a s t i c  ma t e r i a l s ,  to s i m p l y  p l ace  t he  shee t  
b e t w e e n  the  dev i ce  "O" r ings  a n d  t igh ten .  The  f i lm 
m u s t  b e  m o u n t e d  or  s u p p o r t e d  on a r i g id  f r ame ,  
w h i c h  wi l l  b e a r  a l l  t he  p r e s s u r e  of  t he  " 0 "  r i ng  
contact ,  and  y e t  t he  f i lm m u s t  l ie  c o m p l e t e l y  flat  
on this  s u p p o r t  su r f ace  a n d  a d h e r e  t i g h t l y  a b o u t  
t he  p e r i p h e r y  of the  ho le  d r i l l e d  in to  t he  suppor t .  

M a n y  a t t e m p t s  w e r e  m a d e  to float  a s t r i p p e d  
s i l ica  f i lm onto a po l i shed  q u a r t z  p l a t e  t h a t  h a d  a 
ho le  of k n o w n  d i a m e t e r .  W a t e r ,  a lcohol ,  and  ace -  
tone  w e r e  used;  h o w e v e r ,  in mos t  cases  t he  f i lm 
e i t h e r  w r i n k l e d  or  w o u l d  l i f t  a r o u n d  the  p e r i p h e r y  
of the  hole  c r e a t i n g  poss ib le  e r r o r  in t he  a r e a  con-  
s i de r ed  for  p e r m e a t i o n  s tudy .  Some  success  w a s  
a t t a i n e d  b y  h e a t - s e a l i n g  a shee t  of f i lm b e t w e e n  
two  shee t s  of p o l y v i n y l  ch lo r ide  con ta in ing  d r i l l e d  
windows .  H o w e v e r ,  th is  m e t h o d  p r o v e d  u n f e a s i b l e  
as t he  f i lm c r a c k e d  r e a d i l y  in mos t  cases  due  to 
d i f fe rences  b e t w e e n  the  t h e r m a l  p r o p e r t i e s  of t he  
f i lm and  the  p o l y m e r .  

E v e n t u a l l y ,  two  s a t i s f a c t o r y  m e t h o d s  w e r e  d e -  
ve loped  for  r i g i d l y  m o u n t i n g  the  f i lms for  t es t ing ,  

Fig. 2. Stripped film glass-brass sandwich; film 15,000A 

the  ox ide  w i n d o w  m e t h o d  a n d  the  s t r i p p e d  fi lm 
s a n d w i c h  ( see  Fig .  2) .  

F o r  t he  ox ide  w i n d o w  m e t h o d  a s i l icon w a f e r  (3 
cm ~) is c o m p l e t e l y  ox id i zed  on bo th  sides.  The  su r -  
faces  a r e  t h e n  c o m p l e t e l y  m a s k e d  w i t h  w a x  excep t  
for  a c i r c u l a r  a r e a  on one s ide  of a p p r o x i m a t e l y  1 
m m  d i a m e t e r .  The  s i l ica  is r e m o v e d  f r o m  th is  n o n -  
m a s k e d  a r e a  b y  e t ch ing  w i t h  HF;  t he  su r f ace  is 
w a s h e d  w i t h  d i s t i l l ed  w a t e r ,  and  al l  w a x  r e m o v e d  
w i th  solvent .  The  w a f e r  is t hen  p l a c e d - s i l i c o n  e x -  
posed  s ide  u p - i n  a d r y  ch lo r ine  gas  s t r e a m  at  
900~ for  2 rain.  In  th is  p e r i o d  a n e a t  v e r t i c a l  
channe l  is cu t  t h r o u g h  the  s i l icon subs t r a t e ,  w i th  
v e r y  l i t t l e  h o r i z o n t a l  u n d e r c u t t i n g ,  un t i l  t he  s i l ica  
f i lm on the  oppos i te  s ide of the  w a f e r  is r eached .  
In  th is  me thod ,  the  s i l icon i t se l f  acts  as s u p p o r t  for  
t he  "O" r i ng  contact ,  and  the  p e r m e a t i o n  a r e a  can 
be  m e a s u r e d  a c c u r a t e l y  as the  f i lm l ies  flat  ove r  
t h e  w i n d o w  a r e a  and  is, of course ,  t i g h t l y  a d h e r e d  
to the  s i l icon subs t r a t e .  

The  s t r i p p e d - f i l m  s a n d w i c h  m e t h o d  was  also 
used  m a n y  t imes  w i t h  success.  Here ,  a s i l icon 
w a f e r  cove red  w i t h  ox ide  is c o m p l e t e l y  m a s k e d  on 
one s ide  w i t h  wax .  A l l  o x i d e  on the  oppos i t e  s ide 
is e t ched  off w i t h  H F  l eav ing  the  s i l icon c lean  and  
exposed .  T h e  w a x  is r e m o v e d  w i t h  so lvent ,  and  
the  w a f e r  is p l aced  s i l icon s ide  up  in a d r y  ch lo r ine  
gas  s t r e a m  at  900~ for  10 rain.  In  th is  pe r iod ,  a l l  
t h e  s i l icon r eac t s  and  vo la t i l i z e s  l e a v i n g  a flat  
t r a n s p a r e n t  shee t  of s i l icon d ioxide .  

This  f i lm is l a id  d o w n  on a c lean,  m e c h a n i c a l l y  
p o l i s h e d  p iece  of b r a s s  w h i c h  has  a d r i l l e d  ho le  of 
k n o w n  d i a m e t e r .  A v e r y  l igh t  coa t ing  of s i l icone 
g r ea se  p r o v i d e s  a t igh t  seal .  Next ,  a l i g h t l y  g r ea sed  
glass  p l a t e  w i t h  a m a t c h i n g  hole,  s l i g h t l y  l a r g e r  in 
d i a m e t e r ,  is p l a c e d  on top  of t he  s i l i c a - b r a s s  m a k -  
ing  a g l a s s - s i l i c a - b r a s s  sandwich .  "O"  r i n g  con tac t  
on th is  a s s e m b l y  gave  a t i g h t  seal  w h e n  p r e s s u r e  
was  a p p l i e d  on the  p e r m e a t i o n  dev i ce  w i t h  t he  
t i g h t e n i n g  r ing.  The  s t r i p p e d  f i lm s a n d w i c h  h a d  the  
a d v a n t a g e s  of ease  of h a n d l i n g  and  less  f i lm b r e a k -  
age;  h o w e v e r ,  if the  f i lm does  w r i n k l e  or  l i f t  f r o m  
t h e  b r a s s  p la te ,  an e r r o r  is i n t r o d u c e d  in to  t he  as -  
s u m e d  a r e a  m e a s u r e m e n t  for  p e r m e a t i o n .  

Bo th  me thods ,  h o w e v e r ,  p r o v i d e  a good f i lm sup -  
p o r t  for  i n se r t i on  into  t h e  p e r m e a t i o n  device .  

In  ope ra t ion ,  the  s u p p o r t e d  s i l icon d i o x i d e  fi lm 
is p l a c e d  h o r i z o n t a l l y  on one  ha l f  of  t he  f i lm 
ho lde r .  The  h o l d e r  is a s s e m b l e d  and  t i g h t e n e d  as  
h a r d  as poss ib l e  w i t h  h a n d  p re s su re .  T h e  f i lm 
holder ,  is t hen  p l aced  b e t w e e n  two  t h r e e - w a y -  
s topcocks  he ld  flush w i t h  t h e  h o l d e r  w i t h  T y g o n  
tub ing .  The  tes t  gas  is s l owly  a p p l i e d  u n t i l  a con-  
s t an t  p r e s s u r e  is r e a c h e d  on the  m a n o m e t e r .  The  
e n t r a p p e d  a i r  on the  u p s t r e a m  side of  t he  f i lm 
h o l d e r  is b l ed  off s e v e r a l  t i m e s  t h r o u g h  a n e e d l e  
va lve .  

A glass  c a p i l l a r y  con ta in ing  an a p p r o x i m a t e  2 
m m  s lug  of m e t h y l  i s o b u t y l  k e t o n e  is n e x t  a t -  
t a c h e d  flush to a s topcock  w i t h  T y g o n  tub ing .  A 
m i l l i m e t e r  scale  is a d j u s t e d  to m e a s u r e  a c c u r a t e l y  
t he  p r o g r e s s i o n  of t he  s lug  w i t h  v o l u m e  increase .  

D u r i n g  a run ,  the  gas  p r e s s u r e  is f ixed and  t h e  
r a t e  of d i s p l a c e m e n t  of the  o rgan ic  c a p i l l a r y  s lug  
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Table I. Experimental results 

F i l m  
No.  G a s  used  F i l m  m o u n t i n g  m e t h o d  F i l m  th ickness ,  A. Means  of  m e a s u r e m e n t  

P, c m S c m  

sec-cmg-cm I-Ig 

1 Air  PVC* sandwich 
1 Air  PVC sandwich 
2 Hydrogen Glass-brass sandwich 
2 Argon Glass-brass sandwich 
2 Air  Glass-brass sandwich 
3 Air  Glass-brass sandwich 
3 Argon Glass-brass sandwich 
3 Hydrogen Glass-brass sandwich 
4 Hydrogen Glass-brass sandwich 
4 Air Glass-brass sandwich 
5 Air  Oxide window 
6 Hel ium Stripped film 
6 Hydrogen Stripped film 
6 Oxygen Stripped film 
6 Xenon Stripped film 
6 Argon Stripped film 
7 Argon Oxide window 
8 Argon Oxide window 
9 Argon Glass-brass sandwich 

16,000 
16,000 
22 000 
22 000 
22 000 
22 000 
22 000 
22 000 
22 000 
22 000 
21 000 
38 000 
38,000 
38,000 
38,000 
38,000 
35,O0O 
35,OO0 
15,000 

Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Volume displacement 
Mass spectrometer 
Mass spectrometer 
Mass spectrometer 
Mass spectrometer 
Mass spectrometer 
Mass spectrometer 
Mass spectrometer 
Volume displacement 

8.5 X 10 -8 
8.9 X 10 -8 
3.7 X I0 -T 

1.98 X 10 -7 
2.18 f 10 -7 
1.98 X 10 -7 
1.67 X I0 -~ 
4.39 X 10 -7 

<10 -1o 
< 10 -io 
< 10 -1~ 
3 • 10 -9 

3.2 X 10 .9 
5.6 • 10 -1~ 
7.4 X 10 -1~ 
2.9 X 10 -1~ 

3 X 10 -~ 
6 X i0 -~ 
<10 -1o 

* P o l y v i n y l  chlor ide .  

is no ted  over  a set 3 cm distance.  Repea ted  de te r -  
m i n a t i o n s  on the same piece of film are made  by  
one closing stopcock and  gen t ly  sucking  the  slug 
back to the  s t a r t ing  posit ion,  aga in  observ ing  the  
t ime  in t e rva l s  r equ i r ed  to progress  the successive 
sections of the  3 cm distance.  

In  genera l ,  w i th  an  exposed film area  of ap-  
p r o x i m a t e l y  0.01 cm 9, a r ange  of gas p ressure  dif-  
fe rence  across the  film can be used w i thou t  p u n c -  
t u r i n g  the  film v a r y i n g  f rom 200 m m  Hg for 5000A 
th ickness  to wel l  over  760 m m  Hg for 15,000A. 

Since the  cap i l l a ry  slug m o v e m e n t  is affected by  
changes  in  a m b i e n t  t empe ra tu r e ,  as m u c h  care  as 
possible  should  be t aken  to p rov ide  a cons tan t  a m -  
b i en t  t empera tu re .  

Mass spectrometer measurement  appara tus . -  
Both oxide w i n d o w  and  s t r ipped  si l icon dioxide  
films are used. The  film is m o u n t e d  b e t w e e n  the  
pol ished ends  of two capi l la ry  glass tubes,  1 m m  
bore, and  is sealed t igh t ly  wi th  apiazon wax.  The 
assembly  is t hen  incorpora ted  in to  the  mass spec- 
t r ome te r  v a c u u m  system. A f rac t ion  of a m i l l i m e t e r  
Hg gas p ressure  d i f ferent ia l  is gene ra l l y  appl ied  
across the film. The film t e m p e r a t u r e  can be va r i ed  
by  us ing  a hea te r  p laced a r o u n d  the  fi lm assembly.  

Results 
For  all films inves t iga ted ,  t he re  was  no ev idence  

of an  in i t i a l  i nduc t ion  period.  In  the  case of v o l u m e  
change  p e r m e a t i o n  m e a s u r e m e n t s ,  the  ra te  of dis-  
p l a c e m e n t  of the  l iqu id  slug seemed to reach a 
s teady state  ve ry  r ead i ly  af ter  the  s tar t  of each run .  

The e x p e r i m e n t a l  resul t s  of p e r m e a t i o n  of v a r i -  
ous gases t h rough  dif ferent  si l icon dioxide  films 
are p resen ted  in  Tab le  I. Al l  films were  t h e r m a l l y  
fo rmed  by  s team oxida t ion  w i th  the  excep t ion  of 
film No. 5, which  was  fo rmed  wi th  oxygen  b u b -  
b l ing  th rough  a room t e m p e r a t u r e  wa t e r  supply .  P, 
the pe rmeab i l i t y ,  is defined as the  cc of gas at  n o r -  
ma] t e m p e r a t u r e  and  p ressure  pass ing  t h ro ugh  a 
film 1 cm thick,  per  second, per  cm 2 area  w i th  1 cm 
Hg pressure  difference across the  film. 

Discussion of Permeation Results 
As can be seen f rom the t a b u l a t e d  data,  the pe r -  

me a t i on  cons tan ts  for these t h in  si l icon dioxide 
films not  on ly  v a r y  us ing  the  same gas, e.g., air, 
2.18 X 10 -7 to < 1 0  -l~ and  a rgon  3 X 10-' to < 1 0  -1~ 
bu t  also the  lower  va lues  ob ta ined  are severa l  
orders  of m a g n i t u d e  h igher  t h a n  those an t i c ipa ted  
(9) .  

F r o m  the spread  of p e r m e a t i o n  resul ts ,  a p ro-  
posed spec t rum of va lues  is suggested according to 
the degree  of imper fec t ions  w i t h i n  the si l icon di -  
oxide films. B reak ing  the va lues  d o w n  into p e r m e -  
a t ion  ranges,  one migh t  categorize the  resul t s  as 
fol lows for a gas l ike a rgon  or oxygen.  

A. 10 -8 to 10 -~ - -  F low th rough  microcracks ,  
pores, and  c rys ta l l ine  por -  
t ion boundar ies .  

B. 10 -7 to 10 - 1 ~  F low t h r ough  m i c r o - c h a n -  
nels.  

C. ~ 10 -~ - - T r u e  diffusion and  p e r m e a -  
t ion  (9) .  

If a film conta ins  a crack due to h a n d l i n g  or in -  
se r t ion  in to  the  fi lm holder,  it is r ead i ly  detec ted  
by  the  rap id  progress ion  of the cap i l l a ry  slug. On 
microscopic e x a m i n a t i o n  the  crack can u sua l l y  be 
observed.  

The h igher  ra tes  of 10 -~ a nd  10 -~ are  ob ta ined  on 
films in  which  m a n y  fine c rys t a l - l i ke  growths  ap-  
pear.  These  crysta ls  ve ry  closely re semble  those 
descr ibed by  o ther  au thors  (10) and  are  p r o b a b l y  
also cr is tobal i te .  The average  d i ame te r  of these 
crys ta ls  v a r y  f rom 4 X 10-' cm to 3.3 X 10 -~ cm 
(see Fig. 3).  It  is no ted  sporad ica l ly  t ha t  this  p h e -  
n o m e n o n  occurs i n d e p e n d e n t  of the ox ida t ion  tech-  
n i que  a l though  the  s t anda rd  p reox ida t ion  c lean ing  
t r e a t m e n t  is used. In  advanced  stages this  "c rys t a l -  
l iza t ion"  can give a m i l k y  cast  to the  oxide, even  
whi le  sti l l  on its s i l icon subs t ra te ,  and  of ten  af ter  
e tch ing  away  such a film, the  si l icon surface  is 
no t i ceab ly  p i t t ed  in  regions  w h e r e  these  "crys ta l s"  
we re  observed.  This  p h e n o m e n o n  seems to be  p r e -  
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Fig. 3. "Crystalline" growth in stripped thermal oxide film. 
Magnification 150X. 

Fig. 4. SiO~ crystallization around foreign particle; note: pro- 
duced during electron microscope observation. 

d o m i n a n t  in  cases in  which  the  amorphous  silica 
can nuc lea t e  abou t  a fore ign ma te r i a l  such as migh t  
be found  on an  insuff ic ient ly  c leaned sil icon su r -  
face. F i g u r e  4 i l lus t ra tes  this c rys ta l l iza t ion  phe -  
nomenon .  This t r ans i t i on  occurred whi le  s cann ing  
a s t r ipped silica fi lm u n d e r  the  e lec t ron  mic ro -  
scope. Whi le  the  pho tographed  area  was be ing  ob-  
served,  some u n k n o w n  fore ign  m a t e r i a l  l anded  on 
the silica, and  i m m e d i a t e l y  the s u r r o u n d i n g  silica 
crystal l ized.  

The b u l k  of the resul ts  fal l  into the 10-~-10 1o 
p e r m e a t i o n  range.  I t  is felt  t ha t  this  r ange  indicates  
p e r m e a t i o n  t h rough  mic rochanne l s  r a the r  t h a n  
th rough  the  m e m b r a n e  by  so lubi l i ty  for several  
reasons.  Firs t ,  a s t e ady - s t a t e  flow is i m m e d i a t e l y  
observed  on s t a r t ing  a r u n  e i ther  by  mass spec-  
t r ome te r  or by  v o l u m e  d isp lacement .  So lub i l i ty  
type  of p e r m e a t i o n  should show an  in i t i a l  t ime  lag. 
Second, mass spec t romete r  m e a s u r e m e n t  shows H._, 
and  He are about  equa l  in  rate ,  and  H~ should  be 
a p p r o x i m a t e l y  1/10 the ra te  of tha t  of He for fused 
silica (9) .  Third ,  the  t e m p e r a t u r e  dependence  is 
not  found  to be exponent ia l .  A rgon  was used in 
the  mass  spec t romete r  w i t h  a p ressure  d i f fe rent ia l  
of 6 m m  Hg. P e r m e a t i o n  m e a s u r e m e n t s  were  made  

at 29 ~ and  59~ and  the  ra tes  were  found  to be 
a p p r o x i m a t e l y  the  same with,  perhaps,  a 3% higher  
ra te  for the  h igher  t empera tu re .  As a rough  ap-  
p r o x i m a t i o n  wi th  a P of 5 • 10 -1~ for oxygen  it is 
es t imated  tha t  us ing  a test  a rea  of 3 • 10 -2 cm ~ the  
tota l  " c h a n n e l  area"  wou ld  be 3.65 • 10 -1~ cm ~. If 
this en t i r e  area  is a ssumed  to be one pore, this  
would  cor respond to a p inho le  of a p p r o x i m a t e l y  2 
• 10 -~ cm in d i ame te r  in  a test  a rea  of 0.2 cm d i -  
ameter .  The  e lec t ron  microscope fai led to detect  
a n y  pores in several  films over  the l imi ted  field 
observed,  even  wi th  a reso lu t ion  down  to 50A, so 
channe l s  should be  n u m e r o u s  and  e x t r e me l y  smal l  
in  size. 

The ra tes  ob ta ined  wi th  hyd rogen  and  he l ium 
(see Tab le  I) approach  the  va lues  found  by  other  
au thors  us ing  fused silica (11) by  one  or two or-  
ders of magn i tude .  Le iby  and  Chen (12) s tudied 
the  p e r m e a t i o n  of va r ious  gases t h rough  Vycor 
glass, and  repor t  p e r m e a t i o n  cons tan ts  in  the  range  
of 10 -1~ to 10 -11 cm~-cm/sec-cm~-cm Hg for He at 
room t empera tu re ,  which  is aga in  one or two orders  
lower  t h a n  is found  wi th  the  least  pe r me a b l e  t h e r -  
m a l l y  g rown oxide. The  p e r m e a t i o n  cons tan t  of He 
in  Vycor  glass was found  to be both  a square  root 
and  an  exponen t i a l  f unc t i on  of t empe ra tu r e .  The 
square  root t e m p e r a t u r e  dependence  was cons idered  
to ind ica te  the  exis tence  of a molecu la r  s t r eaming  
process t h rough  e x t r e m e l y  smal l  voids a n d / o r  
channe l s  of nea r  molecu la r  d imens ion .  If this  is the 
case, t hen  the  channe l s  ex is t ing  in  some of these 
t h e r m a l l y  g rown  oxide films also could no t  be too 
much  la rger  t h a n  molecu la r  size. 

The runs  which  gave va lues  be low 10 -1~ were  ob-  
t a ined  by  the  v o l u m e  d i sp lacement  method,  b u t  
this va lue  is ce r t a in ly  the ex t r eme  uppe r  l imi t  
m e a s u r a b l e  by  this p rocedure  due to t ime  factor  
and  effects of e x t e r n a l  s u r r o u n d i n g s  such as t e m -  
pera tu re .  For  va lues  less t h a n  10 -9 mass  spec t rom-  
eter  is the  most  accura te  and  most  sens i t ive  method,  
for wi th  the  p resen t  system, a p e r m e a b i l i t y  for 
oxygen  in  the  order  of 10 -~ could have  b e e n  de -  
tected if these films were  free of imper fec t ions  and  
if p e r m e a t i o n  occurred  th rough  the silica by solu-  
bi l i ty .  

Detection o] Film Imperfections 

Basical ly,  the films s tudied  for imper fec t ion  de-  
tec t ion are p r e p a r e d  by  e i ther  of th ree  methods :  
(a) t h e r m a l  ox ida t ion  of si l icon wi th  oxygen,  (b)  
t h e r m a l  ox ida t ion  of si l icon wi th  s team, and  (c) 
pyro ly t ic  decomposi t ion  of an  o r g a n i c - o x y - s i l a n e  
onto a si l icon c rys ta l  surface.  The  state  of the  su r -  
face pr ior  to ox ida t ion  or deposi t ion appears  to af-  
fect the qua l i t y  of the r e su l t ing  film great ly ,  as u n -  
des i rab le  fore ign  mate r i a l s  on the  si l icon surface 
wi l l  p roduce  a poor oxide. In  genera l ,  few phys ica l  
differences are no ted  in  the oxides p repa red  by  
these th ree  methods .  Al l  are  amorphous  by  x - r a y  
and  e lec t ron diffraction.  The films deposi ted py ro -  
ly t ical ly ,  however ,  appear  to be  u n d e r  cons ide rab ly  
more  stress t h a n  the t h e r m a l l y  oxidized films, so 
an a n n e a l i n g  step mus t  be in t roduced  to get t hem 
to lie fiat and  con t inuous  (see Fig.  5). Of course, 
the reac t ion  kinet ics  and  the  p r e p a r a t i o n  t e m p e r a -  
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F~g. 5. Effect of annealing on pyrolytic film; left, annealed; 
right, unannealed; both after I min CI~ at 900~ 

Fig. 7. Effect on oxide by chlorine etching insufficiently cleaned 
silicon; IO,O00A oxide by dry 02 at 1200~ 

Fig. 6. Unannealed pyrolytic film cracking defined by chlorine 
etching. Original oxide crack and chlorine channel shown. Magni- 
fication IOOX. 

tures of these three preparation methods are quite 
different. 

A method is developed by which films and silicon 
preoxidation cleaning processes could be evaluated 
qualitatively in relation to the imperfections intro- 
duced into the silicon dioxide film. Chlorine etching 
proves to be a very  effective method for qualita- 
tively screening films for cracks and pores. A test 
oxide must still be on its silicon substrate, whether  
thermally grown or deposited, and the silicon must 
be completely covered including its edges. Gross 
film imperfections, even those not visible with the 
eye, are easily detected after placing the sample in 
a dry CL stream at 900~ for 1-2 min. If the sam- 
ple oxide contains large visible cracks, this time 
will be almost sufficient to attack the silicon com- 
pletely, leaving fragments of oxide film. 

A 2-min, 900~ CL etch finely brings out micro- 
cracks in oxide films as the chlorine attacks through 
the discontinuities and slowly undercuts along into 
the silicon (see Fig. 6). Microscopic examination of 
the etched areas always discloses the crack in the 
oxide. 

However, to reveal some of the pores previously 
discussed, at least 30 minutes in CI~ at 900~ are 
required to undercut  the silicon sufficiently for ob- 
servation. 

Chlorine etching tends to indicate that there is 
little difference in the three preparation methods 

Fig. 8. Effect on oxide by chlorine etching chemically cleaned 
siF~con; 6000.~ oxide by steam at 1200~ 

in their relative susceptibility to film imperfections. 
All are basically equivalent in regard to number  of 
pinholes; however, unannealed pyrolytically de- 
posited oxides do tend to crack more readily in 
thicknesses over 15,000A. The factor which appears 
most critical for imperfection reduction is silicon 
pretreatment  and cleanliness prior to oxidation or 
deposition (see Fig. 7 and 8). 

Conclus ions  

Methods have been developed to measure gas 
permeation through thin silicon dioxide films. From 
the data collected it is shown that pores and micro- 
channels (orders of magnitude smaller than pores) 
are formed in these films, and permeation through 
them is the main diffusion mechanism involved. 

The existence of imperfections in the oxides is 
demonstrated by using a chlorine etching technique. 

An important  result  from this work is that  sur- 
face contamination is an important factor in the 
production of pores in the oxide. Channel size ap- 
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proaching atomic dimensions could be obta ined in 
these films by being ex t r eme ly  careful  in the p re -  
oxidat ion cleaning of the silicon. 

Some oxide films show the presence of c rys ta l -  
l ine s t ructures  considered to be caused by a nuclea-  
tion phenomena  due to the  presence of foreign p a r -  
ticles on the silicon surface. 
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Preparation of Solid Solutions of GaP and GaAs 
by a Gas Phase Reaction 

Frank A. Pizzarello 
Chemica~ Physics Department, Semiconductor MateriMs Section, 

Hughes Research Laboratories, Newport Beach, CaliSornia 

ABSTRACT 

Homogeneous solid solutions of gallium phosphide and gallium arsenide 
were synthesized. The synthesis involves the transport  of the constituents of 
the solid solution to a cool substrate by means of a complex reaction with 
iodine under near-equil ibrium conditions. The homogeneity of the samples 
prepared was demonstrated by x-ray,  microscopic, and optical absorption meas- 
urements. 

Among the first to describe the synthesis  of the 
I I I -V compounds by  a gas phase react ion were  An-  
tel l  and Effer (1).  These workers  demons t ra ted  that  
GaAs, GaP, and InP can be successfully synthesized 
from a mix tu re  of a group III  hal ide and an e lement  
of group V. At  present,  a great  deal  of work  is being 
devoted to the epi tax ia l  growth  of silicon (2) and 
ge rmanium (3).  In these ep i tax ia l  growth systems 
t ranspor t  of silicon and ge rman ium hal ides  to a sub- 
s t ra te  occurs ei ther  by  mixing wi th  a flowing gas 
or under  the influence of a the rmal  gradient .  The 
subst ra te  t empe ra tu r e  is so fixed tha t  deposit ion 
takes place by the d ispropor t ionat ion  of the silicon 
and ge rmanium halides. 

The technique descr ibed in this paper  uses the 
general  approach of t ranspor t  of ha l ides  by  means  of 
a the rmal  gradient .  The pr incip le  advantages  of this  
method of synthesis  is tha t  high tempera tures ,  high 
pressures,  and long periods of equi l ibra t ion  are  not 
requi red  to form homogeneous solid solutions. 

A mechanical  mix ture  of ga l l ium arsenide and gal-  
l ium phosphide,  together  with a measured  quan t i ty  
of iodine, is sealed in a quartz  tube tha t  is heated in 
a furnace of a known t empera tu re  gradient .  The 
gal l ium phosph ide-ga l l ium arsenide  mix tu re  is 
placed in the h i g h - t e m p e r a t u r e  zone of the furnace.  

Mater ia l  is t ranspor ted  to the cooler zone and de-  
posits on the quartz  wal l  of the react ion vessel as a 
homogeneous solid solution of gal l ium phosphide-  
gal l ium arsenide.  Microscopic examinat ion,  x - r a y  
analysis,  and optical  measurements  were  made to 
ver i fy  the homogeneous na tu re  of the deposi ted ma-  
terial .  

The net  chemical  reactions involved in the process 
can be represen ted  by the following equations:  

H i g h - t e m p e r a t u r e  region: Source ma te r i a l  
4GaP (S) § 2L (g) --> 4GaI (g) -t- P4 (g) [a]  
4GaAs (S) + 212 (g) --~ 4GaI (g) -~- As, (g) [b]  

Cooler t empera tu re  region: subs t ra te  
4GaI (g) + ( 1 - - x ) P ,  (g)  + (x )As ,  (g) --> 

4GaAs~P(,_~) (S) + 2L (g) [c] 

React ions [a]  and [b]  occur at  the  high source t e m -  
pera ture .  The gal l ium iodide, phosphorus,  and a r -  
senic formed are t ranspor ted  to the cooler region of 
the tube by the rmal  convection. In the cooler region 
GaAs~P(I_~) deposits on the wal ls  of the  tube as indi-  
cated by react ion [c].  

Experimental 
Mechanical  mix tu res  are p repa red  by gr inding 

measured  quant i t ies  of gal l ium phosphide and gal-  
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Fig. 1. Composite view of the quartz apparatus and the thermal 
gradient used in these experiments. 

l ium arsenide together  in an agate  mortar .  Two 
grams of the desired mix ture  are placed in region A 
of the quartz  react ion tube shown in Fig. 1. 

One tenth  of a g ram of iodine is placed in t ubu la -  
tion B. The assembly is evacuated  to 10 - ' m m  Hg. In 
ear l ier  exper iments ,  the tubula t ion  B was immersed  
in l iquid ni t rogen dur ing  evacuat ion to avoid loss of 
iodine. I t  was found, however,  tha t  small  quant i t ies  
of wate r  in t roduced into the system by this procedure  
produced undes i rable  effects. This contaminat ion is 
avoided through use of cuprous iodide, placed in 
tubula t ion  C, as an iodine source. The sys tem is 
evacuated  and thoroughly  degassed at 100~ The 
cuprous iodide is then decomposed at  approx ima te ly  
400~ and the l ibe ra ted  iodine condensed at B. The 
quartz  tube is degassed by  heat ing wi th  an oxygen-  
hydrogen torch, and then sealed off at the constr ic-  
t ion D. This is fol lowed by sealing off tubula t ion  C at 
constr ict ion E. 

The assembly  is placed in a ver t ica l  furnace wi th  
the the rmal  d is t r ibut ion  shown in Fig. 1. Any  desired 
t empera tu re  difference, t, can be imposed on the sys- 
tem by adjus t ing  the length,  F, of the quartz  tube. In 
these exper iments ,  the t empera tu re  differences used 
were  100 ~ and 200~ 

Results 

Figure  2 i l lus t ra tes  a typical  gal l ium phosphide-  
gal l ium arsenide  deposit.  These deposits  are densely 
packed, adheren t  masses of crystal l i tes ,  ranging  in 
size from 1 mm to 10 -~ mm on an edge. The larges t  
crysta l l i tes  are found in the center  por t ion of the de-  
posit. Microscopic examinat ion  reveals  we l l - fo rmed  
t e t r ahedra l  outcroppings,  indicat ing p re fe ren t ia l  
growth  on (111) faces. 

X - r a y  powder  pa t te rns  show the deposits  to be 
homogeneous solid solutions wi th  a crys ta l  s t ruc ture  
of the z inc-b lende  type.  A plot  of the lat t ice p a r a m -  
eter  vs. mole fract ion of gal l ium arsenide is given in 
Fig. 3. This plot  shows tha t  Vegard 's  law is approx i -  
mated,  a resul t  which is in agreement  wi th  tha t  of 
F l icker  and He rka r t  (3).  The scat ter  in the da ta  
shown in Fig. 4 is due, in part ,  to the inaccuracy of 

Fig. 2. Photograph of a typical sol~d solution deposition 
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Fig. 4. Energy gap of GaAs/GaP solid solutions vs. mole fraction 
of gallium arsenide. 

the ana ly t ica l  chemical  technique used for the de te r -  
minat ion of concentrat ion.  The accuracy of the 
chemical  analysis  technique used was de te rmined  to 
be 6%. X - r a y  and microscopic examinat ions  revea led  
the inclusion of a second phase in the deposition. An 
x - r a y  powder  pa t t e rn  of this  ma te r i a l  was identified 
as Ga (PO,).  The amount  of this ma te r i a l  was reduced 
below the level  of detect ion by  microscopic and x - r a y  
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t echn iques  b y  us ing  the  cup rous  iod ide  t h e r m a l  d e -  
compos i t ion  t echn ique ,  w h i c h  a s s u r e d  t h e  exc lus ion  
of o x y g e n  and  w a t e r  f rom the  sys tem.  

Op t i ca l  a b s o r p t i o n  m e a s u r e m e n t s  on po l i shed  
p o l y c r y s t a l l i n e  s amp le s  of g a l l i u m  p h o s p h i d e - g a l -  
l i um a r s e n i d e  sol id  so lu t ions  w e r e  p e r f o r m e d .  R e -  
sul ts  a r e  g iven  in Fig.  4. Va lues  of e n e r g y  gap  w e r e  
d e t e r m i n e d  f rom a p lo t  of t r a n s m i s s i o n  vs .  e n e r g y  at  
a p o i n t  on the  e n e r g y  ax i s  w h e r e  t he  t r a n s m i s s i o n  is 
30% of the  m a x i m u m  t r ansmis s ion .  C o m p a r i s o n  of 
th is  op t i ca l  d a t a  w i th  s im i l a r  d a t a  p u b l i s h e d  b y  F o l -  
b e r t h  (4)  shows a g r e e m e n t  w i t h i n  a m a x i m u m  d e -  
v i a t i on  of 6%. Op t i ca l  s a m p l e s  con ta in ing  less  t han  
0.50 mole  f r ac t i on  of g a l l i u m  a r s e n i d e  a re  t r a n s p a r -  
en t  to v i s ib le  l i gh t .  V i sua l  and  mic roscop ic  e x a m i n a -  
t ion of t he se  s a m p l e s  r e v e a l e d  u n i f o r m l y  co lored  
m a t e r i a l  con t a in ing  a r a n d o m  mosa ic  p a t t e r n  of 
c rys t a l l i t e s .  S a m p l e s  not  p r e p a r e d  b y  the  c up rous  
iod ide  t e c h n i q u e  show a m a x i m u m  t r a n s m i s s i o n  less 
t h a n  t h a t  c a l c u l a t e d  f rom re f lec tance  da ta .  This  effect 
is p r o b a b l y  due  to the  p r e s e n c e  of occ luded  g a l l i u m  
p h o s p h a t e  ac t ing  as l igh t  s ca t t e r i ng  si tes.  

S ince  the  n a t u r e  of th is  s y s t e m  is such t h a t  m a n y  
fac tors  m a y  h a v e  an  effect, t he  fou r  p a r a m e t e r s ,  con-  
c e n t r a t i o n  of t h e  m e c h a n i c a l  m i x t u r e  of g a l l i u m  
p h o s p h i d e - g a l l i u m  a r sen ide ,  t e m p e r a t u r e  d i f fe rence  
b e t w e e n  source  and  subs t r a t e ,  p r e s s u r e  of arsenic ,  
and  p r e s s u r e  of phosphorus ,  w e r e  i n d e p e n d e n t l y  
va r i ed .  A compos i t e  g r a p h  of t he  e x p e r i m e n t a l  r e -  
sul ts  is g iven  in Fig.  5. The  t e r m  "excess  p r e s s u r e "  
used  in the  l egend  of Fig.  5 r e f e r s  to the  p a r t i a l  
p r e s s u r e  of p h o s p h o r u s  or  a r sen ic  d e v e l o p e d  at  the  
t e m p e r a t u r e  of depos i t i on  in  excess  of the  p r e s s u r e  
d e v e l o p e d  b y  the  decompos i t i on  of t he  g a l l i u m  a r -  
sen ide  or  g a l l i u m  phosph ide .  This  excess  p r e s s u r e  is 
d e t e r m i n e d  b y  the  q u a n t i t y  of p h o s p h o r u s  or  a r -  
senic  a d d e d  to t he  m e c h a n i c a l  m i x t u r e .  C u r v e  a (no 
excess  p h o s p h o r u s  or  a r sen ic  u sed )  shows  a s imp le  
p r o p o r t i o n a l  r e l a t i o n  b e t w e e n  m e c h a n i c a l  m i x t u r e  
c o n c e n t r a t i o n  and  depos i t i on  concen t r a t ion .  C u r v e s  
b and  c, 0.25 a t m  excess  p r e s s u r e  of a r sen ic  a n d  0.48 
a tm  excess  of p h o s p h o r u s  r e spec t i ve ly ,  show a m o r e  
c o m p l i c a t e d  r e l a t i o n s h i p  b e t w e e n  the  m e c h a n i c a l  
m i x t u r e  c o n c e n t r a t i o n  and  depos i t i on  c o n c e n t r a t i o n  
at  the  end  po r t i ons  of the  curves .  A n  i n t e r e s t i n g  con-  
sequence  of t he  s t u d y  is t h a t  a w i d e  r a n g e  of concen -  
t r a t i ons  was  syn thes i zed  b y  us ing  m i x t u r e s  of ga l -  
l i um a r s e n i d e - r e d  p h o s p h o r u s  and  g a l l i u m  p h o s -  
p h i d e - a r s e n i c .  F i g u r e  6 shows the  v a r i a t i o n  of con-  
c e n t r a t i o n  of depos i t i on  w i t h  excess  p h o s p h o r u s  
p r e s s u r e  w h e n  g a l l i u m  a r s e n i d e - r e d  p h o s p h o r u s  
m i x t u r e s  a r e  used.  

Discussion 

The Gibbs  f ree  e n e r g y  of t he  ne t  e q u i l i b r i u m  r e -  
ac t ion  

4 G a I ( g )  + (1 - - x )  P , ( g )  + X A s , ( g )  
4 GaAsx P(>,, (s)  + 2 L ( g )  

is g iven  b y  

P2I  2 
• = - - R %  In [ 1 ] 

P%I Pr~ ~-* P%,, 

w h e r e  P,.  is t he  t o t a l  iod ine  p res su re ,  Pc.,, is the  t o t a l  
g a l l i u m  iod ide  p re s su re ,  Pr,  is the  t o t a l  p h o s p h o r u s  
p res su re ,  PA~, is the  t o t a l  a r sen i c  p re s su re ,  T, is the  

],, Z 
(9 

U_ 
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Fig. S. Mole fraction of a mechanical mixture of gallium or- 
senide in gallium phosphide vs. mole fraction of deposited GaAs/ 
GaP alloy; curve a -A ,  no excess As~ or P~ pressure; At-200~ 
curve b-AM 0.25 arm excess As, pressure, A T - 2 0 0 ~  curve b - I ,  
0.25 atm excess As~ pressure, AT-100~ curve c-C), 0.48 arm 
excess P4 pressure, AT-200~ curve d-D,  0.72 atm excess P~ 
pressure, A T-200~ 
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Fig. 6. Excess pressure of phosphorus vs. mole fraction of gallium 
phosphide in gallium arsenide. 

s u b s t r a t e  t e m p e r a t u r e ,  and  x is the  mo le  f r ac t i on  of 
g a l l i u m  a r sen ide .  R e a r r a n g i n g  t e r m s  Eq. [1]  can  be  
p u t  in the  form.  

AF1 
+ 2 In P~= - -  4 in  PGaI  - -  In Pp, 

RT~ 
x = [2]  

in  PA., - -  In Pp, 

A t  the  source  r eg ion  of t he  sys tem,  t he  ne t  c h e m i c a l  
e q u i l i b r i u m  r eac t i ons  p o s t u l a t e d  are :  

4GaAs  (S )  + 2L (g)  ~ 4GaI  (g)  + As,  (g)  
4 G a P  (S )  + 2 L ( g ) - * 4 G a I  (g)  + P ,  (g)  

The  Gibbs  f ree  e n e r g y  for  these  r eac t ions  a re :  

P%.~ PA,, 
F~ = - - R %  In - -  [3]  

PUi 2 

F,  = - - R %  In [4]  
P2i  2 

w h e r e  7'.., is the  source  t e m p e r a t u r e .  
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F r o m  Eq. [3]  a n d  [4]  i t  can  be  seen  t ha t  for  a 
g iven  t e m p e r a t u r e ,  %, the  t o t a l  p r e s s u r e s  of a rsenic ,  
phosphorus ,  g a l l i u m  iodide,  and  iod ine  in t he  c losed 
sy s t em a re  i n d e p e n d e n t  of t he  r e l a t i v e  p r o p o r t i o n s  of 
G a A s  and  G a P  in the  sol id  phase .  C o n s e q u e n t l y  one 
expec t s  x,  as g iven  b y  Eq. [2] ,  to be  s ingle  v a l u e d  
w h e n  the  s u b s t r a t e  and  source  t e m p e r a t u r e s  a r e  
fixed. This  conc lus ion  is in d i r ec t  c o n t r a d i c t i o n  to t he  
d a t a  s h o w n  in Fig.  5 w h e r e  i t  is seen t h a t  the  a l loy  
compos i t ion  is v a r i e d  b y  changes  of m i x t u r e  com-  
pos i t ion  at  the  source  region .  No e x a c t  m e c h a n i s m  
has  been  dev i s ed  to e x p l a i n  the  o b s e r v e d  da ta .  This  
a n o m a l y ,  howeve r ,  is r e s o l v e d  b y  p o s t u l a t i n g  a com-  
p l ex  sol id  phase  r e a c t i o n  b e t w e e n  G a A s  and  G a P  at  
t he  source  t e m p e r a t u r e  w h i c h  fo rms  g a l l i u m  a r -  
s e n i d e - g a l l i u m  p h o s p h i d e  sol id  so lu t ions  of c o m p o s i -  
t ion d e p e n d e n t  on the  concen t r a t i on  of t he  m e -  
chan ica l  m i x t u r e  i n t roduced .  This  p o s t u l a t e  is p a r -  
t i a l l y  s u p p o r t e d  b y  the  o b s e r v a t i o n  t ha t  G a A s  is 
p r e f e r e n t i a l l y  t r a n s f e r r e d  to the  s u b s t r a t e  w h e n  

G a A s  and  G a P  is used  as the  source  in an  u n m i x e d  
s ta te .  
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Study of Aluminum Fusion into Silicon 
Tchang-II Chung 

Semiconductor Division, Hughes Aircraft Company, Newport Beach, California 

ABSTRACT 

The wet tab i l i ty  of silicon by  a luminum,  the  spreading  d iameter  of a luminum 
on silicon, and the depth  of pene t ra t ion  of a luminum into silicon are  ana ly t i -  
cal ly  and expe r imen ta l ly  s tudied as a funct ion of the fusion tempera ture ,  the 
fusion time, and the a luminum spherical  d iameter .  Graphs  are provided  to 
es t imate  these factors quan t i t a t ive ly  dur ing  the fusion process and to p r ede -  
te rmine  the configurat ion of an a l loyed junction.  A method is also der ived  
to calculate  the pene t ra t ion  depth  of a luminum in silicon. 

In  the  m a n u f a c t u r e  of some s emiconduc to r  devices ,  
the  p - n  j unc t i ons  a r e  p r e p a r e d  b y  a l l oy ing  a c c e p t o r -  
t ype  m a t e r i a l  such as a l u m i n u m  to a h o m o g e n e o u s  
s i l icon c rys ta l .  The  f o r m a t i o n  of a l loy  j unc t i ons  is 
p r i n c i p a l l y  d e t e r m i n e d  b y  the  w e t t i n g  of t he  s i l icon 
b y  the  a l u m i n u m  a n d  s u b s e q u e n t  s o l u b i l i t y  of t he  
s i l icon into  the  a l u m i n u m .  In  o r d e r  to i nc rease  the  
r e p r o d u c i b i l i t y  of the  process ,  i t  is o f ten  neces -  
s a r y  to u n d e r s t a n d  the  causes  w h i c h  affect  the  v a l -  
ues  of d iode  p a r a m e t e r s .  

The  p u r p o s e  of th is  p a p e r  is to s tudy ,  in de ta i l ,  
the  p h e n o m e n a  occu r r i ng  d u r i n g  the  fus ion  of s e m i -  
conduc to r  devices .  

Wettabi l i ty  of Silicon by A l u m i n u m  

On h e a t i n g  in an  i n e r t  a t m o s p h e r e ,  a l u m i n u m  wi l l  
w e t  the  s i l icon a n d  s p r e a d  ou t  to  t he  s h a p e  of  a 
sec t ion  of a sphere .  The  w e t t i n g  is d e p e n d e n t ,  in 
pa r t ,  on the  su r face  t ens ion  of t he  m o l t e n  a l u m i n u m  
and  affects t he  j u n c t i o n  shape.  The  deg ree  of w e t -  
t a b i l i t y  (1)  of s i l icon b y  an  a l u m i n u m  l iqu id  is 
c h a r a c t e r i z e d  b y  the  con tac t  or  w e t t i n g  ang le  8 and  
the  s p r e a d i n g  d i a m e t e r  of the  a l u m i n u m  as i nd i ca t ed  
(2, 3) in Fig .  1, w h e r e  ~,so is the  i n t e r f a c i a l  t ens ion  of 
the  sol id  s i l i con-gas ,  ~,sL is t he  i n t e r f a c i a l  t ens ion  of 
sol id  s i l i c o n - l i q u i d  a l u m i n u m ,  71.o is the  i n t e r r a c i a l  
t ens ion  of l iqu id  a l u m i n u m  gas, and  D, is the  s p r e a d -  

ing  d i a m e t e r  of t h e  a l u m i n u m .  These  i n t e r f a c i a l  t e n -  
sions can  also be  r e p r e s e n t e d  as force  vec to r s  as 
shown  in Fig.  2. 

t Solid Silicon 

Ds 1 
Fig. 1. Angle of contact 8 of a liquid aluminum with a solid sili- 

con surface, considered in terms of interfacial tensions. 

Y 

YLG 

~L X 
Fig. 2. Interracial tensions, considered as vectors 
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F o r  t h e  e q u i l i b r i u m  a long  the  con tac t  l ine,  these  
t h r e e  forces  m u s t  b a l a n c e  each  other .  Th is  g ives  
w h e n  the  g r a v i t a t i o n  is n e g l e c t e d  

the re fo re ,  
~'~ = ~'.L + "/L. cos 0 [ 1 ] 

~SG - -  ~SL 
cos 8 - -  [2]  

TLO 

F r o m  this  e x p r e s s i o n  i t  is no t ed  t ha t  the  con tac t  ang le  
va r i e s  d i r e c t l y  as t he  t ens ion  a t  the  l i qu id  a l u m i n u m -  
gas  i n t e r f a c e  and  the  t ens ion  at  the  sol id  s i l i c o n - l i q -  
u id  a l u m i n u m  in te r face .  

F o r  mos t  ma t e r i a l s ,  h o w e v e r ,  the  su r f ace  t ens ion  of 
l i qu id  dec reases  a p p r o x i m a t e l y  l i n e a r l y  f rom v e r y  
low t e m p e r a t u r e  to a few deg ree s  b e l o w  the  c r i t i ca l  
t e m p e r a t u r e  w h e r e  i t  becomes  a l m o s t  zero.  I f  7~ is 
su r face  t ens ion  of t he  l i qu id  a t  t he  t e m p e r a t u r e  T, 
i ts  v a l u e  is a p p r o x i m a t e l y  g iven  b y  (3)  

T~=~'o 1 - - - -  [3]  
To 

w h e r e  To is t h e  c r i t i ca l  t e m p e r a t u r e  and  I'o is a 
q u a n t i t y  i n d e p e n d e n t  of t e m p e r a t u r e  bu t  c h a r a c t e r -  
is t ic  for  e v e r y  subs tance .  

A c c o r d i n g  to Eq. [2]  and  [3]  t h e  con tac t  ang le  0 
is a func t ion  of t e m p e r a t u r e .  T h e  con tac t  ang le  d e -  
pends  on the  fus ion  t e m p e r a t u r e ,  t ime,  and  the  g a s e -  
ous m e d i u m  in w h i c h  t h e  w e t t i n g  occurs .  I t  shou ld  be  
no ted  (1) ,  h o w e v e r ,  t h a t  w h e n  a l u m i n u m  is fused  
into  si l icon,  the  s i l icon is not  on ly  w e t t e d  b u t  also 
d i s so lves  in t h e  a l u m i n u m  and  w h e n  the  fus ion  t e m -  
p e r a t u r e  increases ,  the  compos i t ion  of the  w e t t i n g  
l iqu id  var ies .  

Penetration Depth of A l u m i n u m  into Silicon 

The  d e p t h  of p e n e t r a t i o n  is d e t e r m i n e d  by  the  
so lub i l i t y  of s i l icon into  t he  a l u m i n u m ,  a n d  i t  d e -  
pends  on the  fus ion  t e m p e r a t u r e ,  t ime,  and  the  r e l a -  
t i ve  w e i g h t  of t he  a l l o y e d  c o m p o n e n t s  (4) .  The  
a l u m i n u m - s i l i c o n  p h a s e  d i a g r a m  (5)  (Fig .  3) is one 
w a y  of de sc r ib ing  the  so lub i l i t y  of one c o m p o n e n t  in 
a n o t h e r  as a func t ion  of t e m p e r a t u r e .  W h e n  the  fu -  
s ion t e m p e r a t u r e  inc reases  (6) ,  t he  s i l icon c o n c e n -  
t r a t i o n  in the  me l t  i nc reases  a n d  the  l i qu id  w i l l  p e n e -  
t r a t e  in to  t he  i n t e r i o r  of t he  s i l icon s lowiy ,  g r a d u a l l y  
a p p r o x i m a t i n g  an  e q u i l i b r i u m  va lue .  

TEMPERATURE 
IN ~ 
150C 

. . . . . . . .  ~43c 

120( 

L 1 

90( 

~6 
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0 20 40 60 ~ ' I00 
(AI) ATOMIC PER CENT SILICON (Si) 

Fig. 3. Aluminum-silicon phase diagram 

To ca l cu l a t e  (6)  t he  p e n e t r a t i o n  d e p t h  of a l u m i -  
n u m  in to  si l icon,  le t  t he  r a t i o  of s i l icon a t o m s  to t he  
t o t a l  n u m b e r  of a toms  in a m e l t  a t  c e r t a i n  t e m p e r a -  
t u r e  be  S. Then  

S D e n s i t y  of A l u m i n u m  

1 - -  S D e ns i t y  of S i l icon  

A t o m i c  W e i g h t  of S i l icon  
[4] 

A t o m i c  W e i g h t  of A l u m i n u m  

Since  S is a func t ion  of t e m p e r a t u r e  as g iven  b y  the  
a l u m i n u m - s i l i c o n  phase  d i a g r a m ,  th is  can be r e -  
w r i t t e n  as (6)  

Vs, = F ( T )  Va, [5]  

w h e r e  F ( T )  is a func t ion  of t e m p e r a t u r e  and  is 
p l o t t e d  a ga in s t  t e m p e r a t u r e  in  Fig .  4. This  f igure  
has  been  p r e p a r e d  f r o m  the  a l u m i n u m - s i l i c o n  p h a s e  
d i a g r a m  s h o w n  in Fig.  3. W h e n  a s m a l l  a m o u n t  of 
a l u m i n u m  s p h e r e  is h e a t e d  on a flat  s i l icon surface ,  
i t  (6)  wi l l  w e t  t he  s i l icon and  s p r e a d  out  to the  shape  
of a sphe r i ca l  segment ,  and  a t  the  s ame  t i m e  it  d i s -  
so lves  some s i l icon  in  a l i m i t e d  vo lume .  T h e  d i s -  
so lved  s i l icon v o l u m e  is a s s u m e d  to be  in the  shape  
of t he  f r u s t u m  of a cone, one of whose  base  a r e a  is 
t h a t  of t he  con tac t  a r e a  of t he  a l u m i n u m  a n d  t h e  
o the r  is t he  a r e a  of t r a n s i t i o n  and  whose  he igh t  x is 
the  d e p t h  of p e n e t r a t i o n  (see  Fig .  5) .  

S u b s t i t u t i n g  the  a l u m i n u m  and  s i l icon d i s so lved  
vo lume s  in Eq. [5] ,  
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Fig. 4. Volume solubility of silicon in aluminum vs .  temperature 
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~r x ( D /  + D~y -F y~) = F(T)  ~-~-D" 
12 6 

2D ~ 
x = F(T)  [6]  

D /  Jr Dsy -F  Y~ 

This  is t he  g e n e r a l  e q u a t i o n  to ca l cu l a t e  p e n e t r a t i o n  
d e p t h  of a l loy ing ,  x ,  as  a f u n c t i o n  of t e m p e r a t u r e ,  
F(T) ,  d i a m e t e r  of a l u m i n u m  sphere ,  D, s p r e a d i n g  
d i a m e t e r ,  Do, a n d  d i a m e t e r  of t r ans i t i on ,  y. 

Fusion Technique (1, 7) 
A p u r e  a l u m i n u m  s p h e r e  is fu sed  to t he  s i l icon 

dice  cu t  f r o m  the  s l ices  of c r y s t a l  to f o r m  a r e c t i f y -  
ing junc t ion .  

The  p r o c e d u r e  is to p l ace  a con t ro l l ed  a m o u n t  of 
p u r e  a l u m i n u m  s p h e r e  on the  su r f ace  of s i l icon dice  
a n d  h e a t  t he  c r y s t a l  a b o v e  the  s i l i c o n - a l u m i n u m  
eu tec t i c  p o i n t  w h i c h  is 577 ~ in  an  i n e r t  a t m o s p h e r e .  
The  a l u m i n u m  first  mel t s ,  a l lows  t h e  a l loy  to w e t  t he  
su r face  and  d i sso lve  some s i l icon in a l im i t ed  area .  
W h e n  the  s i l i c o n - a l u m i n u m  l iqu id  so lu t ion  becomes  
s a t u r a t e d  at  fus ion  t e m p e r a t u r e ,  t he  fus ion  comes  to 
a t t a i n  an  e q u i l i b r i u m  pos i t ion .  H o w e v e r ,  the  a l u m i -  
n u m  a t o m s  a re  s t i l l  d i f fus ing  in to  t he  sol id  s i l icon at  
t h e  i n t e r f a c e  a n d  conve r t  t he  i m m e d i a t e l y  a d j a c e n t  
r eg ion  to p - t y p e .  I f  w e  now cool t he  s a m p l e  u n d e r  
con t ro l l ed  cool ing condi t ions ,  t he  s a t u r a t e d  s i l i con-  
a l u m i n u m  l iqu id  solu t ion ,  w h i c h  has  become  p - t y p e ,  
r e g r o w s  on the  o r ig ina l  c rys ta l ,  as a c o n t i n u a t i o n  of 
t h e  s ingle  c rys ta l ,  to f o r m  the  r e c t i f y i n g  p - n  junc t ion .  
Bo th  the  d i f fus ion c o n v e r t e d  and  the  r e g r o w n  r eg ion  
p l a y  i m p o r t a n t  f ac to rs  in  t he  dev ice  p rope r t i e s .  The  
r e m a i n i n g  a l u m i n u m  l iqu id  c r y s t a l l i z e d  to fo rm an 
ohmic  con tac t  to  t h e  p - r e g i o n .  

The  e n t i r e  h e a t i n g  and  cool ing cycles  t a k e  p l ace  
wh i l e  t h e  c r y s t a l s  a r e  in an  ine r t  a t m o s p h e r e ,  so t h a t  
a l l  t h e  poss ib i l i t i e s  of a n y  c o n t a m i n a t i o n  of ac t ive  
e l e m e n t s  d u r i n g  the  fus ion  o p e r a t i o n  h a v e  been  
e l im ina t ed .  

Exper imenta l  and Discussion 

A fus ion  s t u d y  was  m a d e  on n - t y p e  si l icon.  S i l i -  
con sl ices w e r e  first  g r o u n d  us ing  c a r b o r u n d u m  No. 
280. G r o u n d  s amp le s  w e r e  po l i shed  in a m i x t u r e  of 
hydro f luor i c ,  n i t r i c ,  and  acet ic  acids,  t a k e n  in t he  
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r a t i o  of 1 :1 :1  for  6 sec at  30~ The  s e m i p o l i s h e d  
sur face ,  w i t h  no scra tches ,  dus t  or  g rease  on it, was  
fused  as d e s c r i b e d  in  fus ion  t echn ique .  R e s i s t i v i t y  of 
s i l icon v a r i e d  f r o m  7 to 15 o h m - c m .  

Contact angle.--The d e p e n d e n c e  of t he  con tac t  
ang le  on the  w e t t i n g  of s i l icon b y  a l u m i n u m  was  in -  
v e s t i g a t e d  in  t he  t e m p e r a t u r e  r a n g e  of 700~176 
The  re su l t s  a r e  s h o w n  in Fig.  6. I t  is e v i d e n t  t h a t  t he  
con tac t  ang le  dec reases  r a p i d l y  up  to a t e m p e r a t u r e  
of 800~ as expec ted ,  t hen  dec reases  v e r y  s l owly  up  
to a t e m p e r a t u r e  of 900~ and  r e m a i n s  a lmos t  con-  
s t an t  w i t h  an  i nc rea se  in t he  t e m p e r a t u r e s .  The  r e -  
sul ts  a r e  also i l l u s t r a t e d  b y  the  p h o t o g r a p h s  of cross  
sec t ions  in  Fig .  7. As  p r e d i c t e d  in the  t heo ry ,  the  s u r -  
face  t ens ion  of t he  fused  a l u m i n u m  dec reases  w i t h  an  
inc rease  in t he  t e m p e r a t u r e .  Besides ,  d e p e n d i n g  on 
the  t e m p e r a t u r e ,  t he  con tac t  ang le  m u s t  d e p e n d  on 
the  fus ion  t ime.  In  o r d e r  to i n v e s t i g a t e  th is  d e p e n d -  
ence,  a fus ion  t ime  of f r o m  18 to 180 sec at  the  p e a k  
t e m p e r a t u r e  was  used.  The  t ime  was  m e a s u r e d  f rom 
the  i n s t an t  a t  w h i c h  the  spec imen  r eaches  t he  p r e -  
h e a t e d  p e a k  t e m p e r a t u r e .  As  can  be  seen  in  Fig.  8, 
t h e  con tac t  ang le  dec rea se s  as t he  fus ion  t i m e  at  t h e  
p e a k  t e m p e r a t u r e  of 800~ increases .  The  r e su l t  is 
also i l l u s t r a t e d  b y  the  p h o t o g r a p h s  of cross  sec t ions  
in  Fig.  9. 

Fig. 7. Cross-sectional shapes of 12 mils aluminum drops at vari- 
ous temperatures. 
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Fig. 6. Contact angle on fusion temperature and aluminum dot 
size (fusion time, 180 sec). Fig. 8. Contact angle on fusion time at 800~ 
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Fig. 9. Cross-sectional shapes of 12 mils aluminum drops at vari- 
ous fusion times at 800~ 
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Fig. 10. Spreading diameter of the aluminum on fusion tempera- 
ture and aluminum dot size (fusion time, 180 sec). 
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Fig. I1. Spreading diameter of the aluminum on fusion time at 
800~ and aluminum dot size. 

Spreading diameter.--The dependence of the 
spreading d iamete r  for the wet t ing  of silicon by 
a luminum was inves t iga ted  in range  700~176 The 
resul ts  are shown in Fig. 10. The spreading d iameter  
of the a luminum dot increases r ap id ly  up to a t em-  
pe ra tu re  of 800~ and then increases s lowly as the 
t empera tu re  increases. The spreading d iameter  (Ds 

in Fig. 1) was also invest igated on the fusion t ime at 
800~ as shown graphica l ly  in Fig. 11. The spreading 
d iameter  a t ta ins  its equi l ibr ium value  dur ing a pe-  
r iod of 60-90 sec and remains  constant  for fur ther  
heating. The wet t ing can be accelerated by exer t ing 
mechanical  pressure  on the a luminum l iquid dur ing 
al loying which helps overcome the surface tension. 
This method aids pa r t i cu l a r ly  a uniform penet ra t ion  
of the al loy junct ion area. Fu r the r  wet t ing dur ing 
al loying can be p reven ted  by t ight  j ig construction 
around the a luminum liquid. 

Depth of penetration.--The dependence of the 
depth  of pene t ra t ion  of a luminum into silicon was 
invest igated in the t empera tu re  range 700~176 
The results  on the t empera tu re  dependence of the 
depth  of pene t ra t ion  of a luminum into silicon are 
shown in Fig. 12. The l imit  of the al loying depth  is 
closely dependent  on the solidus curve in the si l icon- 
a luminum phase d iag ram in Fig. 3. E lemen ta ry  con- 
s iderat ions indicate that  the higher  the t empera tu re ,  
the grea ter  wi l l  be the penetra t ion.  The depth  of pen-  
e t ra t ion  is a function of t empera ture ,  as predic ted  in 
the theory,  and also depends l inear ly  on the re la t ive  
amount  of a luminum or a luminum spherical  d i am-  
eter. The ra te  of pene t ra t ion  wil l  be essent ial ly  char -  
acteris t ic  of pure  a luminum dissolving pure  silicon 
at the fusion tempera ture .  If there  is l i t t le  a luminum, 
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the silicon wil l  sa tura te  the a luminum rap id ly  and 
the ra te  of pene t ra t ion  must  decrease rapidly .  The 
depth  of pene t ra t ion  of a luminum into silicon on 
t empera tu re  and a luminum spherical  d iameter ,  
which is shown in Fig. 12, was obta ined exper i -  
menta l ly  for the  constant  per iod of fusion t ime at  peak  
t empera tu re  in question. In  this  regard ,  the  depend-  
ence of the depth  of pene t ra t ion  on the fusion t ime 
was also inves t iga ted  and, as obta ined at  a t e m p e r a -  
ture  of 800~ is shown in Fig. 13. The ra te  of pene-  
t ra t ion increases up to a fusion t ime of 30 sec and 
decreases as increasing the fusion time. I t  is the au-  
thor 's  opinion that,  when hea ted  in 30 sec, the depth  
of pene t ra t ion  at tains  its equi l ibr ium value  on cool- 
ing. When heated beyond 30 sec, however ,  the a lumi -  
num mel t  spreads rapid ly ;  this is caused by decreas-  
ing l iquid surface tension before  the depth  of pene-  
t ra t ion  a t ta ins  its equi l ib r ium value. The depth  of 
pene t ra t ion  is de te rmined  by  the t empera tu re ,  a lu-  
minum spherical  d iameter ,  and t ime; therefore,  when 
a luminum is fused into silicon it is not prac t ica l  to 
prolong the hea t ing  process beyond 30-40 sec. I t  is 
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Fig. 14. Contact angle vs .  spreading ratio 
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Fig. 15. Depth of penetration on aluminum dot size at 800~ 
for 30 sec. 

also not prac t ica l  to l imit  the fusion t ime to less than 
20-30 sec. 

Throughout  this exper iment ,  it  was observed tha t  
the contact  angle is closely re la ted  to the spreading 
diameter ,  since both re la te  to the surface tensions. 
This re la t ionship  gives the  curve of Fig. 14 in which 
D , / D  is cal led the spreading  ratio. As the  resul t  of 
this exper iment ,  it  has been found that  D , / D  = 1.4 
as a median  va lue  for  pure  a luminum fusion into the 
clean silicon in an argon atmosphere.  Subs t i tu t ing  
the value  of D , / D  = 1.4 into Eq. [6] 

2D ~ 
x = r ( T )  [7] 

1.96D" + 1.4Dy + y~ 

2 
Let  us suppose tha t  y = -~- D, Eq. [7] becomes 

x = F ( T )  (0.6 D) [8] 

This equat ion was then used in p repar ing  the curve 
of Fig. 15, which has closely agreed wi th  ex -  
pe r imenta l  values  in Fig. 13. Equat ion [8] is a~opli- 
cable only for the calculat ion of m a x i m um  depth  of 
pene t ra t ion  at given t empera tu re .  The value  of 
spreading ratio, D , / D  = 1.4, is not a lways  to be ex-  
pected, since the spreading d iameter  of a luminum, 
D,, has a tendency to spread beyond the value of 
D , / D  = 1.4 for the prolonged fusion t ime beyond 30 
s e e .  

When an a luminum sphere 12 mils in diameter ,  for 
example ,  is heated on a pure  silicon surface at  800~ 
the cross-sect ional  configuration of fused junct ion 
can be predicted,  as shown in Fig. 16. 

Shape  of the  p - n  t r a n s i t i o n . - - T h e  typical  shapes 
of the t ransi t ions  which were  observed in this ex-  
per iment  are shown in Fig. 17. F igure  18 shows the 
approx ima te  locations of photographs  in Fig. 17. The 
"isosceles" effect on t r iangle  is due to sl ight  pol ish-  
ing angle. 

Since silicon is no rma l ly  grown in the direct ion 
(111) and dice used for making  devices are cut from 
the crys ta l  at r igh t -ang les  to the growth axis, the 
author  was in teres ted  main ly  in the reveal ing  of fu-  
sions on the (111) plane. However ,  he also s tudied 
plane (100), shown in Fig. 19. F igure  20 shows the 
approx imate  locations of photographs  in Fig. 19. The 

F(T) = F ( 8 0 0 ~  = 0 ,44  (Fig. 4 ) 

maximt.vn, penetration depth: 
x= (0.6)(12)(0.44) = .5.17 mils (Eq. 8) 

median spreading diameter: 
D s = 1.4D = 16.8 mils (Fig. 14) 

minimum ~transition diameter: 
y= ~D = 8 mils 

median high .of aluminum _melt= 

�9 ". h = 6 .75  mils 

Fig. 16. Cross-sectional configuration of example 
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Fig. 17. Photographs illustrating planes parallel to crystal 1-1-1 
plane (see Fig. 18 for sections), 

A- ~ -A 
B-- --B 

C---- --C 
D-- ----D 
E-- --E 
F-- --F 

Fig. 18. Approximate locations of photographs in Fig, 17 

t rapezoidal  effect noted in sections "E-E"  and " F - F "  
is due to a sl ight  polishing angle. At  the  t ip "G-G" ,  
the  p - n  t rans i t ion  tends to approach a spherical  
shape. 

Conclusions 
The work  descr ibed in this paper  has been con- 

cerned wi th  an invest igat ion,  ana ly t i ca l ly  and ex-  
per imenta l ly ,  of the influence of fusion tempera ture ,  
time, and a luminum sphere dot size on a luminum 
fusion into silicon. For  calculat ing the depth  of pene-  
t ra t ion of a luminum into silicon, Eq. [8] is ana ly t i -  
cal ly der ived  and verified by the exper iment  in Fig. 
15. F igures  12 and 13 are  p repa red  to p rede te rmine  
the pene t ra t ion  depth  of a luminum into silicon for 
various a luminum spheres,  fusion tempera tures ,  and 
time. Control  of all  phases of the process would make  
very  uniform junct ion formation.  The amount  of a lu-  
minum and the heat ing and cooling cycles affect the 
junct ion area  and the pene t ra t ion  of regrown region; 
therefore,  its capaci tance and the fo rward  charac te r -  
istics. Moreover,  the perfect ion of junct ion format ion 
affect on the  over -a l l  character is t ics  of device. 
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The Average Conductivity and Hall Effect 
of Diffused Layers on Silicon 

O. N. Tufte 
Honeywell Research Center, Hopkins, Minnesota 

ABSTRACT 

The re la t ion  be tween  the average  conduct iv i ty  and Hal l  coefficient of a 
diffused layer  on sil icon and the surface concentra t ion of the layer  has been 
ca lcula ted  for a complementa ry  e r ror  funct ion impur i t y  dis t r ibut ion.  The re -  
sults show that  the Hal l  coefficient is almost  comple te ly  de te rmined  by  the 
surface concentra t ion of the l aye r  and is only a very  weak  funct ion of the 
mobi l i ty  values  used in the calculat ion.  An  expe r imen ta l  comparison of the 
surface concentra t ion values  obta ined by  the two methods  is made.  

The  m a t h e m a t i c a l  f o rm  of the  i m p u r i t y  d i s t r i b u -  
t ion  in a d i f fused  l a y e r  is d e t e r m i n e d  b y  the  b o u n d -  
a r y  cond i t ions  of the  d i f fus ion process .  If  t he  
m a t h e m a t i c a l  f o r m  of t he  i m p u r i t y  d i s t r i b u t i o n  is 
known ,  t he  d i f fused l a y e r  m a y  be  c o m p l e t e l y  de-  
scribed b y  a k n o w l e d g e  of the  su r f ace  c o n c e n t r a t i o n  
a n d  the  c o n c e n t r a t i o n  of i m p u r i t i e s  a t  a g iven  d i s -  
t ance  f r o m  the  surface .  By  k n o w i n g  the  c o n c e n t r a -  
t ion  of e l e c t r i c a l l y  ac t ive  i m p u r i t i e s  in t he  s i l icon 
be fore  d i f fus ion and  b y  d i f fus ing  in e l e c t r i c a l l y  ac t ive  
i m p u r i t i e s  of t he  oppos i t e  c o n d u c t i v i t y  type ,  t he  con-  
c e n t r a t i o n  of i m p u r i t i e s  a t  a g iven  d e p t h  can  be  de-  
t e r m i n e d  b y  m e a s u r i n g  the  loca t ion  of the  r e s u l t i n g  
p - n  junc t ion .  Also,  the  p - n  j u n c t i o n  e l e c t r i c a l l y  iso-  
l a t e s  t he  d i f fused  l a y e r  f r o m  the  base  s i l icon and  a l -  
lows e l ec t r i ca l  m e a s u r e m e n t s  to be  m a d e  on the  d i f -  
fused  l aye r .  T h e  g e n e r a l  p r o b l e m  in t he  e v a l u a t i o n  of 
diffused l a y e r s  b y  th is  m e t h o d  is to r e l a t e  some e lec -  
t r i c a l  p r o p e r t y  of t he  d i f fused  l a y e r  to t he  su r f ace  
concen t r a t ion .  I t  has  p r e v i o u s l y  b e e n  shown  t h a t  for  
s i l icon (1, 2) a n d  g e r m a n i u m  (3 -5 )  t he  su r face  con-  
c e n t r a t i o n  can  be  o b t a i n e d  b y  m e a s u r i n g  the  a v e r a g e  
c o n d u c t i v i t y  of  a d i f fused  l a y e r  if  the  i m p u r i t y  d i s -  
t r i b u t i o n  a n d  the  c a r r i e r  mob i l i t i e s  a r e  k n o w n  for  a l l  
concen t r a t i ons  of i m p u r i t i e s  f o u n d  in t he  l ayer .  R e -  
cent ly ,  H a l l  coefficient  m e a s u r e m e n t s  h a v e  also been  
used  b y  S u b a s h c h i e v  and  P o l t i n n i k o v  (6)  to d e t e r -  
m i n e  va lue s  of su r f ace  concen t r a t ion .  

In  t he  p r e s e n t  work ,  a ca l cu la t ion  of the  r e l a t i o n  
b e t w e e n  t h e  a v e r a g e  c o n d u c t i v i t y  a n d  H a l l  coefficient  
of a d i f fused  l a y e r  a n d  the  su r f ace  c o n c e n t r a t i o n  is 
g iven  for  a c o m p l e m e n t a r y  e r r o r  func t ion  d i s t r i b u -  
t ion  of impur i t i e s .  The  r e su l t s  for  s e v e r a l  v a l u e s  of 
the  i m p u r i t y  c o n c e n t r a t i o n  in the  base  s i l icon a re  
shown  g r a p h i c a l l y .  A n  e x p e r i m e n t a l  c o m p a r i s o n  of 

Fig. 1. Arrangement considered in the calculation of the average 
Hall coefficient of a diffused layer. 

the  va lue s  of s u r f a c e  c o n c e n t r a t i o n  o b t a i n e d  b y  the  
two  m e t h o d s  is m a d e  for  n -  a n d  p - t y p e  l a y e r s  on 
si l icon.  

Method o] Calculation 
The  a r r a n g e m e n t  cons ide red  h e r e  for  t he  m e a s u r e -  

m e n t  of the  H a l l  coefficient has  t he  m a g n e t i c  field 
p e r p e n d i c u l a r  to t he  su r face  of the  d i f fused  l a y e r  as 
shown  in Fig.  1. This  a r r a n g e m e n t  has  the  a d v a n t a g e  
t h a t  t he  def lec t ion  of t he  c a r r i e r s  b y  the  m a g n e t i c  
field is in a p l a n e  p a r a l l e l  to t he  su r f ace  of the  l a y e r  
so t h a t  t he  c a r r i e r s  a r e  no t  def lec ted  to r eg ions  of 
d i f f e ren t  mob i l i t y .  Also,  th is  m e t h o d  a l lows  the  use  
of t he  s i d e - a r m  t e c h n i q u e  for  m a k i n g  H a l l  effect 
con tac t s  to the  sample .  

F o r  t he  a r r a n g e m e n t  shown  in Fig.  1, t he  e x p r e s -  
s ions for  the  a v e r a g e  c o n d u c t i v i t y  and  Ha l l  coefficient 
of a su r f ace  l a y e r  in w h i c h  the  c a r r i e r  c o n c e n t r a t i o n  
and  m o b i l i t y  v a r y  c o n t i n u o u s l y  w i t h  x,  t he  d i s t ance  
f rom the  su r face  a rea ,  a r e  (7)  

lel - n ( x )  ~ ( x )  dx [1] 
X~, 

and  exo f~,~ n ( x )  ~ ( x )  dx  

R ----- [2]  
[]e I f:o n ( x )  ~ ( x )  dx]  ~ 

In  these  exp re s s ions  n ( x )  is t he  d e n s i t y  of cha rge  
c a r r i e r s  a t  pos i t ion  x, ~ ( x )  is t he  m o b i l i t y  of these  
ca r r i e r s ,  e t he  cha rge  of the  ca r r i e r s ,  and  xo the  t h i c k -  
ness of the  l ayer .  In  Eq. [2]  the  a s s u m p t i o n  is m a d e  
t ha t  t he  H a l l  m o b i l i t y  is e q u a l  to t he  d r i f t  mob i l i t y .  
I t  is also a s s u m e d  t h a t  the  d i f fused  su r f a c e  l a y e r  is 
c o m p l e t e l y  i so la ted  f rom the  b u l k  so t ha t  t he  b u l k  is 
n e g l e c t e d  in the  ca lcu la t ion .  Thus  the  l a y e r  t h i cknes s  
x,, is e q u a l  to the  m e a s u r e d  pn  j u n c t i o n  dep th .  O n l y  
one t y p e  of cha rge  c a r r i e r  is a s s u m e d  to be  p r e s e n t  
in t he  d i f fused  l aye r .  This  a s s u m p t i o n  is q u e s t i o n a b l e  
n e a r  t he  pn  junc t ion ,  bu t  for  the  cases d i scussed  here ,  
t he  c o n t r i b u t i o n  to t he  i n t eg ra l s  f rom the  r eg ion  n e a r  
the  p n  j u n c t i o n  is v e r y  s m a l l  so t ha t  no s igni f icant  
e r r o r  resu l t s .  

F o r  t he  c o m p l e m e n t a r y  e r r o r  func t ion  i m p u r i t y  
d i s t r i bu t i on ,  the  n ( x )  in Eq. [1]  and  [2]  is r e p l a c e d  
b y  ( ) n ( x )  = N s  1 - - e r f  2 ~ D t  - - N o  [3]  

235 
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w h e r e  No is the  b u l k  i m p u r i t y  c o n c e n t r a t i o n  of the  
base  si l icon,  N, the  su r f ace  concen t ra t ion ,  x t he  d i s -  
t ance  f r o m  the  sur face l  a n d  Dt  t h e  d i f fus ion  coeffi- 
c i e n t - t i m e  p roduc t .  The  va lue s  of t he  c a r r i e r  m o -  
b i l i t i es  used  b y  Backens tos s  (1)  a r e  used  here .  His 
r e l a t i ons  for  n - t y p e  s i l icon a re  

~ , - - - -300(19-1ogN)  for  10 ~ < N < 5  X 10 ~ c m  -~ 
~. = 80 for 5 X I0 TM < N < i0 ~ cm -~ [4] 

and for p-type silicon, 

~p = 180(18.2-1og N)  fo r  10 TM < N < 8 X l f f  ~ cm -3 
~ = 4 0  f o r 8  X 10 ~ < N < 1 0  ~ c m  -~ [5]  

w h e r e  N is t he  c o n c e n t r a t i o n  of donor  or  accep to r  
a toms.  F o r  i m p u r i t y  c o n c e n t r a t i o n s  of less t h a n  10 '~, 
the  n e a r l y  cons t an t  mob i l i t i e s  a p p r o p r i a t e  to l i g h t l y  
d o p e d  s i l icon  w e r e  used.  The  inab i l i t i e s  g iven  in  Eq. 
[4]  and  [5]  a r e  ef fec t ive  mob i l i t i e s  def ined  b y  

1 

epN 

w h e r e  p is the  r e s i s t iv i ty .  This  t a k e s  into accoun t  t he  
i n c o m p l e t e  ion iza t ion  w h i c h  occurs  in d o p e d  si l icon.  

By  m a k i n g  use  of Eq. [3]  one can r e w r i t e  Eq. [1]  
as 

x 
~ =  te]-xo f~~176 [N~ ( 1 - - e r f  2~/D------~)-- No]  d x  

[6] 

w h e r e  ~ ( N )  is g iven  b y  Eq. [4]  or  [5] .  A t  th is  po in t  
i t  is conven i en t  to m a k e  a change  of v a r i a b l e  in Eq. 
E6] b y  l e t t i ng  x = axo, w h e r e  a is a n u m b e r  b e t w e e n  

0 and  1 and  w : x o / 2 ~ / D t .  E q u a t i o n  [6]  m a y  then  be  
w r i t t e n  

c~ ---- le[ f ~ , ( N )  [N~(1 - -  e r f  w a )  - -  No] da [7]  

By making the same substitutions for the Hall co- 
efficient in Eq. [2], one finds that 

e . r  [N~(1 --  e r f  aw)  - - N o ]  ~ ( N )  da 

R -- [8]  
[ /ei  j': [N~(1 - - e r r  a w )  --No] ~ ( N )  da] ~ 

The e x p r e s s i o n  in t he  d e n o m i n a t o r  of Eq. [8]  is the  
c o n d u c t i v i t y  g iven  b y  Eq. [7]  a n d  thus,  if t he  con-  
d u c t i v i t y  for  a g iven  set  of cond i t ions  has  been  ca l -  
cu la ted ,  on ly  the  n u m e r a t o r  of Eq. [8]  m u s t  be  ca l -  
c u l a t ed  to d e t e r m i n e  the  Ha l l  coefficient.  

The  v a l u e  of w in Eq. [7]  and  [8]  is d e t e r m i n e d  b y  
the  v a l u e s  of N~ and  No used  in  t he  ca lcu la t ion .  S ince  
in t r in s i c  c a r r i e r s  a r e  neg l ec t ed  w h e n  a is un i ty ,  n ( a )  
m u s t  be  zero so t h a t  

w = e r f - 1  ( 1 - -  N~ t 
No 

The  v a l u e  of w d e p e n d s  on ly  on No and  Ns and  not  on 
the  d i f fus ion coefficient or  t ime .  

The  i n t e g r a l s  in Eq. [7]  a n d  [8]  w e r e  e v a l u a t e d  
n u m e r i c a l l y  u s ing  S i m p s o n ' s  ru le .  

Results and Discussion 

The  r e su l t s  of th is  ca l cu l a t i on  for  n -  and  p - t y p e  
l a y e r s  a r e  shown in Fig.  2 t h r o u g h  5. The  v a r i o u s  
cu rves  in each  f igure  a r e  for  d i f fe ren t  va lue s  of No, 
t he  i m p u r i t y  c o n c e n t r a t i o n  in t he  base  si l icon.  T h r e e  

t022 

1021 ~ 

102~ 

z 1019 

IO IB 

0.1 1.0 I0 I00 1OOO 
CONDUCTIVITY (p-I crn-I 

Fig. 2. Surface concentration Ns vs. average conductivity for an 
n-type diffused layer on silicon. 
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Fig. 3. Surface concentration Ns vs. overage conductivity for o 
p-type diffused layer on silicon. 

po in t s  p e r  decade  w e r e  used  for  each  curve .  The  con-  
d u c t i v i t y  cu rves  shown  in Fig .  2 and  3 c o m p a r e  v e r y  
w e l l  w i t h  the  ones g iven  b y  Backens to s s  (1)  for  s u r -  
face  c o n c e n t r a t i o n s  b e l o w  101~ cm -~. H o w e v e r ,  for  
conduc t iv i t i e s  c o r r e s p o n d i n g  to c o n c e n t r a t i o n s  above  
abou t  10 TM cm -~, t he  p r e s e n t  cu rves  g ive  su r f ace  con-  
c e n t r a t i o n  va lue s  b e t w e e n  two  and  t h r e e  t imes  l a r g e r  
d u e  to a s y s t e m a t i c  e r r o r  p r e s e n t  in Backens tos s '  
curves .  

The  Ha l l  effect cu rves  for  n -  and  p - t y p e  l a y e r s  
shown  in Fig .  4 and  5 a r e  v e r y  n e a r l y  iden t i ca l .  To 
show th is  b e t t e r  t he  c u r v e s  for  n -  and  p - t y p e  l a y e r s  
on s i l icon h a v i n g  a b u l k  i m p u r i t y  c o n c e n t r a t i o n  of 
3 x 10 ~ cm -~ a r e  r e p l o t t e d  in  Fig .  6. Also  shown  in 
th is  f igure  is t he  Ha l l  coefficient  c u r v e  o b t a i n e d  b y  
a s s u m i n g  the  m o b i l i t y  is i n d e p e n d e n t  of i m p u r i t y  

concen t r a t i on ,  i.e., R = 1 / N e  w h e r e  N is t he  a v e r a g e  
i m p u r i t y  concen t r a t ion .  The  cu rves  in  Fig.  6 show 
tha t  t he  H a l l  coefficient  in bo th  n -  a n d  p - t y p e  d i f -  
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Fig. 4. Surface concentration N .  vs. average Hall coefficient for 
an n-type diffused layer on silicon. 
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Fig. S. Surface concentration N,  vs. average Hall coefficient for 

a p-type diffused layer on silicon. 

fused si l icon layers  is ve ry  n e a r l y  a measu re  of the  
average  car r ie r  dens i ty  and  only  a w e a k  func t i on  of 
the mobi l i ty .  Thus  the  accuracy  of the  surface  con-  
cen t r a t i on  va lues  ob ta ined  by  the  Hal l  effect me thod  
can  be m u c h  grea te r  t h a n  the accuracy  to wh ich  the 
mob i l i t y  va lues  are  known .  This would  m a k e  the  
Hal l  effect me thod  especia l ly  use fu l  for diffusion 
s tudies  on less w e l l - k n o w n  semiconduc tor  mater ia l s .  

Comparison of surface concentration values ob- 
tained by average conductivity and Hall e~ect meas- 
urements . - -Hall  effect and  conduc t iv i ty  m e a s u r e -  
men t s  were  made  on diffused si l icon layers  to com-  
pare  the  va lues  of sur face  concen t r a t i on  ob ta ined  by  
the  two methods.  Samples  hav ing  two sets of side 
a rms  for Hal l  and  conduc t iv i ty  m e a s u r e m e n t s  were  
u l t r a son ica l ly  cut  f rom h igh  res i s t iv i ty  (~300  
o h m - c m )  silicon. Both a pn  j u n c t i o n  and  high re -  
s i s t iv i ty  base m a t e r i a l  were  used to min imize  leakage  
of c u r r e n t  f rom the diffused layer .  The samples  were  
placed in  an  o p e n - t u b e  diffusion appara tus ,  and  a 
diffused l aye r  was fo rmed  on all  sides of the samples.  
The  th ickness  of the  diffused l aye r  was  m e a s u r e d  by  
angle  l app ing  and  s t a in ing  (8) a mon i to r  sample  to 
d e t e r m i n e  the  pn  j u n c t i o n  depth.  The  diffused l ayer  
is made  sufficiently th ick  tha t  the  res i s tance  of the  
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Fig. 6. Comparison of the surface concentration N8 vs. average 

Hall coefficient curves for n- and p-type diffused layers on silicon 
along with the mobility independent Hall coefficient curve. 

l aye r  is less t h a n  2 % of the  res i s tance  of the si l icon 
in pa ra l l e l  wi th  it. On one sample,  the  sides were  
e tched af ter  diffusion l eav ing  a diffused l ayer  on ly  on 
the  f ron t  and  back surfaces such as shown in  Fig. 1. 
The  m e a s u r e d  conduc t iv i ty  and  Hal l  coefficient were  
the  same before  a nd  af ter  e tching,  ind ica t ing  tha t  the  
diffused layer  on the sides of the sample  is no t  i n -  
t roduc ing  a n y  spur ious  effects. Boron  or ga l l i um 
were  used for p - t y p e  layers ,  and  phosphorus  or 
a n t i m o n y  were  used for n - t y p e  layers.  

The resul t s  for severa l  n -  and  p - t y p e  layers  h a v i n g  
a wide  range  of surface  concen t ra t ions  are g iven  in  
Tab le  I. The a g r e e m e n t  b e t w e e n  the sur face  concen-  
t r a t ion  va lues  ob ta ined  by  the  two methods  is v e r y  
good at the  h igher  concent ra t ions .  The  la rges t  dis-  
c repancies  occur at the  lower  sur face  concen t ra t ions  
and  can be  a t t r i b u t e d  mos t ly  to the  in sens i t iv i ty  of 
the  conduc t iv i ty  to surface  concen t r a t i on  at  concen-  
t ra t ions  n e a r  10 TM cm -~. In  this  reg ion  a va r i a t i on  of 
+__10% (the accuracy  of the  l ayer  th ickness  m e a s u r e -  
m e n t )  in  the  conduc t iv i ty  wi l l  r esu l t  in  a change  of a 
factor  of two in  the  surface  concen t ra t ion .  Also, the  
u n c e r t a i n t y  in  the  mob i l i t y  va lues  used in  the ca lcu-  
la t ion  of the  conduc t iv i ty  and  devia t ions  of the im-  
p u r i t y  d i s t r i bu t ion  f rom a c o m p l e m e n t a r y  er ror  
func t ion  can lead to a va r i a t i on  in  the  surface  con-  
cen t r a t i on  va lues  m e a s u r e d  by  the two methods.  
Conduc t iv i t y  va lues  are corrected for incomple te  
ion iza t ion  of the  impur i t i e s  by  me a ns  of the  mobi l i ty  
va lues  used in  the  calcula t ion.  Since the  ca lcula ted  
Hal l  coefficient va lues  are n e a r l y  i n d e p e n d e n t  of the 

Table I. Results for several n- and p-type layers 

N8 ( c o n d u c -  Ns  (Hal l  
S a m p l e  t i v i t y )  c m  -~ coeff ic ient )  c m  -a 

p-type 251A 2.0 X 10 ~ 2.0 • 10 ~1 
254A 7.0 X 10 ~~ 7.7 • 10 "~ 
1021A7 2.7 X 102~ 2.4 X 10 ~~ 
C595 6.6 • 1019 5.9 • 10 TM 

C593 1.3 X 10 TM 0.7 X I0 TM 

C594 3.5 X 10 TM 5.6 X 10 TM 

n- type  3153 3.2 X 10 ~~ 3.8 X 10 ~~ 
KG1 3.0 X 10 TM 5.2 X 101~ 
3151 1.8 X 10 TM 0.8 X 10 TM 
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mobi l i t y ,  these  va lue s  a r e  no t  co r r ec t ed  for  i n c o m -  
p l e t e  ioniza t ion .  H o w e v e r ,  for  t he  i m p u r i t i e s  used,  
th is  co r r ec t i on  is s igni f icant  on ly  in  p - t y p e  l a y e r s  
and  at  an  i m p u r i t y  c o n c e n t r a t i o n  n e a r  10 TM cm ~. E x -  
p e r i m e n t a l l y ,  t he  H a l l  effect  m e t h o d  does  no t  g ive  
cons i s t en t ly  l o w e r  su r f ace  c o n c e n t r a t i o n  va lues .  This  
ind ica tes  t ha t  a n y  e r r o r s  due  to i n c o m p l e t e  ion iza t ion  
a re  s m a l l e r  t h a n  the  d i s c r e p a n c y  b e t w e e n  the  su r f ace  
c o n c e n t r a t i o n  va lues  o b t a i n e d  b y  the  two  me thods .  
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Manuscr ip t  rece ived  Aug. 21, 1961; revised m a n u -  
scr ipt  received Dec. 5, 1961. This paper  was p repa red  
for de l ivery  before the Detroi t  Meeting, Oct. 1-5, 1961. 

Any  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Effects of Copper on Fast Surface States of Etched Germanium 

D. R. Frank l  

General Telephone & Electronics Laboratories, Inc., Bayside, New York 

ABSTRACT 

Copper  contamina t ion  is found to influence the  fast  surface states of Ge. The 
na tu r e  of the effect depends  on the previous  surface t r ea tment :  (a) on an 
etched surface, which is hydrophobic ,  the copper  has l i t t le  immedia te  effect, but  
enhances the  growth  of the  dens i ty  of recombina t ion  centers  in oxidizing a t -  
mospheres ;  (b) on a K O H - t r e a t e d  surface, which is hydrophi l ic ,  the copper  im-  
media te ly  produces  a large concentra t ion of recombina t ion  centers.  In  general ,  
there  is no appa ren t  corre la t ion  be tween  surface recombina t ion  and charge 
t r app ing  in fast  states. 

In  r e c e n t  y e a r s  t h e r e  h a v e  been  a n u m b e r  of 
s tudies  (1 -9 )  of the  inf luence  of t he  p r e p a r a t i o n  a n d  
t r e a t m e n t  p r o c e d u r e s  on the  r e s u l t i n g  fas t  su r face  
s ta tes  on g e r m a n i u m  surfaces .  One of the  p r i m a r y  
ob j ec t i ve s  of such s tud ies  has  been  to assoc ia te  t he  
su r f ace  s t a tes  w i t h  specific p h y s i c o c h e m i c a l  en t i t i e s  
ex i s t i ng  a t  or  n e a r  t he  sur face .  In  f u r t h e r  p u r s u i t  
of th is  ob jec t ive ,  t he  p r e s e n t  w o r k  dea l s  w i t h  t he  
effects of a d e l i b e r a t e l y  a d d e d  c o n t a m i n a n t ,  copper ,  
on the  fas t  s ta tes  of g e r m a n i u m ,  bo th  f r e s h l y  e t ched  
and  aged  in va r i ous  gases.  C o p p e r  was  chosen  for  th is  
s t u d y  because  of i ts  k n o w n  a c t i v i t y  in  t he  b u l k  and  
because  i t  h a d  a l r e a d y  b e e n  shown  (8)  to inf luence  
ce r t a in  su r f ace  p rope r t i e s .  

Exper imenta l  Procedures 

M e a s u r e m e n t s  of t he  l a r g e - a m p l i t u d e  a - c  field 
effect in t he  d a r k  and  u n d e r  i l l u m i n a t i o n  w e r e  m a d e  
on s a m p l e s  cu t  to the  shape  i l l u s t r a t e d  in Fig .  1. Th is  
g e o m e t r y  obv ia t e s  t he  neces s i t y  of m a s k i n g  the  con-  
tac ts  d u r i n g  e tching,  s ince  the  s a m p l e  is d i p p e d  in to  
the  e t c h a n t  on ly  a b o u t  ha l f  w a y  up  the  legs.  Thus,  
t h e r e  is no p o s s i b i l i t y  of c o n t a m i n a t i o n  of t he  su r -  
face  b y  m a t t e r  d i s so lved  f rom the  m a s k i n g  m a t e r i a l .  

F i g u r e  1 also shows  the  a r r a n g e m e n t  of t he  two  
field p l a t e s  (one  t r a n s p a r e n t )  and  m y l a r  spacers .  A n  
i m p o r t a n t  f e a t u r e  is tha t ,  in c o n t r a s t  w i t h  t he  u s u a l  
a r r a n g e m e n t ,  the  space r s  a r e  cu t  out  ove r  t he  ac t ive  
po r t i on  of t he  sample .  This  p r o m o t e s  u n i f o r m i t y  of 
the  su r face  in two  w a y s :  (a )  t he  a m b i e n t  gas has  f ree  

access to a l l  po r t i ons  of the  sur face ;  and  (b)  t he  
c a p a c i t a n c e  v a r i a t i o n s  a r i s ing  f r o m  su r f ace  r o u g h -  
ness  a r e  min imized .  I t  is t r u e  t ha t  the  a p p l i e d  field 
is l im i t e d  b y  b r e a k d o w n  to a b o u t  10 ~ v / c m ,  w h i c h  
is on ly  abou t  o n e - t e n t h  as l a r g e  as can  be a p p l i e d  
w i th  a fu l l  d i e l ec t r i c  spacer ,  so t ha t  t he  access ib le  
r a n g e  of su r f ace  p o t e n t i a l  is r e d u c e d  b y  s e v e r a l  kT/e .  
H o w e v e r ,  s ince  t he  w o r k  of R z h a n o v  et  al. (4 ) ,  as 
we l l  as some p r e l i m i n a r y  e x p e r i m e n t s  in th is  l a b o r a -  
to ry ,  have  shown  tha t  h i g h e r  a - c  f ields can s ignif i -  
c a n t l y  inc rease  t he  fas t  s t a t e  dens i ty ,  it  is no t  ce r -  
t a in  t ha t  th is  r e s t r i c t i o n  is a se r ious  one. 

Most  of t he  m e a s u r e m e n t s  w e r e  m a d e  on a 10.8 
o h m - c m  p - t y p e  g e r m a n i u m  s a m p l e  a b o u t  8 mi l s  t h i ck  
w i th  su r faces  p a r a l l e l  to [ 111 ] p lanes .  The  b u l k  l i f e -  
t i m e  was  not  k n o w n  p rec i se ly ,  b u t  was  c e r t a i n l y  ~150  

3 
4 

rolr 

Fig. 1. Sample geometry. Heavy outline ~ die-cut Ge sample, 
dimensions in inches; hatched area ~ i mil mylar spacers; dashed 
outline ~ field plates, one transparent. The sample thickness is 
,~ 0.010 in. 
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~sec, so t h a t  t he  r e c o m b i n a t i o n  was  n e a r l y  a l w a y s  
s t r o n g l y  d o m i n a t e d  b y  the  surface .  

Two t y p e s  of e t c h a n t  w e r e  p r i n c i p a l l y  e m p l o y e d :  
(a )  a " s t a n d a r d  e t c h a n t "  (600 cc HNO~, 1200 cc 
acet ic  acid,  100 cc HF,  25 m g  K I )  t h a t  gave  s low u n i -  
f o rm  d isso lu t ion ,  and  (b )  H F  f o l l o w e d  b y  ho t  KOH.  
The  reasons  for  t he  use  of the  l a t t e r  r a t h e r  u n c o n -  
v e n t i o n a l  t r e a t m e n t  wi l l  be  g iven  l a te r .  A f t e r  e t c h -  
ing, the  s a m p l e  was  q u i c k l y  p l u n g e d  in to  a l a r g e  
v o l u m e  of de ion ized  w a t e r ,  r i n s e d  cop ious ly  in f low-  
ing w a t e r  ( a b o u t  1 m e g o h m - c m ) ,  r i n s e d  a g a i n  in r e -  
c i r cu l a t i ng  w a t e r  (5 to 10 m e g o h m - c m ) ,  and  d r i e d  
w i t h  a b s o l u t e  e thano l .  W h e n  c o p p e r  was  to be  a p -  
p l ied ,  the  s a m p l e  was  d i p p e d  in a 1 p p m  Cu(NO~)~ 
so lu t ion  be fo re  the  e thano l .  

The  p r e p a r e d  s a m p l e  was  m o u n t e d  in a h o l d e r  
w i th  f ield p l a t e s  and  spacers ,  t he  l a t t e r  be ing  
s w a b b e d  w i t h  co t ton  d a m p e n e d  w i t h  t r i c h l o r o e t h y l -  
ene  to r e m o v e  dust .  This  u s u a l l y  a s su r ed  t h a t  t he  
capac i t ances  to t h e  two  field p l a t e s  a g r e e d  w i t h i n  2 
or  3 %. The  to t a l  t ime  for  p r e p a r a t i o n ,  m o u n t i n g ,  and  
c a p a c i t a n c e  m e a s u r e m e n t  a m o u n t e d  to a b o u t  10 min.  
T h e r e a f t e r ,  the  a s s e m b l y  was  k e p t  u n d e r  con t ro l l e d  
conditions in a copper box immersed in a water bath 

t h e r m o s t a t t e d  to 27.00 ~ • 0.01~ N i t r o g e n  or  o x y -  
gen, d r i e d  w i t h  " m o l e c u l a r  s i eve"  or  b u b b l e d  
t h r o u g h  w a t e r ,  was  c i r c u l a t e d  t h r o u g h  the  box  at  
abou t  0.1 l i t e r / m i n  a f t e r  pas s ing  t h r o u g h  a long cop-  
pe r  coil  in t he  w a t e r  ba th ,  and  was  t a k e n  out  t h r o u g h  
a d e w - p o i n t  a p p a r a t u s  and  a s i l icone oil  t r ap .  Dew 
po in t s  of t he  d r i e d  gase  s w e r e  u s u a l l y  b e l o w  --75 ~ 
The  n i t r o g e n  was  first  d e - o x y g e n a t e d  w i t h  a v a n a d y l  
su l f a t e  so lu t ion  (10) .  The  o x y g e n  could  be  ozonized  
b y  s p a r k i n g  w i th  a Tes la  coil.  

M e a s u r e m e n t s  w e r e  b e g u n  as soon as t he  t e m -  
p e r a t u r e  was  s tab i l i zed ,  us ing  the  c i rcu i t  shown  in 
Fig.  2. The  b r i d g e  is f i rs t  b a l a n c e d  w i t h  swi t ch  S W  
open,  a d j u s t i n g  RG and  the  C~'s to ob t a in  a s ing le  h o r i -  
zon ta l  t r a c e  on the  X - Y  osci l loscope.  Then,  w i t h  SW 
closed and  w i t h  l i g h t  chopped  at  a n o n s y n c h r o n o u s  
f r equency ,  d i r e c t e d  onto  the  s a m p l e  t h r o u g h  the  
t r a n s p a r e n t  f ield p la te ,  t h e  osc i l loscope  d i s p l a y s  bo th  
t he  " l i gh t "  and  " d a r k "  f ie ld-ef fec t  curves .  A u x i l i a r y  
ze ro - f i e ld  m e a s u r e m e n t s  of d a r k  r e s i s t ance  a n d  l i f e -  
t ime  p r o v i d e  the  fac to rs  n e c e s s a r y  to o b t a i n  su r face  
p o t e n t i a l  a n d  t r a p p e d  c h a r g e  in f a s t  s t a t es  as  u s u a l  
(11) f r o m  the  " d a r k "  curve ,  and  su r face  r e c o m b i -  
na t i on  v e l o c i t y  f r o m  the  v e r t i c a l  d i f fe rence  b e t w e e n  
the  two  curves .  

Fig. 2. Circuit diagram. $ ~ sample; FP ~ field plates, one 
each side, one transparent; K ~ 300 k ~ ;  R, ~ 1 k ~  standard 
resistor for measurement oF sample current; 13 ~ 45-v battery; C~ 
~- 1 mfd; C~ ~ 6-100 pf; Ro -~ 20 k~ ;  $W ----- DPDT switch, 

S e v e r a l  p r e c a u t i o n s  a r e  n e c e s s a r y  to o b t a i n  va l id  
r e su l t s  w i t h  th is  me thod .  F i r s t ,  t he  s a m p l e  c u r r e n t  
m u s t  be  sma l l  e n o u g h  to p r e v e n t  s w e e p o u t  of m i -  
n o r i t y  c a r r i e r s  w h e n  i nve r s ion  l a y e r s  a r e  p re sen t .  
Th is  r e q u i r e s  t t r>  > ~, w h e r e  tt~ is t h e  t r a n s i t  t i m e  of 
m i n o r i t y  c a r r i e r s  across  t he  r eg ion  b e t w e e n  probes ,  
and  ~ the  s a m p l e  l i f e t ime .  Thus,  t h e  c u r r e n t  was  
l i m i t e d  to a b o u t  0.15 ma,  and  a sens i t ive  p r e a m p l i f i e r  
( T e k t r o n i x  T y p e  53 /54G)  used  in  t he  osci l loscope.  
Second,  as d i scussed  b y  s e v e r a l  a u t h o r s  (13, 14) t he  
l igh t  i n t e n s i t y  m u s t  be  l ow e n o u g h  to p r o d u c e  l i t t l e  
sh i f t  in the  su r f ace  p o t e n t i a l  y e t  ( n e c e s s a r i l y )  l a r g e  
e n o u g h  to o b t a i n  m e a s u r a b l e  pho toc onduc t a nce .  In  
the  P re se n t  w o r k  i t  was  s o m e t i m e s  imposs ib l e  to 
sa t i s fy  bo th  of t he se  r e q u i r e m e n t s  comple t e ly ,  p a r -  
t i c u l a r l y  w h e n  the  l i f e t i m e  v a r i e d  w i d e l y  w i t h  field. 
I t  is e s t i m a t e d  t h a t  sh i f t s  of as m u c h  as ( 1 / 2 ) k T / e  
m a y  occas iona l ly  h a v e  o c c u r r e d  u n d e r  e x t r e m e  con-  
di t ions .  F o r  the  mos t  pa r t ,  h o w e v e r ,  t h e y  w e r e  m u c h  
smal l e r ,  and  no a t t e m p t  w a s  m a d e  to co r r ec t  t he  da ta .  
A t h i r d  p r e c a u t i o n  is t h a t  t he  field f r e q u e n c y  shou ld  
be chosen  to m i n i m i z e  hys t e r e s i s  in  t he  curves .  In  
th is  respec t ,  the  p r e s e n t  m e t h o d  has  the  a d v a n t a g e  
over  p o i n t - b y - p o i n t  m e t h o d s  (1)  t h a t  hys te res i s ,  if 
p re sen t ,  is c l e a r l y  ev iden t .  Two p r i n c i p a l  t y p e s  can 
occur :  one, due  to t he  p r e s e n c e  of " s low"  s ta tes  w i t h  
f a i r l y  s m a l l  t i m e  cons tan ts ,  can  u s u a l l y  be  m i n i -  
mized  b y  i nc rea s ing  the  f r e q u e n c y ;  the  o ther ,  due  
to a " l i f e t ime "  effect (15) ,  can be  m i n i m i z e d  b y  d e -  
c r e a s i n g  the  f r equency .  Occas iona l ly ,  due  to one or  
bo th  of these  effects, s i n g l e - v a l u e d  cu rves  a r e  not  ob -  
t a ined .  In  t h a t  event ,  the  m e a n  of t he  two  b r a n c h e s  
is a s s u m e d  to r e p r e s e n t  the  co r rec t  c u r v e  p r o v i d e d  
the  s p r e a d  is not  too la rge .  

Resu l ts  

Surfaces  prepared w i t h  s tandard e t chan t . - -Graphs  
of the  su r f a c e  r e c o m b i n a t i o n  ve loc i t y  s a n d  t r a p p e d  
c h a r g e  d e n s i t y  ~tr as func t ions  of t he  n o r m a l i z e d  
su r f ace  p o t e n t i a l  u~ a re  s h o w n  in Fig.  3a and  3b, 
r e spec t ive ly ,  for  t he  i n i t i a l  r uns  fo l lowing  six s t a n d -  
a r d  e tch  p r e p a r a t i o n s ,  t h r e e  w i t h  and  t h r e e  w i t h o u t  
coppe r  t r e a t m e n t .  The  e x p e r i m e n t a l  po in t s  in these  
and  a l l  s u b s e q u e n t  f igures  w e r e  c o m p u t e d  w i t h o u t  
a n y  m o b i l i t y  co r r ec t i on  (16) for  diffuse su r f a c e  sca t -  
t e r ing .  The  r e a s o n  for  o m i t t i n g  th is  c o r r e c t i on  was  
t ha t  some  of t h e  o sc i l l og rams  were ,  as was  also f o u n d  
b y  Mi l l ea  and  Ha l l  (17) ,  too s t eep  to be  a c c o u n t a b l e  
b y  c o m p l e t e l y  diffuse sca t t e r ing .  T h e r e  are ,  of course ,  
t h e  poss ib i l i t i e s  t h a t  t he  su r f ace  s c a t t e r i n g  was  p a r -  
t i a l l y  diffuse and  t h a t  t he  d e g r e e  of d i f fuseness  v a r -  
ied  w i t h  t he  p r e p a r a t i o n  a n d / o r  ag ing .  Thus ,  t he  
d e t a i l e d  shapes  of t he  c o m p u t e d  cu rves  a t  e x t r e m e  
us v a l u e s  m u s t  be  r e g a r d e d  as s o m e w h a t  unc e r t a in .  

The  s - c u r v e s  (Fig .  3a)  m a y  be  c o m p a r e d  w i t h  t h e  
f a m i l i a r  t h e o r e t i c a l  e x p r e s s i o n  (1)  fo r  a s ingle  t y p e  
of r e c o m b i n a t i o n  cen te r ,  viz.  

c o s h ( u , - -  Uo) + 1 
s = s~ ( c m / s e c )  [1]  

cosh(u~ - -  uo) + cosh (u,  - -  us) 

w h e r e  u~ = (E~ --  E,)  / k T ,  E~ • F e r m i  leve l ,  E, = i n -  
t r in s i c  F e r m i  l eve l  a t  t he  sur face ,  u, = (E, --  E , ) / k T ,  
E~ = e n e r g y  l eve l  of  the  cen te r .  Uo = 1/2 In (CJC~)  ; 
C, and  C, a r e  t he  c a p t u r e  p r o b a b i l i t i e s  (cmS/sec)  of 
the  cen t e r  for  ho les  and  e lec t rons ,  r e s p e c t i v e l y .  
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Fig. 3. First measurements after standard etches No. 1, 2, 3 (no 
copper added) 4, 16a, 22 (copper added). Note shift of ordinate 
scales. 

N, (C~C.) ~ (no + po) 
S M 

2 n , [ c o s h ( u , -  Uo) + 1] 
= maximum value of s 

N, = surface density of centers (cm -~) 

The  p r e s e n t  r e su l t s  a r e  in  f a i r  a g r e e m e n t  w i t h  the  
c o m m o n l y  o b s e r v e d  va lue s  (1-7,  9) u ~  1 to 2, 
u, ~ 5, a l t h o u g h  cu rves  2 and  16a c l e a r l y  i nd i ca t e  
t he  p re sence  of a d d i t i o n a l  cen t e r s  w i t h  l a r g e r  Uo 
va lues .  H o w e v e r ,  mos t  s t r i k i n g  is t he  r a t h e r  l a r g e  
v a r i a t i o n  of s~ w i t h o u t  a c o r r e s p o n d i n g  v a r i a t i o n  in 
t r a p p e d  c h a r g e  d e n s i t y  in t he  r a n g e  u~ > 2. Indeed ,  
t he  copper  t r e a t m e n t  appea r s ,  if a n y t h i n g ,  to l o w e r  
s~ s l ight ly ,  b u t  r o u g h l y  to doub le  E~. Thus ,  t h e r e  a p -  
p e a r  to be  r e c o m b i n a t i o n - i n e f f e c t i v e  s t a tes  in  t he  
same  e n e r g y  r a n g e  as the  r e c o m b i n a t i o n  centers .  A 
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Fig. 4. Aging effects after etch No. 1 (no copper added). 1, 
initial run after 24 hr in dry N2 (same data as in Fig. 3). 2, 48 
hr in dry N~. 3, 24 hr in dry 02. 4, 16 hr in dry 02 following 15 
sec in ozonlzed 02. 

s imi l a r  r e su l t  was  found  b y  A r n o l d  (13) on i o n - b o m -  
b a r d e d  surfaces ,  and  f u r t h e r  e x a m p l e s  w i l l  be  c i t ed  
be low.  

As  is e v i d e n t  f r o m  Fig.  3, t he  su r f aces  p r e p a r e d  
w i t h o u t  copper  w e r e  qu i t e  s t r o n g l y  n - t y p e  at  zero  
field. Indeed ,  i n i t i a l l y  the  n - t y p e  b ias  was  so s t rong  
t ha t  the  conduc t ance  m i n i m u m  could  not  be  r eached ,  
and  i t  was  n e c e s s a r y  to w a i t  s e v e r a l  hou r s  (24 h r  in 
the  case  of e tch  No. 1) w h i l e  t he  su r f ace  d r i f t e d  t o -  
w a r d  p - t y p e .  The  coppe r  t r e a t m e n t ,  h o w e v e r ,  m a d e  
the  su r faces  m o r e  p - t y p e  (8) ,  and  m e a s u r e m e n t s  
w e r e  c o m m e n c e d  a t  once.  

Some  effects of o x y g e n  and  of b r i e f  (15 sec)  e x -  
posu re  to ozone a r e  i l l u s t r a t e d  in  Fig.  4 and  5. The  
effects of  t he  ozone could  on ly  be  m e a s u r e d  a f t e r  
some hour s  of " r e c o v e r y "  d u r i n g  w h i c h  an  a p p r e -  
c i ab le  hys t e r e s i s  effect s l o w l y  d imin i shed .  These  
t r e a t m e n t s  i n c r e a s e d  b o t h  s~ a n d  ~t~, as  h a d  b e e n  
p r e v i o u s l y  found,  in w h o l e  or  in pa r t ,  b y  some a u -  
t ho r s  (2, 4, 5, 12).  

A n e w  resu l t ,  h o w e v e r ,  is t he  fac t  t h a t  t he  in -  
c reases  in s~, a r e  c o n s i d e r a b l y  g r e a t e r  for  t he  c o p p e r -  
t r e a t e d  t h a n  for  t he  u n t r e a t e d  sur face .  F u r t h e r m o r e ,  
a l t h o u g h  ~t~ a t  us ~ 5 changes  r o u g h l y  p r o p o r t i o n a l l y  
to s~ for  t he  u n t r e a t e d  sur face ,  t h e r e  is v e r y  l i t t l e  
change  in  th i s  r a n g e  w i t h  copper .  This  a g a i n  i l l u s -  
t r a t e s  the  l a c k  of c o r r e l a t i o n  b e t w e e n  s~ and  ~tr. 

A n  a t t e m p t  w a s  m a d e  to  a s c e r t a i n  w h e t h e r  t he  
ag ing  effects  on the  u n t r e a t e d  su r face  w e r e  connec t ed  
w i t h  a c c i d e n t a l  copper  c o n t a m i n a t i o n ,  b y  r i n s ing  the  
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Fig. S. Aging effects after etch 16a (copper added). 1, initial run 
after 30 min in dry 02 (same data as in Fig. 3). 2, 24 hr. in dry 
O~. 3, 16 hr in dry O~ after 15 sec in ozonized 02. 

sample in KCN after etching. The surface was then, 
however, highly sensitive to the a-c field (i.e., the 
"dark"  oscilloscope curve changed markedly,  in- 
dicating an increase in ~tr, within a few seconds 
after applying the field) and no reliable data were 
obtained. 

Sur faces  prepared  w i t h  HF and KOH.- - In  the 
course of the work described in the preceding section, 
it became clear that the standard etch procedure 
suffered two major deficiencies: (a) the initial 
strong n- type  bias described above; and (b) the ini- 
tial, familiar (18), strongly hydrophobic character 
of the surface, which cast doubt on the efficacy of the 
rinsing procedure. 

Accordingly, an extensive series of variations of 
the preparat ion procedure was undertaken, with re- 
sults, in brief, as follows: 

1. Careful drying (copious amounts of absolute 
ethanol) and crude drying (blotting) produced es- 
sentially the same results. Hence, the initial n- type  
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Fig. 6. Initial runs following treatment with 48% HF (1 min) 
followed by hot KOH (1 min). Nos. 18, 23, 25: 1% KOH; Nos. 20, 
24, 26: 0.1% KOH; Nos. 25, 26: copper added. Measurements 
made about 30 min (in dry NJ after treatment. 

bias was not due to residual water, as was first con- 
jectured. 

2. HF, alone or followed by acetic acid, produced 
essentially the same results as the standard etch, 
though with perhaps slightly higher s,,. 

3. On one occasion, dipping the sample in 5% 
NH,OH about 4 hr (in dry N,) after a standard etch 
immediately removed the n- type  bias. This experi- 
ment had been prompted by the thought that the bias 
might be due to an adsorbed layer of protons remain- 
ing from the strong acid etchant. The initial result 
appeared to bear this out, but later it was found that 
NH,OH solutions up to 30% concentration applied 
immediately after etching, either in the standard 
etchant or in HF, left the surface still strongly 
n-type.  Therefore, it appeared plausible that, if 
protons were indeed the surface donors giving rise to 
the n- type  bias, they were initially protected from 
chemical neutralization by a hydrophobic film. The 
wel l -known (18) disappearance of the hydropho-  
bicity with time would then account for the observa- 
tion of neutralization by dilute NH,OH after some 
hours. 

4. Two of the writer 's  colleagues, P. Goldberg and 
D. H. Baird, made the valuable suggestion that the 
supposed film might be a hydrated oxide of germa- 
nium and that it might be soluble in a caustic solu- 
tion. This t reatment  proved to reduce both the hy-  
drophobicity and the n- type  bias greatly, and the re- 
mainder of this paper is devoted to measurements on 
tbe resultant surfaces. In detail, the t reatment  was 
as follows: 1 rain in 48% HF at room temperature;  
plunge, then rinse copiously in 1 megohm-cm water;  
1 rain in hot (,--90~ KOH (0.1-10%);  rinse as be- 
fore; rinse in 5-10 megohm-cm water;  15 sec in 1 
ppm Cu(NO~)~ when desired; dry with absolute 
ethanol. 

Figure 6 shows the initial s curves after several 
surface treatments of this type. The copper now 
greatly increases s~, presumably by introducing 
additional recombination centers. If  the above hy-  
potheses concerning the hydrophobic film are cor- 
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rect ,  t hen  r e m o v a l  of th is  f i lm b y  K O H  p e r m i t s  the  
copper  ions  to inLeract  m u c h  m o r e  s t r o n g l y  w i t h  t he  
g e r m a n i u m  surface .  

The  a d d i t i o n a l  cen t e r s  due  to copper  a p p e a r  e i t he r  
to be  of s e v e r a l  k i n d s  or  to possess  s e v e r a l  e n e r g y  
levels ,  s ince  the  d i f fe rences  in s b e t w e e n  the  c o p p e r -  
t r e a t e d  and  u n t r e a t e d  su r faces  canno t  be  f i t ted  b y  a 
s ing le  exp re s s ion  of t he  fo rm (1) .  F i t t i n g  n e a r  t he  
m a x i m u m  ind ica te s  uo ~ 2.8, I u , -  uo I ~3.5,  w i th  
a d d i t i o n a l  l eve ls  h a v i n g  uo < - - 4 ,  b u t  t he se  v a l u e s  
shou ld  b e  r e g a r d e d  as h i g h l y  t en t a t i ve .  

The  t r a p p e d  cha rge  cu rves  c o r r e s p o n d i n g  to Fig .  6 
showed,  u n f o r t u n a t e l y ,  a g r e a t  dea l  of va r i a t i on ,  
hence  wi l l  no t  be  d i scussed  in de ta i l .  As  before ,  h o w -  
ever ,  t h e r e  was  no a p p a r e n t  c o r r e l a t i o n  b e t w e e n  ~tr 
and  s. 

S o m e  p r e l i m i n a r y  ag ing  re su l t s  w e r e  also o b t a i n e d  
fo l lowing  e tches  20 and  26. In  t he  f o r m e r  (no cop-  
p e r ) ,  s~ i n c r e a s e d  to a b o u t  700 c m / s e c  in N~, 800 in 
O2 and  1100 a f t e r  ozone. In  t he  l a t t e r ,  s~ c ha nge d  
r e l a t i v e l y  l i t t l e  in N.., b u t  d e c r e a s e d  to  1400 c m / s e c  
in O, and  r e m a i n e d  at  abou t  t ha t  v a l u e  a f t e r  ozone. 
In  bo th  cases,  ~ i n c r e a s e d  in bo th  O.~ and  ozone. 

Discussion 
The  m a j o r  r e su l t s  of t he  p r e c e d i n g  sec t ion  m a y  be  

s u m m a r i z e d  as fo l lows :  
1. C o p p e r  ( a n d  p r e s u m a b l y  m a n y  o the r  c o n t a m i -  

n a n t s )  inf luences  t he  fas t  su r face  s ta tes ;  t he  n a t u r e  
of th is  inf luence  d e p e n d s  on the  p r e v i o u s  su r face  
t r e a t m e n t .  

2. On the  h y d r o p h o b i c  su r face  p r o d u c e d  b y  at  
l eas t  one e tchan t ,  t he  coppe r  effect is r e l a t i v e l y  s l igh t  
in i t i a l ly ,  b u t  the  g r o w t h  in  d e n s i t y  of r e c o m b i n a t i o n  
cen te r s  in ox id i z ing  a t m o s p h e r e s  is enhanced .  

3. On the  h y d r o p h i l i c  su r f ace  r e s u l t i n g  f r o m  ho t  
K O H  t r e a t m e n t ,  the  coppe r  i m m e d i a t e l y  p r o d u c e s  
r e c o m b i n a t i o n  cen te r s  w i t h  i nd i ca t ions  of c o m p l e x  
l eve l  s t ruc tu re .  

4. T h e r e  is, in g e n e r a l  no c o r r e l a t i o n  of s w i t h  ~tr. 
This  m e a n s  t ha t  t he  r e c o m b i n a t i o n  cen t e r  e n e r g y  
l eve l  canno t  be  used  v a l i d l y  in t h e  f i t t ing  of t he  ~t~ 
vs. u~ c u r v e  b y  a sum of F e r m i  func t ions .  I t  is for  
th is  r ea son  t h a t  no a t t e m p t  has  been  m a d e  in the  
fo rego ing  to deduce  t r a p  s ta te  ene rg ie s  or  concen -  
t r a t ions .  

A qualitative comparison with previous work may, 
however, be obtained by comparison of the minimum 
slopes of the trapping curves. For fresh surfaces, we 
obtain (d~tr/du,) .... ~3 • l0 s cm -~, which is com- 
parable to the results of Montgomery and Brown 
(11) ,  W a l l i s  and  W a n g  (5) ,  R z h a n o v  et al. (2 ) ,  and  
L i t o v c h e n k o  and  L y a s h e n k o  (19) .  H a r n i k  and  M a r -  
gon insk i  (6 ) ,  on the  o t h e r  hand ,  found  m i n i m u m  
slopes  abou t  t h r e e  to t en  t imes  g rea t e r ,  c o m p a r a b l e  
w i t h  t he  r e su l t s  on " a g e d "  su r f aces  of M a n y  and  G e r -  
l ich  (1)  and  M a r g o n i n s k i  a n d  F a r n s w o r t h  (9)  and  
to those  on o z o n e - t r e a t e d  su r f aces  of R z h a n o v  et al. 
(2 ) ,  F l i e t n e r  (12),  and  t h e  p r e s e n t  work .  P r e s u m a b l y  
this  ref lects  some sub t l e  d i f fe rence  in  su r f ace  p r e p a -  
r a t i on  and  m a y  be  connec t ed  w i t h  t h e i r  f inding (6)  
t ha t  s~ was  s o m e t i m e s  d e c r e a s e d  b y  ozone t r e a t -  
men t ,  as  in t he  p r e s e n t  c o p p e r - t r e a t e d  K O H - p r e -  
p a r e d  sur faces .  

A n o t h e r  po in t  of c o m p a r i s o n  concerns  t he  use  of 
H F  a lone  as an  e t chan t .  M a r g o n i n s k i  (7)  f inds t ha t  
th is  " g r e a t l y  inc reases  t he  su r f ace  r e c o m b i n a t i o n  
ve loc i ty"  w h e r e a s  he r e  l i t t l e  or  no change  was  found.  
The latter result is the more "desirable" since it per- 
mits many repeated etches of the same sample with- 
out serious geometrical distortion. The conflicting re- 
sults, however, strongly emphasize again the sensi- 
tivity of surfaces to minute variations in the prepa- 
ration procedures. 

Finally, mention should be made of the very inter- 
esting recent work of Boddy and Brattain (20), who 
found that on germanium surfaces in contact with 
especially purified electrolytes addition of trace 
amounts of Cu §247 to the solution introduces apprecia- 
ble n u m b e r s  of su r face  r e c o m b i n a t i o n  centers .  Th is  
aga in  d e m o n s t r a t e s  t h a t  coppe r  can  p r o d u c e  qu i t e  
d r a s t i c  effects if  a l l ow e d  to come into  i n t i m a t e  con-  
t ac t  w i t h  t h e  surface .  
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Double Layer Capacities of Single Crystals of Gold 
in Perchloric Acid Solutions 
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ABSTRACT 

The electrical double layer differential capacity has been measured by 
single pulse technique on single crystal gold electrodes exposing the (i00) and 
(II0) crystal plane in 0.001-1N HC10~ between about --0.9v (15 ma/cm 2 maxi- 
mum cathodic current) and ~-l.4v vs. SCE. A capacity maximum at W0.9 to 
~-l.3v, depending on concentration, is attributed to "oxygen" adsorption. This 
showed strong hysteresis, the corresponding desorption peaks being as much 
as 500 mv more negative. Some evidence for adsorption of a second "oxygen" 
species is presented. A maximum occurring at -~0.4v has been ascribed to 
slight specific C10( adsorption. A "hydrogen" adsorption peak is observed 
only on the (I00) electrode at --0.2v. The complete absence of a profile during 
actual H~ evolution is taken as evidence that recombination of H atoms is not 
the rate-determining step. A capacity minimum appears at the (Ii0) electrode 
in 10-3N HC10~ at 0.0v and between two small maxima at the (i00) electrode 
at --0.05v. These minima have been tentatively identified as the zero point of 
charge. The difference of 50 mv is reflected in an equal difference in the oxygen 
adsorption peaks. The zero point of charge potentials agrees satisfactorily with 
values interpolated from work function data. 

The m e t a l / e l e c t r o l y t e  s y s t e m  is of i n t e r e s t  to bo th  
the  su r face  chemis t  and  the  e l ec t rochemis t ,  m a i n l y  
because  i t  a l lows  v a r i a t i o n  of the  p o t e n t i a l  d rop  
across  the  m e t a l / e l e c t r o l y t e  i n t e r f ace  b y  a p p l y i n g  a 
b ias  in an  e l e c t r o c h e m i c a l  cell .  A c c o r d i n g  to the  
t h e o r y  of e l e c t r o c a p i l l a r i t y  (1) ,  m e a s u r e m e n t s  of the  
i n t e r r a c i a l  t ens ion  as a func t ion  of p o t e n t i a l  p e r m i t  
ca l cu la t ion  of the  e l ec t ron ic  cha rge  on the  m e t a l  a t  
a n y  p o t e n t i a l  and  the  d e t e r m i n a t i o n  of the  zero po in t  
of cha rge  (2) .  This  i n f o r m a t i o n  can  be  used  to ca l -  
cu la t e  the  a m o u n t  of ca t ion ic  and  an ion ic  c h a r g e  a d -  
so rbed  at  the  so lu t ion  s ide  of t he  i n t e r f ace  (1) .  

Su r f ace  t ens ion  m e a s u r e m e n t s  of t he  r e q u i r e d  ac -  
c u r a c y  a re  l i m i t e d  to l i qu id  me ta l s ,  i.e., at  r o o m  t e m -  
p e r a t u r e ,  to m e r c u r y ,  some a m a l g a m s ,  and  ga l l ium.  
H i g h - t e m p e r a t u r e  d a t a  on m o l t e n  m e t a l s  a r e  a v a i l -  
ab l e  (3) .  A t t e m p t s  to r e p l a c e  su r f ace  t ens ion  b y  o t h e r  
p rope r t i e s ,  for  e x a m p l e  f r i c t i on  (4 ) ,  r e p u l s i o n  of two  
w i r e s  of e q u a l  p o t e n t i a l  (5) ,  h a v e  been  m a d e  r e -  
c e n t l y  w i t h  some success  in t h e  l a t t e r  case. 

C o m p l e m e n t a r y  to su r face  t ens ion  da ta ,  and  in 
p r i n c i p l e  no t  r e s t r i c t e d  to l i qu id  me ta l s ,  a r e  m e a s -  
u r e m e n t s  of the  i n t e r r a c i a l  d i f f e r en t i a l  capac i ty ,  
w h i c h  cons t i tu te s  the  second  d e r i v a t i v e  w i t h  r e spe c t  
to p o t e n t i a l  of t he  su r f ace  t e n s i o n - p o t e n t i a l  func t ion .  
On m e r c u r y ,  e x c e l l e n t  a g r e e m e n t  was  found  b e t w e e n  
p r o p e r t i e s  of t h e  i n t e r f a c e  c a l c u l a t e d  f rom su r face  
t ens ion  d a t a  and  f r o m  d i f f e r en t i a l  c a p a c i t y  m e a s u r e -  
m e n t s  (1 ) .  

D i f f e ren t i a l  c a p a c i t y  m e a s u r e m e n t s  can  be  m a d e  
w i th  an  i m p e d a n c e  b r i d g e  us ing  s ine  wave" a l t e r n a t -  
ing c u r r e n t  (a.c.)  (6) ,  or  w i t h  c h a r g i n g  t e chn ique s  
us ing  s q u a r e  w a v e  c u r r e n t s  (7, 8) or  s ingle  cons t an t  
c u r r e n t  pu l ses  (9, 10).  The  d a t a  a r e  i n t e r p r e t e d  on 

the  bas is  of s imp le  c i rcu i t  ana logs ,  e.g., a c a p a c i t o r  
and  a r e s i s to r  in ser ies ,  or  in pa ra l l e l .  

On e l ec t rodes  o t h e r  t h a n  m e r c u r y ,  e l e c t r o c h e m i c a l  
r eac t ions  f r e q u e n t l y  t a k e  place .  These  find t h e i r  e x -  
p r e s s ion  in a m o r e  or  less p r o n o u n c e d  d e p e n d e n c e  of 
t h e  c a p a c i t y  on the  f r e q u e n c y  of the  b r i d g e  a.c. (11) ,  
or  in an  i n c r e a s i n g l y  c u r v e d  p o t e n t i a l - t i m e  func t ion  
w h e n  us ing  a c h a r g i n g  t e c h n i q u e  (7) .  A t  l eas t  p a r t  of 
the  cha rge  s u p p l i e d  to t he  e l ec t rode  b y  the  m e a s -  
u r i n g  s igna l  f lows across  t he  in t e r face ,  r a t h e r  t h a n  
on ly  up  to i t  as in the  case  of an  i d e a l l y  p o l a r i z a b l e  
e l e c t r o d e  (12) .  F o r  a g iven  e l e c t r o c h e m i c a l  r e a c t i o n  
the  cha rge  crosses  t he  i n t e r f ace  a t  a r a t e  w h i c h  is 
d e p e n d e n t  on the  f r e q u e n c y  of t he  a.c., or  on the  t ime  
e l a pse d  a f t e r  a p p l i c a t i o n  of the  cons t an t  c u r r e n t  
s ignal .  I t  is on ly  at  h igh  f r equenc ies ,  or  a t  t imes  in 
t he  o r d e r  of mic roseconds ,  t h a t  th is  p a r t  of t he  t o t a l  
s u p p l i e d  cha rge  becomes  ne g l i g ib l e  and  t r u e  doub le  
l a y e r  capac i t i e s  a r e  m e a s u r e d .  " P s e u d o c a p a c i t i e s "  
o b t a i n e d  w i t h  l ow f r e q u e n c y  a.c. on n o n i d e a l l y  p o -  
l a r i z e d  e l ec t rodes  shou ld  be  i n t e r p r e t e d  on the  bas is  
of r e a c t i o n  p a r a m e t e r s  r a t h e r  t h a n  p r o p e r t i e s  of t he  
e l ec t r i ca l  doub le  l aye r .  

The  i m p e d a n c e  of a g iven  i n t e r f ace  becomes  
s m a l l e r  and  s m a l l e r  w i t h  i nc rea s ing  f r e q u e n c y  of 
the  a - c  m e a s u r i n g  s ignal .  Thus,  t he  l imi t  of p r a c t i -  
c a l i t y  for  th is  t y p e  of m e a s u r e m e n t  is set  a t  a b o u t  
200 kc  (13).  On the  o t h e r  hand ,  s ingle  pu l ses  of 1 
tLsec d u r a t i o n  a r e  ea s i l y  a v a i l a b l e  today ,  c o r r e s p o n d -  
ing in  f u n d a m e n t a l  f r e q u e n c y  to v a l u e s  w i t h  w h i c h  
a - c  i m p e d a n c e  m e a s u r e m e n t s  can  be  m a d e  on ly  w i th  
diff iculty.  

So l id  e l ec t rodes  p r e s e n t  some spec ia l  p r o b l e m s .  
The  u n k n o w n  t r u e  a r e a  of t he  e l ec t rodes  m a k e s  u n -  
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c e r t a i n  t he  abso lu t e  m a g n i t u d e  of t he  p a r a m e t e r s  
of t he  e l e c t r i c a l  doub le  l aye r .  Moreove r ,  r o u g h e n i n g  
of the  e l ec t rode  d u r i n g  the  e x p e r i m e n t  shou ld  l e a d  to 
t ime  dependence .  The  e l ec t rode  su r face  canno t  be 
r e n e w e d  cons tan t ly ,  as in t he  case of t he  d r o p p i n g  
m e r c u r y  e lec t rode .  T h e r e f o r e  e x t r e m e  p u r i t y  has  to 
be a c h i e v e d  and  m a i n t a i n e d .  Due  to t he  d i f fe rence  
in w o r k  func t ion  of s ing le  c r y s t a l  faces  (14) ,  a d i f -  
f e r ence  in t h e i r  e l e c t r i c a l  doub le  l a y e r  p a r a m e t e r s  
can  be  e x p e c t e d  (15) .  In  o t h e r  words ,  two  e l ec t rodes  
of t he  s ame  m a t e r i a l  in t he  s ame  so lu t ion  m a y  b e h a v e  
q u i t e  d i f fe ren t ly ,  d e p e n d i n g  on w h i c h  c r y s t a l  p l a n e  
is p r e d o m i n a n t l y  o r i e n t e d  in  t he  sur face .  

This  i nves t i ga t i on  was  u n d e r t a k e n  to e l u c i d a t e  t he  
inf luence  of c ry s t a l  o r i e n t a t i o n  on the  c a p a c i t y  of t he  
e l ec t r i ca l  d o u b l e  l aye r .  Go ld  was  se lec ted  beca use  of 
i ts  a v a i l a b i l i t y  in s ing le  c rys ta l s .  P e r c h l o r i c  ac id  so lu-  
t ions  w e r e  t a k e n  as  e l ec t ro ly t e ,  C1Oj  be ing  the  an ion  
w i t h  t h e  l eas t  l i ke l i hood  of specific a d s o r p t i o n  (1) .  
The  capac i t i e s  w e r e  m e a s u r e d  w i t h  a s ingle  pu l se  
t e c h n i q u e  and  e q u i p m e n t  r e c e n t l y  d e v e l o p e d  (10) .  
The  m e t h o d  is based  on a c i rcu i t  ana log  for  t he  e lec-  
t r i c a l  doub le  l a y e r  of a s ingle  r e s i s to r  and  c a p a c i t o r  
in pa ra l l e l .  

Experimental 
Materials . - -The s ingle  c rys t a l s  of gold,  o r i e n t e d  

b y  x - r a y  ana lys i s ,  w e r e  o b t a i n e d  f rom M o n o c r y s t a l s  
C o m p a n y ,  C leve land ,  Ohio.  T h e y  w e r e  p r e s s u r e  
sea l ed  into  sho r t  p ieces  of K e l - F  a t  200~ so t h a t  
the  (100) or  (110) face  was  exposed .  This  m e t h o d  was  
a d o p t e d  a f t e r  a t t e m p t s  to ob t a in  a good seal  w i t h  
Teflon as d e s c r i b e d  b y  B r e i t e r  and  Hof fman  (16) 
fa i led ,  p r o b a b l y  because  of the  r a t h e r  i r r e g u l a r  su r -  
face  of t h e  s ingle  c r y s t a l  rods.  A t h r e a d e d  b r a s s  rod,  
nut ,  and  Teflon w a s h e r s  a l l owed  the  K e l - F  m o l d  to 
p ress  t i g h t l y  aga in s t  a P y r e x  glass  ho lde r ,  g iv ing  a 
w a t e r - p r o o f  sea l  and  p r o v i d i n g  e l ec t r i ca l  con tac t  
w i t h  t h e  gold.  The  a p p a r e n t  e l e c t r o d e  a r e a  was  a b o u t  
0.09 cm ~. To o b t a i n  m i n i m u m  roughness ,  e l e c t r o -  
po l i sh ing  was  t r i e d  a t  first,  b u t  h a d  to be  a b a n d o n e d  
because  of p r e f e r e n t i a l  a t t a c k  a t  t he  edges.  F o r  t he  
e x p e r i m e n t s  r e p o r t e d  here ,  t he  e l ec t rodes  w e r e  
e t ched  in  aqua  regia ,  w a s h e d  in  c o n d u c t i v i t y  w a t e r ,  
and  d e g r e a s e d  w i t h  ace tone  in a soxhle t .  T h e  r o u g h -  
ness  f ac to r  was  e s t i m a t e d  to be  1.5. 

Solu t ions ,  1 to 10-'N HC104, w e r e  m a d e  up  f rom 
s tock  70% HC104 and  w a t e r  f rom a B a r n s t e a d  con-  
d u c t i v i t y  s t i l l  ( ~ 2  • 10 -7 ohm -1 cm-1). The  so lu t ions  
w e r e  p r e - e l e c t r o l y z e d  b e t w e e n  P t  e l ec t rodes  for  48 
h r  a t  10-100 ma,  a n d  degas sed  w i t h  a s t e a d y  s t r e a m  
of G r a d e  A H e  for  an  a d d i t i o n a l  12 hr .  

Cell and me thod . - -The  a l l - P y r e x  glass  cel l  con-  
t a i ned  a l a r g e  p l a t i n i z e d  P t  w i r e  gauze  as p o l a r i z i n g  
e lec t rode .  P o l a r i z i n g  c u r r e n t  was  s u p p l i e d  b y  the  
pu l se  g e n e r a t o r ,  or  b y  a p o t e n t i o m e t e r  and  a l a r g e  
SCE W h e n e v e r  t he  t o t a l  r e q u i r e d  c u r r e n t  was  less 
t han  1 /m ( f r o m  a b o u t  --0.2 + 1.4v).  The  p o t e n t i a l s  
w e r e  m e a s u r e d  w i t h  a second  SCE and  a H a b e r -  
L u g g i n  cap i l l a ry ,  u s ing  a K e i t h l e y  e l e c t r o m e t e r .  
T h e y  a re  r e p o r t e d  w i t h  r e spec t  to SCE. A r a p i d  
s t r e a m  of H e  s e rved  as s t i r r e r  and  to  r e m o v e  gases  
evo lved  d u r i n g  the  e x p e r i m e n t s .  The  cel l  h a d  a 
j a c k e t  w h i c h  con t a ined  K~Cr~O7 solut ion ,  t h e r m o -  
s t a t ed  a t  30~ W h e n  connec t ed  to g round ,  t h e  
j a c k e t  gave  an  efficient sh ie ld  for  t h e  cell.  

The  s ingle  pu l se  m e t h o d  a n d  e q u i p m e n t  used  h e r e  
has  been  d e s c r i b e d  e l s e w h e r e  (10) .  The  d i f f e r en t i a l  
capac i ty ,  C, was  c a l c u l a t e d  w i t h  

C ( t  = 0) = AQ'(O)/Ae'(O) [1]  

[Eq. 10a in  ref .  ( 1 0 ) ] ,  w h e r e  AQ' (0)  = I~-- I1 ,  w i t h  
I1, t h e  c u r r e n t  d e n s i t y  a t  t i m e  t < 0 (be fo r e  t he  
pu l s e )  and  I~ the  c u r r e n t  d e n s i t y  a t  t > 0 ( d u r i n g  the  
p u l s e ) .  • (0)  is t he  c h a n g e  in  s lope  of t he  p o t e n t i a l -  
t ime  c u r v e  at  t = 0. A r e s i s to r  and  a capac i t o r  in  
p a r a l l e l  w e r e  t a k e n  as t he  c i r cu i t  ana log  for  t h e  e l ec -  
t r i c a l  doub le  l a y e r  in  th is  ana lys i s .  The  p o t e n t i a l -  
t i m e  func t ion  of t h e  tes t  e l ec t rode  was  d i s p l a y e d  on 
a T e k t r o n i x  T y p e  545 osc i l loscope  us ing  a T y p e - D  
p reampl i f i e r .  The  t r ace  was  p h o t o g r a p h e d  w i t h  a 
D u m o n t  P o l a r o i d  osc i l loscope  camera .  

E q u a t i o n  [1]  r e q u i r e s  o b t a i n i n g  the  s lope  of a 
c u r v e  a t  one p o i n t  ( t  - - - -  0).  T a k i n g  s lopes  w i t h  a 
r u l e r  i nvo lves  a t  l eas t  two  poin ts ,  and  the  m e a s u r e -  
m e n t  becomes  m o r e  a c c u r a t e  t he  s t r a i g h t e r  t he  
p o r t i o n  of the  c u r v e  b e t w e e n  the  two  po in t s  and  in 
t he  l imi t  of a s t r a i g h t  l ine,  t h e  g r e a t e r  t h e  d i s -  
t ance  b e t w e e n  the  two  points .  The re fo re ,  t he  h o r i -  
zon ta l  s w e e p  of t h e  scope  was  se t  so t h a t  a l i n e a r  
p o r t i o n  over  at  l eas t  5 c m  was  ob ta ined .  In  mos t  
cases, 5 /~sec/cm se rved  the  pu rpose ,  b u t  d u r i n g  
H.. evo lu t ion  a sweep  speed  of 1 /~sec/cm was  n e c -  
essary .  The  a m p l i t u d e  of t he  p u l s e  was  se lec ted  
so t h a t  a v e r t i c a l  def lec t ion  of 2-4 cm ove r  t he  
ho r i z on t a l  sc reen  w i d t h  was  o b t a i n e d  (1-0.1 
m a ) .  The  scope ampl i f i e r s  a r e  l i n e a r  to w i t h i n  3% 
only ,  t hus  l i m i t i n g  the  p r ec i s i on  of t he  c a p a c i t y  
m e a s u r e m e n t .  The  a g r e e m e n t  b e t w e e n  success ive  
runs  also was  w i t h i n  3%.  

A r u n  was  s t a r t e d  a t  a b o u t  - -1 .0v  (15 m a / c m  ~ 
ca thod ic  for  1M HC104). A c a p a c i t y  m e a s u r e m e n t  
was  t a k e n  10 min  a f t e r  t he  p o t e n t i a l  b e c a m e  s teady .  
The  e l e c t r o d e  p o t e n t i a l  w a s  t h e n  g r a d u a l l y  m a d e  
m o r e  noble ,  in s teps  of a p p r o x i m a t e l y  50 m v  e v e r y  
10 min.  In  mos t  cases,  t he  capac i t i e s  h a d  r e a c h e d  a 
s t ab le  v a l u e  a f t e r  5 min .  E x p e r i m e n t s  in w h i c h  the  
t ime  to ob t a in  a f inal  v a l u e  e x c e e d e d  10 m i n  w e r e  
d i sca rded .  A t  + l . 4 v  the  d i r ec t ion  of t he  p o t e n t i a l  
c h a n g e  was  r e v e r s e d .  D a t a  t a k e n  th is  w a y  w e r e  
m o r e  r e p r o d u c i b l e  t h a n  d a t a  f r o m  r u n s  s t a r t e d  at  
+1 .4  v. 

Results 
D u r i n g  H~ evo lu t i on  the  capac i t i e s  of bo th  t he  

(100) and  the  (110) e l e c t r o d e  a r e  of t he  o r d e r  of 10 
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Fig. 1. Differential capacities of a (110) single crystal gold 
electrode in perchloric acid. 
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Fig. 4. Differential capacities of a ( i 1 0 )  single crystal gold elec- 
trode in 1M perchloric acid. 

~f /cm 2 (Fig. i and 2). The curves are  flat and show 
no significant var ia t ion  of capaci ty  wi th  potent ia l  
be tween --0.6 and --0.gv (15 m a / c m  2 m a x i m u m  ca-  
thodic cur ren t ) .  

At  the (110) face (Fig. 1) the capaci ty  begins to 
increase at  less nega t ive  potent ia ls  leading to a max i -  
mum posi t ioned at  +0.4% independent  of concen- 
t rat ion.  In  10-~M HC10, this increase is in t e r rup ted  
by  a min imum at 0.0v. A second maximum,  found at 
+ l . 3 v  for  1M solutions, shifts about  200 mv per  ten-  
fold concentra t ion decrease  to less posi t ive values.  
There is a th i rd  m a x i m u m  at +1.25v in 10-~M HC10+ 
and some evidence of a th i rd  m a x i m u m  beyond 
+1.4v in 1M and 0.1M HCIO+. The reproduc ib i l i ty  
becomes very  poor beyond +1.4% probab ly  due to 
oxide film format ion  and a thorough invest igat ion 
has not been possible. 

The (100) e lectrode (Fig. 2) shows an addi t ional  
max imum at --0.2v. The min imum tha t  follows is at  
--0.05v. The max imum at +0.4v did not change posi-  
t ion compared to the (110) electrode. The max ima  at 
the  far  anodic side are 50 mv more negat ive  for the 
(100) electrode than  the corresponding max ima  at 
the (110) e lectrode (Fig. 3). 

Both electrodes show pronounced hysteresis  when 
going f rom + l . 4 v  to more negat ive  potent ia ls  (Fig. 
4). The max imum previous ly  found at  + 0 . 9 - + 1 . 3 v  
is displaced by as much as 500 mv to more active 
values. The m a x i m u m  capacit ies are la rger  than  any 
of the previous  m a x i m u m  values. The max im um  i t -  
self is r a the r  flat and drops off sharp ly  toward  nega-  
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Fig. 3. Differential capacities of a (100) and a (110) single 
crystal gold electrode in 1M perchloric acid. 

t i r e  potentials .  At  about +0.2v the hysteresis  dis-  
appears.  

D i s c u s s i o n  

The differential  capaci ty  is defined as (1) 

C = ~ q / 8 ~  [2] 

where  q is the electronic charge on the meta l  side of 
the interface,  and q, the potent ia l  drop across the 
e lec t rode /e lec t ro ly te  interface.  Thus, the value  of 
the different ial  capaci ty  gives a measure  of the 
change of electronic charge on the meta l  wi th  poten-  
tial. According to the pr inciple  of e lec t roneut ra l i ty ,  
this change of electronic charge  is compensated by 
an equal  change of ionic charge wi th  potent ia l  at the 
solution side of the interface.  Thus, at  any given po-  
tential ,  the absolute  magni tude  of the different ial  
capaci ty  gives a direct  measure  of the change with  
potent ia l  in the  amount  of adsorbed charged species. 
I t  has to be kept  in mind, however ,  tha t  changes in 
ionic charge densi ty  or adsorpt ion of neu t ra l  organic 
molecules also lead to changes in different ial  capac-  
ities. This becomes apparen t  if the electr ical  double 
l ayer  is considered as a p la te  condenser.  

At  present  there  is no c lea r -cu t  way  to dist inguish 
be tween the two effects. In the absence of adsorb-  
able neu t ra l  organic substances and the presence of 
max ima  and min ima in the capaci ty  potent ia l  curve 
we prefer  the former  view. In this case the occur- 
rence of max ima  cannot be expla ined  by  changes in 
ionic charge densities,  unless one wants  to assume 
complete  sa tura t ion  of the electr ical  double l ayer  at 
the potent ia l  of the  maximum.  

In agreement  wi th  this in terpre ta t ion ,  the  ap-  
pearance  of the m a x i m um  at + 0 . 9 - + 1 . 3 v  can be 
expla ined  as being due to adsorpt ion a n d / o r  chemi-  
sorpt ion of oxygen (or some oxygen containing spe- 
cies). This explana t ion  is p rompted  and confirmed by 
resul ts  obtained with  a potent ia l  sweep method (17) 
and by cathodic s t r ipping exper iments  (18). The 
high overpotent ia l  necessary for "oxygen"  desorp-  
t ion (400-500 mv)  (17) is again pointed out by the 
pronounced hysteresis  in the capac i ty -po ten t ia l  
curves. 

In tegra t ion  of the "oxygen" adsorpt ion peak  be-  
tween +0.8 and + l . 4 v  gives 6 ~coul /cm ~ for the 
(110) electrode in 1M IIC10+, or about  4 x 10 TM elec-  
tronic charges /cm ~. This is equiva lent  to 4 elec- 
tronic charges per  100 surface atoms at + l . 4v .  The 
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Fig. 5. Dif ferential  capacities of a (100)  single crystal gold 
electrode in IO-~M perchloric acid. 

in tegra t ion  includes only par t  of the peak, as may  
be seen f rom Fig. 1. The 6 ~coul /cm ~ found in this 
way  have to be confronted with  a coverage equiv-  
a lent  to 800 ~coul /cm 2 as de te rmined  by  cathodic 
s t r ipping exper iments  (18) and 650 #coul /cm ~ as 
measured  with  a t r i angu la r  potent ia l  sweep method 
(17). I t  must  be kept  in mind, however ,  tha t  the  6 
~coul /cm ~ represents  a net  charge, the excess of ani-  
onic charge over cationic charge. Fu r the r  analysis,  
e .g . ,  a separa t ion  of posi t ive and negat ive  charges, 
requires  (AC/Aa) ~, data  (a = ac t iv i ty)  (19), involv-  
ing high precision measurements  for which our 
method is not  sui table  as yet. 

Beyond a potent ia l  of + l . 5 v  pe rmanen t  changes 
seem to t ake  place at the gold electrode. Therefore,  
no a t t empt  was made  to obtain da ta  beyond -91.4v. 
Some indicat ion for a second "oxygen"  adsorpt ion 
max imum above -9 1.4v was found, and this becomes 
apparen t  in 10-~M HC10,, where  the shift  wi th  con- 
centra t ion br ings this second peak  down to about  
-91.2v (Fig. 5). Here the first "oxygen"  adsorpt ion 
max imum is represen ted  by the l i t t le  hump at 

about +0.9v, as can be seen from the hysteresis  
curve. 

Measurements  in 10-~M HC10, could be made only 
in a na r row potent ia l  region. The high solution re-  
sistance tends to overdr ive  the scope amplifier,  which 
leads to erroneous potent ia l  t ime curves. 

The appearance  of a small  capaci ty  max imum  at 
-9 0.4v may  be identified wi th  the  occurrence of some 
slight C10,- adsorption.  Evidence for specific ad-  
sorption of C10,- on mercu ry  has quite recen t ly  been 
found by  Delahay  and co-workers  (20). The ex-  
pected shift  in posit ion of the  max imum by 60 m v /  
tenfold concentra t ion change was not observed, 
however.  Adsorpt ion  of a species l ike OH-, on the 
other hand, should lead to the same shift  in the 
opposite direction.  The m a x i m u m  in question does 
not shift  e i ther  way  with  concentrat ion.  This dis-  
crepancy has not been solved so far. 

The method of electrode p repara t ion  used here 
causes some faceting. The (110) and (100) electrode 
are  therefore  surfaces wi th  a p redominan t ly  ra the r  
than complete  (110) or (100) character .  Nevertheless ,  
some dist inct  differences can be detected. A capaci ty  
max imum at about  --0.2v was found at  the (100) 
face, but  not  at the (110) face. In view of the po-  

tent ia l  at which this m a x i m u m  appears  we ascribe 
this peak  to hydrogen  adsorption.  

At  the (100) electrode,  the min imum be tween  the 
max ima  at --0.2 and +0.4v is found at  --0.05v. At  
the (110) electrode a min imum appears  at  0.0v. 
These two min ima may  be t en ta t ive ly  ident if ied 
with the zero point  of charge of the  (100) or (110) 
face of gold, respect ively.  These zero point  of charge 
potent ia ls  agree fa i r ly  wel l  wi th  values in terpola ted  
from work  function da ta  a l though this amounts  only 
to an es t imate  at  best. According to F r u m k i n  (15), 
the difference in work  function of two meta ls  coin- 
cides wi th  the difference in the zero point  of charge 
potentials .  Taking 4.5 ev and --0.45v, respect ively,  
for mercury,  and 4.9 ev for gold (21), one obtains 
0.0v for the zero point  of charge of gold. The dif-  
ference be tween (110) and (100) of 50 mv is r e -  
flected in a difference of 50 mv in the posit ion of 
the oxygen adsorpt ion peaks  of the two electrodes 
(Fig. 1 and 2). There is, of course, a l iquid junct ion 
potent ia l  be tween a sa tura ted  KC1 solution and 
HC10, involved.  

The present  capaci ty  data  are  considerably  lower 
than the 110 ~f /cm ~ (22), 150 ~f /cm ~ (23), and 200 
~f /cm ~ (17) prev ious ly  repor ted  for gold in acid. 
This is p robab ly  due to the influence of Fa rada ic  
processes in the methods  used by  these authors.  
Quite recently,  Lai t inen  and Chao (18) measured  
the capaci ty  of gold, or iented p redominan t ly  wi th  
the 111 plane in the  surface, in HC10,, using a pulse 
technique. There is good agreement  wi th  our values 
in posit ion and magni tude  of the "oxygen"  adsorp-  
t ion m a x i m u m  (~35 ~f /cm ~ at  + l . 3 0 v ) .  The agree-  
ment  is not so good at  other  potent ia ls  (60 v s .  22 
~f /cm ~ at +0.40v) ,  a l though considerably  be t te r  
than  wi th  da ta  obta ined by  others.  A at  of 200 ~sec 
used by Lai t inen  and Chao may  a l r eady  be too long 
a t ime to e l iminate  the possibi l i ty  of Fa rada ic  proc-  
esses comple te ly  and cause the capaci ty  values  to 
be too high. Our "oxygen"  peaks  and hysteresis  
effects are  much more pronounced and seem perhaps  
more reasonable  in view of other  ava i lab le  oxygen 
adsorpt ion da ta  (17). On the other  hand, Lai t inen  
and Chao observe a shift  of the m a x i m um  of 60 
m v / p H  unit, which is closer to expectat ions than 
the 200 m v / t e n f o l d  concentrat ion change observed 
by  us. 

The magni tude  of the  capacit ies found in this 
work  may  seem to be too low. Frequent ly ,  the 
me ta l / e l ec t ro ly t e  in terface  is assumed to have a 
capaci ty  of 20 # f / cm ~, especial ly  jus t  before  H, evo- 
lut ion (24). A p p a r e n t l y  this assumption has its roots 
in the findings on mercury  (1).  In view of our 
in terpre ta t ion,  values considerably  lower  than 20 
~f /cm 2 should be acceptable  and, of course, have  
been found. The complete absence of an adsorpt ion 
peak  dur ing actual  H~ evolut ion (up to 15 m a / c m  ~) 
on the (110) face is r emarkab le .  This suggests tha t  
there  is no bui ldup of hydrogen  at  the surface in 
this case, and recombinat ion  of hydrogen  atoms 
cannot be the r a t e -de t e rmin ing  step. 

S u m m a r y  

Electr ical  double l ayer  different ial  capacit ies have 
been measured,  using a single pulse technique,  on 
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s ingle  c r y s t a l  go ld  e l ec t rodes  e x p o s i n g  the  (110) 
or  (100) c r y s t a l  p lane .  1N to 10-'N HC10,  so lu t ions  
w e r e  used  as e l ec t ro ly t e .  The  e f fec t iveness  of fas t  
pu l se  t e chn iques  for  the  m e a s u r e m e n t  of " t r u e "  
doub le  l a y e r  capac i t i e s  is d e m o n s t r a t e d  for  ca thod ic  
c u r r e n t  dens i t i e s  up  to 15 m a / c m  ~. 

The  o b s e r v e d  m a x i m a  and  m i n i m a  in the  c a p a c i t y  
p o t e n t i a l  cu rve  h a v e  been  i n t e r p r e t e d  on the  
bas is  of a d s o r p t i o n  and  d e s o r p t i o n  processes .  Thus,  
a m a x i m u m  occu r r ing  a t  +0 .9  to + l . 3 v ,  d e p e n d i n g  
on HC104 concen t r a t i on  has  been  a t t r i b u t e d  to a d -  
so rp t ion  of o x y g e n - c o n t a i n i n g  species.  This  p e a k  
shows  s t rong  hys t e r e s i s  a n d  is d i s p l a c e d  on d e s o r p -  
t ion  up  to 500 m v  to m o r e  n e g a t i v e  va lues .  Some  
ev idence  of a d s o r p t i o n  of a second  o x y g e n  species  
is p r e s e n t e d .  A p e a k  at  + 0 . 4 v  has  been  a t t r i b u t e d  
to s l igh t  C1Oj  adso rp t ion ,  b u t  does  no t  show the  
e x p e c t e d  c o n c e n t r a t i o n  dependence .  A m a x i m u m  
o b s e r v e d  at  - -0 .2v at  t he  (100) e l ec t rode  on ly  was  
iden t i f i ed  w i t h  " h y d r o g e n "  adso rp t ion .  

The  absence  of an  a d s o r p t i o n  p e a k  d u r i n g  a c t u a l  
H~ evo lu t i on  up  to 15 m a / c m  ~ is t a k e n  as ev idence  
for  t he  n o n e x i s t e n c e  of a r a t e - d e t e r m i n i n g  r e c o m -  
b i n a t i o n  step.  

A m i n i m u m  occu r r i ng  in  d i l u t e  so lu t ions  at  t h e  
(110) e l e c t r o d e  a t  0.0v, and  b e t w e e n  two  s l igh t  
m a x i m a  a t  t he  (100) e l ec t rode  a t  - -0 .05v has  been  
t e n t a t i v e l y  iden t i f i ed  as t he  zero p o i n t  of charge .  
The  po t en t i a l s  ag ree  f a i r l y  we l l  w i t h  va lue s  ob -  
t a i n e d  b y  i n t e r p o l a t i o n  of w o r k  func t ion  da ta .  The  
d i f fe rence  of 50 m v  b e t w e e n  the  c r y s t a l  faces  is r e -  
f lected b y  an  e q u a l  d i f fe rence  in t h e  " o x y g e n "  a d -  
so rp t ion  peaks .  
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Preparation of Lanthanide and Actinide 
Monosulfides by Fused Salt Electrolysis 

R. Didchenko 1 and L. M. Litz 2 

Parma Research Center, Union Carbide Corporation, Parma, Ohio 

ABSTRACT 

The monosulfides of the meta ls  in the  lan than ide  and act inide series may  be 
p repa red  by  the e lec t ro ly t ic  reduct ion of the h igher  sulfides in an oxygen-f ree ,  
fused sal t  med ium tha t  contains the chlor ide of the meta l  in quest ion? A de-  
ta i led descr ip t ion  of the p repa ra t ion  of CeS and ThS is given, and possible re -  
action mechanisms are  discussed. 

The  monosul f ides  of t ho r ium,  u r a n i u m ,  and  of t he  
l a n t h a n i d e  e l e m e n t s  a r e  h i g h l y  r e f r a c t o r y  m a t e r i a l s  
w i t h  the  NaC1 s t ruc tu re .  Mos t  of  t h e m  e x h i b i t  h igh  
e l ec t r i c a l  c o n d u c t i v i t y  of t he  m e t a l l i c  type ,  b u t  

1 P a r m a  R e s e a r c h  L a b o r a t o r y  of  U n i o n  C a r b i d e  C o r p o r a t i o n .  
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some a r e  semiconduc to r s .  The  first  syn thes i s  b y  
E a s t m a n  and  B r e w e r  (1, 2) was  based  on the  r e -  
ac t ion  2Cell3 + 2Ce~S~ -~ 6CeS § 3H~ and  r e q u i r e d  

for  c o m p l e t i o n  h e a t i n g  a b o v e  2000~ a t  10-' m m  Hg, 
r a t h e r  e x t r e m e  condi t ions .  The  m e t h o d  of F l a h a u t  

and  A t t a l  (3)  c i r c u m v e n t s  t he  need  for  Cells,  w h i c h  
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is diff icult  to hand le ,  a n d  i n s t e a d  u t i l i zes  a l u m i n u m  
m e t a l  as the  r e d u c i n g  agen t  in  t he  r eac t ions  

1000-1200~ 
9 Ce~S3 4- 2 A1 ~ 6 Ce~S4 4- ALS3 

1200~ 
3 Ce.,O2S 4- 3 Ce~S4 4- 2 A1 > 15 CeS 4- 2 ALO~ 

The  sulf ide and  ox ide  of a l u m i n u m  a re  s t a t ed  to be 
r e m o v e d  b y  v a c u u m  d i s t i l l a t i on  a t  1500~ and  10 --~ 
m m  Hg. The  e v a p o r a t i n g  ox ide  spec ies  is mos t  l i k e l y  
ALO (4) .  The  r e d u c t i o n  of c e r i u m  d iox id e  w i t h  
su l fu r  in a h y d r o g e n  sulf ide a t m o s p h e r e  c l a i m e d  by  
S a m s o n o v  (5)  and  c o w o r k e r s  cou ld  no t  be  r e -  
p e a t e d  in  ou r  L a b o r a t o r y .  

The  p u r p o s e  of th is  p a p e r  is to de sc r ibe  a n e w  
m e t h o d  w h i c h  is p a r t i c u l a r l y  s u i t a b l e  for  l a r g e - s c a l e  
p r e p a r a t i o n s  a n d  w h i c h  m a y  be  a p p l i e d  to s y n -  
thes ize  t he  subsul f ides  of m a n y  o t h e r  t r a n s i t i o n  
meta l s .  I t  is ba sed  on the  e l e c t ro ly t i c  r e d u c t i o n  of 
t he  sulf ide of a m e t a l  in i ts h i g h e r  o x i d a t i o n  s ta te ,  
s u s p e n d e d  in a m o l t e n  sa l t  b a t h  w h i c h  m a y  con-  
v e n i e n t l y  consis t  of a l k a l i  m e t a l  ch lo r ides  and  the  
ch lo r ide  of the  m e t a l  in  ques t ion .  The  r e d u c t i o n  is 
fo l lowed  b y  v a c u u m  d i s t i l l a t i on  of the  sa l t s  and  
e l ec t ro lys i s  b y - p r o d u c t s  a t  1000~ The  h i g h e r  su l -  
fide used  as one of the  s t a r t i n g  m a t e r i a l s  m a y  be 
p r e p a r e d  e i t he r  s e p a r a t e l y  or  in situ. In  t he  l a t t e r  
case, an  a l k a l i  sulfide, p r e f e r a b l y  Na~S, m a y  be  
a d d e d  to t he  m e l t  con t a in ing  a c a l c u l a t e d  excess  
of the  m e t a l  ch lo r ide  b e y o n d  the  r e q u i r e m e n t s  of 
t he  e l e c t r o l y t i c  ba th .  

Experimental  

A t y p i c a l  p r e p a r a t i o n  of CeS and  ThS  is d e s c r i b e d  
in de t a i l  to i l l u s t r a t e  t he  e x p e r i m e n t a l  p r o c e d u r e s  
based ,  r e spec t i ve ly ,  on a h i g h e r  m e t a l  sulf ide and  
on an  a l k a l i  sulf ide as one  of the  s t a r t i n g  ma te r i a l s .  

Preparation of the starting materials.--1. The  
NaC1-KC1 eu tec t ic  ( m p  658~ was  p r e p a r e d  b y  
m i x i n g  44 w e i g h t  % ( w / o )  NaC1 and  56 w / o  KC1 
in a g r a p h i t e  c ruc ib le ,  p l ac ing  i t  ins ide  a v e r t i c a l  
q u a r t z  tube ,  f lushing  w i t h  pur i f i ed  a rgon  and  h e a t -  
ing  to 800~176 Pur i f i ed  a rgon  was  t hen  b u b b l e d  
t h r o u g h  the  m e l t  for  1 hr .  The  las t  t r aces  of c h e m -  
i ca l ly  b o u n d  w a t e r  w e r e  e l i m i n a t e d  mos t  e f fec t ive ly  
b y  e l ec t ro lyz ing  the  m e l t  a t  1.8-2.0v w i t h  t he  c ruc i -  
b le  ac t ing  as anode  and  a g r a p h i t e  rod  i m m e r s e d  in 
t he  m e l t  as  t h e  ca thode .  Thus ,  e l ec t ro lys i s  was  
conduc t ed  u n t i l  the  c u r r e n t  t h r o u g h  the  m e l t  b e -  
came  cons t an t  and  v e r y  sma l l  ( ~  0.1 a m p ) .  The  
sol idif ied cake  was  r e m o v e d  f r o m  the  c ruc ib l e  in 
a good d r y - b o x  and  g r o u n d  to a coarse  pow de r .  

2. C e r i u m  sesquisul f ide ,  CeaSe, was  p r e p a r e d  b y  
p r o l o n g e d  t r e a t m e n t  of c e r i u m  d iox ide  w i t h  h y d r o -  
gen sulf ide gas  in a g r a p h i t e  c ruc ib l e  at  1000 ~ 
l l 0 0 ~  (6) .  

3. C e r i u m  t r i ch lo r ide ,  CeCL, was  p r e p a r e d  e i the r  
f rom c e r i u m  sesquisu l f ide  or  f r o m  the  d iox ide .  In  t he  
first  case, d r y  ch lo r ine  was  pa s sed  ove r  the  sulf ide 
w h i l e  r a i s ing  t h e  t e m p e r a t u r e  s lowly .  A t  a r o u n d  
300~ a s t r o n g l y  e x o t h e r m i c  r e a c t i o n  set  in and  p r o -  
ceeded  v e r y  r a p i d l y .  In  o r d e r  to ach ieve  c o m p l e t e  
convers ion ,  i t  was  n e c e s s a r y  f ina l ly  to r a i s e  t he  t e m -  
p e r a t u r e  a b o v e  the  m e l t i n g  p o i n t  of c e r i u m  t r i c h l o -  
r i de  (822~ and  to b u b b l e  ch lo r ine  t h r o u g h  the  mel t .  

W h e n  c e r i u m  d iox ide  was  the  s t a r t i n g  m a t e r i a l ,  i t  was  
t r e a t e d  w i t h  S2CL (7) w h i l e  s l owly  i nc rea s ing  the  
t e m p e r a t u r e  f r o m  400 ~ to 750~ A f t e r  t he  m a i n  b u l k  
of t h e  ox ide  was  c o n v e r t e d  into  t he  ch lor ide ,  t he  
t e m p e r a t u r e  was  r a i s e d  to 850~ and  a ch lo r ine  
s t r e a m  c h a r g e d  w i t h  S2CL b u b b l e d  t h r o u g h  the  
mel t .  A n e w  m e t h o d  for  d e h y d r a t i n g  c o m m e r c i a l  
c e r i u m  and  t h o r i u m  ch lo r ides  also was  d e v e l o p e d  
in t he  course  of th is  i n v e s t i g a t i o n  (8) .  A l l  these  
m e t h o d s  gave  p u r e  a n h y d r o u s  c e r i u m  t r i c h l o r i d e  
w h i c h  c r y s t a l l i z e d  f r o m  t h e  m e l t  in la rge ,  p u r e  
w h i t e  need le s  t h a t  d i s so lved  r a p i d l y  in abso lu t e  
a lcohol  f o r m i n g  c o m p l e t e l y  c l ea r  solut ions .  The  
l a t t e r  is a v e r y  sens i t ive  tes t  for  t he  absence  of u n -  
d e s i r a b l e  o x y c h l o r i d e  which ,  w h e n  p r e s e n t  even  in 
s m a l l  amoun t s ,  p r o d u c e s  a c loudy  solut ion.  A n h y -  
d rous  c e r i u m  t r i c h l o r i d e  is e x t r e m e l y  hyg roscop i c  
and  shou ld  be  h a n d l e d  on ly  in a good d r y - b o x .  

4. A n h y d r o u s  sod ium sulf ide is eas i ly  p r e p a r e d  
in sma l l  qua n t i t i e s  b y  e l e m e n t a l  syn thes i s  in l i qu id  
a m m o n i a  (9 ) .  F o r  l a r g e r  scale  p r e p a r a t i o n s  t he  
m e t h o d  of K o e n i g  (10) b a s e d  on the  r e a c t i o n  
Na~CO3 4- H2S ~ Na~S 4- CO.~ 4- H20 was  found  
s u i t a b l e  a l t h o u g h  ted ious .  

Electrolytic cell.--The cel l  is shown  in Fig.  1. 
The  c ruc ib le s  (55 m m  OD, 45 m m  ID, 90 m m  h igh)  
w e r e  m a d e  f r o m  A T J  g r a d e  g r a p h i t e  ( N a t i o n a l  
C a r b o n  C o m p a n y ) .  G r a p h i t e  cou ld  not  be  used  as 
t he  c a thode  m a t e r i a l  b e c a u s e  i t  d i s i n t e g r a t e d  d u r i n g  
the  e lec t ro lys i s ,  o s t e n s i b l y  due  to t h e  f o r m a t i o n  of 
l a m i n a r  c o m p o u n d s  w i t h  a l k a l i  me ta l s .  The re fo re ,  
t h e  ca thode  shaf t  and  p a d d l e  w e r e  m a d e  of m o l y b -  
d e n u m  and  w e r e  p r o t e c t e d  f r o m  a t t a c k  b y  anod i c -  
a l l y  p r o d u c e d  c h l o r i n e  b y  an  a l u m i n a  s l eeve  p r o -  
j e c t i ng  above  t h e  mel t .  E l e c t r i c a l  con tac t  to the  
ca thode  was  m a d e  b y  m e a n s  of a s p r i n g - l o a d e d  
c a r b o n  b r u s h  w h i c h  p e r m i t t e d  r o t a t i o n  of the  
ca thode  d u r i n g  the  e lec t ro lys i s .  A l u n d u m  e x t r a c t i o n  
t h i m b l e s  (Nor ton ,  R A  98) 34 m m  d i a m e t e r ,  100 m m  
high,  w e r e  used  as c a t h o l y t e  c o n t a i n e r  and  d i a -  
p h r a g m .  
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Fig. 1. Electrolytic cell 
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The electrolysis.--A typica l  p r e p a r a t i o n  of ce r ium 
monosul f ide  was  conduc ted  in  the  fo l lowing m a n n e r .  
Ce r ium sesquisulf ide (35g) and  ce r ium t r ich lor ide  
(35g) were  mixed  together  and  pu t  in to  the 
A l u n d u m  d i a p h r a g m  cup. The NaC1-KC1 eutect ic  
p r epa red  as descr ibed above was charged loosely 
into the  bo t tom par t  of the cell u n t i l  i t  covered the  
porce la in  suppor t  r ing.  The A l u n d u m  cup t h e n  was 
fitted into the  r ing  and  more  eutect ic  charged into 
the  cell wi th  cons tan t  t app ing  to make  sure tha t  
both anode and  cathode c o m p a r t m e n t s  were  t igh t ly  
filled wi th  salt. The  to ta l  charge  of the eutec t ic  
m i x t u r e  was 225g. The cell was lowered  into the  
quar tz  enve lope  p rev ious ly  flushed wi th  a rgon  and  
closed (by  the  r u b b e r  s topper)  w i th  the  cathode in  
the p roper  posit ion.  Al l  above opera t ions  were  p e r -  
fo rmed  in  the  d ry -box .  The cell was  t h e n  hea ted  
e lec t r ica l ly  to 800~ in  a pot  f u r n a c e  whi le  m a i n -  
t a i n ing  a slow flow of a rgon  (2-3 1 /min )  th rough  
the tube.  The  cathode was  set in  ro ta t ion  at  60-80 
rpm,  wi th  the  blades  2-3 m m  above the bo t tom of 
the  A l u n d u m  cup, cen te red  in  such a m a n n e r  tha t  
no sc rap ing  of the  wal ls  occurred.  

For  the first 45 m i n  the  me l t  was "p re -e l ec t ro -  
lyzed" in  order  to e l imina t e  any  moi s tu re  and  oxy-  
gen which  m a y  have  found  the i r  w a y  in to  the  cell 
d u r i n g  the  load ing  and  t r ans f e r  operat ions .  In  the 
course of this  p re -e lec t ro lys i s  the appl ied  vol tage  
r a n  f rom 0.6 to 2.1v, which  is j u s t  be low the  de-  
composi t ion  vol tage  of ce r ium t r ich lor ide  in  these 
mel ts  (11),  and  the  c u r r e n t  fell  f rom 0.3 to be low 
0.1 amp.  The  back -emf ,  i.e., the  open -c i r cu i t  vol tage  
b e t w e e n  the  cathode and  the  anode  an  i n s t a n t  a f te r  
i n t e r r u p t i n g  the  cu r ren t ,  reached  the va lue  of 2.0v 
ind ica t ing  the  p resence  of ce r ium me ta l  at the  
cathode. The vol tage  t hen  was ra ised to 5.0v and  
m a i n t a i n e d  close to this  va lue  d u r i n g  the en t i re  
electrolysis.  The c u r r e n t  decreased f rom a peak  
va lue  of 6.3 amp to about  5.5 amp af ter  3 hr  whi le  
the b a c k - e m f  r e m a i n e d  cons tan t  at 2.4v for the first 
hour,  rose to 3.0v w i t h i n  the n e x t  30 m i n  and  re -  
m a i n e d  at this  value,  which  corresponds  to the  de-  
composi t ion  vol tage  of NaCI, u n t i l  the  end  of the  
electrolysis  (Fig. 2).  S ix teen  a m p e r e - h o u r s  of cu r -  
r en t  passed th rough  the  cell, i.e., twice the  a m o u n t  
needed  to produce  sufficient c e r i u m  me ta l  to con-  
ver t  the sesquisulf ide to the  monosulf ide.  Af te r  con-  
t i n u i n g  the  s t i r r ing  w i thou t  c u r r e n t  for 1 hr, the 
cathode was l i f ted above the  me l t  and  the  cell 
a l lowed to cool u n d e r  argon.  The solidified mel t  
was easi ly  separa ted  f rom the g raph i te  crucible ;  the 
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Fig. 3. Vacuum dist i l la t ion appara tus  

t h i mb l e  was b r o k e n  exposing at the  bo t tom a large 
g o l d e n - b r o w n  b u t t o n  of ce r ium monosulf ide,  em-  
bedded  in  the  salts. 

Vacuum distillation of the sal ts . --The salts above 
the ce r ium monosul f ide  in  the  d i a p h r a g m  t h imb le  
were  mechan i ca l l y  r emoved  as wel l  as possible. 
The th imble ,  ins ide  of a Vycor  cup, was t hen  placed 
in the quar tz  t ube  of the d is t i l la t ion  appa ra tu s  
shown in Fig. 3. Af te r  r epea t ed ly  evacua t i ng  and  
pu r g i ng  the en t i re  a s sembly  wi th  pur i f ied argon,  
the  t h i mb l e  was hea ted  in  the course of 2-3 hr  
to about  1000~ at a few microns  pressure .  The 
dis t i l led salt  condensed  on the  cold baffle toge ther  
wi th  a lkal i  meta l s  and  some ce r ium metal .  These 
f inely d iv ided  meta l s  reac ted  i m m e d i a t e l y  af ter  
exposure  to air, of ten  spa rk ing  and  flaming.  The  
l i g h t - b r o w n  cake of CeS, which  r e m a i n e d  in  the  
th imble ,  was  easi ly  r emoved  and  b r o k e n  up into a 
c rys ta l l ine  powder  of abou t  200 mesh.  

Purification and sintering oi cerium monosulfide. 
- - T h e  powder  was placed in  a m o l y b d e n u m  crucib le  
and  hea ted  i nduc t i ve l y  in  a v a c u u m  furnace .  Be-  
t w e e n  1000 ~ and  1500~ some res idua l  salts and  
ce r ium me ta l  dis t i l led off whi le  the p ressure  de-  
creased f rom 10 -~ to 10 -~ m m  Hg. The sulfide was  
then  heated  at  this  p ressure  to 1800~176 for 
15-30 m i n  and  cooled, first in vacuo, t hen  in  purif ied 
h e l i u m  a tmosphere .  Af te r  this  t r e a t m e n t ,  the  mono-  
sulfide was found  to be s in te red  to a b r igh t  golden 
ingot  which  weighed  42g. W h e n  occasional ly  the  
p roduc t  was c o n t a m i n a t e d  wi th  smal l  a moun t s  of 
h igher  sulfides and  oxysulfide,  these impur i t i e s  
t ended  to separa te  on the outs ide  of the ingot  as a 
b lack  skin. They  were  r emoved  by  b r e a k i n g  up  
the ingot  into a coarse powder  and  hea t ing  i t . aga in  
in the  v a c u u m  f u r na c e  w i t h  a p p r o x i m a t e l y  5% by  
weight  of ce r ium metal .  

Preparation of thorium monosulfide and other 
monosull~des.--The only  modif icat ion in  the  p r e p a r a -  
t ion  of ThS was  in  the or ig ina l  charge.  Thus,  37.4g 
(0.1 mole)  of a n h y d r o u s  t h o r i u m  te t rach lor ide  and  
7.8g (0.1 mole)  of a n h y d r o u s  sodium sulfide were  
mi xe d  together  and  pu t  in  the d i a p h r a g m  cup. The 
cell was t hen  filled w i th  the salt  eutect ic  and  as-  
sembled  as descr ibed above. A n  elect rolyt ic  c u r r e n t  
of 4-6 a mp  at 4.4-5.0v was  passed th rough  the  cell 
for 150 m i n  which  a m o u n t e d  to 11.0 a m p - h r  or 
twice the  theore t ica l  r e q u i r e m e n t  for the r educ t ion  
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Fig. 4. X-ray patterns of electrolytic CeS 

of all  the thor ium in the  mel t  f rom te t rapos i t ive  
to diposi t ive ion. The product  was vacuum-d i s t i l l ed  
in the same manner  as the cer ium monosulfide. 
Twen ty -one  grams of thor ium monosulfide were  
obtained,  a y ie ld  of 78% based on the amount  of 
thor ium added as the te t rachlor ide .  

The monosulfides of lan thanum,  gadolinium, 
y t te rb ium,  and u ran ium were  p repa red  in a m a n -  
ner  analogous to tha t  descr ibed for CeS. I t  was 
also possible, s tar t ing wi th  "d idymium"  oxide, con- 
ver t ing  it to mixed  trisulfides and t r ichlor ides  and 
e lec t ro ly t ica l ly  reducing the lat ter ,  to obtain a 
mix tu re  of monosulfides of lan thanum,  cerium, 
neodymium,  praseodymium,  samar ium,  and other  
ra re  earths.  

Discussion 
The yields  of monosulfide var ied  f rom 80 to 90% 

based on the conversion of the sulfur  in the or iginal  
trisulfide. Therefore,  the over -a l l  react ion must  be: 
Ce~S~ + CeCI~ --> 3 CeS -t- 1]/2 CI~. The b a c k - e m f  
curve shown in Fig. 2 is typica l  for all  electrolyses;  
it shows a ra the r  ab rup t  change in vol tage at the 
number  of ampere -hour s  necessary to produce jus t  
the  amount  of cer ium meta l  needed for the reduc-  
t ion of the trisulfide. The back -emf  values do not 
necessar i ly  represent  equi l ib r ium potent ia ls  at  the 
very  high cur ren t  densi t ies  used. I t  is then reason-  
able  to expect  that ,  along wi th  the cer ium metal ,  
a lkal i  meta ls  also are formed to some extent  f rom 
the onset of electrolysis,  cont r ibut ing  to the total  
polar izat ion vol tage  of the cell. The b reak  in the 
curve occurs at  a point  where  the major  "depo la r -  
ization" reaction,  i.e., reduct ion of Ce2S8 wi th  cer ium 
metal,  is completed.  

In fu r the r  suppor t  of this react ion mechanism, it 
has been shown repea ted ly  that  complete  conversion 
of the tr isulfide is g rea t ly  faci l i ta ted if cer ium t r i -  
chloride is present  in the melts  at  least  in 1.5-fold 
excess over  the above s toichiometr ic  equation. Since 
cer ium meta l  dissolves in the melts  containing 
cer ium t r ich lor ide  (12, 13) its reducing action would 
thus be enhanced.  In this  context  it  is also impor tan t  
tha t  cer ium monosulfide can be obtained wi thout  
the electrolysis  by  s imply  adding cer ium meta l  

to a suspension of cer ium tr isulf ide in a mel t  com- 
posed of NaC1-KC1 eutect ic  and cer ium t r ichlor ide  
and s t i r r ing the l a t t e r  for severa l  hours. Al though 
this heterogeneous react ion appears  most  s t r a igh t -  
forward,  different  homogeneous mechanisms are  also 
possible. The authors  have es tabl ished tha t  cer ium 
trisulfide is s l ight ly  soluble in cer ium tr ichloride.  
Mellors and Senderoff (14) consider l ike ly  the 
existence of the  species Ce ' [Ce m C1,] in solutions 
of cer ium meta l  in cer ium tr ichlor ide.  I t  seems 
possible, therefore,  tha t  the reduct ion of the  t r i su l -  
fide in e lectrolyzed melts  also can involve the in te r -  
action in solution be tween Ce § and some species 
der ived  f rom dissolved cer ium trisulfide. 

The monosulfides obtained by  this method  are 
usual ly  me ta l - r i ch  and analyze  MeSo.~_I.~. The m a -  
jor  impur i t ies  a re  silica and iron if these are  present  
in the  s tar t ing ma te r i a l  (ox ide) .  They occur in to ta l  
concentrat ions of up to 1%, but  do not  seem to 
affect the proper t ies  of the  monosulfide in any 
not iceable  manner  in contras t  to oxygen which 
easi ly forms oxysulfides. The oxysulfides form solid 
solutions wi th  the monosulfides and, even in small  
quanti t ies ,  change the i r  golden color to da rk  brown 
or b lack  and reduce thei r  mel t ing point  consider-  
ably. For  this reason a r igid exclusion of mois ture  
and oxygen f rom the electrolyt ic  mel t  is necessary.  
The best  products  obta ined by  fused salt  e lect ro-  
lysis give the x - r a y  pa t t e rn  of pure  CeS as shown 
in Fig. 4a. When incomple te ly  reduced and when 
small  amounts  of oxysulfide are  present ,  there  is ob- 
ta ined a pa t t e rn  as shown in Fig. 4b. The vacuum 
t rea tment  wi th  cer ium converts  pa t t e rn  b into pa t -  
t e rn  a due to the  reduct ion of Ce,S, to CeS, whereas  
Ce.~O~S is e l iminated  by  the react ion:  Ce~O_.S + Ce 
-~ CeS 3- 2 CeOcvo,.t,,o). 

Manuscript received Aug. 4, 1961; revised manu- 
script received Dec. 6, 1961. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1962 
JOURNAL. 
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ABSTRACT 

Electroosmosis  was s tudied in a series of h igh ly  charged  ca t ion-se lec t ive  
collodion ma t r i x  membranes  va ry ing  in poros i ty  f rom fa i r ly  dense permse lec-  
t ive membranes  (9% w a t e r  content)  to h igh ly  porous membranes  (75% wate r  
content ) .  In  all  membranes  the  amount  of wa te r  t r anspor ted  per  f a r a da y  was 
independent  of the  cur ren t  dens i ty  in the  tes ted  range,  0.05-0.80 m a / c m  ~. There  
was a pa ra l l e l i sm be tween  the wa te r  content  of the  m e m b r a n e  and the  moles  
of wa te r  t r anspor ted  per  fa raday.  In  the presence of KC1 the moles of wa te r  
t r anspor t ed  per  f a r aday  va r ied  f rom 3 to 50 for  the  series of membranes  tested,  
and wi th  LiC1 f rom 6 to 90. Wi th  al l  membranes  the values  wi th  LiC1 were  
about  twice those obta ined  wi th  KC1. This is in conformi ty  wi th  cur ren t  theories  
of the  t r anspor t  process,  according to which the wa te r  t r anspor t  is h igher  the 
g rea te r  the  fr ic t ion be tween  wa te r  and the pe rmea t ing  ions. Accordingly ,  the 
lower  mobi l i ty  of the l i th ium ion in the m e m b r a n e  (and in aqueous solution) is 
associated wi th  a h igher  t r anspor t  pe r  f a r a da y  across the  membrane .  Exc lu -  
s ively anion pe rmeab le  membranes  gave analogous results.  

The  co l lod ion  m a t r i x  m e m b r a n e s  d e v e l o p e d  in  
our  l a b o r a t o r i e s  (1 -5 )  h a v e  r e c e n t l y  been  used  in  
s tud ies  of t h e  r e l a t i v e  r a t e s  of e l e c t r o m i g r a t i o n  of 
two  ions of t he  s ame  c h a r g e  across  a m e m b r a n e  (6 ) ,  
a n d  of a n o m a l o u s  osmosis  (7 ) .  In  th i s  connec t ion ,  
t he  e l ec t roosmot i c  b e h a v i o r  of t h e  m e m b r a n e s  is 
of i m p o r t a n c e .  A c c o r d i n g l y ,  t h e  p r e s e n t  r e p o r t  is 
conce rned  w i t h  t he  e l ec t roosmos i s  across  p e r m s e -  
l ec t ive  m e m b r a n e s  a n d  across  a ser ies  of m e m b r a n e s  
of g r a d e d  p o r o s i t y  p r e p a r e d  b y  s w e l l i n g  p e r m s e -  
l ec t i ve  m e m b r a n e s  in  v a r i o u s  concen t r a t i ons  of 
e t hano l  (8 ) .  

In  our  p e r m s e l e c t i v e  m e m b r a n e s ,  w h i c h  in  t he  
c o n c e n t r a t i o n  r a n g e  e x p l o r e d  in  these  e x p e r i m e n t s  
a r e  e s s e n t i a l l y  p e r m e a b l e  to  ions  of one s ign  only ,  
t h e  c u r r e n t  is c a r r i e d  v i r t u a l l y  e x c l u s i v e l y  b y  t h e  
coun t e r  ions  of t he  c h a r g e d  ( ion ic )  g roups  w h i c h  
a r e  l oca t ed  in  t h e  p o r e  s y s t e m  of t he  m e m b r a n e  and  
cons t i t u t e  an  i n t e g r a l  p a r t  of t he  l a t t e r .  Thus  the  
n u m b e r  of coun te r  ions in  t he  m e m b r a n e  is d e -  
t e r m i n e d  b y  t h e  n u m b e r  of f ixed cha rges  on the  
po re  w a l l s  a n d  is i n d e p e n d e n t  of t he  c o n c e n t r a t i o n  
of t he  e x t e r n a l  solut ion.  F o r  a l l  c o n c e n t r a t i o n s  in 
w h i c h  the  m e m b r a n e s  a r e  of e x t r e m e  ionic se lec-  
t i v i t y  one  w o u l d  t h e r e f o r e  p r e d i c t  t h a t  t h e  r a t i o  of 
c u r r e n t  to r a t e  of w a t e r  t r a n s p o r t  is cons tan t .  W i t h  
m o r e  po rous  m e m b r a n e s  (as  w e l l  as  w i t h  p e r m -  
se lec t ive  m e m b r a n e s  and  so lu t ions  of r a t h e r  h igh  
c o n c e n t r a t i o n s )  n o n e x c h a n g e  e l e c t r o l y t e  en t e r s  t he  
pores ;  i t s  c o n c e n t r a t i o n  d e p e n d s  on the  e x t e r n a l  
concen t r a t ion .  In  th is  case,  t h e  n o n e x c h a n g e  e lec -  
t r o l y t e  c a r r i e s  a p a r t  of t he  cu r r en t .  Consequen t ly ,  
t h e  n u m b e r  of moles  of w a t e r  t r a n s p o r t e d  p e r  f a r a -  
d a y  u n d e r  t hese  cond i t ions  shou ld  d e p e n d  to some 

1 Present  address: Department  of P h y s i o l o g y ,  The  G e o r g e  W a s h -  
i n g t o n  Universi ty ,  School  of  Medicine,  W a s h i n g t o n ,  D. C. 

e x t e n t  on the  c o n c e n t r a t i o n  of t he  e x t e r n a l  solut ion.  
S e v e r a l  r e c e n t  p a p e r s  a r e  c o n c e r n e d  w i t h  t he  

e l ec t roosmot i c  t r a n s p o r t  of w a t e r  across  ionic 
m e m b r a n e s  (9 -20 ) ,  p r o m p t e d  in p a r t  b y  t h e  t e c h -  
n ica l  use  of such  m e m b r a n e s  for  s a l ine  w a t e r  con-  
vers ion .  Some  of t h e  d a t a  w e r e  o b t a i n e d  u n d e r  
cond i t ions  in w h i c h  the  m e m b r a n e s  w e r e  no t  e x -  
c lu s ive ly  p e r m e a b l e  to ions of one s ign  on ly  and  
t h e r e f o r e  canno t  r e a d i l y  be  c o m p a r e d  w i t h  our  ob -  
s e r v a t i o n s  on p e r m s e l e c t i v e  m e m b r a n e s .  Some  of 
t he  d a t a  h o w e v e r  a r e  c o m p a r a b l e ;  first,  t hose  o b -  
t a i n e d  w i t h  t r u l y  p e r m s e l e c t i v e  m e m b r a n e s ;  sec-  
ond, those  o b t a i n e d  w i t h  so lu t ions  of l ow  concen -  
t r a t i o n  in w h i c h  the  t r a n s p o r t  n u m b e r  of t he  p r e -  
f e r r e d  ion in  t h e  m e m b r a n e  is c lose  to  un i ty ,  t h e  
m e m b r a n e  ac t i ng  a l m o s t  l i ke  a t r u l y  p e r m s e l e c t i v e  
m e m b r a n e ;  a n d  th i rd ,  those  in  w h i c h  t h e  w a t e r  
t r a n s p o r t e d  p e r  ion was  o b t a i n e d  b y  m e a s u r e m e n t  
of bo th  t he  qua n t i t i e s  of p r e f e r r e d  ion a n d  of w a t e r  
moved .  Winge r ,  F e r g u s o n ,  and  K u n i n  (14) o b -  
t a i n e d  7.0 --+ 1 mo les  of w a t e r  p e r  f a r a d a y  w i t h  K + 
and  13.5 • 1 w i t h  Li  +, v a l u e s  w h i c h  w e r e  i n d e -  
p e n d e n t  of t he  e l e c t r o l y t e  concen t r a t ion .  F o r  Na  +, 
S t e w a r t  and  G r a y d o n  (17) r e p o r t e d  4-15 a n d  Oda  
and  Y a w a t a y a  (13) 8-19 moles  p e r  f a r a d a y .  The  
l a t t e r  g roups  bo th  o b s e r v e d  a l o w e r  w a t e r  t r a n s -  
fe r  a t  h i g h e r  concen t r a t i ons  and  a p a r a l l e l i s m  b e -  
t w e e n  the  w a t e r  con ten t  of t he  m e m b r a n e  and  the  
q u a n t i t y  of w a t e r  t r a n s f e r r e d .  

Experimental Procedure 
Most  of t he  p e r m s e l e c t i v e  m e m b r a n e s  u sed  w e r e  

c a t i o n - s e l e c t i v e  co l lod ion  m a t r i x  m e m b r a n e s  p r e -  
p a r e d  w i t h  d i f fe ren t  concen t r a t i ons  of p o l y s t y r e n e  
su l fon ic  ac id  ( P S S A )  to o b t a i n  m e m b r a n e s  of d i f -  
f e r e n t  r e s i s t ances  ( a n d  w a t e r  con ten t s )  (3) .  T h e i r  
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Table I. Properties of a series of polystyrene sulfonic 
acid collodion matrix membranes of graded porosity 

Concen- 
tration 

p o t e n t i a l ,  Wa te r  
D e s i g n a t i o n  0.1/0.01M con ten t ,  S m a l l e s t  m o l e c u l e  

of m e m b r a n e  KC1, m v  v o l  % he ld  back  

Alc 0 55 ~-~15 Urea (60) 
Alc 80 51 23 Glucose (180) 
Alc 90 44 30 Salmine (3000-6000) 
Alc 95 28 55 Serum a lbumin  (70,000) 
Alc 97 19 75 Edestin (310,000) 

res is tances  in 0.1M KC1 and  the i r  app rox ima te  
wa t e r  conten ts  are g iven  be low wi th  the  exper i -  
m e n t a l  resul ts .  

M e m b r a n e s  of g raded  porosi ty  were  p r e p a r e d  by 
swel l ing  permse lec t ive  m e m b r a n e s  in  solut ions of 
80, 90, 95, and  97% e thano l  (8) .  The  m e m b r a n e s  of 
this series, i nc lud ing  an  u n s w e l l e d  one, v a r y  in 
poros i ty  f rom a permse lec t ive  m e m b r a n e  to m e m -  
b ranes  w i th  porosi t ies  co r respond ing  to c o n v e n -  
t ional  d ia lyz ing  m e m b r a n e s .  A m e m b r a n e  swel led 
in 95% e thano l  is des igna ted  an  Alc 95 -Membrane ,  
a m e m b r a n e  tha t  has no t  been  swelled, an  Alc 0- 
Membrane ,  etc. A s u m m a r y  of the  p roper t i es  of this  
series of m e m b r a n e s  is g iven  in  Table  I. C o l u m n  2 
gives the  concen t ra t ion  po ten t i a l  in  0.1/0.01M KC1, 
which  indica tes  the  degree of ionic se lec t iv i ty  of 
the m e m b r a n e  (3) ;  co lumn  3 lists the wa t e r  con-  
t en t  in  per  cent  by  v o l u m e  (3,21);  co lumn  4 gives 
the smal les t  molecule  which  does no t  move  across 
the m e m b r a n e  to any  signif icant  ex t en t  ( the molecu-  
lar  weights  are g iven  in pa ren theses )  (8) .  

The appa ra tu s  for the  m e a s u r e m e n t  of the  elec- 
t roosmotic  wa t e r  t r anspo r t  consisted essent ia l ly  of 
a t e s t - t u b e  shaped m e m b r a n e ,  25 x 100 mm, wi th  
a s imi la r ly  shaped electrode on e i ther  side, a ca l -  
i b ra t ed  tube  for m e a s u r i n g  the vo lume  change  of 
the solut ion in the  inside compar tmen t ,  and  a 
beake r  for the  outs ide c o m p a r t m e n t  (Fig. 1). The 
m e m b r a n e  was t ied to a glass r ing  in which  was 
m o u n t e d  a r u b b e r  s topper  ca r ry ing  a t h r e e - w a y  
stopcock connected  wi th  the ca l ib ra ted  tube,  made  
f rom a 1 -ml  g r adua t ed  pipet ,  and  a s i d e - a r m  for 
filling. In  some e x p e r i m e n t s  wi th  pe rmse lec t ive  
m e m b r a n e s ,  a 0 .1-ml  g radua t ed  p ipe t  was  subs t i -  
t u t ed  to faci l i ta te  the m e a s u r e m e n t  of smal l  v o l u m e  
changes.  The  s i lver  screen electrodes were  e lec t ro-  
ly t i ca l ly  coated wi th  t h in  layers  of s i lver  chloride.  
The en t i re  assembly  was  m o u n t e d  in  a r u b b e r  p la te  
and  placed in the beaker .  The electr ical  c i rcui t  i n -  
c luded a source of direct  cur ren t ,  a va r i ab le  res is t -  
ance, a m i l l i ammete r ,  and  the electroosmosis  ap-  
para tus .  

C u r r e n t s  of 2.5-60 ma  were  employed,  which,  
w i th  the  to ta l  m e m b r a n e  area  of app rox ima t e l y  
50 cm ~, gave c u r r e n t  densi t ies  of about  0.05-1.2 
m a / c m t  The e x t e r n a l  res is tance  was ad jus ted  
per iod ica l ly  so tha t  the  c u r r e n t  did no t  v a r y  by  
more  t h a n  • 2% d u r i n g  an expe r imen t .  The vol -  
ume  changes,  m e a s u r e d  over  i n t e rva l s  of abou t  5-15 
min,  w e r e  4-40 #1. The  e x p e r i m e n t s  were  carr ied  
out  in  an  a i r - cond i t i oned  room so tha t  vo lume  
changes  due  to f luc tuat ions  in  t e m p e r a t u r e  were  
insignif icant .  

Fig. 1. Apparatus for measuring electroosmosis across test-tube 
shaped membranes. 

Because the he ight  of the so lu t ion  in  the ca l ib ra ted  
tube  was  20-30 cm above the solut ion in  the  beaker ,  
there  was a slow d o w n w a r d  m o v e m e n t  of the  
meniscus  w h e n  no c u r r e n t  was  flowing. The  ra tes  
of wa te r  m o v e m e n t  wi th  the c u r r e n t  on and  wi th  
the c u r r e n t  off were  measu red  repea tedly .  The  dif-  
ference b e t w e e n  the ave rage  ra tes  was cons idered  
as the  t rue  ra te  of e lectroosmotic  w a t e r  m o v e m e n t ;  
it was i n d e p e n d e n t  of the  d i rec t ion  of the cur ren t .  
The resul ts  were  expressed in  t e rms  of moles of 
wa te r  t r a n s f e r r e d  per  fa raday.  ~ The r e p roduc -  
ib i l i ty  was  o rd ina r i l y  w i t h i n  • 10%, except  w i th  
the ve ry  denses t  m e m b r a n e s ,  where  the er ror  migh t  
be somewhat  larger .  3 

Results 
M e a s u r e m e n t s  m a d e  at severa l  c u r r e n t  densi t ies  

wi th  unsw e l l e d  (pe rmse lec t ive )  and  swel led  m e m -  
b ranes  showed tha t  the w a t e r  t r a n spo r t  per  f a r aday  
is i n d e p e n d e n t  of the c u r r e n t  s t rength ,  at  least  at 
c u r r e n t  densi t ies  of about  1 m a / c m  ~ or lower.  Tab le  
II gives r ep re sen t a t i ve  da ta  for both  groups  of 
m e m b r a n e s  ob ta ined  wi th  0.02M KC1. 

2 W i t h  t he  t w o  denses t  p e r m s e l e c t i v e  m e m b r a n e s ,  t he  m o v e m e n t  
of w a t e r  b e g a n  s lowly  w i t h  a n  in i t i a l  l ag  a f t e r  t he  c u r r e n t  w a s  
s t a r t ed :  i t  con t inued ,  o f t en  w i t h  a s u d d e n  spur t ,  fo r  a sho r t  t i m e  
a f t e r  t he  c u r r e n t  was  s topped .  The  f inal  s p u r t  j u s t  e q u a l l e d  t he  
i n i t i a l  lag.  T h e  c u r v e s  of w a t e r  m o v e d  vs. t i m e  were  s im i l a r  to  
those  r e p o r t e d  b y  Oda a n d  Y a w a t a y a  (13). The  v a l u e s  fo r  the  ra te  
of e l ec t roosmos i s  we re  t a k e n  f r o m  t h e  l i n e a r  po r t i ons  of t h e  curves ,  
o m i t t i n g  t he  s m a l l  i n i t i a l  and  f ina l  effects.  

M a c k a y  and  Meares  (20) h a v e  r e c e n t l y  p o i n t e d  ou t  tha t ,  i n  de-  
t e r m i n i n g  the  r a t e  of e l ec t roosmot i c  f low t h r o u g h  a m e m b r a n e ,  v o l -  
u m e  changes  o c c u r r i n g  a t  t h e  e lec t rodes  s h o u l d  be  t a k e n  in to  ac- 
count .  I f  t he  ca t ion  t r a n s p o r t  n u m b e r  is  u n i t y  and  one  f a r aday  of 
e l ec t r i c i ty  is passed  t h r o u g h  t he  cell,  t h e n  t h e  inc rease  i n  v o l u m e  
in  the  c o m p a r t m e n t  w i t h  t h e  ca thode ,  AV, is ~in the  ease of a KC1 
so lu t ion)  

~V = WVH20 + V-KCl + V-Ag -- Y-AgCl [1] 

The  V's  a r e  t he  p a r t i a l  m o l a l  v o l u m e s ,  and  W is t he  n u m b e r  of 
mo le s  of w a t e r  t r a n s p o r t e d  pe r  f a raday .  VKC~ (in 0.2M so lu t ion)  is  
27.5, VA~ is 10.3 a n d  ~AgCl is 25.8 so t h a t  WVH2o = AV -- 12.0. The  

inc rease  in  t he  ca thode  c o m p a r t m e n t ,  w h i c h  is e q u a l  to t he  decrease  
in  v o l u m e  in  t he  anode  c o m p a r t m e n t ,  is 12 m l  pe r  f a r a d a y  or  a b o u t  
0.7 mo le  pe r  f a raday .  Fo r  LiC1 the  co r rec t ion  is 0.1 mo le  pe r  f a raday .  
Such  cor rec t ions  w o u l d  be  i n s i g n i f i c a n t  w i t h  n e a r l y  a l l  t h e  da ta  re-  
p o r t e d  be low.  On ly  in  t he  case of t he  p e r m s e l e c t i v e  m e m b r a n e s  w i t h  
so lu t ions  of KC1 (Table  I I I )  w o u l d  t h e y  be  s ign i f i can t :  h o w e v e r ,  
t h e y  w o u l d  no t  be  l a rge  e n o u g h  to c h a n g e  t he  m e a n i n g  of our  
resul ts .  
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Table II. Electroosmosis across PSSA collodion matrix membranes 
of different porosities with 0.02M KCI at varying current densities 

Moles  of H 2 0  t r a n s p o r t e d / f a r a d a y  
D e s i g n a t i o n  0.05 0.10 0.20 0.40 0.80 

o f  m e m b r a n e  m a / e m  -~ m a / e m  2 m a / c ~  m a / e m  2 m e ~ e r a  '~ 

Alc 0 - -  11.8 11.2 - -  11.9 
Alc 90 23.8 23.5 22.4 23.5 20.9 
Alc 97 44.7 50.6 47.6 49.9 47.0 

Table III. Electroosmosis across permselective PSSA collodion 
matrix membrane with 0.2M KCI and 0.2M LiCI 

M e m b r a n e  Moles  of H~O 
R e s i s t a n c e ,  W a t e r  con ten t ,*  t r a n s p o r t e d / f a r a d a y  
o h m - c m  e vo l  % 0.2M KC1 0.2M LiC1 

420 9.3 3.2 6.4 
140 10.2 3.5 7.4 
25 15.0 11.5 16.0 

* E s t i m a t e d  f r o m  t h e  d a t a  of  N e i h o f  (3) .  

H a v i n g  es tabl i shed tha t  the wa t e r  t r an spo r t  per  
f a r aday  is i n d e p e n d e n t  of the  c u r r e n t  s t rength ,  we 
proceed to the  inf luence of (a)  wa te r  con ten t  of 
the  m e m b r a n e s ;  (b) n a t u r e  of the p e r m e a t i n g  or 
p r e f e r en t i a l l y  p e r m e a t i n g  ion; and  (c) concen t r a -  
t ion  of the  solut ions.  

Wi th  both  groups of m e m b r a n e s  the  h igher  the  
wa te r  con ten t  the more  wa t e r  moved  wi th  each 
ion t h rough  the  m e m b r a n e .  Tab le  III  gives the  
resul ts  for a group of pe rmse lec t ive  m e m b r a n e s ;  
F igures  2 and  3 show tha t  at  any  g iven  concen t r a -  
t ion  the same holds t rue  for a series of m e m b r a n e s  
of h igher  porosities.  

Likewise,  wi th  bo th  groups of m e m b r a n e s  more  
wa te r  was  t r an spo r t ed  wi th  Li § t h a n  wi th  K * (Ta -  
ble III  and  Fig. 2 and  3). F igure  4 shows a di rect  
compar i son  of the  resul t s  ob ta ined  wi th  solut ions  
of KC1 and  LiC1 as wel l  as wi th  NaC1, for a m e m -  
b r a n e  of h igh wa te r  content ,  75% by  volume.  

The lowest  curves  in  Fig. 2 and  3 show tha t  
w i th  low res is tance  permse lec t ive  m e m b r a n e s  of 
r e l a t i ve ly  h igh wa te r  con ten t  (15% by vo lume)  
there  is a va r i a t i on  of abou t  20% in the q u a n t i t y  
of wa te r  t r a n s p o r t a t i o n  per  f a r aday  over  the con-  
cen t r a t i on  r ange  0.001-0.50M. It  migh t  be added 
tha t  wi th  pe rmse lec t ive  m e m b r a n e s  of lower  w a t e r  
con ten t s  the  concen t r a t i on  of the  solut ions  has no  
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membrane with KCI, NaCI, and LiCI solutions. 

signif icant  inf luence on the q u a n t i t y  of wa te r  t r a n s -  
ported.  Wi th  m e m b r a n e s  of h igher  w a t e r  content ,  
23-75% by  vo lume  (Alc 80- to Alc 9 7 - M e m b r a n e s )  
the  inf luence  of the concen t ra t ion  tends  to be more  
p ronounced  the  h igher  the  w a t e r  con ten t  (Fig. 2 
to 4). 

A few e xpe r i me n t s  were  pe r fo rmed  wi th  an ion  
pe r me a b l e  pe rmse lec t ive  m e m b r a n e s  wi th  var ious  
concen t ra t ions  of KC1, KI,  and  KAc. These m e m -  
b ranes  are s imi la r  in  the i r  e lectroosmotic  behav io r  
to the  cat ion pe r me a b l e  ones wi th  respect  to the  
a moun t s  of wa te r  t r anspor ted ,  to the  cor re la t ion  
of wa te r  t r a n spo r t  w i th  the w a t e r  con ten t  of the  
m e m b r a n e ,  to the  dependence  on the  species of 
p e r m e a t i n g  ion, and  to the  absence of a c o n c e n t r a -  
t ion effect. 

Discussion 

The va lues  for electroosmotic  t r a n spo r t  wi th  the 
pe rmse lec t ive  collodion m a t r i x  m e m b r a n e s  (Table  
I I I )  are  in the same r ange  as those ob ta ined  by  
Winger ,  Ferguson ,  and  K u n i n  (14) for K + and  Li +, 
and  by  S tewar t  and  G r a y d o n  (17) and  Oda and  
Y a w a t a y a  (13) for Na § wi th  m e m b r a n e s  made  of 
ion exchange  mater ia l s .  The e lec t ro ly te  concen t r a -  
t ion  has l i t t le  inf luence on the  ra te  of e lectroosmotic  
w a t e r  t r a n spo r t  as an t i c ipa ted  on the  basis  tha t  in 
the  concen t r a t i on  r ange  s tudied,  (0.001-0.5M),  the 
n u m b e r  of movab le  coun te r  ions in  the m e m b r a n e  
is p rac t i ca l ly  i n d e p e n d e n t  of the concen t r a t i on  of 
the e x t e r n a l  solut ion.  This is also in  a g r e e m e n t  
wi th  the observa t ions  of Winger ,  Ferguson ,  and  
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Kunin  (14) on membranes  of sulfonated po lys ty -  
rene cross- l inked with  4-15% divinylbenzene.  

In the  case of the e thanol - swel led  membranes ,  
the most porous of which are  s imi lar  in porosi ty  to 
dialyzing membranes ,  the expected decrease in the 
electroosmotic wa te r  movement  at  h igher  concen- 
t ra t ion  is c lear ly  seen (Fig. 2-4).  This decrease was 
also observed by  Oda and Yawa taya  (13) and by  
S tewar t  and Graydon  (17). Ent i re ly  unexpected,  
however,  was the fact  tha t  the wa te r  t r anspor t  per  
f a r aday  is in many  instances less at low (0.001M) 
concentra t ion than  in an in te rmedia te  concentrat ion 
range. An explana t ion  for this phenomenon,  based 
on the uncoil ing of en t rapped  polye lec t ro ly te  at  low 
ionic s trength,  has been suggested by  Caplan of this 
labora tory .  This topic wi l l  be developed in a la te r  
publ ica t ion  concerning the p repara t ion  of po ly-  
acryl ic  acid collodion m a t r i x  membranes  (22). 

With  both the unswelled,  permselec t ive  mem-  
branes  and the swel led membranes  of g raded  por -  
osity, the  electroosmotic t r anspor t  para l le l s  the wa-  
ter  content,  as shown in Table III  for permselec t ive  
membranes  and in Fig. 2 and 3 for more porous 
membranes .  For  example ,  the rat io  of the wa te r  
contents (Table  I)  of the Alc 97- and Alc 0-Mem- 
branes  in Fig. 2 is 5.0, and the rat io  of the moles of 
wate r  t r anspor ted  e lect roosmotical ly  at  the  op-  
t imum elec t ro ly te  concentra t ion is also about  5. 
S imi lar ly ,  for the  Alc 90- and Alc 0-Membranes  
the ra t io  of wa te r  contents is 2.0 whi le  the rat io  
of the quant i t ies  of wa te r  t r anspor ted  is 2.2. The 
correla t ion is much poorer  at  h igher  salt  concen- 
trat ions.  The observed para l le l i sm between wa te r  
content and electroosmotic wa te r  t r anspor t  is in 
agreement  wi th  the  data  of Oda and Yawa taya  (13) 
and S tewar t  and Graydon  (17) obta ined wi th  mem-  
branes  of commercia l  ion exchange mater ia ls .  A 
somewhat  different  re la t ionship  was found by  Win-  
ger, Ferguson,  and Kunin  (14) wi th  membranes  of 
different  degrees of cross- l inking;  while  the wa te r  
t r anspor ted  was grea te r  across membranes  of h igher  
wa te r  content  there  was not a direct  p ropor t ion-  
ali ty.  

The lowest  values  we have  obtained (3.2 moles 
of wa te r  per  f a r aday  for K § and 6.4 moles of wa te r  
per  f a r aday  for Li  +) indicate  tha t  under  these con- 
dit ions the ions ca r ry  only a l i t t le  more than  wha t  
is bel ieved to be the  t igh t ly  held wa te r  of hydrat ion.  
According to a recent  rev iew by Bell (23) the 
most  p robab le  hydra t ion  numbers  are about  1 for 
K § and about  3 for Li  § Thus, in the denser  p e r m -  
selective membranes  not more than  2 or 3 wa te r  
molecules are being swept  along electroosmotical ly.  

The rat io  of the quant i t ies  of wa te r  t r anspor ted  
e lectroosmotical ly  per  f a r aday  at  any given con- 
centra t ion with  KC1 solutions and with  LiC1 is 
fa i r ly  independent  of the wa te r  content  of the mem-  
branes.  For  instance, in the  two densest  membranes  
wi th  wa te r  contents of about  10 v / o  (volume per  
cent) ,  where  only a few molecules of wa te r  are 
t ranspor ted  per  ion (Table  I I I ) ,  the  w a t e r  moved 
wi th  K + is about  50-60% of tha t  t r anspor ted  with  
Li+; the  same rat io  is also found wi th  the Alc  97- 
Membrane  containing 75% wa te r  by  volume across 
which up to 90 molecles of wa te r  pe r  f a r aday  are 

t r anspor ted  in LiC1 solutions (Fig. 4).  I t  is of in-  
terest  tha t  the  work  of Ballou (24) wi th  kaol in i te  
showed that,  in an even more  open s t ruc ture  than  
our most porous membranes ,  l i th ium is much more 
effective than  other  monovalent  cations in e lec t ro-  
osmotic wa te r  t ranspor t .  

The resis tances of ion exchange  bodies in general ,  
including ion exchange membranes ,  are  h igher  when  
equi l ibra ted  with  ions of low electrolyt ic  mobil i ty,  
such as Li § than  wi th  ions of h igher  mobil i ty,  such 
as K § In fa i r ly  open exchangers,  such as the resins 
s tudied by Heymann  and O'Donnell ,  the rat io  of 
the resistances in the K § and Li § states, 1:1.86, is 
nea r ly  the same as that  of the reciprocals  of the 
ionic mobil i t ies  of these two ions in free solution, 
1:1.95 (25). S imi lar  resul ts  were  repor ted  by 
Jakubovic ,  Hills, and Ki tchener  (26). The res is t -  
ances of ear l ie r  types of low charge densi ty  collo- 
dion ma t r ix  membranes  were  shown to be 1.3-3.7 
t imes higher  in LiC1 than  in KC1 solutions in the 
concentrat ion range  0.001-0.1M (27). Thus it is 
apparen t  tha t  the twin  factors of h igher  e lect ro-  
osmotic wa te r  t r anspor t  and h igher  resis tance of 
the membranes  in the l i th ium form are  l inked wi th  
the lower  mobi l i ty  of the l i th ium ion in free solu-  
tion, as compared  wi th  the potass ium ion. 

A clear  unders tand ing  of these observat ions 
emerges f rom the t r ea tmen t  of membrane  t r anspor t  
recent ly  given by  Spiegler  (19). The balance  of 
forces is eva lua ted  for the s teady s tate  of flux, the 
re ta rd ing  forces being represen ted  quite genera l ly  
as s imple f r ic t ional  in teract ions  be tween  the four 
components:  counter- ions,  co-ions, water ,  and solid 
matr ix .  No specific s t ruc ture  is pos tu la ted  for the 
membrane.  A large  f r ic t ional  in terac t ion  be tween  
an ion and the sur rounding wa te r  implies  a large  
t ransference  of momentum from the ion to the  
water .  Consequently,  such an ion moves more 
slowly, and drags  wa te r  along wi th  it more effi- 
ciently. The quant i t a t ive  analysis  of this  s i tuat ion 
wi th  regard  to electroosmosis leads to a s t ra igh t -  
fo rward  re la t ionship  be tween wa te r  t r anspor t  and 
friction. For  the case of a membrane  in which the 
concentrat ion of nonexchange e lect rolyte  is negl i -  
g ibly  small, and in which the counte r - ion  is M § 
this re la t ion can be wr i t ten :  

1 
W = H -~ [2] 

CM + Z H : ~ O - m a t  r Ix 
- - +  
CH~o XM+-~2o 

where  W represents  the to ta l  moles of wa te r  t r ans -  
por ted  per  fa raday ,  H is the  counter - ion  hydra t ion  
(moles H20/mole  M+), c~+ and cH~o represen t  the 
concentrat ions of counter - ion  and "free"  water ,  r e -  
spectively,  and X denotes a fr ict ion coefficient be -  
tween the components  given in the subscripts.  F rom 
this it is r ead i ly  seen that,  ceteris paribus, the 
h igher  the fr ic t ion coefficient X~+-H~o the h igher  the 
value  of W. Fur the rmore ,  the  pa ra l l e l i sm found be-  
tween W and C~o is obviously to be expected.  An 
addi t ional  consequence is tha t  in membranes  of in-  
creasing porosity,  where  much of the wa te r  is at  a 
distance from the ma t r ix  and the fr ict ion coefficient 
X~o-~atr,x becomes re l a t ive ly  small,  W approaches  in 
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v a l u e  the  r a t i o  CH~o/CM+ ( p r o v i d e d  the  c o n c e n t r a t i o n  
of n o n e x c h a n g e  e l e c t r o l y t e  r e m a i n s  n e g l i g i b l e ) .  
This  imp l i e s  t h a t  in t he  l imi t ,  w h e n  zero f r i c t ion  
occurs  b e t w e e n  w a t e r  a n d  m a t r i x ,  t he  w a t e r  m i -  
g r a t e s  in t he  m e m b r a n e  w i t h  t he  s ame  ve loc i t y  as 
t h e  coun t e r - i ons .  F o r  p e r m s e l e c t i v e  m e m b r a n e s  th is  
cannot ,  of  course ,  be  the  case. 

The  concep t  of u n i f o r m  m i g r a t i o n  ve loc i t y  fo rms  
the  bas is  of t he  c lass ica l  H e l m h o l t z  e l e c t r o k i n e t i c  
theory ,  w h i c h  is o n l y  a p p l i c a b l e  to m e m b r a n e s  h a v -  
ing r e l a t i v e l y  l a r g e  p o r e  rad i i ,  in con tac t  w i t h  v e r y  
d i l u t e  solut ions .  A t h e o r y  b a s e d  on a m o d e l  can  be  
d e v e l o p e d  w h i c h  r e l a t e s  t he  e l ec t roosmot i c  p e r m e -  
a b i l i t y  of a m e m b r a n e  and  its conduc t i v i t y ,  de sp i t e  
t he  a s s u m p t i o n s  a n d  s impl i f i ca t ions  invo lved .  More  
r ea l i s t i c  m o d e l s  t h a n  the  c lass ica l  h a v e  b e e n  p r o -  
posed  b y  S c h m i d  (28) a n d  M e a r e s  (29) ,  a l t h o u g h  
t h e y  too a s s u m e  u n i f o r m  m i g r a t i o n  ve loc i ty .  S c h m i d  
cons ide rs  t he  space  c h a r g e  due  to t h e  c o u n t e r - i o n s  
to be  u n i f o r m l y  d i s t r i b u t e d  w i t h i n  t h e  pores ,  and  
a r r i v e s  a t  t he  fo l l owing  r e l a t i o n :  

F ~ A r  ~ 
V = [3]  

8 ~  

w h e r e  V is t he  v o l u m e  of so lu t ion  t r a n s p o r t e d  p e r  
f a r a d a y ,  A t h e  e q u i v a l e n t s  of f ixed cha rges  p e r  un i t  
v o l u m e  of po re  l iquid ,  t he  l a t t e r  be ing  t a k e n  to  h a v e  
a v i scos i ty  v a n d  a c o n d u c t i v i t y  K, and  r is t he  r a d i u s  
of the  pores .  E q u a t i o n  [3]  is cons i s t en t  w i t h  our  
conclus ions  on the  bas i s  of Eq. [2]  and  is also 
r e l e v a n t  to s i t ua t ions  w h e r e  s igni f icant  qua n t i t i e s  
of n o n e x c h a n g e  e l e c t r o l y t e  e n t e r  t h e  m e m b r a n e .  To 
the  e x t e n t  t h a t  n o n e x c h a n g e  e l e c t r o l y t e  e n t e r s  t he  
po re s  ( w i t h o u t  s igni f icant  c h a n g e  in v i s c o s i t y ) ,  t he  
c o n d u c t a n c e  of  the  m e m b r a n e  inc reases  and  the  
q u a n t i t y  of w a t e r  t r a n s p o r t e d  p e r  f a r a d a y  is d e -  
c r eased  acco rd ing ly ,  th i s  effect b e i n g  mos t  con-  
sp icuous  w i t h  t he  mos t  po rous  m e m b r a n e s  (Fig .  
2 -4 ) .  

E q u a t i o n  [3]  m a y  also be  i n t e r p r e t e d  in t e r m s  of 
t he  q u a n t i t y  of e l e c t r i c a l  e n e r g y  used  in t he  p r o c -  
ess of e lec t roosmos is .  I f  t he  r e s i s t ance  of a m e m -  
b r a n e  is d o u b l e d  b y  us ing  a n o t h e r  e l e c t r o l y t e  at  
the  s ame  concen t r a t ion ,  tw ice  t he  v o l t a g e  is r e q u i r e d  
to ob t a in  t h e  s ame  c u r r e n t ;  t he re fo re ,  tw ice  t he  
e n e r g y  is e x p e n d e d  in t h e  w o r k  of m o v i n g  the  ions 
and  t h e  w a t e r .  
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On the Mechanism of the Hydrogen Reaction 
A. C. Makrides 1 
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ABSTRACT 

Two simple reaction schemes for hydrogen evolution, the Volmer-Tafel  and 
Volmer-Horiut i  mechanisms, are discussed. The results are applied to hydrogen 
evolution on nickel from alkaline solutions. 

Cr i te r ia  for var ious  possible m e c h a n i s m s  for the  
h y d r o g e n  react ion,  2H + -p 2e- ~ H~, have  been  dis-  
cussed in  a n u m b e r  of ar t icles  (1 -6) .  Of p a r t i c u -  
la r  in te res t  are  the slope of the Tafe l  l ine  and  
the  s to ichiometr ic  n u m b e r .  Charac ter i s t ic  va lues  of 
these quan t i t i e s  are in  d i spute  (3 -6) .  Some of the 
con t rove r sy  involves  the  i n t e r p r e t a t i o n  of expe r i -  
m e n t a l  resul t s  for the  hyd rogen  reac t ion  on n icke l  
(7-11) .  We discuss here  two s imple  reac t ion  
schemes, the  V o l m e r - T a f e l  and  V o l m e r - H o r i u t i  
mechan i sms ,  and  app ly  our  resul t s  to n icke l  
cathodes.  

The s to ichiometr ic  n u m b e r  was in t roduced  by  
Hor iu t i  and  Ikus ima  (1) .  They  s ta r ted  f rom the  
re l a t ion  

- -  = f (~ )  = e ~ [1]  
i 

where  i and  i are  the velocit ies in  ampere s / e r a  s of 
2H § ~ H~ and  H~ --- 2H ~, ~ is the ove rpo ten t i a l  in  un i t s  
of R T / F ,  ~ and  X a constant .  In  the c u r r e n t  l i t e r a tu r e  
the  s to ichiometr ic  n u m b e r ,  v = 2/;% is used genera l ly .  

F r o m  Eq. [1] we have  by  d i f fe ren t ia t ion  wi th  r e -  
spect to 

I'(~) 
- - - - k =  2/,, [2]  

Since f (o )  = 1, ~ is g iven  by  

---- 2 / I ' ( o )  [3] 

The ne t  cathodic c u r r e n t  i~ is g iven  by  

so = ~ - i  = i U ( ~ )  - 1 ]  [ 4 ]  

Diffe ren t ia t ing  Eq. [4] and  e v a l u a t i n g  the  de r i va -  
t ive at ,7 = 0 we  also find 

v = 2 iol(OiJO~)~:o [5] 

where io  = i = i at n = 0 

A n  a l t e r n a t i v e  def ini t ion of v has been  g iven  by  
Parsons  (3) .  It  is a s sumed  in  ref. (3) tha t  the ra te  of 
the  whole  reac t ion  is d e t e r m i n e d  by  the ra te  of some 
i n t e r m e d i a t e  step. The  s to ichiometr ic  n u m b e r  is t hen  
the  n u m b e r  of t imes  the r a t e - d e t e r m i n i n g  step m u s t  
be repea ted  for the  o v e r - a l l  process to occur once. 

1 P r e s e n t  a d d r e s s :  F i e l d  R e s e a r c h  L a b o r a t o r y ,  Socony  M o b i l  Oi l  
C o m p a n y ,  Dal las ,  Texas.  

We f o l l o w  F r u m k i n ' s  c o n v e n t i o n  for  t he  s i gn  of  ~/ and  c o n s i d e r  
i t  pos i t i ve  for  ca thod ic  p o l a r i z a t i o n  (~ = Eo -- E w h e r e  Eo is  the  
r e v e r s i b l e  p o t e n t i a l  and  E t he  p o t e n t i a l  a t  some c u r r e n t  i~).  

Parsons  also der ives  Eq. [5] us ing  this  def ini t ion and  
the ac t iva ted  complex  reac t ion  ra te  theory.  

Reaction Mechanisms 
We consider  two mechan i sms  suggested f r e q u e n t l y  

(1 -6) :  

(i) V o l m e r - T a f e l  (i i)  V o l m e r - H o r i u t i  
Me c ha n i sm  Mechan i sm 

U~ U~ 
e- + H+ ~-~ H~ (I) e- + H~ ~H~d~ 

Us Us 

Us Us 
H,,~ + H,~  ~ H.~ (II) e- + H + + H~d~ ~ H.o 

U~ U, 

[6 (i, ii) ] 

We assume the electrode surface to be homogene -  
ous and  neglec t  a ny  in t e rac t ion  b e t w e e n  adsorbed 
h y d r o g e n  atoms. We also neglec t  the ~ -po ten t i a l  ef-  
fect. Wi th  these a s sumpt ions  we m a y  wr i t e  for the  
ra tes  in  a so lu t ion  of fixed composi t ion  (4-6)  

U ~ = k ~ ( 1 - - O )  = k ~ ~  
U~ = k ~  = k~~ 

U ~ = k s O  = k 3 ~  

U , = k , ( 1 - - 8 )  - - - - -k ,~ 
U ~ = k o ~  = k s ~  
U ~ = k ~ ( 1 - - 0 )  s = k ~ ~  s [ 7 ( a - f )  ] 

1 d [H  +] 
The ra te  of the ove r - a l l  r eac t ion  is R -~ 

2 d t  

d[H~] ic 
-- - -  -- . The  k's  are  r a t e  cons tan ts  in  e lec t r i -  

d t  2 
cal un i t s  ( a m p / c m  ~) and  0 is the  f rac t ion  of the  elec-  
t rode surface  occupied by adsorbed  hyd rogen  atoms. 

M e c h a n i s m  (i) [ V o l m e r - T a f e l ] . - - T h e  ra tes  of the  
fo rward  and  reverse  react ions  are 

2UIU~ "-  2UsU~ 
i -- and  i -- [8a, b]  

U.~ + 2Us Us + 2U,~ 

F r o m  Eq. [8] toge ther  wi th  (a + fl = 1) we have  

U~U5 kl~ ~ 0 
f ( , )  . . . . . .  e ~ [9] 

U~. U~ k..,l'k~ ~ 1 - -  0 

and  

kl~ ~ aO/O~ 
f ' (v )  =f(n) -P e" - -  [10] 

k~~ ~ ( 1 - - 0 )  5 
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F r o m  the s t eady- s t a t e  condit ion,  d O / d t  = 0, we 
find 

K • [K ~ -  8 ( k j - -  k ~ ~  ~ + 2 k j ) ]  ~/' 
0 = [ l l a ]  

M E C H A N I S M  O F  T H E  H Y D R O G E N  R E A C T I O N  

4 ( k j - -  k j ' )  

with  
K = k F e  ~ + k~~ - ~  -4- 4k~ ~ [ l l b ]  

Di f fe ren t ia t ing  Eq. [11], se t t ing  n = 0, and  us ing  
the re la t ion  (k~~ = (kj)=k~ ~ which  can be de-  
r ived  f rom the  condi t ions  of e q u i l i b r i u m  (U~ = U~, 
U~ = U~) we  find 

k OkO 
(00/0~)~:o = [12] 

(kl~176176176 ~ + 4k,~ 

S u b s t i t u t i n g  Eq. [12] into Eq. [10] and  no t ing  tha t  
(1  - -  ~)~ = [k~_~ + k~~ ~ we find 

k~.~ q- k~ ~ 
f ' ( 0 )  = 1 -4- [13] 

koF ( k j  -b k~_ ~ -k 4 k j k ~  ~ 

Des igna t ing  by  io, and  io,, the  velocit ies of steps I 
and  II at equ i l ib r ium,  we  have  

io, = ko_~ ~ ---- kFk~O/ ( k l  ~ + k~ ~ 

io,, = 2k~~176 ~ =  2 ( k F ) ~ k ~ ~  § k.;)'-' 

The i r  ra t io  ~/is 

T -~- io,/ ioi ,  = ko.O(kF -k k~~176176 [ 1 4 ]  

Subs t i t u t i ng  Eq. [14] into [13] and  us ing  Eq. [3] 
we have  for the  s to ichiometr ic  n u m b e r  

T + 2  
[15] 

3 , + 1  

The s toichiometr ic  n u m b e r  for this  m e c h a n i s m  has 
the  e x t r e m e  values  1 (:r > >  1) and  2 (7 < <  1). Thus,  
w h e n  there  is a r a t e - d e t e r m i n i n g  step, v gives the  
n u m b e r  of t imes  this  step mus t  be r epea ted  for the  
ove r - a l l  process to occur once. For  o ther  va lues  of 3', 
v fal ls  b e t w e e n  1 and  2. For  example ,  v = 1.50 w h e n  

7 = 1 .  
The  ne t  cathodic c u r r e n t  is 

i~ = U~ -- U~ = 2 ( C ~ -  C0) [16] 

F r o m  Eq. [4],  [8],  and  [9], 

2(1 -- ~)k jk~O[k~~  ~," - -  kF( l  --/~)e -p~'] 
~o = [17] 
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k~~ + k~~ - ~ )  

At ~ > >  1 (i.e., where  U.~ and  U~ are negl ig ib le )  Eq. 
[17] reduces  of course to 

io = k~~ --  ~)e "~" = 2k~~ ~ [18] 

where  ~ is g iven  by  Eq. [11]. 
M e c h a n i s m  (i i)  [ V o l m e r - H o r i u t i ] . ~ T h e  ra tes  of 

the  fo rward  and  reverse  react ions  are (5) 

~ U~U~ "7. U~U, 
= + U~ and  ~ =  + [7, [19] 

U., + U~ U.o + U~ 

From the condition of equilibrium, kFk8  ~ = k~~ ~ 

From the steady-state condition ( d ~ / d t  = O) 

k~ + k, 
---- [20] 

ks-4- k z +  k ~ +  k, 

Using these  re la t ions  and  Eq. [7] and  assuming  
a~ = a_~, BI = B2, we find ~ 

3Equa t i ons  [19],  [21] a n d  [24] a re  g iven  by  F r u m k i n  (5}, 

2(k~~176  ~ + 1 
f(~7) -- [21] 

2 ( k ~ " / k s ~  " + 1 

The velocit ies of steps I and  II at e q u i l i b r i u m  are 
g iven  by  

io, = ko."~ ~ = kFk._~ ( k j  q- k~_ ~ 

io,I = k~6  ~ ~- k j k ~ ' 7  ( k F  + k.:') 
and  

T = iol/i~n = k~~ '' 

S u b s t i t u t i n g  [23] into [ 2 1 ] w e  find for ] (~) ,  

2 y e  ~ + 1 
~(~)  = 

2Te-" + 1 
and  

o r  

f ' ( 0 )  = 4T(1 + 2T) 

[22a, b]  

[23] 

[24] 

1 iolI 
= 1 + ~ = i + ~ [ 2 5 ]  

23' 2io, 

The s to ichiometr ic  n u m b e r  of this  m e c h a n i s m  has 
a bound  of 1 for large va lues  of T, bu t  increases  con-  
t i nuous l y  as 9' approaches  zero. Thus,  w h e n  the dis-  
charge  step is m u c h  slower t h a n  the e lec t rochemical  
desorp t ion  step, ~ no longer  represen t s  the n u m b e r  of 
t imes the r a t e - d e t e r m i n i n g  step m u s t  be r epea ted  
for the  ove r -a l l  reac t ion  to occur once. We discuss 
this  po in t  below. 

The ne t  cathodic c u r r e n t  is 

U._, q- U~ q- U~ ' 2ye-" q- i 

from which, upon substitution for the U's, we find 
1 - -  e -2~ 

io = 2ki~ - -~)e  ~ - -  [27] 
1 -4- ye-"  

E q u a t i o n  [27] reduces  at sufficiently l a rge  ~ to 

ic = 2kF(1 --  t~)e ~ = 2k~~ ~ [28] 
w he r e  ~ is g iven  by Eq. [20]. 

General Discussion 
The two mechan i sms  discussed above have  been  

t rea ted  by  a n u m b e r  of au thors  (1-5) .  F r u m k i n  dis-  
cussed the  s to ichiometr ic  n u m b e r  of the V o lmer -  
Hor iu t i  m e c h a n i s m  us ing  the  me thod  adopted  here.  
Equa t ions  [19],  [21],  and  [24] are iden t ica l  w i th  
those g iven in  ref. (5) .  However ,  our  conclus ions  
on the va lue  of the s to ichiometr ic  n u m b e r  d i f -  
fer f rom those in  ref. (5).  F r u m k i n  states tha t  v 
increases  w i t hou t  l imi t  w h e n  ioi > >  io,~ in  m e c h a n i s m  
( i i ) .  The d i sc repancy  arises f rom an a lgebra ic  over -  
sight  in subs t i t u t i ng  for ~/ in Eq. [11] of ref. (5) .  If 
this  equa t ion  and  the  discussion in the  fo l lowing 
p a r a g r a p h  of ref. (5) are  modified to take  into ac- 
count  this  slip, they  coincide w i th  ours.  

A form of Eq. [27] was  der ived  by  Vet te r  (4) for 
the case ~ < <  1 us ing  a di f ferent  p rocedure  f rom the 
one employed  here.  The a s sumpt ion  8 < <  1 at  all  I*/I 
is not  appl icable  to mos t  systems. I t  is p a r t i c u l a r l y  
i napp rop r i a t e  w h e n  T -- 1 s ince ~ in this  case var ies  
by  at least  an  order  of m a g n i t u d e  b e t w e e n  v = 0 and  

= 10, i.e., over  the r a n g e  u sua l l y  accessible in  
pract ice.  Vet ter  (4) discusses the  s to ichiometr ic  
n u m b e r s  for both  the V o l m e r - T a f e l  and  the  V o l m e r -  
Hor iu t i  mechanisms .  His discussion correc t ly  ap-  
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pl ies  to " a p p a r e n t  s to i ch iome t r i c  n u m b e r s "  ( see  b e -  
l o w ) ,  b u t  not  to s t o i ch iome t r i c  n u m b e r s  o b t a i n e d  
f rom Eq. [3] .  

Bockr i s  and  c o l l a b o r a t o r s  (6, 8, 12, 13) a r r i v e  a t  
d i f f e ren t  conc lus ions  a l t h o u g h  t h e y  use  t he  same  
bas ic  set  of r a t e  equa t ions ,  i.e., Eq. ( 7 a - f ) .  Bockr i s  
and  M a u s e r  (6)  a s sume  a r a t e - d e t e r m i n i n g  s tep  a n d  
le t  v be  1 or  2 c o r r e s p o n d i n g  to i ts  h a p p e n i n g  once or  
tw ice  in t he  course  of a un i t  act  t he  o v e r - a l l  r eac t ion .  
T h e y  e v a l u a t e  v f r o m  Eq. [5]  above ,  o b t a i n i n g  
(Oio/O~),=o f r o m  the  r a t e  exp re s s ion  and  io b y  e x -  
t r a p o l a t i o n  f r o m  l a r g e  I'll. T h e y  find t h a t  Eq. [5]  
y i e lds  t h e  a s s u m e d  v's. 

The  a r g u m e n t  of Bockr i s  and  M a u s e r  (6)  fo l lows  
e s s e n t i a l l y  t h a t  of P a r s o n s  (4)  w h o  i n t r o d u c e d  th is  
def in i t ion  a n d  p r o c e d u r e .  

The  d i f f e ren t  r e su l t s  of Bockr i s  a n d  M a u s e r  (6)  
a r i s e  f r o m  the  a m b i g u o u s  m e a n i n g  of t h e  t e r m  L as  
used  in ref .  (6) .  The  e x c h a n g e  c u r r e n t  wh ich  a p p e a r s  
in Eq. [5]  is t he  t o t a l  r a t e  in  t he  f o r w a r d  or  r e v e r s e  
d i r ec t i on  a t  e q u i l i b r i u m  as is shown  b y  the  H o r i u t i  
and  I k u s i m a  (1)  d e r i v a t i o n  r e p r o d u c e d  a b o v e  (Eq. 
[ 1 ] - [ 5 ] ) .  I t  can  be  d e t e r m i n e d ,  a t  l eas t  in p r inc ip l e ,  
b y  an  i so topic  e x p e r i m e n t .  I t  has  t h e r e f o r e  def in i te  
o p e r a t i o n a l  m e a n i n g .  This  e x c h a n g e  c u r r e n t  m a y  or  
m a y  no t  co inc ide  w i t h  t he  e x c h a n g e  c u r r e n t  d e t e r -  
m i n e d  b y  e x t r a p o l a t i o n  f r o m  l a r g e  I~1- W e  sha l l  
deno t e  th is  l a s t  q u a n t i t y  b y  (io)~t~. W e  discuss  
b e l o w  the  Bockr i s  and  M a u s e r  (6)  p r o c e d u r e  in  d e -  
tai l .  W e  sha l l  use  t he  V o l m e r - H o r i u t i  m e c h a n i s m  as 
an  e x a m p l e .  The  V o l m e r - T a f e l  m e c h a n i s m  wi l l  be  
d i scussed  for  t h e  h y d r o g e n  r e a c t i o n  on n icke l .  

A p p a r e n t  s toichiometric  n u m b e r s . - - F r u m k i n  (5)  
has  s h o w n  t h a t  a v a r i e t y  of v's can  b e  o b t a i n e d  for  
the  V o l m e r - H o r i u t i  m e c h a n i s m  if the  e x c h a n g e  c u r -  
r e n t  is d e t e r m i n e d  b y  e x t r a p o l a t i o n .  

L e t  us  first  cons ide r  Eq. [24] a n d  [25] .  As  no ted  
above ,  v can a t t a i n  a n y  v a l u e  as  io, becomes  neg l ig ib l e  
in  c o m p a r i s o n  to  io,~. This  r e s u l t  m a y  seem s u r p r i s i n g  
a t  f irst  s ince  in o the r  cases, e.g., the  V o l m e r - T a f e l  
m echan i sm ,  v a p p r o a c h e s  a s m a l l  i n t ege r  w h e n  one 
s tep  in  t h e  m e c h a n i s m  is r a t e  d e t e r m i n i n g .  The  l a ck  
of an  u p p e r  b o u n d  of v for  ~, < <  1 is no t  i ncons i s t en t  
w i t h  i ts  def in i t ion  b y  Eq. [1] .  The  on ly  r e s t r i c t i ons  
i mposed  b y  c lass ica l  t h e r m o d y n a m i c s  on a n y  e l e c t r o -  
chemica l  r e a c t i o n  a r e  (14)  

-~. --?. 

~ = l a t ~ = O ,  - - > l a t v > O  

i 

[29] 

If  t h e r e  a r e  no d i scon t inu i t i e s  in the  r e g i o n  of 
e q u i l i b r i u m ,  for  suff ic ient ly  s m a l l  v a l u e s  of v w e  
h a v e  

i ~ = i - - i = M o ~  [30] 

s ince  t he  n e t  r e a c t i o n  ra t e ,  i~, a n d  v v a n i s h  t o g e t h e r  
a t  e q u i l i b r i u m .  E q u a t i o n  [1]  sat isf ies  Eq. [29]  a n d  
[30] for  a n y  f ini te  v a l u e  of >,. A co inc idence  of X w i t h  
t he  r e c i p r o c a l  of t he  n u m b e r  of t i m e s  a r a t e - d e t e r -  
m i n i n g  s tep  is r e p e a t e d  is not  n e c e s s a r y  and  m u s t  be  
e x a m i n e d  s e p a r a t e l y  for  each  m e c h a n i s m .  

L a r g e  v a l u e s  of v in t he  case  of t he  V o l m e r - H o r i u t i  
m e c h a n i s m  w h e n  ~, < <  1 a r e  b r o u g h t  a b o u t  b y  s tep  

II  which ,  a t  e q u i l i b r i u m  y i e ld s  H2 i n d e p e n d e n t l y  of 
s tep  I, bu t  has  no inf luence  on the  n e t  r a t e  of h y d r o -  
gen  evo lu t i on  a w a y  f r o m  e q u i l i b r i u m .  In  F r u m k i n ' s  
(5)  t e rms ,  a l a r g e  ( t o t a l )  e x c h a n g e  c u r r e n t  does no t  
i n s u r e  a s m a l l  p o l a r i z a b i l i t y  in th is  case. This  is t r u e  
of a l l  m e c h a n i s m s  w h i c h  i n c o r p o r a t e  t he  scheme  

e -  e -  
A ~ C, A + C ~ - P ,  w h e r e  A is t he  r eac t an t ,  C an 
i n t e r m e d i a t e ,  and  P the  p roduc t .  

To e x a m i n e  t h e  conclus ions  of Bockr i s  and  M a u s e r  
(6 ) ,  w e  f o r m u l a t e  first  t h e i r  p r o c e d u r e  in the  t e r m s  
used  here .  F o r  t h e  s ake  of s imp l i c i t y  of expos i t i on  
w e  r e s t r i c t  our  d i scuss ion  to 0 < <  1, t he  case  d i s -  
cussed  b y  V e t t e r  (4) .  Resu l t s  for  t he  m o r e  g e n e r a l  
case w h e r e  ( i -  0) is no t  a p p r o x i m a t e d  b y  1 a r e  
g iven  in  t he  t a b l e  be low.  

I f  (1 - -  0 ) ~ 1 ,  Eq. [27]  r e a d s  

1 - -  e -~ 
ic = 2kl~ ~" [31] 

1 + 7e-" 
<.._ 

The  ne t  anodic  c u r r e n t  is g iven  b y  ia = i [ 1 - - ] 0 7 )  ] 
w i th  t he  a p p r o x i m a t i o n  (1 - -  0 ) ~ 1 .  I t  is: 

1 - -  e ~ 
io = 2kl~ -~" [32]  

7 W e '  

Bockr i s  and  M a u s e r  a s s u m e  tha t  7 < <  e~ at  a l l  ]~I 
and  s i m p l i f y  Eq. [31] and  [32] to 

L = 2k~~ ~ i~ = 2kl~ -~+~" [33] 

In  th is  r a n g e  of [vl, i.e., for  suff ic ient ly  pos i t i ve  
o v e r p o t e n t i a l s  on ca thod ic  p o l a r i z a t i o n  and  suffi- 

...> <-- 

c i e n t l y  n e g a t i v e  on anodic ,  ic = i and  i~ ---- i. Bockr i s  
and  M a u s e r  t h e n  e x t r a p o l a t e  io and  i~ to t h e  n e i g h -  
b o r h o o d  of e q u i l i b r i u m  and  w r i t e  for  a l l  

.._> <-- 

i - -  2k~~ a" and  i = 2kl~ -c~+~" 

f r o m  w h i c h  t h e y  d e r i v e  

io = 2k~~ '~" - -  2k~~ -~§ [34 ] '  
and  

(OiJOv),=o = 4k~ ~ [35] 

The  e x c h a n g e  cu r ren t ,  g iven  b y  Eq. [33]  w i t h  
= 0, is 2k~ ~ W i t h  t hese  v a l u e s  s u b s t i t u t e d  in Eq. 

[5] ,  t h e y  find v ----- 1. 
The  c ruc ia l  d i f fe rence  b e t w e e n  the  p r e s e n t  d e v e l -  

o p m e n t  and  the  Bockr i s  and  M a u s e r  (6)  a r g u m e n t  
o u t l i n e d  a b o v e  is in  the  m e a n i n g  of t he  e x c h a n g e  
cu r r en t .  The  e x t r a p o l a t e d  cu r ren t ,  (io) . . . .  = 2k?,  

does  not  coinc ide  w i t h  i a t  ~? = 0. The  e x c h a n g e  c u r -  
r e n t  is a c t u a l l y  g iven  b y  Eq. [7] ,  [19],  and  [20] 
[ w i t h  the  a p p r o x i m a t i o n  (1 - -  0 ) ~ 1 ]  b y  

2k~ ~ + k, ~ 2k~~ + ~/27) 
L - -  [ 3 6 ]  

1+7 1+7 

Since  (Oi~/~) ,~  = 4k~~ + 7) ,  Eq. [36]  t o g e t h e r  
w i t h  Eq. [5]  y i e l d  v = 1 § ( ~ 7 )  as  b e f o r e  i n s t e a d  of 
v = 1. W e  ca l l  t h e  q u a n t i t y  o b t a i n e d  f r o m  Eq. [5]  
w h e n  io is se t  e q u a l  to  t h e  e x t r a p o l a t e d  e x c h a n g e  
c u r r e n t  t he  a p p a r e n t  s t o i ch iome t r i c  n u m b e r  a n d  d e -  
no te  i t  b y  v" (5) .  The  a p p a r e n t  s t o i ch iome t r i c  n u m -  
b e r  d e p e n d s  on the  a p p r o x i m a t i o n s  m a d e  in se lec t ing  

4 T h i s  s t ep  is  no t  just i f ied  n o r  is it  v a l i d  g e n e r a l l y ,  T h e  n e t  
c a t h o d i c  c u r r e n t  is  no t  n e c e s s a r i l y  t h e  d i f f e r e n c e  b e t w e e n  t h e  
extrapolated c a t h o d i c  a n d  a n o d i c  c u r r e n t s ,  
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Table I. Volmer-Horiuti mechanism 

"y = ioz/ iozz  
( E x t r a p o i a t e d  io f r o m  ca thod ic  p o l a r i z a t i o n  curve)  
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'y /~ p' 

(Slow electrochem- 7 > > 1 1 
ieal desorption) 

7 =  1 1.5 
(Slow discharge) 7 < <  1 1 + (V27) 

the l i nea r  section of the  po la r iza t ion  curve.  I t  also 
depends  on whe the r  the ex t r apo la t ed  exchange  cu r -  
r e n t  is found  f rom the  anodic  or cathodic po la r iza t ion  
curve.  The two ex t rapo la ted  cu r r en t s  do not  a lways  
coincide as can be shown easi ly  f rom Eq. [31] and  
[32]. 

The exchange  c u r r e n t  is gene ra l l y  d e t e r m i n e d  by  
ex t r apo la t ion  of the  cathodic curve  in  the  case of 
the  h y d r o g e n  react ion.  The  a p p a r e n t  s toichiometr ic  
n u m b e r  is 

( io )  . . . .  
T' ~ Y  

io 

If y > >  1 in  the  V o l m e r - H o r i u t i  mechan i sm,  
there  are two segments  of the  cathodic po la r iza-  
t ion curve  [log io v s .  V] which  app rox ima t e  a 
s t ra igh t  l ine.  If a r ange  of ~ is selected such tha t  
ye-" > >  1, t h e n  (io) .... ---- 2k~~ and  ~' ---- 1. If, on 
the  other  hand,  the  r ange  of V is chosen for which  
ye-" < <  1, then  ( i o ) o ~  = 2k~ ~ and  v' = 1 +y .  
Therefore  ~' a t t a ins  a n y  va lue  as io~ becomes m u c h  
la rger  t h a n  io,,. This  las t  resu l t  was  ob ta ined  by  
Vet ter  (4) .  F r u m k i n  (5) finds . '  = 1 for y > >  1 
m a k i n g  the  a p p r o x i m a t i o n  ye-" > >  1. We sum ma r i z e  
our  discussion in  Tab le  I. The va lues  shown hold  
also for the  genera l  case whe re  ( 1 - - 0 )  is n o t  ap-  
p r o x i m a t e d  by  1. 

T h e  h y d r o g e n  r e a c t i o n  o n  n i c k e L - - T h e  m e c h a n i s m  
of the  h y d r o g e n  reac t ion  on n icke l  is in  d ispute  
(8-10) .  Of pa r t i cu l a r  in te res t  are  a lka l ine  solut ions  
w h e r e  side reac t ions  are negl ig ible .  Bockris  and  
Po t t e r  (8) conc luded  tha t  d ischarge  of w a t e r  is 
the  slow step whi le  Hor iu t i  and  col labora tors  (9) 
found  the  combina t i on  of two h y d r o g e n  a toms to 

0 2  

e 

-oi o 

Fig. 1. Fractional surface coverage by adsorbed hydrogen atoms 
as a function of overpotential for nickel in 2N NaOH. The solid 
line was calculated from Eq. [11] with k~ ~ = 1.0 x I 0  -5 amp/cm ~, 
k~ ~ = 3.15 x 10 -a amp/cm 2, and 0 ~ = 0.04. Circles give the ex- 
perimental values of Devanathan and Selvaratnam (11). 

1 with (io) ~,,  from 
range .re -~ > >  1 

1 + ~ with (io)~t~ from 
range 7e -~ < ~  1 

2 
1 

be r a t e - d e t e r m i n i n g .  We have  made  ex tens ive  meas -  
u r emen t s ,  to be discussed in  a la te r  communica t ion ,  
which  suggest  tha t  the  V o l m e r - T a f e l  m e c h a n i s m  is 
operat ive .  Equa t ions  [7] t h r o u g h  [18] are appl ic-  
able  therefore ,  except  tha t  in  a lka l ine  so lu t ion  H~O 
m u s t  be subs t i tu t ed  for H § 

D e v a n a t h a n  and  S e l v a r a t n a m  (11) r ecen t l y  de te r -  
m i n e d  0 on n icke l  cathodes in  2N NaOH. The i r  a n a l -  
ysis suggested to t h e m  tha t  d ischarge  f rom wa te r  
molecules  is the  r a t e - d e t e r m i n i n g  step. The i r  con-  
c lus ion was  based  essen t ia l ly  on a va lue  of 2 for the  
s to ichiometr ic  n u m b e r .  The p rev ious  con t rove r sy  (9) 
also revo lved  a r o u n d  the  p rope r  va lue  for the  s toi -  
ch iomet r ic  n u m b e r .  We e x a m i n e  there fore  the  
D e v a n a t h a n  and  S e l v a r a t n a m  resul t s  in  detail .  

If the  V o l m e r - T a f e l  m e c h a n i s m  is operat ive,  ac-  
cording  to Eq. [ I8 ]  plots of l o g [ i t / ( 1  - - 8 ) ]  v s .  ~ and  
of io vs .  02 should  yie ld  s t ra igh t  l ines  as found  by  
D e v a n a t h a n  and  S e l v a r a t n a m .  The  in te rcep ts  of 
these plots give, respect ively ,  

kl ~ ----- 1.0 X 10 -~ a m p / c m  ~ [38] 
and  

k~ ~  3.15 X 10-~amp/cm ~ [39] 

The  slope of the  log [ i ~ / ( 1 - - 0 ) ]  vs .  ~ curve  gives 
a ~ 0.67 and,  therefore ,  fl ---- 0.33. 

The va lue  of 0 at  ~ ---- 0 is according to ref.  (11) ,  

8o _ 0.04 [40] 

F r o m  Eq. [7] for v ---- 0, we find 

k~ ~ ---- 2.5 X 10 -~ a m p / c m  ~ [41] 
and  

ko ~ = 5.4 • 10 -~ a m p / c m  ~ [42] 

If the  V o l m e r - T a f e l  m e c h a n i s m  is opera t ive  u n d e r  
the  a s sumpt ions  made  above,  8 should  be g iven  as 
func t i on  of n by  Eq. [11] w i th  the  k~ g iven  by  Eq. 
[ 3 8 ] - [ 4 2 ] .  F i g u r e  1 gives 0 = 0(~) ca lcu la ted  f rom 
Eq. [ 11 ] toge ther  wi th  the  e x p e r i m e n t a l  values.  The 
a g r e e me n t  b e t w e e n  ca lcu la ted  and  observed  0 is 
w i t h i n  e x p e r i m e n t a l  error.  

The exchange  cu r r en t s  for  s tep I a nd  I I  are  

io, = k1~ - - 0  ~ ---- k~~ ~ ----- 1.0 X I0-5 a m p / c m  ~ 

io,, = 2k : (0~  ~ = 2k0~ - -0~  "--- 1.0 • i0  -~ a m p / c m  ~ 

C o n s e q u e n t l y  
y = io,/io,,  = 1.0 

The  s to ichiometr ic  n u m b e r  is f rom Eq. [5] and  
[15] 

v = 2iol(OiolO~),=o = 1.50 
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However ,  the a p p a r e n t  s toichiometr ic  n u m b e r  is 
g iven  by  

~' = 2(io) .... / (0i~/0~)~ 

Consequen t ly  

(io) . . . .  ( i , )  . . . .  (io) . . . .  
yt  - - ] 2  1) 

i,, (i0,/2) 5 • 10 '~ 

D e v a n a t h a n  and  S e l v a r a t n a m  give no detai ls  of 
the i r  ca lcu la t ion  of the s to ichiometr ic  n u m b e r  be -  
sides s ta t ing  t ha t  it was 2. Data  in the r ange  v < <  1 
f rom which  (0ir was  p r e s u m a b l y  ca lcula ted  
are not  given.  If (io) . . . .  is ob ta ined  f rom a plot  of 
log ic vs. v, t hen  (i,) .... = 8  • 10 -~ and  V = 2 . 4 .  If 
(io) .... is ob ta ined  f rom a plot  of log [i0/(1 - -  0 ) ]  vs. 
v, t hen  (i~ = i0, and  v' = 3.0. In  any  case, a va lue  
of v' in  the  ne ighborhood  of 2 does not  prove  tha t  the  
d ischarge  step is ra te  de t e rmin ing .  D e v a n a t h a n  and  
S e l v a r a t n a m ' s  resul t s  ac tua l ly  show tha t  there  is no 
r a t e - d e t e r m i n i n g  step, the  exchange  c u r r e n t s  for 
d ischarge and  combina t i on  be ing  equal .  

The ca lcu la t ion  of 0 = 0(v) also gives the c u r r e n t  
at any  v via  Eq. [17]. To our  knowledge ,  this  is the 
first t ime  tha t  a comple te  descr ip t ion  ( i nc lud ing  the 
va r i a t i on  of 0 wi th  ove rpo ten t i a l )  of the expe r i -  
m e n t a l  cathodic curve  for the h y d r o g e n  reac t ion  is 
possible in  t e rms  of s imple  express ions  i nv o l v i ng  
on ly  th ree  i n d e p e n d e n t  constants .  It  is su rp r i s ing  tha t  
the  s imple  V o l m e r - T a f e l  m e c h a n i s m  fits these  resul t s  
so wel l  (see Fig. 1). Both the  a s sumpt ion  of a homo-  
geneous  surface  and  the neglec t  of in te rac t ions  be-  
t w e e n  adsorbed h y d r o g e n  atoms appear  a priori  to be 
un l ike ly .  However ,  n icke l  e lectrodes subjec ted  to 
anodic -ca thodic  cycling,  the  p rocedure  used in ref. 
(11),  are  p r o b a b l y  covered by  a l ayer  of chemi -  
sorbed h y d r o x y l  ions as we show e lsewhere  (17). 
Such  surfaces  should be essen t ia l ly  homogeneous  for 
adsorp t ion  of hydrogen .  A h y d r o x y l  covered surface,  
in  cont ras t  to a n ickel  surface,  is expected  to adsorb 

hyd rogen  weakly .  This agrees wi th  the  smal l  cover-  
age (0 ~ = 0.04) found  at e q u i l i b r i u m  by  D e v a n a t h a n  
and  S e l v a r a t n a m  (11).  La te ra l  i n t e rac t ions  b e t w e e n  
adsorbed a toms are p r e d o m i n a n t l y  isolated pai r  i n -  
te rac t ions  at low coverages.  They  a p p a r e n t l y  do not  
con t r ibu t e  s igni f icant ly  to the  total  hea t  adsorp t ion  
for 0 < 0.4. 

Manuscript  received Ju ly  13, 1961; revised manu-  
script received Oct. 26, 1961. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1962 
JOURNAL.  
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Transport Numbers in Pure Fused Zinc Chloride 
Arnold Lund~n 1 

Inst i tute  for Atomic  Research and Depar tment  of Chemis try ,  Iowa State  Universi ty ,  Ames ,  Iowa 

ABSTRACT 

The radioactive tracer method differs in two aspects from other methods 
used to determine t ransport  numbers  in fused salts. First, four different tracer 
experiments  can be designed: two with cation and two with anion tracer. Sec- 
ond, due to nonideal  conditions at the disk separating catholyte and anolyte, 
there is a tendency that the measured t ransport  numbers  are too low. This 
second property should be most pronounced in salts with low self-diffusion 
coefficients, such as the zinc halides. 

The t ransport  numbers  have been measured for both cation and anion in 
mol ten zinc chloride. The tendency to give too low values for t § and t- became 
stronger as the current  density increased in the cell. An extrapolat ion to zero 
current  density, i.e., infinite r unn i ng  time, gives t §  0.6 • 0.1 for the region 
from 420 ~ to close to the boiling point. No current  t ransport  by complex ions 
could be detected. 

In  recen t  years  a n u m b e r  of e x p e r i m e n t s  have  
been  des igned  for m e a s u r i n g  t r an spo r t  n u m b e r s  in 
p u r e  mo l t en  salts (1) .  However ,  the  i n t e r p r e t a t i o n  

1 On leave f r o m  the D e p a r t m e n t  of Physics ,  Chalmers  Ins t i tu te  of 
Technology,  Gothenburg ,  S w e d e n .  

of the  e xpe r i me n t s  has been  quest ioned,  and  it has 
even  been  s ta ted tha t  the  whole  concept  of t r a n s -  
fe rence  has l i t t le  significance in  pu re  mo l t en  salts 
(2) .  The  a im of the  p resen t  work  is to e x a m i n e  
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c r i t i c a l l y  some fac to rs  t h a t  m i g h t  inf luence  the  
r e su l t s  of t h e  e x p e r i m e n t s .  The  g e n e r a l  d i scuss ion  
is exempl i f i ed  b y  m e a s u r e m e n t s  on zinc ch lor ide .  

Cons ide r  first  t he  g e n e r a l  e x p e r i m e n t a l  a r r a n g e -  
m e n t  w i th  two  c o m p a r t m e n t s  s e p a r a t e d  b y  a m e m -  
b rane .  Bo th  c o m p a r t m e n t s  a r e  a t  l eas t  p a r t l y  f i l led 
w i t h  a me l t ,  e i t h e r  a p u r e  sa l t  or  a m i x t u r e  of 
s e v e r a l  componen t s .  The  m e m b r a n e  can  consis t  of a 
f r i t t e d  d i sk  of suff ic ient ly  fine p o r o s i t y  ( such  as 
in  mos t  " t r a n s p o r t  n u m b e r "  e x p e r i m e n t s ) ,  a s ep -  
a r a t i o n  c o l u m n  (a  p a c k e d  co lumn  of some 20 cm 
l e n g t h  used  in i so tope  e n r i c h m e n t  e x p e r i m e n t s )  
(3) ,  an  e l ec t ropho re s i s  s t r ip  (4, 5), or  some s imi l a r  

a r r a n g e m e n t .  T r a n s p o r t  of sa l t  t h r o u g h  the  m e m -  
b r a n e  can  be  due  to a h y d r o s t a t i c  p r e s s u r e  g rad i en t ,  
d i f fus ion and,  in t he  p re sence  of an  e lec t r ic  field, 
e l ec t roosmos i s  and  t r an s f e r ence .  The  d i s t inc t ion  b e -  
t w e e n  the  two  l a t t e r  en t i t i e s  is obv ious  if  a q u a s i -  
l a t t i c e  m o d e l  (6 -8 )  for  the  me l t  is cons idered ,  ~ in 
w h i c h  case  e l ec t roosmos i s  causes  a b u l k  t r a n s p o r t  of 
sa l t  r e l a t i v e  to t he  w a l l s  of t he  c a p i l l a r i e s  of the  
m e m b r a n e ,  and  t r a n s f e r e n c e  r e f e r s  to the  m i g r a t i o n  
of i n d i v i d u a l  ions  in  the  " l a t t i ce . "  T r a n s f e r e n c e  
shou ld  thus  so le ly  be  a p r o p e r t y  of the  m e l t  (a t  
the  t e m p e r a t u r e ,  p r e s s u r e  (9) ,  and  c h e m i c a l  c o m -  
pos i t ion  in q u e s t i o n ) ,  and  i t  shou ld  be  i n d e p e n d e n t  
of e x t e r n a l  cond i t ions  such  as the  t y p e  of m a t e r i a l  
used  for  t he  cons t ruc t i on  of the  m e m b r a n e .  F o r  
t r an s f e r ence ,  t he  t r a n s p o r t  n u m b e r ,  e . g . ,  fo r  a 
cat ion,  can  be  def ined  as t ,  + = v + / w  +, w h e r e  v § is t he  
ve loc i t y  of t he  ca t ion  m e a s u r e d  r e l a t i v e  to the  
" l a t t i ce , "  w h i l e  w § is m e a s u r e d  r e l a t i v e  to t he  
an ions  (10) .  The  ques t ion  a r i ses :  Is th is  t h e o r e t i c -  
a l l y  def ined  t r a n s p o r t  n u m b e r  t,  i den t i ca l  wi th ,  or  
can  i t  b e  d e t e r m i n e d  f rom,  t he  e x p e r i m e n t a l l y  
m e a s u r e d  " t r a n s p o r t  n u m b e r "  t~,? 

Of t h e  fou r  en t i t i e s  c o n t r i b u t i n g  to t he  t r a n s p o r t  
t h r o u g h  a m e m b r a n e ,  t he  h y d r o s t a t i c  effect can  be  
m e a s u r e d  in an  a r r a n g e m e n t  w i t h  a sufficient  head  
of the  m e l t  on one s ide  of t he  m e m b r a n e .  H a r r i n g -  
ton  and  S u n d h e i m  (11) h a v e  thus  m e a s u r e d  l e a k a g e  
r a t e s  t h r o u g h  m e m b r a n e s  of five d i f fe ren t  types ,  
for  w h i c h  the  e l ec t r i ca l  r e s i s t ance  was  also m e a s -  
u r e d  in o r d e r  to d e t e r m i n e  if  t he  m e m b r a n e s  could  
be use fu l  for  t r a n s f e r e n c e  e x p e r i m e n t s .  I t  m i g h t  be  
m e n t i o n e d  in th is  connect ion ,  t h a t  t h e r e  need  no t  
be  a c lose c o r r e l a t i o n  b e t w e e n  l e a k a g e  and  r e -  
s is tance,  e.g., two  m e m b r a n e s  shou ld  be  e x p e c t e d  
to have  n e a r l y  the  s ame  e l ec t r i ca l  r e s i s t ance  if  the  
to ta l  g e o m e t r i c a l  cross  sec t ion  of t h e i r  po re s  is t he  
same,  b u t  if one of these  m e m b r a n e s  has  a g r e a t  
m a n y  po res  of a s m a l l  d i a m e t e r  w h i l e  t he  o the r  
one has  a few po res  w i t h  r e l a t i v e l y  l a rge  d i a m e t e r ,  
the  l e a k a g e s  should ,  a cco rd ing  to Po i s eu i l l e ' s  law,  
be  c o n s i d e r a b l y  h i g h e r  in the  l a t t e r  case. The  h y d r o -  
s ta t ic  flow t h r o u g h  a m e m b r a n e  shou ld  inc rease  if 
an  e lec t r i c  c u r r e n t  passes  t h r o u g h  the  mel t ,  s ince 
local  h e a t i n g  is l i k e l y  to g ive  an  a p p r e c i a b l e  d e -  
c rease  in t he  v i scos i ty  of the  m e l t  w i t h i n  the  pores .  
The  h y d r o s t a t i c  flow of sa l t  t h r o u g h  a m e m b r a n e  
m i g h t  we l l  be  d i s t u r b e d  b y  " s t i ck iness"  (12) b e -  
t w e e n  the  m e l t  and  p a r t s  of  the  a p p a r a t u s ,  w h i c h  

2 A w a y  to  p i c t u r e  t he  s i t u a t i o n  is to cons ide r  t he  m e l t  as con t a in -  
i n g  m i n u t e  e rys t a l l i t e s  or a g g r e g a t e s  h e l d  i n  p lace  by  t he  m e m -  
b rane .  F o r  ou r  d i s cus s ion  t h e r e  is no d i f fe rence  b e t w e e n  t h i s  v i e w  
a n d  t h e  q u a s i - l a t t i c e  model .  

in t u r n  can  be  due  to su r face  t ens ion  effects or  to 
c h e m i c a l  r eac t ions  t a k i n g  p l ace  (g iv ing  ox ides  or  
o t h e r  r e a c t i o n  p roduc t s ,  w h i c h  m i g h t  c h a n g e  the  
p r o p e r t i e s  of t he  o r ig ina l  s u r f a c e s ) .  

The  d i f fus ion t h r o u g h  a m e m b r a n e  can  be  es t i -  
ma ted ,  if the  se l f -d i f fus ion  coefficient  is k n o w n  for 
t he  ion in  ques t ion ,  s ince  a "ce i l  c o n s t a n t "  can  be 
d e t e r m i n e d  b y  m e a s u r i n g  the  e l ec t r i ca l  res i s tance .  
I t  is, h o w e v e r ,  w o r t h  r e m e m b e r i n g  t h a t  s tud ies  of 
aqueous  so lu t ions  (13) and  me l t s  in s e p a r a t i o n  
co lumns  (14) h a v e  shown  t h a t  the  " e l e c t r i c a l  f ree  
space ,"  c a l c u l a t e d  f r o m  m e a s u r i n g  the  r e s i s t ance  
w h e n  the  co lumn  is f i l led w i t h  a l i qu id  of k n o w n  
c onduc t i v i t y ,  is of t h e  o r d e r  of 75% of the  "geo -  
m e t r i c a l  f ree  space ,"  d e t e r m i n e d  b y  w e i g h i n g  the  
p a c k i n g  in t he  co lumn.  T h e r e  m i g h t  thus  be r ea son  
to e x p e c t  t ha t  t he  cel l  cons t an t s  a r e  no t  i den t i ca l  
for  d i f fus ion and  conduc t iv i ty .  

E lec t roosmos i s  and  t r a n s f e r e n c e  a r e  bo th  p r o -  
p o r t i o n a l  to the  field s t r e n g t h  (6) ,  w h i c h  m a k e s  it 
v e r y  diff icult  to d i s t i ngu i sh  b e t w e e n  these  two  en -  
t i t ies  w h e n  i n t e r p r e t i n g  " t r a n s p o r t  n u m b e r "  e x -  
p e r i m e n t s .  I t  is poss ib le  to i n t r o d u c e  a f o r m a l  
t r a n s p o r t  n u m b e r  for  e lec t roosmosis ,  to , ,  b y  us ing  
the  fo l lowing  def in i t ion:  

tos = V o s / V o ~  [1]  

V~ is the  e q u i v a l e n t  v o l u m e  of a l iqu id ,  and  Vo~ 
is t he  v o l u m e  t r a n s p o r t e d  b y  e lec t roosmos i s  t h r o u g h  
a su r face  p e r p e n d i c u l a r  to t h e  e l ec t r i ca l  field if 
t he  t r a n s p o r t e d  cha rge  is 1 F a r a d a y .  a I f  w e  choose  
to define Vos as pos i t ive  for  t r a n s p o r t  t o w a r d  the  
ca thode ,  the  fo l lowing  r e l a t i ons  ho ld :  

t,,, § : t ,  + +to~ [2]  

t.~- = t , -  - to, [ 3 ]  

Thus  t~ ~ + t~- = 1, i n d e p e n d e n t  of t he  m a g n i t u d e  
of to,. H o w e v e r ,  one of the  t,~ wi l l  be  > 1 and the  
o the r  nega t ive ,  un less  

- - t ,  + ~ to, ~ t , -  [4]  

S u n d h e i m  (2)  has  c l a i m e d  t h a t  t~ can  be c a l c u -  
l a t e d  for  each  e x p e r i m e n t a l  s e tup  f r o m  the  con-  
s e r v a t i o n  of m o m e n t u m  w i t h i n  the  mel t .  In  th is  
case  t he  e x p e r i m e n t s  a c t u a l l y  shou ld  g ive  no t  on ly  
t~ b u t  also to, .  H o w e v e r ,  S u n d h e i m  has  r e c e n t l y  
modi f ied  his  t h e o r y  ( 1 5 ) '  so tha t ,  due  to f r i c t ion  
w i t h i n  the  mel t ,  m o m e n t u m  can  be  t r a n s f e r r e d  f rom 
the  m e l t  to the  m e m b r a n e .  

I t  m i g h t  b e  m e n t i o n e d  for  comple t enes s  t ha t  the  
c o n t r i b u t i o n  f r o m  e lec t roosmos i s  can  change  w i t h  
time if the properties of the surfaces within the 
membrane change due to chemical reactions be- 
tween melt and membrane. Such changes might be 
of importance, e.g., for lithium salts, if the running 
times are several hours (6, 17). 

It is obvious that tm is the only measurable en- 
tity, e.g., in the indicator bubble (18), electrode 

I n  t he  a s s u m e d  f o r m a l i s m ,  Vo8 is p r o p o r t i o n a l  to  a zeta p o t e n t i a l  
a n d  the  d ie lec tr ic  c o n s t a n t  of  the  l i qu id ,  and  i n v e r s e l y  p r o p o r t i o n a l  
to  t he  v i scos i ty  and  c o n d u c t i v i t y  of t he  l i qu id ,  c$, e.g., F H. Mac-  
Douga l l ,  " P h y s i c a l  C h e m i s t r y , "  p. 690, MacMi l l an ,  New York  (1943). 

Th i s  new  t h e o r y  has  no t  b e e n  a v a i l a b l e  for  s t u d y  w h i l e  p r e p a r i n g  
th i s  paper ,  and  i t  is  t h u s  no t  pos s ib l e  to cons ide r  i t  in  de ta i l .  F o r  t h i s  
r eason  i t  is  no t  c lear  if  t h e r e  a re  any  c o n t r a d i c t i o n s  b e t w e e n  ~he re-  
sulks o f  S u n d h e i m ' s  t h e o r y  a n d  those  o f  a r e c e n t  t h e o r y  by  K l e m m  
(16). 



262 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  M a r c h  1962 

d i s p l a c e m e n t  (19, 20) and  m o v i n g  b o u n d a r y  (21) 
e x p e r i m e n t s ,  b u t  t he  s i t ua t ion  is not  qu~te t h e  s a m e  
for  t he  r a d i o a c t i v e  t r a c e r  m e t h o d  (22) ,  s ince  one 
m i g h t  say  t h a t  t he  m o v e m e n t  of i n d i v i d u a l  ions  is 
fo l lowed .  Thus,  if t he  two  e l e c t r o d e  c o m p a r t m e n t s  
w e r e  s e p a r a t e d  b y  an  i d e a l  m e m b r a n e  w i t h  a t h i c k -  
ness  of the  s a m e  o r d e r  of m a g n i t u d e  as t he  a v e r a g e  
i n t e r a t o m i c  d i s t a n c e  in t he  mel t ,  i.e., if an  ion h a d  
to m a k e  on ly  a f e w  " j u m p s "  ( p e r h a p s  on ly  one 
j u m p )  in  t he  quas i  l a t t i c e  s t r u c t u r e  in  o r d e r  to  pass  
f rom one c o m p a r t m e n t  to  t he  o ther ,  t h e r e  w o u l d  
be  r eason  to expec t  t h a t  e l ec t roosmos i s  cou ld  be  d e -  
t e c t ed  even  i f  r e s t r i c t i o n  [4]  w e r e  fulf i l led.  H o w -  
ever ,  in  a l l  p r a c t i c a l  a r r a n g e m e n t s  t h e  t h i ckness  of 
t h e  m e m b r a n e  is a t  l eas t  10 ~ t i m e s  t h e  a v e r a g e  in -  
t e r a t o m i c  d is tance ,  a n d  the  m e a s u r e d  t r a n s p o r t  is 
an  a v e r a g e  ove r  t he  d i s p l a c e m e n t  of t he  i n d i v i d u a l  
ions, i.e., also in  th is  e x p e r i m e n t  t~ is t h e  on ly  
m e a s u r a b l e  en t i t y .  

So f a r  no e x p e r i m e n t s  w i t h  m o l t e n  sa l t s  have  
g iven  re su l t s  in  con t r ad i c t i on  w i t h  t h e  l imi t s  for  to, 
se t  in [4] .  The  s i t ua t ion  is d i f fe ren t  in m o l t e n  
meta l s ,  w h e r e  s tud ies  of t he  Hae f fne r - e f f ec t  ( i so tope  
effect in e l e c t r o m i g r a t i o n )  h a v e  shown  t h a t  t he  
t r a n s p o r t  n u m b e r  for  t he  m e t a l  ions ( e q u i v a l e n t  to 
our  t,  § is of the  o r d e r  of 10-' (23) .  K l e m m  (16, 24) 
has  r e c e n t l y  f o u n d  for  m e r c u r y  t h a t  t he  e l ec t roos -  
mot ic  m o b i l i t y  is a b o u t  17 t imes  h i g h e r  t h a n  t h a t  
of t r an s f e r ence .  

I t  has  u s u a l l y  been  a s s u m e d  for  t he  p e r f o r m e d  
e x p e r i m e n t s  on t r a n s p o r t  n u m b e r s ,  t ha t  t he  con-  
t r i b u t i o n  f r o m  e l ec t roosmos i s  is n e g l i g i b l e  in com-  
p a r i s o n  w i t h  t h e  t r a n s f e r e n c e ,  i.e., to~ --~ 0. This  
a s s u m p t i o n  has  been  s u p p o r t e d  b y  the  fac t  t h a t  
w i t h i n  e x p e r i m e n t a l  e r ro r ,  w i t h  p e r h a p s  one e x c e p -  
t ion,  t he  s ame  t r a n s p o r t  n u m b e r s  have  been  ob -  
t a i n e d  r e g a r d l e s s  of t he  m e m b r a n e  m a t e r i a l  or  t he  
m e t h o d  e m p l o y e d .  PbCI~ has  been  s t ud i ed  b y  the  
i n d i c a t o r - b u b b l e  m e t h o d  w i t h  d i f fe ren t  m e m b r a n e s  
(18, 25) ,  a m o v i n g  b o u n d a r y  m e t h o d  (21) ,  and  
w i th  r a d i o a c t i v e  t r a ce r s  (22) .  F o r  NaNO~, t he  t r a n s -  
po r t  n u m b e r  d e t e r m i n e d  b y  the  v o l u m e - c h a n g e  
m e t h o d  (26) ag rees  w i t h  w h a t  can  be  c a l c u l a t e d  
f r o m  A r n i k a r ' s  e l e c t ropho re s i s  e x p e r i m e n t s  (5, 27),  
bu t  v e r y  ca re fu l  m e a s u r e m e n t s  w i t h  t he  i n d i c a t o r -  
b u b b l e  m e t h o d  (28) s eem to show a s l igh t  d e p e n d -  
ence of  tm on the  m a t e r i a l  used  for  t he  m e m b r a n e .  
The  o r ig ina l  e l e c t r o d e - d i s p l a c e m e n t  m e t h o d  (19) 
d id  not  g ive  a g r e e m e n t  w i t h  t he  i n d i c a t o r - b u b b l e  
m e t h o d  (18, 12),  b u t  a f t e r  a modi f i ca t ion  of t he  
f o r m e r  m e t h o d  a g r e e m e n t  has  been  o b t a i n e d  for  
AgNO~ (20) .  W h e n  cons ide r ing  th i s  i n d i r e c t  ev i -  
dence  for  to~ ~ 0, i t  m i g h t  be w o r t h w h i l e  to r e m e m -  
b e r  t ha t  e l ec t roosmos i s  of m o l t e n  m e r c u r y  is found  
to be  i n d e p e n d e n t  of t h e  chosen  c a p i l l a r y  (glass ,  Fe,  
Pt ,  or  Ge)  (24) .  Thus  e x p e r i m e n t s  p e r f o r m e d  wi th  
d i f fe ren t  m e m b r a n e s  need  no t  r u l e  out  t he  poss i -  
b i l i t y  t h a t  to~ is of i m p o r t a n c e  in m o l t e n  salts .  

In  t he  a b o v e  d i scuss ion  w e  h a v e  a s s u m e d  t h a t  
the  m o r e  or  less c o m p l e t e  d i s soc ia t ion  of the  sa l t  
has  g iven  o n l y  s imp le  ions. The  s i t ua t ion  w o u l d  be  
d i f fe ren t  if c o m p l e x  ions  w i t h  a long  l i fe  t i m e  w e r e  
fo rmed .  F o r  sa l t s  such  as a l k a l i  ha l ides  or  n i t r a t e s ,  
c o m p l e t e  d i s soc ia t ion  g e n e r a l l y  is a s sumed ,  b u t  for  
d i v a l e n t  ha l ides  i t  has  been  q u e s t i o n e d  (22, 29) 

w h e t h e r  the  p r i m a r y  d i s soc ia t ion  d o m i n a t e s  or  if  
c o m p l e t e  d i s soc ia t ion  t a k e s  p lace .  In  t h e  case  of z inc  
ha l i de s  t h e r e  is m u c h  ev idence  for  t he  p re sence  of 
c o m p l e x  ions (30, 31) or  assoc ia t ions  (32) .  Con-  
s ide r  a d i v a l e n t  h a l i d e  MX~ w h e r e  t h e  fo l lowing  
r eac t ions  t a k e  p l ace  in  t he  m e l t :  

MX~ ~ M X  + ~- X-  [5]  

M X  + ~:=~M ~ -~ X-  [6]  

MX,  + X-  ~ MX,- [ 7 ] 

Thus,  w e  h a v e  the  ions M '+, X-, M X  +, a n d  MX,- to 
w h i c h  the  t r a n s p o r t  n u m b e r s  t § t-, to +, a n d  t j  can  
be  asc r ibed .  

F o u r  e x p e r i m e n t s  can  be  p e r f o r m e d  w i t h  radio= 
ac t ive  t r a c e r s :  

l. T a g g e d  M in t he  a n o l y t e  can  pass  t h r o u g h  the  
m e m b r a n e  as 1VF + or  M X  +, g iv ing  t + + tc + (see  
b e l o w ) .  

II .  T a g g e d  M in the  c a t h o l y t e  can  pass  t h r o u g h  
the  m e m b r a n e  as MX,-  g iv ing  to-. 

III .  T a g g e d  X in t he  a n o l y t e  can  pass  t h r o u g h  the  
m e m b r a n e  as M X  § g iv ing  tc § 

IV. T a g g e d  X in t he  c a t h o l y t e  can  pass  t h r o u g h  
the  m e m b r a n e  as X-  or  MX~-, g iv ing  t- + t j .  

As an  e x a m p l e  of t he  e v a l u a t i o n  cons ide r  E x -  
p e r i m e n t  I, w h e r e  Z e q u i v a l e n t s  of c h a r g e  a r e  
passed  t h r o u g h  t h e  cell .  Thus ,  t+Z e q u i v a l e n t s  of 
M s+ ions and  t~§ e q u i v a l e n t s  of M X  § ions  pass  
t h r o u g h  the  m e m b r a n e  t o w a r d  the  ca thode ,  w h i l e  
t-Z e q u i v a l e n t s  of X-  ions and  t j Z  e q u i v a l e n t s  of 
MX,-  ions  pass  t h r o u g h  t o w a r d  t h e  anode.  A f t e r  
t he  run ,  the  w e i g h t  of the  sa l t  in t he  a n o l y t e  is Wa g, 
and  in  t he  ca tho ly te ,  W,  g. D e p e n d i n g  on t h e  m e t h o d  
used  for  m e a s u r i n g  the  r a d i o a c t i v i t y ,  e i t he r  the  
t o t a l  ac t iv i ty ,  Ia c oun t s / r a i n ,  or  the  specific a c t i v i t y  
Ca ( c o u n t s / m i n ) / g ,  is d e t e r m i n e d  for  t h e  a n o l y t e  
and  for  t he  ca tho ly te ,  Ic a n d  Ca. (The  m e a s u r e d  
ac t iv i t i e s  a r e  c o r r e c t e d  fo r  di f fusion.)  The  e q u i -  
v a l e n t  w e i g h t  of t he  sa l t  MX~ is M. Because  the  
specific a c t i v i t y  is the  s ame  in the  m i g r a t i n g  
(t  + + t~§ e q u i v a l e n t s  of sa l t  as in the  ano ly te ,  w e  

have  
Iv Ia 

( t  § + t ,§  W J M  

1 IoWA 1 CoWc 1 Iv 1 
t ' + t o  § Z I~ M Z Ca M Z C a M  [8]  

s ince I~ ---- CcW~ a n d  IA = C~Wa. 
I f  t h e r e  is r e a son  to suspec t  t h a t  c o m p l e x  ions a r e  

r e spons ib l e  for  p a r t  of t h e  c u r r e n t  t r a n s p o r t ,  i t  is 
n e c e s s a r y  to p e r f o r m  a t  l eas t  t h r e e  e x p e r i m e n t s ,  
II,  I I I  and  e i t he r  I or  IV, to d e t e r m i n e  the  t r a n s p o r t  
n u m b e r s  in a mel t .  Thus,  a c o m p l e t e  s t u d y  r e q u i r e s  
t h a t  su i t ab l e  t r a c e r s  a r e  a v a i l a b l e  for  b o t h  ca t ion  
a n d  anion.  

The  ques t ion  a r i ses  if  t ,  can  be  d e t e r m i n e d  in -  
d i r e c t l y  f r o m  o the r  t y p e s  of e x p e r i m e n t s  t h a n  those  
d i scussed  above ,  w h i c h  a l l  g ive  tin. In  d e v e l o p i n g  
a t h e o r y  for  the  i so tope  effect of e l e c t r o m i g r a t i o n  
in m o l t e n  sa l ts  ( a n d  aqueous  so lu t ions ) ,  K l e m m  
(7, 10) finds t h a t  t he  t r a n s p o r t  n u m b e r  t,  is a con-  
s t an t  of p r o p o r t i o n a l i t y  in  t he  e x p r e s s i o n  for  •w/w,  
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the  r e l a t i v e  d i f fe rence  in  ve loc i t y  for  t he  ions of two  
i so topes  of an  e l emen t .  In  K l e m m ' s  m o d e l  t h e r e  a r e  
a lso  a coup le  of o t h e r  p a r a m e t e r s  for  w h i c h  c e r t a i n  
a s s u m p t i o n s  n e e d  to be  m a d e ,  if t r a n s p o r t  n u m b e r s  
a r e  to be  calculated f r o m  a v a i l a b l e  d a t a  on i so tope  
effects.  H o w e v e r ,  i t  canno t  be  e x p e c t e d  t h a t  such 
e s t i m a t i o n s  m a d e  f r o m  the  m e a s u r e d  i so tope  effects 
for  zinc a n d  l e a d  h a l i d e s  (ZnCI~, ZnBr~, PbCI~, 
and  PbBr~, w h e r e  a l l  e igh t  i so tope  effects  have  been  
m e a s u r e d )  (33) ,  w i l l  g ive  m o r e  than ,  a t  bes t ,  v e r y  
a p p r o x i m a t e  v a l u e s  for  t,. The  a c c u r a c y  w o u l d  no t  
b e  good  enough  to e s t i m a t e  to~ f r o m  a compa r i son  
w i t h  t,~. 

Experimental  

Materials.--Inactive a n h y d r o u s  z inc  ch lo r ide  was  
p r e p a r e d  b y  l e t t i ng  a s t r e a m  of c h l o r i n e  gas  pass  
ove r  z inc  m e t a l  a t  500~176 a n d  co l l ec t ing  the  
d i s t i l l ed  zinc ch lo r ide  in t ubes  t h a t  w e r e  sea l ed  off 
f r o m  the  a p p a r a t u s .  Z inc  c h l o r i d e  t a g g e d  w i t h  
r a d i o a c t i v e  z inc  (Zn  ~, h a l f - l i f e  245 d a y s )  was  m a d e  
in t he  s ame  w a y  as t he  inac t ive  sal t .  

F o r  t h e  zinc ch lo r ide  t a g g e d  w i t h  r a d i o a c t i v e  
ch lo r ine  (C1 ~, h a l f - l i f e  of 4 x 10 ~ y e a r s )  a n o t h e r  
m e t h o d  was  n e e d e d  because  the  a b o v e  m e t h o d  
w o u l d  r e q u i r e  spec ia l  a r r a n g e m e n t s  to r e c o v e r  t he  
excess  c h l o r i n e  a f t e r  i t  h a d  pa s sed  ove r  t he  zinc 
me ta l .  The  r a d i o a c t i v e  ch lo r ine  was  a v a i l a b l e  as a 
so lu t ion  of h y d r o c h l o r i c  ac id  f r o m  w h i c h  s i l ve r  
ch lo r ide  was  p r e c i p i t a t e d .  A f t e r  d ry ing ,  t he  s i lve r  
ch lo r ide  was  m i x e d  w i t h  s l i g h t l y  m o r e  t han  tw ice  
t he  e q u i v a l e n t  a m o u n t  of zinc m e t a l  (34) ,  and  the  
m i x t u r e  was  s lowly  h e a t e d  to a b o u t  800~ w h e r e b y  
z inc  ch lo r ide  was  d i s t i l l ed  off. S ince  the  p r o d u c t  
con t a ined  c o n s i d e r a b l e  a m o u n t s  of zinc me ta l ,  i t  
was  pu r i f i ed  b y  r e d i s t i l l a t i o n  (35) .  5 H o w e v e r ,  for  
mos t  of t h e  runs  w i t h  r a d i o a c t i v e  z inc  ch lor ide ,  th is  
was  p r e p a r e d  b y  l e t t i n g  m o l t e n  a n h y d r o u s  zinc 
ch lo r ide  flow d o w n  in to  a t ube  con ta in ing  a s m a l l  
a m o u n t  of s i l ve r  c h l o r i d e  of h igh  specific ac t iv i ty .  
The  sa l t  was  k e p t  m o l t e n  long enough  to be  su re  
t h a t  t he  m i x t u r e  of ZnC1, and  AgC1 was  h o m o -  
geneous .  T h e  r a d i o a c t i v e  sa l t  t hus  o b t a i n e d  con-  
t a i n e d  a b o u t  0.3 w / o  s i lve r  ch lor ide .  

Apparatus.--Because ZnCl2 is a v e r y  hyg roscop i c  
sal t ,  i t  was  cons ide r ed  bes t  to w o r k  u n d e r  a n i t r o g e n  
a t m o s p h e r e ,  a n d  s ince  t he  sa l t  is  f a i r l y  v o l a t i l e  a t  
t h e  h i g h e r  w o r k i n g  t e m p e r a t u r e s  t he  cel ls  w e r e  
des igned  as shown  in Fig .  1. The  cel ls  w e r e  m a d e  of  
P y r e x  glass  or  of qua r t z .  The  d i sks  w e r e  t r e a t e d  as 
d e s c r i b e d  e l s e w h e r e  (22, 36) in o r d e r  to r e d u c e  
the  po ros i ty .  In  t he  r u n s  w i t h  t a g g e d  zinc, t he  
anode  cons i s ted  of a c a rbon  rod,  b u t  w h e n  w o r k i n g  
w i th  t a g g e d  ch lor ide ,  an  anode  of a d r o p l e t  of zinc 
m e t a l  was  used  to p r e v e n t  l i b e r a t i o n  of r a d i o a c t i v e  
c h l o r i n e  gas, w h i c h  o t h e r w i s e  cou ld  p e n e t r a t e  ove r  
to t h e  c o m p a r t m e n t  w i t h  i nac t i ve  sal t .  In  a l l  runs  
at  t e m p e r a t u r e s  a b o v e  420~ the  m e l t i n g  p o i n t  of 
Zn, the  m e t a l  was  m e r e l y  depos i t ed  at  a t u n g s t e n  
ca thode ,  bu t  w h e n  th is  ca thode  was  used  a t  l o w e r  
t e m p e r a t u r e s ,  t he  d e p o s i t e d  m e t a l  g r e w  as d e n d r i t e s  
w h i c h  p u n c t u r e d  the  disk ,  t hus  s h o r t - c i r c u i t i n g  the  
cell .  F o r  t he  l owes t  t e m p e r a t u r e  reg ion ,  m e r c u r y  
m e t a l  was  used  as a ca thode  in  t h e  hope  t h a t  t he  

5 Th i s  p r o c e d u r e  was  w o r k e d  o u t  b y  J .  P. Cook.  
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zinc w o u l d  fo rm an  a m a l g a m  a t  the  s a m e  r a t e  as i t  
was  depos i t ed .  F o r  the  t e m p e r a t u r e  r eg ion  356 ~ 
420~ m o l t e n  l e a d  was  t r i e d  as the  ca thode ,  b u t  
t h e r e  was  l i t t l e  success  b e c a u s e  t h e  l e a d - z i n c  a l loy  
was  no t  f o r m e d  fa s t  enough  to p r e v e n t  t he  g r o w t h  
of zinc dendr i t e s .  

The  p o w e r  s u p p l y  was  a rec t i f i e r  c a p a b l e  of g iv ing  
up  to 500v dc. The  t r a n s p o r t e d  e l ec t r i ca l  cha rge  was  
m e a s u r e d  w i t h  a s i lve r  cou lome te r .  

Runs  at  t e m p e r a t u r e s  b e l o w  420 ~ w e r e  p e r f o r m e d  
in a t e m p e r a t u r e - s t a b i l i z e d  sa l t  ba th ,  w h i l e  t he  
o t h e r  r u n s  w e r e  m a d e  in a v e r t i c a l  oven,  w h i c h  a lso  
was  t e m p e r a t u r e  s tab i l i zed .  In  t he  l a t t e r  r uns  the  
cel l  t e m p e r a t u r e  was  m e a s u r e d  b y  m e a n s  of a Pt ,  
P t - R h  t h e r m o c o u p l e ,  w h i c h  was  w o u n d  a r o u n d  the  
cel l  as c lose to t he  d i sk  as poss ib le .  

Procedure.--For each r u n  one b a t c h  of i nac t i ve  
and  one  of r a d i o a c t i v e  z inc  c h l o r i d e  w e r e  se lec ted ,  
cu t  open,  and  l o w e r e d  in to  the  ho t  p a r t  of t he  cell ,  
t h r o u g h  w h i c h  n i t r o g e n  gas  h a d  been  f lowing d u r i n g  
the  en t i r e  h e a t i n g - u p  per iod .  W h e n  the  sa l t  had  
me l t ed ,  t he  e m p t y  ho lde r s  w e r e  p u l l e d  ou t  of the  
cel l  and  the  e l e c t rode s  w e r e  i n se r t ed ;  m e a n w h i l e ,  
the  t e m p e r a t u r e  of the  oven  was  r a i s ed  to t he  d e -  
s i red  he igh t .  The  t e m p e r a t u r e  of the  cel l  was  m e a s -  
u r e d  be fo re  t he  run ,  a t  f r e q u e n t  i n t e r v a l s  d u r i n g  
the  run ,  and  also some t e n  m i n u t e s  a f t e r  t he  e lec -  
t r o ly s i s  c u r r e n t  h a d  been  shu t  off. As  expec t ed ,  t he  
hea t  g e n e r a t e d  in t he  d i sk  was  suff icient  to r a i s e  
the  t e m p e r a t u r e  of the  cel l  some  3~176  a b o v e  
the  t e m p e r a t u r e  in  the  oven.  D u e  to the  fac t  t ha t  
the  c o n d u c t i v i t y  of ZnCl~ inc reases  r a p i d l y  w i t h  
t e m p e r a t u r e  (37) ,  t h e  c u r r e n t  d r i f t e d  c o n s i d e r a b l y  
t he  first  seconds  a f t e r  each  a d j u s t m e n t  of t he  a p -  
p l i ed  vo l tage ,  b u t  in  n e a r l y  a l l  runs  t he  c u r r e n t  
was  v e r y  s t e a d y  mos t  of t he  t ime .  The  r e a l  excep t ion  
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to  t h i s  w a s  i n  t h o s e  r u n s  b e l o w  420~  w h e r e  
d e n d r i t e s  of  Z n  m e t a l  p e n e t r a t e d  t h r o u g h  t h e  d i sk .  
O b v i o u s l y  t h e  d e n d r i t e s  w e r e  f o r m e d  a n d  t h e n  
d i s s o l v e d  o r  b r o k e n  a t  f r e q u e n t  i n t e r v a l s ,  t h u s  
c a u s i n g  c u r r e n t  f l u c t u a t i o n s .  S i m u l t a n e o u s  m e a s u r e -  
m e n t s  of  t h e  c u r r e n t  a n d  t h e  v o l t a g e  a c r o s s  t h e  ce l l  
g a v e  a n  a p p r o x i m a t e  f i g u r e  f o r  t h e  r e s i s t a n c e .  T h e  
r e s i s t a n c e  w o u l d  v a r y  c o n s i d e r a b l y  f r o m  ce l l  t o  cel l ,  
e v i d e n t l y  b e c a u s e  t h e  p o r o s i t y  of  t h e  i n d i v i d u a l  
d i s k  w a s  n o t  t h e  s a m e .  

T h e  e l e c t r o l y s i s  t i m e  w a s  c h o s e n  s u c h  t h a t  t h e  
t r a n s p o r t e d  c h a r g e  w a s  of  t h e  o r d e r  of  1 5 0 - 2 0 0  
c o u l o m b s  i n  e a c h  r u n .  A f t e r  t h e  r u n  t h e  ce l l s  w e r e  
l i f t e d  o u t  of  t h e  o v e n  to  c h e c k  w h e t h e r  t h e  m e l t  
h a d  b e e n  a t  e q u a l  h e i g h t s  o n  b o t h  s i d e s  of  t h e  d i sk .  
T h e  ce l l  w a s  q u e n c h e d  a n d  t h e n  d i v i d e d  i n t o  t w o  
s a m p l e s ,  c a t h o l y t e  a n d  a n o l y t e ,  t h e  d i s k  b e i n g  i n -  
c l u d e d  w i t h  t h e  p a r t  t o  w h i c h  t h e  r a d i o a c t i v i t y  
h a d  b e e n  a d d e d ?  S a m p l e s  w e r e  d i s s o l v e d  a n d  t h e n  
t r e a t e d  i n  t w o  s l i g h t l y  d i f f e r e n t  w a y s  d e p e n d i n g  o n  
w h e t h e r  Z n  ~ o r  C1 ~ h a d  b e e n  u s e d  as  t r a c e r .  

W h e n  w o r k i n g  w i t h  r a d i o a c t i v e  z i n c  t h e  t o t a l  
a c t i v i t y  of  l i q u i d  s a m p l e  w a s  m e a s u r e d  w i t h  a 

6 I n  a f e w  cases  t h e  d i s k  a n d  p a r t  of  t h e  h o r i z o n t a l  t u b e  f o r m e d  a 
t h i r d  s a m p l e ,  w h i c h  a l so  w a s  a n a l y z e d .  T h e  r e m a i n i n g  s a m p l e  f r o m  
t h e  l o w  act ivi ty  side ( c a t h o l y t e  i n  t y p e  I) h a d  a n o r m a l  spec i f ic  ac -  
t i v i t y ,  w h i c h  p r o v e d  t h a t  c o n v e c t i o n  f low g a v e  a h o m o g e n e o u s  d i s -  
t r i b u t i o n  of t h e  a c t i v i t y  w i t h i n  e a c h  c o m p a r t m e n t .  

s c i n t i l l a t i o n  w e l l  c o u n t e r .  F o r  t h e  r u n s  w i t h  r a d i o -  
a c t i v e  c h l o r i n e ,  o n  t h e  o t h e r  h a n d ,  t h e  spec i f i c  ac -  
t i v i t y  w a s  m e a s u r e d  f o r  a so l i d  s a m p l e  of  s i l v e r  
c h l o r i d e  ( 3 6 ) .  T h e  z i n c  c h l o r i d e  i n  t h e  s a m p l e s  w a s  
d e t e r m i n e d  b y  a n  E D T A  t i t r a t i o n  w i t h  n a p h t h y l  

a z o x i n e  as  i n d i c a t o r  ( 3 8 ) .  
I n  a l l  r u n s  w i t h  a t u n g s t e n  c a t h o d e  t h e  d e p o s i t e d  

z i n c  w a s  c o l l e c t e d  a n d  e i t h e r  w e i g h e d  o r  d e t e r m i n e d  
b y  a n  E D T A  t i t r a t i o n .  I n  t h i s  w a y  w e  h a d  a c h e c k  
o n  t h e  t r a n s p o r t e d  e l e c t r i c a l  c h a r g e  as  d e t e r m i n e d  
w i t h  a s i l v e r  c o u l o m e t e r .  A s  a n  a d d i t i o n a l  c h e c k ,  
t h e  a v e r a g e  c u r r e n t  w a s  a l w a y s  f o u n d  to  b e  i n  
a g r e e m e n t  w i t h  r e a d i n g s  d u r i n g  t h e  r u n .  

A c o u p l e  of  a u x i l i a r y  e x p e r i m e n t s  w e r e  a l so  p e r -  
f o r m e d .  T h u s ,  i t  w a s  f o u n d  t h a t  a c o n s i d e r a b l e  e x -  
c h a n g e  of  z i n c  t a k e s  p l a c e  i n  t h e  m o l t e n  s t a t e  
b e t w e e n  m e t a l  a n d  sa l t .  T h e  e f fec t  of  a h y d r o s t a t i c  
h e a d  w a s  s t u d i e d  a t  5 1 2 ~  b y  l e t t i n g  a ce l l  s t a n d  
f o r  10 h r  w i t h  a h e i g h t  d i f f e r e n c e  of  a b o u t  25 m m  
b e t w e e n  t h e  s a l t  i n  t h e  t w o  c o m p a r t m e n t s .  T h e  
l e a k a g e  w a s  f o u n d  to  b e  0 . 4 % .  S e l f - d i f f u s i o n  of  z inc  
i o n s  w a s  m e a s u r e d  in  a r u n  a t  674~  

Results and Discussion 
A s  s e e n  f r o m  t h e  d a t a  s u m m a r i z e d  i n  T a b l e  I, t h e  

r u n s  c o v e r e d  a w i d e  r a n g e  of  t e m p e r a t u r e  a n d  
c u r r e n t  s e t t i n g s .  O f  t h e  r e s i s t a n c e s  c a l c u l a t e d  f r o m  

Table I. Transport number experiments on molten ZnCh 

A p p r o x .  T r a n s p o r t e d  
R u n  T e m p ,  t e m p  in -  T i m e ,  c h a r g e ,  M e a n  A p p r o x .  
No. *C c r ea se ,  ~ see c o u l o m b s  c u r r e n t ,  m a  r e s i s t a n c e ,  o h m s  t+ R e m a r k s  

I. R u n s  w i t h  Z n  ~ i n  t h e  a n o l y t e  

1 435 30 10800* (2200) 125 11.6 (35) 2100-65 k 0.51 
2 440 20 1800 177 98.2 450 0.36 
3 443 4 6000 137 22.9 1600 0.58 
4 457 0 6000 131 21.8 785 0.28 
5 465 60 1200 177 148 380-875 0.46 
6 470 10 4000 161 40.1 975 0.52 
7 475 45 1200 153 128 380-1740 0.52 
8 506 5 6000 122 20.3 950 0.58 
9 510 15 2400 189 78.6 350 0.36 

10 533 5 6000 131 21.9 1260 0.57 
11 648 12 3000 215 71.7 300 0.49 
12 673 0 6000 147 24.6 100 0.55 
13 434 0 68800 7.7 0.1 400 k - 5 M  0.10 
14 327 - -  10800* (4800) 49 4.5 (10) 12 k-200  k 0.19 
15 343 - -  6000 149 25 4.5 k -33  k 0.12 
16 343 - -  10200* (7500) 196 19.2 (26) 5 k -250  k 0.36 
17 332 - -  5640* (3600) 115 20.3 (31) 1 k -500  k 0.30-1 
18 332 - -  7500* (5500) 173 23.0 i k -200  k 0.23-0.63 
19 393 - -  10800 182 16.8 910-3.3 k 0.11-0.37 

Q u a r t z  ce l l  
Q u a r t z  ce l l  
D i sk  was  f u s e d  
Hg  c a t h o d e  
Hg c a t h o d e  
H g  c a t h o d e  
W c a t h o d e ;  d e n d r i t e s  
W c a t h o d e ;  d e n d r i t e s  
P b  c a t h o d e ;  d e n d r i t e s  

I I .  R u n s  w i t h  Zn  ~ i n  t h e  c a t h o l y t e  

20 490 9 6000 214 35.7 570 - -  t o - < 0 . 0 0 0 4  
21 343 - -  7500 226 30.1 4 k -166  k - -  t c - < 0 . 0 0 0 4 ; H g  c a t h o d e  
22 660 0 6000 254 42.4 140 - -  t c - ~  0; see  t e x t  

I I I .  R u n s  w i t h  CDa in  t h e  a n o ~ t e  

23 465 10 6000 274 45.6 700 - -  t ~ + < 0 . 0 0 2  
24 343 - -  6000 162 26.9 3500 - -  t~+<  0.0005 

IV.  R u n s  w i t h  C1 s6 in  t h e  c a t h o l y t e  

25 426 2 7500 154 20.5 900 0.85 t - = 0 . 1 5  
26 434 6 6000 140 23.4 950 0.75 t - = 0 . 2 5  
27 475 10 6000 190 31.7 900 0.66 t-  = 0.34 
28 475 45 1800 187 103.8 450 0.72 t - =  0.28 
29 477 5 6000 129 21.5 700 0.61 t - =  0.39 
30 342 - -  10800 222 20.6 4500 0.78 t - =  0 . 2 2 ; H g  c a t h o d e  

* T h e  r e s i s t a n c e  w a s  v e r y  h i g h  d u r i n g  t h e  f i r s t  p a r t  of  t h e  r u n ,  b u t  i t  d r o p p e d  s u d d e n l y  to a n o r m a l  v a l u e .  T h e  r u n  w a s  c o n t i n u e d  f o r  t h e  
t i m e  g i v e n  i n  p a r e n t h e s e s .  
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t he  f r e q u e n t  m e a s u r e m e n t s  of c u r r e n t  a n d  v o l t a g e  
d u r i n g  the  runs ,  e i t he r  one  t y p i c a l  v a l u e  or  t h e  e x -  
t r e m e  l imi t s  a r e  g i v e n  in  T a b l e  I. I n  a f ew  r u n s  
(No. 1, 14, 16, 17, and  18) t he  r e s i s t ance  was  v e r y  
h igh  in the  beg inn ing ,  b u t  a f t e r  a w h i l e  t h e r e  was  
a s u d d e n  change  to " n o r m a l "  condi t ions .  S ince  th is  
on ly  h a p p e n e d  a t  l o w e r  t e m p e r a t u r e s  w h e r e  t he  
v i scos i ty  of z inc  ch lo r ide  is h igh  (39) ,  t he  p l a u s i b l e  
e x p l a n a t i o n  is t h a t  i t  t ook  some  t i m e  be fo re  enough  
sa l t  h a d  p e n e t r a t e d  in to  t he  d i sk  to  e s t a b l i s h  a good 
con tac t  b e t w e e n  the  two  c o m p a r t m e n t s .  F o r  these  
runs ,  T a b l e  I g ives  b o t h  t h e  m e a n  c u r r e n t  c a l c u l a t e d  
for  t he  w h o l e  r u n n i n g  t i m e  and,  in  p a r e n t h e s e s ,  an  
e s t i m a t e d  v a l u e  for  t he  second  p a r t  of t he  run .  

The  c u r r e n t  and  v o l t a g e  m e a s u r e m e n t s  w e r e  also 
used  as a bas i s  for  c a l c u l a t i n g  t h e  w a t t a g e ,  w h i c h  
of course  v a r i e d  v e r y  m u c h  f r o m  r u n  to r u n  ( a n d  
also, in  some cases, d u r i n g  a r u n ) ,  w i t h  t y p i c a l  
va lue s  f r o m  0.4-8.3w. (The  h i g h - t e m p e r a t u r e  r u n s  
in q u a r t z  cel ls  u sed  0.1-1.5w.)  W e  could  also m a k e  
a c r u d e  e s t i m a t i o n  of t he  t o t a l  cross  sec t ion  of t h e  
" c a p i l l a r i e s "  in  t h e  d i sk  a n d  of t he  c u r r e n t  d e n s i t y  
in these  cap i l l a r i e s ,  s ince  

A,r,  = L / R ~  [9]  

L 
, e  = ~ [10] 

SA RK 
and  

i -= I RK/L  [11] 

w h e r e  A is t h e  g e o m e t r i c a l  cross  sec t ion  of m e m -  
b r a n e ,  ] t h e  f r ac t i on  of d i sk  c o v e r e d  b y  the  me l t ,  
L the  l e n g t h  of  t he  " cap i l l a r i e s , "  ~ A, t t  t he  t o t a l  cross  
sec t ion  of  t h e  " cap i l l a r i e s , "  100 fl t he  f ree  a rea ,  
p e r c e n t a g e ,  K t h e  c o n d u c t i v i t y  of zinc c h l o r i d e  (37) ,  
R t h e  r e s i s t ance  in  t h e  m e m b r a n e ,  a p p r o x i m a t e l y  
equa l  to t o t a l  cel l  r e s i s t ance ,  I t he  cu r ren t ,  and  
i t he  c u r r e n t  dens i ty .  

A l l  t he  d i sks  h a d  a d i a m e t e r  of 1 cm, thus  A = 
0.79 cm 2. S ince  i t  is diff icult  to d e t e r m i n e  the  a v e r a g e  
p a t h  l e n g t h  t h r o u g h  the  m e m b r a n e ,  w e  f o u n d  it  
sufficient  m e r e l y  to use  t he  t h i c k n e s s  of t he  d isks ,  
a p p r o x i m a t e l y  1.5 mm,  as L in  ou r  ca lcu la t ions .  
S ince  the  c o n d u c t i v i t y  of z inc  c h l o r i d e  is e x t r e m e l y  
t e m p e r a t u r e  d e p e n d e n t  (37) ,  t he  ca l cu la t ions  a r e  
v e r y  sens i t ive  to e r r o r s  in  e s t i m a t i n g  the  t e m p e r a -  
t u r e  in  t he  cap i l l a r i e s .  8 F o r  th is  r e a s o n  the  u n c e r -  
t a i n t y  in  t he  fl and  i o b t a i n e d  w a s  cons ide red  g r e a t -  
est  for  t he  runs  at  l ow  t e m p e r a t u r e s  o r  w i t h  h igh  
cu r ren t s .  A l t h o u g h  in one r u n  an  e x t r e m e  v a l u e  of 

T h e  p o r e s  i n  t h e  d i s k s  cons i s t  of  a n u m b e r  o f  cavi t ies  c o n n e c t e d  
w i t h  each  o t h e r  b y  s m a l l  o p e n i n g s .  T h i s  w h o l e  i r r e g u l a r  s y s t e m  i s  
f o r  th i s  e s t i m a t i o n  c o n s i d e r e d  as  e q u i v a l e n t  to  a s e r i e s  of  p a r a l l e l  
cap i l l a r i e s .  

s I t  is  o b v i o u s  t h a t  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  is  v e r y  i n h o m o g e -  
n e o u s  i n  t h e  d i s k s ,  s ince  t h e  ~ e a t  p r o d u c t i o n  i s  c o n c e n t r a t e d  to  t h e  
sa l t - f i l l ed  " c a p i l l a r i e s . "  T h e  h e a t  i s  t h e n  t r a n s p o r t e d  t h r o u g h  t h e  
d i s k  to  t h e  o t h e r  p a r t s  o f  t h e  cell.  T h e  h e a t  c o n d u c t i v i t y  of  m o l t e n  
ZnC12 is  n o t  k n o w n ,  b u t  i t  is  p o s s i b l e  to  m a k e  s o m e  v e r y  c r u d e  es t i -  
m a t i o n s  of  e x i s t i n g  t e m p e r a t u r e  g r a d i e n t s  b y  a s s u m i n g  t h a t  t h e  h e a t  
p r o d u c t i o n  is  h o m o g e n e o u s  t h r o u g h o u t  t h e  d i sk ,  a n d  t h a t  h e a t  con-  
d u c t i o n  in  t h e  a x i a l  d i r e c t i o n  d o m i n a t e s .  T h e  h e a t  c o n d u c t i v i t y  of  
P y r e x  g l a s s  c a n  b e  e s t i m a t e d  to  be  a p p r o x i m a t e l y  0 .015w c m  -1 d e -  
gree-I ,  cf.  e.g.. M o r e y ,  " T h e  P r o p e r t i e s  of  G l a s s , "  2 n d  ed.,  p. 220, 
N e w  Y o r k ,  (1954) .  T h e  d i f f e r e n c e  i n  t e m p e r a t u r e  b e t w e e n  t h e  c e n t e r  
of  t h e  d i s k  a n d  t h e  e n d s  w o u l d  t h e n  b e  1.6~ f o r  l w  a n d  13~ for  
8.3w d i s s i p a t e d  i n  t h e  d i sk .  D u e  to t h e  c o n c e n t r a t i o n  of  t h e  h e a t  p r o -  
d u c t i o n  to  t h e  c a p i l l a r i e s  t h e  a c t u a l  t e m p e r a t u r e  d i /~e rences  a r e  
l i k e l y  to  b e  higher .  B e c a u s e  o f  t h e  l a c k  of  i n f o r m a t i o n  o n  t h e  a c t u a l  
t e m p e r a t u r e s  i n  t h e  d i sks ,  t h e  c o n d u c t i v i t y  a t  t h e  m e a s u r e d  cel l  t e m -  
p e r a t u r e  w a s  u s e d  w h e n  c a l c u l a t i n g  /~ a n d  i. T h e  s y s t e m a t i c  error  
i n t r o d u c e d  i n  t h e s e  l a t t e r  e n t i t i e s  b y  u s i n g  a l o w  v a l u e  for  y is 
c o u n t e r a c t e d  b y  t h e  f a c t  t h a t  a l o w  v a l u e  h a s  b e e n  u s e d  a l so  f o r  L ,  
s ee  a b o v e .  

1.6% w a s  f o u n d  for  d, t he  r u n s  w i t h  c u r r e n t s  less  
t h a n  30 m a  g a v e  v a l u e s  b e t w e e n  0.2 a n d  0.5%. 
F u r t h e r  c o n s i d e r a t i o n s  s h o w e d  t h a t  t h e  mos t  l i k e l y  
f r ee  a r e a  of a d i sk  was  0 .3-0 .4%.  The  l imi t s  for  
t he  c u r r e n t  dens i t i e s  in  our  runs  w i t h  P y r e x  cel ls  
w e r e  f o u n d  to be  5 a n d  25 a m p / c m  ~. F o r  one of t he  
runs  w i t h  a q u a r t z  ce l l  the  c u r r e n t  d e n s i t y  was  
f o u n d  to have  b e e n  47 a m p / c m  ~. F o r  p r e v i o u s  w o r k  
w i t h  s i m i l a r l y  p r e p a r e d  m e m b r a n e s  (22, 36) no 
m e a s u r e m e n t s  of t he  c u r r e n t  d e n s i t y  h a v e  been  
r e p o r t e d ,  b u t  i t  m i g h t  h a v e  been  of t he  o r d e r  of 
100 a m p / c m  2. 

The  t r a n s p o r t  n u m b e r s  w e r e  c a l c u l a t e d  accord ing  
to Eq. [8]  a n d  c o r r e s p o n d i n g  equa t ions .  F o r  t h e  
runs  w i t h  Zn ~ in  t h e  a n o l y t e  ( T y p e  I ) ,  the  a c t i v i t y  
Ic m e a s u r e d  for  t h e  c a t h o l y t e  w a s  c o r r e c t e d  for  t h e  
a c t i v i t y  in  t he  d e p o s i t e d  zinc. The  a m o u n t  of d e -  
p o s i t e d  m e t a l  was  too s m a l l  to  a l l ow a n y  a c c u r a t e  
m e a s u r e m e n t  of i ts  ac t iv i ty ,  b u t  f r o m  our  e x c h a n g e  
e x p e r i m e n t  ( see  a b o v e )  w e  c o n c l u d e d  t h a t  t he  spe -  
cific a c t i v i t y  of t he  depos i t ed  m e t a l  cou ld  be  con-  
s i de r e d  as a p p r o x i m a t e l y  0.75 Co. 

The  a b o v e - m e n t i o n e d  d i f fus ion  e x p e r i m e n t  a t  
674~ conf i rmed  t h a t  t h e  k n o w n  se l f -d i f fus ion  coef -  
f ic ient  fo r  z inc  in  ZnBr2 cou ld  b e  u s e d  in  o u r  e s t i -  
m a t i o n s  (40) .  I t  was  a s s u m e d  f r o m  m e a s u r e m e n t s  
in  o t h e r  sa l t s  (41, 42) t h a t  t h e  ch lo r ine  and  zinc 
se l f -d i f fus ion  coefficients  w e r e  of t h e  s a m e  o r d e r  of 
m a g n i t u d e .  T h e  c o n t r i b u t i o n  f r o m  se l f -d i f fus ion  w a s  
of i m p o r t a n c e  on ly  w h e n  c a l c u l a t i n g  t h e  t r a n s p o r t  
n u m b e r s  at  h i g h e r  t e m p e r a t u r e s .  F o r  t h e  r u n  a t  
673~ (No. 12),  5 -10% of t he  a c t i v i t y  was  t r a n s -  
p o r t e d  b y  diffusion.  

Of t h e  runs  fo r  m e a s u r i n g  to- and  to § ( T y p e  I I  and  
I I I ) ,  t he  fou r  r u n s  in  P y r e x  cel ls  s h o w e d  such a 
s m a l l  t r a n s p o r t  of a c t i v i t y  t h r o u g h  the  m e m b r a n e  
t ha t  i t  was  diff icult  to d i s t i n g u i s h  f r o m  t h e  b a c k -  
g round .  E s t i m a t i o n s  g a v e  the  r e s u l t  t h a t  s e l f - d i f f u -  
s ion a lone  was  m o r e  t h a n  sufficient  to accoun t  for  
the  w h o l e  t r a n spo r t ,  and  t h e  m e a s u r e d  t j  ( runs  20 
and  21) and  tc § ( r u n s  23 a n d  24) a r e  to be  cons id -  
e r ed  as  u p p e r  l imi ts ,  l i k e l y  to b e  a t  l e a s t  an  o r d e r  
of m a g n i t u d e  too h igh .  The  r u n  a t  660~ (No. 22) 
g a v e  an  u n c o r r e c t e d  v a l u e  fo r  to- of  0.036, which,  
h o w e v e r ,  was  d u e  to se l f -d i f fus ion  and  a h y d r o -  
s t a t i c  h e a d  of a b o u t  3 ram.  Thus,  also in  th is  r u n  
to- is v e r y  smal l ,  a n d  w e  can  conc lude  t h a t  no t r a n s -  
p o r t  b y  c o m p l e x  ions  has  been  d e t e c t e d  in a n y  p a r t  
of t he  i n v e s t i g a t e d  t e m p e r a t u r e  r ange ,  a n d  t h a t  L § 
and  t j  can  be n e g l e c t e d  in c o m p a r i s o n  w i t h  t § and  
t- w h e n  i n t e r p r e t i n g  t h e  runs  of T y p e  I a n d  IV. I f  
c o m p l e x  ions ex i s t  in  m o l t e n  ZnCI~, t h e i r  l i fe  t i m e  
m u s t  be  c o n s i d e r a b l y  less  t h a n  the  t i m e  i t  t a k e s  for  
an  ion to t r a v e r s e  t h e  m e m b r a n e .  

R e g a r d i n g  t h e  m e a s u r e d  t + and  t-, i t  is obvious  
t h a t  t he  s p r e a d  in  t h e  o b t a i n e d  r e su l t s  is c o n s i d e r -  
a b l y  h i g h e r  t h a n  w h a t  can  b e  e x p e c t e d  f r o m  t h e  
s t a t i s t i ca l  e r r o r  of  t he  chemica l ,  e l ec t r i ca l ,  and  
r a d i o a c t i v i t y  m e a s u r e m e n t s .  Mos t  r uns  h a v e  p r o b -  
ab l e  e r r o r  of  a b o u t  +_ 0.02, w h i l e  t h e  e x t r e m e  v a l u e s  
fo r  t § ( r u n s  3 and  8, resp.  4) d i f fer  b y  a f ac to r  of 2. 
The  v a r i a t i o n s  f r o m  r u n  to  r u n  could  be  suspec t ed  
to b e  due  to h y d r o s t a t i c  effects,  b u t  t he  h e a d  was  
less  t h a n  1 m m  for  m o r e  t h a n  h a l f  of  t he  runs ,  a n d  
for  t he  r e m a i n i n g  r u n s  t h e r e  was  no c o r r e l a t i o n  b e -  
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t w e e n  t + (or  t-)  and  the  occu r r ence  of a h e a d  of a 
coup le  of m i l l i m e t e r s  on e i t he r  s ide  of t he  disk.  
N e i t h e r  w o u l d  th is  be  e x p e c t e d  f r o m  a c o m p a r i s o n  
w i t h  t he  a b o v e - m e n t i o n e d  check  r u n  at  512~ 

T h e  mos t  s t r i k i n g  r e s u l t  of t he  runs  is t h a t  t he  t* 
v a l u e s  o b t a i n e d  as  1 - -  t- f r o m  the  runs  w i t h  C1 ~ do 
no t  a g r e e  w i t h  t he  t + v a l u e s  of the  runs  w i t h  Zn% 
The  d iv i s ion  in t w o  g roups  is s ignif icant ,  since,  in 
sp i te  of the  g r e a t  s p r e a d  w i t h i n  bo th  groups ,  no t  a 
s ingle  r e s u l t  fa l l s  a m o n g  t h e  d a t a  o b t a i n e d  w i t h  
t he  o t h e r  me thod .  T h e  u n e x p e c t e d  r e s u l t  t h a t  
t ~ + +  t ~ - <  1 can  on ly  be  o b t a i n e d  w i t h  t h e  r a d i o -  
a c t i ve  t r a c e r  me thod ,  w h i l e  for  a l l  o t h e r  m e t h o d s  
t~ + -~ t~- = 1 b y  def ini t ion.  To e x p l a i n  the  d i s c r e p -  
ancy  b e t w e e n  t h e  r u n s  w i t h  Zn  ~ a n d  C1 ~, i t  is to be  
no t i ced  t h a t  t h e r e  a r e  s t rong  ind ica t ions  t h a t  the  
t r a n s p o r t  n u m b e r s  d e p e n d  on the  c u r r e n t  or, p e r -  
haps  r a t h e r ,  t he  d u r a t i o n  of the  run .  Thus  t h e  
fou r  h ighes t  v a l u e s  fo r  t § ( r u n s  3, 8, 10, and  12) w e r e  
a l l  o b t a i n e d  in  6000 sec runs ,  and  these  do no t  d i f f e r  
m o r e  t h a n  b y  the  e x p e r i m e n t a l  e r ro r ,  since,  due  to 
t he  c o n s i d e r a b l e  c o n t r i b u t i o n  f rom se l f -d i f fus ion  at  
h i g h e r  t e m p e r a t u r e s ,  r u n  12 has  an  e x p e r i m e n t a l  
e r r o r  of • 0.06 i n s t e a d  of • 0.02. H o w e v e r ,  the  r e -  
m a i n i n g  6000 sec t* r u n  (No. 4) is f a r  off. The  
s h o r t e r  r uns  (1200-4000 sec)  show m u c h  m o r e  of a 
s p r e a d  in  t h e  o b t a i n e d  t +. The  h i g h e s t  t- v a l u e  is o b -  
t a i n e d  in  a 6000 sec run .  I t  m i g h t  be  no t i ced  t h a t  
a m o n g  the  long  t- r uns  ( a l l  r uns  e x c e p t  No. 28) 
t h e r e  is a t e n d e n c y  t h a t  t- i nc reases  w i t h  t e m p e r a -  
ture ,  a n d  also t h a t  t he  l o w - t e m p e r a t u r e  t § runs  g ive  
low t r a n s p o r t  n u m b e r s .  (Runs  17-19 a re  u n c e r t a i n  
d u e  to  dendr i t e s ,  b u t  th i s  d i s t u r b a n c e  d id  n o t  occur  
in  t he  r u n s  w i t h  a Hg ca thode . )  

T h e  t i m e - d e p e n d e n t  p rocess  in t he  e x p e r i m e n t s  is 
diffusion,  i.e., t he  e x c h a n g e  of ions  due  to s e l f - d i f f u -  
s ion in  t he  mel t .  The  d i s t r i b u t i o n  of c o n c e n t r a t i o n  
b y  d i f fus ion  d e p e n d s  on (Dt) 1~2, w h e r e  D is t he  d i f fu-  
s ion coefficient  a n d  t t h e  t i m e  (43) .  Thus  for  
D ~ 10 -6 cm~/sec and  t ~ 3000 sec v e r y  l i t t l e  m a t e r -  
ia l  is t r a n s p o r t e d  f u r t h e r  t h a n  1 m m  f r o m  t h e  o r i -  
g ina l  pos i t ion .  Dif fus ion shou ld  b e  of i m p o r t a n c e  i n -  
s ide  t he  d i sk  as w e l l  as in t h e  s u r f a c e  l a y e r  on bo th  
s ides  of t h e  disk.  I f  t h e  d i sk  w e r e  to be  cons ide r e d  
as an  idea l  m e m b r a n e  w i t h  on ly  s t r a i g h t  channe l s  
open  in bo th  ends,  t he  t r a n s p o r t  w o u l d  d e p e n d  on ly  
on the  e l e c t r i c a l  f ield s t r eng th ,  a n d  an  ion w o u l d  
t r a v e r s e  t he  d i sk  in  s o m e t h i n g  l ike  50 sec, i.e., a t ime  
t h a t  is shor t  c o m p a r e d  to our  r u n n i n g  t imes .  H o w -  
ever ,  in  t h e  d i sks  t h e r e  a r e  m a n y  b l i n d  channe l s  and  
o t h e r  cavi t ies ,  con t a in ing  sa l t  w h i c h  is g r a d u a l l y  e x -  
c h a n g e d  b y  diffusion.  Once  an  ion has  been  t r a n s -  
p o r t e d  t h r o u g h  the  disk ,  i t  m i g h t  s t ay  a c e r t a i n  
t i m e  in a th in  sa l t  l a y e r  c lose to t he  sur face .  S ince  
the  f ield s t r e n g t h  ou t s ide  t he  d i sk  is r o u g h l y  0.3% 
of w h a t  i t  was  in  t he  channe l s  in t he  disk ,  a d i f fus ion  
p rocess  shou ld  be  r e s p o n s i b l e  for  the  t r a n s p o r t  of 
t he  ion ou t  in to  t h e  b u l k  of sal t ,  whe re ,  aga in ,  t r a n s -  
p o r t  is r ap id ,  s ince  a c o n s i d e r a b l e  convec t ion  flow 
t a k e s  p l a c e  h e r e  (as  was  c h e c k e d  b y  d i v i d i n g  some 
cel ls  in to  t h r e e  pa r t s ,  see a b o v e ) .  If  t he  t r a c e r  con-  
c e n t r a t i o n  is h i g h e r  in  a th in  su r f ace  l aye r ,  w h i c h  
a d h e r e s  to  t h e  d i sk  w h e n  t h e  cel l  is cu t  a p a r t  t h a n  
i t  is in  t h e  b u l k  of sal t ,  t he  o b t a i n e d  t r a n s p o r t  n u m -  
be r s  w i l l  be  too low.  This  s y s t e m a t i c  e r r o r  shou ld  

inc rease  w i t h  de c r e a s ing  r u n n i n g  t i m e  and  w i t h  d e -  
c r eas ing  t e m p e r a t u r e .  This  seems  to be  t h e  case  in  
t he  p r e s e n t  e x p e r i m e n t s .  

W h e n  d i scuss ing  the  ex i s t ence  of a su r f a c e  l a y e r  
t h r o u g h  w h i c h  di f fus ion is t h e  m a i n  m o d e  of t r a n s -  
por t ,  i t  m i g h t  be  w o r t h w h i l e  r e m e m b e r i n g  tha t ,  due  
to t he  h e a t  d i s s ipa t i on  a t  t h e  h igh  c u r r e n t  dens i t i e s  
in t he  disk,  t he  sa l t  w i t h i n  t he  d i sk  a n d  i m m e d i a { e l y  
on i ts  su r face  w i l l  be  a t  a h i g h e r  t e m p e r a t u r e  t h a n  
the  b u l k  of sal t .  R e g a r d i n g  z inc  ha l ides ,  even  r a t h e r  
s m a l l  t e m p e r a t u r e  g r a d i e n t s  m e a n  c o n s i d e r a b l e  
changes  in p h y s i c a l  p r o p e r t i e s  such  as v i scos i ty  and  
conduc t iv i ty .  These  d i f fe rences  b e t w e e n  i n d i v i d u a l  
sa l t  l a y e r s  w i l l  be  a c c e n t u a t e d  w i t h  i nc r e a s ing  c u r -  
r e n t  d e n s i t y  in  t he  disk,  b u t  w e  canno t  d i s t i ngu i sh  
b e t w e e n  c u r r e n t  a n d  t i m e  effects in t he  p r e s e n t  e x -  
p e r i m e n t s ,  s ince  i t  was  n e c e s s a r y  to t r a n s p o r t  abou t  
the  s a m e  c h a r g e  in  each  run .  

S ince  t h e r e  is a t e n d e n c y  for  o b t a i n i n g  low v a l u e s  
for  t h e  t r a n s p o r t  n u m b e r s ,  i t  is s u i t a b l e  to m a k e  an  
e x t r a p o l a t i o n  to zero  c u r r e n t  dens i ty ,  i.e., inf in i te  
r u n n i n g  t ime .  F o r  bo th  t + a n d  t- t h e  l i m i t i n g  v a l u e  is 
c lose to t~ + =  0.6. F o r  i d e a l  cond i t ions  w e  can  t hus  
e x p e c t  a t r a n s p o r t  n u m b e r  of t + = 0.6 • 0.1. This  
r e s u l t  is in a g r e e m e n t  w i t h  t h e  v e r y  r e c e n t  e x p e r i -  
m e n t s  b y  F i s c h e r  a n d  K l e m m  (44) ,  who  used  a n e w  
me thod .  Due  to t h e i r  b e t t e r  p rec i s ion ,  t h e y  w e r e  
ab l e  to de t ec t  a s l igh t  d e p e n d e n c e  on t e m p e r a t u r e  
(8) .  Thus  t h e y  f o u n d  t § = 0 .716- -  3 . 0 7 x  1 0 - ' x  
( 0 - -  318).  

T h e  ques t ion  a r i ses  if  t he  d i scussed  d i f fus ion  e f -  
fec ts  h a v e  caused  s y s t e m a t i c  e r r o r s  in  p r e v i o u s  
m e a s u r e m e n t s  w i t h  t h e  r a d i o a c t i v e  t r a c e r  me thod ,  
w h e r e  on ly  one t r ace r ,  C1 ~, was  used  (22, 36) .  In  
gene ra l ,  th is  need  no t  be  t he  case, s ince  t h e  se l f -  
d i f fus ion  coefficient  is h i g h e r  a n d  m u c h  less t e m p e r -  
a t u r e  d e p e n d e n t  for  PbCI~ a n d  the  a l k a l i  h a l i d e s  t h a n  
i t  is for  ZnCl~. F o r  PbCI~ t h e  r e s u l t  is in  a g r e e m e n t  
w i t h  w h a t  was  o b t a i n e d  b y  o t h e r  me thods .  H o w e v e r ,  
fo r  AgC1 t h e  r a d i o a c t i v e  t r a c e r  m e t h o d  (45) has  
g iven  m u c h  l o w e r  v a l u e s  t h a n  a n o t h e r  m e t h o d  (25) .  
Thus  i t  seems  wise  a l w a y s  to check  t h e  r e su l t s  b y  
us ing  bo th  an ion  a n d  ca t ion  t r ace r s .  

S u m m a r i z i n g ,  w e  find t h a t  t h e  sho r t c omin gs  of 
the  r a d i o a c t i v e  t r a c e r  m e t h o d  a r e  a c c e n t u a t e d  b y  
t h e  r a t h e r  spec ia l  p r o p e r t i e s  of t he  chosen  sal t ,  b u t  
t h a t  even  in th is  case i t  is poss ib l e  to use  t he  m e t h o d  
if  s u i t a b l e  p r e c a u t i o n s  a r e  t aken ,  such  as us ing  two  
t r ace r s .  A f inal  v a l u a t i o n  of the  m e r i t s  of th is  
m e t h o d  r e l a t i v e  to o t h e r  ones  wi l l  r e q u i r e  f u r t h e r  
m e a s u r e m e n t s  on s e v e r a l  sal ts .  
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Vapor-Phase Doping of Silicon with Arsenic Trichloride 
E. J. Mehalchick and P. K. Marshall 

Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, Pennsylvania 

With the advent  of Esaki  diodes, fas t - swi tch ing  
electronic devices, and ep i tax ia l  devices, a need for 
very  low res is t iv i ty  crysta ls  became ve ry  impor tant .  

Low res is t iv i ty  silicon monocrysta ls  are avai lab le  
commercial ly ,  but  methods of product ion are  not 
reported.  Backenstoss (1) has repor ted  values of 
0.001 ohm-cm,  arsenic-doped,  m e l t - g r o w n  silicon 
crystals.  Trumbore  (2) gives a solubi l i ty  l imit  of 
arsenic in silicon, most  p robab ly  by  diffusion, of 
1.2 x 10 ~ a toms /cm 8 below 1375~ corresponding 
to about 2 x 10-' ohm-cm. Goorissen and VanRun 
(3) repor ted  constant  resis t ivi t ies  of about 0.01 
ohm-cm by gas -phase  doping with  a phosphine-  
hydrogen  mix tu re  in f loat-zoned silicon crystals.  

An easier  method of growing arsen ic-doped  sil i-  
con crysta ls  wi th  uni form res is t iv i ty  profiles r ang -  
ing f rom 1.0 x 104 to 5.0 x 10 -8 ohm-cm has been 

developed.  The procedure  involves passing an 
arsenic t r i ch lo r ide -he l ium mix tu re  into a c rys ta l -  
growing apparatus .  Upon reaching the hot zone, 
the arsenic t r ichlor ide  is reduced by  the molten 
silicon, producing arsenic and silicon halides. A 
fract ion of the arsenic is dissolved in the silicon. 
The evapora t ion  ra te  of arsenic  is sufficiently slow 
that  it is possible subsequent ly  to grow the crysta l  
in pure  hel ium and ye t  main ta in  a constant  dis-  
p lacement  of arsenic atoms from the l iquid to the 
solid. 

Experimental Details 
The silicon used in the  exper iments  was p repared  

by deposit ion on a silicon subs t ra te  by  the hydrogen  
reduct ion of silicon te t rachlor ide .  The boron con- 
centra t ion of this ma te r i a l  af ter  six passes in a 
semiautomat ic  f loat ing-zone refiner was calculated 



268 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  March 1962 

I 1 1 \  Itl .....  til 
SEA,.--q rll 

o o 

SEAL'~--I: I I  I I ~%~V\ I [~  I ~ 1  \ \ / " , \ " P  

CARBOn 

C A R B O N  P E D E S T A L  TO ROTATE 

Fig. I .  Crystal puller 

lU m 
o 
m 
_z 

E 
v 

< 

1010 
0 
t- 

i017 

B ~ AS C~3 /mi~" 
9.  0 )C tO ~'0 MOLECULES 

o. 

A ~3~" F, "h\O 

I 210 I I 510 
I0 3 0  40  60  

ARSENIC BUILO- -  UP TIME -- MIN. 

Fig. 3. Concentration of arsenic in solid as a function of arsenic 
buildup in the melt. 

to be 1.1 ppb based on res is t iv i ty  measurements .  
Al l  res i s t iv i ty  measurements  were  made  with  a 
two-po in t  probe.  

A d i ag ram of the  c rys t a l -g rowing  appa ra tus  is 
shown in Fig. 1. The exper imen ta l  p rocedure  first 
involved mel t ing  a charge of silicon in a vi t reous  
silica crucible  in an a tmosphere  of pure  helium. 
Arsenic  t r ichlor ide  was in t roduced by  meter ing  a 
known volume of he l ium through a sa tura tor  con- 
ta ining the arsenic t r ichlor ide  at  25~ The exact  
supply  r a t e  was de te rmined  by  weighing the arsenic 
t r ichlor ide  before  and af ter  the exper iment  and by  
recording the t imes The gas mix tu re  was then ad-  
mi t ted  to the c rys t a l -g rowing  appara tus  and was 
a l lowed to pass over  the molten silicon for  45 min, 
permi t t ing  a sufficient quan t i ty  of arsenic to be 
dissolved in the  melt.  The c r y s t a l  was then grown 
in the same gas mixture .  

During the c rys t a l -g rowing  operation,  the supply  
ra te  of arsenic t r ichlor ide,  the  to ta l  gas-flow rate,  
and the growth  ra te  were  carefu l ly  kept  constant  
to provide  a constant  supply  of impur i t y  atoms to 
replace  those being incorpora ted  into the solid. 

Results and  Discussion 
The feas ib i l i ty  of the method depends on the 

existence of an equi l ib r ium in which the net  num-  
ber of impur i t y  atoms cap tured  by a uni t  volume 
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Fig. 2. Concentration of arsenic in solid as a function of AsCI8 
supply rate. 

of the l iquid per  uni t  t ime is equal  to the  net  num-  
ber  incorpora ted  into a uni t  volume of the solid in 
the same period.  

Severa l  a r sen ic -doped  silicon crysta ls  were  
grown, and the concentra t ion in the solid was found 
to be a function of the arsenic t r ich lor ide  supply  
ra te  a n d / o r  the arsenic bu i ld -up  in the  melt.  

The fol lowing conditions were  held  constant  in 
the exper iments  per formed:  growth  rate,  0.152 
cm/min ;  total  gas-flow rate,  66 1/min;  pot  charge, 
150g; crys ta l  d iameter ,  22-28 mm; pot  rotat ion,  6 
rpm; arsenic bu i ldup  time, 45 min. The resul ts  of 
these exper iments  a re  given in Fig. 2. 

Variat ions in the preceding method were  carr ied  
out to s tudy  the effect of growing in a neu t ra l  a t -  
mosphere  af ter  some ini t ia l  bu i ldup  per iod in the 
melt. The lowest  possible supply  ra te  of arsenic t r i -  
chlor ide (1.4 x 10 ~~ molecules AsC18 per  minute)  
was kept  constant  and the bui ldup per iod was var ied  
f rom 11 to 45 min. Al l  other  condit ions were  the 
same as in the preceding section. The resul ts  of 
these exper iments  are given in Fig. 3 (curve  A) .  

A series of exper iments  using a h igher  arsenic 
t r ichlor ide  supply  ra te  (9 x 10 ~~ molecules AsCL per  
minute)  wi th  other  condit ions the  same as in the 
preceding section y ie lded  a m a x i m u m  arsenic con- 
centra t ion of 2.5 x 10 TM a t o m s / c m  8 af ter  1.0 hr. In 
all  exper iments  the arsenic car r ie r  densi ty  was de-  
t e rmined  f rom the res is t iv i ty  measurements  made  
on the crystal .  The resul ts  of these exper iments  
are  given in Fig. 3 (curve B) .  

~ 0.01 
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Fig. 4. Axial resistivity distribution obtained by vapor phase 
duping of silicon. 
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The axial resistivity profiles of the silicon crystals 
were quite level. I t  appears then that the evapora-  
tion of arsenic atoms from the liquid is nearly in 
equilibrium with the number  of atoms rejected by 
the freezing solid. Figure 4 shows some typical 
plots of resistivity vs. the percentage crystal pulled 
for crystals grown by the vapor-phase technique 
and doped with arsenic trichloride. 

A few experiments using higher arsenic tr i-  
chloride-supply rates and longer buildup periods 
of arsenic in the melt, produced crystals with re-  
sistivities not lower than 0.0009 ohm-cm. It appears 
that saturation of arsenic in the melt occurs after 
45-60 min, limiting the carrier concentration of 
arsenic in the crystal to a maximum value of 3 x 101~ 
atoms/cm'.  

Summary 
Arsenic-doped, mel t -grown silicon crystals with 

level resistivity profiles, ranging from 1 x 104 to 

5 x 10 -~ ohm-cm, were obtained by passing an 
arsenic tr ichloride-helium mixture into a silicon 
crystal grower. The desired resistivity could be 
obtained by varying the arsenic trichloride supply 
rate and/or  by varying the arsenic buildup period 
in the melt. 
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Controlled Chemical Etching in the 
Production of Semiconductor Dice 

P. J. A. McKeown 
Transistor Division, Standard Telephones & Cables Ltd., Footscray, Kent, England. 

In the production of some kinds of semiconductor 
device, a key process is the etching of single crystal 
dice to remove mechanical damage and to clean the 
surface in preparat ion for the next operation. It  
is desirable to remove an appreciable thickness of 
material  and to require the etched dice to have a 
small spread of thicknesses. An investigation of the 
process has led to the development of improved 
means of control. The dice used in this work were 
2.25 mm square and were n - type  single crystal 
germanium of {111} orientation. 

The main factors which influence the amount  
removed are: (a) lapping damage, since the etching 
rate of a mechanically damaged surface is higher 
than that of undamaged material;  (b) etching time, 
since this is usually less than a minute and therefore 
timing errors introduced by an operator can be 
significant; (c) the temperature  at which etching 
takes place. This is made up of two terms, the 
average temperature  of the etchant bath, and the 
local temperature  rise at the semiconductor surface 
due to the heat of the reaction. The heat of solution 
of germanium in a typical etchant containing nitric 
and hydrofluoric acids was measured and found to 
be about 2000 cal/g. From this it has been calculated 
that the temperature of an isolated die together 
with liquid layers 100/L thick, would increase at 
about 200~ 

Temperature  control obviously requires that the 
local dice temperature  should be kept close to that  
of the bulk etchant. This was achieved by means of 
an apparatus which used a stationary polythene 
beaker 7 cm in diameter with a conventional 
mechanical stirrer near the bottom and a special 
baffle to provide the necessary flow pattern. The 

stirring was adjusted so that all dice 150/~ thick 
were kept in suspension in the etchant, and yet  the 
breakage rate for dice 50/~ thick was only 0.25% 
per min. 

The temperature of the bulk etchant was con- 
trolled by means of a heat exchanger made from 
4 mm diameter p la t inum/rhodium tubing. This was 
made into a 10 turn spiral 2.1 cm in diameter. The 
spiral was bent to form almost one complete turn 
about the stirring shaft. This heat exchanger also 
acted as the baffle to improve dice agitation. All 
gaps between beaker, coil, and stirrer were such 
that dice could not wedge nor be caught between 
moving parts. 

Water at a controlled temperature flowed through 
the heat exchanger at 18 cc/sec. The temperature 
was regulated by means of three heaters. The first 
heater automatically kept the temperature  of water 
leaving it about 4 ~ below the required etchant tem- 
perature. Heater  No. 2 raised the temperature of the 
water  by an amount such that  its effect on the 
etchant temperature was approximately equal to 
the heat produced by etching. This heater  was 
switched off a few seconds before etching so that it 
ceased to influence the etchant temperature just as 
the etching began. The third heater was controlled 
by a thermocouple in the etchant and corrected any 
small errors in temperature.  

The bottom of the beaker was perforated by 185 
holes each 1.4 mm in diameter, but during etching 
a solenoid-operated sealing plate prevented loss of 
etchant. Etching was started by automatic injection 
of dice, and the reaction was stopped by draining 
the etchant and at the same time adding a large 
volume of deionized water. All operations were con- 
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Fig. 1. Etching rates of {111} germanium at 30~ in microns 
per minute. 

t ro l led  by t imers  and the etching t ime could be 
preset  wi th  accuracy of 1/4 sec. 

I t  was found that  200 dice could be etched at  a 
t ime so tha t  the mean scat ter  in thickness in t roduced 
by  etching was less than  0.3 of a micron. The re -  
producib i l i ty  f rom batch  to batch was _ 0.7p, and 
thicknesses of etched dice could therefore  be p r e -  
dicted. 

The machine  has also been used for the accurate  
measurement  of etching rates. F igure  1 shows a 
t r i angu la r  pIot of etching ra tes  for the  HNO~-HF- 
H_~O system. I t  refers  to 2 ohm-cm dice wi th  a dis-  
location densi ty  of 5000/cm ~. I t  should be noted that  
the etching rates  p lot ted  differ by factors of 2, and 
so a wide separat ion of contour lines indicates an 
insensi t iv i ty  to e tchant  composition. The act ivat ion 
energy of the react ion is 14.5 kcal  for solutions 
containing 15 molar  % HF and increases to 40 
kcal  for solutions in which the molar  rat io  HF/HNO~ 

3. These values are h igher  than  those repor ted  by  
Schwartz  and Robbins (1) for silicon. 

Other  factors which have a sl ight  effect on etching 
ra tes  are dice thickness,  res is t ivi ty ,  and dislocation 
density.  For  an e tchant  removing  1.25 #/sec, the 
etching ra te  was found to be a min imum for dice 
50~-thick. Thicker  dice etched s l ight ly  fas ter  be -  
cause of the increased flow of e tchant  over thei r  
surfaces, and th inner  dice did so because thei r  low 
the rmal  iner t ia  pe rmi t t ed  t empera tu re  fluctuations. 
Resis t ivi ty  appeared  to have  l i t t le  effect on etching 
ra te  wi th in  the na r row range invest igated.  Seven 
ohm-cm ma te r i a l  e tched about  1% fas ter  than  1 
ohm-cm. Dislocation densi ty  had more effect, a 
min imum etching ra te  being obtained at a disloca-  
t ion densi ty  about  1000/cm ~, 20,000 d is loca t ions /cm ~ 
increased the ra te  by  about  3%, and in the absence 
of dislocations the ra te  increased by  10%. This may  
be because both dislocations and lat t ice vacancies 
promote  a t tack by  acting as nuclei. 

Some fast e tchants  have been observed to pro-  
duce pits at  dislocations. This was t raced  to the 
etching which occurs dur ing  the f ract ion of a second 
requi red  to quench by the addi t ion of water .  Very  
rap id  quenching such as is obta ined wi th  the ma-  
chine descr ibed above keeps this pi t t ing to a mini -  
mum. 
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Alloying to III-V Compound Surfaces 
L. Bernstein 1 

Alloys Unlimited, Incorporated, Long Island City, New York 

Because of the in teres t  in using the I I I -V  in te r -  
metal l ic  semiconductor  compounds for making  semi-  
conductor devices, it  was fel t  tha t  a g rea te r  unde r -  
s tanding of the a l loying na ture  of these mater ia l s  
would be helpful.  To this end, a p rog ram to de te r -  
mine  the  condit ion under  which the indium and 
gal l ium antimonides,  arsenides,  and phosphides 
al loy with  some of the common bonding mater ia l s  
was inst i tuted.  

Al loy  bonds may  be requ i red  e i ther  for ohmic 
contact  or p - n  junct ion formation.  Impur i t ies  in 
Group II  of the  per iodic  char t  (Zn and Cd) act as 
acceptors in the I I I -V  compounds, whereas  those 
in Group VI (S, Se, and Te) act as donors. In add i -  
tion, however ,  mater ia l s  l ike Ge, Si, Pb, Sn, Cu, or 

Z A  p o r t i o n  o f  t h i s  w o r k  w a s  d o n e  b y  t h e  a u t h o r  w h i l e  w i t h  
Hughes Semiconductor Products. 

Mn, which may  be used in bonding to I I I -V  surfaces, 
also act as donors or acceptors.  Usually,  however ,  
they  have low doping efficiency compared  with  the 
I I -VI  elements.  Smal l  quant i t ies  of I I  or VI group 
impur i t ies  may,  therefore,  be added when necessary 
to give the appropr ia te  doping. 

The I I I - V  compounds used in this invest igat ion 
were  in the form of dice 0.100 x 0.100 x 0.020 in. 
thick. Al l  a l loying was done on mate r i a l  c leaned 
using the  etchants  shown in Table  I. Except  for  a 
few alloys s tudied for feas ibi l i ty  in producing p - n  
junctions,  the bu lk  of this invest igat ion was con- 
cerned with  la rge  surface area  ohmic contact  cover-  
ing the complete  die. In  the  case of Au alloying,  
the ma te r i a l  used was 0.2 to 0.5 mi l  gold clad 
mate r ia l  on sui table  subs t ra te  (1).  Al l  other  al loys 
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s tudied were  0.5 to 1.0 mil  foil or clad on the same 
subst ra te  mater ia l .  

Al l  of the etchants  shown in Table  I produced 
shiny, clean surfaces. The etch was fol lowed by  a 
wash in dis t i l led wa te r  and finally an acetone r inse 
before al loying.  

Table  II  describes the  resul ts  of some bonding 
exper iments  run  dur ing this invest igat ion.  Approx i -  
ma te  eutectic t empera tu res  and p re fe r red  bonding 
t empera tu re  ranges are  shown. Addi t iona l  resul ts  
wi th  other  al loys are  shown in the  body of the  re -  
port.  In  addit ion,  the type  of doping is indicated 
wi th  the appropr ia te  l i t e ra tu re  references.  

Thermal  expansion measurements  on these I I I -V  
compounds were  repor ted  in a previous  pub l ica -  
t ion (1).  

A u - S n  bonding.--From previous  exper ience  in 
bonding to Si and Ge, it  was lea rned  tha t  A u - S n  
al loyed to the i r  surfaces at  lower t empera tu res  and 
under  much less cri t ical  a tmosphere  conditions than  
did pure  gold. With the I I I -V  compounds,  however,  
this was not the case; therefore,  there  seems to be 
no advan tage  in its use over pure  gold, other than 
those cases where  the doping effects of t in are 
required.  

A u - G e  bonding.--No eutectic formations were  
noted in these systems at all. Very  l i t t le  solution of 
the in termeta l l ic  took place as much as 100~ 
above the mel t ing points of the  go ld -ge rman ium 
eutectic, but  in all  cases good al loy bonds were  
formed. Much less pene t ra t ion  was noted compared 
with  pure  gold. The ant imonides  are  appa ren t ly  
more sensit ive to cracking than  all  the other com- 
pounds;  therefore,  A u - G e  is not recommended  for 
use wi th  them. 

A u - S i  bonding.--Again, no eutectic format ions  
were  observed.  S imi la r  to the A u - G e  system, solu- 
bi l i t ies and penet ra t ions  were  low. In al l  cases, 
except  for InSb, bonds formed were  excellent.  

Pb  bonding.--Alloying with  pure  lead was very  
reproducib le  and simple. No eutectic format ion was 
observed. Solubi l i ty  and pene t ra t ion  (in most cases 
approx ima te ly  5-10~) was low at t empera tu res  as 
high as 300~ above the mel t ing point  of Pb. No 
cracking was observed at  all. 

P b - S n  eutectic bonding.--Again, no eutectic for-  
mat ion or cracking was observed. At  necessary 
bonding tempera tures ,  however ,  there  was more 
pene t ra t ion  and solubi l i ty  than  wi th  pure  Pb. Smal l  
addit ions of In or Sb had no effect on the wet t ing  
propert ies .  

Table I. Etching of IIl-V compounds 

I I I -V  Etch ing  
Compound Etching solution t ime  in sec 

InSb 2HF/1HNOa diluted with an equal 10-15 
volume of H20 

InAs Conc. HC1 12-15 

InP Conc. HC1 3-6 

GaSb 2HF/1HNO~ diluted with an equal 10-15 
volume of H~O 

GaAs 2HF/1HNO3 diluted with an equal 10-15 
volume of H_~O 

GaP 2HF/1HNO8 10-15 

Sn bonding.--No eutectic format ion or cracking 
was observed. Al loy ing  wi th  t in produced the low- 
est t empera tu re  bonds so far  possible (see Table 
I I ) .  Smal l  addit ions of gall ium, con t ra ry  to resul ts  
exper ienced in other  systems, inhibi ted  good we t -  
ting. 

Ni, Cu, and Ag bonding.--In all  these systems 
eutectic formations were  observed.  Wi th  nickel  they  
were  in the 700o-800 ~ range;  wi th  copper 350 ~ 
500~ wi th  si lver 400~176 No bond was formed 
to InSb or GaSb wi th  Ni below thei r  mel t ing points 
(523 ~ and 702~ respec t ive ly ) .  No cracking was 
observed,  except  in the  case of copper al loying to 
GaAs, and even in this  system, no f rac ture  occurs 
if the bond is fo rmed above 650~ The micros t ruc-  
ture  of bonds made  at  these e levated  t empera tu res  
indicates  a possible phase t ransformat ion  to a more 
ducti le  form. 

Bonding with A1 and A1/Si  eutectic.--Bonding 
to all six in te rmeta l l ic  compounds was accomplished 
with  a luminum below 650~ However,  no eutectic 
s t ruc ture  was noted. Even in cases where  fusions 
were  made  as high as 700~ pene t ra t ion  was ex-  
t r eme ly  shallow, much less than  5/~, indicat ing low 
solubi l i ty  of the  compounds in A1. This fact  may 
be used to advan tage  in making  contacts to shal low 
diffused regions. A1/Si bonds to I I I -V  compounds 
were  unsuccessful.  

Cd and In bonding.---These bonds requi re  t em-  
pe ra tu res  in a range  of 600~176 Li t t le  if any 
eutectic format ion  is noticeable,  and the pene t r a -  
tion is ex t r eme ly  shallow as compared  with  other 
al loy bonds, except  a luminum,  made in a s imilar  
fashion. With  Cd, some eutectie seems to form at a 
ve ry  low I I I -V  concentrat ion and only a few de-  
grees be low its mel t ing point.  Ind ium bonds wi th  
these elements  were  successfully made  to al l  the  
intermetal l ics .  

A number  of al loys were  s tudied for possible 
p -n  junct ion format ion  on the I I I -V  compounds. 
B inary  alloys, where  the ma jo r  al loying e lement  
was In, Ag, Sn, Pb, Cd, or Au, were  were  fused on to 
all  of the I I I -V  surfaces. In a s imple - type  phase 
system such as exists in the A1-Si or In -Ge  systems, 
the semiconductor  bulk  mater ia l ,  which has been 
dissolved at some e levated tempera ture ,  r ec rys t a l -  
lizes out on its or iginal  surface af ter  cooling. These 
regions are sometimes re fe r red  to as regrown re -  
gions. They can be de l inea ted  by  meta l lographic  
etching on a cross-sect ion sample.  If a pseudobinary  
phase  diagram,  using the I I I -V  compound as one 
component  and one of the  b ina ry  alloys as the other, 
was of the two-componen t  system type  wi thout  
in te rmedia te  compounds or solid solutions (s imi lar  
to the  A1-Si or In -Ge  sys tems) ,  one would expect  
to see some reg rown region crysta l l iz ing out on the 
or iginal  I I I -V  surface. Al though all  of the al loys 
mentioned,  when  doped appropr ia te ly ,  exhib i ted  
rectification proper t ies  a f te r  fusion, only the Sn and 
Au alloys showed any regrown regions. In all  the 
other  systems, at  least  one other  unidentif ied phase  
was observed to have  crys ta l l ized out of solution, 
and no regrown regions were  observed.  One t e rna ry  
a l loy composed of Sn, Cd, and Zn gave the a p pea r -  
ance of a double junct ion  format ion when fused 
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Table II. Temperatures of alloy fusions to I I l -Y surfaces 

March 1962 

Material  
MP *C (2) 

Au  Au-Sn  eutectic 

1063 280 

Approx.  Pre fe r red  Approx.  Pre fe r red  
eutectic bonding t emp  Type  eutectic bonding t emp  

temp,  *C range,  "C dopant* temp,  ~ range,  ~ 
Type  

dopant* 

InSb 523 350 375/400 
InAs 936 <450 600/700 
InP 1060 450 600/700 
GaSb 702 300 325/350 
GaAs 1280 <450 600/700 
GaP >1300 450 600/700 

None Ob- 
O cs) served 

Au-Ge  eutect ic  

356 

350/375 
400/600 
400/500 
350/450 
500/600 

>700 

N 4 

N'  
N" 
p '  

Au-Si  eutect lc  

370 

InSb 523 375/450 
InAs 936 400/450 
InP  1060 None Ob-  425/475 
GaSb 702 served 375/450 
GaAs 1280 400/450 
GaP >1300 400/450 

p4 

N "(~ 375/380 
N 4 None Ob-  375/425 
1 ~ served 375/425 
N '~) 400/425 

400/425 

Pb 

327 

p(s) 

N ~) 

Pb-Sn  eutectlc 

183 

InSb  523 350/400 
InAs 936 400/500 
InP  1060 None Ob-  500/550 
GaSb 702 served  500/550 
GaAs 1280 500/600 
GaP >1300 550/650 

O (~ 300/325 
O (4> 450/500 
O ~ None Ob-  450/550 
O (') served  500/550 
N ~) 500/600 

600/650 

Sn 

232 

See Pb  & 
Sn 

Ni 

1455 

InSb  523 250/350 
InAs 936 250/350 
InP  1060 None Ob- 300/350 
GaSb 702 served 350/450 
GaAs 1280 400/500 
GaP > 1300 500/600 

S e e  

A u - S n  

Cu 

1083 

700/750 7501800 
700/750 750/800 

700/800 700/800 
750/800 750/800 

Ag 

960 

InSb 523 350 400/450 
InAs 936 400 450/500 
InP  1060 400/500 525/600 
GaSb 702 450 450/500 
GaAs 1280 500 >650 
GaP >1300 500 525/600 

400 400/450 
N (9) 400/450 450/550 

400/455 550/600 
p(8> 450 450/525 
p~lo) 650 700/725 

680 700/800 

0 (~> 

* "O "  M e a n s  neutral .  

to G e  o r  In  a r sen ide .  This  cou ld  be  o c c u r r i n g  b y  
the  pos t  a l l oy  d i f fus ion  m e c h a n i s m .  Sn b e h a v e s  as 
a d o n o r  w h i l e  Cd a n d  Zn  b e h a v e  as  accep tors ,  m a k -  
ing  an  n p n  s t r u c t u r e  poss ib le .  

Manuscr ip t  rece ived  Oct. 19, 1961. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  December  1962 
JOURNAL. 
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ABSTRACT 

Kinetics and mechanism of the reaction between nickel and sulfur vapors 
were investigated in  the tempera ture  range 480~176 under  atmospheric 
pressure. The sulfurizat ion of nickel has been found to follow, under  these 
conditions, the parabolic rate law. The activation energy of this process amounts  
to 22 kcal/mole.  The examinat ion  of x - r ay  pat terns of the scale formed on the 
surface of the metal  has demonstrated that  this scale layer is composed almost 
ent i rely of NiS. Morphologic investigations show that  the scale is composed of 
two distinct layers. The outer layer, consti tut ing the main  par t  of the whole 
scale, is compact, polycrystall ine,  and exhibits an ordered growth texture.  The 
inner  layer  is porous and does not  exhibit  any growth texture.  The investigations 
carried out with the aid of the radioactive sulfur isotope *~S have demonstrated 
that the sulfide scale on nickel is formed exclusively by the outward diffusion 
of the metal. 

The confrontat ion of exper imental  data with the results obtained by 
Dravnieks (1) leads to the assumption that  the mechanism of the sulfide scale 
formation on nickel does not depend on the state of aggregation of the oxidizing 
medium. 

Dravn ieks  (1) and  W a g n e r  and  Lich te r  (2) have  
d e m o n s t r a t e d  tha t  the  su l fu r i za t ion  of n icke l  in  
mo l t en  su l fu r  in  the t e m p e r a t u r e  r ange  205o-445 ~ 
follows the  parabol ic  ra te  law. On  the  o ther  h a n d  
Hauffe and  R a h m e l  (3), as wel l  as Pfeiffer  (4), 
s ta ted tha t  if the reac t ion  was car r ied  out  in  su l -  
fu r  vapor  at 630 ~ u n d e r  a p ressure  no t  exceeding  
1 m m  Hg the course of the reac t ion  could be de-  
scr ibed wi th  a l i nea r  ra te  law. 

I t  was  t he r eby  s ta ted tha t  the sulfide scale fo rmed  
on n icke l  is composed exc lus ive ly  of the  N iS -phase  
i n d e p e n d e n t l y  of the s tate  of aggrega t ion  of the  
oxidiz ing m e d i u m  and  of the t empera tu re .  The 
scale is bu i l t  up of two dis t inc t  layers ;  the  ou te r  
one is compact,  and  the other,  i n n e r  layer ,  is porous. 
A r k h a r o v  and  BIankova  (5), Czerski  (6), Mrowec 
and  W e r b e r  (7), Pfeiffer  (4), and  Hauffe (3) sup-  
pose tha t  the  fo rma t ion  of these two layers  of the  
same reac t ion  p roduc t  can be exp la ined  by a s suming  
s imu l t aneous  diffusion of both  reac tan t s  t h rough  
the scale layer  in  two opposite direct ions.  

However ,  according to the op in ion  of P ines  and  
Tchaikowski j  (8) ,  the sulfide scale l ayer  on n icke l  
grows exc lus ive ly  because  of the  i n w a r d  diffusion 
of sulfur .  

F r o m  the l i t e r a tu r e  data  g iven  above it can be 
seen tha t  the  m e c h a n i s m  of su l fu r i za t ion  of n icke l  
is not  ye t  def in i t ive ly  c leared up  and  more  ex-  
p e r i m e n t a l  w o r k  m u s t  st i l l  be done. The  a im of 
the p resen t  w o r k  was  therefore  to inves t iga te  the 
k inet ics  and  m e c h a n i s m  of su l fu r i za t ion  of n icke l  
in  su l fu r  vapor  u n d e r  a tmospher ic  p ressure  in  the  
t e m p e r a t u r e  r ange  480~176 

Experimental 

The m e a s u r e m e n t s  were  car r ied  out  on spec imens  
con ta in ing  99.85% Ni. By means  of spect ra l  ana lys i s  
the p resence  of the  fo l lowing  impur i t i e s  Fe, Mn, 
Cu, Mg, Si, Co, A1, and  t races  of Ag, Zn, Ca has 

been  shown.  The  me ta l  was  mel ted  in vacuo (10 .4 
m m  Hg) and  cold rol led to sheets 0.1 cm thick. The 
sheets were  a n n e a l e d  for 100 hr  at 750~ in  h e l i u m  
a tmosphe re  a n d  s u b s e q u e n t l y  cut  in to  samples  of 
d imens ions  3 x 2 x 0.1 cm. The  surface  of the  
samples  was pol ished wi th  e me r y  paper  ( i nc lud ing  
No. 4 / 0 )  a nd  washed  wi th  water ,  acetone,  and  
methanol .  The process of su l fu r i za t ion  was carr ied  
out  in  a modified appa ra tu s  of W a g n e r  (2) en -  
ab l ing  con t inuous  g rav ime t r i c  m e a s u r e m e n t s  of the  
react ions  k inet ics  (9) (Fig. 1). The a ppa r a t u s  (Fig. 
1) consisted of two elect r ical  fu rnaces  in to  which  a 
quar tz  t u b e  con ta in ing  mo l t en  su l fu r  was  inser ted.  
The lower  fu rnace  cont ro l led  the t e m p e r a t u r e  of the 
mol t en  su l fu r  at the bo t tom of the  qua r t z  t ube  and  

A' I 

!- I  

~ , m ~  It I 

,-ec, c ; , ~  t~be ~ [~rnaces 

Fig. 1. Apparatus for kinetic measurements of sulfurization of 
metals in sulfur vapor under atmospheric pressure by the continuous 
gravimetric method. 
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the uppe r  fu rnace  cont ro l led  the t e m p e r a t u r e  of the 
su l fu r  vapor  in the reac t ion  chamber .  The  t e m -  
pe ra tu r e  of su l fu r  vapor  in  the reac t ion  t ube  was 
cont ro l led  au toma t i ca l ly  by  an  e lec t ronic  co mpe n -  
sator wi th  an  accuracy  of -- 3~ The  the rmocoup le  
was in t roduced  into the  reac t ion  tube  on the  speci-  
m e n  level  at  a d is tance  f rom the  t ube  wa l l  equa l  
to tha t  of the  specimen.  Pur i f ied  n i t r ogen  was in -  
t roduced  into the upper ,  n o n h e a t e d  pa r t  of the 
quar tz  tube  in  order  to avoid p e n e t r a t i o n  of oxygen  
into the reac t ion  zone. Traces  of su l fu r  escaping wi th  
n i t rogen  f rom the  reac t ion  t ube  were  d i rec ted  into 
a co r respond ing  t rap  wi th  the  aid of an  appropr i a t e  
exhaus ter .  The  spec imen  suspended  in  the reac t ion  
tube  was fas tened  wi th  a n i c h r o m e  wire  to an a r m  
of an  ana ly t i c a l  ba lance .  The  wire  was  p r e l i m i n a r i l y  
oxidized in  air  at  1000~ for 100 hr  to pro tec t  it  
aga ins t  the a t tack  of sulfur .  In  order  to e l imina t e  
the possibi l i ty  of condensa t ion  of su l fu r  on the wi re  
in  the upper ,  n o n h e a t e d  pa r t  of the  t ube  the  wire  
itself was hea ted  to 600~ wi th  an  add i t iona l  hea te r  
which  m a i n t a i n e d  its t e m p e r a t u r e  above 450~ 
P r e l i m i n a r y  inves t iga t ions  have  shown tha t  the 
mass of the wi re  did no t  change  m u c h  d u r i n g  the 
reac t ion  ( the  v a r i a t i o n  a m o u n t e d  to +-- 1.0 rag) .  
These va r ia t ions  can be exp la ined  by  the  convect ion  
flow of air  and  su l fu r  vapor  a r o u n d  the  wire.  The 
increase  in we igh t  of the su l fur ized  n icke l  spec imens  
was of the  order  of 100 rag; the mass of the  w i r e  
on which  the spec imen was suspended  therefore  
could be cons idered  to be p rac t ica l ly  constant .  The 
su l fu r i za t ion  ra te  could be  measu red  con t inuous ly  
by  d e t e r m i n i n g  the weigh t  increase  of the sample.  
The inves t iga t ions  were  car r ied  out  in  the t e m p e r a -  
tu re  range  480~176 This  res t r ic t ion  of the  t e m -  
pe ra tu r e  r ange  resu l ted  f rom the  necess i ty  of i n -  
ves t iga t ing  the  process at t e m p e r a t u r e s  above the 
boi l ing point  of su l fu r  and  below the me l t i ng  point  
of the  eutect ic  N i - N i S  (645~ The  resul ts  of the 
su l fu r i za t ion  ra te  m e a s u r e m e n t s  are g iven  in  
Fig. 2 and  3. The figures show the  (A m / q )  ~- values  
p lot ted  agains t  t whe re  A m is the weigh t  ga in  of 
the  sample,  q the surface area  of the  sample,  and  t 
the  reac t ion  t ime.  Sur face  area q was  assumed to 
be cons tan t  d u r i n g  the  su l fu r i za t ion  process and  
equa l  to the in i t i a l  surface  area  of the  me ta l  speci-  

t5- 
,,o 

o5- ~ 
3b 

/ 56~176 
540 ~ 

/~ ' /  /5200 

6b ~'o 
t,r-e (~in.) 

Fig. 2. Weight gain plot for the temperature range 480~176 
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Fig. 3. Weight gain plot for the temperature range 560~176 

men. I t  is c lear t ha t  th is  sur face decreases d u r i n g  
the process, bu t  owing  to the pa r t i cu l a r  geometr ic  
form of spec imens  used the m a x i m u m  changes  in  
the surface area  of me ta l  did not  exceed 2-3% of 

*the in i t i a l  va lue  in  the  inves t iga ted  ranges  of t e m -  
p e r a t u r e  and  reac t ion  t ime. 

As can be seen, the e x p e r i m e n t a l  da ta  in  these 
coordinates  fit a s t ra igh t  l ine i n d e p e n d e n t  of the 
reac t ion  t empera tu re .  This means  tha t  in  our  ex-  
p e r i m e n t a l  condi t ions  the  scale fo rma t ion  process 
fol lows the parabol ic  ra te  law:  

{ "~m -~ 

where  k "  is the  parabol ic  ra te  cons tan t  of the su l -  
fu r i za t ion  process. M e a s u r e m e n t s  of the su l fu r iza -  
t ion ra te  could be r ep roduced  wi th  an  accuracy  of 
+-5%. Tab le  I conta ins  the  parabol ic  ra te  cons tan ts  
ca lcu la ted  f rom our  data.  The  re la t ion  b e t w e e n  the  
ra te  of su l fu r i za t ion  and  the  reac t ion  t e m p e r a t u r e  
is i l lus t ra ted  by  Fig. 4 in  which  log k "  is p lot ted  
vs.  1 /T .  As can be seen f rom the  figure this re la t ion  
is l inear .  Ac t iva t ion  ene rgy  for the  su l fu r i za t ion  of 
n icke l  as ca lcu la ted  f rom these figures a moun t s  to 
22 kcal.  

~0 ~ 

Fig. 4. Change of the parabolic rate constant for the NiS 
formation with temperature. 



Vol. 109, No. 4 K I N E T I C S  O F  N I C K E L - S U L F U R  R E A C T I O N  275 

Table h Parabolic rate constants 

N o .  T e m ! o ,  *C k ~ (g~ c m  ~ sec -1 )  

1 480 1.05.10 -7 
2 500 1.65.10 -~ 
3 520 2.60.10 -7 
4 540 3.50.10 -7 
5 560 4.65.10 -7 
6 580 5.92.10 -~ 
7 600 8.75.10 -7 
8 620 11.2.10 -7 
9 640 15.7.10 -7 

Morpho log ic  i nves t i ga t i ons  have  d e m o n s t r a t e d  
tha t ,  i n d e p e n d e n t  of  t he  r e a c t i o n  t e m p e r a t u r e ,  t he  
sulf ide  scale  g r o w i n g  on n i c k e l  is composed  of two  
layers .  The  o u t e r  l aye r ,  cons t i t u t i ng  the  m a i n  p a r t  
of the  scale,  is compac t ,  p o l y c r y s t a l l i n e ,  and  e x h i b i t s  
an  o r d e r e d  g r o w t h  t e x t u r e  (5 ) .  The  th inne r ,  i n n e r  
l a y e r  is po rous  and  composed  of v e r y  sma l l  c ry s t a l s  
of sulfide. In  th is  l a y e r  no g r o w t h  t e x t u r e  could  be  
de tec ted .  A c c o r d i n g  to the  r e su l t s  of the  x - r a y  a n -  
a lys is  bo th  scale  l a y e r s  a r e  bu i l t  up  of the  s a m e  
p h a s e  of the  r e a c t i o n  p r o d u c t  w h i c h  was  iden t i f i ed  
as the  h i g h - t e m p e r a t u r e  fo rm of NiS ( s t ab l e  above  
300~ (10) .  The  m e a n  chemica l  compos i t ion  of t he  
scale  c o r r e s p o n d e d  to t he  n o n s t o i c h i o m e t r i c  f o r m u l a  
Ni ........ S and  was  p r a c t i c a l l y  i n d e p e n d e n t  of the  
t e m p e r a t u r e  of the  reac t ion .  

As p r o v e d  b y  d e t a i l e d  mic roscop ic  obse rva t i ons  
the  r a t i o  of t he  t h i cknesses  of the  two  scale l a y e r s  
d e p e n d s  on the  t e m p e r a t u r e  of the  su l fu r i za t ion  
process  and  the  t ime  of t he  reac t ion .  The  r e l a t i v e  
mass  of t he  porous  i n n e r  l a y e r  has  been  f o u n d  to 
dec rea se  w i th  i n c r e a s i n g  r eac t i on  t e m p e r a t u r e .  On 
the  o the r  hand ,  the  r a t io  of t h i cknesses  of bo th  
scale  l a y e r s  o b s e r v e d  on v a r i o u s  s amp le s  at  t he  
s ame  t e m p e r a t u r e  has  been  found  no t  to be  cons tan t ,  
b u t  to v a r y  w i t h  i nc rea s ing  d u r a t i o n  of the  e x p e r i -  
m e n t  ( the  porous  i n n e r  l a y e r  is g r o w i n g  f a s t e r ) .  
C o r r e s p o n d i n g  p h o t o m i c r o g r a p h s  of the  cross  sec-  
t ions  t h r o u g h  the  scale  f o r m e d  at  600~ a re  shown 
in Fig .  5. The  b o u n d a r y  b e t w e e n  the  l a y e r s  of t he  
scale  can be  seen eas i ly  on these  m i c r o g r a p h s ;  the  

Fig. 5. Cross section through specimens sulfurized at 600~ ". 
a, 1 hr; b, 4 hr. h The outer layer is compact. The dark regions 
result from the mechanical process of the metallographic prepara- 
tion of the scale. II. The inner layer is porous. The platinum wire 
marker was artificially retouched for greater clarity of the micro- 
graph. 

g r o w t h  of t he  sca le  is a c c o m p a n i e d  b y  a d i s t i nc t  
g r o w t h  of t he  r e l a t i v e  t h i cknes s  of the  po rous  i n n e r  
l aye r .  On the  m i c r o g r a p h s  one can  also see a th in  
p l a t i n u m  w i r e  m a r k e r  w r a p p e d  p r i m a r i l y  a r o u n d  
the  m e t a l  s a m p l e  and  s i t u a t e d  n e a r l y  at  t he  b o u n d a r y  
b e t w e e n  bo th  l a y e r s  of t he  scale.  

A c c o r d i n g  to the  c o n v e n t i o n a l  i n t e r p r e t a t i o n  such 
pos i t ion  of t he  m a r k e r  (11, 12) is t a k e n  as p roo f  
t ha t  the  scale  g r e w  because  of t he  d i f fus ion of bo th  
r eac t an t s ,  n i cke l  and  su l fur ,  m i g r a t i n g  s i m u l t a n e -  
ous ly  in  two  oppos i t e  d i rec t ions .  The  c o m p a c t  ou t e r  
l a y e r  f o r m e d  because  of the  o u t w a r d  d i f fus ion  of 
the  me ta l ;  the  th inne r ,  po rous  i n n e r  l a y e r  f o r m e d  
because  of the  i n w a r d  d i f fus ion of su l fur .  

Recen t  i nves t i ga t i ons  b y  two  of t he  p r e s e n t  a u -  
t ho r s  (13-15)  and  R i c k e r t  (16) on C u - S  and  A g - S  
sys t ems  have  shown h o w e v e r  t h a t  t h e  pos i t ion  of 
the  m a r k e r  in the  scale  does  not  de f in i t i ve ly  e x -  
p l a in  the  m e c h a n i s m  of o b s e r v e d  d o u b l e - l a y e r  
sca le  fo rma t ion .  Thus,  c o n t r a r y  to t he  r e su l t s  ob -  
t a i n e d  b y  the  m a r k e r  me thod ,  the  f o r m a t i o n  of a 
d o u b l e - l a y e r  sulf ide scale  on copper  and  s i lve r  was  
f o u n d  no t  to d e p e n d  on the  d i f fus ion of  bo th  r e a c -  
t an t s  in the  oppos i te  d i rec t ions .  The  scale  was  
f o r m e d  e x c l u s i v e l y  because  of the  o u t w a r d  d i f -  
fus ion  of the  m e t a l  (15, 17).  The  f o r m a t i o n  of t he  
po rous  i nne r  l a y e r  is b o u n d  up,  in th is  case, w i t h  
s e c o n d a r y  p rocesses  occu r r i ng  w i t h i n  t he  scale  d u r -  
ing  i ts  g r o w t h  (17, 18). F r o m  the  m o r p h o l o g i c  p o i n t  
of v i ew  the  s t r u c t u r e  of the  t w o - l a y e r  sulf ide scale  
on n i cke l  is ana logous  to t he  s t r u c t u r e  of t he  sulf ide 
scale  f o r m e d  on coppe r  and  s i lver .  T h e r e f o r e  i t  can  
be  supposed  t ha t  t he  m e c h a n i s m  of bo th  s u l f u r i z a -  
t ion  processes  is also ana logous ,  and  the  p rocess  d e -  
ve lops  e x c l u s i v e l y  o w i n g  to t he  o u t w a r d  d i f fus ion 
of n ickel .  In  o r d e r  to v e r i f y  th is  a s s u m p t i o n  Br f i ck -  
man ,  Mrowec ,  and  W e r b e r  c a r r i e d  out  a n e w  ser ies  
of m e a s u r e m e n t s  (19) u s ing  the  i so top ic  m e t h o d  
desc r ibed  in p r e v i o u s  p a p e r s  (13, 15).  These  i n -  
ves t iga t ions  w e r e  ca r r i ed  out  a t  600~ in an  a p -  
p a r a t u s  shown  in Fig.  1. N icke l  p l a t e s  of  t he  s ame  
d imens ions  as those  in t he  k ine t i c  i nves t i ga t i ons  
w e r e  p r e l i m i n a r i l y  su l fu r i zed  in a m e d i u m  no t  
con t a in ing  the  r a d i o a c t i v e  su l fu r  i so tope  un t i l  a 
scale  l a y e r  was  f o r m e d  t h i c k  enough  to abso rb  f u l l y  
the  r a d i a t i o n  e m i t t e d  b y  the  i so tope  =S. The  r a d i o -  
ac t ive  su l fu r  i so tope  in the  f o r m  of a pe l l e t  was  
t hen  i n t r o d u c e d  into  t he  r e a c t i o n  c h a m b e r  and  the  
su l fu r i za t i on  was  cont inued .  A f t e r  v a r i o u s  pe r i ods  
of t i m e  the  process  was  s t opped  b y  r e m o v i n g  the  
spec imens  f rom the  su l fu r i z ing  m e d i u m  and  b y  
cool ing t h e m  in air .  The  scale  l a y e r  was  s e p a r a t e d  
f r o m  the  m e t a l  a n d  the  a c t i v i t y  of bo th  sca le  su r -  
faces  was  m e a s u r e d  w i t h  t he  a id  of a G.M. counte r .  

The  i n n e r  su r face  of t he  scale  ( w h i c h  had  been  in 
con tac t  w i t h  t h e  m e t a l  d u r i n g  the  su l fu r i za t i on )  
was  f o u n d  to be  p r a c t i c a l l y  i nac t i ve  i n d e p e n d e n t  of 
t he  t ime  of t he  su l fu r i z a t i on  c a r r i e d  out  in the  
r a d i o a c t i v e  m e d i u m .  The  re su l t s  o b t a i n e d  for  d i f -  
f e r en t  r e a c t i o n  t imes  a r e  g iven  in T a b l e  II .  I t  can 
be  seen  t ha t  the  r a d i o a c t i v i t y  at  t he  i n n e r  su r face  
does  not  exceed  2% of t he  a c t i v i t y  m e a s u r e d  at  t he  
ou te r  su r face  of t he  scale.  The  a c t i v i t y  at  the  i n n e r  
su r face  of the  scale  has  been  shown  not  to i nc rease  
w i th  i nc rea s ing  t i m e  of su l fu r i z a t i on  in  th~ ac t ive  



276 JOURNAL OF THE ELECTROCHEMICAL SOCIETY April 1962 

Table II. Radioactivity at the surfaces 

A~ 
t t ,  t~, A1,  A2,  - -  100 

No. ra in  ra in  t2 / t l  i m p .  r a in  -1 imp.  ra in  -1 A1 

1 15 15 1 3080 20 0.6 
2 15 45 3 4500 90 2.0 
3 15 75 5 3270 31 0.9 
4 15 105 7 4620 60 1.3 
5 15 135 9 6220 82 1.3 

h,  t i m e  of s u l f u r i z a t i o n  in  t he  n o n a c t i v e  m e d i u m ;  t2, t i m e  of su l -  
f u r i z a t i o n  i n  t he  m e d i u m  c o n t a i n i n g  t h e  r a d i o a c t i v e  s u l f u r  i so tope ;  
A~, a c t i v i t y  of the  o u t e r  scale  s u r f a c e  (wh ich  was  in  con tac t  w i t h  
t h e  o x i d i z i n g  a g e n t ) ;  a n d  A2, a c t i v i t y  of t h e  i n n e r  sca le  s u r f a c e  
(wh ich  was  in  con tac t  w i t h  t he  m e t a l ) .  

m e d i u m  con ta in ing  the  ~S- i so tope .  If  t he  i n w a r d  d i f -  
fus ion  of su l fu r  w e r e  to p a r t i c i p a t e  in the  g r o w t h  of 
the  scale,  an  a p p r e c i a b l e  r a d i o a c t i v i t y  cou ld  be  
e x p e c t e d  to a p p e a r  a t  the  i n n e r  scale  su r face  a f t e r  
r e l a t i v e l y  shor t  pe r i ods  of su l fu r i za t i on  c a r r i e d  out  
in the  r a d i o a c t i v e  m e d i u m .  The  r e su l t s  de sc r ibed  
above  can t hen  be  cons ide red  to p r o v e  t ha t  t he  
i n w a r d  d i f fus ion of su l fu r  does not  p r a c t i c a l l y  p a r -  
t i c ipa t e  in t h e  f o r m a t i o n  of the  sulf ide scale  on 
n ickel .  The  ins ign i f ican t  a c t i v i t y  r e v e a l e d  a t  t he  
i n n e r  su r f ace  of t he  scale  can be  e x p l a i n e d  p r o b a b l y  
by  the  i n e v i t a b l e  c o n t a m i n a t i o n  of th is  su r face  w i t h  
t r aces  of t he  sulf ide f o r m e d  p r i m a r i l y  on t h e  ou te r  
su r face  of the  scale.  The  i n n e r  su r f ace  becomes  con-  
t a m i n a t e d  d u r i n g  the  ope ra t i ons  of cu t t i ng  the  
f r a g i l e  scale  l a y e r  and  s e p a r a t i n g  i t  f r om the  meta l .  

Discussion 
The  su l fu r i z a t i on  of n i c k e l  in t he  t e m p e r a t u r e  

r a n g e  480o-640 ~ u n d e r  a t m o s p h e r i c  p r e s s u r e  has  
been  shown  to fo l low the  p a r a b o l i c  law.  W i t h  the  
a id  of t he  r a d i o a c t i v e  su l fu r  i so tope  i t  cou ld  be  
found  t h a t  su l fu r i za t i on  occurs  in these  cond i t ions  
e x c l u s i v e l y  owing  to t h e  o u t w a r d  dif fus ion of the  
meta l .  This  conc lus ion  conce rn ing  the  m e c h a n i s m  of 
n i cke l  su l fu r i za t i on  has  been  f u l l y  conf i rmed  b y  the  
r ecen t  i nves t iga t ions  c a r r i e d  out  b y  M r o w e c  and  
R i c k e r t  (28) w i t h  a id  of the  w e l l - k n o w n  W a g n e r  
pe l l e t  me thod .  On the  bas is  of o b t a i n e d  re su l t s  i t  
can  be  s t a t ed  t ha t  the  o u t w a r d  d i f fus ion of t he  m e t a l  
be ing  t h e  s lowes t  p a r t i a l  p rocess  d e t e r m i n e s  the  
r a t e  of su l fu r i za t i on  of n i c k e l  T a k i n g  into  account  
the  d e v i a t i o n  f r o m  the  s to i ch iome t r i c  compos i t ion  
in  the  case of NiS ( m e t a l  def ici t )  (10, 20) i t  can 
be a s s u m e d  t h a t  t he  me ta l ,  in c o n f o r m i t y  w i t h  the  
t h e o r y  g iven  b y  W a g n e r  (21) ,  diffuses in t he  fo rm 
of ions and  e l ec t rons  t h r o u g h  the  ca t ion  vacanc ie s  
and  e l ec t ron  holes  in t he  c r y s t a l  l a t t i c e  of NiS.  

F r o m  the  cons ide ra t i ons  g iven  above  i t  fo l lows  
t ha t  the  sulf ide scale  f o r m e d  on n i cke l  ough t  to be  
compac t  and  composed  of a s ingle  l a y e r  only .  I t  has  
been  found,  h o w e v e r ,  t h a t  the  scale  is bu i l t  up  of 
two  l a y e r s  of the  same  r e a c t i o n  p roduc t .  The  f o r m a -  
t ion  of t he  po rous  i n n e r  l a y e r  can  be  e x p l a i n e d  on 
the  bas is  of the  fo l lowing  a s s u m p t i o n s  conce rn ing  
the  m e c h a n i s m  of the  r eac t ion :  d u r i n g  the  in i t i a l  
s tage  of the  r eac t i on  a th in ,  compac t ,  and  a d h e r e n t  
scale  l a y e r  is fo rmed .  S ince  the  scale  is f o r m e d  
owing  to t he  o u t w a r d  d i f fus ion of t he  me ta l ,  i.e., at  
t he  phase  b o u n d a r y  s c a l e / s u l f u r ,  t he  con tac t  b e -  
t w e e n  the  g r o w i n g  l a y e r  of the  r eac t i on  p r o d u c t  
and  su l fu r i z ed  m e t a l  cou ld  be  eas i ly  cut  off if t h e  

p las t i c  flow of t he  scale  t o w a r d  the  su r f ace  of t he  
m e t a l  w o u l d  not  t a k e  place .  The  e x t e n t  of th is  
p l a s t i c  flow is l i m i t e d  b y  the  d imens ions  a n d  the  
size of the  spec imen .  F o r  g e o m e t r i c a l  r easons  t he  
d e f o r m a t i o n s  of t he  scale  a r e  no t  o b s e r v e d  at  edges  
and  c u r v e d  p a r t s  of the  s a m p l e  (2, 15, 22, 23).  A t  
some c r i t i ca l  scale  t h i ckness  w h i c h  d e p e n d s  on the  
t e m p e r a t u r e  of the  reac t ion ,  on the  p l a s t i c i t y  of  
the  scale,  and  on the  g e o m e t r y  of t he  su l fu r i zed  
m e t a l  spec imen  the  dec rease  in the  v o l u m e  of the  
m e t a l  canno t  be f u r t h e r  c o m p e n s a t e d  b y  the  p las t i c  
flow of the  scale;  t h e  con tac t  b e t w e e n  the  scale  
l a y e r  and  t h e  m e t a l  becomes  p a r t i a l l y  b r o k e n  and  
l o n g i t u d i n a l  c racks  a re  fo rmed .  The  f o r m a t i o n  of 
the  c racks  beg ins  at  t he  edges  of the  spec imen  
w h e r e  the  p la s t i c  flow of t he  scale  is l im i t e d  in i ts 
e x t e n t  b y  g e o m e t r i c a l  fac tors .  

B e f o r e  t he  c r a c k  has  been  f o r m e d  the  g r a d i e n t  
of the  c h e m i c a l  p o t e n t i a l  r e s p o n s i b l e  for  the  ou t -  
w a r d  dif fus ion of  the  s u b s t r a t e  is d i s t r i b u t e d  in 
the  scale  in the  fo l lowing  m a n n e r .  

The  c h e m i c a l  p o t e n t i a l  of t h e  m e t a l  a t t a i n s  i ts 
h ighes t  v a l u e  at  t he  p h a s e  b o u n d a r y  s c a l e / m e t a l .  
This  v a l u e  is a p p r o x i m a t e l y  equa l  to t h e  v a l u e  
c a l c u l a t e d  for  v i r t u a l  t h e r m o d y n a m i c  e q u i l i b r i u m  
b e t w e e n  the  m e t a l  and  the  scale.  

Cond i t ions  at  t h e  phase  b o u n d a r y  s c a l e / s u l f u r  do 
no t  d e v i a t e  v e r y  m u c h  f r o m  the  cond i t ions  of t he  
t h e r m o d y n a m i c  e q u i l i b r i u m  b e t w e e n  NiS and  su l -  
fur ;  in the  v i c i n i t y  of th is  phase  b o u n d a r y  the  
c h e m i c a l  p o t e n t i a l  of t he  m e t a l  a t t a i n s  i ts m i n i m a l  
va lue .  

W h e n  the  con tac t  b e t w e e n  the  m e t a l  and  the  
scale  ge ts  p a r t i a l l y  b r o k e n  the  c h e m i c a l  p o t e n t i a l  of 
the  m e t a l  in the  sca le  t ends  to a t t a i n  a t  t he  phase  
b o u n d a r y  s c a l e / c r a c k  a v a l u e  c o r r e s p o n d i n g  to  t he  
e q u i l i b r i u m  s t a t e  b e t w e e n  su l fu r  and  n i cke l  sulfide. 
C o r r e s p o n d i n g l y ,  the  su l fu r  v a p o r  p r e s s u r e  in  t he  
vo id  space  m u s t  increase .  A t  t he  m e t a l  su r face  the  
process  of s e c o n d a r y  NiS f o r m a t i o n  beg ins ;  t he  
p r e s s u r e  of d i s soc ia t ion  of t he  n i cke l  sulf ide r e m a i n -  
ing in con tac t  w i t h  t he  m e t a l  is l o w e r  t h a n  the  
d i s soc ia t ion  p r e s s u r e  of t he  d e t a c h e d  scale  cons i s t ing  
of the  s a m e  phase .  The  s e c o n d a r y  p rocess  of the  
sulf ide l a y e r  f o r m a t i o n  at  t h e  m e t a l  su r f ace  r e su l t s  
in de c r e a s ing  the  v a p o r  p r e s s u r e  w i t h i n  t he  c r ack  
and  in sh i f t ing  t h e  e q u i l i b r i u m  of the  s y s t e m  sca l e /  
c r ack :  t h e  scale  d i ssoc ia tes  in o r d e r  to r e p l a c e  t he  
su l fu r  defici t  in t h e  crack .  N icke l  ions  and  e l ec t rons  
f o r m e d  in th is  p rocess  m i g r a t e  t h r o u g h  the  NiS 
l a t t i ce  vacanc ie s  t o w a r d  the  su r f ace  of t he  scale  and  
r e c o m b i n e  t h e r e  w i t h  su l fur .  The  ex i s t i ng  g r a d i e n t  
of the  su l fu r  v a p o r  p r e s s u r e  enab le s  t he  m i g r a t i o n  
of the  su l fu r  mo lecu le s  t o w a r d  the  su r f ace  of the  
m e t a l  or  NiS g ra in s  a d j a c e n t  to the  m e t a l  and  p a r -  
t i c ipa t e  t h e r e  in t he  f o r m a t i o n  of t he  po rous  i nne r  
l a y e r  of t he  scale.  Owing  to th i s  p rocess  t he  con tac t  
b e t w e e n  the  sca le  and  the  m e t a l  is p a r t i a l l y  m a i n -  
t a ined .  In  a c c o rda nc e  w i t h  t h e  m e c h a n i s m  d e s c r i b e d  
above ,  f o r m a t i o n  of t he  t w o - l a y e r  scale  does  no t  
i nvo lve  the  d i f fus ion  of  bo th  r e a c t a n t s  t h r o u g h  the  
l a y e r  of t he  r e a c t i o n  p r o d u c t  in two  oppos i t e  d i r e c -  
t ions,  b u t  is cond i t i oned  b y  s e c o n d a r y  p rocesses  
w h i c h  d e p e n d  on the  cond i t ions  of the  e x p e r i m e n t -  
l im i t e d  size of su l fu r i z e d  spec imens .  
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Such  a m e c h a n i s m  of t he  t w o - l a y e r  scale  f o r m a -  
t ion  was  first  p r o p o s e d  b y  D r a v n i e k s  and  M c D o n a l d  
(24) .  I t  was  p r o v e d  e x p e r i m e n t a l l y  in a r e c e n t  in -  
ve s t i ga t i on  of M r o w e c  and  W e r b e r  who  h a d  used  
the  r a d i o a c t i v e  su l fu r  i so tope  in i nves t i ga t i ons  of 
the  m e c h a n i s m  of t w o - l a y e r  scale  f o r m a t i o n  on 
coppe r  (13, 15, 17) and  s i lve r  (15, 25) .  

R icker t ,  who  i n v e s t i g a t e d  the  m e c h a n i s m  of t he  
su l fu r i za t i on  of copper  and  s i lve r  us ing  a modi f ied  
W a g n e r - T u b a n d t  pe l l e t  me thod ,  c ame  to ana logous  
r e su l t s  (16) .  A n  ana logous  m e c h a n i s m  of t he  two'-  
l a y e r  scale  f o r m a t i o n  on F e  has  also been  p r o p o s e d  
b y  B i r c h e n a l l  (26) .  

The  r a t e  of su l fu r i z a t i on  is c o n s i d e r a b l y  in -  
f luenced b y  the  f o r m a t i o n  of the  porous  i n n e r  l aye r .  
In  v i ew  of t he  fac t  t h a t  n i cke l  can  be  t r a n s p o r t e d  
on ly  t h r o u g h  the  v o l u m e  of t he  sulfide,  t he  cross 
sec t ion  a v a i l a b l e  for  d i f fus ion  in the  porous  i nne r  
l a y e r  is s m a l l e r  t h a n  in the  case  of t he  c ompa c t  
ou t e r  l aye r .  The  fac t  t h a t  t he  process  of su l fu r i za t i on  
of n i cke l  can  be  d e s c r i b e d  in the  in i t i a l  s tage  of 
r eac t i on  w i t h  t he  p a r a b o l i c  l a w  ind ica tes  tha t ,  in 
th is  case, t he  p o r o s i t y  of the  i n n e r  l a y e r  is s m a l l  
and  r e m a i n s  p r a c t i c a l l y  cons t an t  in t he  course  of 
t h e  reac t ion .  This  m e a n s  t h a t  the  s e c o n d a r y  p r o -  
cesses m e n t i o n e d  a b o v e  and  r e s u l t i n g  in f i l l ing 
the  l o n g i t u d i n a l  c racks  b e t w e e n  the  m e t a l  and  the  
compac t  scale  l a y e r  occur  suff ic ient ly  fas t  to c o m -  
pensa t e  to a c o n s i d e r a b l e  d e g r e e  t he  loss of t he  
meta l .  T h e  abso lu t e  va lue s  of t h e  p a r a b o l i c  r a t e  
cons tan t s  g iven  in Tab le  I m u s t  be cons idered ,  
t he re fo re ,  r e g a r d i n g  the  f o r m a t i o n  of t he  po rous  
i nne r  l aye r ,  to be  on ly  a p p r o x i m a t e  va lue s  and  to 
c h a r a c t e r i z e  the  f o r m a t i o n  of NiS in g iven  cond i -  
t ions  on ly  in a r o u g h  m a n n e r .  These  va lue s  canno t  
t h e r e f o r e  be  used  for  the  e v a l u a t i o n  of t he  se l f -  
d i f fus ion coefficients w i t h  the  a id  of the  w e l l - k n o w n  
W a g n e r  r e l a t i o n  (27) .  Much  m o r e  r e l i a b l e  r e su l t s  
m a y  be  o b t a i n e d  w i t h  t he  he lp  of t he  pe l l e t  m e t h o d  
(15) e n a b l i n g  the  e l i m i n a t i o n  of a l l  s e c o n d a r y  p r o -  
cesses r e s u l t i n g  in t he  f o r m a t i o n  of t he  i n n e r  po rous  
l a y e r  of t he  scale  (16, 28).  

The  i nves t i ga t i ons  c a r r i e d  out  b y  D r a v n i e k s  (1) 
have  d e m o n s t r a t e d  t h a t  the  su l fu r i za t i on  of n i cke l  
in m o l t e n  su l fu r  can  be  de sc r ibed  also w i t h  t he  
p a r a b o l i c  law.  The  e n e r g y  of ac t i va t i on  c a l c u l a t e d  
for  th is  p rocess  f rom d a t a  o b t a i n e d  in the  t e m p e r a -  
t u r e  r a n g e  324~ ~ ( w h e n  the  h i g h - t e m p e r a t u r e  
modi f i ca t ion  of NiS  is f o r m e d )  a m o u n t s  to 20 kcal .  
Cons ide r ing  the  a n a l o g y  b e t w e e n  processes  of su l -  
f u r i z a t i on  in m o l t e n  su l fu r  and  in su l fu r  v a p o r  and  
t a k i n g  into  accoun t  t he  e q u a l i t y  of ene rg ie s  of a c t i -  
va t i on  i t  can  be  a s s u m e d  tha t  t h e  m e c h a n i s m  of 
th is  r e a c t i o n  does no t  d e p e n d  on the  s ta te  of a g g r e -  
ga t ion  of t he  ox id iz ing  m e d i u m .  

On the  o t h e r  hand ,  i nves t i ga t i ons  c a r r i e d  out  b y  
Hauffe  and  R a h m e l  (3)  and  b y  Pfe i f fe r  (4)  p r o v e d  
t h a t  t he  su l fu r i z a t i on  of n i cke l  in su l fu r  v a p o r  at  
low p r e s s u r e s  ( < 1  m m  Hg)  and  a t  600~176 can  
be  d e s c r i b e d  w i t h  t he  l i n e a r  r a t e  law.  This  shows  
t ha t  i t  is not  the  o u t w a r d  d i f fus ion of the  m e t a l  bu t  
the  c h e m i c a l  r e a c t i o n  occu r r i ng  a t  the  phase  b o u n d -  
a r y  s c a l e / m e t a l  or  s c a l e / s u l f u r  w h i c h  m u s t  be  con-  
s i de r ed  as a r a t e - d e t e r m i n i n g  s tep.  A c c o r d i n g  to 
Pfe i f fe r  t he  t r a n s i t i o n  of n i c k e l  in f o r m  of ions and  

e l ec t rons  t h r o u g h  the  phase  b o u n d a r y  s c a l e / m e t a l  is 
the  s lowes t  p a r t i a l  p rocess  w h i c h  d e t e r m i n e s  the  
r a t e  of su l fu r i za t ion .  

The  i nves t i ga t i ons  c a r r i e d  out  b y  the  p r e s e n t  a u -  
thor s  have  d e m o n s t r a t e d ,  h o w e v e r ,  t h a t  t h e  su l -  
f u r i za t i on  of  n i cke l  c a r r i e d  out  a t  t he  s ame  t e m -  
p e r a t u r e  b u t  u n d e r  a h i g h e r  su l fu r  v a p o r  p r e s s u r e  
can be d e s c r i b e d  w i t h  the  p a r a b o l i c  r a t e  l aw.  These  
r e su l t s  i nd ica t e  t h a t  the  m e c h a n i s m  of t he  s u l f u r i z a -  
t ion  is in f luenced  by  the  p r e s s u r e  of su l fu r  vapor .  

I f  the  r a t e  of su l fu r i z a t i on  w e r e  con t ro l l ed ,  as 
p o s t u l a t e d  b y  Pfei f fer ,  b y  the  t r a n s i t i o n  of n i cke l  
a toms  f rom the  m e t a l  in to t he  scale,  th is  r a t e  shou ld  
no t  be d e p e n d e n t  on the  p r e s s u r e  of su l fu r  vapor .  
Such  d e p e n d e n c e  is, h o w e v e r ,  s t r o n g l y  sugges t ed  
f rom the  c o m p a r i s o n  of Hauffe ' s  and  Pfe i f fe r ' s  l o w -  
p r e s s u r e  e x p e r i m e n t s  w i th  our  h i g h - p r e s s u r e  e x -  
p e r i m e n t s .  A c c o r d i n g  to ou r  op in ion  i t  is r a t h e r  the  
c h e m i c a l  r eac t i on  at  the  p h a s e  b o u n d a r y  s c a l e / s u l -  
fu r  t ha t  is the  r a t e - c o n t r o l l i n g  process .  E v i d e n t l y  
i t  m u s t  be  p r e c e d e d  b y  c h e m i s o r p t i o n  of su l fu r  a t  
the  ou te r  su r face  at  t h e  scale.  A t  low p r e s s u r e s  of 
su l fu r  and  c o r r e s p o n d i n g l y  low su r face  c o n c e n t r a -  
t ion  of S - a t o m s  or  mo lecu le s  c h e m i c a l  r e a c t i o n  m a y  
be  s low even  in c o m p a r i s o n  w i t h  t he  s o l i d - s t a t e  
diffusion;  a t  h i g h e r  p r e s s u r e s  of su l fu r  v a p o r  a n d  
h i g h e r  su r face  concen t r a t i ons  of a d s o r b e d  su l fu r  
t he  chemica l  r e a c t i o n  m a y  become  f a s t e r  t h a n  the  
d i f fus ion o~ nickel .  

Summary 
The  su l fu r i z a t i on  of n i cke l  in su l fu r  v a p o r  u n d e r  

n o r m a l  p r e s s u r e  a t  t e m p e r a t u r e s  b e t w e e n  480 ~ 
640~ has  been  found  to fo l low the  p a r a b o l i c  l aw.  
In  t he  sulf ide  scale  l a y e r  f o r m e d  in these  cond i t ions  
and  b u i l t  up  of NiS ( w i t h  s to i ch iome t r i c  def ic iency 
of t he  m e t a l )  two  d i f fe ren t  s u b l a y e r s  can  b e  c l e a r l y  
d i s t i n g u i s h e d :  the  o u t e r  c o m p a c t  s u b l a y e r  and  the  
i n n e r  po rous  one. 

W i t h  the  a id  of t he  r a d i o a c t i v e  t r a c e r  m e t h o d  it  has  
been  d e m o n s t r a t e d  t ha t  su l fu r i z a t i on  can  p roceed  
e x c l u s i v e l y  o w i n g  to the  o u t w a r d  d i f fus ion of n ickel .  
The  porous  s u b l a y e r ,  t he re fo re ,  can be  f o r m e d  e x -  
c lu s ive ly  as the  r e su l t  of s e c o n d a r y  processes  oc-  
c u r r i n g  w i t h i n  the  l a y e r  of the  r e a c t i o n  p r o d u c t  
and  cons i s t ing  of the  f o r m a t i o n  of a " c r a c k "  b e -  
t w e e n  the  scale  and  the  m e t a l  in the  course  of t he  
reac t ion .  This  c r a c k  becomes  f i l led w i t h  f i n e - c r y s -  
t a l l i n e  n i c k e l  sulf ide f o r m e d  as a r e su l t  of i n t e r -  
ac t ion  b e t w e e n  the  m e t a l  and  the  su l fu r  s u p p l i e d  to 
the  m e t a l  su r f ace  b y  the  d i s soc ia t ion  of t he  c ompac t  
scale  l aye r .  R e l a t i v e  t h i cknesses  of these  two  sub -  
l a y e r s  d e p e n d  on the  t e m p e r a t u r e  of su l fu r i za t ion ,  
on the  d u r a t i o n  of th is  process ,  and  on the  g e o m e t r y  
of spec imens  u n d e r  inves t iga t ion .  

In  v i e w  of f o r m a t i o n  of t h e  porous  sub l aye r ,  t he  
r a t e  cons tan ts ,  w h i c h  can  be  d e t e r m i n e d  e x p e r i -  
m e n t a l l y ,  m u s t  be  cons ide red  to c h a r a c t e r i z e  the  r e -  
ac t ion  r a t e  in t he  N i - S  s y s t e m  in g iven  cond i t ions  
on ly  in an a p p r o x i m a t e  m a n n e r .  
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Oxidation of Iron-Nickel Alloys 
V. Influence of H 0 in Oxidizing Gas 
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ABSTRACT 

The oxidat ion  of th ree  i ron-n icke l  al loys nomina l ly  30%, 41%, and 78% Ni 
was inves t iga ted  over  the t empe ra tu r e  range  of 600~176 in contro l led  
O~/N~ a tmospheres  wi th  par t ia l  pressures  of H20 of 0.32 mm, 5.81 mm, and 26.3 
ram. The gross effect of H~O in the  oxidizing a tmosphere  is to increase  the  
oxida t ion  ra te  (up to 13-fold for the 30% al loy at  1000~ In addit ion,  at 
h igher  t empera tu res  and h igher  phi@, the r a t e - d e t e r m i n i n g  diffusion process 
changes f rom the first half  to the  second half  of the 60-min reaction.  The ob-  
served ra tes  for the  30% and 41% al loy dur ing  the second phase  are  higher,  
whi le  the  second-phase  ra te  for  the 78% al loy is lower.  The Ar rhen ius  plots for  
these al loys are  not  l inear  over  the 600~176 range.  Below 800~ a low ap-  
pa ren t  ac t ivat ion energy,  30-40 kcal,  is calculated,  whi le  above 800 ~ a va lue  in 
the 60 kca l  range  is obtained.  

The resul ts  are  in te rp re ted  in terms of changes in the physical  condit ion of 
the oxide film as caused by  H~O which enhances surface migra t ion  of ions and 
promotes  sol id-s ta te  reactions.  

S e v e r a l  p r e v i o u s  r e p o r t s  f r o m  th is  l a b o r a t o r y  
have  d e a l t  w i t h  t he  o x i d a t i o n  of i r o n - n i c k e l  a l loys  
(1 -4 ) .  A l l o y s  of t he se  two  e l e m e n t s  h a v e  f o u n d  
m a n y  e n g i n e e r i n g  app l i c a t i ons  because  of t h e i r  
m a g n e t i c  p r o p e r t i e s ,  t h e i r  a b i l i t y  to p a r t i c i p a t e  in 
g l a s s - t o - m e t a l  seals ,  and  t h e i r  t h e r m a l  e x p a n s i o n  
cha rac te r i s t i c s .  The re fo re ,  i t  is i m p o r t a n t  to k n o w  
qu i t e  c o m p l e t e l y  t he  b e h a v i o r  of t he se  a l loys  in 
va r i ous  e n v i r o n m e n t s  such  as ox id i z ing  a t m o s -  
phe re s  at  h igh  t e m p e r a t u r e .  

The  p r e s e n t  i nves t i ga t i on  is conce rned  w i t h  t he  
o x i d a t i o n  of a l loys ,  n o m i n a l l y  30, 41, and  78% Ni, 
in the  r a n g e  600~176 In  an  e a r l i e r  r e p o r t  (3)  
the  k ine t i c s  of o x i d a t i o n  in two  a t m o s p h e r e s ,  l a b -  
o r a t o r y  a i r  and  a 21.7% 05-78.3% N2 m i x t u r e ,  w a s  
es tab l i shed .  A n  in spec t ion  of t he  r a t e s  in t he  two  

1 P r e s e n t  a d d r e s s :  M e l p a r ,  Inc . ,  Fa l l s  C h u r c h ,  V i r g i n i a .  

a t m o s p h e r e s  does  no t  a l l o w  a n y  good g e n e r a l i z a t i o n  
to b e  m a d e  r e l a t i v e  to t h e  ox id i z ing  p o t e n t i a l  of 
these  two  a t m o s p h e r e s .  The  o b s e r v e d  r e a c t i o n  r a t e  
in t he  l a b o r a t o r y  a i r  was  g r e a t e r ,  less,  or  equa l  to 
t h a t  in  the  c on t ro l l e d  a t m o s p h e r e  d e p e n d i n g  on the  
a l l o y  a n d  the  r e a c t i o n  t e m p e r a t u r e .  C e r t a i n  conc lu -  
s ions cou ld  be  d r a w n  f rom t h e  r a t e  d a t a  h o w e v e r ,  
The  first  h a d  to do  w i t h  t he  p rec i s ion  of t he  m e a s -  
u r e m e n t s .  W h i l e  two  r u n s  m a d e  d u r i n g  the  same  
d a y  in l a b o r a t o r y  a i r  w e r e  q u i t e  p r e c i s e  ( w i t h i n  
3% of an  a v e r a g e  v a l u e )  r uns  m a d e  s e v e r a l  w e e k s  
or  m o n t h s  a p a r t  m i g h t  v a r y  b y  60%. The  second  
conc lus ion  w a s  tha t ,  w h i l e  t h e  r e a c t i o n  r a t e  for  
o x i d a t i o n  in t h e  c on t ro l l e d  a t m o s p h e r e  fo l lowed  
t h e  p a r a b o l i c  l aw  qu i t e  wel l ,  in l a b o r a t o r y  a i r  t h e r e  
w e r e  r ea l  dev ia t ions .  Moreove r ,  t he  d e v i a t i o n  was  
no t  a l w a y s  in t he  s ame  d i rec t ion .  
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W h i l e  no t  t he  on ly  " c o n t a m i n a n t "  in  the  a t m o s -  
p h e r e  i t  is h i g h l y  p r o b a b l e  t h a t  w a t e r  v a p o r  is t he  
s igni f icant  one. The  k ' l a b o r a t o r y  a i r  is f ree  of e x -  
h a u s t  fumes ,  su l fu r  o x i d e  gases,  and  such c o m p o u n d s  
t h a t  h a v e  been  d e m o n s t r a t e d  to h a v e  an  a c c e l e r a t -  
ing  effect on the  cor ros ion  of me ta l s .  Thus,  to e x -  
p l a i n  t hese  r e su l t s  i t  was  n e c e s s a r y  to  l e a r n  t he  
ro le  of H oO on the  m e c h a n i s m  and  k ine t i c s  of ox i -  
da t ion .  

The  role  of H,_,O in h i g h - t e m p e r a t u r e  o x i d a t i o n  is 
an  e x t r e m e l y  i m p o r t a n t  i t e m  desp i t e  t h e  fac t  t h a t  
i t  has  been  o f t en  ove r looked .  The  d e v e l o p m e n t  of 
g e n e r a l  p r i nc ip l e s  w h i c h  w o u l d  def ine  i ts  p a r t  in 
t he  o x i d a t i o n  process  w o u l d  be  a s igni f icant  c on t r i -  
bu t i on  to o x i d a t i o n  theo ry .  F u r t h e r ,  k n o w i n g  t h e  
role  of H.,O in the  o x i d a t i o n  p rocess  w o u l d  h e l p  to 
i n t e r p r e t  m u c h  of t he  " p r a c t i c a l "  o x i d a t i o n  d a t a  in 
the  l i t e r a t u r e  in compa r i son  w i t h  w e l l - c o n t r o l l e d  
e x p e r i m e n t s .  A final  c o n t r i b u t i o n  to bas ic  o x i d a t i o n  
t h e o r y  is t h e  o v e r - a l l  ob j ec t i ve  of th is  ser ies  of 
pape r s ,  the  c o m p l e t e  d e s c r i p t i o n  of t he  k ine t i c s  
and  m e c h a n i s m  of o x i d a t i o n  of i r o n - n i c k e l  a l loys .  

w h e r e  a m  is ga in  in w e i g h t  in g / c m  2 of a s a m p l e  
ox id i zed  for  t seconds;  k ,  is t he  p a r a b o l i c  r a t e  con-  
s t an t  (g* cm-* sec- ' ) ;  b is a cons t an t  (g~cm~). The  
d a t a  for  ce r t a in  e x p e r i m e n t s  w e r e  r e p r e s e n t e d  ove r  
t h e  e n t i r e  r u n  b y  a l i nea r  plot ,  Eq. [1] .  In  o the r  
cases, n o t a b l y  those  at  h i g h e r  t e m p e r a t u r e s  and  
h i g h e r  H~O v a p o r  p r e s s u r e ,  t he  p lo t  was  no t  l i n e a r  
ove r  the  w h o l e  60 ra in  d u r a t i o n .  These  d a t a  cou ld  
be  r e p r e s e n t e d  in  e i t he r  of two  ways .  The  first  
w o u l d  be  b y  us ing  two  p a r a b o l i c  equa t ions ,  one for  
the  e a r l y  p a r t  of the  r u n  a n d  a second  for  t he  l a t e r  
p a r t  of the  run .  A l t e r n a t i v e l y  the  d a t a  cou ld  be  
r e p r e s e n t e d  ove r  t he  en t i r e  t i m e  i n t e r v a l  by  us ing  
an  equa t ion  w h e r e i n  the  ( a m )  exponen t '  fe l l  s o m e -  
w h e r e  b e t w e e n  1.5 and  2.5. On t h e o r e t i c a l  g rounds  
the  use  of two  p a r a b o l i c  equa t ions  for  s e p a r a t e  
t ime  i n t e r v a l s  seems  m o r e  just i f ied.  

The  t e m p e r a t u r e  d e p e n d e n c e  for  r eac t i ons  of 
th is  t y p e  is u s u a l l y  d e s c r i b e d  b y  an A r r h e n i u s  t y p e  
equa t ion :  

k~ = Ae  [2]  
RT 

Experimental 
Al loys . - -The  compos i t ion  of t h e  a l loys ,  t he  hea t  

t r e a t m e n t  p r i o r  to ox ida t ion ,  a n d  the  t e c h n i q u e  of 
su r face  p r e p a r a t i o n  h a v e  a l r e a d y  been  d e s c r i b e d  
(2, 3) .  I t  has  been  p o i n t e d  ou t  t h a t  t he  p r e f e r r e d  
m e t h o d  of su r face  p r e p a r a t i o n  invo lves  c h e m i c a l  
e t ch ing  because ,  fo l l owing  p r o p e r  e tch ing ,  e l e c t r o n  
d i f f rac t ion  p a t t e r n s  of t h e  a l loy  i t se l f  w e r e  ob -  
t a i n e d  w h e r e a s  a b r a s i o n  and  po l i sh ing  t echn iques  
s o m e t i m e s  gave  p a t t e r n s  diff icult  to i n t e rp r e t .  

Oxidation s tudies . - -The C h e v e n a r d  t h e r m o b a l -  
ance  e m p l o y e d  in th is  w o r k  is c a p a b l e  of o p e r a t i o n  
up  to 1050~ The  i n s t r u m e n t  f u r n a c e  has  a q u a r t z  
t u b e  l i ne r  w h i c h  a l lows  the  i n t r o d u c t i o n  of spec ia l  
a t m o s p h e r e s  into t he  o x i d a t i o n  zone. The  ox id iz ing  
a t m o s p h e r e s  f lowing at  a r a t e  of 263 m l / m i n  con-  
s i s ted  of  a m i x t u r e  of 21.7% o x y g e n  and  78.3% 
n i t r o g e n  ( b y  v o l u m e )  w i t h  t h r e e  d i f fe ren t  H._,O 
conten ts .  These  a t m o s p h e r e s  w e r e :  (a )  t he  gas  
m i x t u r e  w i t h o u t  a n y  i n t e n t i o n a l  a d d i t i o n  of H oO 
w i t h  a d e w p o i n t  of - - 2 0 ~  [ v a p o r  p r e s s u r e  H_oO = 
0.32 m m  ( 5 ) ] ;  (b )  t h e  gas  m i x t u r e  to w h i c h  H~O 
was  a d d e d  b y  pas s ing  t h e  gas  s t r e a m  t h r o u g h  a 
f r i t t e d  glass  p l u g  and  w a t e r  he ld  at  a b o u t  0~ The  
m e a s u r e d  d e w p o i n t  of th is  gas  was  § 1 7 6  [ v a p o r  
p r e s s u r e  H~O ----- 5.81 m m  ( 5 ) ] ;  (c)  the  gas  m i x -  
t u r e  to w h i c h  H~O was  a d d e d  b y  pass ing  the  gas  
s t r e a m  t h r o u g h  a f r i t t e d  glass  p lug  and  w a t e r  he ld  
at  r o o m  t e m p e r a t u r e .  The  m e a s u r e d  d e w p o i n t  of 
th i s  gas  was  + 8 0 ~  [ v a p o r  p r e s s u r e  H._,O = 26.3 
m m  ( 5 ) ] .  

In  each  case t he  d e w p o i n t  of t h e  gas  was  m e a s -  
u r e d  w i t h  a G e n e r a l  E lec t r i c  D e w  P o i n t  p o t e n t i -  
o m e t e r  w i t h  a p r ec i s i on  of • 1 7 6  A t  l eas t  d u p l i c a t e  
e x p e r i m e n t s  w e r e  r u n  at  600 ~ 700 ~ 800 ~ 900 ~ 
and  1000~ in each  a t m o s p h e r e ,  each  r u n  be ing  of 
60 min  du ra t i on .  

Treatment  of data . - -The o x i d a t i o n  r a t e  for  these  
i r o n - n i c k e l  a l loys  m a y  be  r e p r e s e n t e d  b y  a p a r a -  
bol ic  r a t e  equa t ion .  

( ' a m ) ' =  b + k~t [1]  

in w h i c h  hE ~ is t e r m e d  the  a p p a r e n t  e n e r g y  of ac -  
t i v a t i o n  and  A the  f r e q u e n c y  factor .  The  e x a c t  
s igni f icance  of aE ~ has  no t  been  s a t i s f a c t o r i l y  es -  
t a b l i s h e d  insofa r  as h i g h - t e m p e r a t u r e  o x i d a t i o n  is 
c o n c e r n e d  and  can  on ly  be  cons ide red  a g u i d e  to 
t he  t y p e  of o x i d a t i o n  process .  Some  of the  diffi- 
cu l t i e s  in  the  i n t e r p r e t a t i o n  of ~E ~ h a v e  b e e n  d i s -  
cussed  (3) .  F u r t h e r ,  w h e r e  t he  r e a c t i o n  p r o d u c t  
f i lm is composed  of m o r e  t h a n  one species  i t  w o u l d  
be  suspec t ed  t h a t  a E  ~ w o u l d  no t  be  cons t an t  over  
an e x t e n d e d  t e m p e r a t u r e  r ange .  This  w a s  t he  s i t ua -  
t ion e n c o u n t e r e d  in th i s  s tudy .  

Electron diffraction examination of oxide l~lms.-- 
E l e c t r o n  d i f f rac t ion  a n a l y s e s  b y  the  ref lec t ion  t e c h -  
n i q u e  w e r e  m a d e  of t he  ox ide  f i lms w i t h  a G e n e r a l  
E lec t r i c  e l e c t r o n  d i f f r ac t ion  i n s t r u m e n t .  This  i n -  
s t r u m e n t  is e q u i p p e d  w i t h  a f u rna c e  a t t a c h m e n t  
e n a b l i n g  one  to  s t u d y  the  o x i d a t i o n  p r o d u c t s  a t  
t h e  t e m p e r a t u r e  of reac t ion .  The  d e t a i l e d  d e s c r i p -  
t ion  and  i n t e r p r e t a t i o n  of the  p a t t e r n s  o b t a i n e d  in 
t h e s e  spec ia l  a t m o s p h e r e s  h a v e  been  r e p o r t e d  (4) .  

Results 
The  p a r a b o l i c  r a t e  cons tan ts ,  k~ in Eq. [1] ,  for  

t he  30% Ni  a l l oy  a r e  l i s t ed  in  T a b l e  I. On ly  a v e r -  
age  v a l u e s  for  t he  s e v e r a l  r uns  a re  g iven,  t he  p r e -  
cis ion of t he se  d a t a  h a v i n g  been  d i scussed  (3) .  The  
va lue s  g iven  for  the  p~o = 0.32 m m  r u n  w e r e  
t a k e n  f r o m  th is  e a r l i e r  p a p e r .  These  d a t a  a r e  p l o t -  
t ed  in Fig.  1. A t  600 ~ t h e r e  is a m o d e r a t e  i nc rea se  
in r a t e  w h i l e  a t  700 ~ t h e  r a t e  c o n s t a n t  is insens i -  
t ive  to H_~O add i t i ons  to the  gas s t r e a m;  at  800 ~ the  
r a t e  doub le s  ove r  t he  p~_~o r a n g e  i n v e s t i g a t e d  he re ;  
a t  900 ~ and  10O0 ~ the  r a t e  i nc reases  b y  a f ac to r  of 
5 a n d  14, r e spe c t i ve ly ,  t h e  " i n i t i a l "  r a t e  be ing  c o m -  
p a r e d  in t he  l as t  two  cases.  The  inf luence  of w a t e r  
v a p o r  in t he  ox id i z ing  gas  has  a second effect a t  
900 ~ and  1000 ~ A t  these  t e m p e r a t u r e s  it  is neces -  
s a r y  to use  two  p a r a b o l i c  equa t ions  to r e p r e s e n t  
t he  e x p e r i m e n t a l  da ta .  The  first  e q u a t i o n  ho lds  for  
t he  in i t i a l  30 min ,  the  second  (sol id  c i rc les  on Fig .  
1) for  t he  30-60 m i n  p a r t  of  t h e  reac t ion .  This  in -  
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Table I. Parabolic rate constants for 30% Ni alloy 

k p  (g~ c m - ~  s e c  -1) 

t ~  P ~ o  = 0 .32  m m  P u ~ o  = 5 .8 1  m m  p ~ o  = 2 6 . 3  m m  

600 1.27 • 10 -~ 1.74 X 10 -~ 2.14 X 10 -~'~ 

700 1.46 X 10 -1~ 1.65 X 10 -11 1.50 X 10 -~1 

800 8.5 • 10 -1~ 1.24 X 10 -~~ 1.85 X 10 -~~ 

900 5.2 X 10 -~~ (a )  1.42 X 10 -9 2.73 X 10 -~ 
(0-30 m i n )  (0-30  r a i n )  

(b )  1.75 X 10 -9 4.28 X 10 -'  
(30-60 r a i n )  (30-60 m i n )  

1000 3.3 • 10 -~ (a )  1.10 • 10 -8 4.48 X 10 -~ 
(0-36 m i n )  (0-30  m i n )  

(b )  1.53 X 10 -~ 10.8 X 10 -~ 
(36-60 m i n )  (30-60 r a in )  

c r e a s e  in  r a t e  f o r  t h e  s e c o n d  p a r t  of  t h e  r e a c t i o n  
i t s e l f  i n c r e a s e s  w i t h  p~2o. A t  p ~ o  = 5.81 t h e  s e c o n d  
p a r a b o l i c  r e a c t i o n  r a t e  c o n s t a n t  i n c r e a s e s  b y  a b o u t  
3 0 %  o v e r  t h e  f i rs t ,  w h i l e  a t  p~.~o = 26.3 m m  t h e  
r a t e  d u r i n g  t h e  s e c o n d  h a l f  of  t h e  r e a c t i o n  a p p r o x i -  

m a t e l y  d o u b l e s .  
T h e  t e m p e r a t u r e  d e p e n d e n c e  of  t h e  r e a c t i o n  is 

g i v e n  b y  t h e  Eq .  [ 2 ]  t y p e  of  p l o t  i n  F ig .  2. ~ T h e  
c u r v e s  l a b e l e d  A a n d  D, B a n d  E,  a n d  C a n d  F 
r e p r e s e n t  d a t a  a t  0.32 m m ,  5.81 m m ,  a n d  26.3 m m  
v a p o r  p r e s s u r e  H~O, r e s p e c t i v e l y .  T h e  a p p a r e n t  
a c t i v a t i o n  e n e r g i e s  d e r i v e d  f r o m  t h e  s l o p e s  of  t h e s e  
l i n e s  a r e :  

A = 41.2 k c a l  
B = 41.2 

C = 41.5 

D = 55.2 
E = 60.6 

F = 73.7 

I t  is v e r y  o b v i o u s  t h a t  a s i n g l e  l i n e a r  p l o t  d o e s  n o t  
r e p r e s e n t  t h e  d a t a  o v e r  t h e  e n t i r e  t e m p e r a t u r e  
r a n g e .  A b o v e  800 ~ t h e  s l o p e  i n c r e a s e s  to  y i e l d  
a c t i v a t i o n  e n e r g i e s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  
" n o r m a l "  41 ,200 ca l .  

T h e  p a r a b o l i c  r a t e  c o n s t a n t s  r e p r e s e n t i n g  t h e  

N o t e  t h a t  i n  F i g .  2 ,  4 ,  a n d  6 ,  d e c r e a s i n g  r a t e  c o n s t a n t s  a r e  p l o t t e d  
i n  t h e  v e r t i c a l  d i r e c t i o n .  

/ 
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Fig. 1. Oxidation rote of "~0% Ni oll~y as o function of vapor 
pressure H20. O, 0-30 rain kinetics, e, 30-60 rain kinetics. 
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Fig. 2. Temperature dependence of oxidation rate for 30% Hi 
alloy; A, D, pR2o ~ 0.32 mm; B, E, pH:o ~ S.81 mm; C, F, 
p.~o ~ 26.3 mm. 
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Fig. 3. Oxidation rate of 41% alloy as a function of vapor pressure 
H~O. O, 0-30 min kinetics; e, 30-60 min kinetics. 

o x i d a t ! o n  k i n e t i c s  of  t h e  4 1 %  a l l o y  i n  t h e  t h r e e  
d i f f e r e n t  a t m o s p h e r e s  a r e  l i s t e d  i n  T a b l e  I I  a n d  
p l o t t e d  i n  F ig .  3. I n  t h e  o x i d a t i o n  of  t h e  4 1 %  N i  
a l l o y  t h e  e f f ec t  of  H_.O is e v i d e n c e d  a t  600 ~ a n d  700 ~ 
w i t h  i n c r e a s e d  r a t e s ;  a t  800 ~ t h e r e  is p r a c t i c a l l y  

n o  ef fec t ,  a n d  a t  900 ~ a n d  1000 ~ t h e  r a t e s  a r e  i n -  
c r e a s e d  a p p r o x i m a t e l y  t h r e e f o l d  o v e r  t h e  pmo r a n g e  
s t u d i e d .  T h e  n e c e s s i t y  to  r e p r e s e n t  t h e  d a t a  b y  t w o  

Table II. Parabolic rate constants for 41% Ni alloy 

k, ,  (ge  c m - 4  sec -~ )  

t ~  p [ l : o  = 0 .32  m m  p~reo = 5 .31  m m  pH2o  = 2 6 . 3  m m  

600 1.27 X 10 -~ 2.20 X 10 -12 

700 9.8 X 10 -~ 1.37 X 10 -~1 

800 9.3 X 10 -1~* 8.33 X 10 -~1 

900 4.05 X 10 -1~ 8.92 X 10 -1~ 

1000 3.51 X 10 -9 (a )  6.90 X 10 -9 
(0-30  m i n )  

(b )  8.00 X 10 -9 
(30-60 m i n )  

2.88 X 10 -~ 

1.18 X 10 -~~ 

(a )  1.10 X 10 -~ 
(.0-30 r a i n )  

(b )  1.58 X 10 -9 
(30-60 m i n )  

(a )  1.20 X 1O -~ 
(0-30  r a i n )  

( b )  1.71 X 10 -9 
(30-60 m i n )  

* C o r r e c t e d  f r o m  t y p o g r a p h i c  error  i n  ( 3 ) .  



Vol. 109, No. 4 O X I D A T I O N  O F  I R O N - N I C K E L  A L L O Y S  281 
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Fig. 4. Temperature  dependence  of oxidation rate for 41% alloy; 
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A, D, Ps2o = 0.32 mm; B, E, P~2o = 5.81 mm; C, F, p~z2o = 
26.3 mm. 

parabo l ic  equa t ions  r a t h e r  t han  one  is obse rved  
at 900 ~ in the  26.3 m m  p,~o a t m o s p h e r e  and at 
1000 ~ in both the  5.81 m m  and  the  26.3 m m  p~.~o 
a tmospheres .  The  r a t e  d u r i n g  t h e  second phase  of 
the  r eac t i on  increases  by about  43% ove r  the  first 
ha l f  of the  react ion .  

The  t e m p e r a t u r e  d e p e n d e n c e  of the  r eac t ion  is 
g iven  in Fig.  4. Again ,  the  A r r h e n i u s  plot  is not  
l inear ,  bu t  dev ia te s  because  of h i g h e r  r eac t ion  ra tes  
above  800 ~ In each  of the  t h r e e  a tmospheres ,  a 
low a p p a r e n t  ac t iva t ion  e n e r g y  is obse rved  in the  
600~ ~ r ange  and a h igh  v a l u e  in the  800 ~ 
1000 ~ range.  The  ac t i va t i on  energ ies  co r r e spond ing  
to the  slopes are  as fo l lows:  

A 40.8 kca l  
B 33.9 
C 32.7 

D 59.3 
E 58.3 
F 61.3 

i 
PH20 EFFECT - 78% NICKEL ALLOY 
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Fig. 5. Oxidation rote of 78% alloy as a function of vapor pres- 
sure H20. O, 0-30 rain kinetics; =, 30-60 rain kinetics. 

a tmosphe re s  are  g iven  in Tab le  I I I  and the  log 
k, --  log p~,o p lo t  in Fig.  5. H e r e  the  o v e r - a l l  effect 
of inc reased  H~O v a p o r  p re s su re  is one of inc reased  
rate.  The  effect is not  as p ronounced  as is the  case 
w i t h  t he  30% and 41% alloy, bu t  r a t h e r  a cons is t -  

en t  doub l ing  or t r ip l ing  ove r  the  who le  pH~o range.  
The  o ther  effect obse rved  was  seen in t he  h igh  
p~.~o run  and in the  t e m p e r a t u r e  r a n g e  of 800 ~ 
1000 ~ U n d e r  these  e x p e r i m e n t a l  condi t ions  the  
ox ida t ion  kinet ics  is r e p r e s e n t e d  by  two  pa rabo l i c  
ra te  constants ,  the  second k, less t han  the  first. 

F i g u r e  6 gives  the  t e m p e r a t u r e  d e p e n d e n c e  of 
the  rate.  The  a p p a r e n t  ac t i va t i on  ene rg ies  co r r e -  
sponding  to the  slopes a re  as fo l lows:  

A = 35.5 
B = 33.6 
C = 33.4 

D = 66.0 
E = 60.4 
F = 66.0 

The  pa rabo l i c  r a t e  cons tants  w h i c h  descr ibe  the  
ox ida t ion  b e h a v i o r  of the  78% a l loy  in the  t h r ee  

Table III .  Parabolic rate constants for 78% Ni alloy 

k~ (gS cm-4 sec-1) 

t ~ pu2o = 0.32 m m  p~2o = 5.81 m m  plt20 = 26.3 mm 

600 7.2 X 10 -~ 

700 3.01 • 10 -= 

800 1.70 • 10 -~ 

9 0 0  7.5 • 10 m 

1000 (a) 6.4 X 10  -~~ 

(0-30 min)  

(b) 5.5 • 10 -z~ 

(30-60 min) 

2.13 • 10 -~ 

6.56 • 10 -= 8.59 • 10 -~ 

3.34 • 10 -~ (a) 3.65 • 10 -~ 
(0-36 min)  

(b) 2.47 • 10 -~ 
(36-60 min)  

1.16 • 10 -z~ (a) 1.69 • 10 -~~ 
(0-30 min)  

(b) 1.08 • 10 -~~ 
(30-60 min)  

7.85 • 10 -~~ (a) 1.49 • 10 ~ 
(0-30 min)  

1.16 • 10 -~ 
(30-60 min) 

Discussion 

E x p e r i m e n t a l  obse rva t ions  ind ica te  t ha t  ce r ta in  
b road  conclusions  m a y  be d r a w n  as to the  inf luence  
of m o i s t u r e  in the  ox id iz ing  gas on the  ox ida t ion  
kinet ics  of these  alloys. The  mos t  conspicuous  effect  

TEMPERATURE, ~ 
. . . .  ,o0 ,o . . . .  10Oo 

..... j '1 
78% NICKEL ALLOY 
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- I10  

T;  - I 00  f r  
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I I i   y;Y 
f l  I 
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I O 0 0 / T  

Fig. 6. Temperature  dependence  of oxidation rate for 78% alloy; 
A, D, pH2o = 0.32 mm; B, E, pu2o ~ 5.81 mm; C, F, p ~ o  = 
26.3 mm. 
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is to increase the ra te  as expressed by the parabol ic  
ra te  constants.  This holds wi th  few exceptions 
(700~ wi th  the 30% alloy, 800 ~ wi th  the 41% 
al loy) .  With  respect  to the 30% al loy this increase 
is considerable,  over  13-fold over the p,,o range 
considered. The second effect is demons t ra ted  at  
the higher  t empera tu res  and higher  pa r t i a l  p res -  
sure of H~O. Under  these condit ions the oxidat ion 
react ion over the 60-rain dura t ion  must  be r ep re -  
sented by  two parabol ic  equations ra the r  than  a 
single one. The inference is tha t  different processes 
operate  dur ing different phases of the reaction. In 
the case of the 30% and 41% alloys the react ion 
ra te  accelerates  dur ing the second half  of the re-  
action, whereas  wi th  the  78% alloy the parabol ic  
ra te  constant  is less. For  each of the three  systems 
it is quite obvious that  the convent ional  "Arrhen ius"  
plot is not l inear  over  the ent i re  600~176 range. 
This nonl inear i ty  is emphasized wi th  the increase 
in p,.~o. Recognizing this nonl inear i ty  over the 
whole t empera tu re  range it is st i l l  possible to cal-  
culate two values of apparen t  act ivat ion energy 
for each alloy. One va lue  would hold below 800 ~ , 
and this would be a low act ivat ion energy process, 
30-40 kcal. A second would hold for exper iments  
above 800 ~ a high act ivat ion energy, of the order  
of 60 kcal. A final effect of mois ture  in the oxidiz-  
ing gas, namely,  the product ion of an enlarged la t -  
tice pa rame te r  in the  oxide product ,  has a l ready  
been discussed in connection wi th  the electron d i f -  
fract ion examina t ion  (4) of the films formed under  
these exper imen ta l  conditions. A major  react ion 
product  on alloys containing 30% and 41% Ni is a 
spinel  of the Ni.~Fe~_x~O, type  in which the Ni and 
Fe content  can vary  with  distance f rom the meta l -  
oxide interface.  NiFe20, has an ao value  of 8.33A; 
and usual ly  the ao va lue . fo r  the spinel  formed on 
this type  of al loy falls  in the range  8.33-8.40 de-  
pending on the Ni content  (6).  The spinel  formed 
in the h igher  p-2o a tmospheres  had observed ao 
values of 8.60A and 8.58A for the 30% and 41% 
alloy, respect ively.  The s t ruc ture  of the oxide film 
formed on the 78% al loy appa ren t ly  was not in-  
fluenced by H~O vapor  in the oxidizing gas wi th in  
the l imi ta t ions  of the  electron diffraction technique.  

Thus the  influence of mois ture  is revea led  in 
both react ion kinetics and oxide film s t ruc ture  wi th  
the 30% and 41% alloy and in react ion kinetics 
with the 78% alloy. 

With  few exceptions, these occurr ing at  600 ~ and 
700~ the oxidat ion rates  observed prev ious ly  in 
l abora to ry  air  (3) can be expla ined  on the basis 
that  the oxidizing a tmosphere  contained mois ture  
equivalent  to a few mi l l imete r  pa r t i a l  pressure  
which var ied  f rom day to day. The few exceptions 

to this semiquant i t a t ive  exp lana t ion  are  ra tes  tha t  
were lower  in l abora to ry  air  than  in the control led 
atmosphere.  These deviat ions at the  lower t em-  
pera tu res  fal l  almost wi th in  exper imen ta l  e r ror  
and, as discussed below, the  influence of mois ture  
should be more  pronounced at  the  h igher  t e m p e r a -  
tures. The present  resul ts  also expla in  the  need to 
use two parabol ic  plots to represent  data  for the 
30% al loy and the 78% al loy in l abo ra to ry  air  at 

1000 ~ accounting for the h igher  la te r  phase kinet ics  
of the  30% and the lower l a te r  phase kinet ics  of 
the  78% alloy. 

In a t tempt ing  to expla in  the observed results  the 
first considerat ion should be one of the the rmo-  
dynamics  involved. F rom free energy calculat ions 
on F e - N i  al loys of these composit ions it would be 
concluded that  Fe would react  wi th  H,O vapor  at 
these t empera tu res  while  Ni would not. Exper i -  
men ta l ly  this appears  val id  as discussed by Kubas -  
chewski  and von Goldbeck (7) who found the F e -  
Ni system to be almost ideal.  Thus at the s tar t  it 
would be expected tha t  the reactions tha t  take 
place by mois ture  addit ions to the oxidizing a tmos-  
phere  would involve mainly  Fe  and the oxides of 
Fe r a the r  than  Ni and NiO. This was confirmed by 
the only s t ruc tura l  changes observed. The 78% 
alloy contained 3.8% Mo which would be expected 
to react  wi th  H~O and lead to a h igher  rate.  

Considering the react ion product  formed on the 
30% and 41% Ni alloy, the  in te rp re ta t ion  of the 
enlarged  la t t ice  pa r ame te r  consti tutes a cri t ical  
point  as the  r a t e - d e t e r m i n i n g  step for oxidat ion of 
these al loys is most l ike ly  the  diffusion of cations 
through a spinel  of va r iab le  nickel  content. The 
possibi l i ty  of this pa r ame te r  being due to the in-  
corporat ion of Mn in the  la t t ice  was discussed (4), 
and it was pointed out tha t  Mn in the amount  p res -  
ent in our al loys had been observed to have  a p ro-  
found effect on the oxidat ion ra te  of hea te r  alloys 
by  Gulbransen  et al. (8, 9) and ac tua l ly  detected 
by Year ian  and co-workers  on chrome steels (10). 
However,  the possibi l i ty  also exists  tha t  the  lat t ice 
pa r ame te r  is a measure  of the physical  condit ion 
of the film. Spinels  wi th  la t t ice  pa ramete r s  in the 
8.5-8.7A range were  observed by Hickman and 
Gulbransen  (11) in thei r  ear ly  oxidat ion studies, 
for example,  a spinel of ao = 8.66A was observed 
on an 18-8 stainless steel af ter  oxidat ion at  700~ 
These inves t igators  considered this high value as 
being associated with  a stressed condit ion which 
in t ime could lead to cracking. Pande  also observed 
oxide la t t ice  pa ramete r s  dur ing electron diffraction 
studies tha t  were  0.60% higher  than  x - r a y  meas-  
u rements  and discusses these in terms of the pa r -  
t icle size of crysta ls  (12). That  wate r  vapor  can 
have  a profound effect on nucleation,  l a te ra l  
growth,  and morphology  of oxide films was c lear ly  
demons t ra ted  by  Gulbransen  and Copan (13) in 
exper iments  carr ied  out wi th  pure  Fe at  450~ for 
46 hr. F ine  oxide whiskers  grew in a d ry  O8 a tmos-  
phere  (dewpoint  --79~ as contras ted wi th  blades 
grown in a 10% H,O-90% argon atmosphere.  Their  
exper iments  led to the conclusion that  H,O faci l i -  
tates nucleation,  promotes  surface diffusion, and 
expands  react ion sites. This would imply  tha t  the 
genera l  effect of mois ture  in the absence of specific 
react ions  (e.g., hydrox ide  format ion)  would be to 
increase react ion rate,  and this would expla in  the 
ove r -a l l  genera l  effect. Thus, whi le  there  may  exist  
composit ional  var ia t ion  in oxide films formed in 
a tmospheres  of vary ing  dewpoin t  which have  gone 
undetec ted  i t  seems more logical  tha t  the  kinet ic  
changes observed reflect changes in the  physical  
condit ion of the films. 
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The morphology of the  oxide films which would 
normal ly  be grown on the  30% and 41% alloys 
would be governed to a large  ex ten t  by  sol id-s ta te  
react ions tha t  would occur as the  component  oxides 
a t tempt  to achieve equi l ib r ium s t ructures  as es tab-  
l ished by Brabers  and Birchenal l  (14). These solid- 
s ta te  reactions would be enhanced by  the presence 
of moisture.  Repor ted  observat ions on the kinet ics  
of such react ions and the influence of mois ture  on 
the kinet ics  leads one to conclude tha t  such sol id-  
s tate react ions must  be given considerat ion in 
es tabl ishing the mechanism of oxidat ion of b ina ry  
or t e rna ry  al loys tha t  contain more than  one oxi-  
dizable metal .  The react ion be tween  NiO and Fe~O8 
to form nickel  fe r r i te  commences at about  650~ 
and is r ap id  above 800~ (15, 16). For  example ,  a t  
900~ the react ion is over  70% completed in 30 
min as shown by Turnbul l  (16) in his rev iew and 
in te rpre ta t ion  of the kinet ics  of this reaction. Fe208 
is observed on the surface layers  of oxides formed 
on the 30% and 41% alloys in low dewpoint  a tmos-  
pheres  but  not  in the  h igher  dewpoint  runs, sug-  
gesting tha t  under  the la t te r  condit ions cation dif-  
fusion occurred to establ ish a spinel  wi th  lower 
nickel  content  (less protec t ive) .  Wate r  vapor  has 
the effect of promot ing  such so l id-s ta te  reactions.  
Wicker t  and Wiehr  (17) observed tha t  wate r  vapor  
lowered the t empe ra tu r e  at  which sol id-s ta te  re -  
actions would occur be tween  CuO and Fe~O, and 
increased the ra te  of react ion as compared to tha t  
in neu t ra l  a tmosphere.  B~nard (18) concludes f rom 
sinter ing exper iments  wi th  oxides tha t  in cer ta in  
si tuat ions wa te r  vapor  increases ra te  of react ion 
by promot ing  surface diffusion of ions. Cer ta in ly  
the possibi l i ty  of these sol id-s ta te  react ions occur-  
r ing exists, and cer ta in ly  such react ions would 
a l ter  the morphology of the oxide films, bu t  wi th  
the avai lab le  exper imen ta l  evidence one can only 
speculate  as to whe the r  these changes would ac-  
count for the increased ra te  observed in the  th ree  
systems. 

The nonl inear i ty  of the  Ar rhen ius  plot  may  be 
expla ined  on the basis of different  r a t e - d e t e r m i n -  
ing mechanisms holding in the  two t empera tu re  
ranges. I t  seems reasonable  tha t  any  change in the 
r a t e -de t e rmin ing  mechanism would be g radua l  
ra ther  than  abrupt ,  so any discussion of "low t em-  
pe ra tu re  act ivat ion energy"  and "high t empera tu re  
act ivat ion energy"  is quite a rb i t r a ry .  The ac t iva-  
t ion energy va lue  der ived  for the 30% and 41% 
alloys in the 600~ ~ range  is in te rp re ted  as 
represent ing  diffusion through a spinel  s t ruc ture  
va ry ing  in composit ion f rom NiFe~O4 (near  the 
me ta l -ox ide  in terface)  to Fe~O,. 

This diffusion process is considered to involve an 
act ivat ion energy of about  41.5 kcal, and lower  
values are  in te rp re ted  in terms of this diffusion 
process being enhanced by surface migra t ion  as 
suggested by B~nard. Considering the way  in 
which these act ivat ion energies are established,  
more precise in te rp re ta t ion  would be questionable.  
In the 800~ ~ range  the ra te  is accelerated,  but  
the slope of the  Arrhen ius  plots would  indicate  a 
high act ivat ion energy,  character is t ic  of some other  

process. The higher  act ivat ion energy was common 
with  all  three  al loys and would suppor t  the  hy -  
pothesis which expla ined  the mois ture  influence in 
te rms of the phys ica l  condit ion of the film. 

There is evidence tha t  would lead one to expect  
that ,  if one dea l t  wi th  an oxidat ion involving a 
single diffusion process, and fur ther ,  if the  oxide 
film remained  compact  and continuous dur ing  the 
oxidat ion run, then a l inear  Arrhen ius  plot  would 
indeed be observed.  Obviously  such conditions 
were  not achieved in these exper iments ,  but  were  
by Paidass i  (19) who obtained l inear  t empera tu re  
dependence plots for the oxidat ion  of iron over the  
range  of 700~176 His micrographs  show a un i -  
form, compact,  and continuous oxide film, and his 
kinet ics  indicate  diffusion through an FeO layer .  
On the other  hand if there  was no change in reac-  
t ion mechanism, but  there  was change in the  phys i -  
cal condit ion of the film, a nonl inear  Arrhen ius  
plot  would result .  Thus the  t empe ra tu r e  depend-  
ence plots of Gulbransen  and A n d r e w  (20) on the 
oxidat ion  of Ni over  the 750~176 range  y ie lded  
a heat  of act ivat ion of 41,200 cal below 900~ and 
68,300 cal above, wi th  the  explana t ion  p robab ly  
ly ing in cracking and change in the  phys ica l  con- 
dit ion of the film. Studies on film s t ruc ture  s imi lar  
to those conducted by Brabers  and Birchenal l  (14) 
would be very  i l lumina t ing  here. 

Severa l  invest igators  have  employed models 
which uti l ize the  defect  s t ruc ture  of the oxide as 
a l te red  by  the mois ture  in the  oxidizing a tmosphere  
(21). P re sumab ly  the decomposit ion of wa te r  vapor  
at  these e levated t empera tu res  would supply  hy -  
drogen or oxygen to a l ter  the concentra t ion of 
defects. I t  would not appear  tha t  such models  would  
apply  in view of our expe r imen ta l  conditions. The 
percentage  decomposit ion of H~O is low and would 
a l te r  in a negl igible  way  the to ta l  oxidizing po ten-  
t ia l  of the atmosphere.  

Manuscript received Sept. 5, 1961. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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Oxidation of Refractory Metals as a Function of Pressure, 
Temperature, and Time: Tungsten in Oxygen 

J. N. Ong, Jr. 
Research Laboratories, Aeronutronic, A Division of Ford Motor Company, Newport Beach, California 

ABSTRACT 

By regard ing  the kinet ics  of oxidat ion of tungsten as occurr ing by  
the consecutive react ions:  W + O~ --> WO~; WO~ + %O~ -> WO~(~); WO~(~) 

1/n (WO~),~v~p) and by express ing the ra te  in te rms of convent ional  chemical  
kinet ic  quanti t ies,  i t  is shown tha t  the resul ts  of th ree  invest igat ions  may  be 
cor re la ted  in the t empera tu re  range  500~176 and pressure  range  0.0013- 
20.8 a tm of oxygen.  A good approx imate  form for the ra te  of a t tack  of meta l l ic  
tungsten above 700~ is shown to have the form: Rate = d ( m / A ) / d t  -~ 5.89 
X 10 ~ exp (--12,170/T) P~/'~ mgw/cm '~ hr, where  T is expressed  in ~ and P in 
a tmospheres  of oxygen.  

A l t h o u g h  t h e r e  has  b e e n  m u c h  w o r k  done  on t h e  
k ine t i c s  of o x i d a t i o n  of t u n g s t e n  as s u m m a r i z e d  
r e c e n t l y  (1 ) ,  t he  bas ic  u n d e r s t a n d i n g  of t he  m e c h -  
a n i s m  of o x i d a t i o n  has  no t  as ye t  y i e l d e d  to a n a l y -  
sis. This  is due  in p a r t  to the  c o m p l e x i t y  of t he  
c h e m i s t r y  and  in p a r t  to t he  fac t  t ha t  an  e n t i r e l y  
a d e q u a t e  t h e o r y  for  o x i d a t i o n  of m e t a l  o x y g e n  sys -  
t ems  has  no t  h e r e t o f o r e  been  ava i l ab le .  I t  has  been  
f a i r l y  w e l l  e s t a b l i s h e d  (2)  t ha t  t u n g s t e n  in the  
p re sence  of o x y g e n  r eac t s  f irst  to f o r m  a subox ide ,  
w h i c h  for  p r e s e n t  p u r p o s e s  m a y  be  a s s u m e d  to be  
WO~, acco rd ing  to: W + O~ ~ WO.~, fo l lowed  b y  
s u b s e q u e n t  r e a c t i o n  to f o r m  WO~: WO~ + ~/20~ -~ 
WO~(~). The  WO~ t h e n  sub l imes  acco rd ing  to: WO,  -> 
1/n  (WO~) , ,~ , ,  T h e r e  a r e  m i n o r  changes  in t he  
s t o i c h i o m e t r y  of t h e s e  ox ides  w i t h  t e m p e r a t u r e  and  
p re s su re ,  bu t  these  m a y  be cons ide red  i n c i d e n t a l  to 
t he  k ine t i c  p r o b l e m .  

I t  is t h e  p u r p o s e  of the  p r e s e n t  p a p e r  to d e m o n -  
s t r a t e  t h e  u t i l i t y  of a m e t h o d  of t r e a t m e n t  of r e -  
a c t i n g  m e t a l - o x y g e n  sy s t ems  r e c e n t l y  d e v e l o p e d  
(3 ) .  T h e  m e t h o d  w i l l  ( a )  c o r r e l a t e  t h e  r e su l t s  of 
t h e  t h r e e  p r i n c i p a l  e x p e r i m e n t a l  i nves t i ga t i ons  (2, 
4 -6) ,  (b )  i n t r o d u c e  the  effect of p r e s s u r e  on the  r a t e  
of ox ida t ion ,  and  (c)  p r e s e n t  t he  r e su l t s  in a f o rm  
h a v i n g  p r a c t i c a l  u t i l i ty .  

Development of Rate Equations 
I t  has  been  shown  (3)  t ha t  a l l  m e t a l - o x y g e n  r e -  

ac t ions  a r e  f irst  o r d e r  c o m p l e x  cha in  r e a c t i o n s  
whose  r a t e  is d e s c r i b e d  b y  an  e q u a t i o n  of the  fo rm:  

d m o J A  
R a t e  = --  k~C~ = k~ f (P)  [1]  

dt 

w h e r e  mob/A ( g / c m  ~) is t he  w e i g h t  change  p e r  un i t  
a r e a  of a s p e c i m e n  caused  b y  r e a c t i o n  w i t h  b a t o m s  
of oxygen ,  k~ is t he  r e a c t i o n  r a t e  cons tan t ,  C~ is t he  
c o n c e n t r a t i o n  of i n t e r m e d i a t e  spec ies  con t ro l l i ng  
the  r a t e  of r eac t ion ,  and  f ( P )  is a c o m p l e x  func t ion  

of p r e s s u r e  r e l a t i n g  p r e s s u r e  to  t he  i n t e r m e d i a t e  
species  concen t r a t ion .  

W h e n  the  r e a c t i o n  r a t e  is c on t ro l l e d  a t  a phase  
b o u n d a r y  Eq. [1]  can  be w r i t t e n :  

Ra t e  = k~C, [2]  

w h e r e  C ,  is the  c onc e n t r a t i on  of i n t e r m e d i a t e  
spec ies  a t  the  p h a s e  b o u n d a r y  ( g / c m  ~) and  k~ is t he  
specific r eac t i on  r a t e  cons t an t  (sec-1). This  has  been  
i n t e r p r e t e d  (7)  as  

kT  
k~ = exp  (•  exp  ( - - •  [3]  

h 

w h e r e  k is B o l t z m a n n ' s  cons t an t  ( e r g s / ~  T is 
abso lu t e  t e m p e r a t u r e  ( ~  h is P l a n c k ' s  cons t an t  
( e r g - s e c ) ,  AS4 the  e n t r o p y  of a c t i v a t i o n  ( c a l / g  
mole  ~  and  AH =~ the  e n t h a l p y  of a c t i va t i on  ( c a l /  
g m o l e ) .  

W h e n  the  r e a c t i o n  is c o n t r o l l e d  b y  d i f fus ion  
t h r o u g h  an  ox ide  phase ,  t he  r a t e  e q u a t i o n  m a y  be  
w r i t t e n  

d m o J A  {. DACpo~Mo~y~o,, } 1/2 1 

d t  - -  2 . tl/-- ~ [4]  

w h e r e  • = C~ o_, -- C, . . . .  w h i c h  is t he  c o n c e n t r a -  
t ion  d i f fe rence  of d i f fus ing  spec ies  at  t he  o x i d e - o x y -  
gen  and  o x i d e - m e t a l  in te r faces ,  r e spe c t i ve ly ,  ( g /  
cm~), pox is t he  d e n s i t y  of t he  ox ide  f i lm (g /cm~) ,  D 
is the  d i f fus ion coefficient  (cm2/sec) ,  and  Mob/~o~o~ is 

w e i g h t  of o x y g e n  c o n s u m e d  (b/2 0~) 
( g / g )  

w e i g h t  of ox ide  f o r m e d  (Me~O~) 

The  di f fus ion coefficient  m a y  be  w r i t t e n  in  i ts 
t e m p e r a t u r e  d e p e n d e n t  f o r m :  

D = D~ exp  R ~  [51 
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where Do is the diffusion constant and AH~% is the 
enthalpy of activation of a diffusion process. 

Do may be fur ther  interpreted by the reaction rate 
theory of Eyring as (8) 

kT 
Do = a d ~ q -  �9 exp (A S+a/R) [6] 

h 

where a is a geometrical factor related to the ar-  
rangement  of sites into which a diffusing species 
may jump, d is the lattice parameter,  q is the num-  
ber of equivalent diffusion paths and A S% is the 
entropy of activation of the diffusion step. 

For purposes of fur ther  analysis the following 
assumptions are made: (A) For every chemical 
product formed an equation may be wri t ten for its 
rate of formation. (B) The rate of formation of 
the inner oxide (WO,) is diffusion controlled and 
Eq. [4] applies. (C) The rate of formation of the 
outer oxide (WOe) is phase boundary  controlled and 
is given by Eq. [2]. (D) The rate of volatilization 
of (WOe) is also phase boundary  controlled. (E) 
The rate of consumption of tungsten metal is un-  
affected by the volatility rate of WOe. (F) The func-  
tions relating concentration to pressure are of the 
form of the Langmuir  isotherm involving dissocia- 
tion of oxygen molecules to atoms 

f exp(AS~JR)  exp(--AH,~/RT) P~/~ } 
C ,  = C~ 1 + exp (AS ,JR)  exp (--AH~,/RT) P~/~ 

[7] 

where AS,~ and AH,, are the entropy and enthalpy 
of adsorption of intermediate species at the phase 
boundary,  and C~ is a conversion factor relating 
mole fraction of adsorbed species to concentration of 
adsorbed species (g /cm ~) and 

A o f e x p ( A S J R )  exp(--AHJRT)P~/~ } 
AC ---- C ~ 1 + e x p ( A S J R )  e x p ( - - A H J R T )  P~/~ 

[8] 

where AS~, AH~, and AC% (g/era ~) are the correspond- 
ing quantities of Eq. [7] pertaining to the appro- 
priate intermediate species in the diffusion process. 
Tentative evidence for this type of pressure depend- 
ency may be inferred from the low pressure work of 
Speiser and St. Pierre (9). 

A great source of confusion, resulting in consider- 
able misinterpretation of kinetic data, has arisen 
from failure to pay careful attention to the meaning 
of defined rate equations. 

The defining equation is in terms of oxygen con- 
sumption, Eq. [ 1 ]. However, of greater importance in 
metal oxygen reactions is the rate of metal consump- 
tion, given by 

d(m~o/A) 1 d ( m o J A )  
(g /cm ~ see) [9] 

dt Mo~/~ ~ dt 

where Mo~/,,. is 

weight of oxygen consumed (b/2 0~) 
(g /g)  

weight of metal reacted (aMe) 
o r  

--dX~o 1 d (moJA)  
d~-T-- -- dt (cm/sec) [1O] 

M o  b/M e apM e 

where X ~  and p** are, respectively, the thickness 
and density of the metal. 

Where volatile species are formed during reaction, 
it is necessary that care be taken that  thickness or 
weight change measurements are properly related to 
oxygen or metal consumption. 

The derivations which follow will be on the basis 
of oxygen consumption and will be modified to other 
convenient forms as necessary. 

The reaction of tungsten with oxygen has been 
identified as a consecutive reaction and analyzed by 
Loriers (1O) and Webb, Norton, and Wagner (6). 

Using the present formulation, it is found that  the 
rate due to the formation of the first oxide (WO,) is 
given by: 

d ( mo#A ) 

dt 
_ f  D~ACbpbMo~/wo2 } ~/~ 1 

- 

1 
- -  k. .C,8 , ,  [ 1 1 ]  
Moa/o2 

where too2 is weight change due to formation of WO~. 
and subscripts b and c pertain to the quantities gov- 
erning the formation rate of the oxides WO, and WOe, 
respectively. 

d(mo# A ) 
becomes zero at 

dt 
Db • pb (Mo~/wo~) (Mo~/c,~) ~ 

tm = [12] 
2k~8o Ch,o 

The total amount  of WO, formed can be found by 

f ' ~  which has the value: 
d(mo#A  ) 

o dt 
Db ACb p~ 

(6mo#A)m~ = �9 Mo~/wo2 Mo~/o2 [13] 
2k~c C.o 

The rate of formation of the second oxide, WOe, is 
given by 

d (moJA)  
- -  k,o C,,o [ 1 4 ]  

dt 

where mo~ is weight gain due to the formation of 
WO3. 

In graphical form Eq. [11] and [14] appear as 
represented in Fig. 1. The two processes combined 
are designated as "sum" in the figure and the arrow 
designates the value of tm and (Amo#A) ...... 

When the volatility rate becomes appreciable, an 
appropriate term must be subtracted from the sum of 
Eq. [11] and [14]. This rate may be represented by 

--d ( mwo# A ) 
= k,, C,,. [15] 

dt 

where mwo, is the weight change due to WO, volatil- 
ization. The subscript v pertains to the quantities 
governing the weight loss due to the volatilization of 
WO,. As illustrated in Fig. 2, the sum of the three 
terms takes different forms depending on the magni-  
tude of the volatility rate. 

A third type of weight change curve is encountered 
under  the conditions where the molar evaporation 
rate of WO, exceeds the molar consumption rate of 
metal. Under these conditions an experimental 
weight change measurement  represents the sum of 
oxygen pickup due to the formation of WO~ and the 
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Fig. 1. Experimental weight change due to W02 and WO~ forma- 
tion, Eq. [11] and [14]. 
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Fig. 2. Experimental weight change clue to WO~ and WO~ forma- 
tion and WO~ volatilization, Eq. [11], [14], and [15]. 

metal loss due to volatilization of W in the form of 
1/n(WO2),  as shown in Fig. 3. All three types of 
curves were obtained by Gulbransen in his exten- 
sive study (4, 5). 

A n a l y s i s  o5 Da ta  

Equations [12] and [13] may be solved simultane- 
ously to give the following equations: 

( A m o J  A ) =. 
k,~ C,,~ = �9 Mo~/o~ [ 1 6 ]  

t ,  

(~moJA)=_= 2 
(D~ z~C~ p~ Mc~/wc~) = ~ [17] 

t ,  Mo~o_~ 

An overlay of experimental points was made and 
compared with a master plot of Eq. [11] and [14]. 
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Fig. 3. Experimental weight change due to WO~ formation and W 
metal loss, Eq. [11] and [20]. 

From this, values of t= and ( A m o J A )  .... could be ob- 
tained. From Eq. [16] and [17], values of k, C,, and 
D~ AC~p~Mo2/wo~ could be directly calculated. The 
logarithm of these values were then plotted vs.  1 / T  
to determine activation energies and vs.  log P to 
determine pressure sensitivities. The results are pre- 
sented in Fig. 4 through 7. From these plots it was 
determined that Eq. [7] and [8] represented reason- 
able pressure functions for both the diffusion con- 
trolled and phase boundary controlled reactions. 
Overheating is obtained at higher rates which ac- 
counts for the deviations of experimental points 
from the theoretical curves. 

The simplest form of the equations governing the 
oxidation rate of tungsten is also the most directly 
practical, namely, by expressing it in terms of metal 
consumption. 

u I �9 

0.4 0.? 0.1[ @.9 1.0 I.I 1.2 i.3 

T - I ~ ' l l =  i~  1 

Fig. 4. Arrhenius plot of kso C~,o isobars. Deviations from slope of 
- -  ~ s H t / R  indicate pressure sensitivity. 
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Fig. 5. Plot of k,~ C**~ isotherms vs. pressure showing pressure de- 
pendency at high temperatures and low pressures. 
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Fig. 6. Arrhenius plot of {Db ACb pbMo~/wo,~} ~/~ isobars. Deviations 
from slope of - -  AHt/2R indicate pressure sensitivity. 
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Fig. 7. Plat of {Db ~Cb p~Mo2/wo2} ~/~ isotherms vs. pressure for data 
of Gulbransen showing pressure dependency at high temperatures 
and low pressures. 

The  r a t e  of m e t a l  loss due  to t he  f o r m a t i o n  of WO~ 
is, f r om Eq. [11] and  [9]  

- -d (mw/A)  1 d ( m o # A )  

dt Mo~/w dt 

1 [ f .D~ACb 
Mo2/w 

po Mo./wo. ~1/2 1 

2 V/2 

y dt pw Mo:/w 2 t ~/~' 

- -  Mo~/o----~ " k,o C ,o  ( c m / h r )  [19] 

w h e r e  p~ is t he  d e n s i t y  of t u n g s t e n  (g /cm~) .  
Each  equa t ion  is to be  i n t e g r a t e d  ove r  the  l imi t s  

0 to tm d e t e r m i n e d  b y  Eq. [12],  as before .  
The  m e t a l  c o n s u m p t i o n  r a t e  due  to t h e  f o r m a t i o n  

r a t e  of WO, is g iven  b y  

- -d (mw/A)  1 d ( m o # A )  

dt -- Mo2/w (it 

or 
- - d  Xw 

1 

Moz/w 
- -  k,o C,~  ( m g / c m  2 h r )  [20]  

1 
- -  - -  k,o C ,o  ( c m / h r )  [21]  

dt p~ Mo21w 

Since  the  m e t a l  loss due  to t he  f o r m a t i o n  of WO~ 
reaches  a l i m i t i n g  va lue ,  Eq. [20]  a n d  [21] m a y  be  
used  as a s a t i s f a c t o r y  a p p r o x i m a t i o n  to de sc r ibe  t he  
o x i d a t i o n  ra te .  

The  va lue s  o b t a i n e d  b y  the  a b o v e  ana lys i s  for  t he  
a p p r o p r i a t e  q u a n t i t i e s  a r e  p r e s e n t e d  in  T a b l e  I. 
W h e n  these  v a l u e s  a r e  s u b s t i t u t e d  in to  t he  a p p r o -  
p r i a t e  equa t ions ,  t he  e x p e r i m e n t a l  cu rves  of t h r e e  
i nves t i ga t i ons  (2, 5, 6) a r e  a d e q u a t e l y  r e p r o d u c e d  in  
t he  t e m p e r a t u r e  r a n g e  500~176 and  p r e s s u r e  
r a n g e  0.0013-20.8 a tm.  

F o r  p u r p o s e s  of p r a c t i c a l  app l i ca t ion ,  t he  r a t e  of 
c o n s u m p t i o n  of t u n g s t e n  a b o v e  700~ m a y  be e x -  
p r e s s e d  b y  t h e  equa t i ons  

- -d (mw/A  ) 
= 5.89 • 10" 

dt 
e x p ( - - 1 2 , 1 7 0 / T )  p1/, ( m g / c m ~ h r )  [22]  

and  

- - d  Xw 
- -  --  3.05 • 102 e x p ( - - 1 2 , 1 7 0 / T )  P '~  ( c m / h r )  

dt 
[23] 

w h e r e  T is to be  e x p r e s s e d  in  ~  and  P in a t m o s -  
p h e r e s  of oxygen .  

Discussion 

Two r e c e n t  i nves t i ga t i ons  h a v e  r e p o r t e d  a dec rea se  
in r a t e  w i th  t e m p e r a t u r e  a b o v e  2000~ (11, 12).  R e -  
f e r r i n g  to Eq. [12] and  [13] and  no t i ng  t h a t  the  
q u a n t i t y  Db AC~ p~ Moo_/wo. i nc reases  m o r e  r a p i d l y  t h a n  
k,~ C ,  w i t h  i nc r e a s ing  t e m p e r a t u r e ,  i t  is seen t h a t  
bo th  t~ and  (nmo#A)  ...... or  (~Xo~) .... w h e r e  Xo_. is 
t he  t h i ckness  i nc rea se  due  to WO_~ fo rma t ion ,  w i l l  i n -  
c r ea se  a t  h i g h e r  t e m p e r a t u r e s  and  also a t  l o w e r  
p re s su res .  The  r e s u l t i n g  w e i g h t  or  t h i c k n e s s  change  
m e a s u r e m e n t s  wi l l  t hen  t a k e  the  f o r m  of t he  cu rves  of 
Fig .  3. S ince  the  abso lu t e  w e i g h t  change  a n d  zero  
t i m e  a re  no t  k n o w n  e x p e r i m e n t a l l y ,  an  a r b i t r a r y  
s t r a i g h t  l ine  t h r o u g h  a ser ies  of po in t s  w i l l  g ive  an  
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Table I. Values for rate equations 

Ap r i l  1962 

Phase  b o u n d a r y  process  Di f fus ion  process  

kT 
(3.6 X 10 ') �9 ~ �9 exp (AS~=/R) C ~ 

h 
: 7 X 10~~ 

AH =~ = 45.9 (kcal /mole)  
exp (AS~/R) = 2.2 X 10 -~ 
AH,, = --21.7 (kcal /mole)  

(3.6 X 109) DbpbMo2/wo2ACb ~ 

: 7.15 • 10JS(mg:/cm ' hr) 

AH~ =~ : 68 (kcal /mole)  
exp(AS,~/R) = 1.133 X 10 -~ 
AH~ = --27.6 (kcal /mole)  

a p p a r e n t  ra te  which  wi l l  a lways  be lower  t h a n  the  
ra te  of me ta l  loss, and  in genera l  decrease wi th  i n -  
creas ing t e m p e r a t u r e .  

Manuscript  received Oct. 20, 1961. This paper was 
prepared for delivery before the Detroit Meeting, Oct. 
1-5, 1961. 

Any discussion of this paper wil l  appear in  a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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The Effect of Organic Compounds on the Codeposition 
of Hydrogen with Nickel 
Thomas C. Franklin and Jack R. Goodwyn 1 

Chemistry Department, Baylor University, Waco, Texas 

ABSTRACT 

A coulometric method of analyzing for hydrogen was used to study the 
effect of a group of organic additives on the amount  of hydrogen codeposited 
with nickel from a Watts- type bath. This technique indicated the presence of 
one form of hydrogen at the electrodes, and this was indicated to be hydrogen 
codeposited in the nickel. There was marked correlation between the hydrogen 
content  of the nickel deposits and the current  efficiency for the deposition of 
hydrogen. It  was also observed that, in  general, the brightest  deposits occurred 
at the m i n i m u m  in the hydrogen content  curves. 

Thon  (1) s tudied  the  codeposi t ion of hyd rogen  
and  nickel ,  bu t  did no t  s tudy  the  effect of addi t ives .  
Yeager  and  co -worke r s  (2) have  also car r ied  out  
this  type  of s tudy.  B r e n n e r  and  co -worke r s  (3) 
s tudied  the  effect of addi t ives  on this  process, b u t  
found  no definite re la t ionsh ip ;  however ,  the  t ech-  
n ique  used in  the i r  s tudy  ana lyzed  for bo th  free 
and  combined  h y d r o g e n  in  the  deposit.  The  purpose  
of the  work  repor ted  in  this  paper  was  to r e i n v e s t i -  
gate the  effect of addi t ives  on the a m o u n t  of h y d r o -  
gen codeposi ted w i th  n icke l  us ing  a t e chn ique  which  
ana lyzed  only  for the  free h y d r o g e n  to see if the re  
was  a sys temat ic  va r ia t ion .  

1 P r e s e n t  a d d r e s s :  T e x a s  E a s t m a n  C o m p a n y ,  L o n g v i e w ,  Texas.  

At the same t ime,  a s tudy  was  made  of the  effect 
of the organic  compounds  on the  c u r r e n t  efficiency 
for n icke l  deposit ion.  

Experimental Materials and Methods 

Nickel  w i r e  electrodes were  p r epa red  by  seal ing 
14 gauge n icke l  wi re  in  glass t u b i n g  wi th  1.2-1.5 
cm leng ths  exposed. The  wi re  electrodes were  
mechan i ca l l y  pol ished and  p la ted  at a k n o w n  cur -  
r en t  dens i ty  for a definite t ime,  u sua l l y  6.96 m a / c m  ~ 
for 12 rain. They  were  p la ted  in  a W a t t s - t y p e  p l a t i ng  
ba th  cons is t ing  of NiSO4 �9 6I-I~O, 240 g / l ;  NiCI~ �9 6H~O, 
45 g / l ;  and  H~BO~, 30 g/1. Af te r  d isso lv ing  the  com-  
ponents ,  n icke l  ca rbona te  was added to ra ise  the  pH. 
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The  so lu t ion  was  f i l t e red  and  the  p H  l o w e r e d  to 4.0 
b y  a d d i n g  d i l u t e  h y d r o c h l o r i c  or  su l fu r i c  acid.  M e a s -  
u r e d  a m o u n t s  of a so lu t ion  of t he  o rgan ic  a d d i t i v e  in  
the  W a t t s  b a t h  w e r e  a d d e d  to the  p l a t i n g  b a t h  w i t h  a 
g r a d u a t e d  p ipe t t e .  

Hydrogen content studies.--After p la t ing ,  the  
e l ec t rode  was  r i n s e d  w i t h  d i s t i l l ed  w a t e r ,  and  the  
h y d r o g e n  was  a n a l y z e d  c o u l o m e t r i c a l l y  b y  the  p r o -  
c e d u r e  u sed  b y  F r a n k l i n  and  Cooke  (4) .  The  e lec -  
t rode  was  ox id i zed  p o l a r o g r a p h i c a l l y  in a cel l  f i l led 
w i th  h y d r o g e n - s a t u r a t e d  2N sod ium h y d r o x i d e .  The  
r e f e r e n c e  cel l  was  m e r c u r y ,  m e r c u r i c  oxide ,  2N 
sod ium h y d r o x i d e .  A S a r g e n t  Mode l  X X I  p o l a r o -  
g r a p h  was  used  to r e c o r d  the  c u r r e n t - v o l t a g e  
curves .  The  a r e a  u n d e r  t he  cu rves  was  used  as a 
m e a s u r e  of t he  a m o u n t  of h y d r o g e n  in t he  deposi t .  
Most  of t he  d a t a  r e c o r d e d  a re  d i f fe rences  b e t w e e n  
re su l t s  o b t a i n e d  w i t h  and  r e su l t s  o b t a i n e d  w i t h o u t  
a d d i t i v e s  p r e s e n t  in t he  p l a t i n g  ba th .  Each  of t he  
h y d r o g e n  a n a l y s e s  was  m a d e  a t  l e a s t  in t r i p l i ca t e ,  
and  each  c o m p l e t e  c u r v e  r e p o r t e d  was  r u n  a t  l eas t  
twice .  The  e t h a n e n i t r i l e  s t u d y  (Fig .  3) was  r e p e a t e d  
b y  t h r e e  d i f fe ren t  w o r k e r s  on a n u m b e r  of e lec -  
t rodes  ove r  a p e r i o d  of two  yea r s .  Even  t h o u g h  the  
to ta l  a m o u n t  of h y d r o g e n  codepos i t ed  v a r i e d  f r o m  
one e x p e r i m e n t  to ano the r ,  t he  d i f fe rences  us ing  
the  same  bas ic  p r e t r e a t m e n t  m e t h o d  w e r e  t he  s ame  
w i t h i n  -----5%. A l l  connec t ions  w e r e  s t a n d a r d  t a p e r  
or  ba l l  and  socke t  g r o u n d  glass  jo in t s .  

T h e  a p p e a r a n c e  of  the  depos i t  was  also no ted  as 
the  a d d i t i v e  c o n c e n t r a t i o n  was  va r i ed .  

Current e~ciency studies.--The a p p a r a t u s  used  
to d e t e r m i n e  c u r r e n t  efficiencies is shown  in Fig.  1. 
The  coil  c a thode  of 14 g a u g e  n i c k e l  w i r e  was  a t -  
t a c h e d  to t he  i ron  shaf t  of t he  m e r c u r y  sea led  r o t a t -  
ing e l e c t r o d e  des igned  a f t e r  t h a t  of Kol thof f  and  
L i n g a n e  (5) .  The  l e n g t h  of w i r e  e x t e n d i n g  in to  t he  
so lu t ion  was  28 cm. The  i ron  sha f t  of t he  s t i r r e r  
was  coa ted  w i t h  ce res in  wax .  The  s t i r r i n g  m o t o r  
was  r o t a t e d  a t  600 rpm,  and  the  anode  was  m a d e  of 
n i c k e l  wi re .  

In  a t y p i c a l  run ,  35 m l  of t h e  p l a t i n g  so lu t ion  
w e r e  p l a c e d  in t he  ca thode  c o m p a r t m e n t ,  and  
enough  p l a t i n g  so lu t ion  was  p l a c e d  in t he  a n o d e  
c o m p a r t m e n t  to equa l i ze  t he  l iqu id  levels .  The  
e n t i r e  a p p a r a t u s  was  i m m e r s e d  in a w a t e r  b a t h  

RER MOTOR 

ERCURY SEALED STIRRER 

~ ~ I N L E T  FOR INTRODUCINS 

. ~  ~ CAI, N DE COMPARTMENT ANODE COMPARTMENT 

Fig. 1. Apparatus for measuring the hydrogen evolved during the 
plating process. 
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m a i n t a i n e d  at  25 o _ 0.1 ~ C. A f t e r  m a k i n g  p r e l i m i n a r y  
runs  u n t i l  t he  a m o u n t  of h y d r o g e n  e vo lve d  in  a r u n  
b e c a m e  cons tan t ,  m e a s u r e d  a m o u n t s  of a so lu t ion  
of t he  o rgan ic  a d d i t i v e  in the  p l a t i n g  so lu t ion  w e r e  
a d d e d  to the  c a t h o d e  c o m p a r t m e n t .  A f t e r  each  a d -  
d i t ion ,  t he  e l e c t r o d e  was  p l a t e d  for  12 m i n  a t  a 
c u r r e n t  d e n s i t y  of 6.96 m a / c m  2. The  a m o u n t  of h y -  
d r o g e n  e vo lve d  was  i n d i c a t e d  b y  the  d i s p l a c e m e n t  
of a d rop  of b u t y l  p h t h a l a t e  a long  the  c a p i l l a r y  
tube ,  t he  c u r r e n t  was  m e a s u r e d  w i t h  a p r e v i o u s l y  
c a l i b r a t e d  a m m e t e r ,  and  the  t i m e  was  m e a s u r e d  
w i t h  a t imer .  The  c u r r e n t  eff iciency for  n i cke l  d e -  
pos i t ion  or  for  h y d r o g e n  ion d i s c h a r g e  was  o b t a i n e d  
f rom the  n u m b e r  of cou lombs  pas sed  and  the  vo l -  
ume  5f h y d r o g e n  evo lved .  A l l  cu rves  a r e  t he  a v e r -  
age  of a t  l eas t  two  runs .  The  s a m e  p r e t r e a t m e n t  
t e c h n i q u e  was  used  in a l l  e x p e r i m e n t s .  The  v o l u m e s  
of h y d r o g e n  w e r e  r e p r o d u c i b l e  w i t h i n  •  

In  a l l  e x p e r i m e n t s  t he  i no rgan i c  chemica l s  w e r e  
r e a g e n t  g rade ,  t h e  w a t e r  was  t r i p l y  d i s t i l l ed ,  and  
the  o rgan ic  chemica l s  w e r e  t he  p u r e s t  g r a d e s  a v a i l -  
ab le  c o m m e r c i a l l y .  ( In  a l l  cases  e x c e p t  one th i s  was  
e i t he r  S p e c t r o g r a d e  or  E a s t m a n  W h i t e  Labe l .  The  
d i s o d i u m  2 , 7 - n a p h t h a l e n e  d i s u l f o n a t e  was  t echn ica l  
g rade .  A t  a l a t e r  da t e  th is  c h e m i c a l  was  pur i f i ed  
s o m e w h a t ,  b u t  t he  pu r i f i ca t ion  d id  not  a l t e r  t he  
g e n e r a l  s h a p e  of t he  cu rve . )  

Data and Results 
EfJect of organic compounds on the hydrogen con- 

tent of electrodeposited nickel.--Along w i t h  th is  
s t u d y  of W a t t s  n i c k e l  an  i n v e s t i g a t i o n  was  m a d e  of 
t he  p o l a r o g r a p h i c  o x i d a t i o n  of p a l l a d i u m ,  b l a c k  
n ickel ,  and  i ron  e lec t rodes .  W i t h  a l l  of these  me ta l s  
t h r e e  p e a k s  w e r e  o b s e r v e d  t h a t  could  be  i n t e r p r e t e d  
as be ing  due  to t he  o x i d a t i o n  of t h r e e  fo rms  of 
h y d r o g e n .  In  t he  cases  of p a l l a d i u m  and  p l a t i n u m  
b l a c k  a l l  t h r e e  fo rms  could  be  o b s e r v e d  b y  b u b b l i n g  
h y d r o g e n  ove r  t he  e lec t rode .  H o w e v e r ,  i t  was  neces -  
s a r y  to g e n e r a t e  h y d r o g e n  e l e c t r o l y t i c a l l y  or  co-  
depos i t  h y d r o g e n  w i t h  t he  m e t a l  in o r d e r  to obse rve  
a l l  t h r e e  fo rms  w i t h  b l a c k  n i c k e l  a n d  iron.  These  
p e a k s  w e r e  no t  o b s e r v e d  un less  h y d r o g e n  was  g e n -  
e r a t ed ,  i n d i c a t i n g  t ha t  t h e y  w e r e  caused  b y  t h e  
o x i d a t i o n  of h y d r o g e n  a t  t he  e lec t rode .  H y d r o g e n  

VOLTAGE 
Fig. 2. Current-voltage curve for the oxidation of the hydrogen 

codeposited with Watts nickel. 
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was  p l a c e d  on the  e l ec t rodes  in  one b a t h  a n d  t h e n  
the  p o l a r o g r a m s  w e r e  r u n  in a h y d r o g e n - f r e e  
s o d i u m  h y d r o x i d e  solut ion.  This  w o u l d  m a k e  i t  
u n l i k e l y  t h a t  so lu t ion  h y d r o g e n  was  be ing  oxid ized .  

F i g u r e  2 shows  a t y p i c a l  c u r r e n t  vo l t age  c u r v e  
for  t he  o x i d a t i o n  of t he  h y d r o g e n  p r e s e n t  a t  a n i cke l  
e l e c t r o d e  w h i c h  has  been  p l a t e d  in a W a t t s  ba th .  ~ 
The  p e a k  is t h e  m i d d l e  p e a k  o b s e r v e d  in the  o x i d a -  
t ion  of h y d r o g e n  on b l a c k  n icke l .  S ince  h y d r o g e n  
was  no t  a p p r e c i a b l y  a b s o r b e d  f rom so lu t ion  in to  
n i cke l  i t  w a s  no t  pos s ib l e  to m a k e  a s t u d y  s im i l a r  
to t ha t  m a d e  of p l a t i n u m  (4) .  H o w e v e r ,  the  h y d r o -  
gen  ox id i zed  to cause  th is  p e a k  was  conc luded  to 
be h y d r o g e n  in t he  i n t e r i o r  of t he  n i cke l  depos i t .  
This  was  shown  b y  d i p p i n g  t h e  f r e s h l y  p l a t e d  e lec -  
t r o d e  in 1N p o t a s s i u m  p e r m a n g a n a t e  in 1N su l fu r i c  
acid.  T h e r e  was  no change  in  the  a r e a  u n d e r  the  
o x i d a t i o n  curve .  W i t h  b l a c k  n i c k e l  the  two  o the r  
p e a k s  d e c r e a s e d  m a r k e d l y .  In  a d d i t i o n  w h e n  the  
e l ec t rode  was  p la t ed ,  m e c h a n i c a l l y  po l i shed ,  t hen  
r e p l a t e d  be fo re  ox id iz ing ,  t he  a r e a  u n d e r  t he  c u r v e  

~-The a r e a s  r e c o r d e d  i n  t h e  f i g u r e s  c o r r e s p o n d  to t h e  s h a d e d  a r e a  
i n  F ig .  2, T h i s  is  no t  t h e  t o t a l  h y d r o g e n  c o n t e n t  s ince  t h e  r e s i d u a l  
c u r r e n t  l i e s  l o w e r  t h a n  t h e  l e v e l  p o r t i o n  of  t h e  c u r v e .  H o w e v e r ,  i t  
w a s  f o u n d  t h a t  t h e  r e s i d u a l  w a s  c o n s t a n t  f o r  e a c h  e l e c t r o d e ;  t h e r e -  
fo re ,  t h e  t o t a l  a m o u n t  of  h y d r o g e n  w o u l d  h e  d i f f e r e n t ,  b u t  t h e  s h a p e  
of t h e  c u r v e  w o u l d  be  t h e  same .  
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Fig. 3. Amount of codeposited hydrogen as o function of nitrile 
concentration. ~ Ethanenitrile; - - e - - e  propanenitrile; A,A, 
dark streaked; B,B, dull; C,C, semi-bright. 

/ '  
, ',A' 

: i  I I 
o, , ~ .  l _ ~ I. o 

= L " .  .~. o / ~  

4 - I ~  I I l 
I.O0 2.00 3.00 

M X IO~(OF PLATING SOLUTION ~ITH RESPECT TO BUTANE 
AND PENTAHENITRILE) 

Fig. 4. Amount of codeposited hydrogen as o function of nitrile 
concentration. � 9  Pentonenitrile; e - - e  butanenitrile; A,A', 
dark streaked; B,B', dull; C,C', semi-bright; D,D', bright. 
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was  h ighe r  t h a n  the  a r e a  o b t a i n e d  w h e n  t h e  e l ec -  
t r o d e  was  p l a t e d  on ly  one t ime .  Bo th  of t he se  e x -  
p e r i m e n t s  i nd i ca t e  t h a t  the  h y d r o g e n  be ing  ox id i zed  
is in the  i n t e r i o r  of t he  n i cke l  and  not  on the  surface .  

F i g u r e s  3 a n d  4 show the  v a r i a t i o n  of t he  h y d r o -  
gen  con ten t  for  e t h a n e n i t r i l e ,  p r o p a n e n i t r i l e ,  b u -  
t a ne n i t r i l e ,  and  p e n t a n e n i t r i l e .  The  v i sua l  a p p e a r -  
ance  of t he  depos i t s  is also i n d i c a t e d  in t hese  f igures.  
Cu rves  s i m i l a r  in shape  w e r e  o b t a i n e d  for  h e x -  
anen i t r i l e ,  3 h y d r o x y p r o p a n e n i t r i l e ,  b u t a n e d i n i t r i l e ,  
m - a m i n o p h e n o l ,  1 e t h y l q u i n o l i u m  iodide ,  a n d  d i -  
s o d i u m  2,7 n a p h t h a l e n e d i s u l f o n a t e .  As  wi l l  be  no ted  
in t he  cu rves  t h e r e  was  c o n s i d e r a b l e  v a r i a t i o n  in 
t he  in i t i a l  point .  This  was  p r o b a b l y  caused  b y  d i f -  
f e r ences  in p r e t r e a t m e n t  of t he  e lec t rode .  Us ing  t h e  
s a m e  p r e t r e a t m e n t ,  one o b t a i n s  r e su l t s  t h a t  ag ree  
w i t h i n  -+-5%. F o r  a l l  of these  c o m p o u n d s  t h e r e  was  
the  s ame  m a r k e d  c o r r e l a t i o n  b e t w e e n  the  h y d r o g e n  
con ten t  and  the  a p p e a r a n c e  of the  depos i t s  t ha t  is 
seen  in Fig.  3 and  4. The  bes t  depos i t s  w e r e  a l w a y s  
o b t a i n e d  a t  t he  m i n i m u m  in t he  curve .  H o w e v e r ,  
in t he  cases  of m - a m i n o p h e n o l  and  b u t a n e d i n i t r i l e  
t he  m i n i m u m  h y d r o g e n  con ten t  d id  no t  c o r r e s p o n d  
to the  m i n i m u m  in t he  cu rve  as seen, for  e x a m p l e ,  
in Fig.  5. Of the  c o m p o u n d s  i n v e s t i g a t e d  on ly  
t h i o u r e a  (Fig .  6) d id  no t  g ive  a c u r v e  s im i l a r  to 
those  above .  But ,  even  he re  i t  can  be  seen  t h a t  t h e r e  
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Fig. 5. Amount of codeposited hydrogen as a function of butane- 
dinitrile concentration; B, dull; C, semi-brlght. 
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Fig. 6. Amount of codeposited hydrogen as a function of thlourea 
concentration; B, dull; C, semi-bright. 
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M X 104(OF PLATING SOLUTION WITH RESPECT TO 
DISODIUM 2,7 HAPHTHALENEDISULFONATE) 

Fig. 7.  E f fec t  of  st i rr ing on the  hydrogen content curves obta ined  
with disodium 2,7-naphthalenedisulfonate; (a)  s ta t ionary  e lect rode,  
- - ~  ~ . ; (b)  rotat ing e l e c t r o d e , -  � 9 1 4 9  B,B' ,  
dul l ;  D ,D ' ,  br ight .  

is the same  cor re la t ion  be tween  the appea rance  of 
the p la te  and  the h y d r o g e n  content .  

EfJect o~ pressure on hydrogen content . - - In  a 
f u r t he r  i nves t iga t ion  of the  cor re la t ion  b e t w e e n  the 
appea rance  of the deposi t  and  the a m o u n t  of co- 
deposi ted hydrogen ,  a s tudy  was  made  of the  effect 
of p ressure  on the codeposi t ion of hyd rogen  and  
nickel .  I t  was  no ted  tha t  there  was a decrease  in 
h y d r o g e n  con ten t  wi th  a decrease in  p ressure  and  
tha t  the  pla tes  became  smoother  and  more  even,  
bu t  no t  br ight .  In  addi t ion,  it r equ i r ed  on ly  a con-  
cen t r a t i on  of 3.2 x 10-~M p r o p a n e n i t r i l e  to ob ta in  
the b r igh tes t  deposits  at 70 m m  pressure  compared  
to 4.5 x 10-~M p r o p a n e n i t r i l e  at a tmospher ic  pres -  
sure. 

Effect o] stirring on hydrogen content c u r v e s . -  
Since some of the expe r imen t s  were  r u n  in  s t i r red  
solut ions and  some in  n o n s t i r r e d  solutions,  a s tudy  
was made  of the  effect of s t i r r ing  on the h y d r o g e n  
con ten t  of the  deposits.  In  the  case of the ni t r i les ,  
s t i r r ing  had  no effect on the h y d r o g e n  con ten t  
curves.  F igu re  7 shows the  effect of s t i r r ing  on the  
h y d r o g e n  con ten t  curves  for d i sod ium 2,7 n a p h t h a -  
lenedisu l fona te .  As can be seen, s t i r r ing  causes a 
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Fig. 9. Compar ison  of  results for  pentanen i t r i l e ;  (a )  hydrogen con-  
tent ,  - -  - -  - -  o - -  - -  - -  o . . . .  ; (b)  cur rent  e f f ic iency,  

shift  in  the curve,  bu t  does no t  change  the  genera l  
shape  of the  curve.  

Effect of organic compounds on the current 
efficiency of hydrogen deposi t ion.--The observed  
va r i a t i on  of the  h y d r o g e n  con ten t  could be due to 
va r i a t ions  in  the  c u r r e n t  efficiency of the  deposi t ion 
process or it  could be due  to va r i a t i ons  in the  
a m o u n t  of h y d r o g e n  adsorbed  at  the  surface  of the 
electrode.  In  order  to d i s t ingu i sh  b e t w e e n  these two 
possibi l i t ies  the  c u r r e n t  efficiency in  the Wat t s  ba th  
for the  deposi t ion of h y d r o g e n  was  m e a s u r e d  as a 
f unc t i on  of the  concen t r a t i on  of the organic  ad-  
di t ive.  

F igures  8, 9, a nd  10 show a definite cor re la t ion  
b e t w e e n  the  c u r r e n t  efficiency for the  deposi t ion of 
hyd rogen  and  of h y d r o g e n  con ten t  curves  for p ro -  
panen i t r i l e ,  pe n t a ne n i t r i l e ,  and  d i sod ium 2,7 n a p t h a -  
lene  disul fonate ,  i nd i ca t i ng  tha t  the cause of the 
va r i a t i on  in  h y d r o g e n  con ten t  is a change  in the  
c u r r e n t  efficiency for the  deposi t ion  process. 

In  s u m m a r y ,  it  has been  shown tha t  there  is a 
m a r k e d  cor re la t ion  b e t w e e n  the a m o u n t  of hyd ro -  
gen codeposited wi th  n icke l  f rom a Wat t s  ba th  
con t a in ing  var ious  organic  addi t ives ,  the  c u r r e n t  
efficiency for h y d r o g e n  deposit ion,  and  the a ppea r -  
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ance  of t he  deposi t .  A l l  of t h e s e  quan t i t i e s  v a r y  in  
t h e  s ame  m a n n e r  as a func t ion  of t he  c o n c e n t r a t i o n  
of t he  add i t i ve .  
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Simultaneous Cataphoretic and Electrolytic Deposition of Nickel 
for Cathode Bases of Reliable Electron Tubes 

Peter F. V6radi and Kitty Ettre 
The Machlett Laboratories, Incorporated, Springdale, Connecticut 

ABSTRACT 

The combinat ion of e lectrolysis  and ca taphore t ic  deposi t ion of meta l  pa r -  
t icles was used in the deve lopment  of a porous nickel  m a t r i x  l aye r  for  e lectron 
tube ex tended  interface  cathodes. The codeposit ion phenomenon was s tudied 
and the influence of the var ious  pa rame te r s  (t ime, t empera tu re ,  concentra t ion)  
on the deposi ted l aye r  s t ruc ture  was shown. The technique may  be used for 
p repar ing  porous layers  f rom meta l  mix tures  and alloys. 

The  e x t e n d e d  i n t e r f a c e  ( m a t r i x )  c a thod e  used  
in h i g h  v o l t a g e  or  h igh  p o w e r  e l e c t r o n  t u b e s  w a s  
d e s c r i b e d  b y  F i s k  et al. (1)  and  b y  F i e l d  (2 ) .  This  
ca thode  consis ts  of a n i c k e l  base  me ta l ,  w h i c h  is 
coa ted  b y  a po rous  n i cke l  l aye r .  This  n i cke l  l a y e r  
is s i n t e r e d  to the  base  and  t h e r e a f t e r  the  vo ids  a r e  
f i l led w i t h  t he  s t a n d a r d  e m i s s i v e  (BaSrCa)CO3  
coa t ing  m a t e r i a l .  The  m a i n  a d v a n t a g e s  of t he  use  of 
a po rous  n i c k e l  m a t r i x  l a y e r  as t h e  ba se  fo r  ox ide  
coa ted  ca thodes  are :  good  hea t  a n d  e l ec t r i ca l  con-  
duc t i v i t y ,  i nc rease  in t h e  a d h e r e n c e  of the  emis s ive  
coa t ing  to the  base  me ta l ,  dec rea se  in t he  i n t e r f ace  
res i s t ance ,  and  f ina l ly  m i n i m i z a t i o n  of the  d e t r i -  
m e n t a l  effect  of the  h igh  v o l t a g e  spa rk ing .  

On cons ide r ing  the  w o r k i n g  m e c h a n i s m  of such 
a n i c k e l  m a t r i x  ca thode ,  i t  is e v i d e n t  t h a t  t he  po rous  
n i cke l  m a t r i x  m u s t  h a v e  the  fo l l owing  p r o p e r t i e s :  
( A )  A d h e r e n c e :  A v e r y  good a d h e r e n c e  to t he  base  
m e t a l  a f t e r  s in te r ing ,  to avo id  p e e l i n g  off of  t he  
m a t r i x .  (B)  P o r e  size:  The  size of t he  vo ids  m u s t  be  
s e v e r a l  t imes  l a r g e r  t h a n  those  of  t he  c a r b o n a t e  
gra ins .  This  m e a n s  t h a t  t he  pores  shou ld  b e  f i l led 
eas i ly  b y  t h e  e m i s s i v e  ma te r i a l s .  I t  is r e c o m m e n d e d ,  
a s s u m i n g  a c a r b o n a t e  size of 2-5~, to have  a po re  
size of 25-50~. (C)  R e p r o d u c i b i l i t y :  He igh t ,  dens i ty ,  
su r f ace  p r o p e r t i e s  of t he  po rous  l aye r ,  and  the  
d imens ions  and  shape  of t he  vo ids  m u s t  be  r e p r o -  
duc ib l e  f r o m  s a m p l e  to s a m p l e  and  lot  to lot  in 
mass  p roduc t i on .  

The  mos t  i m p o r t a n t  p a r t  of th i s  t y p e  of e l e c t r o n  
e m i t t e r  is t he  u n i f o r m l y  po rous  n i cke l  m a t r i x  
l aye r .  This  l a y e r  can  be  p r e p a r e d  as desc r ibed ,  
u t i l i z ing  p a i n t i n g  (3, 4) ,  s p r a y i n g  (4, 5) ,  or  p re s s  
t e c h n i q u e  (3) .  The  d i s a d v a n t a g e s  of these  m e t h o d s  

are :  i t  is diff icult  to ge t  u n i f o r m l y  porous  and  r e p r o -  
duc ib l e  s t ruc tu re s ,  and  the  l a y e r  o b t a i n e d  m i g h t  
r e a d i l y  peel .  

In  o r d e r  to de ve lop  a m e t h o d  to p r o d u c e  r e p r o -  
duc ib l e  and  r e l i a b l e  po rous  n i c k e l  m a t r i x  l a y e r s  
su i t ab l e  for  e l ec t ron  t u b e  ca thode  purposes ,  w e  
m a d e  e x p e r i m e n t s  w i t h  a n e w  process :  s i m u l t a n e -  
ous e l e c t ro ly t i c  a n d  c a t a p h o r e t i c  depos i t ion .  The  
two  t y p e s  of depos i t i on  can  be  p e r f o r m e d  f r o m  t h e  
s ame  so lu t ion  s i m u l t a n e o u s l y ,  r e s u l t i n g  in  a po rous  
n i c k e l  m a t r i x  depos i t .  In  t h e  fo l lowing  me thod ,  t he  
inf luence  of t h e  v a r i o u s  p a r a m e t e r s  on the  l a y e r  
s t r u c t u r e  and  the  m e c h a n i s m  of depos i t i on  a r e  
desc r ibed .  

Experimental Method 
The  e x p e r i m e n t a l  a r r a n g e m e n t  is s h o w n  in Fig .  

1. The  glass  b e a k e r  (B)  c o n t a i n e d  the  p l a t i n g  so lu-  
t ion  w i t h  t h e  a d d e d  n i c k e l  m e t a l  p o w d e r .  The  

T 

~AMP 

Fig. 1. Schematic drawing of the experimental setup 
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p l a t i ng  so lu t ion  was  a " h a r d  n i cke l  p l a t i n g  b a t h "  
con ta in ing  5% NiSO,  and  2.3% (NH,),_.SO, in d e -  
ion ized  w a t e r .  C a r b o n y l  n i cke l  p o w d e r  of 325 mesh  
was  m i x e d  in to  the  solu t ion ,  and  the  m i x t u r e  was  
a g i t a t e d  t h o r o u g h l y  b y  a Teflon s t i r r e r  (M,) .  The  
s a m p l e  to be  coa ted  (C)  was  m o u n t e d  on a h o l d e r  
and  was  r o t a t e d  b y  a s low (10 r p m )  m o t o r  (M.~), 
and  e x c e p t  for  the  r o u n d  flat (0.5 cm ~) t a r g e t  su r -  
face,  i t  was  p r o t e c t e d  b y  a Teflon sh ie ld  (T ) .  The  
s a m p l e  was  a t t a c h e d  to the  n e g a t i v e  s ide  of a d - c  
p o w e r  supp ly ,  w h i l e  t he  pos i t ive  s ide  was  a t t a c h e d  
to a f lat  n i c k e l  anode  ( A )  spaced  a p p r o x i m a t e l y  
8-15 m m  f r o m  the  sample .  The  t e m p e r a t u r e  of the  
s l u r r y  w a s  m a i n t a i n e d  b y  a h o t - p l a t e  (H)  a n d  w a s  
c on t ro l l ed  in  t he  solu t ion .  

The  n i c k e l  s amp le s  to be  coa ted  w e r e  c l e a ne d  
c a r e f u l l y  be fo re  us ing.  The  s a m p l e s  w e r e  d e g r e a s e d  
in e t h e r  a n d  r i n s e d  in ace tone  and  bo i l ing  w a t e r .  
F i n a l l y  t h e y  w e r e  r i n s e d  aga in  in ace tone  and  d r i e d  
in  air .  A f t e r  m o u n t i n g  the  s a m p l e s  on the  ho lde r ,  
t he  s a m p l e  was  i m m e r s e d  in t he  s l u r ry ,  and  a v o l t -  
age  of 25v d.c. was  s w i t c h e d  on. A f t e r  t he  t i m e  
r e q u i r e d  fo r  o b t a i n i n g  the  p r o p e r  coa t ing  t h i cknes s  
h a d  passed ,  t he  v o l t a g e  was  s w i t c h e d  off, and  the  
s a m p l e  was  r e m o v e d  f r o m  the  so lu t ion  and  f rom 
i ts  ho lder .  I t  was  r i n s e d  in d i s t i l l ed  w a t e r ,  t hen  
in ace tone ,  and  a f t e r  d r y i n g  i t  was  e x a m i n e d .  

Appearance and Characteristics Data of a 
Nickel Matrix 

The  g e n e r a l  a p p e a r a n c e  of  a n i cke l  m a t r i x  
c a thode  s u i t a b l e  for  e l e c t r o n  t u b e  a p p l i c a t i o n  is 
shown  in a s chema t i c  d r a w i n g ,  Fig .  2. The  d r a w i n g  
shows  a cross  sec t ion  of t he  po rous  l aye r .  The  
c h a r a c t e r i s t i c  d a t a  of  such a m a t r i x  can  be def ined  
b y  the  h e i g h t  of the  po rous  l a y e r  and  b y  i ts  r o u g h -  
ness.  The  po rous  n i c k e l  l a y e r  was  s c r a t ched  w i t h  a 
p in  across  t he  cen t e r  of t he  coa ted  su r face  (be fo r e  
s i n t e r i n g ) .  The  h e i g h t  of t he  m a t r i x  is def ined  as 
t h e  d e p t h  of th is  s c r a t c h e d  g roove  f r o m  the  b o t t o m  
(base  m e t a l )  to t he  top  of t he  n i c k e l  p e a k s  (see  
Fig .  2A) .  The  r o u g h n e s s  of t he  coa t ing  deno tes  t he  
d i s t ance  b e t w e e n  t h e  p e a k s  and  v a l l e y s  of t he  
m a t r i x  (see  Fig .  2B) .  The  h e i g h t  and  roughnes s  
m e a s u r e m e n t s  w e r e  m a d e  w i t h  a Zeiss  l igh t  sec t ion  

t PIN 
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Fig. 2. Schematic drawing of the cross section of a deposited layer 

microscope .  A n o t h e r  c h a r a c t e r i s t i c  d a t u m  of t he  
po rous  l a y e r  is the  w e i g h t  of the  depos i t ed  nickel .  
The  a p p a r e n t  d e n s i t y  of the  l a y e r  can  be  c a l cu l a t ed  
f rom the  a b o v e  d a t a  and  also the  r a t i o  of h e i g h t /  
roughness .  The  r a t i o  of h e i g h t / r o u g h n e s s  is mos t  
c h a r a c t e r i s t i c  on the  s t r u c t u r e  of t he  m a t r i x  l aye r ,  
and  i t  is a f fec ted  b y  the  d i f fe ren t  p a r a m e t e r s  as 
d e s c r i b e d  be low.  

Influence of Several Parameters on the 
Matrix Surface Structure 

The  c h a r a c t e r i s t i c  da t a  of a po rous  m a t r i x ,  he ight ,  
roughness ,  h e i g h t / r o u g h n e s s  ra t io ,  d e p e n d  on the  
fo l lowing  p a r a m e t e r s :  n i cke l  p o w d e r  concen t r a t i on ,  
t e m p e r a t u r e  of t he  p l a t i n g  solut ion ,  coa t ing  t ime.  
E x p e r i m e n t s  w e r e  m a d e  on t h e  inf luence  of these  
p a r a m e t e r s  on the  s t r u c t u r e  of a po rous  m a t r i x  
l aye r .  The  vo l t a ge  was  k e p t  c o n s t a n t  a t  25v. 

Ef]ect of the nickel powder concentration.--The 
effect  of the  n i c k e l  p o w d e r  c o n c e n t r a t i o n  of the  
so lu t ion  on the  po rous  l a y e r  s t r u c t u r e  is shown  in 
Fig .  3. The  d a t a  w e r e  t a k e n  a t  70~ b a t h  t e m p e r a -  
t u r e  and  w i t h  12 sec coa t ing  t ime .  Two conclus ions  
can  be  d r a w n  f r o m  the  e x p e r i m e n t :  ( a )  H e i g h t  and  
roughnes s  va lue s  inc rease  w i t h  i nc r e a s ing  a m o u n t  
of n i cke l  p o w d e r  and  f ina l ly  t h e y  r e a c h  a s a t u r a t i o n ;  
and  (b)  the  r a t i o  of h e i g h t / r o u g h n e s s  dec reases  
c o n s i d e r a b l y  w i t h  i nc rea s ing  n i cke l  p o w d e r  con-  
cen t r a t ion .  The  roughnes s  i nc reases  m u c h  f a s t e r  a t  
h i g h e r  n i c k e l  c o n c e n t r a t i o n  t h a n  the  he igh t ,  w h i c h  
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Fig. 3. Effect of the nickel powder concentration on the layer 
structure. 
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Fig. 5. Effect of the ploting time on the Ioyer structure (30 g/1000 
ml nickel powder concentration in the solution). 

means that the structure of the porous matr ix layer 
changed considerably at higher nickel powder con- 
centration. 

E]]ect of bath temperature.--Figure 4 shows the 
effect of temperature on the structure of a matr ix 
applying 30 g/1000 ml nickel powder concentration 
and 12 sec coating time. As can be seen (A) the 
height and roughness values increase with increas- 
ing temperature  and tend to reach saturation above 
75~ (B) the ratio of height /roughness is not much 
affected by the temperature and it decreases only 
very slightly wtih increasing temperature.  

Effect of coating time.--Figure 5 shows the effect 
of the coating time on the characteristic data of the 
matrix at 30 g/1000 ml nickel concentration and 
70~ bath temperature.  The results show that:  (a) 
the height and roughness data increase with in- 
creasing coating time; (b) the ratio of height /  
roughness remains practically constant, e.g., the 
structure of the layer does not change by increasing 
the coating time. 

Simultaneous Electrolytic and Cataphoretic Deposition 
The preceding experiments show that the struc- 

ture of the porous layer is affected considerably only 
by the change in the nickel powder concentration 
in the plating solution. It is evident that  a combined 
deposition process takes place: an electrolytic depo- 
sition process of nickel on the cathode from the 
plating solution, and simultaneously a cataphoretic 
deposition of the nickel particles from the slurry. 
The nickel quanti ty deposited purely  by electroly- 
sis, having no nickel particles in the solution, was 
measured, as was also the deposition from the com- 
bined process, having 30 g/1000 ml nickel powder 
concentration in the slurry. We made experiments 
varying the coating time but keeping the tempera-  
ture constant at 75~ (Fig. 6). The addition of the 
nickel powder to the solution causes a considerable 
increase in the deposited amount indicating that the 
cataphoretic process also takes place. The deviation 
from the pure electroplating caused by the addition 
of nickel powder is indicated also in the figure de- 
noted as 4. 

MI I~POSqT 

m9 TEMP.: 70% o 

n to 20 i 30 - 
~A~NG T~E  t tsEc~ 

Fig. 6. Effect of the plating time en the deposited nickel quantity 

The current density during our measurements 
was approximately 4 amp/cm~; it remained the 
same when nickel powder was added. There was a 
slight but definite trend of current  increase over 
the plating period if nickel powder was present, 
which is normal for cataphoretic depositions. The 
current,  however, remained constant during the 
plating experiments having no nickel powder in the 
solution. 

From the above experiments we can conclude 
that by  adding nickel powder to a regular nickel 
plating solution a combined electrolysis-cataphore- 
sis process takes place. The cataphoretically de- 
posited nickel powder is incorporated in the elec- 
trolytically deposited layer forming a very rough 
and highly porous nickel layer which is suitable for 
the extended interface (matrix) cathode purposes. 
This procedure can be used for deposition of a rough 
layer of any metal mixtures. 

Deposition of Meta l  Mixtures 
In certain types of electron tubes the emitter con- 

tains known amounts of additives in the nickel. This 
is necessary also for certain types of matrix cath- 
odes. The technique described above is also useful 
in producing porous nickel matrixes with known 
amount of additives as magnesium, titanium, tung-  
sten, aluminum, etc. 

Metal powder mixtures.--We made experiments 
on depositing a mixture of nickel and t i tanium pow- 
der. The coating procedure described above was 
followed, except that a mixture of nickel and ti ta- 
nium (0.5%) powder was used. The resulting layer 
had the same structure as one without the t i tanium 
additive. 

Chemical analyses were made on the original 
nickel and t i tanium metal powder mixture;  the 
deposited coating was also analyzed. The original 
metal powder mixture contained 0.5% titanium, 
and the deposited porous coating contained only 
0.26% titanium. These results were reproducible 
and indicate that  metal particles different from 
nickel also can be deposited this way  cataphoret-  
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ical ly.  The  c h e m i c a l  d e t e r m i n a t i o n  of t i t a n i u m  b e -  
s ides  excess  a m o u n t  of n i cke l  was  p e r f o r m e d  by  a 
modi f i ca t ion  of t he  c o l o r i m e t r i c  m e t h o d  d e s c r i b e d  in 
Sne l l ' s  book  (6) .  

Nickel  a l loys . - -Nickel  a l loy  p o w d e r  con ta in ing  
3.6% t u n g s t e n  was  p r e p a r e d .  This  p o w d e r  was  used  
in ou r  e x p e r i m e n t s .  T h e  o r ig ina l  p o w d e r  a n d  also 
the  depos i t ed  l a y e r  w e r e  c h e m i c a l l y  ana lyzed .  T h e r e  
was  3.5% t u n g s t e n  in  t he  o r ig ina l ,  w h i l e  t h e  t u n g -  
s ten  con ten t  of the  depos i t ed  l a y e r  was  found  to be  
2.5%. The  ana lys i s  of the  t u n g s t e n  con ten t  of t he  
n i cke l  was  p e r f o r m e d  c o l o r i m e t r i c a l l y  as d e s c r i b e d  
in Sne l l ' s  book  (6) .  

Sinfering 

The  a p p e a r a n c e  of t he  r e su l t i ng  m a t r i x  l aye r ,  
a f t e r  depos i t ion ,  is b lack ,  and  i t  becomes  m e t a l l i -  
c a l l y  b r i g h t  a f t e r  s in t e r ing .  The  s i n t e r i ng  was  m a d e  
in w e t  h y d r o g e n  at  1000~ for  10 min.  The  a d h e r -  
ence of t he  s in t e r ed  l a y e r  is exce l l en t .  I ts  r e m o v a l  
f rom the  base  n i cke l  a f t e r  s i n t e r i ng  is not  possible .  

Reproducibil i ty 

The  r e p r o d u c i b i l i t y  of t he  m e t h o d  (he igh t ,  r o u g h -  
ness  v a l u e s  of t he  m a t r i x  l a y e r )  d e p e n d s  on how 
we l l  t he  d i f fe ren t  p a r a m e t e r s  a r e  k e p t  cons t an t  
d u r i n g  the  p r e p a r a t i o n .  W i t h  t he  s imple  e q u i p m e n t  
shown  in Fig .  1 the  va lue s  m a y  be  k e p t  w i t h i n  -----4% 
d e v i a t i o n  f rom the  mean .  By  i n t r o d u c i n g  a m o r e  
a d v a n c e d  se tup ,  th is  r e p r o d u c i b i l i t y  can be i m -  
p r o v e d  g rea t l y .  

Exper iments  in Electron Tubes 

Spray ing . - -The  vo ids  of the  po rous  m a t r i x  b o d y  
a r e  f i l led w i th  the  s t a n d a r d  emis s ive  s p r a y  m a t e r i a l  
b y  a " w e t "  sp r ay ing .  The  vo id  s t r u c t u r e  of t he  co-  
depos i t ed  l a y e r  is such  t ha t  no spec ia l  so lu t ion  or  

t e c h n i q u e  is r e q u i r e d  to fill t he  pores  w i t h  t he  e m i s -  
s ive m a t e r i a l .  

Electron tubes . - -These  w e r e  p r e p a r e d  u t i l i z ing  
this  c o - p r e c i p i t a t e d  n i c k e l  m a t r i x  base  ca thode  
p roc e du re .  The  p u m p i n g  and  p rocess ing  of t ubes  
w i t h  th is  t y p e  of c a thode  is s im i l a r  to the  s t a n d a r d  
s p r a y e d  ox ide  coa t ed  ca thodes .  L i f e  a n d  h igh  v o l t -  
age  s t a b i l i t y  t es t s  of e l ec t ron  tubes  in w h i c h  th is  
t y p e  of m a t r i x  ca thode  was  i n c o r p o r a t e d  ( u n d e r  t he  
t r a d e  n a m e  " P h o r m a t  c a t h o d e s " )  i n d i c a t e d  h igh  
r e l i a b i l i t y  and  s e v e r a l  t h o u s a n d  hou r  l ife.  These  e x -  
p e r i m e n t s  w e r e  m a d e  (7)  in ML-7698 a n d  ML-7815 
tubes ,  t e s t ed  in a g r i d - m o d u l a t e d  ampl i f i e r  c i rcu i t  
w i t h  a p l a t e  v o l t a g e  of 3000v d.c. In  the  ML-7815 tube  
t y p e  in a h a r d  t ube  m o d u l a t o r  c i rcui t ,  t he  P h o r m a t  
c a thode  tubes  w i t h s t o o d  a f ield s t r e n g t h  of 135 k v /  
cm. A t  th is  f ield s t r e n g t h  s t a n d a r d  s p r a y e d  ca thodes  
w e r e  a lmos t  c o m p l e t e l y  d e s t r o y e d ,  w h i l e  the  P h o r -  
m a t  t y p e  ca thodes  showed  on ly  a few a rc  marks .  

Manuscr ip t  received Oct. 4, 1961; rev ised  manuscr ip t  
received December  15, 1961. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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Electron-Microscopic Observations 
of the Structure of Electroplated Nickel 

R. Well and H. C. Cook 
Department of Metallurgy, Stevens Institute of Technology, Hoboken, New Jersey 

ABSTRACT 

Nickel  electrodeposi ts ,  of var ious  thicknesses,  were  p repa red  f rom Wat ts '  
baths  containing severa l  addi t ion  agents  to s tudy the deve lopment  of the sur -  
face s t ructure .  By e lec t ron-microscopic  examina t ions  of replicas,  thin films, and 
e lec t ro ly t ica l ly  th inned bu lk  meta l  the reasons for the format ion  of severa l  
s t ruc tura l  features,  p rev ious ly  observed,  were  found. Se lec t ed -a rea  diffraction 
was found to be the best  me thod  of measur ing  the gra in  size of the e lec t ro-  
deposits  studied. Markings  be l ieved to be sites of la t t ice- inc luded fore ign sub-  
stances were  observed.  

A n  e a r l i e r  p a p e r  (1)  dea l t  w i t h  the  use  of e l ec -  
t r on  m i c r o s c o p y  in t h e  e l u c i d a t i o n  of  c e r t a i n  s t r u c -  
t u r a l  p h e n o m e n a  o b s e r v e d  in n i cke l  e l ec t rodepos i t s  
f r om W a t t s '  b a t h s  con t a in ing  a v a r i e t y  of a d d i t i o n  
agents .  The  w o r k  d e s c r i b e d  b e l o w  is a c o n t i n u a t i o n  
of th is  s tudy .  The  p u r p o s e s  of t he  p r e s e n t  w o r k  a r e  
to i n v e s t i g a t e  t he  causes  for  t he  f o r m a t i o n  of the  
va r i ous  s t r u c t u r a l  f ea tu res ,  t he  r ea sons  for  t he  f iber  
axes  o b s e r v e d  u n d e r  c e r t a i n  p l a t i n g  condi t ions ,  a n d  

the  loca t ion  of t he  fo re ign  subs t ances  k n o w n  to ex i s t  
in p l a t e d  n icke l .  In  o r d e r  to accompl i sh  these  o b -  
j ec t ives ,  t he  g r o w t h  of d i f fe ren t  s t r u c t u r e s  was  ob~ 
s e r v e d  w i t h  e l ec t ron  m i c r o s c o p y  us ing  r ep l i ca s  as 
w e l l  as th in  m e t a l  films. 

Experimental Procedure 
To s t u d y  the  effect of a d d i t i o n  agen t s  on the  

g r o w t h  of e l e c t r o d e p o s i t e d  n i c k e l  as  i n d e p e n d e n t l y  
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Fig. I. Negative parlodion replicas of surface structures of nickel from plain Watts' bath plated for Ca) 20 sec, (b) 40 sec, (c) 1 min 
20 sec, (d) 2 min 40 sec, (e) 5 min 20 sec, (f) 10 min 40 sec. 
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Table I. Plating conditions and addition agents 

Bath composit ions:  400 g/1 NiSO, • 6H~O, 45 g/1 
NiCL X 6H~O, 45 g/1 H~BO~. 
P la t ing  condit ions:  pH: 4.0; t empera tu re :  50~ 
_ 2~ cur ren t  densi ty:  5 amp /d in  2. 
Addi t ion  agents in baths  where  n ickel  was p la ted  
for  5 sec to 42 rain, 40 sec. 

1. None 
2. 0.03 g/1 Coumar in  
3. 0.05 g/1 Coumar in  
4. 0.1 g/1 Coumar in  
5. 0.15 g/1 Coumar in  
6. 0.02 g/] Thiourea  
7. 0.07 g/1 Thiourea  
8. 0.2 g/1 Thiourea  
9. 0.3 g/1 Thiourea  

10. 0.25 g/1 Ani l ine  
11. 0.6 g/1 1-5 Naphtha lene  disulfonic 

acid  q- 0.2 g/1 chloral  hyd ra t e  

as pos s ib l e  of t h e  subs t r a t e ,  spec ia l  coppe r  bas is  
m e t a l  h a d  to be  p r e p a r e d .  This  was  done  b y  v a p o r  
depos i t i ng  coppe r  on s p e c u l a r  n i cke l  or  po l i shed  
glass  a n d  t h e n  e l e c t r o f o r m i n g  a p iece  of sufficient  
t h i ckness  to  hand le .  A f t e r  s t r ipp ing ,  t he  copper  s u r -  
face  w h i c h  faced  the  n i c k e l  or  t he  glass  was  s p e c u l a r  
a n d  cons i s ted  of e x t r e m e l y  fine, r a n d o m l y  o r i e n t e d  
gra ins .  N i c k e l  was  depos i t ed  on the  s p e c u l a r  copper  
f r o m  W a t t s '  b a th s ;  t he  compos i t i on  a n d  p l a t i n g  con-  
d i t ions  a r e  l i s t ed  in  T a b l e  I. To s t u d y  the  g rowth ,  
t h e  p l a t i n g  t ime  was  i n c r e a s e d  in a g e o m e t r i c  ser ies  
f rom 5 sec to 42 min ,  40 sec. The  a r e a  depos i t ed  was  
0.25 d m  ~, w h i l e  t h a t  of t he  a n o d e  was  0.4 d m  ~. 
O t h e r w i s e  t he  e x p e r i m e n t a l  a p p a r a t u s  was  as p r e -  
v ious ly  (1)  desc r ibed .  Th in  n i cke l  f i lms w e r e  p l a t e d  
ove r  t h in  coppe r  on ha l f  t he  o r i g i n a l l y  d e p o s i t e d  
a r ea  as in t h e  e a r l i e r  work .  

The  su r f aces  of t h e  depos i t s  w e r e  e x a m i n e d  e lec -  
t r on  m i c r o s c o p i c a l l y  w i t h  n e g a t i v e  p a r l o d i o n  r e p -  
l icas  as be fore .  W h e n  g r e a t e r  r e s o l u t i o n  was  r e -  
qu i red ,  c a r b o n  r e p l i c a s  w e r e  m a d e  b y  f i rs t  s h a d o w -  
ing  t h e  s p e c i m e n  w i t h  p a l l a d i u m  and  t h e n  e v a p o r -  
a t i n g  ca rbon .  The  r e p l i c a s  w e r e  r e m o v e d  b y  scor ing  
t h e  s p e c i m e n  to p r o d u c e  squa re s  to  fit t h e  e l e c t r o n -  
mic roscope  h o l d e r  and  t h e n  m a k i n g  t h e  s p e c i m e n  
anodic  in an  aqueous  so lu t ion  of 25% b y  v o l u m e  
H2SO4 w i t h  a s ta in less  s tee l  ca thode .  The  c u r r e n t  
was  s l o w l y  i nc r ea sed  u n t i l  t he  r ep l i c a  f loated off. 
Th in  f i lms w e r e  also p r e p a r e d  b y  e l ec t ropo l i sh ing .  
F i r s t  t he  su r f ace  of t h e  n i cke l  was  coa ted  w i t h  an 
a d h e r e n t  p l a s t i c  film. T h e n  t h e  coppe r  bas is  m e t a l  
was  d i sso lved .  The  e l e c t r o p o l i s h i n g  m e t h o d  used  
was  t h a t  d e s c r i b e d  b y  K e l l y  and  N u t t i n g  (2) .  B e -  
cause  of t h e  p l a s t i c  coa t ing ,  t he  t h in  f i lm came  f r o m  
a r eg ion  n e a r  the  sur face .  

Results and Discussion 
The  su r f ace  s t r u c t u r e s  of the  depos i t s  f r om a 

p l a i n  W a t t s '  b a t h  p l a t e d  for  v a r i o u s  t imes  a r e  shown  
in Fig .  1. F i g u r e  l a  shows  t h a t  a f t e r  20 sec of p l a t i n g  
a f ew  g ra in s  g r o w  f a s t e r  t h a n  the  o thers .  T h e r e  is 
some  e v i d e n c e  f r o m  s e l e c t e d - a r e a - d i f f r a c t i o n  s tud ies  
of such g r a i n s  in th in  f i lms t h a t  t h e y  h a v e  a (100) 
p l a n e  p a r a l l e l  to t he  surface .  W i t h  i nc r ea s ing  d e p o -  
s i t ion  t ime ,  t he se  p r e f e r e n t i a l l y  o r i e n t e d  g r a i n s  
g r o w  ove r  o t h e r  g r a in s  and  some  n e w  ones  f o r m  

Fig. 2. Thin film of nickel deposit from plain Watts' bath 

Fig. 3. Negative parlodion replica of 40~-thick deposit from bath 
containing 0.03 g/I coumarin. 

and  s t a r t  to deve lop  u n t i l  t h e y  occupy  a lmos t  t he  
e n t i r e  surface .  The  g r o w t h  l a y e r s  b e c o m e  d i s c e r n -  
ib le  a t  an  e a r l y  s t age  in the  depos i t i on  and  t end  to 
become  coa r se r  p r o b a b l y  b y  a b u n c h i n g  m e c h a n i s m .  
The  l a y e r s  a r e  no t  pa r a l l e l ,  b u t  i nc l i ned  to  the  s u r -  
face  f r e q u e n t l y  r e s u l t i n g  in  a p y r a m i d  s t ruc tu re .  In  
t h e  th in  n i cke l  film, shown  in Fig.  2, t he  g r o w t h  
s teps  and  t h e i r  o r i en t a t i ons  can  be  r e a d i l y  seen.  A n  
a r e a  such as t h a t  m a r k e d  'A '  has  a (100) d i r ec t ion  
p e r p e n d i c u l a r  to the  su r face  and  a s i n g l e - c r y s t a l  
p a t t e r n  as d e t e r m i n e d  b y  s e l e c t e d - a r e a  d i f f rac t ion .  
I t  is t hus  pos s ib l e  to m e a s u r e  t h e  g r a i n  size of t he  
f i lm b y  th is  me thod .  S i m i l a r  m e a s u r e m e n t s  us ing  
e l e c t r o l y t i c a l l y  t h i n n e d  b u l k  m a t e r i a l  showed  t h a t  
t h e  f i lm is r e p r e s e n t a t i v e  of t h e  su r face  of t he  e l ec -  
t r o d e p o s i t  on w h i c h  i t  was  p l a t ed .  

Some  a d d i t i o n  agen t s  in  W a t t s '  b a t h s  do no t  
c h a n g e  the  f iber  ax i s  or  d e c r e a s e  t he  g r a i n  size. A n  
e x a m p l e  of such a m a t e r i a l  is coumar in .  F i g u r e s  3-  
5 show the  effect of i nc r ea s ing  c o u m a r i n  c o n c e n t r a -  
t ions  in  the  b a t h  on the  s t r u c t u r e  of s a m p l e s  p l a t e d  
for  42 min  40 sec and  w h i c h  w e r e  a b o u t  40~ th ick .  
F i g u r e  3 r e p r e s e n t s  t he  su r f ace  of  a depos i t  f r om a 
so lu t ion  con ta in ing  0.03 g/1 coumar in .  The  d i f fe r -  
ence  b e t w e e n  th is  depos i t  and  one f r o m  a p l a i n  
W a t t s '  b a t h  is t h a t  the  h e i g h t  and  d i s t ance  b e t w e e n  
success ive  g r o w t h  l a y e r s  has  d e c r e a s e d  r e s u l t i n g  in  
a f la t te r  surface .  T h e  depos i t  f r o m  a b a t h  w i t h  0.05 
g/1 c o u m a r i n  shown  in Fig .  4 has  m o r e  p l a t e l e t s  
g r o w i n g  p a r a l l e l  to each  o ther ,  r e s u l t i n g  in s t i l l  
l a r g e r  a r e a s  w h i c h  a r e  flat. The  d e g r e e  of p r e f e r r e d  
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Fig. 4. Negative parlodion replica of 40~-thick deposit from bath 
containing 0.05 g/I coumarin. 

Fig. 6. Negative parlodion replica of 40~-thick deposit from bath 
containing 0.02 g/I thiourea. 

Fig. 5. Negative parlodion replica of 40~-thick deposit from bath 
containing 0.15 g/I coumarin. 

Fig. 7. Negative carbon replica of 40~-thick deposit from bath 
containing 0.07 g/I thiourea. 

o r i e n t a t i o n  as d e t e r m i n e d  b y  x - r a y  d i f f rac t ion  in 
t he  w a y  p r e v i o u s l y  (1)  d e s c r i b e d  d id  no t  change  
w i t h  t he  c o n c e n t r a t i o n  of c o u m a r i n  in t h e  p l a t i n g  
ba th .  The  c rev ices  b e t w e e n  g r o w t h  in d i f fe ren t  d i -  
r ec t ions  also have  become  sha l lower .  I t  is also 
no t i ced  t h a t  g r o w t h  occurs  s i m u l t a n e o u s l y  a long  
two  i n t e r s e c t i n g  p lanes ,  p r o b a b l y  of t h e  s ame  f a m i l y  
in t he  a r e a s  m a r k e d  'C' .  W i t h  a c o n c e n t r a t i o n  of 
0.15 g/1 c o u m a r i n  in the  p l a t i n g  b a t h  t h e  depos i t  
was  qu i t e  b r igh t .  The  r ea son  for  th is  is e v i d e n t  in 
Fig.  5 w h i c h  shows  v e r y  l a r g e  a r e a s  of p a r a l l e l -  
g r o w i n g  p l a t e l e t s  w i t h  a few,  r e l a t i v e l y  sha l l ow  
crevices .  I t  can  t hus  be  seen  t h a t  one w a y  of ge t t i ng  
b r i g h t e r  n i c k e l  depos i t s  is to cause  g r o w t h  to p r o -  
ceed  a long  the  s a m e  d i r ec t ions  and  to d e c r e a s e  the  
s t ep  he igh t .  T h e  s a m e  f e a t u r e s  as w e r e  o b s e r v e d  in  
the  e x a m i n a t i o n  of t he  r ep l i ca s  w e r e  seen in t h in  
films. S e l e c t e d - a r e a  d i f f rac t ion  a g a i n  showed  tha t  
a lmos t  a l l  g r a i n s  l a r g e  e n o u g h  to g ive  s i n g l e - c r y s t a l  
p a t t e r n s  h a d  a [100] d i r ec t ion  p e r p e n d i c u l a r  to the  
surface .  

A l m o s t  s p e c u l a r  depos i t s  a r e  o b t a i n e d  in a b a t h  
con ta in ing  0.6 g/1 n a p h t h a l e n e  d i su l fon ic  ac id  and  
0.2 g/1 ch lo r a l  h y d r a t e  because  the  p l a t e l e t s  a r e  
fine and  on ly  v e r y  few c rev ices  or  r i dges  form.  As  
t h e  d e v e l o p m e n t  of t h e  s t r u c t u r e  of depos i t s  f r o m  
such a b a t h  w i t h  i nc r ea s ing  t i m e  is fo l lowed ,  t h e r e  
is p r a c t i c a l l y  no coa r sen ing  of the  p l a t e l e t  size w i t h  
depos i t  th ickness .  The  c rev ices  w h i c h  a r e  p r e s e n t  

a r e  chief ly  due  to s t ack ing  i r r e g u l a r i t i e s  of the  
g r o w t h  l ayers .  In  th in  f i lms f rom t h e s e  samples ,  
w h e r e  such i r r e g u l a r i t i e s  caused  t h e  s t a c k i n g  of t h e  
p l a t e l e t s  to be  s o m e w h a t  coa r se r  t h a n  ave rage ,  the  
edges  of the  s teps  cou ld  be  seen  and  w e r e  found  to 
be a long  [100] d i rec t ions .  

A n  i n t e r e s t i n g  f e a t u r e  o b s e r v e d  in m a n y  s t r u c -  
t u r e s  is t he  f o r m a t i o n  of colonies,  i.e., a ser ies  of 
g r a in s  s u r r o u n d e d  b y  a r e l a t i v e l y  deep  crevice ,  
w h i c h  of ten  r e s e m b l e s  a g r a i n  b o u n d a r y .  S a m p l e s  
f r o m  b a t h s  c o n t a i n i n g  t h i o u r e a  and  an i l i ne  e x -  
h ib i t ed  this  s t r u c t u r a l  f ea tu re .  W i t h  a c o n c e n t r a t i o n  
of 0.02 g / l  t h i o u r e a  v e r y  l a r g e  colonies  f o r m e d  as 
seen  in Fig.  6. W i t h  i nc r ea s ing  t h i o u r e a  c o n c e n t r a -  
t ions,  the  colonies  become  s m a l l e r  as do t h e  g r o w t h  
s teps .  F i g u r e  7 is a p h o t o g r a p h  of t he  su r f ace  of a 
depos i t  f r o m  a b a t h  con t a in ing  0.07 g/1 th iou rea .  
Depos i t s  f r o m  a b a t h  con t a in ing  0.3 g/1 t h i o u r e a  
h a v e  no c rev ices  d e e p e r  t h a n  0.4tL and  a re  b r igh t .  

E x a m i n a t i o n  of t he  su r face  s t r u c t u r e s  at  va r i ous  
s t ages  in the  g r o w t h  of a depos i t  f r o m  a b a t h  con-  
t a i n i n g  0.07 g/1 t h i o u r e a  showed  tha t  t h e y  beg in  
as v e r y  fine g r a i n s  w h i c h  t e n d  to f o r m  g roups  w i t h  
c rev ices  b e t w e e n  them.  W i t h  i nc rea s ing  th ickness ,  
t he  c rev ices  b e c o m e  deeper ,  b u t  a r e  not  y e t  c o n t i n u -  
ous as  seen  in  Fig .  8. The  a c t u a l  g r a i n  size of t h e  
samples ,  even  the  one f r o m  the  b a t h  w i t h  0.02 g/1 
th iou rea ,  is qu i t e  smal l .  This  can  be  seen  in Fig.  9 
w h i c h  is a t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h  of a 
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Fig. 8. Negative carbon replica of 1F-thick deposit from bath 
containing 0.07 g/I thiourea. 

Fig. 10. Negative parlodion replica from 5F-thick deposit from 
bath containing 0.25 g/I aniline. 

Fig. 9. Transmission micrograph of electrolytically thinned de- 
posit from bath containing 0.02 g/I thiourea. 

Fig. 11. Thin film of surface shown in Fig. 10 

40/~-thick deposit from this bath. The sample was 
thinned by electropolishing. 

The colony size in samples from baths containing 
other addition agents can be quite small as shown 
in Fig. 10, an electron micrograph of a replica from 
a deposit plated for 5 min, 20 sec in bath containing 
0.25 g/1 aniline. The extremely fine grain size of 
this sample can be seen from Fig. 11, a photograph 
of the corresponding thin film. Also with a selected- 
area-diffraction aperture of 1~ square, the pat tern 
consisted of complete rings. This, plus the presence 
of all diffraction rings in what  appeared to be nor-  
real intensities also indicates random orientation, a 
fact which the very irregularly oriented growth 
layers corroborates. 

The location of codeposited material  in electro- 
lyticaUy thinned films of copper deposits has re-  
cently been observed by Steinemann and Hinte- 
mann (3). Similar structural features were ob- 
served in nickel films. In Fig. 12 which represents 
a thin film from a 2~-thick deposit from a bath con- 
taining 0.10 g/1 coumarin, a large number  of light 
markings are seen. These tend to be aligned along 
definite crystallographic directions. In a fully bright 
deposit from a proprietory bath shown in Fig. 13 
they are more randomly distributed. To determine 
if these are the sites of codeposited foreign mate-  
rials, the findings of Beacom and Riley (4) that 
foreign substances are preferentially codeposited at 

Fig. 12. Thin film showing markings in sample from bath con- 
taining 0.10 g/I coumarin. 

protrusions in high-levelling baths, were utilized. 
Copper basis metal was prepared by vapor deposit- 
ing on bright nickel having fine buffing scratches. 
The copper, copying the surface, therefore had t iny 
ridges. A photograph of the thin film plated on this 
surface and then stripped is shown in Fig. 14. A 
concentration of the light markings can be seen 
along the ridge. The plating bath, No. 11 in Table I 
was of the levelling type because the ridges could 
no longer be seen in a deposit 0.5~ thick. There is 
some evidence that the light markings represent 
sites where material  has evaporated, as they tend 
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Fig. 13. Thin film showing markings in bright nickel deposit 

Fig. 14. Thin film showing markings lined up along ridges 

to develop as a resul t  of exposure  to the electron 
beam. It is possible tha t  some of the mark ings  are 
due to electron bombardment .  Such markings ,  how-  
ever, tend to be r andomly  d is t r ibu ted  and not l ined 
up along cer ta in  directions. A few mark ings  may  be 
dislocations. However ,  in th in  films, dislocations 
tend to extend f rom the top to the bot tom surfaces. 
Most of the mark ings  shown in the previous  figures 
appear  to be in a p lane para l le l  to the surface. None 
of the mark ings  were  observed to move under  the 
electron beam; dislocations often do. In  a photo-  
graph taken  as soon as an area  is exposed to the 
electron beam there  are da rk  mark ings  and black 
areas l ined up along the ridge. 

The reasons for the format ion of crevices, which 
have previous ly  (1) been shown to be responsible  
for haziness in very  f ine-gra ined deposits and, de-  
pending on thei r  size, can be a cause of dullness in 
general ,  have not ye t  been determined.  On the basis 
of this s tudy it is possible to make  some suggestions. 
As prev ious ly  indicated,  i r regular i t i es  in the height  
or spacing of the growth  steps can cause crevices 
when the steps are  incl ined to the surface. A change 
in the growth  direct ion of the p la te le t  can resul t  in 
a r idge or a val ley.  The crevices surrounding col- 
onies may  be caused, at least  in par t ,  by  surface ten-  
sion as suggested b y  the angles at thei r  in tersec-  
tions. No crys ta l lographic  reasons have been found 
for thei r  existence. The same diffraction pa t te rns  
are observed on e i ther  side or on a crevice. Stresses 
may  also cause regions to separate.  There  is a 

marked  s imi la r i ty  be tween the da rk  areas  seen on a 
r idge and crevices in f ine-gra ined deposits which 
are  hazy. This suggests tha t  there  may  be some local 
adsorpt ion of foreign mate r i a l  which hinders  depo-  
sition and the reby  causes a crevice. I t  is no tewor thy  
that  Watson and Edwards  (5) observed negat ive  
level l ing at  the  same concentrat ion of th iourea  
where  the deep crevices were  formed. It is quite 
possible tha t  crevice format ion  is a normal  phe-  
nomenon in e lectroplat ing.  Only under  the  r ight  
conditions for level l ing are these crevices p reven ted  
f rom forming to not iceable  depths  so that  a specular  
deposi t  results.  These op t imum conditions need not 
be the same as those which give best resul ts  wi th  
the r e l a t ive ly  l a rge r  crevices used in level l ing ex -  
per iments .  It has been shown by Garmon and Le id-  
heiser  (6),  for example ,  tha t  level l ing is a function 
of the size and shape of the crevice. 

The resul ts  of this s tudy also pe rmi t  fu r the r  dis-  
cussions about  p re fe r r ed  orientat ions.  Strong fiber 
axes were  observed in samples showing re la t ive ly  
large grains  and extended growth  layers.  I t  has 
been found by Pick, Storey,  and Vaughan (7) tha t  
the surfaces of growth steps are usual ly  low- index  
crys ta l lographic  planes.  As the conditions which 
favor  ex tended growth  layers  also favor  cont inua-  
tion of the subs t ra te  orientat ion,  layers  wil l  be 
formed near ly  para l l e l  to each other, resul t ing in 
large grains.  As these grains grow from p re fe ren -  
t ia l ly  or iented nuclei, they tend to be  a l igned with  
a common direct ion of low indices pe rpend icu la r  to 
the surface. Under  conditions of growth  inhibit ion,  
the layers  are small  and tend to be more randomly  
or iented wi th  respect  to one another  because there  
is only a weak  tendency to continue the immedia te  
subs t ra te  orientat ion.  Thus, f ine-gra ined  s t ructures  
show genera l ly  only weak  fiber axes or are r an -  
domly oriented.  

The re la t ive  mer i ts  of using thin films p la ted  on 
copper and s t r ipped by  removing the la t te r  and 
those p repa red  by  thinning bu lk  ma te r i a l  became 
evident  f rom this study. As the  measurements  of 
gra in  size and or ienta t ion obtained f rom both meth -  
ods were  the same, ei ther  is sui table  for this pu r -  
pose. For  the  examinat ion  of growth  layers ,  crevices, 
and surface contours, the  as -p la ted  thin  films are 
best suited as these features  are no longer  visible 
af ter  electropolishing.  Etching effects f rom the elec-  
t ropol ishing solutions often occur in complicated 
structures.  This again favors the first method.  A 
sl ight  etching effect has also been observed in the 
thin films due to the solution which dissolves the 
copper. The as -p la ted  films can be made thinner,  
and they  are more uni form in thickness than  the 
th inned films. On the other  hand, to s tudy disloca-  
tions, subgrain  formations,  and  anneal ing  behavior ,  
the th inned films are preferable .  Dislocations are 
p robab ly  in t roduced in the  a s -p la t ed  thin  films. 
Smal l  changes in the la t t ice  spacing, as occur in 
going from copper to nickel,  can be easi ly  accommo- 
da ted  under  condit ions of ep i taxy  by  the  in t roduc-  
tion of dislocations. 

Conclusions 
Electron microscopy, especial ly using thin films 

in conjunction with  replicas,  has been useful ly  ap-  
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p l i ed  to t he  s t u d y  of t he  v e r y  fine s t r u c t u r e  of e l ec -  
t r o p l a t e d  n icke l .  S e l e c t e d - a r e a  d i f f rac t ion  a p p e a r s  
to b e  t he  on ly  s a t i s f a c t o r y  m e t h o d  of m e a s u r i n g  
g r a i n  s ize of  e l ec t rodepos i t s  of t he  t y p e  used  in  th is  
s t u d y  as o t h e r  m e a n s  do no t  d i f f e r en t i a t e  b e t w e e n  
colonies  . a n d  g r a in s  or  b e t w e e n  mic ros t r e s s  and  
m i c r o c r y s t a l s .  A n  i n v e s t i g a t i o n  of t he  i n t e r a c t i o n  of 
d i s loca t ions  w i t h  t he  s i tes  of l a t t i c e - i n c l u d e d ,  
f o r e ign  m a t e r i a l  shou ld  be  v e r y  h e l p f u l  in  e l u c i d a t -  
ing  t h e  r e a s o n  for  t h e  w i d e  r a n g e  of m e c h a n i c a l  
p rope r t i e s ,  as  shou ld  also be  a s t u d y  of t he  effect  of 
c rev ices  ac t ing  as poss ib le  s t ress  r a i se r s .  
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Aging of Electrodeposited Chromium 
I. Deposits from Chromic/Chromous Plating Baths 

Kenneth A. Moon and Charles Levy 1 
Ordnance Materials Research Office, Watertown, Massachusetts 

ABSTRACT 

Deposits f rom the ehromic /chromous  p la t ing  baths  used for the  commercia l  
e lec t rowinning  process lose about  half  the i r  hydrogen  and gain about  0.06 
weight  per  cent (w/o)  oxygen  dur ing  about  100 days  aging. The hydrogen  loss 
does not  occur in vacuum and is p robab ly  due to oxidat ion  of e l emen ta ry  dis-  
solved hydrogen.  The remain ing  hydrogen  is p robab ly  in hydrous  oxide inclu-  
sions. The oxygen gain may  be due to absorpt ion in chromous oxide inclusions. 

D u r i n g  s tud ies  of the  n a t u r e  and  b e h a v i o r  of i m -  
pu r i t i e s  in  e l e c t r o d e p o s i t e d  c h r o m i u m ,  w e  h a v e  
found  t h a t  m a n y  depos i t s  show p r o n o u n c e d  ag ing  
effects d u r i n g  s t o r age  at  r o o m  t e m p e r a t u r e .  In  th is  
p a p e r  w e  r e p o r t  t he  r e su l t s  o b t a i n e d  w i t h  spec imens  
depos i t ed  f r o m  c h r o m i c / c h r o m o u s  p l a t i n g  b a t h s  b y  
the  e l e c t r o w i n n i n g  p rocess  d e v e l o p e d  b y  the  U.S. 
B u r e a u  of Mines  and  the  Un ion  C a r b i d e  Meta l s  
C o m p a n y  (1) .  S tud i e s  of the  ag ing  of depos i t s  f r o m  
ch romic  ac id  p l a t i n g  b a t h s  a r e  in p r o g r e s s  (2)  and  
wi l l  be  r e p o r t e d  la te r .  

Materials and Procedures 
Six  depos i t  s a m p l e s  w e r e  used  in th is  work .  De-  

pos i t s  1-5 w e r e  r e c e i v e d  f r o m  Union  C a r b i d e  Meta l s  
C o m p a n y  in N o v e m b e r  1959, and  depos i t  6 was  
r e c e i v e d  f r o m  the  s ame  source  in M a r c h  1959. F o r  
these  depos i t s ,  t h e  u sua l  h e a t - t r e a t m e n t  in t h e  p l a t -  
ing p l a n t  to d r y  and  d e h y d r o g e n a t e  the  m a t e r i a l  
was  omi t t ed .  The  e x p e r i m e n t a l  spec imens  w e r e  
g iven  n u m b e r s  w h i c h  inc lude  the  n u m b e r  of t he  
depos i t  of w h i c h  t h e y  w e r e  a por t ion ,  and  a l e t t e r  to 
d i s t i n g u i s h  b e t w e e n  d i f f e ren t  spec imens  f rom the  
s a m e  depos i t ,  e.g., 1A, 1B, 2A, etc. 

D i l a t o m e t r i c  w o r k  w a s  done  w i t h  a Le i t z  T y p e  
H T V  U n i v e r s a l  D i l a tome te r ,  w h i c h  p r o d u c e s  a 
p h o t o g r a p h i c  c u r v e  r e p r e s e n t i n g  s p e c i m e n  l e n g t h  
vs. t e m p e r a t u r e .  The  s lope  of th i s  curve ,  m i n u s  t he  
s lope  of a c u r v e  on the  s ame  f i lm m a d e  w i t h  t he  
s ame  s p e c i m e n  a f t e r  c o m p l e t e  annea l ing ,  m u l t i p l i e d  

~Presen t  addres s :  R e s e a r c h  D e p a r t m e n t ,  Gil le t te  Safe ty  Razor  
C o m p a n y ,  Bos ton  6, Mass. 

b y  the  a p p r o p r i a t e  c a l i b r a t i o n  fac tors ,  g ives  the  r a t e  
of sh r inkage .  The  d i l a t o m e t e r  f u r n a c e  h e a t i n g  r a t e  
was  3 ~  and  the  spec imens  w e r e  in an  a t m o s -  
p h e r e  of abou t  1 cm p u r e  h y d r o g e n  gas  up  to abou t  
550~ and  in v a c u u m  t h e r e a f t e r .  The  p u r p o s e  of 
the  h y d r o g e n  gas  was  to i nc rea se  h e a t  t r ans fe r .  

H y d r o g e n  a n a l y s e s  w e r e  p e r f o r m e d  w i t h  a g lass  
v a c u u m  s y s t e m  in w h i c h  the  spec imen  was  h e a t e d  
at  3 ~  and  the  h y d r o g e n  e vo lve d  was  co l lec ted  
in a k n o w n  vo lume .  P r e s s u r e  of the  h y d r o g e n  was  
m e a s u r e d  w i t h  an oil  m a n o m e t e r  c on t a in ing  Dow 
Corn ing  DC 703 s i l icone oil,  and  a G a e r t n e r  Sc i -  
entif ic  Corp.  Mode l  M300 c a t h e t o m e t e r .  To fac i l i -  
t a t e  r a t e  of evo lu t i on  m e a s u r e m e n t s ,  w h i c h  r e q u i r e  
r a p i d  m a n i p u l a t i o n ,  no T o e p l e r  p u m p  was  used,  and  
the  u p p e r  b o u n d a r y  of t he  k n o w n  v o l u m e  was  the  
m e r c u r y  v a p o r  s t r e a m  in t he  co l lec to r  d i f fus ion 
p u m p .  S ince  th is  v a p o r  s t r e a m  r e t r e a t s  f u r t h e r  in to  
the  p u m p  as the  p r e s s u r e  b u i l d s  up,  the  k n o w n  
v o l u m e  (511-561 cc) h a d  to be  c a l i b r a t e d  as a 
func t ion  of p re s su re .  I t  was  e s t a b l i s h e d  e x p e r i -  
m e n t a l l y  t h a t  loss of h y d r o g e n  b y  p e r m e a t i o n  
t h r o u g h  the  s i l icone  oi l  or  b y  o x i d a t i o n  b y  m e r c u r y  
ox ide  in t h e  p u m p  was  neg l ig ib l e ,  and  also t h a t  no  
m e a s u r a b l e  h y d r o g e n  was  e v o l v e d  d u r i n g  t h e  p e r i o d  
of p u m p i n g  w h i c h  p r e c e d e d  t h e  hea t ing .  Spo t  checks  
i n d i c a t e d  t h a t  the  gas co l lec ted  in t h e  k n o w n  
v o l u m e  was  e s s e n t i a l l y  p u r e  h y d r o g e n .  A l iqu id  
n i t r o g e n  t r a p  was  used  b e t w e e n  the  spec imen  and  
the co l l ec to r  d i f fus ion p u m p ;  t he  t e r m  " h y d r o g e n  
con ten t "  as used  in th is  p a p e r  does  no t  inc lude  a n y  
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Fig. 1. Effect of age and humidity on the weight of specimens 1B 
(circles) and 6A (triangles). Weight gain is relative to the weight 
at age 1.3 days and 15% humidity. The curve represents the effect 
of age alone. See Fig. 2. 
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Fig. 2. Effect of humidity on the weight of specimens ] B (circles) 
and 6A (triangles). The ordinate of each point is the vertical dis- 
tance between the corresponding point in Fig. I and the curve in 
Fig. 1. 

hydrogen  evolved f rom the specimens in the  form 
of wa te r  vapor.  Hydrogen  content  was calculated 
graphica l ly  f rom the r a t e -o f - evo lu t ion  data.  In some 
cases ra te  measurements  were  not made,  and hy-  
drogen content  could be calculated d i rec t ly  f rom 
the p re s su re /vo lume  data;  where  cross checks were  
possible, the two methods gave ident ical  results  for 
hydrogen content.  

Oxygen analyses  by  vacuum fusion and carbon 
analyses  by  combustion were  pe r fo rmed  by  the 
Ana ly t i ca l  Chemis t ry  Branch of Wate r town  Arsena l  
Laborator ies .  In some cases we ex t rac ted  the oxides 
f rom annealed  specimens and submit ted  these to 
the Ana ly t i ca l  Chemis t ry  Branch for chromium 
analysis  by  s tandard  procedures.  The repor ted  
chromium content  was then mul t ip l ied  by the fac-  
tor  48/104 to give the oxygen content.  For  ex t rac -  
tion, a lg  specimen was placed in a solution of 10 

ml bromine and 100 ml methanol .  When solution of 
the meta l  was complete  the mix tu re  was fi l tered 
and the res idue washed thoroughly  with  a solution 
containing 7g of ammonium bromide  per  100 ml 
of methanol.  

Results 
Figure  1 shows how the weight  of specimens IB 

and 6A changed wi th  age, age being reckoned f rom 
the t ime of remova l  of the deposit  f rom the pla t ing 
bath.  The first weighing of specimen 1B was at age 
1.3 days, and that  of 6A, 14 days. To br ing the two 
sets of measurements  into conformity,  a hypo the t -  
ical 1.3-day weight  was chosen for specimen 6A 
such tha t  the two sets of da ta  coincided as closely 
as possible. Spot checks wi th  specimens 1G, 1H, 
and l I  gave agreement  wi th  the da ta  for specimen 
lB. The re la t ive  humid i ty  of the l abora to ry  a tmos-  
phere  at the t ime of weighing is also shown in Fig. 
1; for specimen 1B up to age 6 days  direct  humid i ty  
readings  were  not avai lable ,  and the values shown 
were  calculated f rom indoor t empe ra tu r e  and out-  
door dew point. These calcula ted values are p rob-  
ably  a l i t t le  low. It  is c lear  tha t  both age and 
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Fig. 3. Effect of age on hydrogen content. See also the date for 
specimens 1D and 2 P in Table I. 
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Table I. Details of vacuum annealing experiments. In each case the specimen was pumped at room temperature for the time shown, and 
then annealed at 3~ to the temperature shown. Annotations: a, days elapsed from removal of deposit from plating bath to beginning of 

pumping in the vacuum system; b, corrected for hydrogen recovered and to 15% humidity; c, by alcoholic bromine extraction; d, the specimen 
was not continuously in contact with normal air: see text; e, plus 30 min at 800 ~ 

H y d r o g e n  O x y g e n  
P u m p i n g ,  W t  loss  ~, r ecove red ,  con ten t ,  C a r b o n  conten t ,  

S p e c i m e n  W e igh t ,  g Agea,  days  h r  A n n e a l ,  ~ p p m  p p m  w / o  p p m  

1A 2.40 1.3 18 700 354 361 0.333 21 
6B 0.89 15 17 1085 404 223 
2D 2.12 50 23 t000 210 
1H 0.80 56 19 700 235 192 0.396 28 
1D 2.43 61d 2 800e 260 304 0.344 24 
6E 2.06 86 18 1000 0.388c 
6H 2.40 104 22 650 118 181 
6R 1.98 107 3 915 0.410c 
6S 2.24 110 26 1019 0.379c 
6U 2.30 110 26 1019 0.401c 
6V 2.03 120 18 850 0.396c 
6X 2.56 120 18 850 0.383c 
2E 3.05 182 20 800 196 184 0.393c 
2P 1.05 l~0d 20 800 313 0.316c 
l I  0.91 2t4 22 600 --19 172 65 
1M 0.91 259 21 650 175 0.399 
2L 2.22 331d 26 800 303 176 0.399 56 
6I 1.87 317 22 800e 324 164 0.404c 
1E 2.27 329d 24 800 364 293 0.394 33 
2B 2.33 333d 20 800 206 177 0.419 39 
2N 3.48 3 t ld  19 800 309 180 
2K 2.57 364d 24 830 191 176 
2A 0.99 391d 24 800 213 176 
1F 1.95 396d 23 800 186 171 
1B 3.80 399 24 800 199 175 
6J 1.94 496 20 600 159 

Table II. Summary of dilatometric experiments 

L i n e a r  s h r i n k a g e  
w h e n  a n n e a l e d  a t  3 ~  

L e n g t h ,  Age,  To 1 0 4 0  = T o  4 0 0  ~ 
S p e c i m e n  cm days  % % 

1J 4.38 1.4 0.708 0.140 
1K 4.39 5 0.694 0.128 
3A 5.04 57 0.664 0.100 
6F 2.37 112 0.638 0.086 
6G 2.72 113 0.637 0.080 
3B 5.04 237 0.634 0.090 
3D 5.97 313 0.623 0 . 0 8 5  
3C 4.51 319 0.633 0.086 
6K 5.44 575 0.608 0.061 

h u m i d i t y  affect the weight ,  and  the separa te  effects 
are shown by  the curve  in  Fig. 1 and  the  l ine  in  
Fig. 2. 

F i g u r e  3 shows how the  h y d r o g e n  con ten t  changes  
wi th  age, and  Fig. 4 shows how age affects the 
detai ls  of the  h y d r o g e n - e v o l u t i o n  process. Since 
aging produces  a hyd rogen  loss bu t  a weight  gain,  
it fol lows tha t  someth ing  is absorbed  f rom the 
a tmosphere  d u r i n g  aging. If this ma te r i a l  were  
lost d u r i n g  v a c u u m  t r ea tmen t ,  there  should be a 
cor responding  t r end  in  the  da ta  for age v s .  weight  
loss d u r i n g  v a c u u m  t r e a t m e n t ;  the  appropr i a t e  da ta  
f rom Tab le  I are  p lo t ted  in  Fig. 5, and  we see the re  
is no such t rend .  W h e n  da ta  for oxygen  con ten t  v s .  

age are examined ,  however ,  as in  Fig. 5, the  cor re -  
spondence  b e t w e e n  weigh t  gain  and  increase  in 
oxygen  con ten t  is r ead i ly  apparen t .  Thus,  e i ther  
oxygen  or wa te r  vapor  is absorbed  d u r i n g  aging.  

The easy access of oxygen  a n d / o r  wa t e r  to the  
in te r io r  of the deposits  can be a t t r i b u t e d  to an  in -  
c lus ion sys tem which  forms a f inely d iv ided  skele-  

ton  t h r o u g h o u t  the  en t i re  deposit .  C o n v e n t i o n a l  
sect ioning,  pol ishing,  and  microscopy do not  easi ly 
revea l  this system, bu t  by  dissolving the  me ta l  in  
alcoholic b r o m i n e  as descr ibed above,  the  skele ton 
is isolated in  the fo rm of a pseudomorph ,  of com- 
posi t ion a p p r o x i m a t i n g  Cr20~, which  un~ler the 
microscope has a spongel ike  appea rance  wi th  an  
ave rage  pore d i ame te r  of rough ly  1~. A n n e a l i n g  
the spec imen  s l ight ly  (say 3 ~  to 300 ~ which  
is too sl ight to give rise to a ny  doubts  as to w h e t h e r  
the ske le ton  has been  changed  apprec iab ly  in  size or 
shape by  a n n e a l i n g )  is necessa ry  to ob ta in  a good 
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Fig. 5. Effect of age on oxygen content of annealed specimens 
(circles) and weight loss during annealing (triangles). Weight losses 
are corrected for hydrogen recovered and for humidity variations. 
The curve is the sum of weight gain and hydrogen loss, from Fig. 1 
and 3. See also the data for specimens 1D and 2P in Table I. 
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p s e u d o m o r p h .  V e r y  o ld  u n a n n e a l e d  spec imens  also 
gave  good  p s e u d o m o r p h s ;  s l i gh t ly  aged  u n a n n e a l e d  
spec imens  gave  b r o k e n  p s e u d o m o r p h s ;  and  i t  a p -  
p e a r s  t ha t  a v e r y  f r e sh  u n a n n e a l e d  s p e c i m e n  w o u l d  
y i e ld  no p s e u d o m o r p h  at  all .  

F i g u r e  6 shows  the  effect  of age  on the  s h r i n k a g e  
c h a r a c t e r i s t i c s  of the  deposi ts .  The  cu rves  h a v e  been  
s l i gh t ly  i dea l i z ed  to e l i m i n a t e  r a n d o m  v a r i a t i o n s  
not  r e l a t e d  to age.  The  i nc rea se  in the  300 ~ p e a k  
f r o m  age  1.4 days  to 60 days  could  be  spur ious .  
The  o t h e r  t r e n d s  shown  in Fig.  6 a r e  q u a l i t a t i v e l y  
r e l i ab le .  F i g u r e  7 c o m p a r e s  t h e  o b s e r v e d  dec rease  
in l e n g t h  d u r i n g  ag ing  w i t h  t he  o b s e r v e d  loss, d u r -  
ing aging ,  of c a p a c i t y  to s h r i n k  d u r i n g  annea l ing .  
The  d a t a  for  l e n g t h  vs. age  w e r e  o b t a i n e d  b y  
m o u n t i n g  s p e c i m e n  4A, of l e n g t h  4.15 cm, in a d ia l  
m i c r o m e t e r  w h i c h  could  be r e a d  w i t h  a p rec i s ion  
of 5 x 10 -~ cm. I t  w i l l  b e  n o t e d  t h a t  t h e r e  is a 
d i s c o n t i n u i t y  at  5 or  6 days ,  p r e c e d e d  b y  five po in t s  
of cons t an t  l ength .  W e  be l i eve  t h a t  th is  was  caused  
b y  s t i ck ing  of the  m i c r o m e t e r ,  and  a c c o r d i n g l y  a r e  
r e l u c t a n t  to p lace  too much  r e l i a n c e  on Fig.  7. 
H o w e v e r ,  i t  does  p r o v i d e  some i n d i c a t i o n  t h a t  t he  
o x y g e n  or  w a t e r  a b s o r b e d  d u r i n g  ag ing  does not  
c o m p e n s a t e  d i l a t a t i o n a l l y  for  the  h y d r o g e n  lost  d u r -  
ing aging.  

Some  spec imens  w e r e  s t o r ed  in spec ia l  a t m o s -  
p h e r e s  and  w e i g h t  was  fo l l owed  as a func t ion  of 
t ime  a f t e r  r e t u r n i n g  the  spec imens  to t he  n o r m a l  
a t m o s p h e r e .  F i g u r e  8 shows  one  set  of e x p e r i m e n t s  
in w h i c h  spec imens  w e r e  p l a c e d  in the  spec ia l  a t m o s -  

15! , , = , , i - , 

~ 1 AGE , 4  DAYS / \ ! 

TEMPERATURE, C 

Fig. 6. Effect of age on shrinkage during annealing at 3~ 
Slightly idealized: see text. 
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Fig. 7. Effect of age on the length and shrinkage capacity of 
deposits. Triangles show the loss in linear shrinkage during an- 
nealing at 3~ to 400 ~ relative to specimen 1J of age 1.4 days. 
Circles show the loss in length of specimen 4A relative to 1.4 days. 
The two curves are identical except for vertical displacement. 
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Fig. 8. Effect of storage in special atmospheres on the weight 
gain relative to age 1.3 days. Specimen 1F (circles) was in pure 
saturated water vapor from age 4 to 39 days; specimen 2N (tri- 
angles) was in an evacuated glass capsule from 4 to 68 days; 
specimen 1E (squares) was in a mixture of carbon dioxide and air 
from 4 to 151 days. The dashed line is the curve in Fig. I. All 
weighings were corrected for humidity variations. 
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Fig. 9. Effect of storage in special atmospheres on the weight gain 
relative to age 1,3 days. Up to age 46 days, all four specimens were 
part of a single piece, which was in an evacuated glass capsule 
from 4 to 42 days. After the original piece was broken up, speci- 
men 2A (solid circles) was left exposed to normal air; specimen 2K 
(open circles) was in 0.7 atm pure nitrogen from 46 to 76 days; 
specimen 2B (squares) was in 0.7 atm pure carbon dioxide from 
46 to 76 days; specimen 2L (triangles) was in 0.7 arm pure oxygen 
from 46 to 76 days. All weighings were corrected for humidity 
variations. 

p h e r e s  at  age  4 days  and  r e t r i e v e d  at  some l a t e r  
age as i n d i c a t e d  b y  the  do t t ed  l ines.  F i g u r e  9 
shows  a second set of e x p e r i m e n t s  in w h i c h  the  b e -  
g inn ing  of t r e a t m e n t  in spec ia l  a t m o s p h e r e s  was  at  
age  46 days .  Because  of t he  l a t e  s ta r t ,  t he  e x p e r i -  
m e n t s  in Fig .  9 w e r e  m a d e  w i t h  spec imens  w h i c h  
h a d  been  s to red  in an  e v a c u a t e d  glass  capsu le  f rom 
age  4 days  to 42 days .  W i t h  spec imen  1E the  ca rbon  
d iox ide  a t m o s p h e r e  was  p r o v i d e d  b y  s to r ing  the  
s p e c i m e n  in a bo t t l e  w h i c h  was  f i l led b y  g r a v i t y  
w i t h  c a r b o n  d i o x i d e  and  t h e n  s t oppe re d ;  p r e s u m -  
a b l y  a i r  was  also p resen t .  In  e v e r y  o t h e r  case  a 
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glass capsule of volume about 100 cc was used, and 
air  was pumped  away  wi th  a high vacuum system 
before admi t t ing  the special  gas and sealing by 
fusion of a constriction. The dura t ion  of pumping  
before admi t t ing  the  special  a tmosphere  was 1�89 
hr for specimens 2B, 2K, and 2L; 17 hr  for 2A; 
and 20 for 2N. Observed weights  were  corrected 
for deviat ion of re la t ive  humid i ty  from a s tand-  
ard value  by  means of the line in Fig. 2. For  
each specimen the s tandard  va lue  was chosen as 
the humid i ty  preva i l ing  at the t ime of opening the 
capsule, so tha t  no humid i ty  correct ion would have 
to be appl ied  to the weight  of the f reshly  re t r i eved  
specimen. The use of different  s tandard  humid i ty  
values for different specimens does not vi t ia te  direct  
comparison of the curves in Fig. 8 and 9, because 
each curve is based on a reference weight  which 
was also adjus ted  to the same s tandard  humidi ty .  
The values  of the s tandard  humidi t ies  were  2L, 
25%; 1E, 42; 2B, 25; 2N, 24; 2K, 25; 2A, 30; 1F, 
32. The hydrogen  content of each specimen was 
measured  immedia t e ly  af ter  the  last  weighing 
shown in Fig. 8 or 9 and is l is ted in Table I. 

The hydrogen  content  of two specimens was 
measured  af te r  a per iod of s torage in sealed evacu-  
ated glass capsules. Specimen 2P was s tored f rom 
age 4.3 days  to 190 days, and its hydrogen  content  
at 190 days was 313 ppm. In addi t ion there  was 9 
ppm free hydrogen  in the capsule. Specimen 1D 
was stored f rom 4.2 days to 60.05 days, and at 
61.06 days  its hydrogen  content was 304 ppm. 

Discussion 
The resul ts  wi th  specimens 1D and 2P s t rongly  

suggest that  the hydrogen  loss dur ing  aging takes 
place according to the react ion 

4H(Cr)  + O~(gas) = 2H,O(gas)  [1] 

where  H ( C r )  represents  hydrogen  dissolved in the 
metal ,  p re sumab ly  stabi l ized at imperfect ions  or 
impur i ty  atoms, since the t rue  solubi l i ty  of hyd ro -  
gen in chromium is ve ry  small  (3).  Equat ion [1] 
is also suppor ted  by  the exper imen t  in which speci-  
men 2L, af ter  s torage in pure  d ry  oxygen, lost 
weight  immedia te ly  af ter  being r e tu rned  to the 
normal  atmosphere,  whereas  wi th  specimens 2A, 
2B, 2K, and 2N there  was an ini t ia l  rap id  weight  
gain, fol lowed in a day  or so by  a r a the r  ab rup t  
change (not c lear ly  vis ible  in Fig. 8 and 9 because 
of the small  scale) to a s lower ra te  of weight  gain. 
This behavior  suggests that  the humid i ty  in the 
capsule containing 2L was higher  than tha t  in the 
labora tory .  

That  accounts for about  half  the ini t ia l  hydrogen 
content.  I t  is reasonable  to assume that  the other  
half  is in hydrous  form, as a const i tuent  of hydrous  
oxide inclusions (4).  One p laus ib le  in te rpre ta t ion  
of the weight  gain dur ing aging and of the shift  
of hydrogen evolution to higher  anneal ing t em-  
pera tu res  as shown in Fig. 4 is based on the hy-  
pothesis tha t  some or al l  of the  chromium in the 
hydrous  oxide inclusions is in the d ivalent  state. 
Then on anneal ing 

2CrO + H_,O(oxide) = Cr~O~ + H~(gas) [2] 

2Cr + 3H.O(oxide)  = Cr,O~ + 3H.~(gas) [3] 

and dur ing aging 

4CrO + O~(gas) = 2Cr,O~ [4] 

where  the symbols CrO and H,O(oxide)  represent  
const i tuents  of the hydrous  oxide inclusions. Re- 
action [4], which is known to occur at room tem-  
pe ra tu re  (5),  would account for the weight  gain 
dur ing  aging, and perhaps  also for the observat ion 
tha t  the  inclusions become more insoluble  in alco- 
holic bromine  as aging proceeds.  F rom Fig. 5, 
reac t ion[4]  would occur to the extent  of 600 ppm 
oxygen. Thus react ion [2] would occur t(~ the extent  
of 600 x 4/32 = 75 ppm hydrogen  in fresh speci- 
mens, but  not at all  in old specimens. Correspond-  
ingly,  react ion [3] would  increase wi th  aging by  
75 ppm hydrogen.  This would account for the shift 
of hydrogen  evolution to h igher  anneal ing t em-  
pera tures ,  as shown in Fig. 4, since react ion [2] 
is known (6) to occur r ap id ly  in the v ic in i ty  of 
100 ~ and react ion [3] p robab ly  occurs in the  gen- 
era l  v ic in i ty  of 300 ~ (7).  We have been a t tempt ing,  
so far  wi thout  success, to p repa re  some hydrous  
chromous oxide by  the method of Lux  and I l lman,  
in order  to de te rmine  its behavior  more precisely.  

Other  possible but  less credible  in te rpre ta t ions  
of the aging behavior  have been discussed in ref. 
(2).  

A puzzling fea ture  of our resul ts  is the effect 
of carbon dioxide on the weight  and hydrogen  con- 
tent  of the deposits. The effect is both profound 
and sensit ive to the detai ls  of the exper imenta l  
conditions, perhaps  to presence of oxygen or wa te r  
vapor.  These character is t ics  suggest tha t  fu r the r  
s tudy might  prove ve ry  instruct ive.  However,  be-  
cause of the difficulty of main ta in ing  a supply  of the  
fresh deposit,  we do not at  present  have any plans  
for such a study. 
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ABSTRACT 

Fir ing  of ZnS with T12S ~- S in sealed tubes results in yellow photolumines-  
cence peaked at 590~ as well as thermoluminescence and inf rared-s t imula ted  
emission with the same color. In  the presence of Cu or Ag, the photolumines-  
cence is red and peaks at 835 m~. This emission is excited at wavelengths where 
ZnS:Cu,C1 or ZnS:Ag,C1, respectively, emit. The thermoluminescence and in-  
f rared-s t imula ted  emission, at room temperature,  of ZnS:Ag,T1 is yellow; in  
the case of ZnS: Cu,T1, the s t imulated emission contains yellow and red com- 
ponents. 

Recent  work  in  this  l abo ra to ry  has shown tha t  
T1 can be incorpora ted  in to  ZnS.  Because  of lack of 
pub l i shed  da ta  on T l - a c t i v a t e d  ZnS  (1) 1, an  a t -  
t emp t  was  made  to cor re la te  the resul t s  of the  
p re sen t  i nves t iga t ion  w i th  da ta  on Z n S : C u  or 
Z n S : A g  coact iva ted  by  A1, Ga, or In  (2 -7) ,  as wel l  
as ZnS  ac t iva ted  by  In  a lone  (8) .  

Phosphor Preparation 
T h a l l i u m  salts are k n o w n  to be qu i te  volat i le ,  

and  n u m e r o u s  samples  of ZnS:Cu ,T1  fired at  a t -  
mospher ic  p ressure  ind ica ted  at bes t  i ncomple te  
incorpora t ion  of the  added T1 u n d e r  such f ir ing 
condi t ions.  Because  of the  h igh l imi t  of spect ro-  
g raphic  de tec tab i l i ty  of TI (100 p p m ) ,  it was  also 
cons idered  difficult to ob ta in  accura te  ana ly t i ca l  
da ta  on such phosphors .  A more  prac t ica l  approach,  
therefore ,  consisted of conduc t ing  all  f ir ings for 
1 h r  in  sealed, evacua ted  silica tubes.  Addi t ions  of 
Cu or Ag were  made  f rom aqueous  solut ions  pr ior  
to a p r e l i m i n a r y  fir ing in  H_oS at  a tmospher ic  p res -  
su re  which,  in  such cases, is a lways  necessa ry  to 
enab le  the  p rope r  degass ing of the  sample  d u r i n g  
the  s u b s e q u e n t  evacuat ion .  Q u a n t i t a t i v e  incorpora -  
t ion  of the  added T1 was  not  p roven ,  bu t  at  leas t  
ex tens ive  incorpora t ion  was assumed on the  basis 
t ha t  no  separa te  phase  of Tl -su l f ide  was  d i scern ib le  ~ 

1 B a l l e n t y n e ' s  p h o s p h o r  (1) w a s  prepared w i t h  T1, b u t  w a s  stated 
to c o n t a i n  no  T1 a f t e r  f i r i ng .  

2 U n a v o i d a b l e  t emperature  gradients  a l w a y s  c a u s e  a s e p a r a t e  
phase  w i t h  h i g h  vapor pressure  to segregate  in c learly vis ible  f o r m  
on one s ide of t h e  t u b e .  

on the  fired phosphors ,  except  af ter  addi t ions  as 
la rge  as 10 -3 g a toms T1/mole  ZnS.  X - r a y  diffract ion 
ana lyses  showed tha t  both f ir ing t e m p e r a t u r e s  of 
950 ~ and  l l 0 0 ~  resu l ted  in  essen t ia l ly  cubic phos-  
phors  which,  moreover ,  had the  same emiss ion  
spectra.  Therefore ,  the presence  of T1 ev iden t ly  
favors  the  f o r ma t i on  of the  cubic phase.  

Al l  of the phosphors  descr ibed in  this  pape r  were  
fired in  sealed tubes.  At  this  t ime, it  should  h o w -  
ever  be  po in ted  out  briefly that ,  depend ing  on com-  
posi t ion  and  fir ing schedules,  some ZnS:Cu,T1  
phosphors  fired at a tmospher ic  p ressure  d i sp layed  
s imi la r  propert ies .  Wi th  inc reas ing  Cu addi t ion  
a nd  fir ing t e m p e r a t u r e  (decreas ing  T1 r e t e n t i o n ) ,  
g reen  luminescence  was  obta ined ,  however ,  w i thou t  
ev idence  of special  p roper t ies  such as deep t raps  
which  could be ascr ibed to the  presence  of T1. For  
this  reason  as wel l  as the i r  necessa r i ly  u n c e r t a i n  
composit ion,  ~ they  are  no t  f u r t h e r  descr ibed un t i l  
such samples  can be dupl ica ted  u n d e r  more  con-  
t ro l led  condit ions.  

Results 
Table  I shows the  composi t ions  employed  and  

the v i sua l ly  observed pho to luminescence  propert ies .  
Sample  1 was  p r epa red  by  fir ing ZnS  wi th  T1C1 ( in  
the  absence  of S) in an  effort to ob ta in  T11+ acceptor  
centers .  This  was  unsuccess fu l  because  the  phosphor  
showed only  the  charac ter is t ics  of se l f - ac t iva ted  

a To  avoid comple te  loss of  T1, f i r i n g  in  capped silica t u b e s  w a s  
n e c e s s a r y  i n  s u c h  cases .  T h i s ,  h o w e v e r ,  m a d e  i t  imposs ible  to avoid 
t h e  p r e s e n c e  of s o m e  o x y g e n .  

TaMe I. Visually observed luminescence of TI-activated ZnS Phosphors 

S a m -  Phosphor-compos i t ion  
p le  i n  g - a t o m s / m o l e  Z n S  

Na .  A g  C u  T1 

77 ~  R o o m  t emperature  

Photo -  I n f r a r e d  T h e r m o l u m .  P h o t o -  I n f r a r e d  
C1 l u m i n ,  s t i m u l a t i o n  b e l o w  r . t .  l u m i n ,  s t i m u l a t i o n  

T h e r m o l u m .  
above  r .  t .  

A b o u t  
4 0 0 ~  

P h o t o -  
l u m i n .  

1 0 0 10 -3 
2 0 0 3 X 10 -5 
3 0 0 104 
4 0 10-' 3 X 10 -~ 
5 0 104 10 -4 
6 0 I0-* 3 X I0 -~ 
7 0 l f f '  104** 
8 104 0 10 -4 

10 -~ s. blue b lue  blue 
0 w. orange w. orange yellow 
0 s. orange s. orange s. yellow 
0 w. lavender  yellow w. yellow 
0 w. orange v. w. orange v. w. yellow* 
0 w. orange v .w.  orange none 
0 w. orange v. w. orange none 
0 v .w.  orange s. orange none* 

s. blue none none v .w.  bl.-gr. 
yellow s. yellow yellow yellow 

s. yellow s. yellow s. yel low s. yellow 
w. orange yellow none w. yellow 

or.-red or.-yellow none* v .w.  red 
red orange none v .w.  red 

deep red or.-red none v .w.  red 
deep red s. yellow yellow orange 

* G l o w  c u r v e s  s h o w  t h e r m o l u m i n e s c e n c e  b u t  v i s i b l e  e v i d e n c e  is u n c e r t a i n .  
** Separate  phase  of a T l - s u ] f i d e  n o t e d  a f t e r  f i r ing .  

s = s t r ong ,  w = w e a k ,  v = v e r y .  
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Fig. 1. Room-temperature emission spectra of phosphors. Excita- 
tion: 365~. Perkin-Elmer Model 13-U Spectrometer. 

ZnS:C1.  In  a l l  o the r  samples ,  T1 was  a d d e d  as T12S 
( a b s e n c e  of  C1) w i t h  a sma l l  excess  of e l e m e n t a r y  
S so as to f a v o r  t he  f o r m a t i o n  of TF § cen te rs .  
M e a s u r e m e n t s  on s a m p l e  No. 3 ( Z n S : T 1 ) ,  No. 5 
( ZnS :Cu ,T1 ) ,  and  No. 8 ( Z n S : A g , T 1 )  a r e  shown  
in Fig .  1 to 4. The  n u m b e r s  in the  f igures  r e f e r  to 
the  s a m p l e  n u m b e r s  in Tab le  I. 

The  r o o m  t e m p e r a t u r e  emiss ion  spec t r a  (Fig .  1) 
i nd ica t e  t h a t  each  p h o s p h o r  emi t s  a s ingle  band .  In  
t he  case  of ZnS:  T1, t he  emiss ion  is p e a k e d  a t  590 m/2 
a n d  has  a b a n d  w i d t h  of 0.38 ev, i.e., n e a r l y  t he  
s ame  as t ha t  of t he  ZnS:Cu ,C1  luminescence .  The  
emiss ion  b a n d s  of ZnS:Cu ,T1  and  ZnS :Ag ,T1  p e a k  
at  835 m/~ w i t h  ha l f  w i d t h s  of 0.43 and  0.33 ev, 
r e spec t i ve ly .  The  n a r r o w e r  d i s t r i b u t i o n  of t he  l a t t e r  
is m a d e  a p p a r e n t  b y  a d e e p e r  r e d  v i sua l  a p p e a r a n c e  
of t he  p h o t o l u m i n e s c e n c e .  The  a c c u r a c y  of t he  d i f -  
f e r ence  b e t w e e n  t h e  b a n d  w i d t h s  of t h e  C u -  and  
the  A g - a c t i v a t e d  p h o s p h o r s  is q u e s t i o n a b l e  be c a use  
of t he  low s e n s i t i v i t y  of t he  d e t e c t o r  ( P b S )  w h i c h  
was  r e q u i r e d  to m e a s u r e  t he  long w a v e l e n g t h  
emiss ion .  

The  exc i t a t i on  s p e c t r a  (F ig .  2) show some i n t e r -  
e s t ing  f e a t u r e s :  ZnS :T1  is e x c i t e d  p r i m a r i l y  in t he  
f u n d a m e n t a l  band ,  a n d  in  add i t ion ,  t h e r e  is e x c i t a -  
t ion  in t he  n e i g h b o r h o o d  of 370 and  380 zn~ w h i c h  is 
t he  r eg ion  w h e r e  exc i t a t i on  of b l u e  ZnS:C1  e m i s -  
s ion has  b e e n  n o t e d  (9 ) .  E x c i t a t i o n  of t he  r e d  e m i s -  
s ion of  ZnS:  Cu,T1 a n d  ZnS:  Ag,T1 is p r e d o m i n a n t l y  

4 By means of sensitive equipment (RCA 7102 photomultiplier), 
an extremely weak band peaked at 915~c was also observed. This, 
however, could not be detected with the apparatus used to measure 
the spectra shown in Fig. 1, and its existence is therefore ques- 
tionable. 

8C 

o sc 

4C 5 
.J 

2C 

L L 
300 400 ,500 600 

WAVELENGTH IN m,u 

Fig. 2. Excitation spectra, corrected for equal number of quanta 
of exciting radiation. Thin powder layers, measured on side opposite 
to excitation. Below 420~: Xe-lamp and RCA 1P21 photomultiplier. 
Above 400/~: W-lamp and RCA 7102 photomultiplier. B&L 500 mm 
Grating Monochromator. 
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Fig. 3. Diffuse reflectance spectra of Tl-activated phosphors in 
comparison to ZnS:CI. Beckman Model DU Spectrophotometer. 
Measurements relative to MgO. 

in t he  s a m e  b a n d s  w h e r e  ZnS :  Cu,C1 and  ZnS:  Ag,TI  
a r e  k n o w n  to emi t .  A s i m i l a r  p h e n o m e n o n  has  b e e n  
n o t e d  in t he  e x c i t a t i o n  s p e c t r u m  of Z n S : C u , L i , T i  
(10).  The  diffuse r e f l ec tance  spec t ra ,  as  shown  in 
Fig .  3, i n d i c a t e  t h e  p r e s e n c e  of a b s o r p t i o n  in t he  
n e i g h b o r h o o d  of 370-380 rn~ a n d  an  a d d i t i o n a l  a b -  
so rp t ion  of t he  C u - a c t i v a t e d  p h o s p h o r  at  l onge r  
w a v e l e n g t h s .  Desp i t e  the  poor  r e so lu t i on  o b t a i n e d  in  
th i s  t y p e  of m e a s u r e m e n t ,  t h e r e  a p p e a r s  to be  g e n e r a l  
a g r e e m e n t  b e t w e e n  the  o b s e r v e d  w a v e l e n g t h s  fo r  
a b s o r p t i o n  a n d  exc i t a t ion .  F o r  c o m p a r a t i v e  p u r -  
poses,  F ig .  3 also shows  the  diffuse r e f l ec tance  spec -  
t r u m  of a t y p i c a l  b lue  e m i t t i n g  ZnS:  C1 phosphor .  

The  y e l l o w  t h e r m o l u m i n e s c e n c e  of ZnS:T1  is v e r y  
s t rong.  I t s  g low c u r v e  (Fig .  4) shows  two  p e a k s  
a b o v e  r o o m  t e m p e r a t u r e  w h i c h  a r e  o b t a i n e d  m o r e  
c l e a r l y  b y  e x c i t a t i o n  a t  r o o m  t e m p e r a t u r e  (f i l led 
p o i n t s ) .  In  con t ras t ,  the  t h e r m o l u m i n e s c e n c e  of 
ZnS:Cu ,T1  is e x t r e m e l y  feeble ,  and  i ts  co lor  cou ld  
no t  b e  o b s e r v e d  w i t h  c e r t a i n ty .  ZnS:Ag,T1 ,  h o w -  
ever ,  s h o w e d  a c l e a r l y  v i s i b l e  y e l l o w  t h e r m o l u m i -  
nescence  a t  h i g h e r  t e m p e r a t u r e s  and  in  add i t ion ,  
one  of t he  g low p e a k s  (265~  is also o b t a i n e d  w i t h  
t he  C u - a c t i v a t e d  phosphor .  U n f o r t u n a t e l y ,  a g r e e -  
m e n t  of the  pos i t ions  of g low  p e a k s  for  ZnS:  T1 w i t h  

tO-o 

,o-. 

- 90.K ~ I I z EXCITATtON AT 
~'3 ,SXCLTATION AT ROOM 

~ l m 

I o  -t l  ~ 

,o-,2I, oo ,~o 2Jo 2~o 3~o 3~o 4~o 
TEMPERATURE IN "K 

Fig. 4. Glow curves obtained after 365~ excitation and 10 min 
decay. Detector: RCA 1P22 photomalfiplier. Heating rate: lO~ 
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those shown by ZnS:Cu,T1 and ZnS:Ag,T1 is un-  
certain.  The v isua l ly  observed emission colors, 
however,  seem to be s imi lar  for all  phosphors. 

In this work,  only visual  obse rva t ions  were  taken  
on i n f r a r ed - s imu la t ed  emission (Table  I ) .  The 
source of in f ra red  was an incandescent  lamp equip-  
ped wi th  a Corning No. 2540 filter. The emission of 
ZnS:T1 is fa i r ly  strong and pers is tent  dur ing in f ra -  
red i r rad ia t ion  and, at room tempera ture ,  of the 
same color as the u l t r av io le t - exc i t ed  fluorescence. 
This phosphor  also shows a pers is tent  yel low phos-  
phorescence.  In t roduct ion  of 10-' Cu resul ts  in de-  
creased ye l low and increased red emission, depend-  
ing on the amount  of T1 in the phosphor?  The effect 
of Cu on the emission color is weake r  for the  s t imu-  
la ted emission than for room t empera tu re  photo-  
luminescence.  The same holds t rue  for the effect of 
T1 concentrat ion,  as seen in Table I. 

Copper  also quenches the room t empera tu re  
phosphorescence and reduces the  i n f r a r ed - s t i m u-  
la ted emission to a br ief  flash. The la t te r  effect 
seems to differ ve ry  s l ight ly  for the two emission 
bands, and consequently,  both yel low and red s t imu-  
la ted emission can be discerned side by side. In 
order to indicate the relative strength of the respec- 
tive bands, Table I shows only the over-all color 
impression. It can be seen that it is always less red 
than that of photoluminescence; if the phosphor is 
excited simultaneously by ultraviolet and infrared 
and then the infrared is turned off, a distinct change 
to a deeper red color can be noted in all ZnS: Cu,T1 
samples. 

The effect of I0-' Ag on the infrared stimulated 
emission seems to be less pronounced than that of 
Cu. 6 The emission is weaker than in ZnS:TI, but 
still persistent and appears to contain no red com- 
ponent. The more greenish-yellow color obtained 
with Ag may be due to a weak blue band whose 
origin has not been ascertained. It could easily arise 
from contamination by traces of C1. ZnS:Ag,TI also 
showed no room temperature phosphorescence. 

Careful heating of a mixture of CuS and TLS with 
excess S resulted in a black product whose x-ray 
diffraction analysis is shown in Table II. The tetra- 
gonal structure, a z 5.58A, c---- II.16A ( c / a  ~ 2.0) 
is similar to that listed for CuGaS~ (11). The sub- 
stance is therefore likely to consist of CuTIS~. Con- 
tinued heating results in loss of S, followed by sub- 
limation of TI2S. Therefore, no attempts to prepare 
phosphors at atmospheric pressure, analogous to 
ZnS: CuGaS~ (4), seemed worthwhile. Nevertheless, 
the existence of this compound suggested the possi- 
bility of charge compensation of Cu I+ by TF + in ZnS. 

Discussion 

Because of the  posit ion of T1 in the periodic table,  
it  is tempt ing  to seek an analogy be tween  the pres -  
ent  phosphors  and the proper t ies  of phosphors  co- 
ac t iva ted  by  A1, Ga, and In as repor ted  by others. 
The emission which may  be associated with  t r iva -  
lent  subst i tuents  in Cu-ac t iva ted  phosphors shifts to 

5 No samples  w i t h  Cu a d d i t i o n s  o the r  t h a n  10-4 w e r e  p r epa red .  

8 T h e  c o m p a r i s o n  can  be m a d e  on ly  w i t h  Z n S : 1 0  -4 Cu, 10 .4 T1 
( s amp le  No. 5).  No Z n S : A g  p h o s p h o r s  w i t h  m o r e  t h a n  10.4 T1 were  
prepared, a n d  t h e  pos s ib i l i t y  of  s t i m u l a t e d  red  e m i s s i o n  i n  such  
s amp le s  m u s t  be  l e f t  open.  

Table II. X-ray diffraction data for CuTIS2 

CuKa r a d i a t i o n  
h k l  d (A) I n t e n s i t y  

8.15 5 
112 3.22 I00 

3.11 3 
3.04 5 

004, 200 2.79 15 
201, 113 2.72 52 

2.04 4 
220, 204 1.973 30 
312,115 1.685 17 
224 1.614 5 

longer wavelengths  wi th  increasing atomic weight  
of the subst i tuent ;  therefore,  one should expect  a 
fur ther  shift  in the case of T1. F igure  1 shows tha t  
this is the case. The na r rower  spectra l  d is t r ibut ion  
of the Cu- and Ag-ac t iva t ed  phosphor,  as compared  
to tha t  repor ted  for ZnS:Cu, In  (7),  may  be ex-  
p la ined  by  the absence of pronounced subs id iary  
emission bands  such as a re  c lear ly  shown in meas-  
urements  repor ted  by Melamed (6).  

A fu r the r  analogy of ZnS: Cu,T1 in comparison to 
A1, Ga, and In coact ivated phosphors  may  be des i r -  
able  on the basis of sys temat ica l ly  increasing t rap  
depths  as repor ted  by  Hoogenst raa ten  (12). Un-  
fo r tuna te ly  in the present  system, there  is no defin- 
ite evidence of thermoluminescence  e i ther  in the  
long wave length  emission band character is t ic  for 
the Cu and Ag ac t iva ted  phosphors,  or of green Cu 
(520tQ or blue Ag (445t~) emission. Therefore,  the  
observed glow peaks  may  arise from processes which 
differ f rom those proposed for A1, Ga, and In co- 
ac t iva ted  phosphors.  The same a rgument  may  be 
advanced wi th  respect  to the in f r a red - s imula t ed  
emission of ZnS:Ag,T1. It  is fel t  tha t  conclusions as 
to the  na ture  of the t rapp ing  states in T l -ac t iva ted  
phosphors will  requi re  identif ication of the  spectra l  
d is t r ibut ions  of thermoluminescence  and s t imula ted  
emission, as wel l  as measurements  of the la t te r  as 
a function of wave leng th  of in f ra red  radiat ion.  F u r -  
ther  invest igat ions  wil l  also be  necessary on phos-  
phors p repa red  wi th  va ry ing  amounts  of Ag and Cu. 

The s imi la r i ty  of the blue luminescence of ZnS:A1 
and Z n S : G a  (2) wi th  the  blue emission band  in 
Z n S : I n  (8) (470 mt~) suggests that  the wave length  
for this  t rans i t ion  (which is genera l ly  associated wi th  
a Zn vacancy)  is not s t rongly affected by  the atomic 
weight  of the donor. One should therefore  expect  
that  " se l f -ac t iva ted"  emission caused by  TF § should 
be similar ,  which was, however,  not observed.  The 
quest ion as to whe the r  the 590 mr, band  of ZnS:T1 is 
caused by t ransi t ions  proposed ei ther  for the 535 m# 
band or the 620 mtt band in Z n S : I n  (8) is much more 
difficult. At  this time, it  is fel t  tha t  the large po la r -  
izabi l i ty  of T1, as wel l  as its ab i l i ty  to exist  in an 
addi t ional  (monovalent )  state, adds to the com- 
p lex i ty  of this system. 

Summary 

The impor tan t  resul ts  obta ined in this inves t iga-  
t ion are:  (A) The 590 mt~ emission of ZnS:T1 which 
is also v isua l ly  6bserved (a l though not identif ied) 
in thermoluminescence  and in f r a r ed - s t imu la t ed  
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emiss ion  of t h e  Cu and  A g  a c t i v a t e d  phosphor s .  
(B)  The  835 m~ emiss ion  wh ich  is s h o w n  in the  p h o t o -  

l u m i n e s c e n c e  of the  Cu-  or  A g - a c t i v a t e d  phosphor s ,  
w h i l e  a t  l eas t  in t h e  case  of Ag,  i t  does  not  seem to 
a p p e a r  d u r i n g  t h e r m o l u m i n e s c e n c e  of i n f r a r e d -  
s t i m u l a t e d  emiss ion.  (C)  The  fac t  t h a t  the  835 m~ 
l u m i n e s c e n c e  of the  Cu and  A g  a c t i v a t e d  p h o s p h o r s  
is a t  l eas t  n e a r l y  iden t i ca l .  (D)  The  fac t  the  e x c i t a -  
t ion  s p e c t r a  of  t h e  Cu-  and  A g - a c t i v a t e d  p h o s p h o r s  
a r e  d i f fe ren t  and  c o r r e s p o n d  to t he  emiss ion  b a n d s  
of ZnS:  Cu,C1 and  ZnS:Ag,C1,  r e spec t i ve ly .  A t  p r e s -  
ent ,  no m e c h a n i s m  can be  p r o p o s e d  to e x p l a i n  a l l  
of these  obse rva t ions .  
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The Effect of Li and Ti on ZnS:Cu and ZnS:Ag Phosphors 

A.  W a c h t e l  

Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

ZnS: Cu,Li fired in H~S or H.~ shows blue and green photoluminescence peaked  
at  443 and 510 m~, respect ively .  Addi t ion  of Ti quenches this emission and causes 
red  and in f ra red  emission peaked  at  730 and 830 m~, respect ively .  I n f r a r ed  ra-  
dia t ion s t imula tes  the  red  emission and also quenches the blue and green bands. 
ZnS: Ag,Li,Ti  emits  in the orange wi th  a band peaked  at  640 m~ and an in f ra red  
band peaked  at 810 m~. In the absence of Ti, ZnS: Ag,Li shows proper t ies  essen-  
t ia l ly  s imi lar  to those of ZnS: Cu,Li, except  for  a weak  o range -ye l low in f r a r ed -  
s t imula ted  emission. 

K r S g e r  (1)  has  shown  t h a t  L i  or  Na  can  f o r m  
a c t i v a t o r  c en t e r s  in ZnS,  p r o v i d e d  t h a t  C1 is p resen t .  
I f  the  c o n c e n t r a t i o n  of C1 is d e c r e a s e d  suff icient ly,  
t h e  p r e s e n c e  of Li  t h e n  quenches  t he  s e l f - a c t i v a t e d  
( b l u e )  p h o t o l u m i n e s c e n c e  w h i c h  can  o t h e r w i s e  be  
obse rved .  Recen t  w o r k  in th is  l a b o r a t o r y  has  shown  
tha t ,  in  t h e  p r e s e n c e  of Cu and  Li,  b lue  and  g reen  
p h o t o l u m i n e s c e n c e  is o b t a i n e d  even  in the  absence  
of ha l ides .  I f  the  p h o s p h o r  has  been  f ired in H,S or  
H, ( p r e f e r a b l y  at  l l 0 0 ~  i t  a lso shows  a deep  r e d  
p h o t o l u m i n e s c e n c e  w h i c h  can be  s t i m u l a t e d  b y  
i n f r a r e d  r a d i a t i o n  e i t he r  d u r i n g  or  a f t e r  exc i t a t i on  
by  365 m/~ u.v. ( u l t r a v i o l e t ) .  A t  t h e  s ame  t ime,  t he  
b lue  a n d  g r e e n  emiss ion  is quenched .  S p e c t r o -  
g r a p h i c  a n a l y s e s  of spec imens  w i t h  m o r e  p r o n o u n c e d  
r e d  emiss ion  i n d i c a t e d  the  p r e s e n c e  of Ti w h i c h  was  
t h e r e f o r e  i n v e s t i g a t e d  in m o r e  de ta i l .  

Phosphor Preparation 

The  s a m p l e s  w e r e  p r e p a r e d  in 10-g lots,  f i red in 
s m a l l  open  s i l ica  t u b e s  in a c u r r e n t  of pur i f i ed  H~S 
a t  1100~ fo r  1 hr .  The  r a w  m a t e r i a l s  w e r e  Z n S  
( R C A  LM476)  and  so lu t ions  of Cu(C,H~O~)~-H,O or  
AgNO~, LiHCO,.H~O, a n d  Ti  [(CH~)~CHO], ,  h y d r o -  
l yzed  in (CO,H) ,  so lu t ion .  The  a c t i v a t o r  add i t i ons  
w e r e  k e p t  a t  3 x 10 -~ g - a t o m s  Cu or  Ag,  and  10 -~ 

g - a t o m s  Li  p e r  m o l e  ZnS.  1 O w i n g  to vo la t i l i t y ,  the  
c o n c e n t r a t i o n  of Li  in t h e  f i red p h o s p h o r s  was  p r o b -  
a b l y  m u c h  lower ,  b u t  was  not  d e t e r m i n e d .  A n y  f r ee  
Li~S f o r m e d  d u r i n g  the  f i r ing  in H~S was  r e m o v e d  
b y  w a s h i n g  in  d i l u t e  ace t ic  acid.  

Results 

F i g u r e  1 shows r o o m - t e m p e r a t u r e  365 m F - e x c i t e d  
emiss ion  spe c t r a  of  p h o s p h o r s  p r e p a r e d  w i t h  or  

1 P r e l i m i n a r y  e x p e r i m e n t s  indicated that  f o r  r e d  e m i s s i o n ,  t h e  
o p t i m u m  Cu c o n c e n t r a t i o n  i s  b e t w e e n  1 a n d  3 X 10 -5. The h igher  
c o n c e n t r a t i o n  w a s  c h o s e n  i n  o r d e r  to m i n i m i z e  t h e  e f f ec t  of  a n y  u n -  
w a n t e d  c o n t a m i n a t i o n s .  T h e  e f f ec t  of  L i  a d d i t i o n  w a s  less  m a r k e d ;  
t h e  a m o u n t  c h o s e n  is n o m i n a l .  
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Fig. 1. 365 m#-excited emission spectra of 1, ZnS:Cu,Li and 
Zns:Ag,Li; 2, ZnS:Cu,Li, 10 -~ Ti; 3, ZnS:Ag,Li, 10 -~ Ti. Perkins-Elmer 
Model 13-U Spectrometer. 
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w i t h o u t  add i t i ons  of 10 -~ Ti. I t  shou ld  be  no ted  tha t ,  
excep t  for  in t ens i ty ,  ~ the  spec t r a l  d i s t r i b u t i o n s  of 
the  b lue  and  g r e e n  emiss ion  b a n d s  of ZnS:  Cu,Li  and  
Z n S : A g , L i  w e r e  iden t i ca l .  O n l y  in t he  p r e s e n c e  of 
Ti  d id  t he  A g - a c t i v a t e d  p h o s p h o r  show a d i f fe ren t  
emiss ion  spec t rum,  t he  v i sua l  i m p r e s s i o n  of th is  
be ing  o range .  Moreover ,  t h e  s ame  b lue  and  g r e e n  
emiss ion  b a n d s  r e m a i n e d  u n c h a n g e d  in p h o s p h o r s  
p r e p a r e d  w i t h  t h e  a d d i t i o n  of 3 x 10 -~ A1 (as  w e l l  as 
L i ) .  The re fo re ,  the  p o s s i b i l i t y  t h a t  t h e y  a r e  d u e  to  
c o a c t i v a t i o n  b y  A1 ( s p e c t r o g r a p h i c a l l y  d e t e c t a b l e  in 
the  ZnS  r a w  m a t e r i a l )  canno t  be  r u l e d  out.  On the  
o t h e r  hand ,  t he  b l u e - g r e e n  emiss ion  in ZnS:  Cu,Na 
and  Z n S : C u , K  as w e l l  as in Z n S : C u  ( p r e s u m a b l y  
caused  b y  A1 c o n t a m i n a t i o n )  was  m u c h  w e a k e r .  
S a m p l e s  p r e p a r e d  w i t h o u t  Cu or  A g  w e r e  n o n l u m i -  
nescent .  

The  i d e n t i t y  of t h e  emiss ion  spec t r a  of Z n S : C u , L i  
and  ZnS:  Ag ,L i  sugges t s  t h a t  t h e  l a t t e r  emi t s  on ly  
by  v i r t u e  of t r aces  of Cu whose  p re sence  can r a r e l y  
be  avo ided .  This  does  no t  e x p l a i n  t he  absence  of a 
d i s t i nc t  b lue  b a n d  in Z n S : A g , L i  (i.e., di f fe ren t  f r o m  
tha t  of t h e  C u - a c t i v a t e d  p h o s p h o r ) ,  even  w h e n  f ired 
w i t h  a d d i t i o n a l  A1. The  absence  of a n y  l u m i n e s -  
cence of ZnS  f i red on ly  w i t h  L i  also ind ica t e s  t h a t  
no  s igni f icant  c o n t a m i n a t i o n  b y  Cu was  l ike ly .  On 
t h e  o t h e r  hand ,  ZnS  f i red w i t h  L i  and  1 x 10 -~ Cu 
s h o w e d  not  on ly  w e a k  b l u e - g r e e n  p h o t o l u m i n e s -  
cence,  b u t  also a v e r y  w e a k  o range  ( r a t h e r  t h a n  
r e d )  I R - s t i m u l a t e d  flash, s i m i l a r  to t h a t  o b s e r v e d  
on the  3 x 10 -~ A g - a c t i v a t e d  phosphor .  

T h e  exc i t a t i on  s p e c t r a  for  t he  b l u e - g r e e n  e m i s -  
s ion of Z n S : C u , L i  and  Z n S : A g , L i  (F ig .  2 f i l led 
po in t s )  show t h e  s a m e  s i m i l a r i t y ,  e x c e p t  for  t he  
sh i f t  of t he  shor t  w a v e l e n g t h  b a n d  of Z n S : A g , L i  to 
325 m~, c o r r e s p o n d i n g  to an  e n e r g y  a p p r e c i a b l y  m o r e  
t h a n  the  b a n d  gap  of  ZnS.  No  such d i s c r e p a n c y  can 
be  no ted  in the  dif fuse  r e f l ec t ance  spec t r a  as shown  
in Fig .  3. In  a l l  o t h e r  cases,  the  f u n d a m e n t a l  e x c i t a -  
t ion  b a n d  ( p e a k e d  a t  338 m~) is shown  qu i t e  c l ea r ly .  
In  the  u.v., no a d d i t i o n a l  b a n d  due  to Ti ( long  
w a v e l e n g t h  emiss ion ,  open  po in t s )  can  be  obse rved ;  
for  t he  mos t  pa r t ,  t h e  e x c i t a t i o n  b a n d s  for  s h o r t  a n d  
for  long  w a v e l e n g t h  emiss ion  di f fer  on ly  in r e l a t i v e  
he ight .  In  the  v i s ib le  region ,  the  exc i t a t i on  b a n d s  
for  t he  r e d  and  i n f r a r e d  emiss ion  of Z n S : C u , L i , T i  
(open  c i rc les )  a r e  consp icuous  i n a s m u c h  as t h e y  
a p p e a r  to m a t c h  the  two  emiss ion  b a n d s  ( b l u e  and  
g r e e n )  of t h e  s ame  p h o s p h o r  p r e p a r e d  w i t h o u t  Ti. 
To f ac i l i t a t e  th is  compar i son ,  t he  emiss ion  s p e c t r u m  
of Z n S : C u ,  Li  ( f r o m  Fig.  1) is r e p r o d u c e d  in Fig .  2, 
d a s h e d  l ine.  A s i m i l a r  effect  w a s  also no ted  w i t h  
ZnS:Cu ,T1  and  ZnS :Ag ,T1  p h o s p h o r s  (2) .  In  the  
case  of the  o r ange  a n d  i n f r a r e d  emiss ion  of ZnS:  Ag,  
Li ,Ti  (open  t r i a n g l e s ) ,  t he  exc i t a t i on  p e a k  a t  415~ 
canno t  be  s i m i l a r l y  c o r r e l a t e d ;  t h e  concep t  t h a t  i t  
m a y  c o r r e s p o n d  to a h y p o t h e t i c a l  d i s t i nc t  b lue  
emiss ion  of Z n S : A g , L i  ( w h i c h  was  no t  o b t a i n e d  e x -  
p e r i m e n t a l l y )  is too s p e c u l a t i v e  to b e  of se r ious  
concern .  

The  p r o n o u n c e d  inf luence  of v a r i a t i o n s  of t he  
c o n c e n t r a t i o n  of Ti  on the  b l u e - g r e e n  and  r e d  

~ T h e  q u a n t u m  y i e l d s  u n d e r  365 m/~ e x c i t a t i o n  of Z n S : C u , L i ,  
Z n S : A g , L i ,  Z n S : C u , L i , 1 0 - ~  Ti ,  a n d  Z n S : A g , L i , 1 0  -~ T i  w e r e  m e a s u r e d  
to be  48, 29, 56, a n d  34%,  r e s p e c t i v e l y ,  of  t h a t  o b t a i n e d  w i t h  Z n S : 3  
x 10 -~ Cu ,CL 

p h o t o l u m i n e s c e n c e  of Z n S : C u , L i , T i  is i l l u s t r a t e d  in 
Fig.  4. A d d i t i o n  of 1 x 10 -~ Ti dec reases  t he  b l u e -  
g r e e n  p h o t o l u m i n e s c e n c e  b y  a f ac to r  of 16. The  i n -  
c rease  in r e d  emiss ion  o b t a i n e d  b e t w e e n  the  a d d i -  
t ions  of zero  and  1 x 10 -~ is i n d e t e r m i n a t e  because  
of t he  q u e s t i o n a b l e  v a l i d i t y  of t he  po in t  c o r r e s p o n d -  
ing  to "zero  Ti" ,  exc i t ed  w i t h o u t  i n f r a r e d .  The  p a r -  

I00 L " 

80 / 

ioo / /  ....... 
w ~ 

~ 4o 
r 

2 o  

. . . . . . .  k - , '  

I 
3 0 0  

\ 
410 500 i i i i 600 

WAVELENGTH tN mp 

Fig. 2. Excitation spectra of phosphors, corrected for equal number 
of quanta of exciting radiation. Below 420 m/L: Xe lamp, measure- 
ments with RCA 1P21 photomultiplier. Above 400 m/~: W lamp, 
measurements with RCA 7102 photomultiplier. Phosphor powder lay- 
ers veiwed on side opposite to excitation. B&L 500 mm Grating Mono- 
chromator, e ~ e  ZnS:Cu,Li (blue-green emission); ~ - - A  ZnS:Ag,Li 
(blue-green emission); � 9 1 6 9  ZnS:Cu,Li, 10 ~ Ti (red emission); 
/~ - -~  ZnS:Ag,Li, 10 -5 Ti (orange emission); . . . .  emission spec- 
trum of ZnS:Cu,Li from Fig. 1. 
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Fig. 3. Diffuse reflectance spectra of phosphors, relative to MgO. 
Beckman Model DU Spectrophotometer, e - - e  ZnS:Cu,Li; & - - &  
ZnS:Ag,Li; � 9 1 6 9  ZnS:Cu,Li, 10 -~ Ti; A__A ZnS:Ag,Li, 10 -~ Ti. 
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Fig. 4. Relative intensity of 365 mu-excited photoluminescence of 
ZnS:Cu,Li,Ti as a function of Ti addition. Infrared obtained by 
W-lamp with Corning No. 2540 Filter. Measurements with Spectra 
Brightness Spot meter set on "Blue" and on "Open" with Corning 
No. 2030 Fiffer. 
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t i cu l a r  s a m p l e  ~ on w h i c h  i t  was  m e a s u r e d  is the  
same  whose  emiss ion  s p e c t r u m  (Fig .  1) shows  on ly  
a v e r y  w e a k  long  w a v e l e n g t h  b a n d . '  There fo re ,  t h e  
m e a s u r e d  v a l u e  m a y  i n c o r p o r a t e  a c o n t r i b u t i o n  
f rom the  long  w a v e l e n g t h  t a i l  of the  g r e e n  band .  
The  r e d  flash w h i c h  can  be  s t i m u l a t e d  b y  i n f r a r e d  
a f t e r  u.v. exc i t a t i on  of th is  p h o s p h o r  is, h o w e v e r ,  
s t rong  and  u n m i s t a k a b l e .  Neve r the l e s s ,  i t  is s t i l l  
an  open ques t ion  as to w h e t h e r  th i s  is due  to s p e c -  
t r o g r a p h i c a l l y  u n d e t e c t a b l e  t r aces  of Ti, or  an  in -  
t r ins ic  p r o p e r t y  of Z n S : C u , L i .  In  connec t ion  w i t h  
Fig.  4, i t  m a y  be  m e n t i o n e d  t ha t  p h o s p h o r s  w i t h  
h i g h e r  Ti  a d d i t i o n s  w e r e  also p r e p a r e d .  I t  was  in -  
t e r e s t i n g  to obse rve  t h a t  w i t h  as l i t t l e  as 1 x 10 -* Ti, 
the  r e d  emiss ion  was  a p p r e c i a b l y  quenched ;  a t  
h i g h e r  concen t ra t ions ,  i t  b e c a m e  v e r y  w e a k .  I n a s -  
m u c h  as t h e  s a m e  was  o b s e r v e d  w i t h  r e spec t  to Cu 
add i t ion ,  th is  seems  to be  a s y s t e m  r e q u i r i n g  u n -  
u s u a l l y  low a c t i v a t o r  concen t ra t ions .  

F i g u r e  5 shows  the  365 m/~-exci ted  in tens i t i e s  of 
b l u e - g r e e n  a n d  r e d  emiss ion  of Z n S : C u , L i  as a 
func t ion  of w a v e l e n g t h  of i n f r a r e d  r a d i a t i o n  s i m u l -  
t a n e o u s l y  i n c i d e n t  on the  p h o s p h o r  p laque .  A l l  
po in t s  r e p r e s e n t  d i f fe rences  b e t w e e n  the  m e a s u r e d  
in t ens i t i e s  w i t h  and  w i t h o u t  u.v. exc i t a t ion .  The  
l a t t e r  r e p r e s e n t s  s t r a y  l i gh t  f r o m  the  m o n o c h r o m a -  
t a r  (u sed  as  source  of i n f r a r e d )  whose  i n t e n s i t y  was  
u s u a l l y  equa l  to or  g r e a t e r  t h a n  t ha t  of the  r e d  
r a d i a t i o n  (open  c i rc les )  to be  m e a s u r e d .  These  
points ,  t he re fo re ,  show c o n s i d e r a b l e  sca t te r .  Be low 
830 m/~, t he  ref lec ted  p r i m a r y  r a d i a t i o n  f r o m  the  
m o n o c h r o m a t o r  d o m i n a t e d ,  and  no m e a n i n g f u l  d i f -  
f e r ences  cou ld  be  ob ta ined .  In  t h e  case of ZnS:  Ag,Li ,  
no long  w a v e l e n g t h  emiss ion  could  be m e a s u r e d .  
F o r  b l u e - g r e e n  emiss ion ,  i t  can  be seen  t ha t  t he  d e -  
p e n d e n c e  of t he  i n t e n s i t y  on i n f r a r e d  w a v e l e n g t h  
shows  c o n s i d e r a b l e  d i f fe rences  for  t he  Cu-  and  A g -  
a c t i v a t e d  phosphor s .  

A n  a t t e m p t  was  m a d e  to d e t e r m i n e  the  inf luence  
of Ti  b y  p e r f o r m i n g  s im i l a r  m e a s u r e m e n t s  on 
Z n S : C u , L i , 4  x 10 -~ Ti ( b l u e - g r e e n  emiss ion  w e a k  
bu t  s t i l l  m e a s u r a b l e ) .  The  r e su l t s  ( i n v e r t e d  t r i a n -  
gles, d a s h e d  cu rves )  show t h a t  the  quench ing  of 
b l u e - g r e e n  emiss ion  (f i l led po in t s )  is sh i f t ed  f rom 
1150 to 1300 m#, and  t h a t  the  r ed  emiss ion  (open  
po in t s )  is s t i m u l a t e d  at  a l l  w a v e l e n g t h s  b e l o w  1700 

5 A se lec ted  s a m p l e  w i t h  m i n i m u m  i n ~ r a r e d - s t i m u l a t e d  red  emis -  
sion. 

4 T h e  r e d  b a n d s  b e c a m e  p r o n o u n c e d  a t  4 x 1 0  -6  T i .  W i t h  7 • 1 0  -~  
T i ,  t h e  p e a k  h e i g h t s  o f  t h e  g r e e n  a n d  r e d  b a n d s  w e r e  e q u a l .  

oo / : : J  ~ o ' ' ' , r~ , , 
90 �9 v . . . .  e-e-e-~- - v -  - v -  - ~ -  - ~  / 

~z 60 o 8 \ , t  ~ ~ -  - - 
\ 

, 0 "  �9 . 

~ 30 �9 "~, - - - -  
- ~ e  _I o 

20 

io ~ 

Ooo 800 I000 12OO 14DO 1 6 O O  18OO 2000 2~00 2400 
W&VELENGTH IN m)~ 

Fig. 5. Relative intensity of 365/~-excited photoluminescence as a 
function of wavelength of infrared radiation. Measurements as in 
Fig. 4. e - - e  ZnS:Cu,Li, blue-green emission; & - - &  ZnS:Ag,Li, 
blue-green emission; CL- �9  ZnS:Cu,Li, red emission; v ~  
ZnS:Cu,Li, 4 x ]0 -5 Ti, blue-green emission; ? ~ ?  ZnS:Cu,Li, 
4 x 10 -~ Ti, red emission. 
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m~. E s p e c i a l l y  t o w a r d  s h o r t e r  i n f r a r e d  w a v e l e n g t h s ,  
the  i n t e r f e r e n c e  f r o m  s t r a y  r a d i a t i o n  was  c o n s i d e r -  
able ,  a n d  no a t t e m p t  was  m a d e  to e x t e n d  the  cu rve  
into  t h a t  reg ion .  

The  g low  cu rves  or  b l u e - g r e e n  and  r e d  or  o r ange  
emiss ion  a r e  s h o w n  in Fig .  6 and  7, r e spe c t i ve ly .  In  
the  case  of Z n S : C u , L i  and  Z n S : C u , L i , T i ,  exc i t a t i on  
was  p e r f o r m e d  no t  on ly  a t  90~  5 (open  c i rc les ) ,  bu t  
also at  r oom t e m p e r a t u r e ,  f o l l owed  b y  c o n t i n u e d  e x -  
c i t a t ion  d u r i n g  cool ing  (f i l led c i rc les ) .  In  t he  l a t t e r  
case, one u s u a l l y  obse rves  an  in tens i f i ca t ion  of t he  

T h e  l o w e s t  t e m p e r a t u r e  o b t a i n a b I e  w i t h  t h e  e q u i p m e n t .  
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h i g h e r  t e m p e r a t u r e  g l o w  peaks ,  as r e p o r t e d  b y  G a r -  
l ick  and  Mason  for  C a S : B i  (3) .  The  p r e s e n t  r e su l t s  
show this  effect e spec i a l l y  for  the  275~ p e a k  for  
ZnS:  Cu,Li  (Fig .  6).  This  m e t h o d  of exc i t a t i on  of t he  
same  p h o s p h o r  also p r e v e n t s  a l l  r e d  t h e r m o l u m i n e s -  
cence b e l o w  room t e m p e r a t u r e  (Fig .  7) ,  a l t h o u g h  
the  exc i t a t i on  was  c o n t i n u e d  d o w n  to 90~ 

E x c e p t  for  in t ens i ty ,  the  g low c u r v e  fo r  b l u e - g r e e n  
emiss ion  of Z n S : A g , L i  does no t  s ign i f i can t ly  d i f fer  
f r o m  tha t  of ZnS:  Cu, Li.  The  o r a n g e  t h e r m o l u m i -  
nescence  of ZnS:  Ag,  Li, Ti (F ig .  7) is, h o w e v e r ,  
d i s t inc t  f r om the  r e d  t h e r m o l u m i n e s c e n c e  of t he  Cu-  
a c t i v a t e d  phosphor s .  

P a r t i c u l a r  a t t e n t i o n  shou ld  be  d r a w n  to the  effect  
of A1 on the  g low c u r v e  of b l u e - g r e e n  emiss ion  of 
ZnS:  Cu,Li.  I t  was  m e n t i o n e d  e a r l i e r  t h a t  3 x 104 A1 
h a d  no inf luence  on the  emiss ion  s p e c t r u m  of th is  
sys tem.  A c r i t i ca l  c o m p a r i s o n  of t he  g low  c u r v e  for  
ZnS:  Cu,Li,A1 shown  in Fig .  6 w i t h  t h a t  of r e d  e m i s -  
s ion of ZnS:  Cu,Li  (or  ZnS:  Cu,Li ,Ti )  in Fig.  7 shows  
t ha t  t he  two  c h a r a c t e r i s t i c  r e d  g low p e a k s  at  217 ~ 
and  265 ~ seem to be  r e p r o d u c e d ,  b u t  n o w  r e p r e s e n t  
the  shor t  w a v e l e n g t h  r ad i a t i on .  

Discussion 
The  c o m p l e x  n a t u r e  of t he  s y s t e m  p r e c l u d e s  def i -  

n i t e  conc lus ions  as to t he  n a t u r e  of the  a c t i v a t o r  cen -  
t e r s  r e s p o n s i b l e  for  t he  p h e n o m e n a  obse rved .  In  
o r d e r  to avo id  f u r t h e r  compl i ca t i ons  a t  th i s  t ime,  no 
a t t e m p t  has  been  m a d e  to d i f f e r en t i a t e  b e t w e e n  the  
b lue  and  the  g reen  emiss ion  b a n d s  s e p a r a t e l y ,  a l -  
t h o u g h  such inves t i ga t i ons  h a v e  p r o v e n  to be  f r u i t -  
ful  in t he  case  of s ingle  c rys t a l s  of ZnS:Cu,C1 (4) .  
S imi l a r l y ,  t he  i n h ' a r e d  emiss ion  b a n d s  w e r e  no t  d e -  
t e c t ed  in t he  m e a s u r e m e n t s  d e s c r i b e d  in Fig.  4 to 7. 
There fo re ,  one can on ly  s u m m a r i z e  those  d a t a  w h i c h  
t end  to  sugges t  t h e  o c c u r r e n c e  of c e r t a i n  processes .  

R e g a r d l e s s  of w h i c h  m o d e l  for  t he  b l u e  and  g r e e n  
emiss ion  of  Cu in Z n S  one wishes  to  accept ,  t he  p r e s -  
ence of such emiss ion  r e q u i r e s  t he  concep t  of some 
d o n o r  w h i c h  is c apab l e  of  c o m p e n s a t i n g  the  s ingle  
c h a r g e  p r o d u c e d  b y  Cu at  a Zn site.  In  t h e  p r e s e n t  
sys t em,  t he  on ly  p o s s i b i l i t y  seems  to be  i n t e r s t i t i a l  
Li. To s u p p o r t  this ,  i t  m a y  be  p o i n t e d  out  t h a t  t he  
sizes of t h e  a l k a l i  m e t a l  ions a r e  such t h a t  L i  ( s t r ong  
emiss ion  o b s e r v e d ) ,  bu t  no t  Na  or  K ( l i t t l e  emis s ion  
o b s e r v e d )  can  e n t e r  Z n S  i n t e r s t i t i a l l y .  The  C u - L i  
emiss ion  b a n d s  a r e  d i sp l aced  s l i g h t l y  to s h o r t e r  
w a v e l e n g t h s  w i t h  r e s p e c t  to  accep t ed  v a l u e s  for  hex .  
ZnS:Cu,C1 (5 ) ;  the  d i f fe rence  p o s s i b l y  a r i ses  f rom 
t h e  inf luence  of t he  d i f fe ren t  coac t iva to r .  A n y  s imp le  
a n a l o g y  of  th is  n a t u r e  fai ls ,  h o w e v e r ,  b e c a u s e  of t he  
i den t i ca l  emiss ion  spec t r a  o b s e r v e d  in  C u - L i  and  
A g - L i  a c t i v a t e d  phosphor s .  

F i g u r e  5 shows  t h a t  t he  i n f r a r e d  w a v e l e n g t h  for  
m a x i m u m  q u e n c h i n g  of b l u e - g r e e n  emiss ion  of ZnS:  
Cu,Li ,Ti  ag rees  w i t h  the  v a l u e  of 1300 mt~ r e p o r t e d  
b y  M e l a m e d  for  ZnS:  Cu,Co (6) .  In  t he  absence  of Ti, 
t h e r e  is, h o w e v e r ,  no a g r e e m e n t .  S u b s t i t u t i o n  of Cu 
b y  A g  causes  a shi f t  of  one of t he  b a n d s  to  l onge r  
w a v e l e n g t h s .  I t  can  p r o b a b l y  be  a s s u m e d  t h a t  t he  
m e c h a n i s m  of quench ing  invo lves  e l ec t ron  cap tu re ,  
f r om t h e  va l ence  band ,  b y  ion ized  accep to r  cen te r s  
and  t h e  c r e a t i o n  of a ho le  in t he  va l ence  b a n d  (7 ) .  
I n a s m u c h  as t he  i n f r a r e d  b a n d  caus ing  the  q u e n c h i n g  

also s t i m u l a t e s  t he  r ed  emiss ion,  t he  l a t t e r  e v i d e n t l y  
d e p e n d s  on the  p r e s e n c e  of such holes.  A m o n g  d i f f e r -  
en t  m o d e l s  w h i c h  m a y  be  p roposed ,  t h e r e  seems  to be  
none  w h i c h  s a t i s f a c t o r i l y  e x p l a i n s  a l l  of t h e  o b s e r v e d  
p h e n o m e n a .  T h e  fac t  t h a t  t he  o r a n g e  Z n S : A g , L i , T i  
emiss ion  band  p e a k s  a t  a s h o r t e r  w a v e l e n g t h  t h a n  
the  r e d  Z n S : C u , L i , T i  b a n d  sugges t s  t h a t  t he  long  
w a v e l e n g t h  t r a n s i t i o n s  m a y  occur  f rom t h e  c o nduc -  
t ion b a n d  to ion ized  Cu or  A g  cen te r s  which ,  in  as -  
soc ia t ion  w i t h  Li  or  Ti, w o u l d  have  to occupy  pos i -  
t ions on ly  1.6 to 1.9 ev  b e l o w  t h e  conduc t ion  band .  
If  one wishes  to avo id  the  concep t  of a c c e p t o r  l eve l s  
in those  pos i t ions ,  t r a n s i t i o n s  f r o m  h i g h l y  a s soc ia t ed  
donor  leve ls  m a y  be  v i sua l i zed ,  such as p r o p o s e d  b y  
A p p l e  and  W i l l i a m s  for  t h e  l ong  w a v e l e n g t h  e m i s -  
s ion in G a -  and  I n - a c t i v a t e d  p h o s p h o r s  (8) .  

I t  has  been  shown  t h a t  in t he  a bse nc e  of i n f r a r e d  
r ad i a t i on ,  efficient r e d  emis s ion  d e p e n d s  on s m a l l  
bu t  a p p r e c i a b l e  c o n c e n t r a t i o n s  of Ti. The  f i r ing con-  
d i t ions  (H~S or  H~) sugges t  t h a t  Ti m a y  be p r e s e n t  in  
t r i v a l e n t  f o r m  and  t h e r e f o r e  acts  as a donor ,  a l -  
t h o u g h  not  i n d e p e n d e n t l y ,  i.e., in t h e  a bse nc e  of Li. 
A c c o r d i n g l y ,  i t  shou ld  have  no inf luence  on the  e x -  
c i t a t ion  spec t ra ,  as was  obse rved .  The  shape  of t he  
g low cu rves  s h o w n  in Fig .  7 i nd i ca t e s  t h a t  r e d  t h e r -  
m o l u m i n e s c e n c e  o r ig ina t e s  f rom si tes  whose  pos i t i on  
is q u i t e  i n d e p e n d e n t  of Ti c onc e n t r a t i on  6 and  m a y  
t h e r e f o r e  no t  be  a s soc ia t ed  w i t h  Ti. On t h e  o the r  hand ,  
t he  l a ck  of r e d  t h e r m o l u m i n e s c e n c e ,  b e l o w  r o o m  
t e m p e r a t u r e ,  of Z n S : C u , L i  a f t e r  r o o m  t e m p e r a t u r e  
exc i t a t ion ,  sugges t s  t h a t  t he  n u m b e r  of e l ec t rons  
a v a i l a b l e  for  t r a p p i n g  at  t he se  si tes  was  l imi t ed ,  e v i -  
d e n t l y  b y  l a ck  of  Ti. The  concep t  of Ti as an  a u x i l i a r y  
donor  is i n v o l v e d  and  c e r t a i n l y  r e q u i r e s  f u r t h e r  e x -  
p e r i m e n t a l  ev idence .  Neve r the l e s s ,  t he  fac t  t ha t  
u n d e r  s i m u l t a n e o u s  u.v. and  i.r. exc i t a t ion ,  t h e  r e d  
emis s ion  of  ZnS:  Cu,Li  was  on ly  4 t i m e s  s m a l l e r  t h a n  
t h e  m a x i m u m  o b t a i n e d  w i t h  Ti ( see  Fig .  4) i nd i ca t e s  
t h a t  Ti  is no t  d i r e c t l y  i n v o l v e d  in th is  process .  Q u a l i -  
t a t i ve ly ,  i ts  ac t ion  r a t h e r  r e s e m b l e s  t h a t  of i n f r a r e d  
r ad i a t i on ,  i.e., i t  f ac i l i t a t e s  t h e  t h e r m a l  f i l l ing of ac -  
c ep to r  l eve ls  f r o m  the  va l e nc e  band .  T h e  m e c h a n i s m  
b y  w h i c h  th is  occurs  has  n o t  b e e n  a sce r t a ined .  
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ABSTRACT 

Results  of an exper imen ta l  s tudy of fabr ica t ion  processes for making  phos-  
phorous-dif fused sil icon solar  cells are  presented.  Solar  cells having  sheet  r e -  
sistance of 10 ohm/sq,  high l ong -wave l eng th  collection efficiency, and effi- 
ciencies above 10% were  fabr ica ted  by diffusion at  975~ Diffusions car r ied  
out  at  875~ for Y2 to 1 hr  per iods  resul ted  in cells hav ing  high shor t -  and long-  
wave leng th  collection efficiency. Gr idded  contacts  appl ied  to such cells to min i -  
mize effects of the i r  compara t ive ly  high sheet  res is tance ra ised the  efficiencies 
of the cells to values  above 10%. Phosphorous-di f fused  cells in genera l  have 
super ior  rad ia t ion  res is tance as compared  to boron-di f fused cells because of 
the  s lower ra te  of degrada t ion  of l i fe t ime of minor i ty  car r ie rs  in p - t y p e  silicon 
as compared  to n - t y p e  silicon under  b o m b a r d m e n t  by  atomic part icles .  The 
high sho r t -wave leng th  collection efficiency of the 875~ diffused cells resul ts  in 
increased rad ia t ion  resis tance of these cells. Cells hav ing  efficiencies above  10% 
were  made  f rom 13-ohm-cm mate r i a l  and found to have h igher  rad ia t ion  r e -  
sistance than  cells made  f rom 1-ohm-cm mater ia l .  Low junct ion reverse  cur -  
rents  and contact  resis tances of app rox ima te ly  0.2 ohm have  also been achieved. 

Un t i l  r e c e n t l y  c o m m e r c i a l  s i l icon so la r  cel ls  h a v e  
been  m a d e  b y  di f fus ion of bo ron  into  n - t y p e  s i l icon 
h a v i n g  a r e s i s t i v i t y  of  0.5 to 1 o h m - c m .  I n d u s t r i a l  
efforts  to  i m p r o v e  the  efficiencies and  s p e c t r a l  r e -  
sponse  of s i l icon so l a r  cel ls  w e r e  c o n c e n t r a t e d  on 
modi f i ca t ion  of b o r o n - d i f f u s i o n  processes .  A poss i -  
b i l i t y  c o m p l e t e l y  o v e r l o o k e d  was  t h a t  p h o s p h o r o u s  
d i f fus ion could  be  m o r e  success fu l ly  a d a p t e d  to t h e  
c r e a t i o n  of b e t t e r  so la r  cells.  

The  p u r p o s e  of th is  p a p e r  is to p r e s e n t  the  r e su l t s  
of a 2 - y r  s t u d y  of p h o s p h o r o u s - d i f f u s e d  so la r  cells.  
The  i n f o r m a t i o n  w i l l  b e  p r e s e n t e d  in  two  sect ions.  
The  first  p a r t  dea l s  w i t h  t he  d i f fus ion  cond i t ions  and  
p rocess ing  m e t h o d s  t ha t  w e r e  found  to y i e l d  p h o s -  
p h o r u s  cel ls  h a v i n g  d e s i r a b l e  cha rac te r i s t i c s .  The  
second p a r t  d iscusses  t h e  r e su l t s  o b t a i n e d  and  the  
i n t e r r e l a t i o n s h i p  of f a b r i c a t i o n  p rocesses  and  so l a r -  
cel l  cha rac te r i s t i c s .  T h e  va r i ous  c h a r a c t e r i s t i c s  con-  
s i de r ed  a re :  ( a )  f o r w a r d  c u r r e n t - v o l t a g e  b e h a v i o r  of 
the  s o l a r - c e l l  d iode,  (b )  con tac t  res i s tance ,  (c)  
j u n c t i o n  r e v e r s e  cu r r en t ,  (d)  co l l ec t ion  ef f ic iency,  (e)  
r a d i a t i o n  res i s tance ,  and  ( I )  t e m p e r a t u r e  behav io r .  

Experimental 
Material preparat ion.--Single-crystal  s i l icon in -  

gots  w e r e  g r o w n  f r o m  t r a n s i s t o r  g r a d e  m a t e r i a l ,  u s -  
ing t h e  Czoch ra l sk i  t echn ique ,  a n e c k e d  d o w n  seed 
(1) ,  a r o t a t i o n  r a t e  of 14 rpm,  a n d  a pu l l  r a t e  of 4 
i n . / h r .  The  m e l t  was  d o p e d  w i t h  a m a s t e r  b o r o n - s i l i -  
con a l loy  to p r o d u c e  p - t y p e  ingots  w i t h  se lec ted  r e -  
s i s t iv i t ies  in  t h e  0.2 to 4 0 - o h m - c m  range .  E tch  p i t  
counts  us ing  the  Dash  e tch  (2)  gave  counts  b e l o w  
1000/cm ~ on w a f e r s  cu t  f r o m  s e v e r a l  ingots.  T yp i c a l  
counts  w e r e  less  t h a n  100 /cm ~. 

W a f e r s  cu t  f r o m  ingots  w e r e  l a p p e d  w i t h  No. 1000 
s i l i c o n - c a r b i d e  a b r a s i v e  in  a p l a n e t a r y  l a p p i n g  m a -  
ch ine  and  t hen  g iven  a finish l ap  w i t h  No. 3000 a l u -  

m i n u m - o x i d e  ab ras ive .  A f t e r  t he  w a f e r s  w e r e  
t h o r o u g h l y  d e g r e a s e d  and  c l eaned  u l t r a s o n i c a l l y  in  
o rga n i c  so lven ts  a n d  d i s t i l l ed  w a t e r ,  t h e y  w e r e  g i v e n  
a 5 - m i n  e tch  in  a so lu t ion  cons i s t ing  of 20: 12:2 p a r t s  
of ace t ic  acid,  n i t r i c  acid,  a n d  h y d r o f l u o r i c  acid,  r e -  
spec t ive ly .  E t ch ing  t ime  was  no t  f o u n d  to be  c r i t i ca l ;  
h o w e v e r ,  p r o l o n g e d  e t c h ing  ( g r e a t e r  t h a n  10 m i n )  
r e s u l t e d  in poor  adhes ion  of s u b s e q u e n t l y  p l a t e d  
n i c k e l  con tac t s  to t he  su r f a c e  of t he  wafe r s .  

Dif fus ion. - -Af ter  t he  w a f e r s  w e r e  e tched ,  t h e y  
w e r e  r i n s e d  in  d i s t i l l ed  wa te r ,  d r ied ,  and  l a id  f lat  
on a q u a r t z - s l a b  d i f fus ion  boat .  The  boa t  was  i n -  
s e r t e d  in to  a h i g h - t e m p e r a t u r e  zone of a l a b o r a t o r y -  
de s igned  t w o - z o n e  di f fus ion fu rnace ,  shown  in Fig.  1. 
D r y  oxygen ,  u sed  as a c a r r i e r  gas, was  pa s sed  t h r o u g h  
the  q u a r t z  d i f fus ion  t u b e  at  a flow r a t e  of a p p r o x i -  
m a t e l y  40 cc/sec .  The  cons t ancy  of w a f e r  boa t  t h e r -  
m o c o u p l e  r e a d i n g s  i n d i c a t e d  t h a t  the  boa t  h a d  
r e a c h e d  t e m p e r a t u r e  e q u i l i b r i u m .  F o l l o w i n g  the  a t -  
t a i n m e n t  of e q u i l i b r i u m ,  a ho l l ow  q u a r t z  boa t  con-  
t a i n i n g  p h o s p h o r u s  p e n t o x i d e  was  m o v e d  f o r w a r d  in 
t he  source  zone to a p o i n t  t h a t  h a d  been  p r e c a l i b r a t e d  
for  a t e m p e r a t u r e  of 220~ The  p h o s p h o r o u s  p e n t -  

SILICON ~ ~ -  NICHROME 
CARBIDE ~ / HEATING 

ROD / COIL / / 
~/ / r DISPERSER THERMOCOUPLE~/ ~, , 

/, ' / /  F FRONT SEAL 
\/I /DIFFUSION ZONE 

SOURCE ZONE 

! 
WAFER L SOURCE 
BOAT BOAT 

Fig. 1. Phosphorous-diffusion furnace 

313 



314 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

oxide vapors  fo rmed  were  t r an spo r t ed  to the diffu-  
s ion zone by  the  ca r r i e r  gas. 

The e s t ab l i shmen t  of a p rope r  flow p a t t e r n  of 
car r ie r  gas and  the  degree  of d ryness  of the  car r ie r  
gas is cri t ical .  A s i l ica-gel  d ry ing  t ube  fol lowed by 
two l i q u i d - a i r  t raps  r emoved  w a t e r  vapor  f rom the  
car r ie r  gas. The diffusion tube  was sealed at its f ron t  
end  to p r e v e n t  the  e n t r y  of wa t e r  vapor  f rom the  
e x t e r n a l  e n v i r o n m e n t .  The diffusion process was  
t e r m i n a t e d  by  w i t h d r a w a l  of the  source boat  and  
shutoff of power  to the  furnace .  Ca r r i e r -gas  flow was 
con t i nued  un t i l  the  source  vapors  were  r e m o v e d  
f rom the  system. The wafe rs  were  w i t h d r a w n  f rom 
the fu rnace  af ter  they  had  cooled to a t e m p e r a t u r e  
of 600~ or less. 

The process incorpora tes  the fo l lowing fea tures  
tha t  es tabl ish  a flow pa t t e rn ,  y ie ld ing  solar  cells w i th  
ve ry  good j u n c t i o n  character is t ics :  (a)  the sequence  
of i n t roduc t ion  of wafers ,  source vapors,  and  ca r r i e r -  
gas flow; (b)  use of a modera te  source t e m p e r a t u r e  
and  a slow ra te  of ca r r i e r -gas  flow; (c) a special  
f r i t ted  glass ca r r i e r -gas  disperser ,  as shown in  Fig. 1. 

Application oJ contacts.--When the  diffusion proc-  
ess was  completed,  the bo t tom surfaces of the wafers  
( those in  contac t  wi th  the  quar tz  s lab)  were  m a r k e d  
wi th  ac id - r e s i s t an t  paint .  The surface  l ayers  fo rmed  
on the  wafers  were  r emoved  by  a 5 - m i n  soak in  h y -  
drofluoric acid, a 5 - m i n  t r e a t m e n t  in  boi l ing  aqua  
regia,  and  a 1 - m i n  c l eanup  in  hydrof luor ic  acid. The 
r e s u l t a n t  surfaces were  clean, w i thou t  any  t races  of 
fore ign  films or discolorat ions,  and  p resen ted  a sa t in -  
smooth  gray  appearance .  

A photores is t  p a t t e r n  was  appl ied  to mask  the  top 
surface.  Nickel  was  p la ted  in  the  fo rm of a t h in  grid 
p a t t e r n  wi th  one wide  s t r ipe on the  u n m a s k e d  re -  
gions of the  wafe r  by  use of the  electroless n i cke l -  
p l a t ing  me thod  (3) .  The  bo t tom surface  of the  wafe r  
was lapped  to r emove  the  n icke l  p la t ing .  The pho to-  
resist  m a s k  was r emoved  f rom the  top surface and  
Divco No. 335 Liqu id  F l u x  1 b ru shed  over  the  n i c ke l -  
p la ted  p a t t e r n  on the  top surface.  The  n i c k e l - p l a t e d  
p a t t e r n  was  t hen  covered  w i th  solder  by  d ipp ing  the  
wafer  in to  a mo l t en  solder  bath .  The  bo t tom of the  
wafe r  was  l apped  wi th  No. 600 s i l i con-carb ide  a b r a -  
sive and  p la ted  e lec t ro ly t ica l ly  wi th  rhod ium.  P l a t -  
i n g - c u r r e n t  densi t ies  of 3-5 m a / c m  ~ have  y ie lded  ad-  
he ren t  l ow- res i s t ance  contacts.  

Edge and surface l~nish.--The final f ab r i ca t ion  
steps consisted of d r y - l a p p i n g  the  p e r i p h e r y  of the  
wafers ,  us ing  No. 600 s i l i con-carb ide  paper  on a 
bel t  sander ,  and  app ly ing  c rys t a l - c l ea r  K r y l o n  ~ over  
the  act ive top surface  to fo rm an  ant i ref lec t ive  coat -  
ing. The  comple ted  so la r -ce l l  s t ruc tu re  is shown in  
Fig. 2. 

Results 
Dif]usion.--A polished "cont ro l"  wafe r  was  d i f -  

fused in  each r u n  to d e t e r m i n e  j u n c t i o n  depths  and  
sheet  resis tances.  J u n c t i o n  depths  were  m e a s u r e d  by  
angle  lap and  s ta in  t echn iques  (4) .  The  es t ima ted  
er ror  of m e a s u r e m e n t  is _0.1~. Sheet  res is tances  
were  ca lcu la ted  f rom 4 -po in t  p robe  m e a s u r e m e n t s  
app ly ing  appropr i a t e  correc t ion  factors. Table  I p r e -  

T r a d e m a r k ,  D i v i s i o n  L e a d  Co.,  S u m m i t ,  I l l .  

z T r a d e m a r k ,  K r y l o n  Inc . ,  N o r r i s t o w n ,  Pa .  

Apri l  1962 

4 

3 

Fig. 2. Phosphorous solar-cell structure, active surface Krylon 
coated: 1, nickel plate, solder dip contact; 2, diffused layer- 
phosphorus; 3, contact-rhodium plate; 4, junction, 0.6~ deep. 

sents data  typica l  of the  resul t s  ob ta ined  us ing  va r i -  
ous diffusion t e m p e r a t u r e s  and  t ime  per iods for m a -  
te r ia l  of different  resist ivi t ies .  

No s ignif icant  va r i a t i on  in  j u n c t i o n  depth  w i th  r e -  
s is t iv i ty  of m a t e r i a l  for equa l  t e m p e r a t u r e s  and  t ime 
per iods of diffusion was  detected.  Shee t  res is tances  
for equa l  j u n c t i o n  depths  were  found  to depend  
p r i m a r i l y  on ca r r i e r -gas  flow p a t t e r n  for i nves t i -  
gated ra tes  of flow b e t w e e n  10 cc and  40 cc/sec. T u r -  
b u l e n t  flow p a t t e r n s  i n t roduced  wide  va r i a t i on  in  
sheet  res is tances  of wafers  diffused in  the  same run .  
T u r b u l e n c e  was  decreased by  use  of a s lower  ra te  of 
ca r r i e r -gas  flow, and  be t t e r  j unc t i ons  were  obta ined.  
However ,  a flow ra te  of 40 cc/sec was  necessa ry  to 
achieve  sheet  res is tances  of less t h a n  50 o h m / s q  for 
875~ 1/2-hr diffusions. The  uppe r  l imi t  of 50 o h m / s q  
of sheet  res i s tance  was  set  by  impos ing  a m i n i m u m  
efficiency r e q u i r e m e n t  of 10% for cells made  by  the  
process. The  10 o h m / s q  sheet  res i s tance  of 975~ 
diffused cells was  sufficiently low to p e r m i t  a t t a i n -  
m e n t  of efficiencies above 10% w i t hou t  the  use of 
gr idded contacts.  However ,  cells made  by  875~ 
diffusion h a v i n g  sheet  res is tances  above 50 o h m / s q  
were  found  to be l imi t ed  to efficiencies be low 10% 
even  wi th  the  use of g r idded  contacts.  

Ca lcu la t ions  of sur face  concen t ra t ions  were  no t  
made  because  of the  anoma lous  character is t ics  of 
sha l low phosphorous-d i f fused  layers  no ted  in  this  
i nves t iga t ion  and  by  o ther  inves t iga tors  (5) .  

Forward-diode characte~stic.--The "n"  va lue  
m e a s u r e m e n t  is a n o n c o n v e n t i o n a l  so la r -ce l l  meas -  
u r e m e n t  appl ied  v e r y  successful ly  in this  i nves t iga -  
t ion  to mon i to r  diffusion processes. The n va lue  as 
g iven  in  the  modified ideal  diode equat ion ,  
I = Io (e qvjnkT- 1), was d e t e r m i n e d  f rom the  slope of 
the log I vs. V plot  of the  so lar -ce l l  diode in  the  r e -  

Table I. Effects of diffusion temperature and time 

p, J u n c t i o n  ps, 
ohm-era Temp, ~ Time, rain depth, ~ ohm/sq 

0.2 975 15 1.2 9 
1 975 15 1.1 10 
1 975 5 0.9 9 
1 875 30 0.6 50 
1 875 60 0.9 36 

13 975 5 0.9 16 
13 875 30 0.6 45 
13 875 60 0.9 35 
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Fig. 3. Typical cell forward characteristic with n value below 2 

gion of 1-100 ma  of fo rward  cur ren t .  A typ ica l  n 
va lue  charac ter i s t ic  showing  a cons tan t  va lue  of n 
over  two decades of c u r r e n t  is shown in  Fig. 3. 

The n va lue  was found  to be e x t r e m e l y  fabr ica t ion  
d e p e n d e n t  and  a sens i t ive  p a r a m e t e r  for op t imiz ing  
fab r i ca t ion  processes and  con t ro l l ing  them.  By the  
use of the  process described,  n va lues  be low 2 were  
n o r m a l l y  obta ined.  High  n va lues  or increases  in  n 
va lue  of cells made  in  pa r t i cu l a r  r u n s  have  been  re -  
la ted  to the  presence  of excess wa t e r  vapor  d u r i n g  
diffusion or t u r b u l e n t  flow p a t t e r n s  of car r ie r  gas. 
The  n va lue  is d i rec t ly  re la ted  to j u n c t i o n  reverse  
c u r r e n t  and  inf luences  the  open -c i r cu i t  vol tage  and  
so lar -ce l l  j u n c t i o n  impedance  (6) .  Values  of n of 
commerc ia l  boron  cells a n d  of boron  cells made  in  
this inves t iga t ion  (7) are gene ra l ly  wel l  above 2. 
Of ten  n va lues  canno t  be  specified for boron-d i f fused  
cells because  of the  n o n l i n e a r  r e la t ionsh ip  of log 
I v s  V of such cells. The fact tha t  the  n va lue  is f ab r i -  
ca t ion d e p e n d e n t  was  f u r t h e r  subs t an t i a t ed  by  the  
m e a s u r e m e n t  of th ree  selected boron-d i f fused  cells 
tha t  had  n va lues  be low 2 and  effieiencies in  the  
r ange  of 13 to 14.5%. 

Contac t  r e s i s t a n c e . - - T h e  slope of the so lar -ce l l  
diode charac ter i s t ic  in  the  r ange  of fo rward  c u r r e n t s  
of 300-400 ma  de t e rmines  wha t  is c o m m o n l y  re fe r red  
to as the  l imi t ing  diode fo rward  res i s tance  ( L D F R ) .  
The LDFR depends  p r i m a r i l y  on contact  res is tance.  
This  m e a s u r e m e n t  was  used in  the  inves t iga t ion  to 
d e t e r m i n e  the  effects of va r ious  p l a t i ng  condi t ions  
and  surface  p repa ra t ions  on contact  res is tance.  Typ i -  
cal va lues  of LDFR p re sen t l y  ob ta ined  are in  the  
0 .2-ohm range  and  this  compares  w i th  va lues  in the  
1-ohm range  common  to commerc ia l  cells. 

I n s t r u m e n t a t i o n . - - M o n i t o r i n g  of n value ,  LDFR,  
and  j u n c t i o n  reverse  c u r r e n t  was car r ied  out  r a p i d l y  
by  d i sp lay ing  "da rk"  cell v o l t a g e - c u r r e n t  curves  on 
the  ca l ib ra ted  oscilloscope face of the  Tek t ron ix -575  
Trans i s to r  Curve  Tracer .  Display of the  i l l u m i n a t e d  

so lar -ce l l  charac ter i s t ic  curve  on the  same i n s t r u -  
m e n t  pe r mi t t e d  rap id  v i sua l  m e a s u r e m e n t  of open -  
c i rcui t  vol tage,  sho r t - c i r cu i t  cu r ren t ,  a nd  c o m p a r a -  
t ive sheet  res is tance.  Precise  m e a s u r e m e n t s  of vo l t -  
ages and  cu r ren t s  wi th  a po ten t iome te r  and  precis ion 
decade res is tance  box showed tha t  the va lues  ob-  
t a ined  f rom oscilloscope read ings  are  sufficiently ac-  
cura te  for eva lua t i on  of cell character is t ics .  

W he r e  m e a s u r e m e n t s  in  sun l igh t  are indicated,  
these were  made  us ing  a d o u b l e - b a r r e l  n a r r o w  ape r -  
tu re  sys tem especial ly  des igned by  the Epp ley  L a b -  
orator ies  for so lar -ce l l  me a su r e me n t s .  The  solar cell 
was m o u n t e d  in  one ba r r e l  whi le  the  inc iden t  r a d i a -  
t ion  was  mon i to red  by  a t e m p e r a t u r e - c o m p e n s a t e d  
the rmop i l e  in the o ther  barre l .  The sys tem was 
m o u n t e d  on an  equa to r i a l  m o u n t  for t r ack ing  the  
sun.  

J u n c t i o n  rever se  c u r r e n t . - - D a r k  cell r everse  c u r -  
r en t s  were  m e a s u r e d  for 0.6-v reverse  bias. Reverse  
cu r ren t s  of 10-30 ~a were  c o m m o n l y  obta ined .  The 
only  pe r i phe r y  t r e a t m e n t  g iven  the  cells was  d ry  
bel t  sanding.  The low j u n c t i o n  reverse  cu r r en t s  of 
these cells r ep re sen t  be t t e r  t h a n  an  order  of m a g n i -  
tude  i m p r o v e m e n t  as compared  to typ ica l  c o m m e r -  
cial boron-d i f fused  cells and  boron  cells made  in  the 
inves t iga t ion  (7) .  The three  selected boron  cells p r e -  
v ious ly  m e n t i o n e d  had  j u n c t i o n  reverse  cu r r en t s  of 
10-20 #a. 

Collect ion e f f i c i e n c y . - - T h e  abi l i ty  of the  process to 
p rese rve  h igh va lues  of l i fe t ime in  the base reg ion  
of solar  cells is ev iden t  f rom compar i son  of the  in t e -  
gra ted  l o n g - w a v e l e n g t h  collect ion of the cells, as 
shown  in Table  II. 

Tab le  II gives the  va lues  of shor t - c i r cu i t  c u r r e n t /  
cm 2, I~o/cm 2, ob ta ined  by  i l l u m i n a t i n g  celis w i th  l ight  
passed t h r ough  a l o n g - w a v e l e n g t h  pass filter hav ing  
a cutoff at  0.65~. U n d e r  these condit ions,  ho le -e lec -  
t r on  pai rs  were  gene ra t ed  in  the base wel l  be low the 
junc t ion ,  and  the i n t eg ra t ed  collect ion was  an  ind i -  
ca t ion  of l i fe t ime of m i n o r i t y  car r ie rs  in  the base. 

The e q u i v a l e n t  col lect ion va lues  ob ta ined  for  975 ~ 
and  875~ diffusions into ma te r i a l  of the  same re -  
s is t iv i ty  ind ica ted  tha t  the  process p rese rved  base 
l i fe t ime equa l ly  wel l  for bo th  diffusion t empera tu re s .  
The  more  t h a n  10% higher  col lect ion ob ta ined  for 
the  1 3 - o h m - c m  cells r epresen t s  a cons iderab le  differ-  
ence in  the  l i fe t ime in  the  base of these cells as com-  
pared  to the l i fe t ime in  the  base of the  high-eff ic iency 
1 - o h m - c m  cells. The  reason  for  this  is tha t  collect ion 

Table II. Comparison of integrated long-wavelength collection 

1 - o h m - c m  b a s e  r e s i s t i v i t y  13 - ohm- c r n  b a s e  r e s i s t i v i t y  
Ise,  Diff .  I~e, Diff .  

Cel l  m a / c m  e t e m p ,  ~ Cel l  m a / c m  a t e m p ,  ~ 

324-3D 7.4 975 331-1B 8.3 875 
324-3E 7.6 975 331-1D 8.2 875 
324-4B 7.3 975 331-2B 8.4 875 
324-4C 7.8 975 331-2C 8.9 875 
324-5B 7.5 975 331-2D 8.8 875 
324-5C 7.3 975 331-3B 8.7 975 
324-6B 7 875 331-3C 8.2 975 
324-7B 7.5 875 
324-7C 7.3 875 

All  cei l  s u r f a c e s  ba re .  
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Fig. 4. Relative collection efficiency for 975 ~ and 875~ dif- 
fusions (normalized to 10 at maximum). 

Fig. 5. Relative collection efficiency for a junction depth of 
0.9~ (normalized to 10 at maximum). 

i nc reases  s l owly  w i t h  i nc r ea s ing  base  l i f e t ime  for  
va lues  of l i f e t ime  a b o v e  1 ~sec. 

M e a s u r e m e n t s  of d i f fus ion  l eng th s  of m i n o r i t y  
c a r r i e r s  g e n e r a t e d  in the  base  b y  e l ec t ron  b o m b a r d -  
m e n t  r e v e a l e d  t ha t  l i f e t imes  of 10-15 #sec w e r e  p r e -  
s e rved  in t he  1 3 - o h m - c m  cells,  w h e r e a s  t h e  l i f e t imes  
in t he  1 - o h m - c m  cel ls  w e r e  3-5 ~sec (8 ) .  

A l t h o u g h  h igh  l o n g - w a v e l e n g t h  col lec t ion  can  be 
ach ieved  w i t h  d i f fus ion  t e m p e r a t u r e s  of 975 ~ or  
875~ h igh  s h o r t - w a v e l e n g t h  co l lec t ion  has  on ly  
been  o b t a i n e d  b y  875~ diffusion.  This  is shown  b y  
the  p lo t s  of r e l a t i v e  co l lec t ion  efficiency vs .  w a v e -  
l e n g t h  in Fig.  4. The  cu rves  a r e  shown  for  cel ls  h a v -  
ing  equa l  j u n c t i o n  dep ths ,  and  the  on ly  d i f fe rence  in 
f a b r i c a t i o n  is t h a t  t he  cel ls  w i t h  t h e  h igh  "b lue"  
co l lec t ion  w e r e  m a d e  b y  an  875~ diffusion.  The  
c u r v e  for  the  975~ cel l  (Fig .  4) is s im i l a r  to t ha t  ob-  
t a i n e d  for  b o r o n  cel ls  h a v i n g  "good  b l u e "  col lec t ion .  
H igh  " b l u e "  co l lec t ion  can  also be  o b t a i n e d  for  c o m -  
p a r a t i v e l y  deep  j u n c t i o n  dep th s  ( 1 - h r  d i f fus ion  at  
875~ as shown in Fig.  5. M e a s u r e m e n t s  of co l lec-  
t ion efficiency vs. w a v e l e n g t h  of t he  U S A S R D L  cells  
w e r e  m a d e  a t  s e v e r a l  i n d u s t r i a l  l abo ra to r i e s ,  and  t h e  
r e su l t s  a g r e e  w i t h  those  p r e s e n t e d  here .  

Table III. Comparison of short-circuit currents 

1 3 - o h m - c m  b a s e  
Dif f .  

Ise,  t e m p ,  T i m e ,  
Ce l l  m a / c m  ~ ~ m i n  Cel l  

1 - o h m - c m  b a s e  
Dif f .  

Ise,  t e m p ,  T i m e ,  
m a / e m  ~ "C r a i n  

331-1B 33.5 875 30 324-4C 24.5 
331-1C 32 875 30 324-6B 28 
331-2B 30 875 30 324-7B 28 
331-2C 34.4 875 30 324-7C 28.4 
331-2D 32 875 30 13.5% Boron 31.2 
331-3B 28 975 5 14.5% Boron 31.4 
331-4B 26 975 5 
331-4C 27 975 5 

975 5 
875 30 
875 30 
875 30 

A l l  m e a s u r e m e n t s  i n  s u n l i g h t .  
P h o s p h o r o u s  ce l l s  K r y l o n  coa ted ;  b o r o n  ce l l s  b o r o n - d i f f u s i o n  

coa ted .  

The  effects of h igh  base  l i f e t i m e  and  h igh  " b l u e "  
co l lec t ion  on the  s h o r t - c i r c u i t  c u r r e n t  of cel ls  a r e  
shown  in T a b l e  III .  

A n a l y s i s  of the  d a t a  shows  t h a t  an  i nc rea se  in 
s h o r t - c i r c u i t  c u r r e n t  p e r  sq cm, L J c m  ~, o f  a p p r o x i -  
m a t e l y  15% was  o b t a i n e d  f rom the  i m p r o v e d  s h o r t -  
w a v e l e n g t h  co l lec t ion  of 875~ d i f fused  cells .  A n  
a d d i t i o n a l  i nc rea se  of 10% in ~Le/cm ~ w a s  o b t a i n e d  
f r o m  the  h i g h e r  l o n g - w a v e l e n g t h  co l lec t ion  of t he  
h igh  base  l i f e t ime  1 3 - o h m - c m  cells.  T h e  ne t  i nc rease  
r e su l t s  in v a l u e s  of I s c / c m  ~ of  1 3 - o h m - c m  875~ cells  
a b o v e  t h a t  o b t a i n e d  for  a s e l ec t ed  14.5% b o r o n -  
d i f fused  cell .  The  r e f e r e n c e d  bo ron  cel l  was  the  h i g h -  
est  eff iciency cel l  e v e r  m e a s u r e d  a t  th is  L a b o r a t o r y .  

T h e  p h o s p h o r o u s - d i f f u s e d  cel ls  w e r e  coa ted  w i t h  
K r y l o n ,  as i n d i c a t e d  in  Fig .  2. Cel ls  of th is  t y p e  w e r e  
sent  to s e v e r a l  i n d u s t r i a l  l a b o r a t o r i e s  for  a p p l i c a t i o n  
of m o r e  effect ive  an t i r e f l ec t ive  coat ings .  The  sho r t -  
c i rcu i t  c u r r e n t s  of t he  cel ls  a f t e r  coa t ing  w i t h  s i l icon 
m o n o x i d e  w e r e  8-10% h i g h e r  t h a n  those  o b t a i n e d  
w i t h  K r y l o n  coat ings .  The  p e r c e n t a g e  inc rease  in 
s h o r t - c i r c u i t  c u r r e n t  o b t a i n e d  b y  a p p l i c a t i o n  of coa t -  
ings, u s ing  the  u n c o a t e d  cel l  s h o r t - c i r c u i t  c u r r e n t  as  
a r e fe rence ,  is 15-20% for  K r y l o n  coa t ings  and  30% 
for  o p t i m i z e d  s i l i c o n - m o n o x i d e  coat ings .  

The  efficiencies of the  1 3 - o h m - c m  cel ls  w e r e  
l im i t e d  b y  shee t  r e s i s t ance  and  c o m p a r a t i v e l y  l o w e r  
o p e n - c i r c u i t  v o l t a g e s  b e c a u s e  of F e r m i - l e v e l  con-  
s ide ra t ions .  H o w e v e r ,  the  v e r y  h igh  s h o r t - c i r c u i t  
c u r r e n t s  and  low n va lues  of these  cel ls  d e c r e a s e d  
the i r  j u n c t i o n  impe da nc e ,  as shown in Fig.  6. The  
j u n c t i o n  i m p e d a n c e  is def ined  as rj  = d V / d I  u n d e r  
cons t an t  i l l umina t i on .  

E l e v e n  p e r  cent  efficiencies w e r e  o b t a i n e d  for  
K r y l o n - c o a t e d  h i g h - r e s i s t i v i t y  cel ls  ( T a b l e  IV) .  

A p p l i c a t i o n  of o p t i m u m  an t i r e f l ec t ive  coa t ings  
shou ld  ra i se  t he  s h o r t - c i r c u i t  c u r r e n t  of t he  cel ls  b y  
8-10% and  inc rease  t he  efficiencies. Cel ls  s im i l a r  in 
c h a r a c t e r i s t i c s  to those  s h o w n  in T a b l e  IV  w e r e  m a d e  
us ing  1 0 - o h m - c m  and  4 0 - o h m - c m  m a t e r i a l .  
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Fig. 6. Output characteristics of a 13 ohm-cm and a 1 ohm-cm 
cell. 

Tab le  V c o m p a r e s  t he  c h a r a c t e r i s t i c  " l i m i t s "  of 
cel ls  m a d e  in  th is  i nves t i ga t i on  f r o m  m a t e r i a l  of s ev -  
e ra l  d i f f e r en t  r es i s t iv i t i e s .  

I t  is diff icult  to o b t a i n  n va lue s  in  t he  r a n g e  of 2 
and  h igh  o p e n - c i r c u i t  v o l t a g e s  in  so la r  cel ls  m a d e  
f r o m  h i g h l y  d o p e d  ma te r i a l .  As  shown  in T a b l e  V, 
bo th  o p e n - c i r c u i t  vo l t ages  and  s h o r t - c i r c u i t  c u r r e n t s  
a r e  c o m p a r a t i v e l y  low for  cel ls  m a d e  f r o m  0.2- 
o h m - c m  m a t e r i a l .  The  l i s t ed  c h a r a c t e r i s t i c s  of the  
1 - o h m - c m  base  cel ls  a r e  s im i l a r  to those  of b o r o n -  
d i f fused cel ls  w i th  t he  excep t ion  of t h e  l i m i t i n g  d i -  
ode f o r w a r d  res i s t ance .  

The  h igh  s h o r t - c i r c u i t  c u r r e n t s  o b t a i n e d  for  cel ls  
m a d e  f r o m  h i g h - r e s i s t i v i t y  m a t e r i a l  was  a r e s u l t  of 
the  h igh  ba se  l i f e t ime  and  h igh  s h o r t - w a v e l e n g t h  
co l lec t ion  of t he se  cells.  

Radiation resistance.--Analysis of col lec t ion  effi- 
c i ency  vs. w a v e l e n g t h  cu rves  of so la r  cel ls  b e f o r e  and  
a f t e r  a tomic  b o m b a r d m e n t  r e v e a l e d  t h a t  t he  l i f e t i m e  
of m i n o r i t y  c a r r i e r s  d e c r e a s e d  m o r e  s l o w l y  in  t h e  
p - t y p e  base  m a t e r i a l  of p h o s p h o r o u s  cel ls  t h a n  in t he  
n - t y p e  base  m a t e r i a l  of bo ron  cel ls  (9 -13 ) .  D i r ec t  
m e a s u r e m e n t  of ba se  d i f fus ion l e n g t h  d e g r a d a t i o n  as 
a func t ion  of  a tomic  b o m b a r d m e n t  was  c a r r i e d  ou t  
for  e l ec t ron  and  p r o t o n  b o m b a r d m e n t  ove r  a w i d e  
r a n g e  of b o m b a r d i n g  p a r t i c l e  ene rg i e s  (8) .  The  col -  
l ec ted  d a t a  show tha t  t he  p h o s p h o r o u s - d i f f u s e d  ce l l  
has  s u p e r i o r  r a d i a t i o n  r e s i s t ance  c o m p a r e d  to t h e  
b o r o n - d i f f u s e d  cell .  

CO0 .//''-'" 

500 ,. 

400 ', 

300 / 

/ , 
2 0 0  l 

I00  / 

0 k / I i 
.4 .5 .6 .7 .8 .9 1.0 I.I 1.2 

WAVELENGTH (MICRONS) 

Fig. 7. Postbombardment collection degradation (absolute output 
in arbitrary units for equal photon input); - - - original; after 
bombardment. 

Table IV. Characteristics of 13-ohm-cm 875~ cells 

I~c/em~, T e m p ,  R a d i a t i o n ,  Efficiency,  
Cel l  m a / c m  '~ Voc ~ m w / c m  ~ % 

331-A 25.8 0.538 30 85.5 11 
331-B 27 0.538 30 86 11 
331-C 25.9 0.536 30 86 10.8 

Boron 14.5% 27.8 0.623 18 89.6 14.96 
Boron 13.5% 27.6 0.620 18 89.6 13.96 

Al l  m e a s u r e m e n t s  i n  sun l igh t .  P h o s p h o r o u s - d i f f u s e d  cel ls  g r i dded ,  
K r y l o n - c o a t e d .  Bo ron -d i f fu sed  cel ls  g r i dded ,  b o r o n - d i f f u s i o n  coated.  

Table V. Characteristics vs. resistivity of base material 
for typical solar cells 

R e s i s t i v i t y ,  Efficiency,  
o h m - c m  Vow:, v Ise, m a / c m  2 L D F R ,  o h m  % 

0.2 <0.56 <22 0.2 <10 
1 <0.60 <26 0.2 10-12 

13 <0.55 <31 0.2 10-12 

Al l  cel ls  m e a s u r e d  in  s u n l l g h t  { in tens i ty  88 m w / c m 2 ) .  

The  c o m p a r a t i v e  r a d i a t i o n  r e s i s t ance  of cel ls  is 
a lso  d e p e n d e n t  on the  s h o r t - w a v e l e n g t h  co l lec t ion  
efficiency. This  d e p e n d e n c y  becomes  s t r o n g e r  w i t h  
i nc r e a s ing  i n t e g r a t e d  b o m b a r d m e n t  flux. M e a s u r e -  
m e n t s  of abso lu t e  co l lec t ion  eff iciency vs. w a v e l e n g t h  
showed  tha t  a f t e r  b o m b a r d m e n t  w h i c h  r e d u c e d  the  
t o t a l  " s u n l i g h t "  s h o r t - c i r c u i t  c u r r e n t  of cel ls  to 75% 
of t h e i r  i n i t i a l  va lue ,  t he  co l lec t ion  at  sho r t  w a v e -  
l e ng th s  (0.6~ o r  less)  h a d  d e c r e a s e d  b y  less t h a n  5%.  
F i g u r e  7 i l l u s t r a t e s  th is  effect  fo r  v e r y  h e a v y  b o m -  
b a r d m e n t .  S ince  a p p r o x i m a t e l y  o n e - t h i r d  of t he  
s h o r t - c i r c u i t  c u r r e n t  of t he  875~ p h o s p h o r o u s - d i f -  
fused  cel ls  is o b t a i n e d  f rom s h o r t - w a v e l e n g t h  co l -  
lec t ion,  t h e s e  cel ls  h a v e  i m p r o v e d  r a d i a t i o n  r e s i s t -  
ance.  

F u r t h e r  i m p r o v e m e n t  in r a d i a t i o n  r e s i s t ance  w a s  
o b t a i n e d  by  f a b r i c a t i n g  cel ls  w i th  h i g h - r e s i s t i v i t y  
base  m a t e r i a l  us ing  875~ diffusions.  T a b l e  VI  c o m -  
p a r e s  the  s h o r t - c i r c u i t  c u r r e n t  d e g r a d a t i o n  of cel ls  
in r e l a t i o n  to d i f fus ion t e m p e r a t u r e  a n d  base  r e -  
s i s t iv i ty .  

A l t h o u g h  on ly  sma l l  q u a n t i t i e s  of h igh -e f f i c i ency  
h i g h - r e s i s t i v i t y  cel ls  w e r e  s u b j e c t e d  to b o m b a r d -  

Table VI, Relationship of l~c/l,o to p and diffusion temperature 

Cell  

1 -Mev  e lec t ron  b o m b a r d m e n t *  
Ise 

Di f fus ion  , % 
p, o h m - c m  t emp ,  ~ /so 

326-2 1 875 73 
331-1 13 875 81 
331-2 13 875 81 
331-4 13 875 81 

1.2-Mev p r o t o n  b o m b a r d m e n t *  * 

324-3 1 975 45 
324-5 1 975 66 
331-5 13 875 90 

Cel l  o r i g i n a l  ef l lc iencies  > 10% m e a s u r e m e n t s  i n  s u n l i g h t  or  e q u i v -  
a lent .  /so, p r e b o m b a r d m e n t  v a l u e  of Isc. 

* Based  on  m e a s u r e m e n t s  by Dr.  W. R o s e n s w e i g  and  co l l eagues  
of B T L  

** Based  on  U S A S R D L  m e a s u r e m e n t s  (13). 
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ment,  it  is significant t ha t  good consistency in resul ts  
was obtained.  

Temperature  behavior . - -The changes in open-  
circuit  voltage, shor t -c i rcu i t  current ,  and efficiency 
of phosphorous solar cells wi th  increasing t e m p e r a -  
ture  in the 25~176 t empe ra tu r e  r ange  were  found 
to be s imi lar  to those of boron-di f fused cells (14). 

Conclusions 
The invest igat ion resul ted  in a phosphorous-di f fu-  

sion process tha t  yields solar  cells wi th  the fol lowing 
desi rable  character is t ics :  1, efficiencies above 10%; 
2, n values of 2 or less; 3, junct ion reverse  currents  
of 10-30 ~a for reverse  bias of 0.6v; 4, contact  r e -  
sistances in the range  of 0.2 ohm; 5, h igh sho r t -wave -  
length collection (1/3 of Isc f rom shor t -wave leng th  
col lect ion);  6, ve ry -h igh  long-wave leng th  collection 
efficiency for h igh- res i s t iv i ty  base cells; 7, super ior  
rad ia t ion  resistance.  

The 875~ diffusion process has a l r eady  been 
adapted  for product ion of solar cells for use in com- 
municat ions  satel l i tes  (15). A recent  outer  space ex-  
per iment  has verified the  super ior  rad ia t ion  res is t -  
ance of the phosphorous-dif fused solar cell (16). 

The most promis ing  approach to fu r the r  improve-  
ment  of phosphorous-dif fused cells is bel ieved to be 
the s tudy of effects of e lect r ica l ly  inact ive impur i t ies  
in silicon on character is t ics  of solar  cells. Another  
area  requi r ing  research is the interact ions  of im-  
pur i t ies  and imperfect ions  in the region of the junc-  
tion. 
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Purification of Tellurium by Distillation 
Bruce D. Wedlock 

Depart~nent o~ Electrical Engineering, Energy Conversion Laboratory, 

Massachusetts Institute o] Technology, Cambridge, Massachusetts 

ABSTRACT 

A rapid method is described by which tel lurium and materials of similar 
vapor pressures may be separated from less volatile impurities such as anti- 
mony and various oxides. The technique consists of multiple distillation under 
a continuously pumped vacuum. A mechanical arrangement has been devised 
which employs a reusable crucible, thereby increasing the speed of the opera- 
tion. Evaluation indicates that one operation will produce tellurium with an 
electrically active impuri ty concentration of 4 x 101'/cc from material  with 
considerable surface oxides. 

The increasing interes t  in thermoelect r ic  energy  
conver ters  dur ing the past  few years  has resul ted  in 
a la rge  research effort in the area  of in te rmeta l l ic  
semiconduct ing tel lur ides,  no tab ly  b ismuth  te l lu r ide  
and lead te l lur ide.  In addit ion,  mercu ry  te l lur ide ,  

cadmium tel lur ide,  and molybdenum te l lur ide  also 
are receiving increased at tention.  As research  in each 
of these mater ia l s  progresses,  i t  is necessary to p ro-  
duce crystals  of the highest  possible perfect ion,  both 
chemical ly  and c rys ta l lograph ica l ly  speaking,  if de -  
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Fig. 1. Tellurium distillation apparatus 

t a i l ed  e x p e r i m e n t s  on t h e i r  t r a n s p o r t  p r o p e r t i e s  and  
b a n d  s t r u c t u r e  a r e  to y i e l d  m e a n i n g f u l  resu l t s .  In  an  
effort  to p r o d u c e  such  h i g h - q u a l i t y  s ing le  c r y s t a l s  
b y  bo th  t he  B r i d g m a n  and  Czoch ra l sk i  t echn iques ,  i t  
was  d e t e r m i n e d  e x p e r i m e n t a l l y  t h a t  the  " h i g h -  
p u r i t y "  t e l l u r i u m  as c o m m e r c i a l l y  s u p p l i e d  1 r e q u i r e d  
f u r t h e r  pur i f ica t ion .  A c c o r d i n g l y ,  t he  scheme  of 
m u l t i p l e  d i s t i l l a t i on  u n d e r  a c o n t i n u o u s l y  p u m p e d  
v a c u u m  was  e m p l o y e d  w i t h  c o n s i d e r a b l e  success.  

A s y s t e m  was  d e s i g n e d  to e m p l o y  a r e u s a b l e  s a m -  
p le  tube .  This  f e a t u r e  r e d u c e d  the  t ime  r e q u i r e d  to 
p u r i f y  a g i v e n  s a m p l e  i n a s m u c h  as g lass  b l o w i n g  
ope ra t i ons  a s soc ia t ed  w i t h  i n d i v i d u a l  s a m p l e  t u b e  
p r e p a r a t i o n  h a v e  been  e l i m i n a t e d .  A t  p re sen t ,  us ing  
a 25 m m  t u b e  the  s y s t e m  has  an  o u t p u t  c a p a b i l i t y  of  
a p p r o x i m a t e l y  35g of pur i f i ed  t e l l u r i u m  p e r  hour .  

System Descripr 
A s c h e m a t i c  d i a g r a m  of t he  t e l l u r i u m  d i s t i l l a t i o n  

a p p a r a t u s  is shown  in Fig .  1. I t  consis ts  of a s a m p l e  
tube ,  s u r r o u n d e d  b y  a m o v e a b l e  h e a t e r  and  con-  
nec t ed  to  a v a c u u m  s y s t e m  b y  m e a n s  of a g r o u n d -  
glass  ba l l  jo in t .  The  s a m p l e  tube ,  m a d e  e n t i r e l y  of 
Vycor ,  consis ts  of t h r e e  sect ions  f o r m e d  b y  s e m i -  
c i r cu l a r  i n d e n t a t i o n s  of t he  t u b e  wal l .  T h e  t u b e  is 
sea led  at  one end  a n d  p r o v i d e d  w i t h  a V y c o r  g r o u n d  
b a l l - j o i n t  a t  t he  o ther .  This  b a l l - j o i n t  m a t e s  w i t h  a 
P y r e x  b a l l - j o i n t  on the  v a c u u m  sys tem,  t h e r e b y  
e l i m i n a t i n g  the  need  for  a g r a d e d  seal.  The  h e a t e r  
p o w e r  is con t ro l l ed  b y  a Var iac ,  and  the  t e m p e r a t u r e  
is m o n i t o r e d  b y  a t h e r m o c o u p l e  m o u n t e d  on the  in -  
s ide w a l l  of the  hea te r .  

The  t e l l u r i u m  to be  d i s t i l l ed  is p l a c e d  at  t he  c losed  
end  of a c lean,  d r y  s a m p l e  tube .  The  t ube  t hen  is 
connec t ed  to the  v a c u u m  sys t em and  p u m p e d  d o w n  
to a p r e s s u r e  of a p p r o x i m a t e l y  1#. The  m o v a b l e  
h e a t e r  is p l a c e d  so t h a t  on ly  t he  end  sec t ion  of t he  
s a m p l e  t u b e  w i l l  be  a b o v e  the  m e l t i n g  po in t  of t e l -  
l u r i um.  T h e  h e a t e r  t e m p e r a t u r e  is t hen  b r o u g h t  u p  
to a p p r o x i m a t e l y  500~ w h e r e b y  the  m o l t e n  t e l -  
l u r i u m  condenses  in  t he  cen t e r  sec t ion  of t he  tube .  
The  h e a t e r  is t hen  m o v e d  so t ha t  t he  cen t e r  sec t ion  is 
now i n c l u d e d  and  the  t e m p e r a t u r e  r a i s ed  to a p p r o x i -  
m a t e l y  600~ The  t e l l u r i u m  t h e n  r e c o n d e n s e s  in  t he  
t h i r d  sect ion.  I t  is i m p o r t a n t  t h a t  a t e m p e r a t u r e  p r o -  

IAmerican Smelting and Refining Co., South Plainfield, N. J.; 
semiconductor grade, 99.999% pure tellurium. 

file s im i l a r  to t h a t  s h o w n  in Fig .  1 be  m a i n t a i n e d  
a long  the  s a m p l e  tube .  O the rwi se ,  if t he  t e m p e r a t u r e  
of t he  r i g h t - h a n d  sec t ion  is a l l o w e d  to d rop  b e l o w  
t h a t  of t he  c e n t e r  sect ion,  b a c k - d i s t i l l a t i o n  wi l l  t a k e  
place,  w i t h  a r e s u l t i n g  loss of some of t he  t e l l u r i u m .  
F i n a l l y ,  the  condensed  t e l l u r i u m  in t he  t h i r d  sec t ion  
is m e l t e d  clown b y  m o v i n g  the  h e a t e r  to f o r m  an  i n -  
got, and  the  t u b e  is cooled r a p i d l y  in a i r  b y  r e t r a c t i n g  
the  m o v a b l e  hea t e r .  A f t e r  t he  t u b e  is cooled,  the  p u -  
r i f ied t e l l u r i u m  m a y  be  r e m o v e d  w i t h o u t  b r e a k a g e  
b y  r o t a t i n g  the  t u b e  and  s l id ing  the  ingo t  pa s t  t he  
las t  i n d e n t a t i o n  and  out  t h r o u g h  the  ba l l  jo in t .  In  
th is  way ,  t he  t u b e  m a y  be reused .  

Experimental Evaluation 

In  o r d e r  to ob t a in  some  q u a n t i t a t i v e  m e a s u r e  of 
the  e f fec t iveness  of th is  m e t h o d  of pur i f ica t ion ,  an  
e v a l u a t i o n  p r o g r a m  was  p r o p o s e d  and  execu ted .  
C o n s i d e r a b l e  i n f o r m a t i o n  is a v a i l a b l e  (3, 4) on t h e  
effects of i m p u r i t i e s  on e l e c t r i c a l  c o n d u c t i v i t y  in t e l -  
l u r i um.  Since  these  d a t a  e s t a b l i s h e d  t ha t  mos t  ac -  
cep to r s  a r e  n e a r l y  f u l l y  ion ized  down  to l i qu id  n i -  
t r o g e n  t e m p e r a t u r e  and  for  i m p u r i t y  concen t r a t i ons  
less t h a n  10~/cc the  m o b i l i t y  m a y  be  a s s u m e d  con-  
s t an t  a t  a g iven  t e m p e r a t u r e ,  i t  was  dec ided  to e m -  
p loy  e l ec t r i ca l  c o n d u c t i v i t y  m e a s u r e m e n t s  as a m e a s -  
u re  of the  p u r i t y  of t e l l u r i u m .  In  a d d i t i o n  to m e a s -  
u r e m e n t s  of i m p r o v e m e n t  on c o m m e r c i a l l y  s u p p l i e d  
" h i g h - p u r i t y "  t e l l u r i u m ,  t he  effect  on a n t i m o n y  i m -  
p u r i t y  also was  inves t iga t ed .  

Sample preparation.--In o r d e r  to r educe  the  effect  
of a n i s o t r o p y  (<r I i/~3_ = 2) (4)  in t he  c o n d u c t i v i t y  

m e a s u r e m e n t s ,  s a m p l e s  w e r e  t a k e n  f rom l a r g e  g r a i n  
m a t e r i a l  and  the  c u r r e n t  ax is  was  chosen  a long  t h e  
p a r a l l e l  d i rec t ion .  S a m p l e s  m e a s u r e d  a p p r o x i m a t e l y  
0.2 x 0.2 x 1 cm. C u r r e n t  con tac t s  w e r e  s o l d e r e d  w i t h  
i n d i u m  solder ,  a n d  v o l t a g e  p r o b e s  w e r e  a t t a c h e d  b y  
w e l d i n g  fine gold  wi res .  S a m p l e s  w e r e  e t ched  in d i -  
lu te  aqua  r eg i a  m o m e n t a r i l y  p r i o r  to m e a s u r e m e n t s .  

Estimation of carrier concentration.--The d a s h e d  
l ine  in Fig.  2 r e p r e s e n t s  an  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  c u r v e  of hole  c o n c e n t r a t i o n  as a func t ion  of  
e l ec t r i ca l  c o n d u c t i v i t y  at  167 OK (10B/T = 6.0). This  
r e l a t i o n s h i p  wi l l  be  used  to e s t i m a t e  t h e  c a r r i e r  con-  
c e n t r a t i o n s  quo t ed  in t he  fo l lowing  sections.  W e  b e -  
l i eve  t ha t  these  e s t ima t ions  wi l l  be a c c u r a t e  w i th in  
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p e r h a p s  a f ac to r  of t w o  and  h e n c e  suff icient  fo r  t h i s  
e v a l u a t i o n  p r o g r a m .  

Commercial high-purity tellurium.--It has  been  
found  t h a t  b y  d i s t i l l a t i on  c o m m e r c i a l  h i g h - p u r i t y  
t e l l u r i u m  can  be f u r t h e r  pur i f ied .  This  m a t e r i a l  as 
s u p p l i e d  consis ts  of l a r g e  l u m p s  as we l l  as s m a l l  
p ieces  and  fine powde r .  S a m p l e  8 was  cut  f r o m  a 
l a r g e  p i ece  of t e l l u r i u m  as rece ived .  S a m p l e  3 was  
cut  f rom an  ingot  p r o d u c e d  b y  m e l t i n g  u n d e r  v a c -  
u u m  s m a l l  p ieces  and  p o w d e r  as  r ece ived .  E v e n  
t h o u g h  the  t e l l u r i u m  is s to red  u n d e r  vacuum,  the  
s m a l l  p ieces  and  d u s t  ab so rb  a c o n s i d e r a b l e  a m o u n t  
of o x y g e n  due  to t h e i r  l a r g e  su r f ace  to  v o l u m e  ra t io .  
F r o m  Fig.  2 and  3 w e  find t h a t  in  t h e  l o w - t e m p e r a -  
t u r e  ex t r i n s i c  r a n g e  s a m p l e  3 e x h i b i t s  g r e a t e r  t h a n  
10 TM h o l e s / c c  c o m p a r e d  to 8 x l f f '  h o l e s / c c  for  s a m p l e  
8. S a m p l e  10 was  p r o d u c e d  b y  one  d i s t i l l a t i o n  f rom 
a b a t c h  of sma l l  p ieces  and  dust ,  spec ia l  ca re  be ing  
t a k e n  to keep  the  ox id i zed  m a t e r i a l  out  of t he  sec t ion  
w h e r e  t h e  f inal  p r o d u c t  is cooled.  A s  usua l ,  a s izeab le  
q u a n t i t y  of w h i t e  r e s i d u e  r e m a i n e d  in  t he  i n i t i a l  
sec t ion  of t he  d i s t i l l a t i on  tube .  The  compos i ton  of  
th is  r e s i d u e  is u n k n o w n ,  b u t  c e r t a i n l y  con ta ins  
ox ides  of t e l l u r i um.  The  ho le  c o n c e n t r a t i o n  a t  167~ 
in s a m p l e  10 is on t h e  o r d e r  4 x 10~'/cc. The  c o n d u c -  
t i v i t y  c u r v e  for  s a m p l e  10 r e p r e s e n t s  the  l i m i t  w h i c h  
has  been  a c h i e v e d  cons i s t en t l y  for  one d i s t i l l a t i on  of  
c o m m e r c i a l  h i g h - p u r i t y  m a t e r i a l .  T h e  c a r r i e r  con-  
c e n t r a t i o n  in s a m p l e  10 ag rees  w i t h  t h e  be s t  m a t e -  
r i a l s  p r e p a r e d  b y  K r o n m u l l e r  et  al. (4)  a n d  w i t h  
t e l l u r i u m  w h i c h  has  been  zone re f ined  w i t h  300 
passes  b y  A i g r a i n  (1 ) .  This  l i m i t i n g  v a l u e  of c a r r i e r  
c o n c e n t r a t i o n  m a y  r e p r e s e n t  the  bes t  t h a t  can  be  o b -  
t a i n e d  b y  d i s t i l l a t i on  or  zone re f in ing  or  m a y  be  d u e  
to the  l a r g e  n u m b e r  of c r y s t a l  i m p e r f e c t i o n s  i n t r o -  
duced  b y  even  the  mos t  ca re fu l  h a n d l i n g  of t h e  m a -  
te r ia l .  

Antimony doped tellurium.--Since t h e  c o n d u c -  
t i v i t y  of t e l l u r i u m  is v e r y  sens i t ive  to a n t i m o n y  
dop ing  and  s ince  at  600~ the  v a p o r  p r e s s u r e  of  
a n t i m o n y  is 10 ~ less t h a n  t h a t  of t e l l u r i u m ,  i t  w a s  d e -  
c ided  to a t t e m p t  s e p a r a t i o n  of a n t i m o n y  b y  d i s t i l -  
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Fig. 4. Effect of distillation on antimony concentration in 
tellurium. 

la t ion .  A s a m p l e  d o p e d  w i t h  5 x 1019/cc a n t i m o n y  
a toms  was  d i s t i l l ed  success fu l ly  and  s a m p l e s  p r e -  
pa r ed .  The  r e su l t s  of th is  e x p e r i m e n t  a r e  p r e s e n t e d  
in Fig.  4. Us ing  Fig.  2 i t  m a y  be  seen  t h a t  one d i s t i l -  
l a t ion  r e d u c e d  the  a n t i m o n y  c o n c e n t r a t i o n  to  6 x 
lffT/cc and  two  d i s t i l l a t i ons  r e d u c e d  i t  to  7 x 1016/cc. 
A t h i r d  d i s t i l l a t i on  y i e l d e d  e s s e n t i a l l y  t h e  s a m e  r e -  
su l t  as t w o  d i s t i l l a t ions ,  i n d i c a t i n g  t h a t  a n  e q u i l i b -  
r i u m  s i t ua t ion  was  r e a c h e d  w i t h  two  opera t ions .  

Conclus ions 

I t  has  been  shown  t h a t  t he  q u a l i t y  of c o m m e r c i a l  
h i g h - p u r i t y  t e l l u r i u m  can be  i m p r o v e d  s u b s t a n t i a l l y  
b y  a s i m p l e  v a c u u m  d i s t i l l a t i on  t echn ique .  The  suc -  
cess of th is  m e t h o d  has  been  m e a s u r e d  d i r e c t l y  b y  
c a r r i e r  c o n c e n t r a t i o n  i m p r o v e m e n t  as s u m m a r i z e d  
in T a b l e  I, and  i n d i r e c t l y  b y  success  in g r o w i n g  h igh  
q u a l i t y  s ingle  c r y s t a l  m a t e r i a l  b y  bo th  t h e  B r i d g m a n  
and  Czoch ra l sk i  t echn iques .  In  t h e  case  of  a n t i m o n y ,  
a l i m i t i n g  i m p u r i t y  l eve l  of 7 x 101~ was  o b t a i n e d  
a f t e r  t w o  d i s t i l l a t ions .  

A c k n o w l e d g m e n t  
The  r e s e a r c h  r e p o r t e d  in th is  p a p e r  has  b e e n  s p o n -  

so red  b y  the  E lec t ron ic s  R e s e a r c h  D i r e c t o r a t e  of t h e  
A i r  F o r c e  C a m b r i d g e  R e s e a r c h  Cente r ,  A i r  R e -  
s ea r ch  a n d  D e v e l o p m e n t  C o m m a n d ,  u n d e r  c o n t r a c t  

Table I. Summary of purification of tellurium by distillation 

I n i t i a l  F i n a l  
h o l e  c o n -  h o l e  c o n -  

c e n t r a t i o n  N u m b e r  c e n t r a t i o ~  
N o . / c c  o f  d i s t i l -  N o . / c c  

I m p u r i t y  T = 1 6 7 ~  l a t i o n s  T = 1 6 T ~  

Large  lumps (oxides)  8 • 101' 1 4 • 101" 

Smal l  pieces and pow-  
der  (oxides)  10 is 1 4 • 101" 

An t imony  5 • 101'* 3 7 • 101~* 

* A n t i m o n y  c o n c e n t r a t i o n .  
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Sources of Contamination in GaAs Crystal Growth 
L. Ekstrom and L. R. Weisberg 

RCA Laboratories, Radio Corporation o~ America, Princeton, New Jersey 

ABSTRACT 

Cur ren t  evidence indicates  tha t  the  pu r i ty  of GaAs is now l imi ted  by  con- 
t amina t ion  dur ing  crys ta l  growth,  r a the r  than  by  the pur i ty  of the  s tar t ing 
mater ia ls .  A careful  s tudy has been car r ied  out  to ident i fy  sources of such 
contaminat ion  in the  p repa ra t ion  of GaAs. Vacuum baking  of ga l l ium at  650~ 
for severa l  hours in a quartz  boat  to remove  oxides was found to increase the 
copper  content,  but  not the silicon or other  spec t rographica l ly  de tec table  im-  
puri t ies .  Back diffusion of impur i t ies  f rom a contamina ted  high vacuum pump 
was observed to affect p roper t ies  of GaAs even when pressures  of 10 -~ tor r  were  
mainta ined.  Seal ing under  vacuum of large (20 ram) d iamete r  quar tz  ampoules  
introduces significant quant i t ies  of silicon and copper  onto the inner  ampoule  
walls,  which subsequent ly  contaminate  arsenic vapor  when heated to above 
1000~ Dur ing  growth,  i t  was found that  there  is no apprec iab le  diffusion of 
a tmospher ic  gases th rough  quartz  at 1200~ However ,  nea r ly  10 TM molecules  of 
gas are  re leased  due to outgassing of the walls.  The most serious con tamina-  
tion, especial ly  wi th  silicon, occurs f rom the react ion be tween  t.he GaAs mel t  
and the quar tz  boat,  and the reac t ion  increases  r ap id ly  wi th  increas ing mel t  
t empera tu re .  

The  a p p l i c a t i o n  of G a A s  for  t r a n s i s t o r s  a n d  t r a n -  
s i s t o r - l i k e  dev ices  r e q u i r e s  a m a t e r i a l  of e x t r e m e l y  
h igh  p u r i t y  in  s ingle  c r y s t a l  form.  P a s t  effor ts  to  i n -  
c rease  the  p u r i t y  of G a A s  h a v e  c e n t e r e d  on t h e  p u r i -  
f icat ion of the  c o m p o n e n t  e lements ,  g a l l i u m  and  a r -  
senic, because  of t he  ex i s t ence  of i m p u r i t i e s  t h a t  
could  no t  r e a d i l y  be  r e m o v e d  f rom G a A s  b y  zone r e -  
fining. The  i m p u r i t y  con ten t  of c o m m e r c i a l l y  a v a i l -  
ab le  g a l l i u m  and  a r sen ic  has  n o w  been  r e d u c e d  to  
the  po in t  w h e r e  i t  is c o m p a r a b l e  to or  b e l o w  t h e  
a m o u n t  of  i m p u r i t i e s  i n t r o d u c e d  in to  G a A s  b y  con-  
t a m i n a t i o n  d u r i n g  i ts  p r e p a r a t i o n .  The  fo l lowing  
ev idence  s u p p o r t s  th is  conclus ion.  

F i r s t ,  emiss ion  and  mass  s p e c t r o g r a p h i c  a n a l y s e s  
have  d e t e c t e d  impur i t i e s ,  such as s i l icon and  copper ,  
in G a A s  in c o n c e n t r a t i o n s  g r e a t e r  t h a n  t h a t  p r e s e n t  
in the  s t a r t i n g  m a t e r i a l s .  Second,  ser ies  of G a A s  
c rys t a l s  p r o d u c e d  f r o m  t h e  s ame  lots  of g a l l i u m  a n d  
a r sen ic  h a v e  h a d  w i d e l y  v a r y i n g  e l ec t r i ca l  p r o p -  
er t ies .  H o w e v e r ,  v a r i a t i o n s  in t he  lots  of g a l l i u m  and  
a r sen ic  h a v e  p r o d u c e d  on ly  m i n o r  changes  in  t h e  
e l ec t r i ca l  p r o p e r t i e s  of t h e  r e s u l t i n g  GaAs .  Th i rd ,  
spec ia l  pu r i f i ca t i on  t r e a t m e n t s  c a r r i e d  ou t  fo r  g a l -  
l i um and  a r s e n i c  h a v e  i m p r o v e d  t h e  p r o p e r t i e s  of 
o t h e r  c o m p o u n d s  such  as  InAs,  b u t  h a v e  h a d  l i t t l e  o r  
no effect  on t h e  p r o p e r t i e s  of GaAs .  

F o r  these  reasons ,  th i s  i n v e s t i g a t i o n  w a s  c a r r i e d  
out  to d e t e r m i n e  t h e  sources  of  such  c o n t a m i n a t i o n  
and  thus  p r o v i d e  g u i d a n c e  in  d e v i s i n g  i m p r o v e d  

m e t h o d s  of p r e p a r a t i o n .  The  i n v e s t i g a t i o n  is specif i -  
ca l ly  conce rned  w i t h  t he  h o r i z o n t a l  B r i d g m a n  t e c h -  
n ique  of c r y s t a l  g row th ;  h o w e v e r ,  t h e  r e s u l t s  a r e  a p -  
p l i c a b l e  to o the r  m e t h o d s  of c r y s t a l  g rowth .  The  d e -  
t a i l s  of the  p r e p a r a t i o n  of a G a A s  g r o w t h  a m p o u l e  
for  th is  g r o w t h  t e c h n i q u e  a r e  d e s c r i b e d  in  t h e  fo l -  
l owing  sect ion.  In  s u b s e q u e n t  sec t ions  each  s tep  in  
th is  p r o c e d u r e  is c a r e f u l l y  e x a m i n e d  for  poss ib l e  
sources  of c o n t a m i n a t i o n .  T h r o u g h o u t  th i s  p a p e r ,  i t  
is imp l i c i t  t h a t  ca re fu l  p r e c a u t i o n s  w e r e  t a k e n  to r e -  
move  t h e  obv ious  c o n t a m i n a t i o n  sources  such as  dus t  
and  s im i l a r  fo re ign  m a t t e r ,  to use  g loves  w h e r e  r e -  
qu i red ,  etc.  

Preparation of GaAs 
The  a r sen ic  was  r e c e i v e d  in  c h u n k s  each  w e i g h i n g  

a p p r o x i m a t e l y  a g ram,  sea l ed  in a P y r e x  a m p o u l e  
in 50 or  100 g lots.  A f t e r  be ing  opened ,  t h e  P y r e x  
a m p o u l e  was  s t o r ed  u n d e r  v a c u u m  in a l a r g e r  P y r e x  
ampou le ,  s ea l ed  b y  a v a c u u m  stopcock.  The  g a l l i u m  
is r e c e i v e d  in  a p o l y e t h y l e n e  b a g  as a l a r g e  l ump .  To 
r e m o v e  pieces,  t he  g a l l i u m  was  cooled  to l i q u i d  n i -  
t r o g e n  t e m p e r a t u r e ,  p l a c e d  in " G l a s s i n e "  p a p e r  bags ,  
and  c r a c k e d  b y  squeez ing  in a vise.  I t  w a s  s u b s e -  
q u e n t l y  s t o r ed  in t hese  bags  w i t h i n  a c losed  glass  j a r  
ins ide  an  a i r  t i g h t  cab ine t .  

The  ampou le ,  s h o w n  in Fig .  1, consis ts  of a q u a r t z  
t u b e  of  20 m m  bo re  w i t h  a ba l l  j o i n t  a t  each  end  and  
a b r e a k s e a l  d i v i d i n g  i t  in to  two  chamber s .  A l l  q u a r t z  
ware ,  i nc lud ing  the  tube ,  g r o w t h  boat ,  and  s lug  fo r  



322 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Apri l  1962 

- - ~  7 " '  ~ \ - - - -  \ "-" 
SEALED UNDER / GALLIUM QUARTZ ARSENIC SEALED UNDER 

VACUUM I SLUG VACUUM 

QUARTZ BREAK 
BOAT SEAL 

Fig. 1. GaAs growth ampoule 

r u p t u r i n g  the  breakseal ,  was c leaned  by  first w a sh -  
ing  it in  a de t e rgen t  such as "Alconox" ,  t h e n  t r e a t -  
ing it w i th  aqua  regia,  t hen  e tching  wi th  a 1:1 m i x -  
t u r e  of HF  and  HNO3, and  f inal ly  c l ean ing  in  a m i x -  
tu re  of t r ip le  dis t i l led  HNO, and  HC1. Each step was  
fol lowed by  ex tens ive  r i n s ing  in  t r ip le  dis t i l led 
water ,  and  af ter  the  final r inse,  the  wa t e r  was  r e -  
moved  us ing  t r a n s i s t o r - g r a d e  ace tone  which  was  
dra ined ,  and  the  qua r t z  a l lowed to d ry  in  air. The 
quar tz  s lug and  the a rsen ic  were  loaded in air  in to  
one chambe r  of the tube ,  and  the  t u b e  was  t h e n  con-  
nec ted  th rough  a l iqu id  n i t r ogen  t r ap  to a diffusion 
p u m p  and  evacuated .  The  arsenic  was hea ted  in  a 
v a c u u m  of be low 10 -~ t o r t  for 1 hr  at 300~ to r e m o v e  
surface  oxides and  then  tha t  sect ion of the  ampou le  
was sealed u n d e r  v a c u u m  af ter  first col lapsing the  
tube  w i th  a broad  flame produced  by  a brass  h y d r o -  
g e n - o x y g e n  torch. 

Next,  the  g rowth  boat  con t a in ing  solid ga l l i um 
was placed in  the  o ther  c h a m b e r  of the  tube,  which  
was  t hen  evacua ted  before  the  ga l l ium was mel ted.  
A v a c u u m  hea t  t r e a t m e n t  of 3 hr  at 650~ was  g iven  
to r emove  oxides of ga l l i um as Ga~O, af ter  which  the  
ga l l i um was ref rozen and  the  ampoule  sealed off us -  
ing the same t echn ique  as for the arsenic  section. The 
final ampou le  is shown  in  Fig.  1. 

Af te r  the  b reaksea l  was r u p t u r e d  by  caus ing  the  
quar tz  slug to s t r ike it, the GaAs was  synthes ized  and  
g rown  in to  a c rys ta l  in  a typ ica l  two zone hor izon ta l  
B r i d g m a n  fu rnace  (1) .  In  syn thes iz ing  the  GaAs, the 
en t i re  sys tem was b rough t  up to the  arsenic  rese rvo i r  
t e m p e r a t u r e  of abou t  600~ and  then  the  t e m p e r a -  
t u r e  of the reac t ion  zone c o n t a i n i n g  the mol t en  ga l -  
l i um was g r adua l l y  ra ised to about  1260 ~ The crys-  
ta l  was t hen  g rown  by  m o v i n g  the  en t i re  fu rnace  
over  the  s t a t iona ry  quar tz  tube  at a ra te  of abou t  1 
cm hr -1 for a total  per iod  of 16 hr.  

Effects of Cleaning and Handling Procedures 
I t  was  first d e t e r m i n e d  w h e t h e r  the  o r d i n a r y  r in s -  

ing wi th  dis t i l led w a t e r  is sufficient to r emove  the  
acids used for c leaning.  This was found  by  m e a s u r -  
ing the res i s t iv i ty  of the  wa t e r  af ter  each rinse.  A 1 : 1 
m i x t u r e  of HC1-HNO.~ was  placed in  a quar tz  a m -  
poule  for 1 hr. This  m i x t u r e  was t h e n  discarded and  
replaced wi th  deionized water ,  which  r e m a i n e d  in  
the ampoule  for va r ious  t imes  (u sua l l y  10 sec).  Af te r  
a n u m b e r  of r inses,  the  r inse  w a t e r  was  also boi led 
in the ampoule .  Typica l  resul t s  are shown in  Tab le  I. 
I t  can be  seen tha t  even  t en  r in s ings  w i t h  cold de-  
ionized wa t e r  is not  sufficient to r emove  all  t races  of 
impur i t i e s  subsequen t  to acid c leaning.  Ins tead,  it  is 
at least  necessa ry  to boil  the  wa t e r  for a hal f  h o u r  in  
the vial.  

E x p e r i m e n t s  were  also car r ied  out  to d e t e r m i n e  
if the  c lean ing  p rocedure  i tself  was  adequate .  M a n y  

Table I. Effect of rinsing treatment on removal of acids 
from ampoules 

Water  
res is t iv i ty ,  

Rinse No. Condit ions m e g o h m - c m  

0 Original water  2 
4 0.035 
5 0.2 
6 All rinses through No. 10 0.3 
7 in ampoule for 10 sec. 1.0 
8 1.5 
9 1.8 

10 2 
11 Boiled for 1/2 hr 0.8 
12 10 sec 2 
13 Boiled for 1-�89 hr 1.8 
14 10 sec 2 
15 10 sec 2 

va r ia t ions  were  tested, such as t r e a t i ng  di f ferent  
ampoules  w i th  HF only,  H F  fol lowed by  aqua  regia ,  
or aqua  regia  alone,  us ing  nond i s t i l l ed  acids, e l im i -  
n a t i n g  the acetone rinse,  etc. It  was no ted  tha t  a 
scour ing  agent  such as "Ajax"  should  be avoided 
since it is no t  dissolved by  aqua  regia.  Var ia t ions  
were  also a t t emp ted  in  the h a n d l i n g  of the  e l ements  
such as we igh ing  out  and  t r a n s f e r r i n g  ga l l i um as a 
l iqu id  r a the r  t h a n  a solid (2) ,  the  use of f i l ter  pape r  
ins tead  of "Glass ine"  paper ,  and  plast ic  ins tead  of 
s ta inless  steel forceps. Despi te  all  of these  var ia t ions ,  
no difference could be seen in  the proper t ies  of the  
r e su l t ing  GaAs. The conclus ion can be d r a w n  tha t  
the  c l ean ing  p rocedure  used for qua r t z  and  the  
h a n d l i n g  t echn iques  for the  e l ements  are no t  sig- 
n i f icant  va r i ab les  compared  to c o n t a m i n a t i o n  sources 
descr ibed  in  the  sections to follow. 

Effects of Vacuum Baking and Sealing 

D u r i n g  the v a c u u m  a n n e a l i n g  of the  ga l l i um and  
arsenic  to r emove  oxides and  the  s u b s e q u e n t  seal ing 
of the  evacua ted  ampoules ,  there  are severa l  ways  
in which  c o n t a m i n a t i o n  migh t  occur. The  three  
which  have  been  inves t iga ted  are back  diffusion of 
impur i t i e s  f rom the v a c u u m  pump,  reac t ion  b e t w e e n  
ga l l i um and  the quar tz  boat  d u r i n g  bakeout ,  and  
evo lu t ion  of ma te r i a l  f rom the  qua r t z  wh i l e  i t  is be -  
ing sealed. 
Contamination ]rum vacuum pumps.--Both oil and  
m e r c u r y  diffusion pumps  have  been  used in  the  p r ep -  
a ra t ion  of GaAs ampoules ,  and  no s ignif icant  differ-  
ence was no ted  in  the p u r i t y  of the  r e su l t i ng  GaAs. 
On cer ta in  occasions, the v a c u u m  p u m p s  have  been  
c leaned or n e w  v a c u u m  p u m p s  have  been  used. In  
general ,  this  has caused no i m p r o v e m e n t  in  the  p rop -  
ert ies  of the  GaAs, except  on one occasion (2). In  
this case, a series of crysta ls  were  p roduced  wi th  
e lec t ron  mobi l i t ies  on the average  be low 4000 cm ~ 
v -1 sec -1. M a n y  va r i a t ions  were  a t tempted ,  bu t  the  
mobi l i t ies  did not  improve  u n t i l  the  m e r c u r y  d i f -  
fus ion  p u m p  was d i s m a n t l e d  and  cleaned.  The re -  
su l t ing  change  in  the  mob i l i t y  is shown in  Fig.  2. The  
poin ts  wi th  the a t tached  bars  ind ica te  crysta ls  of 
GaAs p roduced  f rom the same lots of ga l l i um and  
arsenic.  Not  all  c rys ta ls  g rown  are inc luded  in  the  
graph,  because  some were  doped or else g r ow n  u n d e r  
special  condit ions.  The  impor t ance  of a c lean v a c u u m  
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Fig. 2. Electron mobility of GaAs crystals before and after clean- 
ing of the mercury diffusion pump. 

s y s t e m  is m a n i f e s t  f r o m  these  resu l t s .  H o w e v e r ,  th is  
r e su l t  is s o m e w h a t  s u r p r i s i n g  s ince  t he  s y s t e m  was  
p r o d u c i n g  v a c u u m s  of t h e  o r d e r  of 10 -~ t o r r  bo th  b e -  
fore  and  a f t e r  t he  c leaning .  A t  th i s  p r e s s u r e ,  t h e  
n u m b e r  of r e s i d u a l  gas mo lecu l e s  in t he  a m p o u l e  is 
a b o u t  10 l~ w h i l e  t he  c h a n g e  in p r o p e r t i e s  c o r r e s p o n d s  
to 1017 a t o m s  or  more .  I t  w o u l d  a p p e a r  t h a t  m a t e r i a l  
was  c o n t i n u o u s l y  d i f fus ing  back  f rom the  p u m p  
t h r o u g h  the  t r a p  and  condens ing  on the  wal l s .  

In  f u r t h e r  tes t s  of t he  effects of v a c u u m  sys tems ,  
t he  v a c u u m  g rea se  in the  ba l l  and  socke t  j o in t s  u sed  
to a t t a c h  the  cold  t r a p  and  g r o w t h  a m p o u l e  to  t he  
v a c u u m  sys t em was  r e p l a c e d  b y  b l a c k  v a c u u m  wax .  
This  w a x  does  not  h a v e  a t e n d e n c y  to flow ou t  of t h e  
j o i n t  in to  t he  s y s t e m  and  r e p o r t e d l y  has  a v a p o r  
p r e s s u r e  of on ly  10 -s t o r r  a t  r o o m  t e m p e r a t u r e .  H o w -  
ever ,  th is  subs t i t u t i on  d id  not  i m p r o v e  the  p u r i t y  of 
G a A s  p r e p a r e d  w i t h  th is  v a c u u m  sys tem.  
Vacuum baking 05 gallium.--The n e x t  p o s s i b i l i t y  
is t h a t  g a l l i u m  m i g h t  r e a c t  w i t h  t he  q u a r t z  boa t  
d u r i n g  the  v a c u u m  a n n e a l  a n d  b e c o m e  c o n t a m i n a t e d ,  
e s pec i a l l y  w i t h  si l icon.  G a l l i u m  is k n o w n  to r e a c t  
w i t h  q u a r t z  r e a d i l y  a t  h i g h e r  t e m p e r a t u r e s  (3 ) ,  so 
t h e r e  was  r ea son  to suspec t  t h a t  th is  r e a c t i o n  m i g h t  
also be  occu r r i ng  a 650~ to a s igni f icant  ex t en t .  To 
tes t  th is  poss ib i l i ty ,  g a l l i u m  samp le s  w e r e  s u b j e c t e d  
to t he  s ame  a n n e a l i n g  cond i t ions  used  in  p r e p a r i n g  
an ampou le ,  e x c e p t  t h a t  t he  a n n e a l i n g  t i m e  w a s  in -  
c r ea sed  to 12 h r  f rom the  u s u a l  3 h r  to e x a g g e r a t e  
a n y  effects. Changes  in t he  i m p u r i t y  con ten t  of t h e  
g a l l i u m  w e r e  d e t e r m i n e d  b y  emiss ion  s p e c t r o g r a p h i c  
ana lys i s  be fo re  a n d  a f t e r  the  annea l .  In  each  case, 
s eve r a l  s a m p l e s  w e r e  ana lyzed ,  and  t h e  r e p o r t e d  i m -  
p u r i t y  c o n c e n t r a t i o n  is t he  g e o m e t r i c  m e a n  of t he  
resul t s .  This  a v e r a g i n g  process  was  necessa ry ,  s ince  
the  s p e c t r o g r a p h i c  ana lys i s  was  s e m i q u a n t i t a t i v e  and  
a c c u r a t e  to w i t h i n  on ly  a f ac to r  of th ree .  To d i f f e r -  
e n t i a t e  b e t w e e n  b u l k  c o n t a m i n a t i o n  of t he  g a l l i u m  
and  i m p u r i t i e s  w h i c h  col lec t  on, or  s e g r e g a t e  to  t h e  
su r face  of the  ga l l i um,  two  t y p e s  of s amp le s  w e r e  
t a k e n  for  ana lys i s .  The  first  cons i s ted  of p i eces  f r o m  
the  i n t e r i o r  of a 5g ingo t  of ga l l i um,  o b t a i n e d  b y  
f r a c t u r i n g  the  ingot .  The  o t h e r  t y p e  was  a p i e c e  of  
g a l l i u m  s m a l l  enough  to be used  d i r e c t l y  in  t h e  spec -  
t r o g r a p h ,  t hus  i nc lud ing  t h e  e n t i r e  o r ig ina l  sur face .  
The  s amp le s  w e r e  t r e a t e d  s i m u l t a n e o u s l y  in a s u i t -  
a b l y  c o m p a r t m e n t e d  boat .  T a b l e  I I  shows  t h e  r e su l t s  

S p e c t r o g r a p h i c  i m p u r i t y  
G a l l i u m  Type  of No. of  c o n t e n t  i n  p p m  

t r e a t m e n t  s a m p l e  s a m p l e s  S i  M g  F e  e u  

As received - -  5 

12 h r  at  650~ in ter ior  2 
pressure  of ex te r ior  3 
3 X 10 -~ tor r  

12 hr  at 650~ 
pressure  of in ter ior  2 
5 X 10 -~ to r r  ex te r ior  3 

(a i r  leak)  

<0.I 0.3 2 <1 

<0.1 0.2 1 2 
<0.1 0.3 2 3 

1 <0.1 2 <I  
5 0.5 3 1 

of such  a h e a t  t r e a t m e n t  on the  g a l l i u m  u s i n g  bo th  a 
t i gh t  v a c u u m  s y s t e m  and  one w i t h  a s m a l l  a i r  l eak .  
I t  can  be  seen  t h a t  no d e t e c t a b l e  s i l icon c o n t a m i n a -  
t ion  occurs  due  to t he  b a k i n g  p rocess  a t  650~ p r o -  
v i d e d  t h e r e  is no o x y g e n  p re sen t .  H o w e v e r ,  one  of  
the  ox ides  of g a l l i u m  a p p a r e n t l y  a t t a c k s  q u a r t z  a t  
th is  t e m p e r a t u r e .  I t  can also be  seen  t h a t  t h e r e  is no 
ev idence  for  i ron  and  m a g n e s i u m  c o n t a m i n a t i o n ,  b u t  
t ha t  t he  copper  con ten t  is inc reased .  The  coppe r  
could  be  l eached  f r o m  t h e  q u a r t z  boat ,  s ince  q u a r t z  is 
k n o w n  to con ta in  copper  t h a t  e a s i l y  diffuses  ou t  (4) .  
S ince  coppe r  has  a sma l l  d i s t r i b u t i o n  coefficient  in  
GaAs ,  th is  source  of c o n t a m i n a t i o n  has  l i t t l e  effect  
on the  e l ec t r i ca l  p r o p e r t i e s  of t he  g r o w n  c rys ta l s .  
Sealing o5 the ampouIe.--During t he  s ea l ing  of t he  
a m p o u l e  t he  q u a r t z  is h e a t e d  above  i ts  so f t en ing  
point .  The  q u a r t z  vapo r i ze s  w i t h  some d e c o m p o s i -  
t ion  at  these  t e m p e r a t u r e s  and  r e de pos i t s  in p a r t  on 
cooler  p o r t i o n s  of t he  q u a r t z  as  m a n i f e s t e d  b y  the  
a p p e a r a n c e  of a r o u g h  w h i t e  film. The  decompos i t i on  
p r o d u c t s  i nc lude  o x y g e n  (5)  w h i c h  could  e n t e r  t h e  
ampou le ,  as could  t he  gases  f r o m  the  o x y - h y d r o g e n  
f lame.  Thus,  t he  s ea l ing  p r o c e d u r e  m i g h t  f irst  i n -  
t r o d u c e  gaseous  i m p u r i t i e s  in to  t he  ampoule; second,  
d i r e c t l y  c o n t a m i n a t e  g a l l i u m  or  a r sen i c  w i t h i n  t h e  
a m p o u l e ;  and  th i rd ,  c o n t a m i n a t e  t he  i n n e r  a m p o u l e  
w a l l s  and  t h e r e b y  c o n t a m i n a t e  t h e  a r s e n i c  v a p o r  
d u r i n g  g rowth .  

The  first  p o s s i b i l i t y  was  i n v e s t i g a t e d  b y  a t t a c h i n g  
a t h e r m o c o u p l e  gauge  to a q u a r t z  ampou le ,  w h i c h  
was  s u b j e c t e d  to the  same  c l ean ing  and  v a c u u m  b a k -  
ing process  used  for  g r o w t h  ampou les .  A f t e r  sea l ing  
of t he  ampou le ,  the  p r e s s u r e  in t he  a m p o u l e  w a s  b e -  
low the  10 -~ t o r r  de t ec t ion  l i m i t  of t he  gauge ,  i n d i -  
ca t ing  t ha t  a t o t a l  of less  t h a n  a b o u t  5 x 101~ gas  m o l e -  
cules  a r e  t r a p p e d  in  t he  a m p o u l e  due  to  t h e  s ea l ing  
process .  This  r e p r e s e n t s  a c o m p a r a t i v e l y  ne g l i g ib l e  
a m o u n t  of c o n t a m i n a t i o n  in t he  G a A s  c rys ta l ,  w h i c h  
is u s u a l l y  a b o u t  4 cm ~ in vo lume .  

The  p o s s i b i l i t y  of d i r ec t  depos i t i on  of d e c o m p o s i -  
t ion  p r o d u c t s  onto  t he  g a l l i u m  was  i n v e s t i g a t e d  b y  
p r e p a r i n g  an  a m p o u l e  con ta in ing  a c o m p a r t m e n t e d  
boa t  w i t h  bo th  l a r g e  and  s m a l l  g a l l i u m  s a m p l e s  
s i m i l a r  to t he  e x p e r i m e n t  d e s c r i b e d  in  t h e  p r e v i o u s  
sect ion.  A f t e r  t he  u s u a l  v a c u u m  b a k i n g  and  f reez ing ,  
t he  q u a r t z  a m p o u l e  was  sea l ed  a t  a p o i n t  b e y o n d  the  
b o a t  a n d  v a c u u m  p u m p .  Thus,  if t h e r e  w e r e  a f low of  
m a t e r i a l  t o w a r d  the  v a c u u m  p u m p ,  i t  w o u l d  e n h a n c e  
the  effects of depos i t ion .  S u b s e q u e n t  to t h e  sea l ing ,  
the  s a mp le s  w e r e  s p e c t r o g r a p h i c a l l y  ana lyzed .  R e -  
su l t s  a r e  s h o w n  in T a b l e  III ,  w h i c h  also i nc ludes  r e -  
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Table III. Impurities introduced during the sealing of an ampoule 
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No. and  S p e c t r o g r a p h i c  i m p u r i t y  
t y p e  of con t en t  in  p p m  

M a t e r i a l  and  t r e a t m e n t  s a m p l e  Si Mg Fe  Cu  

Gall ium (as received) 
Gal l ium (after vacuum 

bake and sealing) 

5 <0.1 0.5 3 
2 <0.1 1 nd 

interior  
3 <0.1 1 1 

exterior 
3 0.1 <0.1 nd 
3 <0.1 nd nd 

1 

1 

nd 
nd 

Arsenic (as received) 
Arsenic (after vacuum 

bake and sealing) 

sults for a s imi lar  e x p e r i m e n t  w i th  arsenic.  The 
analys is  of the  in te r io r  samples  of ga l l i um indica tes  
tha t  no acc identa l  i n t roduc t i on  of impur i t i e s  oc- 
cur red  d u r i n g  the v a c u u m  b a k i n g  w i t h i n  the  l imi t s  
of error.  I t  can be concluded,  therefore ,  tha t  direct  
deposi t ion of impur i t i e s  onto the  e l emen t s  is no t  a 
s ignif icant  source of con tamina t ion .  

The th i rd  e x p e r i m e n t  on the  seal ing of qua r t z  t u b -  
ing deal t  wi th  the  poss ib i l i ty  of the  deposi t ion  of i m-  
pur i t i es  on the  ampou le  wal ls  f rom the  seal ing op-  
e ra t ion  wi th  s u b s e q u e n t  c o n t a m i n a t i o n  of the  arsenic  
vapor  d u r i n g  c rys ta l  growth.  The  p rocedure  was  
aga in  des igned  to dupl ica te  the  condi t ions  p r eva i l i ng  
in the g rowth  of GaAs. A 20 m m  bore  qua r t z  a m -  
poule, c leaned in  the  usua l  m a n n e r ,  was  degassed 
in v a c u u m  for 2 or 3 hr  at 700~ cooled, and  abou t  
0.3g of arsenic  was t hen  in t roduced  w i thou t  b r e a k i n g  
the vacuum.  This a m o u n t  of a rsenic  was ca lcula ted  
to be jus t  sufficient for complete  vapor iza t ion .  Af te r  
v a c u u m  b a k i n g  to r emove  arsenic  oxides, the  a m -  
poule was  sealed u n d e r  v a c u u m  and  p laced  in  a t w o -  
zone fu rnace  for periods of abou t  16 hr  w i th  the  
sealed end  held at 1220~ and  the  opposite end  at 
600~ Af te r  this t r e a tmen t ,  care was  t aken  to cool 
the ampoule  s lowly and  at the  cooler end  first. In  this  
m a n n e r  the arsenic  condensed  in  the form of lumps ,  
r a the r  t h a n  as large area  t h in  sheets. The condensed  
arsenic  was recovered  by  b r e a k i n g  the  ampoule .  
Changes  in the  i m p u r i t y  con ten t  of the  arsenic  were  
d e t e r m i n e d  by  spec t rographic  ana lyses  before  and  
af ter  this  exposure  to quar tz .  In  all  cases, the  arsenic  
s t a r t ing  ma te r i a l  was  found  to con ta in  on ly  two i m-  
pur i t ies :  copper  at or be low the  detec t ion l imi t  of 1 
ppm, and  sil icon at or be low 0.2 ppm.  For  each run ,  
four  samples  of arsenic  were  analyzed.  The repor ted  
i m p u r i t y  concen t r a t i on  represen t s  the  geometr ic  
m e a n  of the  four  resul ts .  

The typ ica l  c o n t a m i n a t i o n  of arsenic  tha t  is ob-  
served due to the seal ing is shown in  the  first two 
rows of Tab le  IV for two separa te  runs .  A large  i n -  

Table IV. Effect of sealing quartz on contamination of arsenic 
after heating at 1220~ for 16 hr 

S p e c t r o g r a p h i c  
No. of  Quar t z  bore ,  analys is ,  p p m  

seals  m m  Si Cu  

1 20 3 4 
1 20 4 9 
6 20 10 7 
1 6 0.05 < I  
1 6 0.2 1 

crease in  bo th  the  si l icon and  copper  con ten t  of the  
arsenic  can be seen. To t r y  to e nha nc e  th is  effect, 
severa l  r u n s  were  made  in  which  mu l t i p l e  seals were  
pe r fo rmed  on the  ampoule ,  each seal be ing  made  
closer to the  arsenic.  The resul t s  of one such r u n  
us ing  6 seals is shown  in  the th i rd  row. The  absence  
of a p ropor t iona l  increase  in  the  c o n t a m i n a t i o n  is 
p r o b a b l y  caused by  much  of the vapor ized  m a t e r i a l  
depos i t ing  ve ry  close to the  seal, so t h a t  mos t  of the  
c o n t a m i n a t i o n  comes f rom only  the  las t  seal. 

In  the  above e xpe r i me n t s  the poss ib i l i ty  ex is ted  
tha t  the  a rsen ic  s imply  a t t acked  the q u a r t z  walls ,  
and  the  c o n t a m i n a t i o n  was  no t  re la ted  to the  sea l ing  
process. To tes t  this  possibi l i ty,  ampoules  we re  con-  
s t ruc ted  wi th  the  2 0 - m m  bore  qua r t z  ampoule  t e r -  
m i n a t i n g  wi th  6 - m m  bore  tub ing .  Much  less hea t ing  
is r equ i r ed  to seal 6 - ram bore  qua r t z  t u b i n g  t h a n  
20- ram bore t u b i n g  so less quar tz  is vaporized.  As 
shown in Tab le  IV in  the las t  two rows, this  reduces  
the  arsenic  c o n t a m i n a t i o n  to be low the  l imi ts  of de-  
tection. 

Next ,  the  effect of t e m p e r a t u r e  on the  above re -  
act ion was  inves t iga ted .  To exaggera te  a ny  effects so 
tha t  they  could be easi ly observable ,  four  to five 
seals we re  m a d e  on the 20 m m  bore  t u b e  for each 
run .  The sealed end  of the ampoule  was  held  in  
di f ferent  r u n s  at 700 ~ 1000 ~ and  1220~ whi le  the  
opposite end  was held  at 600~ The improve  re l i -  
abi l i ty ,  separa te  runs  were  made  two or th ree  t imes  
at each t empera tu re .  The resul t s  in Tab le  V r ep re -  
sent  geometr ic  averages  of 8 or 12 analyses .  The 
usua l  c o n t a m i n a t i o n  discussed p rev ious ly  is shown 
in  the  first row. I t  can be seen tha t  r educ ing  the  t e m -  
p e r a t u r e  to only  1000~ is no t  sufficient to r emove  
the c o n t a m i n a t i o n  comple te ly ;  and  to do so, a t e m -  
p e r a t u r e  as low as 700~ m u s t  be employed.  

A l though  c o n t a m i n a t i o n  due  to seal ing of qua r t z  has 
been demons t ra ted ,  no u n a m b i g u o u s  effect of seal-  
ing has been  noted  on the e lectr ical  proper t ies ,  i n -  
d ica t ing  tha t  o ther  sources of c o n t a m i n a t i o n  are 
more  impor tan t .  

Contamination during Crystal Growth 

Gaseous impurities from quartz.--In genera l ,  i t  is 
k n o w n  tha t  fused quar tz  can release cons iderab le  
quan t i t i e s  of gases w h e n  heated,  and  is qu i t e  p e r m e -  
able  to both h e l i u m  (6) and  hyd rogen  (7) a t  e le-  
va ted  t empera tu re s .  The l a t t e r  fact suggests  t ha t  a t -  
mospher ic  gases migh t  also diffuse t h r ough  the  
qua r t z  ampou le  at the me l t i ng  t e m p e r a t u r e  of GaAs. 
Therefore ,  the  effect of both  diffusion t h r ough  and  
desorp t ion  f rom quar tz  has been  inves t iga ted  at  t e m -  
pe ra tu re s  used d u r i n g  GaAs crys ta l  growth.  

The  l i t e r a t u r e  on the  diffusion of gases o ther  t h a n  
H2 and  He t h r ough  fused qua r t z  is conflicting,  and  
does no t  inc lude  s tudies  above 1000~ T 'sa i  and  

Table V. Contamination of arsenic at various temperatures due 
to sealing of 20-mm bore quartz tubing 

S p e c t r o g r a p h i c  
No. of No. of Temp ,  ana lys i s ,  p p m  

runs  seals  ~ C Si  Cu 

3 5 1220 4 3 
3 4 1000 1 1 
2 4 700 0.1 1 
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Hogness  (7) repor t  no obse rvab le  diffusion of air  
t h rough  qua r t z  at  1000~ Never theless ,  based on 
Bar re r ' s  (8) data,  D u s h m a n  (9) calcula tes  a p e r m e -  
ab i l i ty  ra te  for N~ at  l l 0 0 ~  high enough  to a l low 
over  10 TM N~ molecules  to en te r  an  ampoule  d u r i n g  a 
rou t ine  crys ta l  growth.  However ,  Ba r re r ' s  w o r k  
fai led to take  account  of the  outgass ing  of quar tz .  In  
order  to d i s t ingu ish  b e t w e e n  diffusion and  degass ing 
as the source of this gas, expe r imen t s  were  conduc ted  
wi th  an  appa ra tu s  s imi la r  to tha t  of T ' sa i  and  Hog-  
ness (7) .  

The p resen t  appa ra tu s  consisted of two fused 
quar tz  tubes,  one ins ide  the other  and  so connec ted  
tha t  the ou te r  one could be e i ther  evacua ted  or open  
to the  a tmosphere .  The i n n e r  t ube  was connec ted  to a 
the rmocoup le  gauge and  to a diffusion p u m p  by  
means  of a stopcock. Af te r  the  i n n e r  t ube  was  e v a c u -  
ated wi th  the  diffusion pump,  the stopcock was  closed 
and  the ra te  at  which  the  p ressure  increased  in  the  
i n n e r  t ube  was  measured .  Eve ry  12 hr  the  stopcock 
was  aga in  opened,  and  the  process repeated .  In  this  
way  the  ra te  at which  gas collected in  the  i n n e r  t ube  
was  ob ta ined  w h e n  it  was  a l t e r n a t e l y  s u r r o u n d e d  b y  
air  and  by  v a c u u m  for these 12-hr  periods.. A t e m -  
pe ra tu r e  of 1200~ was  used th roughout ,  because  it  
is the m a x i m u m  t e m p e r a t u r e  to wh ich  an  evacua t ed  
fused quar tz  tube  can be hea ted  in  air  for several  
hours  w i thou t  collapsing.  

The typica l  resul t s  of one of these e x p e r i m e n t s  are 
shown in  Fig. 3. The un i t s  of the o rd ina te  are chosen 
to cor respond to the m a x i m u m  area  of fused qua r t z  
tha t  is hea ted  above the me l t i ng  po in t  of GaAs in  a 
rou t ine  c rys ta l  growth.  It  can be seen tha t  the  ra te  
at which  gas is collected is i n d e p e n d e n t  of w h e t h e r  
there  is air  or v a c u u m  a r o u n d  the  tube.  Thus,  the  
a m o u n t  diffusing t h rough  the  wal ls  is be low the  de-  
tec t ion  l imi t  of the exper imen t ,  which  is es t imated  to 
be 2 x 10 ~ molecules  hr  -~. F u r t h e r m o r e ,  the  fused 
qua r t z  used in  these tests was  abou t  ~/2 as th ick  as 
tha t  used in  a s t anda rd  g rowth  ampoule .  I t  is also 
n o t e w o r t h y  f rom Fig. 3 tha t  the  ra te  of evo lu t ion  de-  
creases e x p o n e n t i a l l y  wi th  t ime, which  is no t  to be  
expected  for the  genera l  case of the p e r m e a t i o n  of 
gases t h rough  a wal l  f rom a r e l a t i ve ly  la rge  source 
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Fig. 3. Time dependence of the rate of gas evolution from fused 
quartz at 1200~ 

Table VI. Outgassing of quartz for 16 hr at indicated 
temperatures after various treatments 

O u t g a s s i n g  
P r e b a k i n g  t r e a t m e n t  T o t a l  g a s  

T i m e ,  h r  T e m p ,  ~ T e m p ,  ~ m o l e c u l e s  

3 650 1200 7 X 10 I~ 
i 350 650 2 X i0 I~ 

40 ii00 1200 3 X 10~ 7 
40 1200 1200 2 X 1017 

80 1200 1200 8 X 10 ~6 
100 hr at 1200~ ex- 1200 2 X 101~ 
posed to air at 25~ 
then 3 hr at 650~ 

such as the  a tmosphere .  Never theless ,  this  type  of 
behav io r  was  a lways  observed.  Thus,  the  diffusion of 
gases t h r ough  the  qua r t z  wal ls  d u r i n g  c rys ta l  g rowth  
is not  cons idered  an  i m p o r t a n t  source of c o n t a m i n a -  
t ion  of GaAs. 

To d e t e r m i n e  the  n u m b e r  of molecules  e n t e r i n g  
the ampoule  d u r i n g  the u sua l  16-hr  g rowth  per iod 
due to the desorpt ion,  a ppa r a t u s  s imi la r  to t ha t  p r e -  
v ious ly  descr ibed was used bu t  w i th  no oute r  tube .  
Resul ts  are shown  in  Table  VI. In  the  first l ine  is 
show n  the  n u m b e r  of gas molecules  desorbed f rom 
the  sect ion of the ampoule  con ta in ing  the  ga l l ium.  
The second l ine  gives the molecules  desorbed  f rom 
the arsenic  end  of the  ampoule .  Therefore ,  a to ta l  of 
n e a r l y  10 TM molecules  of gases en te r  the g rowth  a m -  
poule,  which  could dope a 20g GaAs crys ta l  to a level  
of rough ly  3 x 10 ~ cm -~. 

The effect of p redegass ing  at 1100 ~ and  1200~ is 
shown  by  the  data  in  the  th i rd  and  four th  l ines  in  
Tab le  VfI. It  can be seen t ha t  p redegass ing  is no t  ve ry  
effectiv~ since the ra te  of degass ing is qui te  slow, 
which  is also ind ica ted  by  the da ta  in  Fig. 3. As 
would  be expected,  p redegass ing  at the  h igher  t e m -  
p e r a t u r e  is a lways  more  effective. The f rac t ion  of the  
tota l  degass ing tha t  is due to adsorbed  gases as com-  
pa red  to absorbed  gases is ind ica ted  in  the  f inal  two 
l ines  of Table  VI. P r e b a k i n g  the  ampou le  at  1200~ 
for 80 or 100 hr  reduces  the  evo lu t ion  of absorbed  
gases to be low 1017 molecules.  Subsequen t ly ,  a shor t  
exposure  to the  air  wi l l  i n t roduce  2 x l f f  7 adsorbed  
molecules ,  which  is a sizable f rac t ion  of the  to ta l  
n u m b e r  of molecules  desorbed f rom quar t z  t ha t  has 
not  been  prebaked .  Therefore ,  qua r t z  w a r e  tha t  has 
been  p r e b a k e d  and  s u b s e q u e n t l y  exposed to air  wi l l  
st i l l  i n t roduce  s ignif icant  c o n t a m i n a t i o n  d u r i n g  GaAs 
growth.  

A p r e l i m i n a r y  mass  spec t rometr ic  ana lys i s  of the  
gases evolved f rom quar t z  i n  v a c u o  has been  ob-  
t a ined  by  Honig  (10). His resul t s  were  r epor ted  as 
pe rcen tage  of the tota l  gas evolved at  600 ~ and  at  
1150~ The ana lys i s  at  1150~ was ob ta ined  a f te r  
the  quar tz  had  been  p r e b a k e d  in  v a c u u m  at 1200~ 
for abou t  1 hr. The a m o u n t  of h e l i u m  evolved  was  
not  inves t iga ted .  Resul ts  are  g iven  in  Tab le  VII.  I n  
accord wi th  these resul ts  is t he  separa te  obse rva -  
t ion  tha t  most  of the gas evolved at  600~ can  be  
condensed  at  l iqu id  n i t r o g e n  t e m p e r a t u r e ,  whi le  v e r y  
l i t t le  of the  gas evolved at  1200~ is thus  condens i -  
ble. E v e n  if one assumes  t ha t  h y d r o g e n  is no t  h a r m -  
ful  to GaAs, there  is st i l l  a to ta l  of 3 x 1017 molecules  
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Table VII. Composition of gases evolved from fused quartz Table IX. Properties of n-type GaAs crystals grown at 
in Vacua at 600 ~ and 1150~ various temperatures 

Percentage  P e r c e n t a g e  M a x i m u m  300 ~  78 ~ 
Component  at 600 ~ C a t  1150 ~ g r o w t h  ~ (cm~v-1 /L (cm~V -z 

t e m p ,  ~ n (cm -s) sec-D n (cm-S) sec-1) 

I-~O 68.7 17.5 
CO 8.2 7.5 3.4 X 101~ 2210 2.8 X 10 ~ 2290 
CO2 5.5 3.0 2.5 X 101~ 3300 2.4 X 1017 2880 

101~ 3500 1.1 X lff ~ 3960 H~ 5.0 71 1265 to 1275 1.4 X 101~ 395.0 
HF 4.5 - -  1.6 X 3650 1.5 X 1017 

3.7 X 101~ 3790 2.5 X 1017 3680 NO 2.2 - -  
N2 2.0 0.8 1.4 X 101~ 4100 1.3 X 101~ 4250 
02 1.6 0.2 I255 to 1265 2.6 X 10 '~ 3700 2.4 X 101~ 3700 
HC1 1.4 - -  6.5 X 101~ 4000 5.0 X 10 '~ 5470 
BF~ 0.8 - -  
SiF, 0.1 - -  9.3 X 1016 4550 7.5 X 101~ 5300 

4.1 X 1016 4850 3.4 N lff" 7250 
Table VIII. Impurities introduced into GaAs during crystal growth 1250 to 1255 2.8 X 10 ~ 4320 2.1 X 10 ~ 7460* 

101~ 7850* 5.4 X 5300 4.3 X 10 ~ 
5.9 X 1016 4550 4.8 X 10 ~6 5200 

S p e c t r o g r a p h i c a l l y  de t .  imp. ,  p p m  
S a m p l e  Si  M g  F e  Cu  

Gall ium (as received) <0.1 0.5 3 1 
Arsenic (as received) <0.1 0.1 - -  1 
GaAs F ron t  S 1 - -  1 

Middle 1 0.3 - -  <1 
Tail 10 1 - -  10 

of w a t e r  vapor  and  7 x 101~ molecules  of ca rbon  
monox ide  in t roduced  in to  the g rowth  ampou le  due  to 
the desorp t ion  f rom bo th  its sections. I n  addi t ion ,  i t  
has been  found  tha t  the  presence  of arsenic  in  the  r e -  
act ion t ube  wi l l  increase  by  an  order  of m a g n i t u d e  
the n u m b e r  of molecules  of the ma jo r  species of 
gaseous molecules  found  in  the  g rowth  ampou l e  
(11).  To d e t e r m i n e  the  effect of these impur i t i e s  on 
the e lect r ical  proper t ies ,  g rowth  procedures  m u s t  be 
devised to e l imina t e  this  source of c o n t a m i n a t i o n  so 
as to p rov ide  control  samples.  
Contamination from the boat.--It has  been  p r e v i -  
ously  found  (1) tha t  si l icon is the  m a i n  donor  in  
GaAs, and  tests have  shown tha t  the  m a j o r  source 
of si l icon c o n t a m i n a t i o n  is due to a reac t ion  of m o l t e n  
GaAs wi th  the  qua r t z  boat.  The  t ype  of c o n t a m i n a -  
t ion  tha t  occurs is shown  in  Tab le  VIII .  The  c rys ta l  
was g rown  wi th  a m a x i m u m  t e m p e r a t u r e  in  the  
r ange  1265~176 It is seen tha t  both  copper  and  
silicon are in t roduced ;  however ,  the  copper  segre-  
gates to the ta i l  end  of the c rys ta l  due  to its smal l  
d i s t r i bu t i on  coefficient. There  is also some ev idence  
for a l i t t le  m a g n e s i u m  con tamina t ion .  

The c o n t a m i n a t i o n  shown in  Table  VII I  is no t  due  
to the seal ing process, s ince it depends  s t rong ly  on 
re la t ive ly  smal l  va r i a t ions  of the  g rowth  t e m p e r a -  
ture.  The effect of the  m a x i m u m  t e m p e r a t u r e  to 
which  the  mel t  is hea ted  is shown in  Tab le  IX. I t  can 
be seen tha t  h igher  growth  t e m p e r a t u r e s  s i m u l t a n e -  
ously increase  the e lec t ron  (or si l icon) concen t ra t ion  
and  decrease  the e lec t ron  mobi l i ty .  The scat ter  in  the  
data  in  Tab le  IX is due  in  pa r t  to the  use of n o n u n i -  
form p repa ra t i ve  t echn iques  for all  of the crystals .  
It  should be r e m e m b e r e d  tha t  in  these  tests  16-hr  
g rowth  per iods  were  used, so t ha t  the  m e l t  r e m a i n e d  
at or n e a r  the e leva ted  t e m p e r a t u r e s  for per iods of 
severa l  hours.  A n  e x t r e m e l y  rap id  change  in  the  
s tab i l i ty  of quar tz  at  these  t e m p e r a t u r e s  is also 
man i fe s t  by  the a m o u n t  of devi t r i f ica t ion  of the  

* G r o w n  a t  h i g h e r  speeds. 

quar t z  ampoule .  Af te r  a 16-hr  r u n  at 1270~ the  
devi t r i f ica t ion  is so bad t ha t  the  quar tz  becomes 
opaque;  whi le  a t  1250~ devi t r i f ica t ion  causes on ly  
s l ight  c louding.  It  can be concluded tha t  r eac t ion  of 
the GaAs mel t  wi th  the  qua r t z  boat  cons t i tu tes  the  
ma j o r  source of con tamina t ion .  

Conclusions 

A s tudy  has b e e n  car r ied  out  of the  c o n t a m i n a t i o n  
in t roduced  d u r i n g  the p r e pa r a t i on  and  g rowth  of 
GaAs by  the hor izon ta l  B r i d g m a n  t echn ique  in  a 
qua r t z  ampou le  a nd  qua r t z  boat.  The  m a j o r  source of 
con tamina t ion ,  especial ly  wi th  silicon, is due to r e -  
act ion of the GaAs mel t  wi th  the  boat.  C o n t a m i n a t i o n  
wi th  si l icon and  copper has also been  observed  d u r -  
ing seal ing of the quar tz  ampoules ,  wi th  copper  d u r -  
ing v a c u u m  b a k i n g  of ga l l ium,  and  wi th  w a t e r  vapor  
and  ca rbon  monox ide  d u r i n g  g rowth  due to ou tgas -  
s ing of quar tz .  C o n t a m i n a t i o n  has also been  observed  
to occur due to back  diffusion of impur i t i e s  f rom a 
v a c u u m  system. 

Atmosphe r i c  gases were  no t  observed  to diffuse 
t h rough  qua r t z  at  the  g rowth  t e m p e r a t u r e ,  and  the  
c lean ing  procedures  used for the  quar tz  had  no s ig-  
ni f icant  effect on the p roper t i es  of GaAs. No direct  
reac t ion  of ga l l i um wi th  the  boat  was observed d u r -  
ing v a c u u m  b a k i n g  at 650~ 

To reduce  the  c o n t a m i n a t i o n  of GaAs crystals ,  i t  is 
most  i m p o r t a n t  to cont ro l  the  reac t ion  of the  me l t  
wi th  the boat. As a first step in  this  direct ion,  the  
mel t  t e m p e r a t u r e  mus t  be m a i n t a i n e d  as close as 
possible to the  me l t i ng  po in t  and  the  c rys ta l  g r own  in 
a short  t ime. In  addi t ion,  o ther  boa t  ma te r i a l s  such as 
BN, A1N, BeO, etc., m igh t  p rove  to be more  su i tab le  
t h a n  quar tz  if they  can be made  u l t r a p u r e  and  i m -  
pervious.  To min imize  the  outgass ing  of the  qua r t z  
ampoule ,  the  ampou le  should  be m a i n t a i n e d  we l l  be -  
low 1000~ by  e mp l oy i ng  hea t ing  me thods  such as 
r.f. induc t ion .  The high v a c u u m  p u m p s  used in  p roc-  
essing the  ampoules  should be c leaned at  r egu l a r  
in tervals .  F ina l ly ,  a l t e r n a t i v e  g rowth  procedures  
migh t  be inves t iga ted ,  in  which  ]ower t e m p e r a t u r e s  
are employed,  such a g rowth  f rom solution,  or f rom 
the vapor  phase.  
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Consecutive Electron-Transfers: Some Theoretical Aspects 
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ABSTRACT 

An equation, first worked  out by  Vetter ,  descr ibing the complete  polar izat ion 
curves  for redox  systems involving two consecut ive e lec t ron t ransfe r  steps, has 
been examined  in deta i l  by computer  solutions. I t  is shown that  qui te  wide 
var ia t ions  in the values  of the  ind iv idua l  t ransfe r  coefficients have l i t t le  effect 
on the shape of the  theore t ica l  curves.  However ,  as the  ra t io  of the ind iv idua l  
exchange currents  approaches  100: 1, two definite l i nea r - loga r i thmic  regions 
appear  in one branch of the curve.  I t  is fu r the r  shown that  in many  cases the 
diffusion cur ren t  masks  the  t rue  Tafel  portion, leaving  the "pseudo-Tafe l"  par t  
as the only observable  l inear - logar i thmic  region. 

In  one of a ser ies  of p a p e r s  (1, 2-9)  de sc r i b ing  the  
use  of r e a c t i o n  o r d e r  m e t h o d s  in d e t e r m i n i n g  m e c h -  
an i sms  of e l e c t r o d e  r eac t i ons  in r e d o x  sys tems ,  
V e t t e r  d e r i v e d  an equa t ion  wh ich  desc r ibes  t h e  t h e o -  
r e t i c a l  p o l a r i z a t i o n  cu rves  for  a r e d o x  s y s t e m  w h i c h  
p roceeds  b y  two  consecu t ive  e l ec t ron  t r a n s f e r  s teps.  
The  cond i t ions  and  a s s u m p t i o n s  for  t he  a p p l i c a b i l i t y  
of his e q u a t i o n  a r e  t he  u s u a l  c o n s t a n c y  of a c t i v i t y  
coefficients,  compres s ion  of the  doub le  l a y e r  to con-  
s t an t  and  n e a r l y  neg l ig ib l e  ze ta  po ten t i a l ,  s u p p r e s -  
s ion of t he  t r a n s f e r e n c e  n u m b e r  of t he  r e a c t i n g  
species,  etc. Most  of these  condi t ions ,  i t  shou ld  be  
no ted ,  a r e  a ccompl i shed  b y  a d d i t i o n  of a l a r g e  excess  
of i ne r t  e l e c t r o l y t e  to t he  sys t em.  T h e r e  is, h o w e v e r ,  
one a d d i t i o n a l  a s s u m p t i o n  in th is  p a r t i c u l a r  case, i.e., 
t ha t  t he  a c t u a l  e l ec t rode  r eac t i ons  i nvo lve  t h e  t r a n s -  
fe r  of o n l y  one e l ec t ron  b e t w e e n  individual so lu t ion  
species.  F o r  an  o v e r - a l l  e l ec t rode  r e a c t i o n  A + 2 e ~ C ,  
the  r e a c t i o n  s cheme  thus  can  be  f o r m u l a t e d :  

A ~- e<-~-B [1]  

B + e~----C [2]  

Each  of these  r eac t ions  is c h a r a c t e r i z e d  b y  i ts  o w n  
t r a n s f e r  coefficient,  al or  a~, and  b y  i ts  own  e x c h a n g e  
cu r ren t ,  io.1 or  io,,. 

This assumption excludes reactions which involve 
simultaneous electron transfer and molecular com- 

bination, such as 

A + H  § + e~-~-HA [3]  

I t  does not  e x c l u d e  p u r e l y  chemica l  e q u i l i b r i u m  r e -  
ac t ions  i n v o l v i n g  a n y  of the  subs t ances  in Eq. [1]  
and  [2] ,  p r o v i d e d  on ly  t ha t  t h e y  a r e  r a p i d  equ i l i b r i a .  
The  o v e r - a l l  r e a c t i o n  can  thus  i nc lude  o t h e r  species  
w h i c h  do no t  e n t e r  in to  t he  a c t u a l  e l e c t r o n  t r a n s f e r  
processes .  A n o t a b l e  e x a m p l e  is the  q u i n o n e / h y d r o -  
qu inone  sys tem,  in w h i c h  the  o v e r - a l l  r e a c t i o n  in -  
vo lves  h y d r o g e n  ion and  a two  e l ec t ron  t r ans f e r ,  
w h i l e  t he  e l e c t r o d e  reac t ions ,  acco rd ing  to  V e t t e r  
(10) ,  i nvo lve  s ingle  e l e c t r o n  t r a n s f e r s  in w h i c h  h y -  
d r o g e n  ion does  no t  p a r t i c i p a t e .  

F o r  t he  cond i t ions  as s ta ted ,  then ,  t h e  e q u a t i o n  
w h i c h  desc r ibes  t he  c o m p l e t e  p o l a r i z a t i o n  cu rves  for  
a s y s t e m  w h i c h  p r o c e e d s  by  t h e  two  consecu t ive  
t r a n s f e r  s teps  1 and  2 a b o v e  is g iven  b y  V e t t e r  as 

Fn Fn 
exp  (~l§ - -  - -  exp  [ - - 2 +  (a l+a~)  ] - -  

i RT RT 
_ _  = [ 4 ]  

2 1 F~ 1 F-q 
--to.., exp  ~1 R-~ -~ io.1 e x p  [ - -  (1- -aD ] R--T 
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In  this  equa t i on  i is the  ne t  e x t e r n a l  c u r r e n t  a nd  
the  overvol tage.  Both i and  n are posi t ive  for anodic,  
nega t ive  for cathodic,  polar iza t ion.  I t  should be no ted  
tha t  the  factor  2 ( in  i / 2 )  does no t  appear  i n  the  
o r ig ina l  ar t ic le  (1) ,  bu t  was  i n t roduced  as a correc-  
t ion in  a s u b s e q u e n t  no te  (11).  

Vet te r  e x a m i n e d  this  equa t ion  in  the  four  s impl i -  
fied forms to which  it  reduces  w h e n  one assumes  
" large  and  posi t ive,"  7/ " la rge  and  nega t ive ,"  w h e n  
io.1 = ~ ,  and  w h e n  io,s = ~ .  F r o m  this  e x a m i n a t i o n  
he has d r a w n  the  fo l lowing th ree  conclusions,  which  
m a y  be used as c r i te r ia  for the ex is tence  of two con-  
secut ive  e lec t ron  t r ans f e r  steps in  the  reac t ion  m e c h -  
an i sm:  

1. Since al wil l  no t  gene ra l l y  be equa l  to a2, the  
slopes of the  anodic  and  cathodic l i n e a r - l o g a r i t h m i c  
regions  which  occur at  h igh  overvol tages  wi l l  no t  add 
up  to 1, as they  m u s t  for a s ingle  t r a n s f e r  step 
[a + ( l - - a )  = 1]. 

2. Ex t r apo la t i on  of the  l i n e a r - l o g a r i t h m i c  regions  
to ~7 = 0 wi l l  give two va lues  of exchange  cur ren t .  
Because of the factor  2 m e n t i o n e d  above,  the  va lues  
at the in te rcep t  are ac tua l ly  2io,~ f rom ex t r apo la t ion  
of the cathodic b r a n c h  and  2io., f rom ex t r apo la t ion  of 
the anodic  branch .  

3. For  e i ther  exchange  c u r r e n t  equa l  to inf ini ty ,  
the l i n e a r - l o g a r i t h m i c  regions ex t rapo la te  to the  e x -  
change  c u r r e n t  character is t ic  of the  s lower step, bu t  
exh ib i t  slopes which  add up  to 2 ins tead  of 1. 

In  a research  p r o g r a m  des igned to e x t e n d  Vet ters '  
reac t ion  order  methods  to organic  sys tems somewha t  
more  compl ica ted  t h a n  the  q u i n o n e - h y d r o q u i n o n e  
case, some of the e x p e r i m e n t a l  resul ts  (which  wi l l  
be p resen ted  in  s u b s e q u e n t  papers )  led to the  con-  
c lusion tha t  an exchange  c u r r e n t  ra t io  in the r ange  
1-1000 was  a more  prac t ica l  case t h a n  a ra t io  of i n -  
finity. As a m a t t e r  of fact, it seems reasonab le  t ha t  
the  la rge  m a j o r i t y  of e lectrode sys tems of this  type  
wil l  i nvo lve  exchange  c u r r e n t  ra t ios  up  to pe rhaps  
on ly  100, f rom which  i t  fol lows tha t  a de ta i led  e x -  
a m i n a t i o n  of Eq. [4] in  these regions  is desirable .  
Wi th  the  use of m o d e r n  computers ,  such an  e x a m i -  
n a t i o n  is ac tua l ly  r a the r  s t ra igh t fo rward ,  and  can  
even  be ex tended  to the  genera l  case of n e lec t ron  
steps wi th  l i t t le  add i t iona l  effort. 

Solutions of Eq. [4 ]  at 
Intermediate Exchange Current Ratios 

Visual  e x a m i n a t i o n  of Eq. [4] reveals  that ,  r e g a r d -  
less of the  m a g n i t u d e s  of the  two exchange  cur ren t s ,  
there  exists  a va lue  of n sufficiently la rge  and  posi-  
t ive to jus t i fy  neg lec t ing  the  second t e r m  in both  n u -  
me ra to r  and  denomina to r .  The same holds t r u e  for 
the first t e rms  for v la rge  and  negat ive .  However ,  it  
is also a p p a r e n t  tha t  the  c r i te r ion  for v sufficiently 
la rge  in e i ther  d i rec t ion to j u s t i fy  d ropp ing  of t e rms  
is d e p e n d e n t  on the  va lues  of the  exchange  cur ren ts .  
The same reason ing  process holds t r u e  for d ropp ing  
e i ther  t e r m  in  the d e n o m i n a t o r  on the  basis  of a 
"sufficiently la rge"  va lue  of e i the r  exchange  cur ren t .  

The ques t ions  which  can be answered ,  then ,  by  
comple te  solut ions  of the  equa t ion  are:  

1. For  var ious  m a g n i t u d e s  and  rat ios  of the  two 
exchange  cur ren ts ,  w h a t  va lues  of overvo l tage  are 
r equ i r ed  to pu t  one in  the l i n e a r - l o g a r i t h m i c  region,  
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i.e., Ve t te r ' s  l im i t i ng  cases? 
2. Wha t  is the charac te r  of the  po la r i za t ion  curves  

in  the i n t e r m e d i a t e  overvo l tage  regions  (40-300 m y )  
w h e n  the exchange  c u r r e n t  ra t io  is large, bu t  no t  i n -  
finite? 

A compute r  p r o g r a m  was es tab l i shed  to ob ta in  
va lues  of i as a f u n c t i o n  of ~ as ~ r a n  the  series 1, 2, 
4, 7, 10, 20, 40, . . . etc. ,  mv. Solut ions  were  cut  off 
at 2v. Exchange  c u r r e n t  dens i t ies  of va r ious  va lues  
and  var ious  ra t ios  were  used t h r ough  the  r a nge  10 -~ 
to 10-' a m p / c m t  T rans f e r  coefficients of 0.2, 0.4, 0.5, 
0.7, a nd  0.8 were  used in  va r ious  combina t ions .  Plots  
were  m a d e  of log i vs .  ~ for the comple te  po la r iza t ion  
curves  and  of i vs .  ~ in  low overvo l tage  ranges  (0-50 
m v ) .  A l though  l i t e ra l ly  dozens of such curves  have  
been  ob ta ined  ( the  l im i t i ng  factor is the  t ime  re -  
qu i r ed  to plot  the  da ta ) ,  on ly  the more  s ignif icant  are 
p resen ted  here.  

F igu re  1 shows the  complete  po la r iza t ion  curves  
for ~1 = ~2 = 0.5, wi th  io.2 fixed at 10-' a m p / c m  ~ and  
i .... va ry ing .  Note tha t  an  average  va lue  for a diffu-  
sion l imi ted  c u r r e n t  dens i ty  in  wel l  s t i r red  10-2N 
solut ions  (condi t ions  used in the  e x p e r i m e n t a l  work  
for this p r o g r a m )  is about  10 -2 a m p / c m  2, which  is i n -  
d icated by  the  hor izonta l  dashed  l ine  in  the  figure. 
The  most  i n t e r e s t i ng  pa r t  of the  curve  is the  p r o -  
gress ion on the  anodic  side as the  cathodic exchange  
c u r r e n t  decreases.  At  a ra t io  of io.1/io,2 of 100, a we l l -  
defined l i n e a r - l o g a r i t h m i c  region  cover ing  n e a r l y  
two orders  of m a g n i t u d e  appears  and  becomes even  
more  d is t inc t  and  ex t ended  as the ra t io  increases.  
This b r a n c h  of the curve  thus  con ta ins  two l i n e a r -  
logar i thmic  regions,  the  t rue  Tafe l  reg ion  at  va lues  
of overvo l tage  above about  250 my,  a nd  a "pseudo-  
Tafel"  region  at the  lower  values.  For  al = a2 = 0.5 
the slope of this  p seudo -Ta fe l  reg ion  var ies  b e t w e e n  
abou t  1.0 at the lowest  ra t io  of exchange  cu r r en t s  
(50-100) at which  it is observable ,  and  1.5 at the  

- o s  - 0 4  - 0 2  o o z  0 4  0 6  
OVs RVOLTAGE (VOLTS) 

CATHO01C ANO01C 

Fig. 1. Theoretical current-voltage characteristics of redox 
system with two consecutive electron transfers, varying io,~. 
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l i m i t i n g  case of one e x c h a n g e  c u r r e n t  e q u a l  to  i n -  
f inity.  

The  diff icul t ies  to w h i c h  the  ex i s t ence  of th i s  
" p s e u d o - T a f e l "  r eg ion  can  l e a d  a r e  i l l u s t r a t e d  b y  
Fig.  2 and  3. F i g u r e  2 is a r e d r a w n  p o r t i o n  of Fig .  1 
w i t h  the  a p p r o a c h e s  to t he  l i m i t i n g  c u r r e n t  dens i t i e s  
s k e t c h e d  in  as  w o u l d  be  o b s e r v e d  in an  a c t u a l  e x p e r i -  
ment .  I t  is a p p a r e n t  t h a t  the  t r ue  va lue s  of anod ic  
e x c h a n g e  c u r r e n t  and  anod ic  t r a n s f e r  coefficient  a r e  
c o m p l e t e l y  obscured .  F i g u r e  3 is an ac tua l  e x p e r i -  
m e n t a l  cu rve  o b t a i n e d  w i th  p l a t i n u m  e l ec t rode s  in a 
10-~M toluquinone-10- ' - 'M t o l u h y d r o q u i n o n e  sys tem.  
The  m e a s u r e d  ca thod ic  a f rom these  d a t a  is --0.49, an  
e n t i r e l y  r e a s o n a b l e  va lue ,  bu t  t he  m e a s u r e d  s lope  of  
t he  w e l l - d e f i n e d  l i n e a r - l o g a r i t h m i c  r eg ion  in t he  
anodic  c u r v e  co r r e sponds  to an  a p p a r e n t  anod ic  ,, of 
1.2. The  s i m i l a r i t y  of these  cu rves  to t he  t h e o r e t i c a l  
cu rves  of Fig.  2 is not  of i t se l f  sufficient  p roo f  of t he  
ex i s t ence  of consecu t ive  e l ec t ron  t r a n s f e r s  a n d  a 
" p s e u d o - T a f e l "  reg ion .  Cu rves  w h i c h  show two w e l l -  
def ined  l i n e a r - l o g a r i t h m i c  r eg ions  b e l o w  the  l i m i t i n g  
cu r ren t ,  p lus  a g r e e m e n t  b e t w e e n  the  e x c h a n g e  c u r -  
r e n t  r a t io s  a n d  t r a n s f e r  coefficients w o u l d  cons t i t u t e  
u n e q u i v o c a l  proof .  

Cu rves  o b t a i n e d  b y  us ing  va lue s  of a~ and  a~ o t h e r  
t h a n  0.5 a r e  qu i t e  s im i l a r  to  those  of Fig .  1, e x c e p t  
for  t he  s lopes  in t he  t r ue  Tafe l  reg ion .  I t  is i n t e r e s t -  
ing to no te  t h a t  if  f r om a c t u a l  d a t a  one t r u e  Tafe l  
s lope a n d  one e x c h a n g e  c u r r e n t  a r e  known ,  as wi l l  
u s u a l l y  be  t he  case, a f a i r  p r e d i c t i o n  of the  o t h e r  e x -  
change  c u r r e n t  and  the  o t h e r  t r a n s f e r  coefficient  can 
be o b t a i n e d  b y  c o m p a r i s o n  w i t h  t he  v a r i o u s  t h e o -  
r e t i c a l  curves .  The  a c c u r a c y  of such  a p r e d i c t i o n  is 
m a r k e d l y  d e p e n d e n t  on t h e  a c c u r a c y  of t he  p o l a r i z a -  
t ion  d a t a  in  t he  p s e u d o - T a f e l  reg ion .  

As  in mos t  e l ec t rode  k ine t i c  s tudies ,  a d d i t i o n a l  i n -  
f o r m a t i o n  abou t  the  n a t u r e  of t he  e l ec t rode  r e a c -  
t ions  can  be  o b t a i n e d  f r o m  d a t a  v e r y  n e a r  t he  r e -  
v e r s i b l e  po ten t i a l .  D i f f e ren t i a t ion  of  Eq. [4]  w i t h  
r e spec t  to ~ a n d  d e t e r m i n a t i o n  of (d~ /d i )~o  y ie ld s  
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I 
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Fig. 2. Theoretical curves at exchange current ratio of 100 (from 
Fig. 1) with limiting diffusion current of 10 -~ amp/era ~ superim- 
posed. 
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RT ,~o i o. 1 + i 
V e t t e r  d e n o t e d  th is  q u a n t i t y  b y  1/io* a n d  used  i t  to 
check  the  va lue s  of i n d i v i d u a l  e x c h a n g e  c u r r e n t s  
o b t a i n e d  b y  e x t r a p o l a t i o n  in his  q u i n o n e / h y d r o q u i -  
none  pape r .  

P lo t s  of the  c o m p u t e r  ca l cu l a t i ons  in t he  l o w  o v e r -  
vo l t a ge  reg ions  ( + 2 0  to - -20  m y )  show t h a t  t he  
cu rves  pass  t h r o u g h  the  o r ig in  at  t he  s lopes  p r e d i c t e d  
b y  Eq. [5] ,  and  t h a t  v a r i a t i o n s  in  a va lue s  t end  to 
s p r e a d  the  cu rves  a p a r t  s o m e w h a t  in th is  reg ion ,  b u t  
p r o b a b l y  not  enough  to m a k e  f i rm d e t e r m i n a t i o n s  of 
a. F i g u r e  4 is a p lo t  for  io.1 = io.~ = 10-' a m p / c m  ~, a n d  
for  five d i f fe ren t  c o m b i n a t i o n s  of a~ and  a~. F i g u r e  5 
is a s imi l a r  p lo t  for  io.1 = 10 -4, io.~ ----- 10 -~ a m p / c m ' .  I t  
is n o t a b l e  t ha t  even  at  th i s  sma l l  r a t i o  of e x c h a n g e  
cu r ren t s ,  the  p lo t s  possess  a def in i te  c u r v a t u r e  a t  t h e  
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9 

- 03  -OZ -O r  0 OI  02  03 
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Fig. 3. Experimental polarization curves for lO-SM toluquinone, 
10-~M toluhydroquinone. 
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Fig. 4. Theoretical low current density polarization curves, two 
consecutive electron transfers, equal exchange currents. 
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Fig. S. Theoretical low current density polarization curves, two 
consecutive electron transfers, exchange current ratio equals ten. 

or igin ,  w h i l e  a t  io.~ = io., t h e y  pass  t h r o u g h  t h e  o r ig in  
in a s t r a i g h t  l ine.  This  c u r v a t u r e  pe r s i s t s  a t  t he  
h i g h e r  r a t ios  of e x c h a n g e  cu r ren t s ,  b u t  does no t  b e -  
come s ign i f i can t ly  m o r e  p ronounced .  F o r  v a l u e s  of 
i,,._~ > i .... t he  c u r v a t u r e  is an e x a c t  m i r r o r  i m a g e  of 
Fig.  5. 

E x a m i n a t i o n  of Eq. [5]  r e v e a l s  t h a t  t h e  v a l u e  of 
i ,"  o b t a i n e d  f rom the  s lope at  t he  o r ig in  can  be  ob -  
t a i n e d  by  m a n y  c o m b i n a t i o n s  of p e r f e c t l y  r e a s o n a b l e  
va lue s  of io.~ and  i .... If  va lues  of t he  i n d i v i d u a l  e x -  
change  c u r r e n t s  as o b t a i n e d  b y  e x t r a p o l a t i o n  of Ta fe l  
r eg ions  combine  in t he  m a n n e r  of Eq. [5]  to g ive  
close a g r e e m e n t  w i t h  t he  m e a s u r e d  io% t h e n  c e r -  
t a i n l y  the  e x t r a p o l a t e d  va lues  m e r i t  a g r e a t e r  con-  
fidence. H o w e v e r ,  in those  cases  w h e r e  one e x c h a n g e  
c u r r e n t  is abou t  100 t imes  l a r g e r  t h a n  the  o t h e r  ( the  
condi t ion ,  i nc iden t a l l y ,  w h i c h  l e a d s  to  t h e  p s e u d o -  
Tafe l  r eg ion  of Fig .  1 and  2),  t he  l a r g e r  e x c h a n g e  
c u r r e n t  no l onge r  has  a n y  inf luence  on io% F o r  cases  
of th is  type ,  t he  c o m b i n a t i o n  of c u r v a t u r e  in  t h e  l o w -  
o v e r v o l t a g e  r e g i o n  a n d  a g r e a t e r  t h a n  u s u a l  s lope  in  
t he  l i n e a r - l o g a r i t h m i c  region ,  or, even  m o r e  con -  
v inc ing ,  two  l i n e a r - l o g a r i t h m i c  r eg ions  in one  
b r a n c h  of the  curve ,  w i l l  l ead  one to e x p e c t  a l a r g e  
ra t io  of e x c h a n g e  cu r ren t s .  I t  w o u l d  t hen  b e  h o p e d  
t h a t  f u r t h e r  e x p e r i m e n t s  could  be  des igned  to  f e r r e t  
out  t he  e lu s ive  e l e c t r o k i n e t i c  p a r a m e t e r s .  

General Solution for n Consecutive Steps, 
with Some Solutions for the Three Electron Case 
The  so lu t ion  for  t he  g e n e r a l  case  of n consecu t ive  

e l ec t ron  t r a n s f e r ,  r e p r e s e n t e d  as 

k~ 
S~ + e ~=e S~ . . . . . .  w i t h  a~ and  io.~ 
' k, 
I 

I 

! 

i k . 2 ; _  1 

S , + e  ~=e S~,  - . . . .  w i t h ~  a n d i . , ,  [6]  

I 

I 

A p r i l  1962 

is o b t a i n e d  b y  so lv ing  s i m u l t a n e o u s l y  a g roup  of 
equa t ions  of t he  f o r m  

i a~Fe ( 1--a~ ) Fe 
- -  k.~, C~. exp  - -  k,,-~ C~, e x p  

n R T  R T  [7]  

W i t h  t he  e x c h a n g e  c u r r e n t  e x p r e s s i o n  

a,FEo ( l - - a , )  F~o 

R T  R T  [8]  

E q u a t i o n  [7]  r educes  to 

i _ io.~[ _Cs'+l exp  --a{F~ __Cs' e x p -  ( 1 - - a ( ) F v  ] 

n Cs~+~ R T  Cs~ R T  
[9] 

The  b a r r e d  c o n c e n t r a t i o n s  a r e  t he  e q u i l i b r i u m  con -  
c e n t r a t i o n s  (a t  the  r e v e r s i b l e  p o t e n t i a l )  of t he  i n t e r -  
m e d i a t e  subs tances ;  the  u n b a r r e d  concen t r a t i ons  a r e  
those  at  the  e l e c t r o d e  su r f ace  d u r i n g  c u r r e n t  flow. In  
the  absence  of c o n c e n t r a t i o n  po la r i za t ion ,  t he  ra t ios  

Csi/Cs~ and  C~,,/C~.+I are  un i ty .  T h e r e f o r e  n- -1  v a r i -  
ab les  ex i s t  bes ides  i and  w in t h e  n equa t ions .  These  
n--1  v a r i a b l e s  can be e l i m i n a t e d  b y  s imp le  d e -  
t e r m i n a n t a l  solut ion.  To s i m p l i f y  e x p r e s s i o n  of t he  
d e t e r m i n a n t ,  le t  

a~F'o 
F1 --- n exp  - -  [10] 

R T  
(1--a~) F~ 

G, ~ - - n  exp  - -  [10 ' ]  
RT 

X,  = C~/Cs,  [11] 

E q u a t i o n  [9]  then  fo rms  a sy s t em of n l i nea r  e q u a -  
t ions  w i th  i and  X,  as u n k n o w n s .  The  g e n e r a l  so lu-  
t ion  for  i can be w r i t t e n  as 

i = N / D  
w h e r e  

O= 

I/.__ 
I0 ,1  

i__ 
~0 ,2  

JL 
i 0 , 3  

I 

I 
I 
I 
I 

10,11-1 

I 
IO ,n  

- Fl 0 0 

-G 2 -F 2 0 

0 -G3 -F3 0 

-Gn_ I 

0 

I 

I 

I 
-Fn_ I 

-Gn 

AND 

N= 

GI 

0 

0 

-Fj 0 

-G2 -F 2 0 

0 -G 3 -F 3 - -  
t 
I 
i 
f 

0 

I 
J 
I 

0 -G,,_~ -Fn_ ~ 

0 0 -G. 
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Fig. 6. Theoretical polarization curves--three consecutive elec- 
tron transfer steps, io,~ vary ng. 

E v a l u a t i n g  the  ind ica ted  d e t e r m i n a n t  and  subs t i -  
t u t ing  back  for F~ and  G~ f rom Eq. [10] and  [ i 0 ' ]  
gives the  r e su l t ing  genera l  express ion:  

~ n 

n 

e x p  - ( n - k ) -  
j~k 

[12] 

This equa t ion  can be pu t  into m a n y  different  
forms, some of which  are more  conven i en t  for ex -  
a m i n a t i o n  of l imi t ing  cases a n d / o r  computa t ion ,  by  
s imply  m u l t i p l y i n g  both n u m e r a t o r  and  d e n o m i n a t o r  
by  appropr i a t e  exponen t i a l  terms.  One of these  
forms, which  was  used for the compute r  solut ions  of 
the  th ree  e lec t ron  c a s e  is  

i 

" n ~ i o ,  1 

RT 
[13] 

n 

f RTF  \ ~ o . ~ e x p  -- [ ( n - - j )  + aj]  
j = l  

io z 
where  ~/o.~ -- wi th  ~/o.z -- 1. This  r ep resen t s  a 

{ o , j  

norma l i za t i on  wi th  respect  to i .... and  e l imina t e s  
m a n y  opera t ions  by  i n t roduc ing  exchange  c u r r e n t  
rat ios direct ly .  

E q u a t i o n  [13] was  solved for n = 3, ~1 ---- ~ ~ ~ 
---- 0.5, and  both ~,o.~ and  To,~ v a r y i n g  f rom 1 to 1000. 
The n u m b e r  of possible combina t ions  of a va lues  
and  exchange  c u r r e n t  ra t ios  for n ---- 3 is so la rge  as 

to m a k e  it imprac t i ca l  to e x a m i n e  the s i tua t ion  in  
detail ,  a l though  aga in  the  l im i t i ng  factor  is the  
mere  p lo t t ing  of the  data.  However ,  e x a m i n a t i o n  of 
on ly  a few of the  more  in t e re s t ing  cases revea ls  
tha t  m u c h  the same s i tua t ion  preva i l s  here  as wi th  
the two e lec t ron  case, i.e., the  appea rance  of pseudo-  
Tafel  regions  at  i n t e r m e d i a t e  ra t ios  of exchange  
cur ren ts ,  the slopes of which  approach  l im i t i ng  va l -  
ues which  sum to th ree  w h e n  a single exchange  cu r -  
r en t  controls.  This  is i l l u s t r a t ed  by  Fig. 6 in which  
the t e r m i n a l  exchange  cu r r en t s  are fixed and  equa l  
whi le  the cen te r  exchange  c u r r e n t  ranges  f rom 10 ~ 
to 10 ~ of the t e r m i n a l  values.  Essen t i a l ly  no effect 
is no ted  on the curves  whi le  the  cen te r  reac t ion  is 
fas ter  or even  of equa l  speed, bu t  as it  becomes 
s lower the  pseudooTafe l  regions  appear  and  ap-  
proach a slope of 1.5 on each b ranch .  F u r t h e r  i l lus -  
t r a t i on  is g iven  by  Fig. 7 in  which  io,~ and  io.~ are 
increased  un t i l  i~.1 controls  a nd  by  Fig. 8 in  which  
i,,..~ is made  progress ive ly  sma l l e r  un t i l  i t  a lone con-  
trols. Note tha t  in each of these las t  two figures one 
b r a n c h  of the curve  exhib i t s  a t r ue  Tafel  slope of 
-----0.5, whi le  the  p seudo -Ta fe l  slope approaches  
--+2.5, so tha t  in  all  th ree  figures the  l im i t i ng  slopes 
sum to 3, a l though  in  d i f fe rent  m a n n e r s .  Note also 
tha t  in  each l imi t ing  case, ex t r apo la t ion  of bo th  the  
t rue  and  p seudo -Ta fe l  regions  yie lds  the  va lue  of 
the smal les t  exchange  cur ren t .  Sti l l  i t  is e n t i r e l y  
p l aus ib le  tha t  bo th  l i n e a r - l o g a r i t h m i c  regions  m a y  
be observab le  in  some e x p e r i m e n t a l  systems, t h e r e b y  
y ie ld ing  sufficient i n f o r m a t i o n  to solve the  reac -  
t ion  pa rame te r s  complete ly .  

There  are, of course, o ther  i n t e r e s t i ng  c o m b i n a -  
t ions of t r ans f e r  coefficients and  exchange  cu r r en t s  
for the th ree  e lec t ron  case, as wel l  as for the  h igher  
n values ,  bu t  those g iven  are sufficient for the  p res -  
en t  paper.  For  those who desire to e x a m i n e  o ther  
cases, it need  be no ted  only  t ha t  the  equa t ions  are  

- 0 6  -04 -0.2 0 02 04 (/.6 
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Fig. 7. Theoretical polarization curves~three consecutive elec- 
tron transfer steps, io,~ and io,8 varying. 
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Fig. 8. Theoretical polarization curves~three consecutive elec- 
tron transfer steps, io,8 varying. 

a m a t t e r  of fact, i t  is easy to see how one can  be 
led to a false conclus ion  by  da ta  which  are on ly  
a few per  cent  in  error .  Never theless ,  one can also 
be led ( and  p r o b a b l y  more  of ten)  to a false con-  
c lus ion by  v e r y  accura te  da ta  if it  is not real ized 
tha t  pe r fec t ly  sound theore t ica l  curves  descr ib ing  
the  da ta  exist. As the  p rocedures  for ob t a in ing  da ta  
in e lectrode kinet ics  improve  in  accuracy,  then,  it  
is des i rab le  to ex tend  the  use of computers  and  
comple te  solut ions  of the  k ine t ic  equa t ions  in to  
those areas where  on ly  app rox ima t ions  and  l i m i t -  
ing cases have  been  used prev ious ly .  
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Conclusion 
The use of comple te  solut ions  of equa t ions  de -  

sc r ib ing  the  pa r t i cu l a r  process of consecut ive  elec-  
t ron  t r ans fe r s  can improve  m a t e r i a l l y  the  i n t e r p r e -  
t a t ion  of e x p e r i m e n t a l  da ta  over  the  p rev ious ly  used 
methods  of a p p r o x i m a t i o n  and  l imi t ing  cases. Cer -  
t a in ly  this  is t r ue  in  the  m a j o r i t y  of p rac t ica l  sys-  
tems, whe re  i n t e r m e d i a t e  va lues  of the  k ine t ic  
p a r a m e t e r s  wi l l  be  p reva l en t ,  and  l i m i t i n g  cases 
not  of ten encoun te red .  The  biggest  d r a w b a c k  to the  
use of such complete  solut ions  for i n t e r p r e t a t i o n  
lies in  the fact tha t  the  e x p e r i m e n t a l  da ta  need  to 
be cons ide rab ly  more  accura te  to ob ta in  fu l l  va lue  
f rom compar i son  wi th  the  theore t ica l  curves .  As 
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Cobalt Complex [(NH) CoO Co 

S. Barnartt and R. G. Charles 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

At a bright p la t inum cathode in  H~SO, solutions, the complex ion [(NH,)~ 
CoO~Co (NHs)~] ~+ is reduced quant i ta t ive ly  to 2Co ~+ in a one-electron reaction, 
with evolution of one molecule of oxygen gas. The same products also are pro- 
duced by chemical reduction with silver powder. A probable mechanism for the 
cathodic reduct ion is outl ined and its applicabili ty to chemical reduct ion de- 
scribed. A cell containing an acid solution of this cobalt complex and p la t inum 
electrodes evolves 1.25 O~/F, and may be used as an oxygen generator  or as a 
sensitive gas coulometer. 

In  the course of cathodic  c u r r e n t  efficiency m e a s -  
u r e m e n t s  for the oxygen -d i s so lu t i on  react ion,  some 
m e a s u r e m e n t s  were  made  us ing  su l fur ic  acid so lu-  
t ions con ta in ing  the p e n t a v a l e n t  d e c a m m i n o - ~ -  
peroxo dicobal t  ion I. 

[ (NH~)~ CoO~Co (NH.)~] ~+ 

I 

[ (NH~)~ CoO~Co (NH,)~] (SO~)~ (HSO~) �9 3H~O 

II 

There has been considerable interest in this ion in 
the past due to the supposed tetravalency of one 
of the two cobalt atoms. Recent work has shown, 
however, that the single unpaired electron present 
in I is delocalized over the grouping CoO~Co and 
that the two cobalt atoms are equivalent ( i ) .  

Solutions made by dissolving the corresponding 
sulfate, compound If, in molar sulfuric acid are 
relatively stable at ordinary temperatures. We have 
found that oxygen did not dissolve at a platinum 
cathode in these solutions, but instead oxygen was 
evolved. Preliminary experiments indicated that 
one mole of oxygen was liberated per Faraday. 
Since cathodic oxygen-evolution reactions are vir- 
tually unknown, we have investigated this reaction 
in some detail. 

Experimental Procedures 
Materials.--The p repa ra t i on  of [(NH~)~ CoO~Co 

(NH~)~] (SO,)~- (HSO4) �9 3H~O was car r ied  out by  the  
method  of Gleu  and Rehm (2).  The compound  was  
recrys ta l l i zed  f rom 1M H~SO, and  a i r -d r i ed  at  room 
t empera tu r e .  Cobal t  ana lys is  gave a va lue  of 17.8% 
(theoretiCal 17.77% ). 

Acid solutions containing II were moderately 
stable, but detectable changes in the visible and ul- 
traviolet spectra occurred after long standing at 
room temperature (> 24 hr). Hence the solutions 
were prepared, without heating, immediately be- 
fore use. Solid compound II was stored in a refrig- 
erator and appeared to be stable indefinitely. 

Measurements of current el~iciency for oxygen 
evolution.--Figure 1 presen ts  a d i ag ram of the  P y -  

rex  glass e lect rolyt ic  cell, which  was  des igned for 
m e a s u r e m e n t s  of ga s - evo lu t ion  or gas -d i s so lu t ion  
efficiency. F o r  cathodic efficiencies the  ver t i ca l  p la te  
a was  made  anode and  the  hor izon ta l  screen  c was  
cathode. Both electrodes were  of b r igh t  p l a t i n u m .  
The fo rmer  was  suspended  by a t h i n  p l a t i n u m  wire ;  
the  la t ter ,  a screen  of to ta l  geomet r ica l  a rea  10 cm ~, 
was  he ld  in  place by  me a ns  of a go ld -p la t ed  clip and  
rod b, the  l a t t e r  be ing  sealed th rough  the  cap of the  
cell. The cap was  jo ined  to the body of the  cell w i th  
a s t anda rd  t aper  r u b b e r  o - r i n g  joint .  

The  ca tholy te  was  separa ted  f rom the  ano ly te  by  
a coarse f r i t t ed  glass disk d, and  was  s t i r red  m a g -  
ne t i ca l ly  by  me a ns  of a Tef lon-covered  s t i r rer .  S top-  
cocks e and  f, a t tached  to the  cell wi th  o - r i ng  jo in t s  
g, pe r mi t t e d  the  gas phase above the  ca tholyte  to be  
flushed and  pressur ized  wi th  oxygen  or o ther  gas. 

A glass tube  of u n i f o r m  cross section was used for 
a 13 cm l eng th  of the anode c o m p a r t m e n t  at and  
above the re fe rence  line, ref. Changes  in  the  he ight  h 
of ano ly te  level  above ca tholy te  level  were  res t r ic ted  

i_ 
ref - e 

i 

c 

g 

25-+0.01~ 

Fig. 1. Diagram of cell for measurement of gas-evolution or 
gas-dissolution efficiency. 
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to this reg ion  d u r i n g  a c u r r e n t  efficiency m e a s u r e -  
ment .  The to ta l  vo lume  of the  cell up  to the  re fe rence  
l ine  was d e t e r m i n e d  by  f i l l ing the  cell w i th  wa te r  
and  weighing .  In  each e x p e r i m e n t  the  vo lume  of 
e lec t ro ly te  was fixed at 50.0 ml,  so tha t  the  gas 
vo lume  in  the  cathode c o m p a r t m e n t  was  k n o w n  for 
any  va lue  of h. 

The cell was ca l ib ra ted  wi th  1M H~SO, in  an  a t -  
mosphere  of pure  oxygen,  wi th  a c u r r e n t  of 3.60 ma  
(0.36 ma/cm'~). A 1 -h r  per iod of cathodic p r e - e l e c -  
t rolysis  was used to r emove  reduc ib le  impur i t ies ,  
af ter  which  the  oxygen  p ressure  was  ad jus ted  so tha t  
the so lu t ion  level  h was  n e a r  the  top of the u n i f o r m  
bore tube.  The level  was  a l lowed to stabil ize;  t hen  
the  screen electrode was m a d e  cathode aga in  and  
the  change  of level  ah,  for passage of a m e a s u r e d  
n u m b e r  of coulombs,  was  d e t e r m i n e d  wi th  a t r a v e l -  
ing  microscope.  

The n u m b e r  of moles An of gas dissolved or evolved  
is r e la ted  to Ah th rough  the  r e l a t ionsh ip  (see A p-  
pend ix )  

Ah 
A n = - - [ A ( P , - - P , )  + Vrd/13.5 ] [1] 

RT 

Here  A is the  i n t e r n a l  c ross-sec t ional  area of the  
ano ly te  tube.  P, is the  in i t i a l  p ressure  and  V t the final 
v o l u m e  of the  gas in  the  cathode compar tmen t .  P~ is 
the vapor  p ressure  of the so lu t ion  and  d its dens i ty ;  
for d i lu te  solut ions  the co r respond ing  va lues  for the  
so lvent  m a y  be used. W h e n  the a tmospher ic  p ressure  
changes  d u r i n g  the de t e rmina t i on ,  a correc t ion  to Ah 
is appl ied  by  use of Eq. [2],  Append ix .  Ca l ib ra t ion  of 
the  cell i nvo lved  d e t e r m i n i n g  A f rom an  expe r i -  
m e n t a l  m e a s u r e m e n t  of Ah and  the  cor responding  
va lue  of An, the  l a t t e r  de r ived  f rom the  n u m b e r  of 
F a r a d a y s  passed. The va lue  of A thus  ob ta ined  for 
cathodic oxygen  dissolu t ion  agreed  w i th  tha t  s imi-  
l a r ly  ob ta ined  f rom anodic  oxygen  evo lu t ion  meas -  
u r e m e n t s  w i t h i n  1%. 

For  m e a s u r e m e n t s  on solut ions  of compound  II, the 
cathode c o m p a r t m e n t  was  flushed and  filled w i th  
pu re  argon. Othe rwise  the  p rocedure  used fol lowed 
tha t  of the ca l ib ra t ion  exper iments ,  us ing  the same 
c u r r e n t  (3.60 ma)  and  the  same pre -e lec t ro lys i s  
per iod (1 hr )  for each m e a s u r e m e n t .  

Reduction of the t~-peroxo compound.--The n u m -  
ber  of moles of compound  II  r educed  at the 
cathode per  Fa raday ,  as wel l  as the  r educ t ion  po-  
tent ia l ,  were  d e t e r m i n e d  in  a cell s imi la r  to tha t  of 
Fig. 1 bu t  wi th  two modifications.  (A) The cap of 
the  cathode c o m p a r t m e n t  con ta ined  an open ing  
which  pe rmi t t ed  inse r t ion  of a s a tu r a t ed  calomel  
e lectrode of the  f i b e r - j u n c t i o n  type. (B) The f r i t t ed  
disk was  of ve ry  fine porosi ty ;  and  the e lec t ro ly te  
level  as wel l  as the gas p ressure  (f lowing a rgon  
above the catholyte ,  a ir  above the  ano ly te )  were  the  
same on both  sides. Thus  diffusion of II b e t w e e n  
ca tholy te  and  ano ly te  was  negl ig ib le .  

The concen t r a t i on  of II  in  the  catho]yte was  de-  
t e r m i n e d  per iod ica l ly  by  i n t e r r u p t i n g  the c u r r e n t  
and  r e m o v i n g  a sample  of the solut ion for ana lys i s  
wi th  a Cary  record ing  spect rophotometer .  The cha r -  
acter is t ic  absorp t ion  peak  at 6690A (mola r  e x t i nc -  
t ion  coefficient = 880 for solut ions  in  1M H~SO,) was  
used for concen t r a t i on  m e a s u r e m e n t s ;  none  of the  

r educ t ion  products  absorb  s igni f icant ly  at  this  w a v e -  
length .  Each sample  was  ana lyzed  w i t h o u t  d i lu t ion  
us ing  an  absorp t ion  cell of pa th  l eng th  0.20, 1.00, or  
10.0 cm, as r e q u i r e d  The sample  was r e t u r n e d  as 
fu l ly  as possible to the  e lect rolyt ic  cell a f ter  meas -  
u r e m e n t .  

Cathode po ten t i a l  m e a s u r e m e n t s ,  made  wi th  re f -  
e rence  to the s a tu ra t ed  calomel  electrode, were  con-  
ve r ted  to the h y d r o g e n  scale. 

Determination of reduced cobalt-containing spe- 
cies.--Solutions which  were  ana lyzed  for the  q u a n -  
t i ty  of II  ca thodica l ly  reduced  also were  subjec ted  
to c a t i o n - e x c h a n g e  c h r o m a t o g r a p h y  to separa te  the  
c o b a l t - c o n t a i n i n g  species. The i o n - e x c h a n g e  co lumn  
used (Bio-Rad  AG 50W-X8 in  the  h y d r o g e n  fo rm)  
and  its effectiveness for acid solut ions  of some cobalt  
complexes  have  been  descr ibed  by  the  au thors  in  a 
p rev ious  pape r  (3) .  The a m o u n t  of e lu ted  Co =+ was  
d e t e r m i n e d  in  ace ta te -buf fe red  solut ions  by  p rec ip i -  
t a t ion  wi th  8 - h y d r o x y q u i n o l i n e  (2) .  Since it  was  
necessa ry  to p rec ip i t a te  in  the  presence  of a la rge  
a m o u n t  of ine r t  salts, which  caused e r rors  due to co- 
prec ip i ta t ion ,  s i m u l t a n e o u s  r u n s  were  ca r r i ed  out  
wi th  s t a n d a r d  CoSO, solut ions  con t a in ing  s imi la r  
salt  concent ra t ions .  The la t te r  resul t s  were  used to 
app ly  correct ions  for coprecipi ta t ion.  

Results and Discussion 

Cathodic oxygen evolu t ion . - -A sa tu ra t ed  solut ion 
of compound  II in  1.00M H2SO, was  s tudied  at 25.0~ 
(_+0.01) in  the  cell of Fig. 1. A n  excess of II was  
added to the  cell as a f inely g r o u n d  powder ,  and  
vigorous  ag i ta t ion  was used. Hence  the  concen t ra t ion  
of II  r e m a i n e d  close to the s a tu ra t ion  va lue ,  0.0035M, 
d u r i n g  cathodic reduct ion .  Mass spec t romete r  ana l -  
ysis of the  gas above the  ca tholy te  af ter  e lectrolysis  
showed tha t  only  oxygen  was  evolved.  

A typ ica l  cu rve  showing  the  change  in  h (corrected 
for changes  in  a tmospher ic  p ressure )  d u r i n g  r educ -  
t ion of II at cons tan t  c u r r e n t  is p re sen ted  in  Fig. 2. 
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Fig. 2. Current efficiency determination for cathodic oxygen 
evolution from saturated solution of compound II in molar H2S04, 
25.00~ 3.60 ma. 
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Table I. Experimental results for cathodic reduction of a 
saturated solution of Co202 (NH.ho(SO~)~HS04 �9 3H20 in IM 

H~SO, 

m o l e / F a r a d a y  

Co,O, (NH,),o(SOO~HSO, reacted 1.01, 1.00 
O~ evolved 0.99, 0.97 
Co 2§ produced 2.00, 1.99 

The ind ica t ing  level  h exh ib i t ed  an  in i t i a l  t ime  lag, 
caused in  pa r t  by  the  presence  of the f r i t t ed  disk in  
the cell. Cathodic  oxygen  evo lu t ion  per  F a r a d a y  
ca lcula ted  f rom the slope of the  curve,  however ,  was  
the same as tha t  de r ived  f rom the  to ta l  Ah and  to ta l  
coulombs passed, w i t h i n  e x p e r i m e n t a l  er ror .  It  
should be no ted  tha t  oxygen  also was  evolved at the  
anode,  bu t  the  ra te  of evo lu t ion  and  b u b b l e  size were  
sufficiently smal l  tha t  the re  was  no difficulty in  r e a d -  
ing the men i scus  level  h w i th  the  t r ave l i ng  mic ro -  
scope. 

The cathodic oxygen  evo lu t ion  f rom compound  II  
was found  to be one mole  per  Fa raday ,  Table  I. 

Moles of compound II reduced per Faraday.--In 
the first type  of e x p e r i m e n t  the  c u r r e n t  efficiency for 
r educ t ion  of II, as wel l  as the cathode potent ia l ,  were  
fol lowed as a func t ion  of concen t ra t ion ,  b e g i n n i n g  
wi th  an  u n s a t u r a t e d  solut ion.  The  concen t r a t i on  of 
un reac t ed  II was  d e t e r m i n e d  spec t rophotomet r ica l ly .  
The data,  shown in  Fig. 3, d e m o n s t r a t e d  tha t  one 
mole of the  compound  was  r educed  per  F a r a d a y  over 
the concen t r a t i on  r ange  studied.  

At  concen t ra t ions  be low 0.3 mM the cathode po-  
ten t ia l  was decreas ing  rapidly .  Smal l  amoun t s  of a 
second cathodic react ion,  such as oxygen  reduc t ion ,  
could be expected in  this  region,  bu t  were  no t  de-  
tectable  w i t h i n  the  accuracy  of the  data.  

A more  precise d e t e r m i n a t i o n  of the  r educ t ion  effi- 
c iency was  car r ied  out  in  a second type  of expe r i -  
m e n t  in  which  the cathode c o m p a r t m e n t  con ta ined  a 
sa tu ra t ed  so lu t ion  of II in 1M H,SO,, together  wi th  an  

Time (rain) 
3O 0 15 40 60 I I 0.85 

~o ~ 2~ C~ ' 0.65~a, 

1.5 ~" 

Theoretical SI 
i I mole / Faraday ~ 0.55 

o OJ 
0.5 

Farodoys ( x 105 ) 

Fig. 3. Change in concentration and cathode potential during 
electrolysis of an unsaturated solution of compound II in IM 
H~S04, 3.60 ma, 22~ 

excess of the powdered  compound.  Af te r  passage of 
2.7 x 10-'F, the  conten ts  of the  cathode c o m p a r t m e n t  
(dissolved a nd  und i sso lved)  were  removed.  Suffi- 
c ient  1M H,SO, was  added to effect comple te  so lu t ion  
and  the r e su l t ing  so lu t ion  was  ana lyzed  spect ro-  
pho tomet r i ca l ly  to d e t e r m i n e  the  q u a n t i t y  of II  r e -  
duced. The  resul t s  of dupl ica te  exper imen t s ,  inc luded  
in  Table  I, show one e lec t ron  per  molecule  of II r e -  
acted. There  was ev iden t ly  no s imu l t aneous  r educ -  
t ion  of molecu la r  oxygen  (which  would  r equ i r e  4 
e lec t rons  per  molecu le )  at  the r educ t ion  potent ia l ,  
which  was  0.82v in  these expe r imen t s .  

To test  the poss ibi l i ty  tha t  a ca thode surface  of 
g rea te r  ca ta ly t ic  ac t iv i ty  m i gh t  give rise to a c o m -  
p e t i n g  react ion,  the  l a t t e r  type  of e x p e r i m e n t  was  
repea ted  wi th  a f resh ly  p la t in ized  p l a t i n u m  screen 
in  place of the br igh t  p l a t i n u m  cathode. Resul ts  
u n d e r  these condi t ions  were  less r ep roduc ib le  bu t  a 
lowered  efficiency for r educ t ion  of II a lways  resu l t ed  
(moles  II reac ted  per  F a r a d a y  < 0.9). Poss ib ly  the  
h igh ly  act ive p la t in ized  surface  ca ta lyzed the  5-e lec-  
t ron  reduc t ion  of II  to Co s§ and  water .  

Cobalt-containing products.--Ion-exchange sepa-  
ra t ion  of ca thodica l ly  reduced  solut ions  of II in  1M 
H_.SO, y ie lded  on ly  one c o b a l t - c o n t a i n i n g  product ,  
Co s§ ion. Q u a n t i t a t i v e  d e t e r m i n a t i o n  of Co ~+ showed 
tha t  two Co *§ ions were  p roduced  per  e lec t ron  (Table  
I ) .  U n d e r  the  condi t ions  used, 8 - h y d r o x y q u i n o l i n e  
prec ip i ta tes  on ly  Co "+ and  does no t  in te rac t  wi th  
Co( I I I )  species (2). 

Reaction mechanism.--The above resul t s  es tab l i sh  
une qu i voc a l l y  the  ove r -a l l  cathodic reac t ion  

[ (NH~)~ CoO_~Co (NH.)5] "+ + 10H + + e 

-> O~ + 2Co 2+ + 10NH2 [3] 

as well as the absence of side reactions. 

The following reduction mechanism is proposed. 

The pentavalent ion is assumed to adsorb on the 

cathode with the peroxo group attached to the metal 
surface. Transfer of a single electron yields the ad- 
sorbed t e t r a v a l e n t  ion I I I  

[0.. 
Co---(NH.)~ ~+ 

I" 

]V~- - - 

Co-- (NH.), J 

+ e--> M - - -  [ 0 ~ .  C o - -  (NH,)  ~" 

Co---(NH,)  5 
I I I  

4+ 

[4] 

By me a ns  of the i n t e r n a l  o x i d a t i o n - r e d u c t i o n  reac-  
t ion  [5],  I II  decomposes to y ie ld  adsorbed molecu la r  
oxygen  and  an  a m m i n e  complex  of Co (II)  

M - - -  O~ 

L C o- - ( N H . ) ~ J  

-* M - -  - O~ + 2 [Co (NH.)0] ~ [5] 

The l a t t e r  is k n o w n  to be u n s t a b l e  in  acid solut ions 

[Co (NH,)~]"+ + 5H + ~ Co "+ + 5 NH, + [6] 

Thus  this  s imple  m e c h a n i s m  is in complete  accord 
w i th  the  observed  ove r - a l l  reac t ion  [3]. 
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R e a c t i o n  [5]  r e q u i r e s  some jus t i f i ca t ion  in  v i e w  of  
r e su l t s  r e p o r t e d  p r e v i o u s l y  (3)  for  decompos i t i on  of 
the  ion  [ (NH~)~ CoO~Co (NI4-~)5]'+ in H~SO, solut ions .  
This  ion  was  f o u n d  to decompose  r a p i d l y  to y i e l d  a t  
l eas t  e igh t  c o b a l t - c o n t a i n i n g  species.  The  d a t a  d e -  
s c r ibed  in  the  p r e v i o u s  p a p e r  (3)  i n d i c a t e d  t h a t  t he  
first  s t ep  in  th is  decompos i t i on  i n v o l v e d  a t t a c h m e n t  
of a h y d r o g e n  ion  to t he  p e r o x o  group .  F r o m  th i s  i t  
m a y  be  a s s u m e d  t h a t  the  a t t a c h m e n t  of t he  t e t r a v a -  
l en t  ion  I I I  to the  c a t h o d e  su r f ace  p r e v e n t s  b o n d i n g  
of h y d r o g e n  ion and  forces  ion I I I  to fo l low t h e  s i m -  
p l e r  decompos i t i on  p a t h  of [5] .  

In  a r e c e n t  p a p e r  V l c e k  (4) ,  u s ing  a v i b r a t i n g  p l a t i -  
n u m  ca thode ,  s h o w e d  t h a t  t he  r e d u c t i o n  of 
[ (NH~)~CoO~Co(NH~)~] ~§ to [ (NH,)~CoO~Co(NH,)~] '+ 
occurs  r e v e r s i b l y  in  a m m o n i a c a l  solut ions .  In  a m -  
monia ,  u n l i k e  acid,  t h e  t e t r a v a l e n t  ion  is r e l a t i v e l y  
s t a b l e  and  can  ex i s t  in  t h e  b u l k  of t h e  so lu t ion  in  
e q u i l i b r i u m  w i t h  d i s so lved  O~ and  Co ( I I )  a m -  
mines .  Thus  the  m e c h a n i s m  for  ca thod ic  r e d u c t i o n  
of I in a m m o n i a  dif fers  f r o m  t h a t  in ac id  in  t h a t  
[ (NI-I~)5 CoO~Co (NH~)~] '§ can de so rb  f r o m  the  c a t h -  
ode and  a c c u m u l a t e  in  t he  a m m o n i a c a l  solut ion.  

The  on ly  o the r  p u b l i s h e d  i n v e s t i g a t i o n  on r e d u c -  
t ion of I conce rned  c h e m i c a l  r e d u c t i o n  w i t h  As~O, in  
H~SO, solut ions ,  in t he  p r e s e n c e  of OsO, as c a t a l y s t  
(2) .  A s imple  o v e r - a l l  r e d u c t i o n  r e a c t i o n  w a s  o b -  
t a ined .  O x y g e n  was  evo lved ,  and  Co ~+ was  t h e  on ly  
c o b a l t - c o n t a i n i n g  p roduc t .  I n c i d e n t a l  to t h e  p r e s e n t  
w o r k  w e  s t ud i ed  a second,  a n d  m o r e  conven ien t ,  
c h e m i c a l  r e d u c t i o n  me thod .  This  i n v o l v e d  m e r e l y  
s hak ing  a m i x t u r e  of p o w d e r e d  c o m p o u n d  II  and  e x -  
cess p o w d e r e d  s i lve r  m e t a l  w i t h  1M H~SO,. The  r e -  
ac t ion  p roceeds  q u a n t i t a t i v e l y  and  r e l a t i v e l y  r a p i d l y  
at  r o o m  t e m p e r a t u r e  in a cco rdance  w i t h  t he  o v e r - a l l  
change  

[ (NH~)5 CoO~Co (NI4~)~] ~+ q-Ag q- 10H + 

-* O= + 2Co ~+ + 10NHJ + A g  + [7]  

A n a l y t i c a l  r e su l t s  for  Co =+, O~, and  A g  + w e r e  a l l  in 
good a g r e e m e n t  w i t h  t he  t h e o r e t i c a l  v a l u e s  f r o m  [7] .  

T h a t  Co "§ is t he  on ly  r e d u c e d  coba l t  species  p r o -  
duced  in ac id  b y  e i t h e r  c h e m i c a l - r e d u c t i o n  m e t h o d  
is r e a d i l y  e x p l a i n e d  b y  g e n e r a l i z i n g  the  m e c h a n i s m  
r e p r e s e n t e d  b y  [4]  to  [6] .  F o r  c h e m i c a l  r educ t i on ,  
the  r e d u c t a n t  [ A s ( I I I )  or  A g ]  becomes  a t t a c h e d  to 
the  p e r o x o  g roup  of the  p e n t a v a l e n t  c o m p l e x  I. F o l -  
l owing  e l ec t ron  t r a n s f e r  the  ox id i zed  fo rm of t he  r e -  
duc tan t ,  w h i c h  is s t i l l  b o n d e d  to t he  p e r o x o  g roup ,  
p r e v e n t s  t he  h y d r o g e n  ion a d d i t i o n  s tep  w h i c h  is 
n e e d e d  to p r o d u c e  t h e  m o r e  c o m p l e x  c o b a l t - c o n t a i n -  
ing p r o d u c t s  o b s e r v e d  in our  e a r l i e r  w o r k  (3) .  

Possible app l i ca t ions . - -The  fac t  t h a t  o x y g e n  is 
e vo lved  at  bo th  ca thode  and  a n o d e  in an ac id  so lu-  
t ion  con t a in ing  I I  p r o v i d e s  a nove l  and  p o t e n t i a l l y  
use fu l  m e t h o d  for  e l e c t r o l y t i c a l l y  i n t r o d u c i n g  k n o w n  
a m o u n t s  of oxygen ,  u n c o n t a m i n a t e d  b y  o the r  gases ,  
in to  c losed sys tems .  E l ec t ro ly s i s  of so lu t ions  c o n t a i n -  
ing I I  also shou ld  find a p p l i c a t i o n  in gas c o u l o m e t e r s  
such  as  those  d e s c r i b e d  b y  L i n g a n e  (5 ) .  The  sens i -  

t i v i t y  of the  c o u l o m e t e r  is i nc r ea sed  by  t h e  use  of  I I  
s ince  1.25 moles  of gas  (O~) a r e  e vo lve d  p e r  F a r a d a y ,  
as c o m p a r e d  w i t h  a t o t a l  of 0.75 m o l e / F  of h y d r o g e n  
p lus  o x y g e n  f r o m  the  so lu t ions  c o m m o n l y  e m p l o y e d .  

Conclusions 
1. A t  a b r i g h t  p l a t i n u m  c a thode  in  H~SO~ solut ions ,  

the  p e n t a v a l e n t  c o m p l e x  [(NH~)5 CoO~Co (NH,)5]  5§ 
is r e d u c e d  q u a n t i t a t i v e l y  to Co ~ in a o n e - e l e c t r o n  
reac t ion ,  w i t h  s i m u l t a n e o u s  r e l ea se  of t he  p e r o x o  
o x y g e n  as o x y g e n  gas. 

2. S i m p l e  c h e m i c a l  r e d u c t i o n  w i t h  s i lve r  p o w d e r  
was  found  to y i e l d  the  s ame  p r o d u c t s  q u a n t i t a t i v e l y .  

3. A p r o b a b l e  r e d u c t i o n  m e c h a n i s m  is ou t l ined ,  
based  on the  a s s u m p t i o n  t h a t  t he  r e d u c i n g  ion  o r  
m e t a l  su r f ace  a t o m  becomes  a t t a c h e d  to  t h e  p e n t a -  
v a l e n t  c o m p l e x  at  t he  p e r o x o  group .  

4. E l ec t ro ly s i s  of an  ac id  so lu t ion  of  t h e  p e n t a -  
v a l e n t  c o m p l e x  b e t w e e n  b r i g h t  p l a t i n u m  e l e c t r o d e s  
p r o v i d e s  a c o n v e n i e n t  e l e c t r o l y t i c  g e n e r a t o r  of  p u r e  
oxygen .  This  s y s t e m  m a y  also be  used  as a sens i t ive  
o x y g e n  cou lome te r ,  y i e l d i n g  1.25 O~ p e r  F a r a d a y .  

Manuscr ip t  received Sept.  8, 1961; rev ised  manu-  
scr ipt  received Nov. 29, 1961. This paper  was p repared  
for de l ive ry  before  the Los Angeles  Meeting, May 6-10, 
1962. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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A P P E N D I X  
Relationship between An and Ah fo~ the 

current-e~f~ciency cell 

Evolut ion of An moles of gas increases the  gas vol -  
ume above the ca tholy te  by  A(Ah) .  I t  increases  the  
pressure  of the  gas by  (Ah)d/13.5 and its wa te r  
content  by  Anw : A ( A h ) P , / R T .  From An W Anw 
(PrVt ~ P~V~)/RT, one obtains 

Ah 
An = - -  [A (P, -- P,) ~ Vrd/13.5] [1] 

RT 

Dissolution of An moles of gas decreases the  volume,  
pressure  and wa te r  content  of the gas by  the same 
quant i t ies  as above. Since a h  is now negat ive,  Eq. [1] 
st i l l  applies wi thout  any  change of sign. A negat ive  
value  of An refers  to gas dissolution, a posi t ive one to 
gas evolution.  

If  a tmospher ic  pressure  changes dur ing  the measu re -  
ment,  a correct ion 5h must  be appl ied  to the observed 
value  of Ah in Eq. [1]. An  increase  in a tmospher ic  p res -  
sure, p~, corresponds to an increase  in gas volume of 
A(Sh)  and a ne t  increase  in gas pressure  of [p,  + 
(Sh) d/13.5]. By apply ing  the approx imat ion  AP/Pr  
-- AV/Vr,  one obtains, wi th  sufficient accuracy 

~h = - - p , [ A  P , / V f  -~ d/13.5] -~ [2] 

Thus [~hL mus t  be added to aho~ where  a tmospher ic  
pressure  has increased,  and vice versa.  
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The  w o r k  of K i s e l e v a  and  K a b a n o v  (1,2) con-  
c e r n i n g  the  b e h a v i o r  of the  a a n d  fl modi f ica t ions  
of l ead  d i o x i d e  in su l fu r i c  ac id  has  l ed  t h e m  to p r o -  
pose  t h a t  t he  f o r m a t i o n  of t he  fl f o r m  is a conse -  
quence  of H.~SO, c h e m i s o r p t i o n  on the  PbO~ f o r m e d  
d u r i n g  anod ic  o x i d a t i o n  of lead.  This  e x p l a n a t i o n  
is open to cha l l enge  s ince  i t  imp l i e s  t h a t  su l f a t e  or  
b i su l f a t e  an ions  p e r f o r m ,  a t  l eas t  in p a r t ,  a v i t a l  
func t ion  in d e t e r m i n i n g  the  l e a d  d iox ide  mod i f i ca -  
t ion  fo rmed .  Recen t  w o r k  p e r f o r m e d  in th i s  l a b o r a -  
t o r y  as w e l l  as o the r  w e l l - k n o w n  fac ts  s u p p o r t  t he  
con ten t ion  t h a t  i t  is h y d r o g e n  ion  c o n c e n t r a t i o n  
which  inf luences  t h e  n a t u r e  of t h e  PbO~ deposi t .  

Me thods  for  the  p r e p a r a t i o n  of a -  and  fl-PbO~ in 
t h e  l a b o r a t o r y  a r e  w e l l  known .  In  th i s  l a b o r a t o r y ,  
fi-PbO~ has  been  r e a d i l y  p r e p a r e d  b y  e l e c t r o d e p o s i -  
t ion f r o m  ac id ic  so lu t ions  of l e ad  n i t r a t e ,  l e ad  su l -  
f ama te ,  l e a d  f luobora te ,  and  l e ad  p e r c h l o r a t e  as w e l l  
as b y  the  anod ic  o x i d a t i o n  of l e ad  in  s t r ong  su l fu r i c  
acid.  On the  o t h e r  hand ,  a-PbO~ has  been  e l e c t r o -  
depos i t ed  f rom n e u t r a l  so lu t ions  composed  p r i m a r i l y  
of l e ad  n i t r a t e  and  l e a d  ace ta te ,  a n d  b y  the  anod ic  
o x i d a t i o n  of l ead  in  a l k a l i n e  so lu t ion  at  h i g h  c u r -  
r e n t  dens i t ies .  P u b l i s h e d  de sc r i p t i ons  of e l e c t r o d e p o -  
s i t ion  m e t h o d s  h a v e  been  g iven  b y  Rfietschi ,  A n g -  
s tad t ,  and  C a h a n  (3)  and  b y  T h o m a s  (4) .  These  
cond i t ions  for  e l e c t rodepos i t i on  sugges t  s t r o n g l y  
t ha t  i t  is t he  p H  w h i c h  is the  m a j o r  f ac to r  c o n t r o l -  
l ing the  modi f i ca t ion  of l e ad  d i o x i d e  fo rmed .  

To tes t  f u r t h e r  t he  r e l a t i v e  i m p o r t a n c e  of H +, SO, =, 
and  H S O j  ions,  a l e a d  e l e c t r o d e  w a s  anod ized  and  
cyc led  in so lu t ions  of 2M Na~SO4, 2M KHSO~, and  
2M H.~SO~ at  r o o m  t e m p e r a t u r e  and  the  l e a d  d i o x i d e  
modi f i ca t ion  p r o d u c e d  was  iden t i f i ed  b y  m e a n s  of 
x - r a y  d i f f rac t ion  p o w d e r  p a t t e r n s .  The  e l e c t r o d e  
was  D o e - R u n  l ead  99.998% p u r e  w h i c h  w a s  first  
e tched,  washed ,  d r ied ,  and  a f t e r  i m m e r s i o n  in e l ec -  
t ro ly t e ,  m a d e  ca thod ic  for  a sho r t  t i m e  to r e d u c e  r e -  
s idua l  oxide .  

The  anodic  c u r r e n t  d e n s i t y  was  1.5 m a / c m  ~ of 
g e o m e t r i c  a r e a  w h i l e  ca thod ic  c u r r e n t  d e n s i t y  w a s  
0.75 m a / c m  ~. P e r i o d s  of c h a r g e  w e r e  of t h e  o r d e r  
of 10 t i m e s  the  c a p a c i t y  of t he  l e a d  d i o x i d e  f o r m e d  

Table I. 

Electrolyte  pH Electrode treatment  PbOs Modification 

2M Na2SO, 7.6-8.0 Anodic  only 100% 

Anodic  -{- 5 100% 
charge-d i scharge  

cycles 

2M KHSO, 0.7 Anodic  only  

Anodic  + 5 
charge-d i scharge  

cycles 

2M H~SO, <0  Anodic  only 

Anodic  -{- 3 
charge-d i scharge  

cycles 

100% 

30% a -  70% 
to 

60% a - -  40% 

N50% 
~ 5 0 %  

<10% 
>90%~ 

and  d i s cha rges  w e r e  c a r r i e d  to  r e v e r s a l  of p o t e n t i a l  
s ign  r e f e r r e d  to a Hg/Hg~SO~ r e f e r e n c e  e lec t rode .  
The  r e su l t s  a r e  p r e s e n t e d  in T a b l e  I. 

I t  is s igni f icant  t h a t  on ly  a-PbO~ was  f o r m e d  in 
n e u t r a l  Na.~SO4 solut ion.  I n i t i a l  anod ic  o x i d a t i o n  of  
l ead  r e s u l t e d  in t he  f o r m a t i o n  of fl-PbO~ on ly  in  2M 
H oSO,. In  KHSO4 solut ion,  fl-PbO~ was  p r o d u c e d  
on ly  a f t e r  c h a r g e - d i s c h a r g e  cycl ing.  I t  m a y  be  con-  
c luded ,  t he re fo re ,  t h a t  t he  modi f i ca t ion  of l e ad  d i -  
ox ide  f o r m e d  on anodic  o x i d a t i o n  of l e ad  'and even  
s u b s e q u e n t  cyc l ing  d e p e n d s  p r i m a r i l y  on the  p H  
of  the  e l ec t ro ly te .  The  o n l y  func t ion  of t h e  su l f a t e  
species  p r e s e n t  o the r  t h a n  e l e c t r i c a l  n e u t r a l i t y  and  
c o n d u c t i v i t y  of the  e l e c t r o l y t e  is the  l imi t  i ts  con-  
c e n t r a t i o n  p l aces  on the  so lub i l i t y  of l e ad  II  ions 
p r e s e n t  in t he  solut ion.  

K i s e l e v a  and  K a b a n o v  h a v e  p r o p o s e d  t h a t  t h e  
f o r m a t i o n  of  fl-PbO.~ is r e t a r d e d  b y  the  a d d i t i o n  of  
Co +* in the  cel l  be c a use  t he  Co ++ d i sp laces  H~SO, 
w h i c h  is c h e m i s o r b e d  on the  oxide .  The  f o r m a t i o n  
of the  a modi f i ca t ion  in t u r n  is supposed  to p r o v i d e  
b e t t e r  p r o t e c t i o n  aga ins t  t h e  anodic  o x i d a t i o n  of 
t he  u n d e r l y i n g  lead.  O u r  w o r k  as r e p o r t e d  h e r e  
t o g e t h e r  w i t h  t he  o t h e r  fac ts  p r e v i o u s l y  d e s c r i b e d  
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ind i ca t e  t ha t  i t  m u s t  be the  p ro tons  w h i c h  a re  d i s -  
p l aced  b y  coba l t  ions and  not  H~SO4 as such.  
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The Effect of Electropolishing on the 
Codeposition of Hydrogen with Nickel 

Thomas C. Franklin and Archie Blackburn 

Chemistry Department, Baylor University, Waco, Texas 

A n u m b e r  of i nves t i ga t i ons  h a v e  been  m a d e  of 
the  a d v a n t a g e s  of e l e c t r o p o l i s h i n g  as a p r e t r e a t m e n t  
of t he  e l ec t rode  in  e l ec t rodepos i t ions .  These  h a v e  
been  s u r v e y e d  b y  F a u s t  (1) .  As  a p a r t  of an  i n v e s t i -  
ga t ion  of the  effect of o rgan ic  add i t i ve s  on t h e  h y -  
d r o g e n  con t en t  of  n i c k e l  depos i t s  (2 ) ,  a sho r t  s t udy  
was  m a d e  of the  v a r i a t i o n  in t he  a m o u n t  of h y d r o -  
gen codepos i t ed  w i t h  n i c k e l  as a func t ion  of the  
p r e t r e a t m e n t  of t he  e lec t rode .  

Experimental Procedure 

Nicke l  w i r e s  w e r e  used  as t he  bas is  m e t a l  for  
n i cke l  p l a t ing .  T h e y  w e r e  14 g a u g e  and  1.5 cm in 
length .  T h e y  w e r e  p r e p a r e d  for  p l a t i n g  b y  two  p r o c e -  
dures .  In  one p r o c e d u r e  t h e  w i r e  w a s  po l i shed  m e -  
c h a n i c a l l y  b y  h a n d  w i t h  n u m b e r  2 /0  e m e r y  cloth.  
In  t he  o t h e r  p r o c e d u r e  t h e  w i r e  w a s  p o l i s h e d  m e -  
c h a n i c a l l y  in  the  s ame  w a y  and  t h e n  e l e c t r o p o l i s h e d  
at  a c u r r e n t  d e n s i t y  of 60 m a / c m  s in a b a t h  c o n t a i n -  
ing  50 ml  w a t e r ,  370 m l  85% p h o s p h o r i c  and  80 m l  
98% su l fu r i c  acid.  N icke l  was  p l a t e d  f r o m  a s t a n d a r d  
W a t t s  b a t h  for  a p e r i o d  of 12 m i n  at  a c u r r e n t  
d e n s i t y  of 6.96 m a / c m  ~. 

The  h y d r o g e n  con ten t  of t he  depos i t s  and  the  c u r -  
r en t  efficiencies w e r e  m e a s u r e d  in t he  m a n n e r  p r e -  
v ious ly  r e p o r t e d  (2) .  The  codepos i t ed  h y d r o g e n  was  
ox id i zed  e l e c t r o l y t i c a l l y ,  a n d  t h e  n u m b e r  of cou l -  
ombs  n e c e s s a r y  for  t he  o x i d a t i o n  w a s  a m e a s u r e  of  
the  a m o u n t  of h y d r o g e n .  C u r r e n t  eff iciency was  

Table I. Effect of pretreatment of electrode on amount of 
codeposited hydrogen 

N u m b e r  of mill icoulombs necessary to oxidize codeposited 
hydrogen  

Mechanically 
polished Electropolished 

Electrode electrode electrode Remarks  

m e a s u r e d  b y  m e a s u r i n g  t h e  v o l u m e  of h y d r o g e n  
e vo lve d  d u r i n g  the  depos i t ion .  

Results and Conclusions 

Tab le  I s u m m a r i z e s  t he  r e su l t s  of t he  m e a s u r e -  
m e n t s  of t he  a m o u n t  of codepos i t ed  h y d r o g e n .  The  
t a b l e  shows c l e a r l y  t ha t  e l ec t ropo l i sh ing  the  e l ec -  
t r o d e  be fo re  p l a t i n g  cuts  the  a m o u n t  of h y d r o g e n  co-  
d e p o s i t e d  d o w n  to t h e  p o i n t  w h e r e  i t  was  not  m e a s -  
u r a b l e  b y  th i s  t echn ique .  

T h e r e  a r e  two  poss ib le  e x p l a n a t i o n s  for  these  r e -  
sul ts :  ( a )  the  d i f fe rence  in s t r a in  in t he  su r face  
could  change  the  c u r r e n t  eff iciency of t h e  depos i t i on  
process ;  (b )  t he  d i f fe rence  in su r f ace  s t r a in  and  
roughnes s  cou ld  change  the  a b i l i t y  of t he  h y d r o g e n  
to a d s o r b  to the  surface .  

T a b l e  II  shows  t h a t  t h e r e  is e s s e n t i a l l y  no  d i f -  
f e r ence  b e t w e e n  the  c u r r e n t  eff iciency on the  m e -  
c h a n i c a l l y  po l i shed  and  e l e c t r o p o l i s h e d  e lec t rodes .  

A p p a r e n t l y  t he  d i f fe rence  l ies  in t h e  a b i l i t y  of  
t h e  m e c h a n i c a l l y  po l i shed  e l ec t rode  to a d s o r b  h y -  
drogen .  This  is f u r t h e r  shown  b y  T a b l e  III ,  in w h i c h  
is t a b u l a t e d  the  h y d r o g e n  r e t a i n e d  b y  t h e  n i cke l  
e l ec t rodes  w h e n  on ly  h y d r o g e n  is e l e c t r i c a l l y  g e n -  
e r a t e d  on t h e  e lec t rodes .  

Table II. Effect of pretreatment of the electrode on the 
current efficiency for the evolution of hydrogen 

Current  ef f ic iency for  the  e v o l u t i o n  o f  h y d r o g e n  on:  

Electro- 
Mechanical ly polished 

E l e c t r o d e  polished electrode, % electrode, % 

4 1.69 2.00 
5 1.83 1.64 
6 2.42 2.80 

1 6.25 _ 0.086 Not P la t ed  12 min, e lec-  
measurab le  t ropol ished 2 rain 

2 3.12 • 0.51 Not P la t ed  12 min, e lec-  
measurab le  t ropol ished 2 rain 

2 Not P la ted  60 rain, e lec-  
measurab le  t ropol ished 2 rain 

3 3.26 Not P la ted  12 rain, e lec-  
measurab le  t ropol ished 5 rain 

Table III. Number of millicoulombs necessary to oxidize 
hydrogen adsorbed on and absorbed in nickel electrodes 

Electrode Mechanically polished Electropolished 

1 4.05 _+ 0.23 0.04 
2 4.38 0.02 
3 3.62 ___ 0.03 Not measurable 
4 2.65 _ 0.02 Not measurable 
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Some Observations on Overpotential Variations During the 
Galvanostatic Electrodeposition of Copper 

J. K. Prall and L. L. Shreir 

Metallurgy Department, Corrosion Section, Battersea College of Technology, London, England 

The v a r i a t i o n  in t he  ac t i va t i on  o v e r p o t e n t i a l  w i t h  
t ime,  w h i c h  has  been  o b s e r v e d  b y  s e v e r a l  w o r k e r s  
d u r i n g  s tud ies  of t he  m e c h a n i s m  of e l ec t rode  p r o c -  
esses  ( l a - l h ) ,  is a f ac to r  w h i c h  m a y  re su l t  in  i r r e -  
p r o d u c i b i l i t y  of t he  v a l u e  of the  ove rpo t en t i a l .  D u r -  
ing a s t u d y  of t he  e l e c t rodepos i t i on  of copper  f r o m  
ac id  coppe r  su l fa te  so lu t ions  i t  was  o b s e r v e d  t h a t  t he  
c o n v e n t i o n a l  m e t h o d  of d e t e r m i n i n g  the  ac t i va t i on  
o v e r p o t e n t i a l  (vA), i.e., a l lowing  a p r e d e t e r m i n e d  
t ime  to e l apse  be fo re  r e c o r d i n g  the  ove rpo t en t i a l ,  d id  
not  a l w a y s  g ive  r e p r o d u c i b l e  r e su l t s  owing  to t he  
c h a n g i n g  t o p o g r a p h y  of the  ca thode  su r f ace  d u r i n g  
e l ec t rodepos i t ion .  As a r e su l t  of these  obse rva t i ons  
a r e p r o d u c i b l e  s u b s t r a t e  t e c h n i q u e  has  been  d e v e l -  
oped in w h i c h  a p l a t i n u m  shee t  is used  as t he  ca thode  
for  each  d e t e r m i n a t i o n  of ~.~ a t  each  v a l u e  of c o n s t a n t  
cu r r en t .  R e m o v a l  of t he  copper  depos i t  is e f fec ted  by  
anodic  d i s so lu t ion  be fo re  the  n e x t  d e t e r m i n a t i o n  of 
~ at  a n o t h e r  cu r ren t .  F u l l  de t a i l s  of th is  a p p a r a t u s  
and  t e c h n i q u e  h a v e  been  d e s c r i b e d  in a p r e v i o u s  
p u b l i c a t i o n  (2) .  

O b s e r v a t i o n s  of the  ~ A -  t cu rves  us ing  th i s  t e c h -  
n ique  for  a ser ies  of ac id  copper  su l f a t e  so lu t ions  ( i n -  
c lud ing  some w i t h  a d d i t i o n  agen t s )  has  l ed  to t he  con-  
c lus ion  t h a t  these  cu rves  can  be  c lass i f ied  in to  t h r e e  
types .  In  t he  in i t i a l  t i m e  i n t e rva l ,  tl, w h i c h  m a y  be  a 
f r ac t ion  of a second,  the  r a p i d  r i se  in ~ is due  p r i n c i -  
p a l l y  to t he  e s t a b l i s h m e n t  of  the  e l ec t r i ca l  d o u b l e  
l a y e r ;  tl is a f fec ted  on ly  s l i gh t ly  b y  v a r i a t i o n s  in t he  
s u b s t r a t e  p rope r t i e s .  I f  t he  su r face  t o p o g r a p h y  of t he  
s u b s t r a t e  is unaf fec ted  b y  the  e l ec t rode  process ,  e.g., 
a r e d u c t i o n  of ions to a l o w e r  v a l e n c y  s t a t e  or  h y d r o -  
gen  evo lu t ion ,  t he  a c t i v a t i o n  o v e r p o t e n t i a l  shou ld  r e -  
m a i n  cons t an t  w i t h  t ime .  H o w e v e r ,  in t h e  p r e s e n t  
s t u d y  i t  was  o b s e r v e d  t h a t  d u r i n g  the  n e x t  t i m e  in -  
t e r v a l  to ( w h i c h  could  pe r s i s t  for  s e v e r a l  m i n u t e s ) ,  
~A could  e i t he r  i nc rease  or  d e c r e a s e  i m m e d i a t e l y  
a f t e r  t he  doub le  l a y e r  was  c o m p l e t e l y  cha rged .  The  
sign, m a g n i t u d e ,  and  d u r a t i o n  of th is  change  a p -  
p e a r e d  to d e p e n d  on the  n a t u r e  of t he  s u b s t r a t e  
( c r y s t a l  o r i e n t a t i o n  and  size, c r y s t a l  de fec t s  and  
t h i cknes s  of depos i t )  and  on the  n a t u r e  of t h e  e l ec -  
t r o l y t e  (p r e sence  of c o - d e p o s i t a b l e  m e t a l l i c  i m p u r i -  
t ies,  ac t ive  i m p u r i t i e s  such as ch lo r ide  ions, concen -  
t r a t i o n  po l a r i za t i on ,  e tc . ) .  I f  t he  d u r a t i o n  of t~ is a p -  
p r ec i ab l e ,  t hen  c l e a r l y  the  e x p e r i m e n t a l  t i m e  in -  
v o l v e d  in o b t a i n i n g  m - - i  p lo t s  w i l l  be  u n d u l y  long 

and,  in add i t ion ,  o the r  e r ro r s  m a y  be  i n t r o d u c e d  b y  
p r o l o n g e d  e lec t ro lys i s .  

A s t u d y  has  b e e n  m a d e  of t h e  fac to rs  r e spons ib l e  
for  ~?A changes  d u r i n g  t i m e  t~, a n d  i t  has  been  e s t a b -  
l i shed  t h a t  t he  g r e a t e r  the  a m o u n t  of m e c h a n i c a l  d e -  
f o r m a t i o n  a p p l i e d  to t he  p l a t i n u m  s u b s t r a t e  (e.g., b y  
ro l l ing  or  po l i sh ing )  t h e n  the  g r e a t e r  is t h e  m a g n i -  
t ude  of • and  t~. F i g u r e  1 shows  some VA --  t cu rves  
w h i c h  have  been  o b t a i n e d  us ing  a p l a t i n u m  s u b -  
s t ra te ,  w h i c h  h a d  been  s u b j e c t e d  to d i f fe ren t  de g ree s  
of c o l d - r o l l i n g ;  be fo re  e l ec t ro lys i s  the  ca thodes  w e r e  
lightly etched in boiling aqua regia for 10 sec. 

It can be seen that the initial values of vA differ 
according to the extent of cold-working of the plati- 
num although the steady-state value is independent 
of any textural difference in the substrate which 
could have arisen during either cold-working or re- 
crystallization. This indicates that the technique pro- 
vides a sensitive method of detecting any effects 
caused by the structure of the substrate. It is relevant 
to observe that it has been previously postulated (3) 
that lattice building in electrocrystallization is ac- 
complished by surface diffusion of transferred adions 
to edges, steps, or kinks; in the present study the 
number of these defects will be proportional to the 
degree of cold-work (4). 

22 
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Fig. 1. Effect of metallurgical condition of the platinum sub- 
strate on the variation of ~A with time: electrolyte 0.5M CuSO, 
0.5M H~SO4, at 25~ and 0.25 amp/dm~: A,* V.P.N. 48, heat treat- 
ment continued to allow grain growth; B, V.P.N. 48; C, V.P.N. 72; 
D, V.P.N. 90. X, is the steady-state ~IA. 

* V.P.N. = Viekers Py ramid  Hardness  Number .  
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Fig. 3. Effect of chloride ions, added to a chloride-free electro- 
lyte, on the variation of ~1~ with time: electrolyte 0.5M CuSO4 -~ 
0.5M H2SO4, at 25~ and 2.0 amp/dm2: A, 0.00 ppm CI-; B, 0.08; 
C, 0.15; D, 0.60-5.00; E, 12.00; F, 40.00. 

Fig. 2. A. (top) Platinum substrate surface, after light etching 
and prior to its being electroplated. Mag. 20X. B. (bottom) Lo- 
calized growth of copper at the grain boundaries. Platinum substrate 
as described above, electroplated with copper and removed from 
plating solution when the steady ~A was reached. 

O b s e r v a t i o n s  of t he  g r o w t h  of th in  l a y e r s  of t he  
depos i t s  (Fig .  2A, 2B) show tha t  depos i t i on  occurs  
p r e f e r e n t i a l l y  a t  g r a i n  b o u n d a r i e s  and  in a d i r ec t ion  
wh ich  is p e r p e n d i c u l a r  to the  subs t r a t e .  This  w o u l d  
ind ica t e  t ha t  the  m o r e  i m p e r f e c t  the  s u b s t r a t e  t he  
g r e a t e r  w i l l  be  loca l ized  depos i t i on  at  i m p e r f e c t  s i tes  
( in  th is  case c r y s t a l  b o u n d a r i e s )  and  the  g r e a t e r  t he  
cha rge  r e q u i r e d  to cover  c o m p l e t e l y  t he  p l a t i n u m  
subs t r a t e .  This  is s u p p o r t e d  b y  the  r e su l t s  shown  in 
Fig.  1. In  a d d i t i o n  i t  has  been  o b s e r v e d  t ha t  w i t h  a n y  
g iven  s u b s t r a t e  the  ~?A- t cu rve  can  be  r e p r o d u c e d  
a f t e r  a n y  t ime  t ( w i t h i n  the  t ime  t2) w i t h o u t  h y s -  
t e res i s  d u r i n g  anodic  and  ca thod ic  cycl ing.  F u r t h e r ,  
i t  has  been  e s t a b l i s h e d  tha t ,  i r r e s p e c t i v e  of t h e  c u r -  
r e n t  dens i ty ,  a cons t an t  c h a r g e  is r e q u i r e d  to  p r o -  
duce  the  s ame  s t e a d y - s t a t e  v a l u e  of ~?A. 

The  c lass ica l  p r o c e d u r e  (5)  of a l l o w i n g  VA to b e -  
come cons t an t  a t  a g iven  v a l u e  of c u r r e n t  is no t  a l -  
w a y s  s a t i s f ac to ry  owing  to su r face  r o u g h e n i n g  of  t he  
depos i t  and  o the r  f ac to r s  such as changes  in concen -  
t r a t i o n  of ac t ive  species  in the  e l e c t ro ly t e ;  such f ac -  
tors  a r e  ins ign i f ican t  in the  r e p r o d u c i b l e  s u b s t r a t e  
m e t h o d  o w i n g  to the  v e r y  sma l l  c h a r g e  used  for  each  
d e t e r m i n a t i o n  of VA. 

The  p r e s e n t  w o r k  has  n e c e s s i t a t e d  a s t u d y  of t he  
effect, and  e l imina t ion ,  of a d v e r s e  i m p u r i t i e s  in t h e  
e l e c t r o l y t e  as i t  is we l l  k n o w n  t h a t  even  t r a c e  
a m o u n t s  of i m p u r i t i e s  m a y  h a v e  a v e r y  m a r k e d  
effect on VA and  the  c r y s t a l  f o rm  of t he  depos i t  (8) .  
In  p a r t i c u l a r ,  t he  effects of t r aces  of ch lo r ide  ions 
have  been  s t u d i e d  as, w i t h  n o r m a l  r eagen t s ,  th is  i m -  

p u r i t y  is u s u a l l y  p r e s e n t  in s igni f icant  q u a n t i t i e s  and  
is diff icult  to r e m o v e  by,  for  e x a m p l e ,  r e p e a t e d  r e -  
c r y s t a l l i z a t i o n  of CuSO4.5H~O ( w h e r e  1-10 p p m  C1 
can s t i l l  p e r s i s t ) .  E l ec t ro ly t e s ,  l ow  in CI-, w e r e  p r e -  
p a r e d  in so lu t ion  b y  one of t h e  fo l lowing  reac t ions ,  
and  in bo th  cases  t he  r e a g e n t s  can  be p r e p a r e d  v i r -  
t u a l l y  f r ee  of ch lo r ide  

Ag~SO, + Cu-*  CuSO,  aq. 

CuO + H~SO,-~ CuSO4 aq. 

A f u r t h e r  pos s ib i l i t y  of r e m o v i n g  ch lo r ides  is b y  
anod ic  o x i d a t i o n  at  a p l a t i n u m  anode  (6 ) .  

The  effects of C1- on VA a re  s h o w n  in Fig.  3, and  i t  is 
e v i d e n t  t h a t  the  a m o u n t s  of ch lo r ide  w h i c h  a r e  n o r -  
m a l l y  p resen t ,  even  in c a r e f u l l y  p r e p a r e d  e l e c t r o -  
ly tes ,  can  m a r k e d l y  affect  ~A. 

The  effect of CI-, on d e p o l a r i z a t i o n  g e n e r a l l y ,  has  
been  a t t r i b u t e d  to t h e i r  ac t ion  in  f a c i l i t a t i n g  the  
t r a n s f e r  of e l ec t rons  a t  t he  ca thode  su r face  (7) .  The  
r e d u c t i o n  in t2 w i t h  i nc r ea s ing  ch lo r ide  ion concen -  
t r a t i o n  m a y  be  e x p l a i n e d  on the  bas is  t h a t  t he se  ions 
e n c o u r a g e  the  e l e c t r o d e p o s i t i o n  of coppe r  at  o t h e r -  
wise  u n f a v o r a b l e  p l a n a r  s i tes  t h e r e b y  r e s u l t i n g  in a 
m o r e  r a p i d  c o v e r a g e  of t he  p l a t i n u m  subs t r a t e .  

I t  is cons ide r ed  f rom th i s  p r e l i m i n a r y  s t u d y  t h a t  
t he  r e p r o d u c i b l e  s u b s t r a t e  t e c h n i q u e  m a y  be  of g e n -  
e ra l  a p p l i c a t i o n  in s t u d y i n g  the  effect  of t h e  m e t a l -  
l u r g i c a l  cond i t ion  of t h e  s u b s t r a t e  [ p r o v i d i n g  t h a t  
th is  is una f fec ted  d u r i n g  e l ec t ro ly s i s  ( 2 ) ]  on e l e c t r o -  
c rys t a l l i za t ion .  

Manuscr ip t  rece ived  Nov. 10, 1961. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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Chemical Etching of Germanium in HF-HNO:H O Solutions 
Thomas E. Burgess 

Research Laboratories, Sprague Electric Company, North  Adams, Massachusetts 

The  k ine t i c s  of e t ch ing  of g e r m a n i u m  in H F -  
HNO~-H..,O so lu t ions  h a v e  been  r e p o r t e d  b y  s e v e r a l  
a u tho r s  and  p roposa l s  of e t ch ing  m e c h a n i s m s  h a v e  
been  m a d e  (1 -4 ) .  C a m p  (5) has  shown  tha t  bo th  
ac t i va t i on  and  di f fus ion con t ro l  of t he  e t ch ing  r a t e  of 
g e r m a n i u m  ex i s t  in  so lu t ions  of HF-H20~-H20 and  
s i m i l a r  sys tems .  The  w o r k  r e p o r t e d  he re  is conce rned  
w i t h  t he  e t ch ing  of g e r m a n i u m  in HF-HNO3-H~O 
so lu t ions  u n d e r  i s o t h e r m a l  cond i t ions  and  g ives  t he  
c h e m i c a l  e tch  r a t e s  of g e r m a n i u m  over  a w i d e  r a n g e  
of  so lu t ion  compos i t i on  and  t e m p e r a t u r e s  of the  e t c h -  
ing m e d i u m .  The  r e su l t s  i nd i ca t e  t h a t  d i f fus ion con-  
t ro l  of t h e  e t ch ing  r a t e  a p p e a r s  w h e n  the  n i t r i c  ac id  
c o n c e n t r a t i o n  in t he  e t c h a n t  is h igh.  A n  a b r u p t  sh i f t  
to a c t i va t i on  con t ro l  a p p e a r s  a t  l o w e r  n i t r i c  ac id  con-  
c e n t r a t i o n  and  ho lds  over  a w ide  c o n c e n t r a t i o n  
range .  

Experimental  

The e tch  r a t e s  of g e r m a n i u m  in t he  HF-HNO3-H~O 
so lu t ions  w e r e  d e t e r m i n e d  b y  m e a s u r i n g  the  loss in  
w e i g h t  of g e r m a n i u m  pieces  w h i c h  h a d  been  e t c h e d  
for  g iven  pe r i ods  of t i m e  in so lu t ions  m a i n t a i n e d  a t  
cons t an t  t e m p e r a t u r e s  d u r i n g  t h e  e t ch ing  process .  
P ieces  of g e r m a n i u m  m e a s u r i n g  0.64x0.64x0.25 c m  
w e r e  cut  f rom s ingle  c ry s t a l  m a t e r i a l  w i t h  t he  
0.64x0.64 faces  ]y ing  in t he  c r y s t a l  p lane .  These  
p ieces  w e r e  w e i g h e d  and  t hen  s u p p o r t e d  in t he  
e t c h a n t  w i t h  a l l  faces  e x c e p t  one 0.64x0.64 c m  face  
m a s k e d  w i t h  p o l y s t y r e n e  cement .  The  p o l y s t y r e n e  
c e m e n t  e f fec t ive ly  m a s k e d  al l  su r f aces  d u r i n g  the  
e t ch ing  r e a c t i o n  w i t h  on ly  v e r y  s l igh t  l i f t i ng  occur -  
r i n g  a r o u n d  the  edges  of th is  m a s k  l e a d i n g  to  an  in -  
s igni f icant  e t ch ing  e r ro r .  The  e t c h a n t  w a s  m a i n t a i n e d  
at  a cons t an t  t e m p e r a t u r e  d u r i n g  the  r e a c t i o n  b y  
p l ac ing  the  p o l y e t h y l e n e  r e a c t i o n  b e a k e r  con t a in ing  
abou t  30 cc of so lu t ion  ins ide  a g lass  cool ing  cel l  
t h r o u g h  w h i c h  w a t e r  c i r c u l a t e d  f rom a c o n t r o l l e d  
t e m p e r a t u r e  ba th .  V igorous  ag i t a t i on  of t he  e t c h a n t  
was  m a i n t a i n e d  d u r i n g  the  r e a c t i o n  b y  a m a g n e t i c  
s t i r r e r  in o r d e r  t h a t  the  su r f ace  t e m p e r a t u r e  of t he  
e t ch ing  g e r m a n i u m  w o u l d  r e m a i n  a t  a cons t an t  
va lue .  I t  h a d  been  p r e v i o u s l y  d e t e r m i n e d ,  b y  ce -  
m e n t i n g  a t h e r m o c o u p l e  to t he  e t ch ing  surface ,  t h a t  
t h e  su r face  t e m p e r a t u r e  rose  30~176  a b o v e  the  
b a t h  t e m p e r a t u r e  w h e n  s t i r r i n g  was  omi t t ed .  A f t e r  
e t ch ing  for  3 ra in  t he  g e r m a n i u m  was  r e m o v e d  

from the etchant, washed with water, and the mask 
removed by peeling off the cement. Following this, 
the germanium piece was washed in toluene to re- 
move traces of the cement, dried under a heat lamp, 
and weighed. The amount of germanium removed 
from the pieces during etching varied from 1 to 30 
rag, depending on the composition and temperature 
of the etch. 

The etchants were prepared from reagent grade 
nitric acid (79%) and hydrofluoric acid (49%) and 
water was added to all mixtures to adjust its con- 
centration to 33M, the concentration of water in 
the reagent hydrofluoric acid. Thus, the etching rates 
were made in solutions having a constant water 
concentration with varying concentration ratios of 
nitric acid and hydrofluoric acid. 

Results 

T a b l e  I l i s ts  t he  d a t a  o b t a i n e d  in e t ch ing  1 o h m - c m  
n - t y p e  {111) g e r m a n i u m  c rys ta l s .  The  e t ch  r a t e s  
a r e  g iven  for  fou r  t e m p e r a t u r e s  and  each  po in t  is 
an a v e r a g e  of fou r  va lues .  

A p lo t  of the  log e tch  r a t e s  vs. 1/T a p p e a r s  in 
Fig.  1 for  some of t he  d a t a  in Tab le  I. The  a c t i v a -  
t ion ene rg ie s  c a l c u l a t e d  f r o m  the  s lopes  of these  
cu rves  a r e  a r o u n d  6 k c a l  for  t he  mo le  r a t io s  of 
HNO3/HF g r e a t e r  t h a n  4.9. Be low th i s  r a t i o  t he  
ene rg ie s  r a n g e  f r o m  19 to 12 kcal .  F i g u r e  2 shows  a 
p lo t  of these  a c t i va t i on  ene rg ie s  vs. mole  r a t i o  
HNO3/HF for  t he  r a t io  r a n g e  b e t w e e n  0.06 to 1.3. 

Table I. Etching rates of germanium in HF-HNO:~ solutions 
at various temperatures 

Mole  A c t i v a t i o n  
r a t i o  E t c h  ra t e ,  ~ / m i n  e n e r g y *  

H N O 3 / H F  15~ 25~ 35~ 40~ AE k c a l  

0.06 0.76 1.5 3.1 4.2 12.3 
0.14 0.94 2.8 4.9 7.4 12.7 
0.23 1.2 4.0 5.7 9.7 14.5 
0.36 1.6 3.6 6.8 14 15.3 
0.55 1.2 4.2 9.3 15 16.2 
0.82 1.2 5.6 12 27 19.6 
1.30 2.2 5.6 12 26 18.5 
2.20 2.2 5.6 16 31 17.9 
4.90 7.0 13 16 18 6.2 

10.4 4.3 5.8 7.0 9.3 5.6 

* C a l c u l a t e d  f r o m  s lope  of  t h e  p lo t  o f  l og  e t c h  r a t e  vs .  1/T. 
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Fig. 1. Temperature dependence of the dissolution rate of ger- 
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Fig. 2. Activation energy vs. mole ratio 

Discussion 

I t  is a p p a r e n t  f rom the  a c t i v a t i o n  e n e r g y  cu rves  
shown in Fig .  1 t ha t  a t  h i g h e r  c o n c e n t r a t i o n s  of 
n i t r i c  ac id  the  r a t e  of e tch ing  is con t ro l l ed  b y  a 
t r a n s p o r t  p rocess  w h i l e  a t  l o w e r  c o n c e n t r a t i o n s  the  
con t ro l l i ng  s tep  is an  ac t i va t i on  process .  This  is to 
be  e x p e c t e d  s ince at  h igh  n i t r i c  ac id  c o n c e n t r a t i o n s  
the  e tch  r a t e  of g e r m a n i u m  w o u l d  b e  d e p e n d e n t  on 
the  a b i l i t y  of t he  hyd ro f luo r i c  ac id  to  diffuse to t he  
ox ide  su r face  ( p r o b a b l y  the  r e l a t i v e l y  i n so lub le  
GeO.~) w h e r e  i t  w o u l d  r eac t  w i t h  t he  ox ide  f o r m i n g  
the  so lub le  f luor ide  c o m p l e x  ion. As  the  c o n c e n t r a -  
t ion of hyd ro f luo r i c  ac id  is i nc r ea sed  t h e r e  is a 
change  to  a c t i va t i on  con t ro l  and  also an  i nc rea se  
in t he  e t ch ing  ra te .  A t  n i t r i c  ac id  c o n c e n t r a t i o n s  
b e l o w  those  r e p o r t e d  t h e r e  is p r o b a b l y  a g a i n  d i f -  
fus ion  cont ro l ,  w i t h  t h e  r a t e  l i m i t e d  b y  t r a n s p o r t  of 
the  ox id i z ing  agen t  to  t h e  sol id  surface .  
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The  reg ion  b e t w e e n  these  two  e x t r e m e s  is c o m -  
p l i ca t ed  b y  the  p r e s e n c e  of a t h in  f i lm found  on 
the  sol id  sur face .  This  t h in  g o l d - c o l o r e d  film, w h i c h  
is v i s ib le  on the  e t ched  su r f ace  w h e n  the  m o l a r  r a t i o  
of H N O J H F  is 0.36 or  less  (25~  could  pos s ib ly  
be  caused  b y  t h e  f o r m a t i o n  of an  a m o r p h o u s  g e r -  
m a n i u m  m o n o x i d e  p r e v i o u s l y  r e p o r t e d  b y  El l is  (6)  
or  b y  the  f o r m a t i o n  of a p o l y c r y s t a l l i n e  g e r m a n i u m  
l a y e r  s im i l a r  to t h a t  r e p o r t e d  for  s i l icon b y  A r c h e r  
(7) .  The  p r e s e n c e  of th is  f i lm accounts  for  t he  f a i r l y  
low e tch  r a t e  o b s e r v e d  at  t he  l o w e r  c o n c e n t r a t i o n s  
( T a b l e  I ) .  I t  is i n t e r e s t i n g  to no te  in t he  p lo t  of 
ac t i va t i on  e n e r g y  vs. mole  r a t i o  (Fig .  2) t h a t  t he  
ac t i va t i on  e n e r g y  inc reases  l i n e a r l y  up  to a mo le  
r a t io  at  a b o u t  0.8. This  could  p o s s i b l y  be  an  i n d i c a -  
t ion of the  r a n g e  of t h e  f i lm f o r m a t i o n  process .  

I f  t h e  f i lm is a m o r p h o u s  g e r m a n i u m  m o n o x i d e  
then  i t  is c o n c e i v a b l e  t h a t  in th is  c o n c e n t r a t i o n  
r a n g e  the  d i s so lu t ion  of t he  g e r m a n i u m  is a t w o -  
s tep  r eac t i on  w h e r e  t h e  o x i d a t i o n  of g e r m a n i u m  to 
the  m o n o x i d e  occurs  at  t he  su r f ace  w i t h  t he  s u b -  
s equen t  so lu t ion  and  o x i d a t i o n  of th i s  m a t e r i a l  to 
the  t e t r a v a l e n t  s ta te  fo l l owed  b y  t h e  func t ion  of 
the  f luor ide  complex .  The  e t ch  r a t e  in th is  r a n g e  
w o u l d  b e  d e p e n d e n t  on t h e  r a t e  of so lu t ion  of t he  
monox ide .  H o w e v e r ,  if  t h e  f i lm is p o l y c r y s t a l l i n e  
g e r m a n i u m  t h e n  a m e c h a n i s m  s imi l a r  to t h a t  p r o -  
posed  for  s i l icon b y  T u r n e r  (8)  m a y  be  i n v o l v e d  
w h e r e  the  d i v a l e n t  f o rm  of g e r m a n i u m  w o u l d  a p -  
p e a r  first, f o l l owed  b y  d i s p r o p o r t i o n a t i o n  to  p o l y -  
c r y s t a l l i n e  g e r m a n i u m  and  g e r m a n i u m  d iox ide .  The  
co r rec t  m e c h a n i s m  for  t he  e t ch ing  r e a c t i o n  cou ld  
be  d e t e r m i n e d  p o s s i b l y  if an  ana lys i s  of t he  r e a c -  
t ion p r o d u c t s  i n c l u d i n g  the  f i lm was  made .  In i t i a l  
s p e c t r o g r a p h i c  ana lys i s  of a k n o w n  w e i g h t  of f i lm 
r e m o v e d  f r o m  t h e  g e r m a n i u m  s u b s t r a t e  b y  so lu t ion  
in 6N p o t a s s i u m  h y d r o x i d e  ind ica t e s  t h a t  i t  is no t  
p u r e  g e r m a n i u m .  This  fac t  a p p e a r s  to  s u p p o r t  t h e  
g e r m a n i u m  m o n o x i d e  m e c h a n i s m .  

Manuscr ip t  received Oct. 13, 1961. 

Any  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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R e c e n t l y  F o r t y  (1)  p r o p o s e d  a r e s t r i c t e d - s l i p  
t h e o r y  of s t ress  cor ros ion  c r a c k i n g  w h i c h  m a y  be  
used  to p r e d i c t  the  s u s c e p t i b i l i t y  or  i m m u n i t y  of 
m e t a l s  to th i s  t y p e  of  c rack ing .  The  t h e o r y  p r e -  
supposes  cycl ic  c h e m i c a l - m e c h a n i c a l  p r o p a g a t i o n ,  
as first  c l e a r l y  d e s c r i b e d  b y  K e a t i n g  (2) .  In  th is  
m e t h o d  of p r o p a g a t i o n  a shor t  p e r i o d  of r e l a t i v e l y  
s low c h e m i c a l  a t t ack ,  or  e l e c t r o c h e m i c a l  a t t a c k  in 
the  case of aqueous  co r roden t s ,  l e a d s  to loca l ized  
s t ress  c o n c e n t r a t i o n  and  e m b r i t t l e m e n t .  A m i c r o -  
scopic c r a c k  resu l t s ;  t h e n  f u r t h e r  c h e m i c a l  a t t a c k  
occurs  at  the  t ip  of t he  crack ,  and  the  cycle  r epea t s .  
Di rec t  o b s e r v a t i o n s  of p e r i o d i c  c r a c k  ex t ens ion  
w e r e  m a d e  b y  E d e l e a n u  (3)  on the  su r face  of an  
a - b r a s s  s ingle  c r y s t a l  co r rod ing  in a m m o n i a ,  and  b y  
K i r k ,  Beck,  and  F o n t a n a  (4)  on c o m m e r c i a l  s t a in less  
s tee l  su r f aces  in d i l u t e  NaC1 so lu t ions  a t  204~ 
Hines  (5) ,  h o w e v e r ,  p o i n t e d  ou t  t he  need  for  o t h e r  
d i r ec t  ev idence ,  because  i t  is poss ib le  for  c racks  
g r o w i n g  s m o o t h l y  in t he  b u l k  of t he  a l loy  to b r e a k  
t h r o u g h  the  su r f ace  pe r i od i ca l l y .  

The  chemica l  e m b r i t t l e m e n t  p rocess  m a y  be  e x -  
p e c t e d  to v a r y  w i t h  t he  t y p e  of c o r r o d e n t  and  a l loy  
invo lved .  In  s tud ies  on coppe r  a l loys ,  us ing  the  t e c h -  
n ique  of e l ec t ron  t r a n s m i s s i o n  t h r o u g h  th in  films, 
Basse t t  and  E d e l e a n u  (6)  and  also S w a n n  and  
N u t t i n g  (7)  showed  e v i d e n c e  for  p r e f e r e n t i a l  c h e m -  
ical  a t t a c k  at  or  n e a r  s t a c k i n g  faul ts .  T h e y  sugges t ed  
t ha t  so lu te  s e g r e g a t i o n  a t  s t ack ing  f au l t s  m a y  con-  
t ro l  the  c h e m i c a l  e m b r i t t l e m e n t  step,  b u t  as y e t  
l i t t l e  is k n o w n  of t h e  e m b r i t t l e m e n t  m e c h a n i s m .  

The  r e s t r i c t e d - s l i p  t h e o r y  r e f e r s  to  t he  m e c h a n -  
i c a l - f r a c t u r e  s tep  of t h e  p r o p a g a t i o n  cycle.  A c c o r d -  
ing to th is  t heo ry ,  w h e n  a c r a c k  is f o r m e d  w i t h i n  
the  e m b r i t t l e d  su r f ace  l a y e r  i t  w i l l  p r o p a g a t e  in to  
the  u n d e r l y i n g  duc t i l e  m e t a l  on ly  if d i s loca t ion  
m o v e m e n t  is h i g h l y  r e s t r i c t ed .  P r o p a g a t i o n  ceases  
w h e n  the  c r a c k  en t e r s  a soft  reg ion ,  such as a p r e -  
ex i s t i ng  sl ip band .  H e n c e  a l loys  w h i c h  r e a d i l y  cross  
s l ip shou ld  be  i m m u n e  to th is  t y p e  of c rack ing .  

E v i d e n c e  t ha t  t h e  r e s t r i c t e d - s l i p  t h e o r y  m a y  a p -  
p l y  to coppe r  a l loys  has  been  g iven  b y  S w a n n  (8) .  
In  the  c o p p e r - z i n c  sys tem,  3 -37% Zn, i t  w a s  shown  
tha t  the  s t a c k i n g  f a u l t  e n e r g y  dec reases  w i t h  i n -  
c r ea s ing  z inc  concen t r a t i on ,  a n d  a g r a d u a l  change  
in d i s loca t ion  d i s t r i b u t i o n  occurs .  P u r e  coppe r  has  
a h igh  s t ack ing  f a u l t  ene rgy ,  and  the  d i s loca t ion  
g roups  e x h i b i t  a c e l l u l a r  s t ruc tu re ,  w h i c h  ind ica t e s  
t ha t  t he  d i s loca t ions  can  r e a d i l y  cross  slip. As  zinc 

is a d d e d  the  s t ack ing  f au l t  e n e r g y  dec reases  and  
cross  s l ip becomes  m o r e  difficult .  The  cel l  s t r u c t u r e  
d i s a p p e a r s  a n d  d i s loca t ions  become  conf ined  to s l ip  
p lanes ,  i n d i c a t i n g  r e s t r i c t e d  slip. A l l o y s  h a v i n g  15- 
37% Zn, w h i c h  a r e  k n o w n  to be h i g h l y  suscep t ib l e  
to s t ress  co r ros ion  c rack ing ,  w e r e  f o u n d  to h a v e  
low s t a c k i n g  f a u l t  e n e r g y  a n d  e x h i b i t e d  h i g h l y  r e -  
s t r i c t ed  slip, in a g r e e m e n t  w i t h  t he  t he o ry .  

S i m i l a r l y  w i t h  a l u m i n u m  add i t i ons  to copper ,  
S w a r m  showed  t h a t  i n c r e a s i n g  a l u m i n u m  con ten t  
in the  r a n g e  3 .5-8% c o n t i n u o u s l y  l o w e r e d  the  s t a c k -  
ing  f a u l t  e n e r g y  and  r e s t r i c t e d  slip. A l t h o u g h  no 
s t ress  co r ros ion  d a t a  w e r e  g iven  for  t h e  p a r t i c u l a r  
a l loys  s tud ied ,  o the r s  h a v e  r e p o r t e d  C u - 4 %  A1 to 
be  a p p a r e n t l y  i m m u n e  to s t ress  cor ros ion  c r a c k i n g  
(9, 10) wh i l e  a l loys  in t he  r a n g e  5 to  10% A1 have  
c r a c k e d  (10) .  

W e  h a v e  n o w  t e s t ed  the  a p p l i c a b i l i t y  of t he  r e -  
s t r i c t e d - s l i p  t h e o r y  to s t a in less  steels .  Bo th  the  s t ress  
cor ros ion  b e h a v i o r  and  the  d i s loca t ion  p a t t e r n  h a v e  
been  d e t e r m i n e d  in a p a i r  of pur i f i ed  v a c u u m -  
m e l t e d  16 Cr -20  Ni  s teels .  One of these  w a s  i m m u n e  
to s t ress  cor ros ion  c r a c k i n g  and  the  o t h e r  suscep -  
t ible .  The  i m m u n e  a l loy ,  E, has  been  shown  in a 
p r e v i o u s  p a p e r  (11) to r e m a i n  u n c r a c k e d  in bo i l -  
ing  42% MgCL u n d e r  s eve re  cor ros ion  condi t ions .  
The  suscep t ib l e  a l loy,  K, has  e s s e n t i a l l y  t he  s ame  
compos i t i on  e x c e p t  for  the  a d d i t i o n  of 1.5% m o l y b -  
denum,  Tab le  I. A c c o r d i n g  to t he  t heo ry ,  t h e  m o l y b -  
d e n u m  a d d i t i o n  shou ld  have  caused  h i g h l y  r e s t r i c t e d  

Table I. Alloy composition and stress corrosion behavior 

A l l o y  d e s i g n a t i o n :  E K M 

Composi t ion (%)  : Cr 16.2 16.1 16.5 
Ni 19.9 19.9 19.9 
Mo - -  1.51 5.06 
C 0.013 0.013 0.013 
N 0.010 0.011 0.018 
Mn - -  - -  1.44 
Si - -  - -  0.45 
A1 - -  - -  0.059 
O 0.0015 0.027 0.018 
S 0.011 0.007 0.009 
P 0.003 0.003 0.002 

Average  t ime 
to f rac ture*  ( h r ) :  ~250 6 14 

(no cracks)  

* W i r e s  of 0.7 m m  d i a m e t e r ,  u n d e r  c o n s t a n t  t e n s i l e  s t r e s s  of  
2800 k g  c m  -~ (40,000 p s i ) ,  i n  42% MgCl~, 146~ 
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dislocation movement. This was studied by electron 
transmission through thin films. 

The thin films were prepared from annealed wire 
specimens (0.7 mm diameter) by first cold rolling 
the wires to 0.i mm thick strips. The strips were an- 
nealed in vacuum (i0 -~ mm Hg) at I065~ for 15 
rain and quenched by rapidly moving them to a cold 
section of the vacuum system. They were then de- 
formed 15-20% by cold rolling; this amount of 
plastic deformation was approximately the same 
as that which occurred during initial loading of 
the wire specimens in stress corrosion cracking tests. 
An area 2 x 20 ram, the perimeter masked with 
lacquer, was electropolished under the following 
conditions until thin edges were produced: solution: 
H~PO4 (conc.)--60%, H,.,SO, (conc.)--40% by vol; 
temperature: 60~ anode current density: 2.5 
amp cm -~. 

The thin areas thus produced, the order of 1000A 
thick, were examined by transmission electron mi- 
croscopy, and typical micrographs are shown in 
Fig. i. In these micrographs dislocations appear as 
dark lines. Although the dislocation density is high, 
the general distribution is evident. In the purest 
a l loy  E ( top  m i c r o g r a p h )  the  d i s loca t ions  fo rm a 

Fig. 1. Transmission electron micrographs of deformed 16 Cr-20 
Ni stainless steels. Top, alloy E, no added element; center, alloy K, 
1.5 Mo addition; bottom, alloy M, 5.06 Mo-1.44 Mn-0.45 Si-0.06 
AI additions. 

"ce l l  s t r u c t u r e "  cons i s t ing  of l igh t  reg ions ,  w h i c h  
a r e  r e l a t i v e l y  d i s l oca t i on - f r ee ,  and  b o u n d a r i e s  w h i c h  
con ta in  h igh  d i s loca t ion  dens i ty .  This  d i s t r i b u t i o n  
is c h a r a c t e r i s t i c  of d e f o r m e d  f a c e - c e n t e r e d  cubic  
m e t a l s  w h i c h  a l l o w  easy  c ros s - s l i p  and  w h i c h  h a v e  
h igh  s t ack ing  f a u l t  e n e r g y  (12) .  A l l o y  K ( cen t e r  
micrograph) exhibits a dislocation distribution in 
which there is a definite tendency for the disloca- 
tions to be concentrated along parallel (slip) planes. 
This is characteristic of deformed face-centered 
cubic metals in which slip is restricted and the 
stacking fault energy is low (12). As shown in 
Table I the former alloy is not susceptible to stress 
corrosion cracking, while the latter with molybde- 
num added cracks readily. Thus the molybdenum 
addition has caused restricted slip in the metal and 
also made it susceptible to cracking, in agreement 
with Forty's theory. 

The only other data obtained with molybdenum 
addition to the 16-20 steel was for an air-melted 
alloy, M, containing 5% Mo plus smaller additions 
of Mn, St, and A1 (Table I). This alloy was suscep- 
tible to stress corrosion cracking, and the typical 
dislocation pattern found in the 20% cold-worked 
metal, Fig. 1 (bottom), again shows that restricted 
slip is associated with crack susceptibility. 

The observations reported here all indicate that 
Forty's restricted-slip theory is applicable to these 
stainless steels. It is desirable to extend this work 
to include other single impurity additions to the 
purified 16-20 alloy, in order to isolate the effects 
of those which induce cracking and those which 
do not. In addition, direct measurements of stack- 
ing fault energy in stainless steels are needed for 
comparison with Swann's correlation of cracking in 
copper alloys having low stacking fault energy. 
These studies are now in progress. 
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Sealed Solid Method for Zone Melting 
Decomposable Compounds 

F. K. H e u m a n n  

Research Laboratory, General Electric Company, Schenectady, New York 

A number of procedures are used to crystallize 
materials containing or consisting of components 
volatile over the melt. Those in current use have 
limitations for achieving purification or for recov- 
ering material of uniform composition. Thus, the 
sealed tube Bridgman or directional freezing method 
results in general in ingots of varying composition 
along their length. Zone-melting in a boat or by 
floating zone requires that all of the sealed tube and 
hence the solid be heated by multiple furnaces at 
all  t imes to cont ro l  the pa r t i a l  pressures  of the  vo la -  
t i le componen ts  or impur i t ies .  Wi th  the  solid a l -  
ways  hot, m o v e m e n t  of cons t i tuen t s  in the  solid 
e i ther  by  diffusion in  the solid or by  a process of 
vapor  t r anspo r t  and  diffusion is possible.  This  can 
resu l t  in  v i t i a t ing  pur i f ica t ion  b y  zone me l t i ng  or 
can resu l t  in  inhomogeneous  ma te r i a l  if zone leve l -  
l ing is conducted.  These p rob l ems  can be overcome 
in  a zone me l t i ng  process in  which  there  is no free 
vo lume  for the m o v e m e n t  of vola t i le  cons t i tuen t s  
and  in  wh ich  the  solid does not  need  to be m a i n -  
t a ined  at  an  e levated  t empe ra tu r e .  

A schemat ic  d r a w i n g  of a sealed solid me thod  of 
zone me l t i ng  is shown in  Fig. l ( b )  in which  the  
floating zone me thod  is compared  in  (a) .  I t  has 
been  found  tha t  m a n y  ma te r i a l s  w i th  vola t i le  con-  
s t i tuen ts  can be weighed  into a su i tab le  tube ,  a l -  
lowed to react,  and  cast w i thou t  c rack ing  the  tube.  
Also, a n a r r o w  mol t en  zone can be made  to t r ave r se  
the  t ube  w i thou t  caus ing  cracking.  If, as in  Fig. 1 (b ) ,  
a mo l t en  zone is t r anspo r t ed  u p w a r d  t h rou gh  the  

1 
#~% ~ A  AUXILLIARY 

II II II E.VELOPE 

li �9 II P'/~ SOLID CAST 

II �9 I1" MOLTEN ZONE 

(o1 (b) 

Fig. 1. Comparison of normal (o) and simple (b) zone melting 
of decomposoble materials. 

sealed cast ingot,  the  solid above a nd  be low the  
mel t  acts as the  seal for vapor .  Thus  vapor  t r a n s -  
por t  does no t  occur. The  las t  zone w i d t h  to freeze 
is the on ly  reg ion  t ha t  n e e d  lose vola t i le  mate r ia l .  
This  a m o u n t  m a y  be kept  smal l  by  keep ing  the vo l -  
ume  above the  cast ing smal l  a n d / o r  by  hea t ing ,  and  
also by  us ing  a n a r r o w  zone. A n a r r o w  zone can be 
read i ly  m a i n t a i n e d  because,  w i t hou t  h a v i n g  to hea t  
the  solid, a sharp  t e m p e r a t u r e  g r a d i e n t  b e t w e e n  
me l t  and  solid is real ized.  Since the  solid cools 
r ap id ly  toward  room t e m p e r a t u r e  af ter  the  passage 
of a mo l t en  zone, solid diffusion is kep t  to a m i n i -  
mum.  

In  the  app l ica t ion  of this  me thod  to the  p r e p a r a -  
t ion of b i s m u t h  t e l lu r ide  alloys, for example ,  since 
m a t e r i a l  of u n i f o r m  composi t ion  is desired,  the  
process is conduc ted  for zone level l ing.  The e q u i p -  
m e n t  used is s imple.  The me l t ed  zone is c rea ted  by  
a n a r r o w  res i s tance  furnace .  The m e c h a n i s m  used 
to move  the t ube  t h r o u g h  the  fu rnace  can  be s imple  
as long as a cons t an t  ra te  can be m a i n t a i n e d  wi th  
the t ube  kept  concent r ic  w i t h  the  furnace .  A r e l -  
a t ive ly  rap id  ra t e  for the zone m o v e m e n t  is used 
in  order  tha t  the  effective segregat ion  coefficients of 
the  cons t i tuen t s  approach  u n i t y  as n e a r l y  as pos-  
sible. The l im i t i ng  ra te  is tha t  p e r m i t t i n g  good or i -  
en ted  crys ta l  growth.  E v e n  in  these ma te r i a l s  wi th  
low t he r ma l  conduct iv i ty ,  ra tes  of the  order  6-8 
c m / h r  can be used since the t h e r m a l  g rad ien t s  can  
be kept  large.  Crack ing  of the  tubes  is no t  e n -  
coun te red  w h e n  care is exerc ised to r emove  oxides 
f rom the mater ia l s .  Ingots  of 28 cm l eng th  have  
been  made  in  qua r t z  tubes  us ing  a s ingle  zone pass 
and  a zone w i d t h  of 1-2 cm. Typica l  e lect r ical  r e -  
s i s t iv i ty  profiles for ingots  of p -  and  n -  type  al loys 
were  fiat, w i th  a dev ia t ion  of less t h a n  10% over  
90% of the  length .  These  profiles we re  used as one 
c r i te r ion  of the  homogene i ty  of the ingot.  By  com-  
par ison,  ingots  of the  same alloys m a d e  b y  the  
B r i d g m a n  process showed var ia t ions  in  res i s t iv i ty  
of a factor  of a lmost  two f rom one end  to the  
other.  The o ther  the rmoelec t r i c  p a r a m e t e r s  of the  
zoned ingots  are s imi la r ly  un i fo rm,  r e su l t ing  in  a 
va r i a t i on  for the  figure of me r i t  of less t h a n  --+5% 

of the average  va lue  ob ta ined  for a n u m b e r  of i n -  
gots. 

A n u m b e r  of different  mater ia l s ,  i nc lud ing  I -VI,  
I I I -V,  and  V - V I  compounds ,  have  been  success- 
fu l ly  m a d e  by  this  process. Each compound  m a y  

requ i re  a s l ight ly  di f ferent  p r e p a r a t i v e  t echn ique  
in  order  to sa t is fy  the  r e q u i r e m e n t  tha t  the  ingot  

be free to move  in  the  t ube  before  zoning.  H o w -  

ever,  as long as the  m a t e r i a l  does no t  react  w i th  
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or  s t i ck  to the  c r u c i b l e  m a t e r i a l ,  t h e  m e t h o d  shou ld  
work .  

A c k n o w l e d g m e n t  
The  a u t h o r  wi shes  to  a c k n o w l e d g e  t h e  a s s i s t ance  

of G. B. G i d l e y  in  t he  se tup  of t he  e q u i p m e n t  a n d  
in t he  p r e p a r a t i o n  of t he  c o m p o u n d s  used  in  th is  
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work ,  and  L. H. Rosen  in  c a r r y i n g  ou t  t h e  e l ec t r i ca l  
m e a s u r e m e n t s .  

Manuscr ip t  rece ived  Dec. 21, 1961. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 

Electron Diffraction Study of the Ferrimagnetic Structure of Fete4 
S. Y a m a g u c h i  

Institute of Physical and Chemical Research, Tokyo, Japan 

I t  has  b e e n  f o u n d  poss ib l e  to d e t e r m i n e  t h e  o r i -  
e n t a t i o n  of m a g n e t i c  i nduc t i on  in a m a g n e t i t e  c r y s -  
t a l  as d e s c r i b e d  be low.  

A l a y e r  of a s ing le  c r y s t a l  of m a g n e t i t e  ( t h i c k -  
ness  abou t  5~, a r e a  2 x i m m  ~) w a s  p r e p a r e d  b y  
m e c h a n i c a l  pol i sh ing .  This  l a y e r  c o n t a i n e d  some 
p inho les  w i t h  d i a m e t e r s  of a b o u t  10~. The  s p e c i m e n  
was  m a g n e t i z e d  in  a t h in  and  h o m o g e n e o u s  f ield 
wh ich  was  p r e p a r e d  at  t he  s h a r p  edges  ( t h i cknes s  
abou t  3~) of two  r azo r  b lades ,  w h o s e  r e m a n e n c e  w a s  
abou t  2000 gauss.  These  two  edges,  s e p a r a t e d  b y  a 
n a r r o w  gap  (ca. 1 r a m ) ,  ac ted  as m a g n e t i c  po les  
(Fig .  1). A b e a m  of e l ec t rons  ( d i a m e t e r  a b o u t  50~) 
of w e l l - d e f i n e d  w a v e l e n g t h  was  pa s sed  t h rough ,  
g raz ing  one  of t h e  p i n h o l e s  f o u n d  in t h e  s p e c i m e n  
in o r d e r  to g ive  r i se  to a d i f f rac t ion  p a t t e r n .  H e r e  
the  i n c i d e n t  e l ec t ron  b e a m  runs  n e a r l y  p e r p e n d i c u -  
l a r  to t he  face  of t he  l a y e r  or  to t h e  l ines  of fo rce  
(Fig .  1). 

The  d i f f r ac t ion  p a t t e r n  f r o m  t h e  cold  spec imen ,  
i.e., a t  40~ was  first  r eg i s t e r ed ,  a n d  t hen  t h a t  f r o m  
the  h e a t e d  s p e c i m e n  a t  300~ was  s u p e r i m p o s e d .  
In  th is  process ,  t he  pos i t ions  of t h e  s p e c i m e n  and  of 
the  p h o t o g r a p h i c  emuls ion ,  and  t h e  w e l l - d e f i n e d  
w a v e l e n g t h  of t he  i n c i d e n t  e l ec t rons  w e r e  k e p t  f ixed.  
The  d o u b l e  d i a g r a m  thus  o b t a i n e d  is shown  in Fig .  
2. The  i n c i d e n t  e l ec t rons  in Fig.  2 a r e  p a r a l l e l  to t he  

[110] zone ax i s  of t he  Fe~O~ c rys t a l .  The  t e m p e r a -  
t u r e  of t he  s p e c i m e n  was  con t ro l l ed  b y  r e g u l a t i o n  
of t h e  e l ec t ron ic  i r r a d i a t i o n  (1 ) .  

F i g u r e  3 is a s ing le  d i a g r a m  o b t a i n e d  f r o m  the  
spec imen  k e p t  a t  t he  h i g h e r  t e m p e r a t u r e ,  i.e., at  
300~ I t  is n o t e d  in Fig .  2 t h a t  e v e r y  d i f f r ac t ion  
spot  is spli t ,  w i t h  a cons t an t  s e p a r a t i o n  and  in  a 
def in i te  d i rec t ion ,  w h e r e a s  such  sp l i t t i ng  is no t  
f o u n d  in Fig .  3. This  p h e n o m e n o n  of sp l i t t i ng  r e -  

Fig. 2. Diffraction patterns of the cold specimen (40~ and of 
the hot specimen (300~ obtained by the double exposure process. 
The diffraction spots corresponding to these two temperatures are 
split as the result of the Lorentz effect. The direction of the 

splltting'Z is perpendicular to the[111] axis, i.e., to the induction 

B. The incident beam is parallel to the[110] zone axis. Wavelength 
of the electrons: 0.0281A; camera length: 495 mm. The positive 
enlarged 3.7 times. 

E/ect~o~ 
Beam- 

Fig. 1. Arrangement for the diffraction of electrons subjected 
to the magnetic lines of force in the FesO~ crystal. A photographic 
plate is situated perpendicular to the incident beam. 

Fig. 3. A single diagram obtained from the specimen kept at 
300~ 
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Fig. 4. Relations between the incident beam (E), the net planes 

of the Fe~O~ crystal and the induction (B). E and the (110), (111), 
and (001) planes are perpendicular to the paper face. B and the 
(110) plane are parallel to the paper face. 
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where e is the electron charge, c the velocity of light, 
v the velocity of the electrons, B the magnetic induc- 
tion, and [ ] the vector product. From this expres- 
sion we obtain a relation between the thermomag- 
netic split t ing ~Z of the diffraction spots in Fig. 2 
and the induction change A[(AB ~ 4~r AI) caused by 
the thermal  per turba t ion  under  the exper imenta l  
a r rangement :  

eLl 
~ Z ~ - - .  4~r~/ ( L ~ l )  

m v  

sults from the difference between the action of the 
Lorentz force of the specimen when hot and when 
cold, on the electron trajectories. The direction of 

the observed splitting Z is perpendicular to the 
crystallographic orientation of the magnetic induc- 
tion found in the specimen, according to the Lorentz 

law. The direction of the induction B thus deter- 
mined agrees with the [iii] axis of the crystal of 
Fe30, (Fig. 2). It is concluded in this way that the 
ferrimagnetic electron spin planes are parallel to 
the (iii) planes of the Fe~O4 crystal. This conclu- 
sion is in accordance with that reached by neutron 
diffraction (2). The relations between the incident 
beam (E), the orientation of the net planes, and the 
magnetic induction (B) are illustrated in Fig. 4. 

Quantitative analysis of Fig. 2 results from a con- 
sideration of the Lorentz force F acting on an elec- 
tron beam: 

e 
F = - -  [ v  S ]  

c 

eLkl 
- - - 4 ~  41 [1] 

where  m is the electron mass, v the velocity of the 
electrons, e the electron charge (1.6 x i0 -~~ emu), L 
the camera length (495 ram), k the wavelength of the 
electrons (0.0281A), h the Planck constant (6.6x I0 -~7 

erg-sec), and l the magnetic path of the electrons. 
We measure AZ = 0.348 mm on Fig. 2. Therefore, we 
obtain according to Eq. [I], AI ~ 160 gauss, if we as- 

sume l equal to the thickness of the specimen layer, 
5~ (Fig i). This AI value is plausible as the induction 
change of magnetite caused by the temperature 
change from 40 ~ to 300~ 

Conclusion.--The present thermal perturbation 
procedure of electron diffraction is more to be rec- 
ommended for the magnetic structure analysis of 
ferrites than neutron diffraction, especially when 
access to a nuclear reactor is not possible. 

Manuscript received Sept. 26, 1961; revised manu- 
script received Dec. 15, 1961. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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On the Polarization of the Manganese Dioxide Electrode 
F, Kornfei| 

U. S. Army Signal Research and Development Laboratory, Fort Monmouth, New Jersey 

ABSTRACT 

Experiments on the cathodic polarization and the potential recovery o5 
v-MnO, electrodeposited on platinum are described. It is shown that at low 
current densities and pH 7.5 the shape of the potential- t ime curves is in very 
good agreement with that predicted from the Coleman-Scott theory of concen- 
tration polarization involving the solid phase of the electrode. 

The theore t ica l  and expe r imen ta l  t r e a tmen t  of 
the discharge mechanism and the polar izat ion of 
the manganese  dioxide electrode has been of con- 
s iderable  in teres t  to both theoret ica l  e lectrochemists  
and ba t t e ry  engineers  for some t ime (1-3) .  In 1946 
Coleman (1) first advanced the idea tha t  under  
cer tain conditions the overpotent ia l  associated wi th  
the cathodic polar izat ion of the MnO2 electrode and 
its subsequent  decay af te r  in te r rup t ion  of the  po la r -  
izing cur ren t  are de te rmined  by  a diffusion process 
tak ing  place in the solid phase of the electrode:  At  
low current  densit ies and in neu t ra l  or s l ight ly  a l -  
ka l ine  e lect rolyte  solutions the surface of the oxide 
is reduced to MnOOH (Mn20~.H~O in the  or iginal  
publ ica t ion)  

MnO~ + H* q- e--> MnOOH [ 1 ] 

The MnOOH remains  pa r t  of the crys ta l  s t ructure,  
and the resul t ing "di lut ion" of the  surface MnO= 
gives rise to a corresponding decrease of the elec- 
t rode potential .  Equal izat ion of the  concentrat ions  
of MnO.o and MnOOH, and hence the recovery  of 
the electrode potent ial ,  is effected by  the diffusion 
of protons and electrons into the in ter ior  of the  ox-  
ide part icle.  According to Coleman's  theory  we are 
therefore  deal ing wi th  the phenomenon of concen- 
t ra t ion  polar iza t ion  involving the solid state. Mech-  
anisms other  than  the diffusion of protons are pos-  
sible, a l though less probable ,  e.g., the diffusion of 
oxygen ions f rom the in ter ior  t oward  the surface, 
or the diffusion of Mn §247247 ions from the surface into 
the in ter ior  of the oxide. These a l te rna t ives  are of 
only minor  concern here  because the exact  knowl -  
edge of the  na tu re  of the  diffusing species is, for -  
tunately,  not requi red  for a ma themat ica l  t r e a t -  
ment  of this  problem.  

To ver i fy  the correctness of Coleman's  theory  ex-  
per iments  were  s ta r ted  in our l abora to ry  to de te r -  
mine if the e lectrode potent ia l  observed dur ing  the 
periods of discharge and recovery  is in agreement  
with the po ten t i a l - t ime  re la t ion obtained f rom a 
quant i t a t ive  t r ea tmen t  of the diffusion process as the 
r a t e -de t e rmin ing  step of the e lectrode reaction. 

It is quite obvious tha t  an agreement  be tween the 
observed and calcula ted values of the e lectrode po-  
tent ial ,  and indeed also the  absence of such an 
agreement ,  can be meaningfu l  only if cer ta in  ex -  
pe r imen ta l  precaut ions  are t aken  to insure the fol-  
lowing conditions: (a) the react ion Eq. [1] is the  
only react ion occurr ing at the  MnO.~ electrode at an 

appreciable  rate.  This was achieved by  choosing 
a sui table  e lect rolyte  solution and by  discharging 
the electrode at  low current  densit ies;  in none of 
the exper iments  descr ibed below could Mn** ions 
be detected in the  e lec t ro ly te  af ter  discharge.  (b) 
The sum of ac t iva t ion  overpotent ia l  and concen- 
t ra t ion overpoten t ia l  involving the e lect rolyte  phase 
must be small  compared  to the total  e lectrode po-  
lar izat ion.  Discharge at low cur ren t  densi t ies  com- 
bined with  vigorous s t i r r ing of the e lec t ro ly te  a l le-  
v ia ted  this problem.  

Preparation of Electrodes and Polarization Studies 
Pla t inum electrodes (2 x 2 cm) were  cut f rom Pt  

sheet, leaving in the center  of one side an extension 
approx ima te ly  2 mm wide and 5 mm long which 
was then sealed into one end of a glass tube  ( i0  cm 
long, 3 mm ID) so tha t  only the square pa r t  of the 
e lectrode is exposed to the electrolyte .  A copper 
wire  and m e r c u r y  p r o v i d e d . t h e  e lect r ica l  contact  
wi th  the p la t inum.  

Manganese dioxide was deposi ted e lec t ro ly t ica l ly  
onto these Pt  electrodes f rom an aqueous solution 
of 50g MnSO, and 67g H2SO, per  l i ter,  fol lowing 
essent ia l ly  the procedure  descr ibed by  Fe r r e l l  and 
Vosburgh (5).  Nickel  sheet, a r ranged  pa ra l l e l  to 
the surface of the p l a t inum electrode,  served as the 
cathode. The current  densi ty  was main ta ined  at 3.20 
m a / c m  2 of p la t inum surface for 30 rain. The elec-  
t ro ly te  was mechanica l ly  s t i r red  throughout  the 
electrolysis  and the ba th  t empera tu re  kep t  at  85 ~ 
90~ Af te r  e lectrodeposi t ion the  electrodes were  
washed in running  tap wa te r  for several  days and 
then  in f requent ly  changed dist i l led water .  

The manganese  dioxide deposi ted in this  manner  
is b lack in appearance  and is formed as an ex t r eme ly  
f i rmly adheren t  coating, pa r t i cu l a r ly  if the  p la t i -  
num electrodes are first given a dul l  finish by  b las t -  
ing with  fine a luminum oxide. X - r a y  analysis,  e lec-  
t ron diffraction and electron microscopy charac te r -  
ized it as :~-MnO~. 

For  the polar iza t ion  exper iments  an MnO2 elec-  
t rode was posi t ioned along the axis of a 400 ml 
cyl indr ical  glass vessel, covered wi th  a machined 
Teflon s topper  through which holes had  been dr i l led  
to accommodate  the MnOo electrode,  a sa tu ra ted  
calomel electrode, a thermometer ,  s t i r rer ,  and a 
p la t inum lead connected to a p la t inum str ip l ining 
the inside of the vessel and serving as the  anode. 
The e lect rolyte  was a 1M aqueous solution of NH~C1 
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to which NH~ had been added to raise the pH to 7.5. 
The e lect rolyte  volume was sufficiently large ( ~  350 
ml)  to render  changes in the composition of the 
solution dur ing discharge negligible.  Al l  exper i -  
ments  were  made at 25 ~ -+ 0.5~ 

Each thoroughly  washed electrode was a l lowed to 
s tand in the e lect rolyte  solution unt i l  its potential ,  
measured  against  the calomel electrode, did not 
change by  more  than  about  1 mv in 24 hr, two to 
three  days normal ly  being sufficient to a t ta in  this  
s tabi l i ty.  To faci l i ta te  the  un i formi ty  among the 
electrodes necessary for a comparison of the  'poten- 
t i a l - t ime  curves wi th  both polar iz ing current  densi ty  
and discharge t ime as the expe r imen ta l  variables ,  
the MnO,~ was a lways  deposi ted f rom the same solu- 
tion s imul taneously  onto a pa i r  of electrodes. The 
electrodes of each pa i r  were  then discharged at the 
same current  densi ty  but  for different  lengths of 
time, and the potent ia l  recorded dur ing  the dis-  
charge and recovery  periods.  The cur ren t  f rom a 
d-c  power  supply  was regula ted  manua l ly  and the 
potent ia l  of the MnO~ electrode measured  with  e i ther  
a L&N K-3 poten t iometer  or wi th  a Brown record-  
ing potent iometer .  

D i s c u s s i o n  

Knowledge  of two factors is fundamenta l  to the 
der ivat ion  of the po ten t i a l - t ime  relat ion.  Firs t ,  it  
is necessary to know the dependence of the MnO~ 
electrode potent ia l  on the concentrat ions of MnOOH 
and MnO~ at the e lec t rode /e lec t ro ly te  interface,  and 
second, we must  be able to calculate  the change in 
these concentrat ions occurr ing dur ing and af ter  po-  
lar izat ion at different  cur ren t  densi t ies  for different  
lengths of t ime. 

Johnson and Vosburgh (6) found from measu re -  
ments of the potent ia l  of electrodes of different  com- 
positions that  the electrode potent ia l  e, at  25~ and 
pH 7.5, is given by  

Ct 
---- ~o + k l o g - -  [2] 

C8 

where  ao is a constant, c~ and c~ are the concentra-  
tions, in mole per  cent, of MnOOH and MnO~, respec-  
t ively,  and k equals 0.073v. The difference be tween  
the empir ical  factor  k and the theoret ical  value  of 
0.059v is a t t r ibu ted  to the use of concentrat ions 
r a the r  than activities.  

While  our own polar izat ion measurements  were  
in progres% Scott (7) showed that  a solution of the 
diffusion problem is possible, provided  the fo l low- 
ing assumptions are  made:  (a)  the effect of the  g ra -  
dient  of the electr ical  potent ia l  on the migra t ion  of 
the ions through the solid is negl igible  compared to 
that  of the concentra t ion grad ien t  (grad ien t  of the 
chemical  po ten t i a l ) ;  (b)  the diffusion coefficient D 
is constant;  (c) the diffusion is l inear  and semi - in -  
finite; (d)  the MnOOH concentrat ion c~ ----- 0 at the 
s tar t  of the discharge (t  = 0). 

Scott real ized tha t  under  these condit ions the 
problem of the  concentrat ion changes occurr ing 
when the MnO: electrode is d ischarged at  constant  
cur rent  densi ty  for a cer ta in  per iod  of t ime, say ~, 
fol lowed by recovery  of the potent ia l  for a t ime t-v, 
is ma themat i ca l ly  ident ical  wi th  the p rob lem of the 
t empera tu re  changes tak ing  place when a flat hea t -  
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ing element,  immersed  in an infinite med ium of 
constant  the rmal  conductivi ty,  in i t ia l ly  at  zero t em-  
pera ture ,  is suppl ied wi th  heat  at a constant  ra te  
and then switched off. A solution of this heat  t r ans -  
fer p roblem is ava i lab le  in the l i t e ra ture  (8).  

Af ter  making the necessary t ransformat ions  f rom 
heat  t ransfer  to mass t ransfer ,  Scott  obta ined (in 
effect) the following expression for c~ as a function 
of t ime t and distance x f rom the MnO~ surface 

2r 
c~(x,t)  = ~ _  

VD 

( ) ~/t  i erfc - -  ~ / t - r  i erfc [3] 
2~/Dt 2~/D (t-r) 

where  r is the number  of moles of MnOOH formed 
per uni t  area in uni t  t ime. At  the surface Eq. [3] 
reduces to 

2r 
c.(0,$) : ~ (~/t- - -  ~/t-~') [4] 

~ / ,D 

Neglect ing volume changes in the solid phase of 
the electrode, the sum of c, and c4 is constant  and 
the po ten t i a l - t ime  relat ion,  therefore,  is of the gen- 
eral  form 

e(t)  = eo -t- k log ~/~--- ~/~ 

In Eq. [3] and [4] ~ / t - - ~  is to be taken  as zero for 
t <~,  so tha t  for the discharge per iod Eq. [5] is 
s imply 

~(t) ----- ,o + k l o g (  _AA 1)  [6] 
x~ / t  

The discharge and potent ia l  recovery  curves for 
one represen ta t ive  pa i r  of MnO= electrodes,  dis-  
charged at  0.10 m a / c m  ~ of apparen t  surface area, 
are shown in Fig. 1. One electrode was polar ized for 
zA = 20 min, the  other  for r~ = 30 min. A and B are 
the corresponding recovery  branches  of the poten-  
t i a l - t ime  curve. The solid lines in the d iagram rep-  
resent  the observed values  of the electrode potential .  

A comparison of the exper imen ta l  curves wi th  the 
curves calcula ted f rom Eq. [5] can read i ly  be made 

t~176 
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Fig. 1. Discharge and potential recovery curves for i ~--- 0.10 
malcrn2; solid line observed; dashed line calculated. 
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Fig. 2. Discharge and potential recovery curves for i = 0.15 
ma/cm2; solid line observed; dashed line calculated. 

once the  p a r a m e t e r s  Eo, k, and  A h a v e  been  d e t e r -  
mined .  These  p a r a m e t e r s  can,  in  p r inc ip l e ,  be  ob-  
t a i n e d  f r o m  Eq. [6]  and  t h e  v a l u e s  c o r r e s p o n d i n g  
to t h r e e  po in t s  on the  d i s c h a r g e  b r a n c h  of t he  p o -  
t e n t i a l - t i m e  curve .  H o w e v e r ,  b e c a u s e  of t h e  diff icul-  
t ies e n c o u n t e r e d  in s i m u l t a n e o u s l y  so lv ing  t h r e e  
l o g a r i t h m i c  equa t ions  w i t h  t h r e e  u n k n o w n s ,  i t  is 
f a r  m o r e  conven i en t  to m e a s u r e  t he  s lope of the  d i s -  
cha rge  b r a n c h  at  two  points .  

D i f f e ren t i a t ion  of Eq. [6]  w i t h  r e spec t  to t g ives  
t he  s lope  S 

de A 
S ---- --  - -  0.434 k [7]  

dt 2 t ( A  - -  h/t-) 

H a v i n g  two  c o r r e s p o n d i n g  v a l u e s  of S and  t, i t  is 
ea s i ly  seen  t h a t  

A ( S t  V t )  
A [8] 

A(st) 

er and k can then be calculated by solving Eq. [6] 
and [7]. Using the foregoing method the parameters 
determined from Fig. 1 have the values: Eo = 0.352v, 
k ---- 0.068v, A ~- 10.25 rain v2. Substitution of these 
figures in Eq. [5] yields the theoretical curves rep- 
resented by the dashed lines in Fig. 1. 

The same procedure was used to evaluate the 
parameters for the curves shown in Fig. 2. Here, the 
current density was 0.15 ma/cm ~, again for ~,, ----- 20 
min., and rB = 30 rain. Under these conditions the 
values of the parameters are: Eo = 0.370v, k ---- 
0.068v, and A -- 6.65 rain '/~. In both cases the agree- 
ment between the observed and calculated poten- 

t i a l s  is i n d e e d  v e r y  good, w i t h  d e v i a t i o n s  occu r r i ng  
on ly  a t  the  s t a r t  of t he  p o l a r i z a t i o n  and  a f t e r  r e l a -  
t i v e l y  e x t e n d e d  p e r i o d s  of p o t e n t i a l  r e c o v e r y .  The  
d e v i a t i o n s  in t h e  d i s c h a r g e  b r a n c h  are ,  of course ,  
the  r e s u l t  of  t h e  a s s u m p t i o n  of c~ ---- 0 at  t = 0, 
m a k i n g  c ---- oo a t  t he  b e g i n n i n g  of t h e  d i s c h a r g e  
per iod .  The  d e v i a t i o n s  in the  l as t  p a r t  of t he  r e c o v -  
e r y  b r a n c h  a r e  c e r t a i n l y  due  to t he  a s s u m p t i o n  of a 
s e m i - i n f i n i t e  diffusion,  and  a r e  p e r h a p s  to some 
d e g r e e  also t h e  r e s u l t  of v a r i a t i o n s  in D. The  in -  
cons t ancy  of t he  d i f fus ion  coefficient can,  h o w e v e r .  
be  on ly  s m a l l  in v i e w  of t he  co inc idence  of t he  
t h e o r e t i c a l  and  e x p e r i m e n t a l  cu rves  ove r  such a 
w i d e  range .  I t  is t h e r e f o r e  r a t h e r  d o u b t f u l  t h a t  t he  
hypo the s i s  of Sco t t  (7)  is cor rec t ,  n a m e l y ,  t h a t  D 
shou ld  b e  p r o p o r t i o n a l  to t he  MnO~ concen t ra t ion .  
I t  seems  qu i t e  conce ivab l e  t h a t  t he  mob i l i t i e s  of t he  
p ro tons  and  as soc ia t ed  e l ec t rons  a r e  m u c h  the  s a m e  
in MnO= and  MnOOH,  the  f lux t h r o u g h  a p l ane  
t h r o u g h  the  m i x t u r e  be ing  so le ly  g o v e r n e d  b y  the  
c o n c e n t r a t i o n  g r ad i en t .  I t  is i n t e r e s t i n g  to no te  t h a t  
t he  v a l u e  of k ---- 0.068 is i n d e p e n d e n t  of the  c u r r e n t  
dens i ty ,  as expec t ed ,  and  ag rees  w e l l  w i t h  k = 
0.073, as d e t e r m i n e d  b y  J o h n s o n  and  V o s b u r g h  (6) 
b y  an  i n d e p e n d e n t  me thod .  S ince  A is i n v e r s e l y  
p r o p o r t i o n a l  to r and  t h e r e f o r e  also to  t he  c u r r e n t  
dens i ty ,  t h e  r a t i o  of A for  i ---- 0.10 m a / c m "  and  i = 
0.15 m a / c m  2 shou ld  be  1.50. The  r a t i o  of the  two  
va lues  of A p r e s e n t e d  in th is  p a p e r  is 1.54. T h e r e  is 
l i t t l e  s igni f icance  to t he  v a l u e  of ~o s ince  i ts  on ly  
func t ion  is to sh i f t  the  cu rves  p a r a l l e l  to the  o r d i -  
na te .  
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Correction 

In  the  p a p e r  by  A. C. M a k r i d e s  "On  the  M e c h a n i s m  
of the  H y d r o g e n  Reac t i on"  in  the  M a r c h  1962 i ssue  
of the  Journal, t he  u n n u m b e r e d  e q u a t i o n  in co lumn  
1, p a g e  259 should  r e a d  

72P ~ ~ 
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Investigation of the Electrochemical Characteristics 
of Organic Compounds 

IX. Pyrimidine Compounds 

R. Glicksman 
Semiconductor and Materials Division, Radio Corporation of America, Somerville, New Jersey 

ABSTRACT 

A study of the electrochemical characteristics of nitropyrimidine compounds 
as cathodes in MgBr~ electrolyte, and amino and hydroxypyrimidine compounds 
as anodes in NaOH electrolyte, shows that the potentials of these compounds 
are dependent on the aromaticity of the pyrimidine ring, as well as the type and 
position of substituted groups on the ring. The effect of these factors on the 
anode and cathode potentials of the various pyrimidine compounds is inter-  
preted in terms of the electron density distribution in the molecule. Half-cell  
potential data for the alloxan-dialuric acid oxidation-reduction system is also 
presented. 

As par t  of a genera l  invest igat ion of the e lect ro-  
chemical  character is t ics  of organic compounds, a 
s tudy has been made  of the  effect of the presence 
and molecular  posit ion of var ious  group types  on 
the cathode potent ia l  of aromat ic  n i t ro  compounds 
(1) and the anode potent ia l  of aromat ic  hyd roxy  
and amine compounds (2).  Various heterocycl ic  
ni t ro compounds such as the pyr idine,  thiophene,  
and furan  ni t ro  der iva t ives  have  also been invest i -  
gated (3).  

In this paper ,  the e lectrochemical  character is t ics  
of pyr imid ine  compounds are presented.  These com- 
pounds are  considered both as oxidizing agents 
(e.g., nitro and n i t rosopyr imid ines )  and as reducing 
agents  (e.g., amino and h y d r o x y p y r i m i d i n e  com- 
pounds.)  

Apparatus and Technique 
A technique,  p rev ious ly  descr ibed (2),  has been 

used to measure  the  opera t ing  potent ia l  of the va r i -  
ous pyr imid ine  compounds dur ing  cur ren t  flow. 
This technique consists in d ischarging a 0.5-g sam- 
ple of the pyr imid ine  compound mixed  wi th  0.05g 
of Shawin igan  acetylene  black,  at  a constant  cur-  
ren t  dra in  of 0.005 amp/g ,  in a large  volume of 
electrolyte.  The change in anode or cathode poten-  
t ia l  wi th  t ime was measured  wi th  a L&N type  K 
poten t iometer  using a sa tu ra ted  calomel  reference 
electrode. The measured  potent ia ls  were  corrected 
for the IR drop associated with  the appara tus  and 
e lect rolyte  by  means of an osci l lographic technique. 

A l l  ha l f -ce l l  potent ia l  da ta  r epor ted  are re fe r red  
to the  normal  hydrogen  e lect rode and include a 
l iquid junct ion potential .  For  most of the anode-  
potent ia l  measurements ,  an aqueous 1.44M NaOH 
solution (aoH- ~ 1) 1 was used as the electrolyte,  and 
a manganese  dioxide bobbin  wrapped  in cheesecloth 
served as the  cathode. For  the  cathode ha l f -ce l l  po-  
tent ia l  studies, an aqueous magnes ium bromide  
e lec t ro ly te  was used wi th  a magnes ium anode. 

Calculated from the  data g iven  by L a t ime r  (4). 

Experimental Data and Discussion of Results 
Nitropyrimidine compounds as oxidizing agents. 

- - I t  has been shown previous ly  tha t  the  cathode 
potent ia l  of aromat ic  ni t ro compounds increases 
with increasing r ing a romat ic i ty  (3) in the order:  
1-n i t ronaphthalene ,  ni t robenzene,  and 2 -n i t ropyr i -  
dine. This order  may  be a t t r ibu ted  to a lower elec-  
t ron densi ty  in the v ic in i ty  of the reducible  ni tro 
group of the more s t rongly  aromat ic  pyr id ine  com- 
pound. 

Pyr imidine ,  a six membered  r ing containing two 
ni t rogen atoms, can be represen ted  by  the usual  
Kekul6 resonance possibili t ies.  

Pyr imidine ,  l ike  pyr idine,  has a lower  r ing electron 
densi ty  than benzene, and thus n i t ropyr imid ine  
compounds would be expected to operate  at higher  
cathode potent ia ls  than  the i r  corresponding n i t ro-  
benzene der ivat ives .  However,  because of the gen- 
era l  re luc tance  of py r imid ine  to react  wi th  e lect ro-  
philic reagents,  s imple n i t ropyr imid ine  compounds 
are  not r ead i ly  avai lable ;  therefore ,  a comparison of 
the  cathode potent ia ls  of these compounds with  
n i t robenzene compounds is difficult. 

Pyr imid ine  der iva t ives  wi th  electron donor groups 
such as the h y d r o x y  and amino groups undergo 
electrophil ic  subst i tut ion react ions wi th  a va r ie ty  
of reagents  to in t roduce  subst i tuents  in the 5-posi-  
tion, and a number  of 5 -n i t ropyr imid ine  der ivat ives  
are  avai lable .  This type  of behavior  is consistent 
with the electronic effects opera t ing  in the py r imi -  
dine r ing which produce electon deficient centers  
at the 2-, 4-, and 6-posit ions (5) .  
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Fig. 2. Effect of substituted groups on the cathode potential of 
nitropyrimidine compounds discharged at a rate of 0.005 amp/g in 
250 g/I MgBr~.6H~O electrolyte. 

Half-cell potential discharge curves of 4, 6-di- 
hydroxy-5-ni t ropyr imidine  and 2,4-dichloro-5- ni- 
tropyrimidine compared with their corresponding 
nitrobenzene derivatives, 2-nitroresorcinol and 2,4- 
dichloronitrobenzene are shown in Fig. 1. These 
curves were obtained by discharging the compounds 
at a rate of 0.005 amp/g  in a 250 g/1 MgBr~.6H~O 
electrolyte. In agreement with theory, the 5-nitro- 
pyrimidine derivatives initially operate at higher 
cathode potentials than the nitrobenzene deriva-  
tives. Additional compounds were not available to 
compare the two classes of nitro compounds further. 

In Fig. 2, the higher cathode half-cell potentials 
of 2,4-dichloro- and 4,6-dichloro-5-nitropyrimidine 
as compared to 2,4-dihydroxy- and 4,6-dihydroxy- 
5-nitropyrimidine illustrate the effect of substituted 
groups on the cathode potential of nitropyrimidine. 
As with the nitrobenzene derivatives, compounds 
containing electron attracting chloro groups operate 
at higher cathode potentials than compounds con- 
taining electron-repelling hydroxyl  groups. The 
more strongly electron repell ing amino group is 
more effective in reducing the cathode potential 
than the hydroxyl  group, as evidenced by the low 
cathode potential of 2,4-diamino-5-nitropyrimidine 
during discharge. 

The effect of substituted electron attracting (e.g., 
--COOC~Hs) and of electron repelling (e.g., --OH) 
groups on the cathode potential of nitropyrimidine 
compounds is fur ther  evidenced by the half-cell  
potential discharge curves for 5-nitrouracil, 5-ni- 
trobarbituric acid, and 2 ,4-dihydroxy-5-ni t ro-6-  

i 

(o 20 30 4o so io 20 3o 40 5o 

CAPACITY (AMPERE-MINU rES ) 

Fig. 3. Half-cell potential discharge curves of various 5-nitro and 
5-nitrosopyrimidine derivatives discharged at a rate of 0.005 amp/g 
in 250 g/I MgBr2"6H~O electrolyte. 

carboxyethyl-pyrimidine shown in Fig. 3. The effect 
of these substituent groups on the cathode potential 
of nitropyrimidine compounds is similar to that ob- 
served with nitrobenzene derivatives and can be 
readily explained in terms of the electron-density 
distribution in the molecule (1). 

A comparison of the half-cell  potential discharge 
curves of 2,4,6-trihydroxy- 5-nitrosopyrimidine 
(violuric acid) and 2,4,6- tr ihydroxy-5-ni t ropyrimi-  
dine (5-nitrobarbituric acid) is also shown in Fig. 
3. As with the benzene derivatives, the cathode po- 
tential of the nitrosopyrimidine compound is higher 
than that of the corresponding nitropyrimidine com- 
pound (6). 

Theoretical capacity and electrode efficiency data 
for the nitro and nitrosopyrimidine compounds are 
given in Table I. The theoretical capacities were 

Table I. Theoretical capacities and electrode efficiencies of various nitro and nitrosopyrimidine compounds 

Theoret ica l  capacity,  Expe r imen ta l  capacity,* Electrode 
Compound  a m p - m i n / g  a m p - m i n / g  efficiency, % 

2-nitroresorcinol 
2,4-dichloronitrobenzene 
2,4-dichloro-5-nitropyrimidine 
4,6-dichloro-5-nitropyrimidine 
4,6-dihydroxy-5-nitropyrimidine 
2,4-dihydroxy-5-nitropyrimidine 
2,4-diamino-5-nitropyrimidine 
2,4-dihydroxy-5-nitro-6-carboxypyrimidine 

ethyl ester 
2,4,6-trihydroxy-5-nitropyrimidine 
2,4,6-trihydroxy-5-nitrosopyrimidine 
2,4,6-triamino-5-nitrosopyrimidine 

62.3 40.3 64.7 
50.3 46.8 93.0 
49.8 19.9 40.0 
49.8 27.3 54.8 
61.4 41.9 68.2 
61.4 33.6 54.7 
62.3 15.1 24.2 

42.1 40.2 95.5 
55.8 35.7 64.0 
40.9 27.9 68.2 
41.8 31.8 76.1 

* Capaci ty  calculated on the  basis o~ a --0.40v end potential .  
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computed by means of Faraday 's  law assuming a 
6 and 4 electron change for the nitro and nitroso 
group, respectively. The electrode efficiencies were 
calculated from the data in Fig. 1-3. A --0.40v end 
potential was used to compute the capacities. In 
general, the electrode efficiencies of the ni tropyri-  
midine and nitrosopyrimidine compounds are not as 
high as those of the nitrobenzene and nitrosoben- 
zene compounds previously studied. 

Aminopyr imid ine  and hydroxypyr imid ine  com- 
pounds as reducing agents . --Because of the more 
strongly aromatic nature of the pyrimidine ring as 
compared to the benzene nucleus, pyrimidine com- 
pounds have a lower ring electron density; thus, the 
electron affinities of amino and hydroxypyrimidine 
groups should be greater than those of amino and 
hydroxy  groups on a benzene ring. As a conse- 
quence, the amino and hydroxypyr imidine  com- 
pounds should be weaker reducing agents and have 
lower anode potentials than their corresponding 
benzene compounds. 

These characteristics are consistent with the half- 
cell potential discharge data of various amino and 
hydroxypyrimidine and amino and hydroxybenzene 
compounds shown in Fig. 4 and 5. These data were 
obtained by discharging the compounds as anodes 
in 1.44M NaOH at a rate of 0.005 amp/g.  In agree- 
ment with theory, o- and p-phenylenediamine 
operate at higher anode,  potentials than 4,5-di- 
aminopyrimidine and 2,5-diaminopyrimidine, re- 
spectively (Fig. 4), whereas phloroglucinol and 
resorcinol are stronger reducing agents than bar-  
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Fig. 6. Effect of substituted groups and their position on the 
anode potential of hydroxypyrimidine compounds discharged at a 
rate of 0.005 amp/g in 1.44M NaOH. 
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Fig. 7. Effect of substituted groups and their position on the 
anode potential of aminopyrimidine compounds discharged at a 
rate of 0.005 amp/g in 1.44M NaOH. 

+0.30 

~ + 0 2 0  O-PHENYLENE~AMINE +020 p- PHENYLENEDIAM~NE 

NH2 

" :  +O.lO +O.lO NHz 

oJoo o.oo 

-O.lO -O.lO 

~ -o~o - -O.20 2 - ~ A  

IO 20  30 40 SO 
CAPACITY (AMPERE-MINUTES) 

Fig. 4. Half-cell potential discharge curves of various diamino- 
pyrimidine and diaminobenzene compounds discharged at a rate of 
0.005 amp/g in 1.44M NaOH. 
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Fig. 5. Half-cell potential discharge curves of various hydroxy- 
pyrimidine and hydroxybenzene compounds discharged at a rate of 
0.005 amp/g in 1.44M NaOH. 

bituric acid and uracil (Fig. 5). The lower anode 
potential of cyanuric acid as compared to barbituric 
acid indicates that  an additional nitrogen atom in 
the nucleus fur ther  increases the ring aromaticity. 
Similarly, additional half-cell  potential data show 
that melamine, the triamide of cyanuric acid, has a 
lower anode potential than 2,4,6-triaminopyrimidine 
(Fig. 7). 

Figure 6 shows that  the addition of substituted 
amino and hydroxy  groups to uracil and barbituric 
acid results in compounds having higher anode po- 
tentials. This effect, which is in accord with previ-  
ous results obtained with hydroxybenzene com- 
pounds (2), can be readily explained in terms of 
the effect of electron-repelling groups on the elec- 
tron density in the vicinity of the oxidizable hy-  
droxy groups. The higher potential of 5-aminoura-  
cil as compared to 6-aminouracil  is believed to be 
due to the fact that, on oxidation, 5-aminouracil  
loses two hydrogen atoms and yields the corres- 
ponding quinoid compounds. Oxidation of this type 
is not possible for 6-aminouracil  because no stable 
meta-quinoid structure can be writ ten for this com- 
pound. The high anode potentials of uramil  and dia- 
luric acid can also be attributed to the same type of 
oxidation reaction. 

Similarly, the 2,5-diaminopyrimidine compounds 
shown in Fig. 7, which have amino groups para to 
each other, operate at higher potentials than 2,4,6- 
triaminopyrimidine, which have the amino groups 
meta to each other. The higher anode potentials of 
2,5-diamino-4,6-dihydroxypyrimidine and 2 , 4 , 5 -  
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triamino-6-hydroxypyrirnidine sulfate, as compared 
2,5-diaminopyrimidine, are due to additional amino 
and hydroxy groups on the pyrimidine ring. 

Alloxan-dialuric acid system.--The quinoid-ben- 
zenoid type of oxidation-reduction system in pyri- 
midine compounds is illustrated by the alloxan- 
dialuric acid system. Their structural formulas in- 
dicate that alloxan bears the same relationship to 
dialuric acid that quinone bears to hydroquinone. 

OH o 

H o ~ O H  HO~OH 
OH O 

dialuric acid alloxan 
(2,4,5,6 -tetr ahydroxypyrimidine ) (tautornerized form) 

I I 
alloxantin 

Alloxantin is an intermediate product in the reduc- 
tion of alloxan as well  as the oxidation of dialuric 
acid and bears a relationship to dialuric acid and 
alloxan similar to that which quinhydrone bears to 
hydroquinone and quinone (7).  

Figures 8 and 9 show comparisons of the cathode 
half-cell  potential discharge curves of p-benzo-  
quinone, alloxan, quinhydrone, and alloxantin dis- 
charged in different electrolytes. Table II compares 
the theoretical capacities and electrode efficiencies 
in the same electrolytes. The data were obtained by 
discharging these compounds as cathode materials 
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Fig. 8. Half-cell potential discharge curves of alloxan, alloxantin, 
and their corresponding quinone-type compounds discharged at a 
rate of 0.005 amp/g in 25% NH4CI--20% ZnCI2---SS% H20 
electrolyte. 
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Table II. Theoretical capacities and electrode efficiencies of 
various pyrimldine derivatives and their corresponding benzene 

compounds 

T h e o r e t i c a l  
c a p a c i t y ,  E l e c t r o d e  

C o m p o u n d  a m p - m i n / g  e f f i c i e n c y ,  % 

C a t h o d e  m a t e r i a l s  NI - I~CI -ZnCls*  M g B r 2 *  

p - b e n z o q u i n o n e  29.8 33.2 21.5 
a l l o x a n  20.1 31.3 39.8 
q u i n h y d r o n e  14.7 90.5 49.0 
a l l o x a n t i n  10.0 79.0 79.0 
i n d o p h e n o l - N a  sa l t  14.6 - -  19.2 
m u r e x i d e  11.3 - -  87.6 

A n o d e  m a t e r i a l s  N a O H *  * 

h y d r o q u i n o n e  29.2 > i00  
d ia lur i c  acid 22.3 20.2 
quinhydrone 14.7 > 100 
alloxantin 10.0 25.0 

* E l e c t r o d e  e f f i e i e n c i e s  c a l c u l a t e d  o n  t h e  b a s i s  os a - - 0 . 4 0 v  e n d  
p o t e n t i a l .  

* *  E l e c t r o d e  e f f i e i e n c i e s  c a l c u l a t e d  o n  t h e  b a s i s  o f  a 0 . 0 0 v  e n d  
p o t e n t i a l .  

in 25% NH,C1-20% ZnCI~ (pH = 4.5) and 14% 
MgBr~ (pH = 8.2) electrolytes at a rate of 0.005 
amp/g.  In acidic NH,C1-ZnCls electrolyte, it is seen 
that p-quinone and quinhydrone operate at higher 
cathode potentials and yield greater capacities than 
alloxan and alloxantin, respectively. However,  the 
reverse is true in weakly  basic MgBrs electrolyte. 
The high cathode potential of alloxan in these elec- 
trolytes was to be expected on the basis of its abil- 
ity to liberate iodine from iodides (7) .  

A comparison of the half-cell  potential discharge 
curves of indophenol-sodium salt with that of a 
comparable pyrimidine compound, murexide, is also 
shown in Fig. 9. The pyrimidine compound is ap- 
parently more stable and less soluble than the in- 
dophenol salt, and it therefore operates at a much 
higher electrode efficiency in the magnesium bro- 
mide electrolyte. 

The half-cell  potential discharge data shown in 
Fig. 10 indicate the anodic characteristics of dialuric 
acid and alloxantin in 5.4% NaOH electrolyte in 
comparison to hydroquinone and quinhydrone. The 
high anode potential of dialuric acid as compared to 
hydroquinone is believed to be due to the additional 
hydroxyl  groups on the pyrimidine nucleus, whereas 

3 4 G B I0 2 4 6 8 IO 
CAPACITY(AMPERE MINUTES) 

Fig. 9. Half-cell potential discharge curves of alloxan, alloxantin, 
murexide, and their corresponding quinone-type compounds dis- 
charged at a rate of 0.005 amp/g in 250 g/I MgBr~'6H=O elec- 
trolyte. 
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discharged at a rate of 0.005 amp/g in 1.44M NaOH. 
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its poor electrode efficiency is a t t r ibu ted  to the  fact  
that  d ia lur ic  acid undergoes  air  oxidat ion readi ly .  
The high e lect rode efficiencies of hydroquinone  and 
quinhydrone  (in excess of 100%) have been shown 
to be due to a continued oxidat ion of the products  
of the ini t ia l  oxidat ion reaction, i.e., p-qu inone  i t -  
self is easi ly  oxidized in a lka l ine  e lec t ro ly te  (2).  

The electrochemical  behavior  of the a l l oxan -d i -  
aluric  acid system, which has prev ious ly  been 
s tudied po la rographica l ly  (8),  fu r the r  emphasizes 
the aromat ic  na tu re  of pyr imid ine  and the s imi la r -  
i ty of some of its der iva t ives  to benzene compounds.  
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Nickel-Cadmium Cells 
I. Thermodynamics and X-Ray Studies 

Alvin J. Salkind ~ and Paul F. Bruins 
Department of Chemical Engineering, Polytechnic Institute of Brooklyn, Brooklyn, New York 

ABSTRACT 

Voltage decays of electrodes in sintered type nickel-cadmium cells were 
measured in cells stored at temperatures between --18 ~ and 52~ The heat of 
reaction of the cell was calculated to be --64 kcal /g mole. The solid reaction 
products of the cell were studied, in situ, by x- ray  techniques, in special cells 
designed to fit on an x- ray  diffractometer. 

Recently,  several  careful  s tudies on the crys ta l  
s t ruc ture  and react ion mechanisms of the act ive 
mater ia l s  of the n i cke l - cadmium cell have been re -  
por ted  (1-7) .  In some of these (6, 7), references  
have been made to the work  discussed in this  paper ,  
which was ava i lab le  only by  p r iva te  communicat ion 
(8).  This research,  in i t ia ted  in 1955 and completed 
in F e b r u a r y  1958, a t t empted  to c lar i fy  some of the 
points concerning the  oxide or hydrox ide  states of 
the electrodes and thei r  po ten t ia l  decays. This p res -  
ent condensat ion is presented  because la te r  works  
have not dupl ica ted  the exper imenta l  methods and 
because of the unava i l ab i l i ty  of the p r iva te  r epor t  
to most of those who have expressed an interes t  in 
it. 

Experimental X-Ray Studies 
In all previous exper iments  repor ted  in the l i t e r -  

ature,  except  those of Fa lk  (6) which were  carr ied  
out af ter  this invest igat ion was concluded, the x - r a y  
studies were  conducted wi th  electrodes isolated 
f rom electrochemical  cells. Thus, it  appeared  tha t  
some of the conflicting da ta  could have ar isen from 
changes in the na tu re  of the active mater ia l s  dur ing  
washing and drying.  Procedures  were  designed so 
the x - r a y  examinat ions  of the electrodes were  car -  
r ied out whi le  the electrodes were  in situ in elec- 
t rochemical  cells in electrolyte.  The electrodes were  
suppl ied by  the Sonotone Corporat ion and were  

1 P r e s e n t  address :  The  Car l  F, N o r b e r g  Resea rch  Center ,  T h e  
Electr ic  S to rage  B a t t e r y  C o m p a n y ,  Yard ley ,  Pa.  

s tandard  s intered plates,  0.625mm thick, made  by 
impregna t ing  s in tered nickel  plaques  wi th  nickel  
n i t ra te  and cadmium ni t ra te  salts and then con- 
ver t ing to the hydroxides .  The plates  used for the 
x - r a y  studies were from the same batch as the  test  
cells (nominal  5 A.H. Sandia  type)  used in the 
potent ia l  studies. 

The first p rocedure  used to avoid washing and 
dry ing  plates  was to charge s intered nickel  p la tes  
in open plast ic  cells, and, a f te r  the complet ion of 
charge and pa r t i a l  or complete discharge, the wet  
plates  were  cut into quarters ,  sealed in po lye thy l -  
ene bags, and mounted on x - r a y  equipment.  This 
method was abandoned since it was difficult to de-  
t e rmine  by film methods the compara t ive  in tens i ty  
of reflections of the act ive mater ia l s  in different  
stages of charge. In addition, since 3-8 hr  exposures 
were  necessary to get sufficient b lackening of the 
films, any possible products  present  only immedi -  
a te ly  af ter  charge  would not be detected. This was 
pa r t i cu l a r ly  impor tan t  because the nickel  electrode 
was known to have a fast  ini t ia l  se l f -d ischarge  rate.  
A special  cell was then designed and constructed 
which could be mounted on an x - r a y  diffractometer ,  
so tha t  selected reflections could be watched con- 
t inuously  as the  act ive mater ia l s  were  charged and 
discharged,  and of course, in addition, complete  
pa t te rns  could be recorded.  This cell was made  f rom 
po lymethy l  me thac ry la t e  (Luci te)  and is shown in 
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Table IA. X-ray reflections from nickel electrodes 

Pa t t e r n  No. A B C D E F G H after 
Charge state Uncharged 1/1O 2/10 3/10 1/2 9/10 Full  Full  cha rge  (cycling) 

4 . 6 5  4.73-4.58 4 . 6 9  4.63-4.70 4.67 4.70 4.70 
[18] [14] [14] [6] [9] [9] [9] 

2.69 2.70 2.70 2.71 2.70 - -  - -  
[15] [15] [15] [16] [6] 

2.34 2.34 2.34 2.34 2.33 2.37 2.39 
[18] [20] [18] [16] [7] [9] [9] 

1.565 1.563 1.560 1.563 1.560 1.560 
[13] [13] [12] [91 [6] [2] - -  

1.482 1.485 1.483 1.485 1.485 - -  - -  
[8] [8] [83 [7] [3] 

1.41 1.40 
[3] [2] 

4.62-4.77 
[7] 

2.40 
[6] 

1.40 
[1] 

Key:  Fi r s t  n u mb e r s  indicate  " d "  spacings  in Angs t rom uni ts  (A). N u m b e r s  in b racke t s  indicate  compara t ive  in tens i t ies  of reflections. Re- 
flections of nickel  l ines omit ted  f r o m  table. 

Fig. 1. Smal l  e lect rode plates  were  coated wi th  
po lys ty rene  resin on all  but  the top surfaces so tha t  
the charge and discharge reactions had to take  place 
on this surface, where  they  could be inves t iga ted  
with  the diffractometer .  Sui tab le  electr ical  leads 
were  pot ted  in the  plast ic  so tha t  the cell could be 
charged or discharged,  and the cell, wi th  electrolyte,  
was covered wi th  a polyes ter  (Myla r )  film dur ing 
the x - r a y  examinat ion.  Twen ty -one  diffraction pa t -  
terns  were  obta ined  on posi t ive electrodes in va r i -  
ous states of charge. The pa t te rns  were  corrected 
using the reflections f rom nickel,  and the reflections 
are l isted in Tables 1A and 1B; reflections caused 
by  nickel  are omit ted f rom this table.  Al l  intensi t ies  
were  corrected so tha t  the va lue  for the  nickel  
1.76A reflection corresponded to 50. Few intensi ty  
corrections were  necessary since almost  all  pa t te rns  
were  obta ined wi th  the same slit  system on the x -  
ray  machine and wi th  the same amplification and 
recording constants  in the electronic equipment .  
Dupl ica te  pa t te rns  are  not shown. The vol tages of 
the electrodes were  de te rmined  against  m e r c u r y -  
mercur ic  oxide reference  electrodes wi th  a po ten t i -  
ometer,  in many  cases, immedia te ly  before  the  pa t -  
terns  were  obtained.  Diffractometer  pa t te rns  A 
through G represent  stages in the  charge process for 
the  same electrode. The uncharged active ma te r i a l  
gave a pa t t e rn  which complete ly  fitted the  pa t t e rn  
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Fig. 1. Diagram of experimental nickel-cadmium cell used for 
x-roy studies. 

for nickel  hydrox ide  in the ASTM file. The charged 
act ive mate r ia l  gave pa t te rns  which fitted those as-  
sociated by Glemser  and Einerhand  (8) wi th  the 
s t ruc ture  of nickel  I I I  oxyhydrox ide  (f l -NiOOH).  
Al though severa l  other of the higher  nickel  hy -  
droxides  have  s imi lar  reflections, they  may  all  be 
e l iminated  f rom considerat ion because they  create 
addi t ional  strong reflections which were  not present.  

Ear ly  stages of charge were  marked  by  the dis-  
appearance  of lines in the pa t t e rns  of Ni(OH)~. 
r a the r  than the creat ion of any new lines. In com- 
par ing  pa t te rns  A through G it was seen that  the  
2.70, 1.56, 1.48, and 1.305- lines g radua l ly  lost in-  
tens i ty  as the charge progressed;  the 4.60 and 2.33A 
reflections shif ted to la rger  d spacings. When the 
charge was nea r ly  complete,  the weak  1.40A reflec- 
t ion of fl-NiOOH appeared.  Pa t t e rn  H was obtained 
f rom an electrode which had been subjected to 5 
charge-d i scharge  cycles. The pa t t e rn  obta ined was 
s imi lar  to G, which was obta ined  on the first charge  
cycle. The fa i lu re  of nickel  hydrox ide  and fl nickel  
hydrox ide  reflections to appear  s imultaneously,  on 
charging,  supports  the conclusion tha t  these ma te -  
r ials  are in a state of solid solution. This is con- 
firmed by the evidence tha t  the  open-c i rcu i t  elec-  
t rode potent ia l  is a function of the s ta te  of charge. 
The sample p repa red  for pa t t e rn  X, Table  IB, was 
given a charge and severe  overcharge  at  a high rate,  
the 1-hr  rate,  and then was dr ied f ree  of e lect ro-  
lyte.  In addi t ion to the reflections a t t r ibu ted  to fl- 
NiOOH, the pa t t e rn  obta ined from this sample con- 
ta ined reflections of NinOn-H~O. This ma te r i a l  is 
s to ichiometr ical ly  the same as NiOOH. The condi-  
tions used in the p repara t ion  of this sample would 
not normal ly  be encountered  in ba t t e r y  operation.  
Pa t te rns  O, I, J, K, P, L, and M represent  decay and 
discharge states of n ickel  electrodes.  As can be seen 
f rom pa t te rns  O, I, and J, no change in the pa t t e rn  
of NiOOH was obta ined  for the  first 27 hr  af ter  
charge when the electrodes were  stored in the elec-  
t ro ly te  at 24~ Af te r  s toring the nickel  e lectrodes 
for 7 days at  this t empera tu re  the  2.33A line of 
Ni(OH)~ appeared.  When electrodes were  s tored for 
longer  periods or were  pa r t i a l l y  discharged the en-  
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Table lB. X-ray reflections from nickel electrodes 

P a t t e r n  No. 
C h a r g e  s ta te  

O I J K P L 
1 h r  a f t e r  5 h r  27 h r  7 days  10 days  

n o r m a l  cha rge  1/2 
a t  75 ~ a t  75 ~  a t  75 ~  a t  75 ~ a t  110 ~ d i s c h a r g e d  

M X 
O v e r c h a r g e d  a t  

2 /3  h i g h  r a t e  
a n d  d r i e d  

6.92 
[19] 

4.70 4.63 4.68 4.69 4.68 4.74-4.60 4.66 4.72 
[10] [7] [9] [9] [9] [7] [7] [22] 

2.76 2.70 2.70 3.45 
[6] [11] [11] [10] 

2.43 2.45 2.41 2.44 
[5] [5] [2] [15] 

2.40 2.39 2.38 2.33 2.33 2.33 2.34 2.40 
[5] [7] [8] [6] [101 [12] [12] [20] 

1.56 1.56 1.56 1.42 
[3] [10] [7] [8] 

1.485 1.48 1.49 1.40 
[3] [5] [1] [9] 

1.404 1.41 1.41 1.40 1.41 1.41 
[4] [2] [2] [1] [2] [1] 

tire Ni(Ot-I)~ pattern was obtained. Pat tern  E, ob- 
tained with a half-charged electrode, was almost 
identical with that of pattern L, obtained with a 
half-discharged electrode. 

Cadmium electrodes were studied by rotating the 
previously prepared cells so that the negative elec- 
trode instead of the positive, was in the beam. The 
reflections from the nickel plaque were used to cor- 
rect each pattern, as previously described. Patterns 
from part ial ly charged plates included reflections 
from both cadmium and cadmium hydroxide. The 
peaks in these patterns were much sharper than 
those obtained with the nickel electrodes which in- 
dicates that the material  was more crystalline. The 
charge process did not result in a gradual shift of 
reflections, but in the decrease in the intensity of 
the cadmium hydroxide reflections and the simul- 
taneous increase in the intensity of the cadmium 
reflections. Reflections caused by cadmium hydrox-  
ides were found even in fully charged plates. Nor-  
mal charge procedures were, therefore, not able to 
convert  all the cadmium hydroxide to cadmium. 
The patterns were checked carefully for the reflec- 
tions of cadmium oxide. The strongest reflection of 
cadmium oxide would be at 2.712A, but this reflec- 
tion was never observed on any of the patterns. The 
charge reaction of the cadmium electrode deter-  
mined by x - ray  examination is therefore cadmium 
hydroxide simply becoming cadmium. Thus, the 
data obtained by cycling electrodes in situ on x - ray  
apparatus confirms the earlier conclusion of Wynne-  
Jones and Briggs (2), obtained from washed and 
dried electrodes, and the later ones of Falk (6), 
obtained by a different in situ method. They are in 
agreement with the reaction mechanism later sug- 
gested by Kornfeil (4) in his very  careful analysis 
of the charge-discharge process at the nickel elec- 
trode. 

2 NiOOH ~ + 2H~O + 2e--~ 2 Ni(OH)~ ~ 
+ 2 OH- + 1.16H.~O -b 0.067KOH [1] 

where the asterisks indicate hydration. 

Experimental--Voltage Decay Studies 

The electrode potentials in sintered plate nickel 
cadmium cells (97 Sandia cells) were measured 
with potentiometers using mercury-mercur ic  oxide 
reference electrodes containing electrolyte of the 
same concentration as the cells. The variables 
studied were temperature,  plate spacing, electrolyte 
composition, and separator material. Only the ef- 
fects of temperature and electrolyte composition 
are discussed in this paper. The cells were stored 
at temperatures of - -17 .8  ~ 34.4 ~ 43.3 ~ and 51.7~ 
and were originally filled with 20 and 31% potas- 
sium hydroxide electrolytes. Potential determina- 
tions were usually made at 30-rain intervals for the 
first few hours after charge. Thereafter  they were 
made daily for two weeks, and then weekly for 
several months. The initial voltage of the cadmium 
electrode at the end of charging at the 1/2-amp rate 
was approximately --1.00v with reference to the 
standard hydrogen electrode (acid). This dropped 
immediately on opening the circuit approximately 
to --0.96v and then decayed rapidly and linearly 
with the logari thm of time to approximately 
--0.88v. The voltages of the cadmium electrodes in 
all the cells tested at 34~ were in the range of 
--0.88v • 0.01v after a thousand minutes from the 
end of charge. They then stayed in this range for 
the duration of the runs (about six months) .  Data 
on the potentials of the Cd-Cd(OH)~ and Hg-HgO 
couples measured directly vs. hydrogen in KOH 
solutions were later obtained by Riietschi, Ocker- 
man, and Salkind (10) and are given in Table II. 
These data show that the equilibrium potential of 
the cadmium electrode is above the potential of hy-  
drogen at all temperatures and concentrations of 
electrolyte, and therefore the electrode cannot self- 
decay through the evolution of hydrogen. 

Potential  measurements of nickel electrodes in 
nickel cadmium cells were made at the previously 
mentioned temperatures.  It  was possible to esti- 
mate the nickel potential of other cells where only 
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Table II. Potentials of Cd-Cd(OH)~ and Hg-HgO electrodes vs. 
hydrogen in KOH solutions 

T e m p ,  ~  C d - C d  ( O H )  2 Hg-HgO 

25 +0.022 • 0.002 -t-0.929 • 0.001 
35 18.1% KOH -t-0.0195 __ 0.001 -}-0.928 __ 0.001 
45 -t-0.015 • 0.001 -t-0.926 __ 0.001 

25 +0.023 __. 0.002 -}-0.931 _ 0.001 
35 26% KOH +0.020 • 0.002 +0.9295 • 0.001 
45 +0.014 -+- 0.001 +0.927 _ 0.001 

25 -t-0.023 ___ 0.002 -t-0.936 • 0.001 
35 34.7% KOH +0.016 _ 0.002 +0.933 _ 0.001 
45 +0.008 • 0.002 +0.930 • 0.001 

the to ta l  vol tage was de te rmined  by  subtrac t ing  the 
s table  value  of the cadmium electrode discussed in 
the previous  paragraph .  The potent ia l  of the nickel  
electrode decayed immedia te ly  on opening the 
charging circuit.  This decay, a f te r  a few minutes,  
was l inear  wi th  the logar i thm of time. When the 
vol tage level  of the nickel  e lectrode was approx i -  
ma te ly  0.40v wi th  respect  to hydrogen,  a slower 
ra te  of decay began. The second decay per iod 
s tar ted  4 or 5 days af ter  the end of charge. This is 
shown in Fig. 2. Not all  points on these curves are  
shown, for s impl ic i ty  in viewing.  Al l  points  are for 
cells wi th  31% KOH electrolyte.  Capaci ty  de te r -  
minat ions on cells, as well  as da ta  f rom the Sandia  
Corporat ion,  indicated tha t  ve ry  l i t t le  cell capaci ty  
was lost in the  first per iod of decay. Al though 
there  were  some small  differences in the  ha l f -ce l l  
potent ia ls  of the ind iv idua l  cells, the  ra te  of vol tage  
decay was essent ia l ly  constant  in al l  cells at a given 
t empe ra tu r e  and e lec t ro ly te  concentrat ion.  The 
vol tage levels of the nickel  electrodes in the sec- 
ondary  decay periods show the negat ive  coefficient 
of ~E/aT for the  electrodes. The values calculated 
were  --0.0004 V /~  ~ 0.0001 for  the  n ickel  e lec-  
t rode and --0.0005 -- 0.0001 for the cells. The vo l t -  
age decay confirms the conclusions d rawn  from the 
x - r a y  da ta  tha t  the act ive mater ia l s  of the  nickel  
electrode are in so l id-s ta te  solution. The two l inear  
regions were  also la te r  observed by  Conway and 
Bourgaul t  (5) and were  accounted for, by them, by 
a cha rge - t r ans fe r  reaction. 

The s tandard  method of calculat ing heats of re -  
action is the  direct  use of cell or e lectrode potent ia ls  
in the Gibbs -Helmhol tz  equat ion 
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Fig. 2. Open-circuit voltage decoy of nickel electrodes at different 
temperatures. 
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Fig. 3. Plot of E/T vs. l I T  for nickel-cadmium cells 

(OE) 
A H = - - n F E + n F T  - ~  ~ [2] 

This can be r ea r r anged  to 

- -  - -  + [ 3 ]  
T n F T  ~ 

If we consider  the coefficient of vol tage change wi th  
t empera tu re  for n i cke l - cadmium cells to be constant  
over the  range  in question, then the slope of a plot  of 
E/T vs. 1/T is --~1H/nF. The ~H thus obtained in-  
cludes heat  of hydra t ion  as wel l  as hea t  of reaction. 
It is known, however,  tha t  the hydra t ion  energies 
of these pa r t i cu la r  electrodes are very  low, as 
shown by the readiness  wi th  which CdO goes to 
Cd(OH)2 and by  the work  of Rfietschi and Delahay 

( 1 2 ) .  
The values used for e lect rode and cell voltages 

should be revers ib le  e lectrode potentials .  Since the 
nickel  electrodes in the n i cke l - cadmium cells were  
never  in the rmodynamic  equi l ibr ium,  an ex t rapo la -  
t ion method was used to obtain potent ia ls  which 
were  app rox ima te ly  those of NiOOH at the begin-  
ning of the second decay period.  The slopes of the 
decay curves in Fig. 2 were  ex t rapo la ted  or in te rpo-  
la ted to a common time, 1000 min f rom the s tar t  of 
the  open-c i rcui t  period.  This represen ted  close to 
the ini t ia l  t ime in the exper iment  which ran  six 
months. The potent ia ls  of cells and nickel  electrodes 
given in Table  I I I  were  used to p r e pa r e  Fig. 3. F rom 

Table III. Potentials of nickel electrodes and 
nickel-cadmium cells in the second decay period extrapolated 

to a common time (1000 rain) 

N i c k e l  e l e c t r o d e ,  
T e m p ,  ~  i n  t e r m s  o f  S . H . E .  N i - C d  c e l l s ,  v 

255.4 0.4112 1.295 

307.6 0.3907 1.270 

316.5 0.3861 1.203 

324.9 0.3834 1.260 
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the  s lope  of th is  l ine,  t he  hea t  of r e a c t i o n  of n i c k e l -  
c a d m i u m  cel ls  was  c a l c u l a t e d  to b e  - -64  k c a l / g  mole .  
A n o t h e r  m e t h o d  of c a l c u l a t i n g  h e a t s  of r eac t ion ,  
p r o p o s e d  b y  O t h m e r  and  G i l m o n t  (9 ) ,  gave  a v a l u e  
of --62 k c a l / g  moles  for  th i s  reac t ion .  

A s impl i f i ed  r e a c t i o n  for  t he  n i c k e l - c a d m i u m  cel l  
can  b e  w r i t t e n  a s :  

2fl N i O O H  q- Cd q- 2H20 ~ 2Ni (OH)2  Jr Cd (O H )~  
[4] 

T h e  v a l u e  - -64  k c a l / g  mole ,  c a l c u l a t e d  for  the  hea t  
of reac t ion ,  was  used  to e s t i m a t e  t he  a p p r o x i m a t e  
v a l u e  for  t he  h e a t  of f o r m a t i o n  of f l -NiOOH,  s ince  
the  v a l u e s  for  a l l  t he  o t h e r  c o m p o n e n t s  in Eq. [4]  
w e r e  k n o w n  (13) .  The  v a l u e  a r r i v e d  a t  for  t he  h e a t  
of f o r m a t i o n  of  f l - N i O O H  was  --164 k e a l / g  mole .  
This  v a l u e  was  in c lose  accord  w i th  t h e  on ly  v a l u e  
l i s t ed  (13) for  a va l ence  t h r e e  h y d r o x i d e  of n icke l ,  
162.1 k c a l / g  mo le  for  Ni (OH)~.  
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The Thermal Runaway Condition in Nickel-Cadmium Cells 
and Performance Characteristics of Sealed Light Weight Cells 

Alvin J. Salkind and Joseph C. Duddy 
The Carl F. Norberg Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 

ABSTRACT 

The the rmal  r unaway  condition, sometimes cal led the vicious cycle, can be 
caused in a lmost  any type  of cell under  cer ta in  conditions.  The unde r ly ing  
causes of the  r u n a w a y  condit ion are  discussed with  specific appl ica t ion  to 
sealed n i cke l - cadmium cells on constant  potent ia l  overcharge.  The discharge 
and overcharge  per fo rmance  character is t ics  of sealed n i cke l - cadmium cells 
wi th  plast ic  e lectrodes are  presented.  These cells opera ted  at  high energy den- 
sity levels  on both a weight  and volume basis and were  more  difficult to put  in 
the r u n a w a y  condition. 

The  t h e r m a l  r u n a w a y  condi t ion ,  s o m e t i m e s  r e -  
f e r r e d  to as t he  "v ic ious  cycle ,"  can occur  in cel ls  
of a l l  types .  I t  is of p a r t i c u l a r  i m p o r t a n c e  in  t h e  
case  of s ea l ed  n i c k e l - c a d m i u m  cel ls  because  i t  is 
a m o r e  d a n g e r o u s  p h e n o m e n o n  w h e r e  sea l ed  cel ls  
a r e  invo lved ,  and  n i c k e l - c a d m i u m  cel ls  a r e  no t  on ly  
c o m m o n l y  c h a r g e d  and  d i s c h a r g e d  at  h igh  r a t e s  b u t  
a r e  also s u b j e c t e d  to con t inuous  ove rcha rge .  L i t e r a -  
t u r e  r e f e r e n c e s  to th is  p h e n o m e n o n  a re  bo th  few 
a n d  b r i e f ;  t h e  mos t  c o m p l e t e  was  t h a t  of E a r w i c k e r  

(1)  c onc e rn ing  a i r c r a f t  b a t t e r i e s  of t h e  l e a d - a c i d ,  
s i l ve r - z inc ,  and  n i c k e l - c a d m i u m  types .  

Description of the "Runaway Condition" 
Since  o x y g e n  o v e r p o t e n t i a l  is due  to a s low s tage  

in t he  ionic d i s c h a r g e  process ,  i t  is e v i d e n t  and  
we l l  e s t a b l i s h e d  (2)  t h a t  an  i n c r e a s e  of t e m p e r a -  
t u r e  wi l l  dec rea se  t he  o v e r p o t e n t i a l .  In  t he  p a r t i c u -  
l a r  case  of the  n i c k e l - c a d m i u m  cell ,  no t  on ly  does 
t he  o v e r p o t e n t i a l  dec rea se  w i t h  i nc r e a s ing  t e m p e r -  
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Table I. Values of dE/dT for nickel electrodes and nickel-cadmium cells 

Values, v /~  
Type  Charge state Terap range,  ~ Nickel electrodes Cells Reference 

1 Sin te red  Half  charged --40 to +50 --0.00014 --0.00018 (3) 
2 S in te red  F u l l y  charged --18 to +54  --0.0004 (4) 
3 Pocket  Half  charged --40 to +50 --0.00006 --0.00030 (3) 
4 Tubu la r  (Edison) 10% discharged --40 to +30 (av)  --0.0005 --0.0008 (5) 

20 30 --0.0005 --0.0004 

5 Plast ic  e lec t rode  Fu l ly  charged --18 to +38 --0.0005 This work  

a tu re ,  bu t  t h e  t e m p e r a t u r e  coefficient  of t h e  o p e n -  
c i r cu i t  p o t e n t i a l  is nega t i ve .  The  coefficients h a v e  
been  r e p o r t e d  b y  F a l k  (3)  for  s i n t e r e d  p l a t e  a n d  
p o c k e t - t y p e  cells,  b y  S a l k i n d  and  B r u i n s  (4)  for  
s i n t e r ed  p l a t e  cells,  and  b y  Hosono and  W a t a n a b e  
(5)  for  t u b u l a r  n i c k e l  e lec t rodes .  The  coefficient  is 
not  c o m p l e t e l y  i n d e p e n d e n t  of the  s t a t e  of charge ,  
but ,  in  t he  a p p l i c a t i o n  to t he  o v e r c h a r g e  p r o b l e m ,  
the  coefficient  of i n t e r e s t  is t he  one r e p r e s e n t i n g  a 
c o m p l e t e l y  c h a r g e d  n i c k e l  e l ec t rode  w i t h  a p a r t i a l l y  
c h a r g e d  c a d m i u m  e lec t rode .  

In  Tab le  I, a r e  p r e s e n t e d  the  v o l t a g e  t e m p e r a t u r e  
coefficients r e p o r t e d  in  t he  l i t e r a t u r e ,  as w e l l  as 
n e w  d a t a  o b t a i n e d  w i t h  p la s t i c  e l ec t rodes  p r e p a r e d  
b y  the  m e t h o d  d e s c r i b e d  b y  D u d d y  and  S a l k i n d  
(6) .  Cel l  a n d  e l e c t r o d e  vo l t ages  w e r e  m e a s u r e d  in  
cells,  of t he  A t y p e  l a t e r  desc r ibed ,  s to red  a t  m i n u s  
18 ~ 26 ~ and  38~ The  v o l t a g e  decays  w e r e  p l o t t e d  
on o p e n - c i r c u i t  decay ,  and  the  s t ab le  vo l t ages  a t  a 
c o m m o n  t ime,  a p p r o x i m a t e l y  1500 min  f r o m  t h e  
end  of charge ,  w e r e  used  to c a l c u l a t e  t he  v o l t a g e  
coefficient.  The  n u m b e r  shown  is on ly  an  a p p r o x -  
i m a t e  one;  e x p e r i m e n t s  a r e  s t i l l  in p r o g r e s s  to 
ach ieve  a m o r e  e x a c t  va lue .  

T h e r e  is some v a r i a t i o n  in vo l t age  and  v o l t a g e  
coefficient  w i t h  the  s t a t e  of cha rge  of a l l  t he  n i c k e l  
e l ec t rode  t y p e s  l i s ted ,  b u t  a l l  coefficients r e p o r t e d  
we re  nega t ive .  I t  can  b e  seen  t h a t  t h e r e  is a lso  a 
w ide  v a r i a n c e  in t he  va lue s  r e p o r t e d .  S ince  the  
n icke l  e l ec t rode  is uns t ab l e ,  t he  m a g n i t u d e  of t he  
coefficient  o b t a i n e d  changes  w i t h  t he  m e t h o d  of 
o b t a i n i n g  and  p l o t t i n g  da ta .  The  inc lus ion  of  i r on  
in t he  n e g a t i v e s  of t he  p o c k e t  t y p e  and  of coba l t  
or  l i t h i a  and  o t h e r  a d d i t i v e s  in t h e  Ed i son  t y p e  a lso  
affect  t he  m a g n i t u d e  of t he  coefficient  for  these  cells.  
H o w e v e r ,  in e v e r y  case, t he  o v e r - a l l  coefficient  r e -  
p o r t e d  for  t he  cel l  was  nega t ive .  

The  m i n i m u m  emf  n e c e s s a r y  to cha rge  a cel l  is 
t he  s u m m a t i o n  of t h e  p o l a r i z a t i o n  at  t he  n i cke l  e l ec -  
t rode ,  t he  e q u i l i b r i u m  vol tage ,  and  the  p o t e n t i a l  
d rops  across  e l e c t ro ly t i c  and  e l ec t ron ic  res i s tances .  
G la s s tone  (2)  has  g iven  an  a p p r o x i m a t e  v a l u e  for  
t h e  c h a n g e  of o v e r p o t e n t i a l  w i t h  t e m p e r a t u r e  of 
2 m v / ~  and  w e  can a s sume  t h a t  t h e  p o l a r i z a t i o n  
change  wi l l  be  in th is  o rder .  I f  w e  a s sume  for  t he  
second  i t em,  a v a l u e  of  0.5 m v / ~  and  t h a t  for  
n i cke l  c a d m i u m  cells,  t h e  t e m p e r a t u r e  coefficients of 
l a s t  i t ems  a re  smal l ,  t he  t o t a l  change  of i m p e d a n c e  
w i t h  t e m p e r a t u r e  in p o t e n t i a l  t e r m s  is a p p r o x i -  
m a t e l y  2.5 m v / ~  

The Onset of Runaway 
W h e n  a sea led  cel l  is in the  o v e r c h a r g e  s ta te ,  t he  

o x y g e n  cyc l ing  ba l ances  t he  e l e c t r o c h e m i c a l  charge ,  

so t h a t  t he  n e g a t i v e  e l e c t r o d e  s t ays  in  a cons t an t  
s t a t e  of  p a r t i a l  c h a r g e  a n d  the  e n e r g y  of  o v e r -  
c h a r g e  is d i s s i pa t e d  as hea t .  (Th i s  is r e f e r r e d  to b y  
E a r w i c k e r  as t h e  pa r i s i t i c  c u r r e n t . )  A t e m p e r a t u r e  
r i se  w h i c h  can  occur  be c a use  of an  e n v i r o n m e n t a l  
change  or  t h e  i n a b i l i t y  of t he  cel l  to r a d i a t e  or  
t r a n s f e r  hea t  a t  t he  g e n e r a t i n g  r a t e  causes  a r e -  
duc t i on  in t he  cel l  i m p e d a n c e  and  inc reases  t he  
cha rge  cu r ren t ,  if t h e  cha rge  source  is of the  con-  
s t an t  p o t e n t i a l  type .  The  i n c r e a s e  in c u r r e n t  i n -  
c reases  t he  i n t e r n a l  t e m p e r a t u r e ,  w h i c h  r e duces  t he  
i m p e d a n c e  aga in ,  etc.,  and  t h e  r u n a w a y  has  begun .  
W h e r e  the  c a p a c i t y  of  t he  c h a r g e r  is l a r g e  in p r o -  
p o r t i o n  to t he  cel l  capac i ty ,  i t  is poss ib le  for  t he  
c h a r g i n g  c u r r e n t  to i n c r e a s e  to the  l e v e l  w h e r e  t he  
o x y g e n  r e - a d s o r p t i o n  r a t e  a t  t h e  n e g a t i v e  p l a t e  is 
insuff ic ient  to p r e v e n t  t he  fu l l  c h a r g i n g  of the  c a d -  
m i u m  e lec t rode .  Then,  one ge ts  excess  o x y g e n  p r e s -  
s u r e  and  t h e  p o s s i b i l i t y  of h y d r o g e n  as wel l .  

I t  m a y  be  a d v i s a b l e  to  r e m i n d  ourse lves ,  a t  th i s  
poin t ,  t h a t  o t h e r  e l e c t r o c h e m i c a l  sy s t e ms  can  also 
be  p u t  in the  r u n a w a y  condi t ion .  In  t h e  case of t h e  
l ead  ac id  b a t t e r y ,  t he  c h a n g e  in  e q u i l i b r i u m  e m f  
w i t h  t e m p e r a t u r e  has  been  r e p o r t e d  b y  V i n a l  (7)  
to be a b o u t  +0 .25  m v / ~  in  b a t t e r y  c o n c e n t r a t i o n  
e l ec t ro ly t e .  H o w e v e r ,  in th is  case  the  e l e c t r o l y t i c  
r e s i s t ance  is a p p r e c i a b l e  a n d  dec reases  w i t h  a t e m -  
p e r a t u r e  increase .  Of course,  t he  c h a n g e  in o v e r -  
p o t e n t i a l  is t he  p a r a m o u n t  i tem.  R u n a w a y s  in s i l -  
v e r - z i n c  cel ls  h a v e  also been  r e p o r t e d ,  in  p a r t i c u -  
l a r  b y  C h a p m a n  (8 ) .  A t  t he  s a m e  mee t ing ,  E a r -  
w i c k e r  (9)  c o m m e n t e d  on r u n a w a y s  in s e v e r a l  d i f -  
f e r e n t  b a t t e r y  sys tems .  

Buffering Effect of Dehydration 
Both  the  c h a r g e d  and  d i s c h a r g e d  fo rms  of t h e  h y -  

d r o x i d e s  of n i cke l  a r e  b e l i e v e d  to con ta in  e i t h e r  
c h e m i c a l l y  c o m b i n e d  or  a d s o r b e d  w a t e r s  of h y d r a -  
t ion.  K o r n f e i l  (10) has  m a d e  some c la r i f ica t ion  of 
th is  in  his  work .  In  Fig .  1 a r e  shown  the  d e h y d r a -  
t ion  cu rves  for  n i cke lous  h y d r o x i d e  a t  va r i ous  t e m -  
p e r a t u r e s .  The  m a t e r i a l  u sed  w a s  the  g reen  h y d r o x -  
i de  p r e c i p i t a t e  e m p l o y e d  in p o c k e t  e lec t rodes .  The  
loss of w a t e r  was  d e t e r m i n e d  b y  w e i g h i n g  ce r amic  
boa t s  s to red  a t  t h e  v a r i o u s  t e m p e r a t u r e s  a f t e r  t h e y  
h a d  cooled in  a dess ica tor .  X - r a y  p a t t e r n s  of t h e  
d r i e d  m a t e r i a l s  w e r e  also ob ta ined .  I t  w a s  o b s e r v e d  
t h a t  t he  w a t e r  loss l e v e l e d  ou t  a t  t h e  l o w e r  t e m -  
p e r a t u r e s  a t  a p o i n t  e q u a l  to Y4-V2 of a mo le  of 
w a t e r  of h y d r a t i o n ,  and  t h e r e  was  no change  of 
c r y s t a l  s t r u c t u r e  o b s e r v e d  w i t h  t h e  x - r a y  p a t t e r n s  
u n d e r  these  condi t ions .  

H o w e v e r ,  a t  t h e  h i g h e r  ser ies  of t e m p e r a t u r e s ,  
a b o v e  175~ t h e  f o r m a t i o n  of NiO ( B u n s e n i t e )  was  
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Fig. 2. Runaway charge of a 2.5 amp-hr cylindrical sealed nickel- 
cadmium cell with sintered electrodes. 

observed  wi th  the loss of wa te r  and  a b l acken ing  of 
the  ma te r i a l ;  this was  conf i rmed by  x - r a y  analyses .  

There  are  two buf fe r ing  affects to the  r u n a w a y  
condi t ion  which  resu l t  f rom this  dehydra t ion .  U n -  
der  all  t e m p e r a t u r e  condi t ions  the  loss of w a t e r  
f rom the hyd rox ide  c rys ta l  wou ld  d i lu te  the  e lec-  
t rolyte .  The  emf of n i c k e l - c a d m i u m  cells is k n o w n  
to increase  as the  e lec t ro ly te  concen t r a t i on  is de-  
creased. The  second buf fe r ing  effect wou ld  t ake  place 
w h e n  n icke l  oxide, Bunsen i te ,  is formed.  This m a -  
te r ia l  is an  insula tor ,  and  its f o rma t ion  t h rou gh  de -  
h y d r a t i o n  increases  the  res i s tance  of the  n icke l  
e lect rode on charge,  because  of the  decrease  in  su r -  
face area  as wel l  as the s t r a i g h t - f o r w a r d  increase  in  
e lect ronic  resis tance.  The exact  a m o u n t  of buf fe r ing  
tha t  one ob ta ins  f rom these  p h e n o m e n a  wi l l  depend  
on the  geomet ry  of the  cell, but ,  in  any  case, wi l l  
p r o b a b l y  be  qu i te  small .  

Aside f rom the pecu l ia r  usefu lness  of the conve r -  
sion of n icke l  hyd rox ide  to n icke l  oxide in  this  i n -  
stance, in  gene ra l  it  is a reac t ion  v e r y  d e t r i m e n t a l  
to cell pe r fo rmance .  Our  da ta  ind ica te  tha t  it  is 
i r revers ib le ,  and  tha t  the re  is a p e r m a n e n t  loss in 
cell capaci ty  as wel l  as the  increase  in  e lect rode r e -  
sistance. P r o b a b l y  it is m a i n l y  this  reac t ion  tha t  
p rec ludes  the  h i g h - t e m p e r a t u r e  s torage of n i c ke l -  
c a d m i u m  cells. We be l ieve  tha t  the  convers ion  takes  
place at lower  t e m p e r a t u r e s  t h a n  those ind ica ted  in  
Fig. 1 over  long per iods  of t ime,  and  e x p e r i m e n t s  
are  in  progress  to d e t e r m i n e  this  and  the  effect of 
s tor ing in  alkal i .  

Examples of Runaway Cells 

Ups t rom (11), Belove (12),  and  others  i n  p r iva t e  
communica t i ons  have  all  r epor ted  obse rv ing  r u n -  
away  cells, and  t h r o u g h  the i r  coopera t ion  typ ica l  
cycles are given.  In  Fig. 2 the  charge  of a 2.5 a m p -  
hr  cell at  1.40v and  an  a m b i e n t  t e m p e r a t u r e  of 22~ 
is shown.  The  cell was  at an  e q u i l i b r i u m  c u r r e n t  of 
120 ma.  The  e q u i l i b r i u m  was upse t  a f te r  I6 hr,  and  
the  charge  c u r r e n t  rose w i t h i n  2 h r  to over one -ha l f  
an  ampere ,  w h e n  the charge was  in t e r rup ted .  It  has 
been  suggested tha t  this  p h e n o m e n o n  wi l l  no t  occur 
if the charge vol tage  is be low 1.40v, bu t  no accura te  
data  are ava i l ab le  conce rn ing  the  lower  l imi t  of po-  
t en t i a l  which  can cause the  r u n a w a y  condi t ion.  

In  Fig. 3 ano the r  charge  is shown;  the  b a t t e r y  in  
this  case was  a 24 cell uni t ,  and  the  charge  was  at  
36.0v. The  rise in  cell t e m p e r a t u r e  was  also recorded 
and  is por t rayed .  The b a t t e r y  was  cut  off charge 
jus t  af ter  the  charge  c u r r e n t  s ta r ted  to take  a sharp  
rise. 

General Performance Characteristics of 
Plastic Electrode Nickel -Cadmium Cells 

Discharge a nd  overcharge  charac ter is t ics  of some 
sealed cells cons t ruc ted  wi th  h i g h - e n e r g y  dens i ty  
n icke l  and  c a d m i u m  electrodes (6) w e r e  studied.  
The cells were  des igna ted  as A, B, and  C types.  The 
A - t y p e  cell d imens ions  w e r e  11 x 6 x 2.5 cm and  
were  made  wi th  11 posi t ive  a nd  10 nega t ive  plates.  
The types  des igna ted  as B and  C types  had  d i m e n -  
sions of 15 x 6.5 x 3 cm and  16 x 5.5 x 1.8 cm, r e -  
spectively.  The pla tes  used in  the  l a t t e r  two types  
were  ident ical ,  w i th  on ly  the  n u m b e r  of p la tes  and  
the ou te r  enc losure  be ing  var ied  The B type  was  
made  wi th  19 pos i t ive  pla tes  and  18 nega t i ve  pla tes  
a nd  had  a n o m i n a l  capaci ty  of 18 a m p - h r .  The cell 
con ta ine r  used was e x t r e m e l y  he a vy  and  the  
ene rgy  dens i ty  ob ta ined  was 28 w h r / k g .  The  C type  
was m a d e  wi th  10 posi t ive  pla tes  and  9 nega t ive  
pla tes  and  de l ivered  over  11.5 a m p - h r  to a 1.1v per  
cell  cut-off.  Since each cell we ighed  s l ight ly  over 
400g, this  cor responded  to a bou t  35 w h r / k g .  Most of 
the  d i sc repancy  in  ene rgy  densi t ies  b e t w e e n  the  B 
and  C types  was  a t t r i b u t a b l e  to the  loss of posi t ive  
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Fig. 3. Runaway charge of a 24-cell battery with sintered plate cells 
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electrode capaci ty  in the B type  because of p ro -  
longed heat ing dur ing  the case weld ing  stage. Typ i -  
cal discharge curves for the  C type  cells are  given 
in Fig. 4. The curves represent  discharges at ambi -  
ent  room tempera ture ,  approx ima te ly  28~ C- type  
cells were  assembled into 4-cel l  ba t ter ies  s imi lar  
to those used for miner ' s  lamps. The overcharge 
character is t ics  on constant  cur ren t  charging for 
such ba t te r ies  are shown in Table II. These vo l t -  
ages are  s l i g h t l y  h igher  than those repor ted  for 
s intered p la te  cells; it has been shown (6) tha t  
these electrodes have Tafel  curves wi th  grea te r  
slopes than  s intered electrodes.  

In the  C- type  cells the  most efficient charge was 
obta ined by a two-s tage  cons tan t -cur ren t  charge. In 
the first stage, 75% of the capaci ty  was replaced at 
the 5-hr  rate,  then the charge cur ren t  was reduced 
and the cell kept  on overcharge at  the 20-hr rate.  

Runaway of Nickel-Cadmium Cells with 
Plastic Electrodes 

It has been possible to put  the cells wi th  plast ic  
electrodes into the r u n a w a y  condit ion with  s l ight ly  
more difficulty than  convent ional  s in tered p la te  
cells. The ease wi th  which a cell enters  the r u n a w a y  
condit ion should depend on the total  charging im-  
pedance, and the higher  electronic resis tance of the 
plast ic  nickel  electrode acts as a buffer to cell r u n a -  
way. Runaways  in these cells were  sometimes ob- 
ta ined at a charge  vol tage of about 1.44v or about  
0.04v higher  charge potent ia l  than  tha t  used to put  
some of the s intered p la te  cells into the runa w a y  
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Fig. 5. Runaway charge of a B-type cell with plastic electrodes 

TaMe II. Voltage as a function of overcharge current in Mine 
Lamp-type battery of 4 cells 

V o l t a g e  i n  o v e r c h a r g e  
Cur.  a m p  v pe r  cell,  v 

0.3 5.55 1.388 
0.4 5.62 1.40~ 
0.5 5.78 1.445 
0.6 5.86 1.465 
0.7 5.90 1.476 
0.8 5.94 1.486 

condition. In Fig. 5 the r u n a w a y  condit ion in a B- 
type  cell is shown. 

Discussion 

We are enter ing an era where  the use of sealed 
cells is l ike ly  to increase marked ly .  Many of the  ap-  
pl icat ions wi l l  be in space, but  as Schulman (13) 
has pointed out, the rmal  runaways  are  un l ike ly  in 
space appl icat ions because of the  cur ren t  l imita t ions  
in the  p r i m a r y  energy sources. However ,  many  new 
appl icat ions are  unfolding in por t ab le  appl iances 
and tools. Al though constant  potent ia l  charging had 
been accepted in the past  as one of the op t imum 
methods of charging cented n i cke l - cadmium cells, 
it offers some hazards  for sealed cells. I t  st i l l  p ro-  
vides a rap id  method of charging,  for  most of the 
e lectrochemical  capaci ty  is res tored before  the nickel  
e lectrode begins to gas and, under  normal  condi-  
tions, the  charge  vol tage can be set to res t r ic t  the 
charge  current  to a level  the  negat ive  can accept for 
oxygen recombinat ion.  

However,  where  the danger  of the rmal  runaways  
is l ikely,  other  provisions wi l l  have to be made. 
L a p u y a d e  (15) and others have proposed vol tage 
controls for the  charger,  based on the the rmal  con- 
di t ion of the ba t te ry .  Earwicker  (2) suggested po-  
lar ized thermal  relays,  but  caut ioned tha t  thei r  use 
might  lead to undercharg ing  in w a r m  conditions. 
Another  solution is to match  the m a x i m u m  output  
of the  charger  to the  cur ren t  which the cell can 
accept in recombinat ion.  

A convenient  l imi ter  in l abora to ry  appl icat ions is 
a common l ight  bulb,  for its resis tance rises wi th  
both cur ren t  and t empera tu re .  Modern design of 
ba t te r ies  has resul ted  in a l a rge  increase in capac-  
i ty  wi th  a reduct ion in in te rna l  resistance.  This has 
been discussed by  both Barak  (14) and Earwicker  
(9).  I t  may  be possible to increase the  hea t  d iss ipa-  
t ion of cells and therefore  a l levia te  the r unaway  
condit ion wi th  be t te r  cell  design. Since negat ive  
p la tes  are usua l ly  much be t t e r  e lectr ical  and the r -  
mal  conductors than  posi t ive plates,  fu ture  designs 
may  ground the negat ives  to meta l l ic  outer  cans in 
order  to be t t e r  diss ipate  the  heat  f rom the core, 
which is the hot test  pa r t  of the  cell s tackup.  In such 
designs, a series of pa ra l l e l  pla tes  should dissipate 
heat  fas ter  than  the common coiled cell design. 

Manuscript received Oct. 25, 1961; revised manu- 
script received Jan. 17, 1962. This paper was prepared 
for delivery before the Detroit Meeting, Oct. 1-5, 1961. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1962 
J O U R N A L .  
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The "Vicious Cycle" in Secondary Batteries-- 
A Mathematical Approach 

W. G. Eicke, Jr. 
National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Equations relating voltage, temperature, heat capacity, time, and current 
have been derived for a cell on constant-potential charge. Assuming the cell 
to be fully charged and thermally isolated from its surroundings, thereby re-  
taining all of the electrical energy supplied to it, the equations derived are 

and 

1/i 1 ( (V.--V~u)(hH*--aFn) ) t 
io 2RTJCp 

1 / T :  + . In ~~ t 
To 3H* -- aF~ L i 

where i is the current, t the time, T the absolute temperature, V~ the applied 
voltage, VAH the voltage corresponding to the fraction of the electrical en- 
ergy converted into chemical energy, AH* the activation energy for the elec- 
trode reaction, a the transfer coefficient, ~ the activation overpotential, io and 
To the initial current and temperature, respectively, and Cp the heat capacity 
of the cell. The equations have been verified experimentally. The case where 
cooling occurs is also considered. 

One p rob lem tha t  is encountered in secondary ba t -  
ter ies  is the tendency for them to go into a "vicious 
cycle" or " runaway"  condit ion when they  are 
charged at  a constant  potent ia l  especia l ly  at  e levated 
tempera tures .  These terms apply  to the phenome-  
non in which the charging cur ren t  through a ful ly  
or nea r ly  fu l ly  charged ba t t e ry  reaches des t ruct ive  
propor t ions  because of the increase in ba t t e ry  t em-  
pera ture .  Since the increase in ba t t e ry  t empera tu re  
/s caused by  the charging current ,  the above te rms  
are  quite apt. 

Whether  a pa r t i cu la r  ba t t e ry  wil l  go into a 
"vicious cycle" depends on the manner  in which 
the t empera tu re  wil l  va ry  wi th  charging voltage,  
ambient  t empera ture ,  r a te  of heat  removal ,  the na -  
tu re  of the react ions tak ing  place, and the physical  
construct ion of the cells and bat tery .  In general ,  
any  of the present  types  of secondary  ba t te r ies  in 

use today  can be made  to go into a "vicious cycle" 
under  the proper  conditions. 

I t  is the purpose  of this  paper  to analyze  ma the -  
mat ica l ly  the condit ions tha t  cause the  "vicious cy-  
cle." However,  before  doing so, it  wi l l  be desi rable  
to review qua l i t a t ive ly  the cons tan t -po ten t ia l  
charge. 

Constant- Potential Charging 
A cons tan t -po ten t ia l  charge at normal  and high 

t empe ra tu r e  is character ized by  a ve ry  high in i t ia l  
cur rent  which decays more or less exponent ia l ly  
wi th  t ime as the cell becomes charged. Under  ideal 
condit ions the ba t t e r y  should become ful ly  charged 
in 3-4 hr  af ter  which the cur ren t  wil l  be constant  
at  a r e la t ive ly  low value. The charging potent ia l  
is usua l ly  selected so tha t  the ceil can be ful ly  
charged in the min imum safe time. To accomplish 
this the  charging potent ia l  is wel l  above the re -  
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v e r s i b l e  p o t e n t i a l  of the  e l e c t r o c h e m i c a l  r e a c t i o n  
t a k i n g  place .  W o o d b r i d g e  (1)  r e p o r t e d  t h a t  t he  v a r i -  
a t ion  of c u r r e n t  w i t h  t ime  could  be  a p p r o x i m a t e d  
b y  the  e m p i r i c a l  equa t ion ,  

i ( t )  = A e x p ( - - t )  [1]  

w h e r e  i ( t )  is t he  i n s t a n t a n e o u s  c u r r e n t  a t  t i m e  t, 
and  A is a cons tan t .  The  a b o v e  equa t ion ,  h o w e v e r ,  
does  no t  a d e q u a t e l y  d e s c r i b e  a n o r m a l  c o n s t a n t -  
p o t e n t i a l  cha rge  b e c a u s e  i t  n e i t h e r  p r o v i d e s  for  a 
f ini te  f inal  c h a r g i n g  c u r r e n t  no r  wi l l  one a d j u s t a b l e  
p a r a m e t e r  sa t i s fy  a l l  cases.  A b e t t e r  a p p r o x i m a t i o n  
is 

i ( t )  = it + A e x p ( - - k t )  [2]  

w h e r e  ir is the  f inal  c u r r e n t  a f t e r  t he  cel l  is f u l l y  
cha rged ;  A and  k a r e  a d j u s t a b l e  p a r a m e t e r s .  A t  
a cons t an t  t e m p e r a t u r e  ir w o u l d  be  cons t an t  and  r e p -  
r e s en t s  t he  c u r r e n t  d r i v i n g  t h e  o v e r c h a r g e  r eac t ion .  
The  e x p o n e n t i a l  t e r m  of Eq. [2]  desc r ibes  t he  c u r -  
r en t  v a r i a t i o n  of t he  c h a r g i n g  reac t ion .  E q u a t i o n s  
[1]  and  [2]  a r e  r e p r e s e n t e d  g r a p h i c a l l y  in Fig .  1 
for  t he  cond i t ion  w h e r e  a cel l  is he ld  a t  a cons t an t  
t e m p e r a t u r e .  

I f  on the  o t h e r  h a n d  the  t e m p e r a t u r e  of t he  cel l  is 
a l l owed  to va ry ,  as i t  n o r m a l l y  does  in service ,  t he  
c h a r g i n g  c u r v e  m a y  be  a p p r o x i m a t e d  b y  t h a t  shown  
in Fig .  2. I t  is a s s u m e d  h e r e  t h a t  t h e  cel l  does  no t  
lose a n y  h e a t  to  t h e  su r round ings .  I f  t he  c h a r g e  is 
c o n t i n u e d  for  sufficient  t ime ,  t he  f inal  c u r r e n t  ir 
w i l l  r i se  u n t i l  i t  r e aches  d e s t r u c t i v e  p r o p o r t i o n s  as 
is shown  b y  the  d a s h e d  p o r t i o n  of the  curve .  This  
l a t t e r  p a r t  of the  c u r v e  is t h e  r eg ion  of "v ic ious  c y -  
cle." I f  a t y p i c a l  c u r v e  w e r e  to be  i n t e g r a t e d ,  i t  
w o u l d  be  found  t h a t  t he  c u r r e n t  w i l l  not  beg in  to  
r i se  u n t i l  t he  cel l  is e i t he r  f u l l y  c h a r g e d  or  n e a r l y  
so. S ince  the  "v ic ious  cyc le"  does  not  n o r m a l l y  oc-  
cur  u n t i l  t h e  cel l  is cha rged ,  t he  v a l u e  of t h e  sec-  
ond t e r m  in Eq. [2]  w i l l  be  zero  or  v e r y  n e a r l y  so. 
The re fo re ,  a n y  inc rease  in c u r r e n t  m u s t  be  due  to 
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Fig. 1. Ideal constant-potential charging curves at constant 

temperature. 
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Fig. 2. Constant-potential charging curve for a cell that heats 

during the charge. 

t he  effect of t e m p e r a t u r e  on it, and  i t  is th i s  t e r m  
t h a t  w i l l  b e  c ons ide r e d  h e r e i n  in  some de ta i l .  A n  
e x c e l l e n t  d i scuss ion  of t h e  p e r f o r m a n c e  of s e v e r a l  
t y p e s  of b a t t e r i e s  on c o n s t a n t - p o t e n t i a l  cha rge  is 
is g iven  b y  E a r w i c k e r  (2) .  

Assumptions and Idealized Model 
As was  s t a t e d  ea r l i e r ,  t he  f inal  c h a r g i n g  c u r r e n t  

d e p e n d s  on a n u m b e r  of p a r a m e t e r s  w h i c h  a r e  o f ten  
diff icul t  to i so la t e  and  iden t i fy .  To a v o i d  t h e  diff i-  
cu l ty  t h a t  w o u l d  a r i se  i f  an  a t t e m p t  w e r e  m a d e  to 
t a k e  t h e m  a l l  in to  accoun t  in  a m a t h e m a t i c a l  a n a l -  
ys is  a s impl i f ied  m o d e l  w i l l  be used.  This  m o d e l  is 
a cell ,  on cha rge  at  a cons t an t  po t en t i a l ,  t h e r m a l l y  
i so l a t ed  f rom i ts  s u r r o u n d i n g s  so t h a t  t he  on ly  e n -  
e r g y  e n t e r i n g  or  l e a v i n g  t h e  s y s t e m  is t h e  e l e c t r i c a l  
e n e r g y  be ing  s u p p l i e d  b y  the  c h a r g i n g  cu r ren t .  I t  
is a lso a s s u m e d  t h a t  t he  cel l  is f u l l y  c h a r g e d  and  
a l l  of  t he  c u r r e n t  is u sed  to  decompose  w a t e r  b e -  
cause  in  mos t  open  b a t t e r y  sy s t e ms  w h e n  f u l l y  
c h a r g e d  mos t  of t he  c u r r e n t  is u t i l i z ed  to d e c o m -  
pose w a t e r .  

Mathematical Derivation 
In  gene ra l ,  t he  ne t  r a t e  a t  w h i c h  the  e n e r g y  con-  

t e n t  of a n y  s y s t e m  is c h a n g i n g  is t he  d i f fe rence  
b e t w e e n  the  r a t e s  a t  w h i c h  e n e r g y  en t e r s  and  l e aves  
t he  sys tem.  In  t h e  m o d e l  j u s t  d e s c r i b e d  no e n e r g y  
l e aves  t he  sys tem,  and  t h e  on ly  e n e r g y  b e i n g  s u p -  
p l i ed  the  cel l  is t he  e l e c t r i c a l  e ne rgy .  The re fo re ,  t h e  
r a t e  a t  w h i c h  the  e n e r g y  c on t e n t  of t he  cel l  is in -  
c r e a s i n g  is 

d U ( t ) / d t  = Vat( t )  [3]  

w h e r e  d U ( t ) / d t  is the  r a t e  a t  w h i c h  e n e r g y  b e i n g  
s u p p l i e d  at  a n y  t i m e  t, V. t he  a p p l i e d  po t en t i a l ,  and  
i ( t )  the  c u r r e n t  a t  a n y  t ime  t. 

The  e l ec t r i ca l  e n e r g y  is c o n s u m e d  in t w o  ways .  
One is t he  e l e c t r o c h e m i c a l  r e a c t i o n  and  the  o the r  is 
t he  p r o d u c t i o n  of hea t .  As  a r e s u l t  of t he  e l e c t r o -  
c h e m i c a l  r e a c t i o n  ( the  de c ompos i t i on  of w a t e r )  t he  
p r o d u c t s  of t he  r e a c t i o n  a r e  in a h i g h e r  e n e r g y  s t a t e  
t h a n  the  r e a c t a n t s  b y  an  a m o u n t  of e n e r g y  - - A H / n F  
e n e r g y  un i t s  p e r  coulomb.  A s s u m i n g  hH to be  i n -  
d e p e n d e n t  of  t e m p e r a t u r e  and  hence  t ime,  t he  r a t e  
a t  w h i c h  t h e  e l ec t r i ca l  e n e r g y  is c o n v e r t e d  to  c h e m -  
ical  e n e r g y  [ d H ( t ) / d t ]  is 

dH ( t ) / d t  = ( A H / ~ F  ) i ( t )  [4]  
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where  n is the number  of equivalents  for the  elec-  
t rochemical  react ion and F the faraday.  Defining 
V ~  ---- - - A H / n F  Eq. [4] can be r ewr i t t en  as 

d H ( t ) / d t  = V ~ i ( t )  [5] 

Since the ra te  at which the total  energy suppl ied to 
the system is given by  Eq. [3] and the ra te  at which 
electr ical  energy is conver ted to chemical  energy  
is given by  Eq. [5], the difference of these two equa-  
tions gives the ra te  at which heat  is being produced;  
hence 

d Q ( t ) / d t  = ( V ~ - -  V ~ ) i ( t )  [6] 

where  d Q ( t ) / d t  is the ins tantaneous  ra te  at  which 
heat  is being added to the  celi at any t ime t. The 
hea t ing  of the  cell can fu r the r  be defined in t e rms  of 
the t empera tu re  change of the cell, d T ( t ) ,  and its 
heat  capacity,  C~. Assuming the l a t t e r  is independent  
of t empera tu re  

d q ( t )  = C~dT( t )  [7] 

Subst i tu t ing  Eq. [7] into Eq. [6] and rea r rang ing  
d T ( t ) / d t  : ( V ,  - -  V ~ ) i ( t ) / C p  [8] 

In order  to solve Eq. [8] it is necessary to es tab-  
lish a re la t ionship  be tween  the cur ren t  and the t em-  
pera ture .  Such a re la t ionship  can be developed by 
considering the appl ied  potential ,  V~, which is made  
up of four components:  the revers ib le  potent ia l  (E),  
which is the potent ia l  of the H2, O2 couple, the ac-  
t ivat ion overpotent ia l  (~), the ohmic overpotent ia l  
(~;,) and the concentrat ion overpotent ia l  ( ~ ) .  
Hence 

Vo = E ( T )  J- ~;(T) + ~;~ + ~;, : constant.  [9] 

Both concentrat ion and ohmic overpotent ia l  are 
small  compared to the act ivat ion overpotent ia l  and 
can therefore  be neglected.  Fu r the rmore  the effect 
of t empera tu re  on E ( T )  is negligible.  Thus, for a 
cons tan t -po ten t ia l  charge the act ivat ion overpo-  
tent ia l  wil l  be constant, and in conjunct ion wi th  the 
t empera tu re  it wil l  control  the current .  The ap-  
p rox imat ion  tha t  the current  is de te rmined  by ac- 
t ivat ion overpotent ia l  has been verified exper i -  
men ta l ly  for the lead acid sys tem by Vinal  (3) and 
for the n i cke l - cadmium system by Duddy  and Sa l -  
k ind (5).  For  both of these systems it was found 
that,  on overcharge,  plots of cell voltage, vs.  log i 
are l inear.  

For  any electrochemical  react ion tak ing  place at 
a single e lectrode the act ivat ion overpoten t ia l  is 
given by  

: ( R T / ~ F )  In ( i / L )  [10] 

where  a is the t ransfer  coefficient and i~ the ex -  
change current ,  which is given approx ima te ly  by 

i~ = K exp - - ( A H ~ / R T )  [11] 

where  K is a constant  whose value  depends on 
the cell under  considerat ion and AH ~ is the ac t iva-  
t ion energy for the e lectrode reaction. Since there  
are two react ions (one at  each electrode)  tak ing  
place, the to ta l  ac t ivat ion overpotent ia l  is the sum 
of the indiv idual  react ion overpotent ia ls  or 

�9 ; =,;+ + -,;_ [12] 

where  ~§ and n_ are given by 
~ : (RT/~+ F)  In i --  (RT/a+ F ) l n  

[K+ exp --  (AH*+/RT) ] [13] 
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and 
7----- (RT/~_F)  in i -  (RT/~_F)  In 

[K_ exp - -  (AH*_ /RT)  ] [14] 

adding Eq. [13] and [14] and solving for i 

i =  ~/K e x p - -  [(AH* - - a F ~ ; ) / 2 R T ]  [15] 

where  K = K+K_, AH ~ = AH% + AH~_, and a+ and a_ 
are  both app rox ima te ly  0.5 for the decomposit ion 
of water .  

For  t empera tu re  changes tha t  are small  compared  
to the absolute t empera tu re  (as would be the case 
for room t e m p e r a t u r e  and above)  the  cur ren t  at any  
t empera tu re  (T) is g iven app rox ima te ly  by  

i ( T )  = io exp [(AH* - -aFT;)AT/2RTo ~] [16] 

where  i, and To are the ini t ia l  cur rent  and t empera -  
ture,  respect ively,  and AT = T - - T o .  Differentiat ing 
Eq. [16] 

d i / d T  = (AH ~ --  aFn)i /2RTo:  [17] 

Solving Eq. [17] for dT and subst i tu t ing in Eq. [8] 

( V .  - -  V ~ . )  ( A H *  - -  a F v )  
d i ( t ) / i ( t )  2 =  dt [18] 

2RTo~Cp 

In tegra t ing  Eq. [18] be tween the l imits t = 0, i = io 
a n d t = t , i - ~ i ,  

1/i= 1 /<-  ( )t [19] 
2RT/Cp  

The var ia t ion  of t empera tu re  wi th  t ime can be eva l -  
uated using Eq. [19] and [16], thus 

1 1 ( 2R In i~ ) t  [20] 
T -- To + AH * -- aFT; i 

The last  two equations have the empir ica l  forms 

1/ i  -= A - -  B t  [21] 
and 

1 / T  = C + D l n ( A - -  Bt )  [22] 

Equations [19] and [20] define the var ia t ion  of 
cur ren t  and t empera tu re  wi th  t ime for the  ideal  
case in terms of measurab le  physical  quanti t ies,  i.e., 
the  case where  the only energy  exchange be tween 
the cell  and its sur rounding  is the  e lectr ical  energy 
suppl ied for charging.  These equations have  cer-  
ta in l imi ta t ions  because of the s impli fying assump-  
tions made in thei r  der iva t ion  and, therefore ,  should 
be considered only as l imi t ing  cases. The current  or 
t empera tu re  pred ic ted  by  the equations wi l l  be 
somewhat  grea ter  than  would be real ized in p rac -  
tice. 

The Case Where Cooling Occurs 
Above it was assumed tha t  there  was no heat  ex-  

change be tween cell and surroundings.  I t  is also 
des i rable  to consider the  case where  the cell can 
lose heat  to its surroundings  since this s i tuat ion is 
the  one most f requent ly  encountered in normal  
service. 

When cooling occurs, the ra te  at which the heat  
leaves the cell is 

d q ' ( t ) / d t  : - - k ( T o -  T~) [23] 

where  [ d Q ' ( t ) / d t ]  is the ra te  at which heat  is being 
t rans fe r red  f rom the cell to the ambient  su r round-  
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ings  a t  a n y  t i m e  t, Tc the  cel l  t e m p e r a t u r e ,  Ta the  
a m b i e n t  t e m p e r a t u r e ,  and  k t he  h e a t  t r a n s f e r  co-  
efficient.  S ince  t h e  t o t a l  r a t e  a t  w h i c h  h e a t  is a d d e d  
to the  cel l  is g iven  b y  Eq. [6] ,  t he  ne t  r a t e  of change  
of t he  h e a t  con ten t  of t he  cel l  is t he  sum of Eq. [6]  
and  [23] or  

d Q ~ ( t ) / d t  : (V~ - -  V ~ ) i ( t )  -- k [ T c ( t )  -- T~] [24] 

M a k i n g  use  of Eq. [8]  t he  ne t  r a t e  of t e m p e r a t u r e  
change  of the  cel l  is 

C ~ d T ( t ) / d t  : (V~- -  V ~ ) i ( t )  - - k [T~( t )  -- T~] [25] 

Se t t i ng  d T ( t ) / d t  = 0 Eq. [25]  a f t e r  r e a r r a n g i n g  
becomes  

(V~ -- V ~ )  i . . . .  k ( T  . . . . .  - -  Ta) [26] 

S ince  the  c u r r e n t  and  cel l  t e m p e r a t u r e  a r e  r e l a t e d  
b y  m e a n s  of Eq. [15],  i t  is poss ib le  to so lve  Eq. [26]  
for  e i t h e r  i .... or  Tm.~ in t e r m s  of t he  o the r  p a r a m -  
eters .  L ikewise ,  i f  i=~.~ or  T . . . .  a re  specif ied,  i t  is 
poss ib le  to so lve  for  e i t he r  V~, k, or  T~ p r o v i d e d  the  
o t h e r  two  a r e  g iven .  

Exper imenta l  V e r i f i c a t i o n  

E q u a t i o n s  [19] a n d  [20] w e r e  ver i f i ed  e x p e r i -  
m e n t a l l y  fo r  a s m a l l  l e ad  ac id  cel l  and  a n i c k e l - c a d -  
m i u m  cell .  The  c h a r g e d  tes t  cel l  was  p l a c e d  in a 
D e w a r  f lask at  r o o m  t e m p e r a t u r e .  To i n su re  t h a t  
i t  was  fu l ly  c h a r g e d  the  cel l  w a s  c h a r g e d  at  a low 
cons t an t  c u r r e n t  for  s e v e r a l  h o u r s  be fo re  t h e  e x -  
p e r i m e n t  was  s t a r t ed .  The  cel l  was  t h e n  c h a r g e d  at  
a cons t an t  p o t e n t i a l  and  the  r e su l t s  r eco rded .  The  
cel l  t e m p e r a t u r e  was  m e a s u r e d  b y  a t h e r m o m e t e r  in  
t he  e l e c t r o l y t e  and  the  c u r r e n t  b y  an  a m m e t e r  in 
ser ies  w i t h  t he  cell.  The  c h a r g i n g  p o t e n t i a l  was  he ld  
cons t an t  m a n u a l l y .  Because  of t he  h e a t  loss t h r o u g h  
the  e l ec t r i ca l  l eads  e n t e r i n g  the  D e w a r  and  f rom 
t h e  f lask i tself ,  i t  was  n e c e s s a r y  to use  c h a r g i n g  p o -  
t en t i a l s  g r e a t e r  t h a n  is cons ide red  n o r m a l  in  o r d e r  
to m i n i m i z e  these  effects.  The  l e ad  ac id  a n d  n i c k e l -  
c a d m i u m  cells  w e r e  cha rged ,  r e spec t i ve ly ,  a t  2.60 
and  1.60v. The  r e su l t s  of these  e x p e r i m e n t s  a r e  s u m -  
m a r i z e d  in Fig .  3 t h r o u g h  6 in w h i c h  the  r ec ip roc a l  
of c u r r e n t  a n d  t e m p e r a t u r e  a r e  p l o t t e d  as a f u n c -  
t ion of t ime  and  log  (A -- B t ) ,  r e s p e c t i v e l y .  I t  can  
be seen  t h a t  for  bo th  t h e  l e a d  ac id  and  the  n i c k e l -  
c a d m i u m  the  e x p e r i m e n t a l  d a t a  obey  the  e m p i r i c a l  
Eq. [21]  and  [22] e x c e p t  for  l o n g e r  t imes .  As  the  
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t ime  inc reased ,  so d id  t he  t e m p e r a t u r e  and  conse-  
q u e n t l y  t he  h e a t  loss. The  d e v i a t i o n s  f r o m  e x p e c t e d  
b e h a v i o r  a r e  in t he  co r rec t  d i r ec t i on  to  be  accoun ted  
for  b y  h e a t  loss. F o r  b o t h  t y p e s  of ce l l  t he  cons tan t s  
for  t he  e m p i r i c a l  equa t i ons  w e r e  c a l c u l a t e d  f r o m  
the  f igures  and  a re  s u m m a r i z e d  in  T a b l e  I. 

As  a f u r t h e r  ve r i f i ca t ion  of t h e  d e r i v a t i o n  the  ac -  
t i v a t i o n  ene rgy ,  ~H* w a s  c a l c u l a t e d  for  t h e  l e a d  
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Table I. Calculated constants for equations [21] and [22] 
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C o n s t a n t s  
B • 10 8 , C • 10 ~, D • 10.~, 

Cel l  Va, v A ,  a m p  -1 a m p  - I  r a i n  -1 d e g - 1  d e g - ~  

Lead acid 2.60 0.700 2.95 330.4 17.8 
Nickel- 
cadmium 1.60 0.523 1.40 343.2 16.6 

acid cell. Us ing  an  es t imated  hea t  capaci ty  of 233 
ca l /deg  and  the  hea t  of f o rma t ion  of wa t e r  to ca lcu-  
la te  V~H, AH ~ was ca lcula ted  to be 31.6 k c a l / m o l e  
for the evo lu t ion  of h y d r o g e n  and  oxygen.  This  va lue  
agrees v e r y  wel l  wi th  tha t  ob ta ined  f rom Glass tone  
and  Bockris  (4) and  wi th  the  va lue  ca lcula ted  f rom 
Vina l ' s  da ta  (3).  F r o m  these  sources AH * was  found  
respec t ive ly  to be 29 k c a l / m o l e  and  26.2 kca l /mole .  
The m e a n  of the  th ree  is 28.9/kcal .  This  a g r e e m e n t  
adds confidence to the  va l id i ty  of Eq. [19] and  [20]. 
U n f o r t u n a t e l y ,  the  heat  capaci ty  of the  n i c k e l - c a d -  
m i u m  could no t  be es t imated;  however ,  f rom (4) 
• ~ was  found  to be 32 kca l /mole .  
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Tarnishing Reaction of Copper with Solutions of Thiourea and 
Derivatives. Study by Radiotracers 
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Instituto de Qulmica Fisica "Rocasolano,'" Consejo Superior de Investigaciones Cientificas, Madrid, Spain 

ABSTRACT 

A tarnishing reaction takes place at the surface of copper when this metal  
reacts with thiourea or its derivatives, both in aqueous solutions and in  organic 
solvents. In  all cases coherent  films of copper sulfide showing interference colors 
are formed. The kinetics of the film growth may be expressed by a quadrat ic  
equation, which leads to l inear  and parabolic laws as l imit ing cases. The 
kinetics will be l inear  with t ime if any of the interface reactions is the ra te-  
determining step. This is the case for the reactions of dimethyl  and diphenyl-  
thiourea in organic solvents, such as the hydrocarbon liquids. The remarkable  
influence of the dissolved O_~ has been widely studied. In  aerated aqueous solu- 
tions of low concentrat ion the reactivi ty decreases in the order thiourea > 
methyl th iourea  > dimethylthiourea,  and the energy of activation amounts  to 
l0 kcal/mole.  In  the case of d imethyl thiourea  the react ivi ty  is smaller  when  
anisole is used as solvent. Diphenyl thiourea  in xylene also shows a lower re- 
activity. In  these cases the smaller  reactivities lead to higher activation energy 
(14-20 kcal /mole) .  The research work has been carried out using radioactive 
tracers. In  general, the compounds have been labeled with ~S, but  in the case of 
thiourea we also used ~4C, which permits  the estimation of the proportion of 
molecules adsorbed at or occluded in the tarnishing film. 

The s tudy  of the  fo rma t ion  of sulfides on meta l l i c  
surfaces  by  rad io t race r  methods,  us ing  ~S labe led  
compounds ,  both  in  gaseous phase and  organic  solu-  
t ions has been  the sub jec t  m a t t e r  of n u m e r o u s  p u b -  
l ica t ions  d u r i n g  the last  few years.  This  me thod  is 
rapid,  v e r y  sensi t ive,  a n d  accurate .  A prev ious  cal i -  
b r a t i on  pe rmi t s  the  e s t ab l i shmen t  of the  ac t iv i ty -  
th ickness  rat io,  according  to which  it  is sufficient 
to m e a s u r e  the  ac t iv i ty  of a sample  to k n o w  the  
su l fu r  con ten t  of the deposi t  formed.  

Ear l i e r  resu l t s  (1) suggested tha t  a t a r n i s h i n g  
reac t ion  takes  place at the  surface  of Cu, w h e n  this  
meta l  reacts  wi th  aqueous  solut ions  of th iourea ,  

fo rming  a film of Cu~S. This reac t ion  yields  coheren t  
films showing  i n t e r f e r ence  colors. The k ine t ics  of 
the  fi lm g rowth  mi gh t  be expressed  by  a quadra t i c  
r e l a t ion  such as 

A s A 

--+--=t [i] 
k~ k~ 

where  A is the  deposi t  fo rmed  per  u n i t  area,  u sua l ly  
expressed  in  #g of S per  cm ~, t is the  reac t ion  t ime, 
a nd  k~ a nd  k, are r a t e  constants .  

The research  was  ex tended  to s tudy  the  surface  
reac t ion  of Cu wi th  solut ions  of d i p h e n y l t h i o u r e a  in  
x y l e n e  (2) and  aqueous  solut ions  of m e t h y l t h i o u r e a  
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(3).  These react ions also give coherent  films, and 
the r emarkab l e  influence of O~ on thei r  kinetics was 
established.  If the O2 is e l iminated  f rom the solution 
of methyl th iourea ,  by  passing pure  N2 before and 
during the reaction,  the reac t iv i ty  of this compound 
against  Cu is ve ry  small .  

Discussion of the  resul ts  led us to conclude that  
molecules of thiourea,  or its der ivat ives ,  are chemi-  
sorbed at the surface of the meta l  or at the outer  
in terface  of the tarn ishing film. The access of O~ to 
this interfac~ seems to be essential  for the spl i t t ing 
of the chemisorbed molecules, to form S = ions and 
cationic vacancies, which migra te  toward  the inner  
meta l / su l f ide  interface.  In this sense, the react ion 
involving the format ion of surface sulfides wi l l  not 
proceed in the absence of O~, and the fol lowing 
steps might  be dist inguished.  

(A) The sulfide ions are  formed at the outer  in-  
in terface  (Cu~S/H~O + th iourea)  through the action 
of O~, which diffuses f rom the solution. Posi t ive  
holes (e IN) and cationic vacancies (Cu§ are 
formed, and they  migra te  f rom the outer  in terface  
to the metal.  The react ion at the outer  in terface  has 
been pos tu la ted  as follows 

RHN RHN 
l \ \ 
-- 0_, + CS > CO 

2 RHN / RHN / 

+ S: + 2Cu~Y3 + 2e[] [2] 

(B) Pene t ra t ion  of the  meta l  in the Cu~S film. 
This compound is deficient in metal ,  and therefore  
it has cationic vacancies which act as centers  of 
effective negat ive  charges. The electr ical  neu t r a l i t y  
is p reserved  by the existence of posi t ive holes near  
the la t t ice  defects. The react ion taking place at  the 
inner  in terface  wi l l  then be: 

Cu + Cu + [] + e [] > Cu + [3] 

according to which a Cu atom pene t ra tes  as Cu § ion 
into the  Cu=S lattice,  filling a cationic vacancy and 
giving out an electron to a posi t ive hole e [] in the 
valence band  of the sulfide. 

(C) Transpor t  of mate r ia l  through the t a rn i sh-  
ing film. If this film is coherent,  the t r anspor t  takes 
place, for high t empera tu res  and grea t  thickness,  by  
diffusion of Cu + ions through a concentra t ion g rad i -  
ent of Cu § [] vacancies (Wagner ' s  mechanism) .  For  
lower t empera tu res  and small  thicknesses,  as may  
be the ease for the processes here  considered, the 
action of e lectr ical  fields, due to react ions [2] and 
[3], must  be considered (Hauffe 's  bounda ry  layers  
and mechanism of Mott and Cabre ra ) .  However,  
f requent ly ,  the  films formed are no longer coherent,  
and the t ranspor t  of ma t t e r  is made easier, through 
pores, cracks, grain boundaries,  etc., present  in the 
film. 

When none of the above processes (A, B, C) is 
the r a t e -de t e rmin ing  step, it  can be said that  the 
"slowness" of the react ion (defined as the reciprocal  
of the react ion ra te)  is the sum of those correspond-  
ing to each of the pa r t i a l  processes (4, 5). These 
ideas lead to Eq. [1], where  the  t e rm  ~/k~ accounts 

for the "slowness" due to the inner  and outer  in te r -  
face reactions,  being 

1 1 1 
- -  + [4] 

k~ ko k~ 

and the t e rm A~/k~ corresponds to that  of the  ma t -  
ter  t r anspor t  process. 

The kinet ic  re la t ion [ 1] leads as l imit ing cases to 
l inear  and parabol ic  kinet ic  laws. The kinet ics  wil l  
be l inear  (A ---- k~ t)  if any of the in terface  reactions 
is the r a t e -de t e rmin ing  step. This implies  tha t  the  
t ranspor t  of ma t t e r  is rapid.  For  this t r anspor t  it is 
essential  to have a la t t ice  wi th  defects and high 
electr ical  conductivi ty.  This is the case at the be -  
ginning of the  format ion of the surface films we are 
considering and especial ly in the case when Cu is 
a t tacked by th iourea  der iva t ives  in organic solvents. 
The parabol ic  t e rm A~/k~ appears  as a cu rva tu re  in 
the plot  A VS. t. This curva ture  depends c lear ly  on 
the expe r imen ta l  conditions. 

Al l  these considerat ions suggest a res tudy in 
grea te r  detai l  of the react ion of Cu with  aqueous 
solutions of thiourea.  The possibi l i ty  of using this 
compound labeled a l t e rna t ive ly  wi th  aS or ~'C pe r -  
mits the es t imat ion of the propor t ion  of th iourea  
molecules occluded as such in the deposit  formed. 
On the other hand, since the  d imethy l th iourea  is 
soluble in wa te r  and in anisole, the s tudy of the re -  
action of Cu wi th  this  compound makes  it possible 
to obtain informat ion  about the influence of the sol- 
vent. This p a p e r  describes resul ts  not ye t  publ ished 
which we considered more  re levant  to our present  
discussion. Also, a genera l  p ic ture  of the kinet ics  of 
this sul fura t ion process wi l l  be given especial ly re -  
garding the influence of the  var ious  a lky l  and a ry l  
subst i tuents  of thiourea,  the presence of O2, and the 
na tu re  of the  solvent.  

Exper imental  Technique  

Preparation of labeled compounds.--In some cases 
labeled compounds of high specific act ivi t ies  have 
been obta ined f rom radioisotope d is t r ibut ion  cen- 
ters ( th iourea) .  In other cases the radioac t ive  com- 
pounds have been p repa red  in our labora tory ,  e i ther  
by an exchange react ion wi th  high specific act ivi ty  
~~S (d iphenyl th iourea )  or by  synthesis  f rom other 
more s imple compounds (methy l th iourea  and di-  
me thy l th iou rea ) .  In general ,  the  compounds used 
were  labeled with  ~'S, but  in some cases wi th  1'C. 
In both cases the ac t iv i ty  is due to weak /3  radiat ion.  

Counting equipment.--A Geiger -Mi i l le r  tube  was 
used for counting, and the necessary corrections 
were  appl ied  to the  results.  The uni formi ty  of the 
deposits was checked by  au torad iography .  The sam-  
ples were  usua l ly  counted for a t ime long enough to 
have a s ta t is t ical  er ror  of 1%. 

Calculations of the specific activity of the labeled 
compounds.--Determination of counting efficiency. 
- - T o  de te rmine  the efficiency of our counting sys-  
tem a th iourea  reference source was used. I t  was 
suppl ied by  the Radiochemical  Center,  Amersham,  
wi th  a specific ac t iv i ty  of 222 mi l t icur ie /g .  With  
this source a solution was p repa red  containing 9.3 
microcurie/ml and on the o ther  hand another  solu- 
t ion of inact ive  th iourea  containing 100 m g / m l  was 
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prepared .  With  these two solutions we could p re -  
pare  solutions of va ry ing  concentrat ion and vary ing  
specific act ivi ty.  

The efficiency for solid samples was measured  
with  c i rcular  Cu disks, ident ical  wi th  those used in 
the sul fura t ion exper iments ,  of 2.5 cm d iamete r  and 
0.4 mm thickness,  previous ly  submi t ted  to mechan-  
ical and electrochemical  polishing. The efficiency for 
l iquid samples was measured  wi th  fiat bot tom glass 
ashing dishes, 2.2 cm in terna l  d iamete r  and 7 mm 
deep. 

Efficiency measurements  for solid samples have 
been car r ied  out by  two procedures,  denoted as 
evapora t ion  and deplet ion method,  respect ively.  In 
the first case solid samples were  obtained by  evapo-  
ra t ion of th iourea  solutions, containing known 
amounts  of 35S and d is t r ibu ted  so tha t  they  occupy 
centered circles of increasing radius  on the copper 
disks. The solutions are  p r epa red  so tha t  both the 
sulfur  content  of the deposit  expressed as ~g of S 
per  cm ~ and the to ta l  ac t iv i ty  of the samples are 
kept  constant.  Therefore  the specific act ivi ty  of the 
deposit  (mic rocur ie / cm 2) wil l  decrease  wi th  in-  
creasing radius.  Countings corrected for coinci-  
dence, background,  s tandard,  and decay, are p lot ted  
vs. the  radius  of the  samples, and the ex t rapola t ion  
to r ---- 12.5 mm of the graphica l ly  adjus ted  curve 
allows us to calcula te  the counting tha t  would  be 
obtained,  should the  deposit  be un i formly  d is t r i -  
buted  over the whole area  of the disks. 

Table  I shows the resul ts  of exper iments  1 to 4 
car r ied  out by  evapora t ion  procedure.  In column 2 
the deposits of S in ~g /cm ~ are  given; column 3 
shows the absolute  rad ioac t iv i ty  of the samples;  
column 4 the  ac t iv i ty  measured  in our equipment  
and column 5 the efficiency in percentage;  column 
6 shows the s tat is t ical  weight  given to the de te r -  
minations.  

In the deplet ion method the same exper imenta l  
p rocedure  as in the  sul fura t ion exper iments  is used. 
Pol ished disks of copper are made to react  wi th  
th iourea  solutions unt i l  these are complete ly  de-  
pleted;  the concentrat ion of each th iourea  solution 
is such tha t  a sulfide deposit  of a cer ta in  thickness 
is obtained.  The solution wil l  be deple ted  when an-  
other disk, in the  same conditions, does not show 
any react ion and its counting equals that  of back -  
ground. Table  I shows the resul ts  of exper iments  
5 to 10 car r ied  out by  this procedure.  

I t  can be seen in Table  I tha t  the  counting effi- 
ciency is constant  for the whole range  of th ick-  

nesses of sulfide (A) studied, except  for the exper i -  
ments  corresponding to negl igible  thickness carr ied  
out using the active th iourea  solutions only. The 
value  of the efficiency is h igher  in this case (9 .5%),  
p robab ly  due to nonuni form dis t r ibut ion  of the  de-  
posit  which tends to accumulate  at  the  center  of 
the disks, dur ing evaporat ion.  The au torad iographs  
confirm this assumption.  This resul t  has been re -  
jec ted  in calculat ing the weighted  mean value  of 
the efficiency which is 7.0%. 

For  l iquid samples the efficiency decreases wi th  
increasing density,  due to a g rea te r  absorpt ion of fl 
part icles.  With  aqueous solutions of thiourea,  whose 
concentrat ions va ry  be tween 12 mg/1 and 3 g/1 (den-  
sities ve ry  near ly  un i ty ) ,  an excel lent  p ropor t iona l i ty  
be tween  the d is in tegra t ion r a t e  and the counting 
ra te  is observed.  The slope of the  s t ra ight  l ine thus 
obta ined corresponds to an efficiency of 0.082%. 
Hence the rat io  of efficiencies for solid and l iquid 
samples is 85. This rat io  is useful, because the 
h igher  precision of l iquid sample  counting avoids 
p repara t ion  of solid samples, where  small  var ia t ions  
in the un i formi ty  of the deposit  gives place to con- 
s iderable  errors.  

Preparation of reacting solutions.--In each case 
the p repara t ion  of solutions wi th  desired charac te r -  
istics has been car r ied  out by  admixture ,  in appro-  
p r i a te  propor t ion  of the  two stock solutions, one 
act ive and the other  inactive.  

Preparation of copper disks.--The disks were  first 
mechanica l ly  polished, then degreased wi th  benzene 
in a Soxhle t  apparatus ,  fol lowed by  washing with  
acetone and dis t i l led water .  Af te r  fu r ther  washing 
and electrochemical  pol ishing in 60% H~PO4 solu- 
tion, the disks were  r ap id ly  washed in dist i l led 
water .  The polishing and subsequent  washing were  
car r ied  out immedia te ly  before  the  react ion exper i -  
ments  and, to minimize oxidation,  the  disks were  
in t roduced whi le  st i l l  moist  into the reac tan t  solu-  
tion. 

When hydrocarbons  or s imi lar  compounds are to 
be used as solvents the t r ea tmen t  of the copper 
disks was s l ight ly  modified. Af ter  e lectrochemical  
polishing the disks were  washed again wi th  dist i l led 
wa te r  and acetone and immedia te ly  submerged in 
d ry  benzene, xylene,  etc. These manipula t ions  were  
a lways  car r ied  out quickly  and under  the same con- 
ditions. 

Performance of the experiments.--The exper i -  
menta l  method consists in int roducing the polished 
copper disks into the solution (30 ml)  in such a 

Table I. Counting efficiency for solid samples 

D i s i n t e g r a t i o n  A c t i v i t y  
E x p e r t -  r a te  • 10 -~ • 10-4 Sta t i s t .  

mer i t  No. A/~g/cm e d i s / r a i n  c t s / m i n  Er ic . ,  % w e i g h t  P r o c e d u r e  

1 negligible 1.5 1.5 9.5 - -  Evaporation 
2 13.0 1.5 1.1 6.9 1 Evaporation 
3 13.0 1.0 0.67 6.5 1 Evaporation 
4 13.0 0.51 0.34 6.7 0.5 Evaporation 
5 21.0 5.0 3.7 7.3 5 Depletion 
6 10.0 2.5 1.8 7.3 3 Depletion 
7 5.2 1.2 0.97 7.7 1 Depletion 
8 2.6 0.62 0.41 6.6 2 Depletion 
9 1.3 0.31 0.18 6.0 0.3 Depletion 

10 0.64 0.15 0.09 6.0 0.2 Depletion 
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Table II. Corrections in calculations for two experiments done with aqueous solutions of thiourea---~S at 35~ Standard 5500 cts./min. 

1 2 3 4 5 6 7 8 9 10 11 12 1 3  
Cts /min  Spec. activ. 

C t s / m i n  Back-  correct.  C t s /min  C t s /min  c t s /min  Mean 
Disk  Conc. Time,  correct ,  g round  for  back-  Stand.  correct ,  correct .  A va lue  
No. x 103M rain C t s /min  for  coincid, c t s /min  g round  c t s /m in  for  stand, for  decay /~g/cm8 # g / c m  2 /~g/cm e 

183 2.6 90 680 683 18 665 5900 619 998 875 1.1 

183' 2.6 90 658 661 18 643 5900 599 981 875 1.1 
165 0.33 90 1246 1256 18 1238 5900 1145 1861 875 2.1 

165' 0.33 90 1211 1221 18 1203 5900 1121 1808 875 2.1 

w a y  tha t ,  b y  m e a n s  of a s low r o t a t i n g  m o t o r  (60 
r p m ) ,  t h e y  a r e  m o v e d  up  and  d o w n  w i t h  s i m u l t a n e -  
ous ro t a t i on ,  to ob t a in  an  efficient  r e m o v a l  of t he  
so lu t ion  a t  t h e  in t e r face .  D u r i n g  each  e x p e r i m e n t  
the  t e m p e r a t u r e  is k e p t  cons tan t .  A f t e r  a t i m e  the  
d i sk  is r a p i d l y  r e m o v e d ,  w a s h e d  r e p e a t e d l y  e i t he r  
w-ith d i s t i l l ed  w a t e r  or  t he  so lven t  u sed  in  t h e  e x -  
p e r i m e n t ,  t h e n  w i t h  ace tone ,  a n d  f ina l ly  i t  is a l -  
l o w e d  to d r y  b e f o r e  count ing .  

Counting and calculation of film th i cknes ses . -  
Calculation by radioactivity measurements . - -The 
r a d i o a c t i v i t y  of t he  d r i e d  d i sk  w a s  t h e n  m e a s u r e d ,  
t a k i n g  in to  account  co r r ec t ions  for  co inc idence ,  
b a c k g r o u n d ,  r e f e r e n c e  to  s t a n d a r d ,  a n d  d e c a y  of t he  
nuc l ide .  I f  t h e  specific a c t i v i t y  of t h e  so lu t ion  used  
is e x p r e s s e d  as cts. min-1//~g cm -8, t h e  o r ig ina l  c o u n t -  
ings  can  be  t r a n s l a t e d  in to  a m o u n t s  of su l fu r  in 
#g c m  -~ depos i t ed  a t  t he  sur face .  The  t h i cknes s  of 
t he  su r f ace  f i lm can  b e  c a l c u l a t e d  eas i ly  a s s u m i n g  
a c e r t a i n  v a l u e  for  t h e  d e n s i t y  of t he  c o m p o u n d  
fo rmed .  T a b l e  I I  shows  a n  i n s t a n c e  of  co r r ec t i ons  
and  ca l cu la t ions  p e r f o r m e d  for  two  e x p e r i m e n t s  
done  w i t h  Cu and  aqueous  so lu t ions  of t h iou rea .  

In  T a b l e  II ,  c o l u m n  5 shows  the  ac t iv i t i e s  co r -  
r e c t e d  for  a p a r a l y s i s  t i m e  of 400 ~ sec, f ixed  in  our  
s y s t e m  of count ing .  In  c o l u m n  9 the  ac t iv i t i e s  a r e  
r e f e r r e d  to a c e r t a i n  s t a n d a r d ,  w h i l e  in c o l u m n  10 
account  is t a k e n  of t he  co r r ec t i on  for  d e c a y  of 
nuc l ide .  C o l u m n  12 g ives  t h e  w e i g h t s  of su l fu r  p e r  
un i t  a rea ,  e s t i m a t e d  f r o m  t h e  ac t iv i t i e s  g iven  in 
co lumn  10 a n d  t a k i n g  accoun t  of t he  specific a c t i v -  
i ty  g i v e n  in co lumn  11. If  i t  is a s s u m e d  t h a t  t he  
p r o d u c t  f o r m e d  is CusS, t he  t h i ckness  of t h e  f i lm 
can  b e  e s t i m a t e d  f r o m  i ts  d e n s i t y  5.783 g / c m  ', 
w h e n c e  1 / , g  cm-" of  s u l f u r  depos i t ed  c o r r e s p o n d s  to 
a t h i cknes s  of 85.9A. 

Thickness scale by visual observation of interfer- 
ence colors.--In t he  course  of our  e x p e r i m e n t s ,  i t  
has  b e e n  ver i f i ed  t h a t  the  r e a c t i o n  of Cu w i t h  
d i p h e n y l t h i o u r e a  (2)  l eads  to t h e  f o r m a t i o n  of co-  
h e r e n t  su l f ide  films, showing  s u i t a b l e  i n t e r f e r e n c e  
colors  for  e s t ab l i sh ing  a scale  r e l a t i n g  colors  w i t h  
w e i g h t s  of  d e p o s i t e d  su l fur .  This  sca le  p r o v i d e s  a 
c o n v e n i e n t  v i s u a l  m e t h o d  of e s t i m a t i n g  the  t h i c k -  
nesses  of t he  su r f ace  f i lms fo rmed .  

Dyess  and  Mi l ey  (6)  d e t e r m i n e d  b y  t h e  cou lo -  
m e t r i c  m e t h o d  the  t h i cknesses  of su l f ide  f i lms on 
Cu, c o r r e s p o n d i n g  to s e v e r a l  i n t e r f e r e n c e  colors  in 
t he  first  two  orders .  The  success  of a q u a n t i t a t i v e  
c o u l o m e t r i c  r e d u c t i o n  of Cu~S has  been  s t u d i e d  
l a t e r  on b y  H o a r  a n d  S t o c k b r i d g e  (7) .  W e i g h i n g s  of 
ca thode  and  co lo r ime t r i c  d e t e r m i n a t i o n  of Cu in  
so lu t ion  i n d i c a t e d  t h a t  r e d u c t i o n  was  comple te .  

1.1 

2.1 

C o m p a r i s o n  of su l fu r  con ten t s  of f i lms showing  
s i m i l a r  i n t e r f e r e n c e  colors  ev idences  s a t i s f ac to ry  
a g r e e m e n t  b e t w e e n  cou lomet r i c ,  co lo r ime t r i c ,  and  
r a d i o t r a c e r  e s t ima t ion .  This  a l lows  a g r e a t e r  r e l i a -  
b i l i t y  for  e s t i m a t i n g  the  t h i cknesses  b y  v i sua l  ob -  
s e r v a t i o n  of the  d i sks  d u r i n g  su l fu ra t ion .  

Experimental  Results wi th  Aqueous Solutions 
of Thiourea 

The  r e a c t i o n  of Cu w i t h  aqueous  so lu t ions  of 
t h i o u r e a  is s t ud i e d  b e l o w  in g r e a t e r  de ta i l .  The  
e l e c t r o c h e m i c a l  b e h a v i o r  of th is  c o m p o u n d  m a k e s  
th is  s t u d y  adv i sab l e .  On the  o t h e r  hand ,  t he  a v a i l -  
a b i l i t y  of t h i o u r e a  l a b e l e d  w i t h  8'S or  ~'C a l l ows  one  
to d r a w  n e w  conclus ions  a b o u t  t he  m e c h a n i s m  of 
th is  r eac t ion .  

Experiments  wi th  thioureaJ~S.--Experiments 
wi th  aerated solutions.--In t he se  so lu t ions  t he  O, 
c o n c e n t r a t i o n  is d e t e r m i n e d  b y  t h e  p a r t i a l  p r e s s u r e  
of th is  e l e m e n t  in  t h e  air .  Thus,  t h e  cond i t ions  p r e -  
va i l i ng  in  t hese  e x p e r i m e n t s  can  be  a s s u m e d  to be  
s i m i l a r  to t he  a c t u a l  cond i t ions  of co r ros ion  p h e -  
nome na .  

W i t h  a cons t an t  O~. concen t r a t ion ,  t he  v a r i a b l e s  to 
be  s t ud i e d  a r e  t he  t e m p e r a t u r e  and  the  c o n c e n t r a -  
t ion  of th iou rea .  F i g u r e  1 shows  the  r e su l t s  o b t a i n e d  
for  • vs. r e a c t i o n  t i m e  t,  for  a c o n c e n t r a t i o n  1.32 x 
10 -8 M a n d  t e m p e r a t u r e s  s h o w n  in t he  f igure.  I t  can  
be  seen  t h a t  t h e  k ine t i c  r e a c t i o n  l a w  is q u a d r a t i c  
[1] ,  and  p l o t t i n g  t /A  Vs. • t h e  r a t e  cons tan ts ,  k ,  and  
k,, for  each  v a l u e  of c onc e n t r a t i on  and  t e m p e r a t u r e  
m a y  be  d e t e r m i n e d .  To c a r r y  out  th is  d e t e r m i n a t i o n  
of r a t e  cons tan t s  t h e  m e t h o d  of l eas t  squa re s  has  
been  a p p l i e d  in mos t  cases. 

The  v a l u e s  of t he se  r a t e  cons t an t s  f r o m  the  w h o l e  
se r ies  of e x p e r i m e n t s  a r e  shown  in T a b l e  I I I ,  in 
w h i c h  t h e y  a r e  g iven  in l a b o r a t o r y  un i t s  (/~g, cm -~, 

.•6• 300- 

200- t~ 

=k 
1 �9 Y /  ~ 20 ~ loo- 

I I I 
30 60 90 120 

TIME IN MINUTES 

Fig. 1. Influence of temperature on reaction rate, Aerated 
aqueous solutions of thlourea--~,  concentration 1.32 x ]0~M.  
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Table III. Kinetic parameters for the whole series of experiments 
carried out with aerated aqueous solutions of thiourea--=S 

C o n c .  T e m p ,  k r  • 10 2 k 'r  X 1018 k 4  • 10 ~ A H r *  
• 10 -~M ~  ~ g  c m - 2 m i n  -1 g c m - e s e c - ~  / L g 2 c m - 4 m i n  -z  k c a l / m o l e  

0.33 50 5.0 8.3 72 
0.33 35 2.3 3.8 79 9.6 
0.33 20 1.0 1.7 6.8 

0.66 50 10.0 16.6 50 
0.66 35 3.0 5.0 19 11.1 
0.66 20 1.3 2.1 1.9 

1.32 60 11.4 19.0 29 
1.32 50 8.5 14.2 21 
1.32 35 2.6 4.3 12 10.9 
1.32 20 1.2 2.0 3.7 
1.32 10 0.7 1.2 0.8 

2.64 50 5.5 9.2 20 
2.64 35 3.0 5.0 2.5 8.0 
2.64 20 1.5 2.5 0.8 

5.28 50 6.5 10.8 13.6 
5.28 35 4.5 7.5 1.7 7.3 
5.28 20 2.1 3.5 0.75 

7.92 50 6.4 10.7 12.8 
7.92 35 4.0 6.6 1.8 7.0 
7.92 20 2.0 3.3 0.75 

min -I) and in practical units (g, cm -=, sec-1). Figure 
2 shows the plot log kr vs. I/T for the concentration 
1.32 x 10-~M. In all cases this plot allows one to draw 
straight lines from which the parameters in the Ar- 

rhenius equation may be calculated 

k = A exp (--  AH*/RT)  [5] 

Values  of • ~ are also g iven  in  Tab le  III. The  
va lue  AH,* = 10.9 k c a l / m o l e  repor ted  for the  above 
concen t r a t i on  agrees wel l  w i th  tha t  found  for the 
same condi t ions  in  ref  (1) ,  which  due  to misca lcu-  
la t ion  should  read 10.4 kca l /mole .  

F igu re  3 is a plot  of k, and  k~ vs. t h iourea  con-  
cen t r a t i on  for the  t e m p e r a t u r e s  20 ~ 35 ~ and  50~ 
Wi th  r ega rd  to k,  it can be observed tha t  the  i n t e r -  
face reac t ion  ra te  passes t h rough  a m a x i m u m  for a 
concen t r a t i on  0.8 x 10 ~M. On the cont ra ry ,  the va l -  
ues of k~ decrease at the  b e g i n n i n g  wi th  increas ing  
th iourea  concen t ra t ion ,  t end ing  la te r  to s teady v a l -  
ues n e a r l y  i n d e p e n d e n t  of the  concen t ra t ion .  The 
s tudy  of the  va r i a t ions  of both is discussed below. 
Exper iments  carried out passing nitrogen and oxy -  
g e n . - - I n  order  to check if t he  p resence  of dissolved 
O~ is a decis ive  factor  in  the  process of su l fu ra t i on  

' d  70t t l "  THIOUREA-~S 

" ~  3 0  o 

o ~ 

2 4 6 8 

CONCENTRATION (1(~2M) 

Fig. 3. Plots of ke and k~ vs. concentration of thiourea for 20 ~ 
35 ~ and 50~ Aerated aqueous solutions of thiourea. 

of Cu by  th iourea ,  a series of e xpe r i me n t s  w e r e  ca r -  
r ied  out, e l i m i n a t i n g  the  dissolved air  in  the  so lu-  
t ion  by  pass ing  N2 at  a ra te  of 20 craB/rain. F igu re  
4 shows the  resul t s  thus  ob ta ined  for a concen t r a -  
t ion  1.32 x 10-~M a nd  35~ It shows also the  resu l t s  
for e xpe r i me n t s  car r ied  out  pass ing  O~ in  the  same 
condi t ions  and  those ob ta ined  wi th  ae ra ted  solu-  
tions. F r o m  this  series of e x p e r i m e n t s  we  m a y  con-  
c lude tha t  the  r eac t iv i ty  of th iourea  aga ins t  Cu i n -  
creases no t a b l y  by  pass ing 02, wh i l e  the  e l i m ina t i on  
of this  e l e me n t  by  pass ing  N2 decreases the  r eac t iv -  
ity. This  effect is more  ev iden t  as the  e l i m i n a t i o n  
becomes complete.  

Exper iments  carried out w i th  thiourea-14C.--Us- 
ing th iourea - l 'C  we have  been  able  to d e t e r m i n e  the  
con ten t  of th iourea  molecules  in  the  t a r n i s h i n g  
films, due to adsorp t ion  at the  so l id / l i qu id  in te r face  
or inc lus ion  in  the  b u l k  of the  sulfide film. The  re -  
sul ts  so ob ta ined  are  expressed,  as before,  as de-  
posi ted S i n / ~ g / c m  ~ so tha t  they  can be easi ly  com-  
pa red  wi th  those ob ta ined  wi th  th iourea-=S.  The 
e x p e r i m e n t a l  p rocedure  is the  same as above,  ex-  
cept tha t  in  this  case the decay correc t ion  g iven  in 
co lumn  10, Tab le  II, does no t  apply.  The  specific 

~.0 
E o o "E 
u 

o ~ ~.0 
.J 

60 ~ 50 ~ 35 ~ 20 ~ toC 
( It I I 1 i 1 ~  I 

3.0 3,1 3.2 3.3 3.4 315 
1 3 -y10 

Fig. 2. Plot of log k, vs. 1/T to determine the energy of activa- 
tion. Concentration of thiourea 1.32 x 10-3M. 

3 / 02 aerated 

'E 2 
u 

<~ 1 N~ 

I I 
30 60 90 120 

TIME IN MINUTES 

Fig. 4. Influence of O~ on reaction rote. Aqueous solutions of 
thiourea, concentration 1.32 x 10-3M, 35~ Experiments carried 
out passing nitrogen, oxygen, and with aerated solutions, respec- 
tively. 
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Fig. 5. Experiments carried out with aqueous solutions of 
thiourea---~4C. Concentration 1.32 x 10-SM, 3S~ 

ac t iv i ty  to be  g iven  in  c o l u m n  11 is in  this  case 
1.9 x 10 ~ cts. min-~/~g cm -~. 

The  progress  of the  reac t ion  is fol lowed by  ob-  
se rva t ion  of i n t e r f e r ence  colors wh ich  should  be  
ident ical ,  for the  same e x p e r i m e n t a l  condi t ions,  to 
those ob ta ined  wi th  th iourea-=S.  The  ac t iv i ty  of the  
disks gives the  c o n t r i b u t i o n  of t h iou rea  molecules  
to the  deposi t  formed.  F i g u r e  5 shows these con t r i -  
bu t ions  aga ins t  t ime  for a series of expe r i me n t s  
car r ied  out  u n d e r  s imi la r  condi t ions  to those of 
Fig. 4. Compar ing  both  figures it  can be conc luded  
tha t  the  c o n t r i b u t i o n  of t h iou rea  molecules  to the  
tota l  th ickness  of the  deposit  cons idered  as sulfide 
is a p p r o x i m a t e l y  14% in  the  e x p e r i m e n t s  car r ied  
out  pass ing  08, 10% in those wi th  ae ra ted  solut ion,  
and  6% w h e n  pass ing  N~. The  inf luence  of t e m p e r a -  
t u r e  has also been  s tud ied  w i th  aera ted  solut ions  of 
the above  concen t ra t ion ,  and  the  a p p r o x i m a t e  con-  
t r i b u t i o n  of th iourea  molecules  va r i ed  f rom 13% 
at 20~ to 10% at 35~ and  7% at 50~ 

Table IV. Kinetic parameters for the whole series of experiments 
carried out with aerated aqueous solutions of methylthiourea--=S 

C o n c .  T a m p ,  k r  • 10 z k ' r  x 10 lo ka • 10 2 AH~* 
x 10~M "C /zg c m - 2 m i n  -z g c m - e s e c  -z /~g '~cm- r  -1 k c a l / m o l e  

0.33 50 - -  ~ - -  
0.33 35 5.25 8.7 - -  
0.33 20 4.75 7.1 25 

0.66 50 7.1 12 - -  
0.66 35 4.0 6.6 - -  7.5 
0.66 20 2.3 3.8 12.7 

1.32 70 8.3 14 - -  
1.32 60 5.4 9.0 - -  
1.32 50 4.7 7.8 - -  7.3 
1.32 35 2.5 4.2 - -  
1.32 20 1.8 3.0 5 

1.98 50 4.1 6.8 30 
1.98 20 2.5 4.2 2.1 

2.64 50 5.3 8.8 6.7 
2.64 35 3.5 5.8 3.4 4.9 
2.64 20 2.5 4.2 1.3 

3.96 50 7.0 12 4.0 
3.96 20 3.3 5.5 1.6 

7.92 50 8.4 14 6.8 
7.92 35 6.0 10 5.7 5.3 
7.92 20 3.3 5.5 3.1 
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Fig. 6. Values of k= and k~ vs. concentration of methylthiourea 
in aerated aqueous solutions. 

Experimental Results with Aqueous Solutions 
o5 Methylthiourea 

The surface  reac t ion  of Cu wi th  aqueous  solut ion 
of m e t h y l t h i o u r e a  has been  repor ted  in  ano the r  
paper  (3) .  However ,  a n e w  cons idera t ion  of those 
resu l t s  ob ta ined  wi th  ae ra ted  solut ions  of m e t h y l -  
t h iou rea  pe rmi t s  a more  precise d e t e r m i n a t i o n  of 
the  ra te  cons tan ts  k~ and  ks. The  resul t s  so ob ta ined  
differ l i t t le  f rom those pub l i shed  (3) and  are s u m -  
mar ized  in  Tab le  IV, where  in  the  last  c o l u m n  the 
va lues  of the  ac t iva t ion  ene rgy  for severa l  concen-  
t r a t ions  are  gathered.  

F igu re  6 shows the  va lues  of k, and  k~ vs. m e t h y l -  
th iourea  concen t ra t ions  for th ree  va lues  of t e m -  
p e r a t u r e  (20 ~ 35 ~ a nd  50~ The  va r i a t i on  of k~ 
in  the curve  is s imi la r  to the  one descr ibed for 
th iourea ,  b u t  the  m a x i m u m  appears  at  lower  con-  
cent ra t ions ,  abou t  0.3 x 10-~M. This  fact  is conf i rmed 
because  of the  p resence  of a m i n i m u m  which  is dis-  
p laced to the  left. The m i n i m u m  reaches  a lower  
level  w i th  me t hy l t h i ou r e a .  The  va l ue  of ks de-  
creases r ap id ly  at  the  beg inn ing ,  t e n d i n g  la te r  to 
s teady  values .  In  gene ra l  l ines  the  t r e n d  of these 
va r ia t ions  is s imi la r  to tha t  observed  in  the case of 
th iourea .  

Experimental Results with Aqueous Solutions 
of Dimethylthiourea 

D i m e t h y l t h i o u r e a  p resen t s  the  a d v a n t a g e  of be -  
ing soluble  in  w a t e r  and  in  organic  solvents ;  resul t s  
ob ta ined  wi th  aqueous  solut ions  are  descr ibed  be -  
low. Radioac t ive  d i m e t h y l t h i o u r e a  was  p repa red  
f rom =SAC. The  specific ac t iv i ty  was  d e t e r m i n e d  by  
m e a s u r e m e n t  of l iqu id  samples  a nd  ca lcu la t ing  the  
solid sample  act ivi t ies  b y  the  above m e n t i o n e d  
ratio.  Thus,  we  ca lcula ted  for these e x p e r i m e n t s  
tha t  1 ~ g / c m  ~ of S corresponds  to 80.3 c t s . /min .  The  
coun t ing  of the  disks and  the  cor responding  correc-  
t ions  are car r ied  out  in  a fo rm s imi la r  to t ha t  
descr ibed for th iourea ,  except  tha t  in  co lumn  11 of 
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Fig. 7. Reaction curves for experiments carried out with aerated 
aqueous solutions of dimethyithiourea--3~S. Concentration 1.32 x 
10-~M. 
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Fig.  8 .  V a l u e s  o f  kd a n d  k,  vs. c o n c e n t r a t i o n  o f  d i m e t h y l t h i o u r e a  

in a e r a t e d  a q g e o u s  solut ions.  

T a b l e  I I  n o w  a p p e a r s  t h e  v a l u e  80.3 (cts.  min-1/~g 
cm -~) for  th i s  a c t i v i t y - t h i c k n e s s  ra t io .  

Exper iments  carried out wi th  aqueous aerated 
solutions.--Figure 7 shows  the  r e a c t i o n  cu rves  for  
t h r e e  ser ies  of e x p e r i m e n t s  c a r r i e d  out,  r e s p e c -  
t ive ly ,  a t  20 ~ 35 ~ and  50~ a n d  a c o n c e n t r a t i o n  
1.32 x 10"~M. As  in t he  cases  of t h i o u r e a  and  m e t h y l -  
t h i o u r e a  t h e  r e su l t s  o b t a i n e d  in  t hese  e x p e r i m e n t s  
can  be  a n a l y z e d  b y  the  a f o r e s a i d  q u a d r a t i c  law.  The  
va lue s  of kr, k~, a n d  hHr*, c a l c u l a t e d  in  t h e  s ame  
w a y  as  b e f o r e  for  s e v e r a l  concen t r a t i ons  a n d  t e m -  
p e r a t u r e s ,  a r e  g iven  in Tab le  V. 

In  Fig .  8 t h e  va lue s  of k ,  and  k~ a r e  p l o t t e d  a ga in s t  
d i m e t h y l t h i o u r e a  c o n c e n t r a t i o n  for  t e m p e r a t u r e s  of 
20 ~ 35 ~ a n d  50~ The  v a r i a t i o n  of k,  is s i m i l a r  to 
t h a t  o b s e r v e d  for  t h iou rea ,  e x c e p t  t h a t  t he  m a x i -  
m u m  l ies  d i s p l a c e d  t o w a r d  t h e  c o n c e n t r a t i o n  2.5 x 
10-~M. The  mos t  n o t e w o r t h y  fac t  concerns  in th is  
case  kd, s ince  th is  r a t e  cons t an t  passes  t h r o u g h  a 
m i n i m u m  w i t h  i nc rea s ing  c o n c e n t r a t i o n  of d i -  
m e t h y l t h i o u r e a .  This  m i n i m u m  a p p e a r s  for  s m a l l e r  
c o n c e n t r a t i o n s  w i t h  dec r ea s ing  t e m p e r a t u r e .  F o r -  
m a l l y ,  th is  fac t  ref lects  i t se l f  in  t h e  p lo t s  of A vs. t, 
which ,  for  a g iven  t e m p e r a t u r e ,  t end  to be  aga in  
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Table V. Kinetic parameters for the whole series of experiments 
carried out with aerated aqueous solutions of dimethylthiourea--=S 

C o n c .  T e m p ,  kr X 10 2 k'r • 101~ k 4  X 10 2 AHr* 
• 10aM ~ ~ g  c m - ~ i n  -x g c m - ~ s e c  -1 ~ g ~ c m - 4 m i n - 1  k c a l / m o l e  

0.33 50 4.5 7.5 - -  
0.33 35 1.6 2.6 - -  11.4 
0.33 20 0.7 1.2 

0.66 50 5.1 8.5 181 
0.66 35 2.3 3.8 147 9.1 
0.66 20 1.2 2.1 - -  

1.32 50 7.3 12.1 100 
1.32 35 3.5 5.8 41 9.3 
1.32 20 1.8 3.0 5.9 

1.98 50 8.5 14.1 140 
1.98 35 4.2 7.0 15.3 7.3 
1.98 20 3.0 5.0 7.2 

2.64 50 10.0 16.6 85 
2.64 35 5.2 8.6 8.3 8.0 
2.64 20 - -  - -  1.6 

3.96 50 5.6 9.3 100 
3.96 35 4.3 7.1 5.0 4.1 
3.96 20 2.6 4.3 38 

5.28 50 5.7 9.5 83 
5.26 35 4.5 7.5 30 3.3 
5.28 20 3.0 5.0 100 

l i n e a r  for  h i g h e r  concen t r a t ion .  T h e  i n t e r p r e t a t i o n  
of these  fac ts  is g iven  b e l o w  in the  Discussion.  

Exper iments  carried out passing ni trogen.- - In  
s e v e r a l  ser ies  of e x p e r i m e n t s  c a r r i e d  out  a t  20 ~ , 
35 ~ and  50~ w i t h  d i f f e ren t  concen t ra t ions ,  and  
pas s ing  N~ a t  a r a t e  of 20 cmVmin ,  t he  r e su l t s  show 
in a l l  cases  t h a t  t h e r e  is a c o n s i d e r a b l e  dec rea se  oi  
r e a c t i v i t y  a ga in s t  Cu, due  to r e m o v a l  of d i s so lved  
air .  

Exper imental  Results wi th  Solutions of 
Dimethyl thiourea in Anisole 

E x p e r i m e n t a l  cond i t ions  a r e  s i m i l a r  to  those  used  
in aqueous  solut ions .  The  c o p p e r  disks ,  a f t e r  m e -  
chan ica l  and  e l e c t r o c h e m i c a l  po l i sh ing ,  w e r e  w a s h e d  
w i t h  d i s t i l l ed  wa te r ,  w i t h  ace tone ,  and  f ina l ly  w i t h  
anisole .  A f t e r  r e a c t i o n  the  d i sks  w e r e  w a s h e d  
w i t h  anisole ,  ace tone ,  and  a l l o w e d  to d r y  be fo re  
count ing .  F i g u r e  9 shows  the  r e su l t s  o b t a i n e d  for  a 
c o n c e n t r a t i o n  1.32 x 10-~M a n d  t e m p e r a t u r e s  of 60 ~ 
75 ~ 80 ~ and  90~ I t  fo l lows  f r o m  these  r e su l t s  t h a t  
t he  r e a c t i v i t y  is l o w e r  t h a n  in a que ous  solut ions ,  
a n d  for  mos t  of t he  e x p e r i m e n t s  t h e  k ine t i c  l a w  of 
t he  f i lm g r o w t h  was  l i n e a r  w i t h  t ime.  The  re su l t s  

4 / 9 0 o  

3 
'E 

n ~ ~ l  60" 

20  40 60 
TIME IN MINUTES 

Fig. 9. Reaction curves for experiments with solutions 
dimethylthioureo--~S, in anisole. Concentration 1.32 x 10-"M. 
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Table VI. Kinetic parameters for the whole series of experiments 
carried out with solutions of dimethylthiourea in anisole 

T A R N I S H I N G  O F  C O P P E R  W I T H  T H I O U R E A  

C o n c .  T e m p ,  k r  • 10 2 k %  x 1010 AHr* 
• 1 0 ~ M  ~  ~ g  c r a - e m i n  -1 g c m - e s e c  -1 k c a l / m o l e  

1.32 60 0.6 1.0 
1.32 75 1.8 3.0 
1.32 80 3.8 6.3 

3.96 60 0.9 1.5 
3.96 75 2.8 4.6 
3.96 80 5.6 9.0 

21 

21 

21 
7.92 60 1.3 2.1 
7.92 75 4.0 6.6 
7.92 80 9.2 15.3 

o b t a i n e d  fo r  d i f fe ren t  va lues  of t e m p e r a t u r e  and  
c o n c e n t r a t i o n  of d i m e t h y l t h i o u r e a  a r e  g iven  in 
T a b l e  VI. A set  of  e x p e r i m e n t s  w a s  a lso  c a r r i e d  ou t  
pass ing  p u r e  N~ b e f o r e  a n d  d u r i n g  t h e  r e a c t i o n  of 
su l fu ra t i on .  T h e y  s h o w e d  a d e c r e a s e  of r e a c t i v i t y  to  
a m i n i m u m .  

Experimental  Results wi th  Solutions of 
Diphenylthiourea in Xylene 

Resu l t s  o b t a i n e d  in the  s t u d y  of  the  su r f ace  r e -  
ac t ion  of Cu w i t h  so lu t ions  of d i p h e n y l t h i o u r e a  in 
x y l e n e  have  been  p u b l i s h e d  e l s e w h e r e  (3 ) ;  th i s  r e -  
ac t ion  also y i e lds  cohe ren t  films, showing  i n t e r -  
f e r ence  colors.  The  r e a c t i v i t y  in  th is  case  is m u c h  
lower  t h a n  t h a t  of t h i o u r e a  in  aqueous  solut ion ,  and  
the  k ine t i c  l a w  of t he  f i lm g r o w t h  is l i n e a r  w i t h  
t ime.  A v a l u e  of AHr* ---- 14.2 k c a l / m o l e  for  the  
e n e r g y  of a c t i va t i on  is ob ta ined .  In  the  d i scuss ion  
b e l o w  these  r e su l t s  a r e  cons ide red  aga in  in t r y i n g  
to e s t ab l i sh  a c o m p a r i s o n  w i t h  a l l  t he  r e su l t s  ob -  
t a i n e d  w i t h  d i f fe ren t  compounds .  

Discussion 

F r o m  the  r e su l t s  d e s c r i b e d  a b o v e  conce rn ing  the  
f o r m a t i o n  of su r f ace  f i lms of sulf ides  on Cu b y  t h i o -  
u r e a  and  d e r i v a t i v e s  w e  conc lude  t h a t  t he se  c o m -  
p o u n d s  s u p p l y  the  S= ions at  t h e  ou te r  in te r face ,  b y  
the  ac t ion  of the  O o d i s so lved  in  t he  solut ion.  I f  the  
O o is e l i m i n a t e d ,  t he  r e a c t i v i t y  w i t h  Cu dec reases  
no t ab ly ,  and  if t he  e l i m i n a t i o n  shou ld  be comple te ,  
t he  r e a c t i o n  could  be  r e d u c e d  to a c h e m i s o r p t i o n  of 
a t h i o u r e a  m o n o l a y e r  on the  Cu sur face ,  the  m o l e -  
cules  a n c h o r i n g  t h r o u g h  the  g roups  S = C .  

Recen t  w o r k  b y  T r i v i c h  et  al .  (8 ) ,  in w h i c h  t h i o -  
u r e a - ~ S  was  used  to  s t u d y  the  effect  of th is  c o m -  
p o u n d  on e l e c t r o d e p o s i t i o n  of Cu, showed  h o w  the  
a d s o r b e d  molecu le s  i n t e r f e r e  w i th  the  g r o w t h  of the  
c rys ta l s .  H o w e v e r ,  if a e r a t e d  so lu t ions  of t h i o u r e a  
a r e  used,  the  sp l i t t i ng  of t he se  mo lecu le s  at  the  
ca thode  su r face  m a y  p l a y  also a ro le  in the  i n h i b i t -  
ing effect. This  sp l i t t i ng  of t h e  mo lecu l e  m a y  e x -  
p l a in  t he  occ lus ion  of S in the  e l ec t rodepos i t s  (9, 1).  
L ikewi se ,  t he  r e su l t s  o b t a i n e d  in the  e x p e r i m e n t s  
c a r r i e d  out  w i t h  th iourea- l*C show the  p r e s e n c e  of 
mo lecu le s  a d s o r b e d  and  p a r t l y  occ luded  in the  su l -  
fide film. This  effect is g r e a t e r  w h e n  the  s u l f u r a t i o n  
process  is m o r e  in tense .  These  resu l t s ,  bes ides  t he  
use  of t h i o u r e a  as co l l ec to r  in the  f lo ta t ion  of su l -  
fide m i n e r a l s  (10) and  the  pos s ib i l i t y  of c o m p l e x  

375 

and  che l a t e  f o r m a t i o n  w i th  Cu, i ndo r se  t he  h y p o t h e -  
sis t h a t  t he  t h i o u r e a  mo lecu l e s  a r e  c h e m i s o r b e d  
bo th  at  t he  m e t a l  sur face ,  in t he  i n i t i a l  s tage  of t he  
reac t ion ,  and  a t  t he  e x t e r n a l  su r f ace  of t h e  sulf ide 
f i lm d u r i n g  i ts  g rowth .  

On t h e  o t h e r  hand ,  c h e m i s o r p t i o n  of o x y g e n  on a 
p - t y p e  s e m i c o n d u c t o r  such  as Cu~S seems  to be  as-  
soc ia ted  w i th  a d s o r b e d  o x y g e n  a t o m s  and  n e u t r a l  
pa i r s  f o r m e d  by  O- ions and  pos i t i ve  holes  t r a p p e d  
at  t he  su r face  l a t t i ce  ca t ions  (11) .  H o w e v e r ,  if  the  
s d s o r p t i o n  t a k e s  p l ace  a t  a t h i n  sulf ide f i lm on a 
meta l ,  i t  m a y  be modi f ied  by  e l ec t ron  t r a n s f e r  f r o m  
the  m e t a l  to t he  su r face  l eve l  in such a w a y  t h a t  
a d s o r p t i o n  as O- ions  wi l l  exceed  t h a t  on b u l k  su l -  
tides. The  e l e c t r i c a l  f ield thus  e s t a b l i s h e d  w i l l  con-  
t r i b u t e  f u r t h e r m o r e  to t he  m i g r a t i o n  of Cu + ions 
t h r o u g h  the  t a r n i s h i n g  f i lm (12, 13).  

The  h igh  r e a c t i v i t y  of t he  c h e m i s o r b e d  o x y g e n  is 
r e a d i l y  u n d e r s t a n d a b l e  (14, 15) be ing  ascribecl  to 
the O- ions formed at the surface. In this way once 
the molecules of oxygen and thiourea are chemi- 
sorbed, the oxidation of the latter may take place, 
but the mechanism of the reaction cannot yet be 
elucidated. Freundlich and Fischer (16) studied the 
oxidation of thiourea solutions in the presence of 
activated carbon, and they supposed that sulfur and 
Hector base (C~H~N,S) were formed in the reaction. 
However, the experiments described show that, in 
the presence of O~, all the sulfur contained in the 
thiourea or its derivatives can react with Cu. This 
has led to the use of reaction [2] at least as a 
working hypothesis. 

The observed variation of k~, in the experiments 
carried out with aqueous solutions of thiourea, 
w o u l d  show t h a t  t h e r e  ex is t s  a t  t he  b e g i n n i n g  an 
i nc rea s ing  r e a c t i v i t y  w i t h  concen t r a t i on ,  fo l lowed  
b y  an  i n h i b i t i n g  effect due  to t he  s a m e  th iourea .  On 
the  o the r  hand ,  t he  v a r i a t i o n  of k~ l eads  to a g r e a t e r  
c u r v a t u r e  in t he  p lo t  A vs. t for  t h i o u r e a  c o n c e n t r a -  
t ions  g r e a t e r  t h a n  10-~M. Now,  if  t he  p h y s i c a l  m e a n -  
ing  of th is  r a t e  cons t an t  is r e l a t e d  to t he  t r a n s p o r t  
of m a t t e r ,  th is  w o u l d  m e a n  a g r e a t e r  h i n d r a n c e  for  
th is  t r a n s p o r t  w h e n  us ing  so lu t ions  of i nc rea s ing  
concen t ra t ion .  In  p r inc ip l e ,  w e  can  a s s u m e  t h a t  th is  
h i n d r a n c e  is due,  in a g r e a t  pa r t ,  to the  t h i o u r e a  
mo lecu le s  occ luded  in t h e  depos i t  f o r m e d  and  whose  
p e r c e n t a g e  has  been  d e t e r m i n e d  in the  e x p e r i m e n t s  
c a r r i e d  out  w i t h  t h i o u r e a - " C .  

These  r e su l t s  h a v e  b e e n  conf i rmed ,  in gene ra l ,  in  
t he  e x p e r i m e n t s  c a r r i e d  out  w i t h  a que ous  ~olut ions 
of m e t h y l  and  d i m e t h y l t h i o u r e a .  In  t h e  l a s t  case,  
cons t an t  ks goes t h r o u g h  a m i n i m u m  w h e n  the  con-  
c e n t r a t i o n  increases ,  and  th is  m i n i m u m  a p p e a r s  a t  
l o w e r  c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
This  m e a n s  tha t ,  for  a g iven  t e m p e r a t u r e ,  the  p e r -  
m e a b i l i t y  of the  fi lms is g r e a t e r  w h e n  the  concen -  
t r a t i o n  of d i m e t h y l t h i o u r e a  inc reases  a b o v e  a ce r -  
t a in  va lue ,  p e r h a p s  due  to CuS fo rma t ion ,  w h i c h  
f a v o r e d  l o w e r i n g  the  t e m p e r a t u r e  (17) .  

I f  the  r a t e  of t h e  i n t e r f ace  r e a c t i o n  is s m a l l e r  
t h a n  t h a t  of t he  m a t t e r  t r a n s p o r t  t h r o u g h  the  s u r -  
face  f i lm and  h e n c e  i t  becomes  the  r a t e  d e t e r m i n i n g  
s tep  for  t he  w h o l e  t a r n i s h i n g  process ,  i t  can  be  e x -  
pec t ed  tha t  t he  k ine t i c  l a w  of t he  f i lm g r o w t h  be  
l inea r .  This  m i g h t  be  t he  case  w i t h  so lu t ions  of d i -  
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Table VII. General view of rate constants kr and activation energies ~Hr for the surface reactions here studied 

c = 0 .66  • 1 0 - S M  c =  1 .32  • 1O-3M c = 5 .28  • 1 0 - a M  c = 7 .92  • 1O-~M 
T e m p ,  kr X 101~ A H r *  kr • 101~ AH~* k r  X 1010 A H r *  k r  X 1010 A H r *  

S u l f u r a t t n g  a g e n t  S o l v e n t  *C g c m - ~ s e c - 1  k c a l / m o l e  g c m - 2 s e c  -z  k c a l / m o l e  g c m - e s e c  -~ k c a l / m o l e  g c m - ~ s e c  -~ k c a t / m o ] e  

Thiourea  wa te r  50 16.6 14.2 10.8 10.7 
Thiourea  wa te r  35 5.0 11.1 4.3 10.9 7.5 7.3 6.6 7.0 
Thiourea  wa te r  20 2.1 2.0 3.5 3.3 

Methy l th iourea  wate r  50 12.0 7.8 14 
Methy t th iourea  w a t e r  35 6.6 7.5 4.2 7.3 10 5.3 
Methy l th iourea  wa te r  20 3.8 3.0 5.5 

Dimethy l th iourea  wa te r  50 8.5 12.1 9.5 - -  
Dimethy l th iourea  wa te r  35 3.8 9.1 5.8 9.3 7.5 3.3 - -  - -  
Dimethy l th iourea  wa te r  20 2.1 3.0 5.0 - -  

Dimethy l th iourea  anisole 80 6.3 15.3 
Dimethy l th iourea  anisole  75 3.0 21 6.6 21 
Dimethy l th iourea  anisole 60 1.0 2.1 

Dipheny l th iourea  xy lene  70 13.0 31.0 
Dipheny l th iourea  xy lene  60 6.5 14.2 15.0 14.2 
Dipheny l th iourea  xy lene  50 3.5 9.0 

m e t h y l t h i o u r e a  in an i so le  and  d i p h e n y l t h i o u r e a  in 
xy lene .  

W i t h  a l l  t he  e x p e r i m e n t a l  da ta ,  a c o m p a r a t i v e  
s t u d y  r e g a r d i n g  the  r a t e  cons t an t s  k,  and  t h e  ac -  
t i v a t i o n  ene rg i e s  Z~Hr ~ can  be  made ,  t a k i n g  in to  ac -  
coun t  t he  s e v e r a l  compounds ,  concen t ra t ions ,  and  
t e m p e r a t u r e s  used.  The  r e su l t s  s h o w n  in T a b l e  VI I  
l e ad  to the  fo l lowing  cons ide ra t ions .  

In  a e r a t e d  aqueous  solut ions ,  t h e  r e a c t i v i t y  w i th  
Cu dec reases  in  t he  o r d e r  t h i o u r e a  > m e t h y l t h i o u r e a  
> d i m e t h y l t h i o u r e a  fo r  v e r y  s m a l l  concen t ra t ions .  
H o w e v e r ,  if  t he  c o n c e n t r a t i o n  is g r e a t e r  t h a n  3 x 
10~M the  r eac t i v i t i e s  b e c o m e  of t he  s ame  o r d e r  or  
p e r h a p s  t h e y  i n c r e a s e  in  r e v e r s e  d i rec t ion .  The  ac -  
t i v a t i o n  ene rg i e s  Z~H~ ~ a re  of t he  o r d e r  of 10 k c a l /  
mole.  In  gene ra l ,  if  i t  is a s s u m e d  t h a t  t he  p r e v a i l i n g  
f ac to r  for  t he  r e a c t i v i t y  of t he se  c o m p o u n d s  is t he  
sp l i t t i ng  of  t he  C----S bond  t h a t  d e p e n d s  on the  
n e g a t i v e  e l ec t ron ic  d e n s i t y  of the  S a t o m  a n d  the  
pos i t ive  of t h e  C a tom,  t he  s u b s t i t u t i o n  of H in t h e  
a m i n e  g r o u p  b y  CI-I~ w i l l  no t  a l t e r  e s s e n t i a l l y  the  
cond i t ions  c o m p a r i n g  w i t h  t h iou rea ,  b e c a u s e  the  
CH~ g r o u p  is a w e a k  e l ec t ron  donor .  

I n  t he  case  of d i m e t h y l t h i o u r e a ,  t h e  r e a c t i v i t y  is 
less  w h e n  an i so l e  is used  as solvent .  D i p h e n y l t h i o -  
u r e a  in x y l e n e  shows  a r e a c t i v i t y  of t h e  s ame  o r d e r  
as t h a t  of d i m e t h y l t h i o u r e a  in  anisole .  In  m a n y  
cases  i t  is o b s e r v e d  t h a t  w e a k e r  r e a c t i v i t y  l eads  to 
g r e a t e r  a c t i v a t i o n  ene rgy ,  w h e n  t h e  s u l f u r a t i o n  r e -  
ac t ion  w i t h  t h i o u r e a  d e r i v a t i v e s  t a k e s  p lace  in  n o n -  
aqueous  solut ions .  

F i n a l l y ,  i t  is to be  p o i n t e d  ou t  tha t ,  in  a l l  cases,  
the  mic roscope  o b s e r v a t i o n  of t he  su r faces  a f t e r  r e -  
ac t ion  r e v e a l s  t h e  p r e s e n c e  of a co lor  mosa ic  t h a t  
fo l lows  t h e  g r a i n  s t r u c t u r e  of m e t a l l i c  base .  In  g e n -  
era l ,  t h e  f i lm is of  u n i f o r m  co lor  fo r  each  gra in .  The  
o b s e r v e d  colors  can  be  due  e i t h e r  to  d i f f e ren t  t h i c k -  
ness  of t he  f i lms f o r m e d  on each  gra in ,  or  d i f f e r -  
ences  in r e f r a c t i o n  i n d e x  or  to bo th  fac tors .  I f  t he  
f i lm f o r m e d  is an i so t rop ic  t he  r e f r a c t i o n  i n d e x  d e -  
pends  on the  o r i en ta t ion .  H o w e v e r ,  t he  e x p e r i m e n t s  
of  K r u g e r  (18) conce rn ing  t h e  o x i d a t i o n  of  a Cu 
m o n o c r y s t a l  s u b m e r g e d  in  an  aqueous  O~ so lu t ion  
and  the  g r a v i m e t r i c  m e a s u r e m e n t s  of B e n a r d  and  

T a l b o t  (19, 20) ,  in t he  sense  t h a t  c e r t a i n  c r y s t a l -  
l o g r a p h i c  p l anes  of Cu a r e  ox id i zed  m o r e  r a p i d l y  
t h a n  o thers ,  s e e m  to show t h a t  t h e  v a r i a t i o n  in  t h e  
t h i ckness  of t he  f i lm and  no t  t h a t  of t h e  r e f r a c t i o n  
i n d e x  is t he  r ea son  for  t he  d i f fe rences  in co lor  ob -  
s e rved  for  d i f fe ren t  g r a i n s  a f t e r  t he  s u l f u r a t i o n  r e -  
act ion.  

H o w e v e r ,  i t  is to be  p o i n t e d  out  t h a t  th is  inf luence  
on the  r e a c t i o n  ra te ,  due  to t he  o r i e n t a t i o n  of t he  
base  la t t ice ,  w i l l  t end  to d e c r e a s e  as t h e  t h i ckness  
of t h e  t a r n i s h i n g  f i lm increases ,  t he  r e a c t i o n  a t  the  
o u t e r  i n t e r f a c e  b e c o m i n g  f ina l ly  t he  r a t e - d e t e r m i n -  
ing  s tep.  

Manuscr ip t  received Ju ly  17, 1961; revised manuscr ip t  
received Jan.  21, 1962. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1962 
J O U R N A L .  
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On the Oxidation of Zirconium 
Karl A. Sense 1 

Research Department, Atomics International, A Division of North American Aviation, Inc., Canoga Park, Cali]ornia 

ABSTRACT 

The rate law for the oxidation of zirconium was found to be ini t ial ly in te r -  
mediate to l inear  and parabolic, then parabolic, and then near ly  cubic over the 
first 10-rain interval  at both 400 ~ and 500~ At 400~ the oxidation rate became 
parabolic for an oxide thickness of about 300A. At 500~ the oxidation rate be-  
came near ly  cubic at about 3300A, the t ransi t ion from one rate to another being 
gradual  ra ther  than sharp. The activation energy for the parabolic region was 
29.3 kcal /mole  and for the near ly  cubic region approximately 42 kcal/mole.  The 
results obtained were independent  of the shape of the specimen and its surface 
preparation. An analysis shows that the high solubili ty of oxygen in zirconium 
is not a sufficient condition to account for a cubic rate law of oxidation for a 
concent ra t ion- independent  diffusion constant. 

This  w o r k  is a b y - p r o d u c t  of the p r i m a r y  objec-  
tive, n a m e l y  the  s tudy  of the diffusion of h y d r o g e n  
th rough  th in  films of ZrO2 on z i r con ium metal .  
Since it  was eas ier  to ob ta in  the  desired oxide th i ck -  
ness at  a lower  t e m p e r a t u r e  because  of lower  ox ida-  
t ion  rates,  the ox ida t ion  of z i r con ium was car r ied  
out  at on ly  two t empera tu re s ,  400 ~ and  500~ Also, 
since on ly  t h in  films were  desired,  al l  of the runs  
w i th  one except ion  were  of a v e r y  shor t  dura t ion .  
The diffusion of h y d r o g e n  th rough  ZrO2 be ing  the  
p r i m a r y  s tudy,  the  k ine t ics  of the  ox ida t ion  of z i r -  
con ium were  no t  ana lyzed  u n t i l  af ter  the expe r i -  
m e n t a l  p r o g r a m  was t e rmina t ed ,  thus  l eav ing  the 
ox ida t ion  s tudy  incomple te  f rom the  s t andpo in t  of 
longer  r u n s  and  g rea te r  t e m p e r a t u r e  spread.  N e v e r -  
theless,  it  is fel t  t ha t  the f indings  p resen ted  here  are 
of sufficient in te res t  to s t imu la t e  f u r t h e r  work.  

Experimental 
Method.--The r eac t ion  ra te  b e t w e e n  oxygen  and  

z i r con ium was m e a s u r e d  g r a v i m e t r i c a l l y  wi th  an  
Elec t rona  II  ba l ance  which  could detect  weight  
changes  of 1 ~g. The reac t ion  t ube  was  a t tached  
d i rec t ly  to the  balance .  The  fu rnace  used was  a 
12-in. H e v i - d u t y  type.  T e m p e r a t u r e s  were  measu red  
wi th  a p l a t i n u m - p l a t i n u m - r h o d i u m  couple located 
on the  surface  of the reac t ion  tube.  This  couple  was 
ca l ib ra ted  wi th  respect  to ano the r  couple  located 
at the  site n o r m a l l y  occupied by  the  specimen.  The 
t e m p e r a t u r e  was cont ro l led  by  a p ropor t ion ing  
pho toce l l - ac t iva ted  control ler .  

Two k inds  of spec imens  were  used, r e c t a n g u l a r  
and  spherical .  The r e c t a n g u l a r  spec imens  had  a su r -  
face a rea  of abou t  13 cm ~ and  a th ickness  which  
var ied  f rom 0.015-0.022 cm. The  d i ame te r  of the 
spher ica l  spec imens  var ied  f rom 0.51 to 0.52 cm. Al l  
of the  spec imens  were  p repa red  f rom reac tor  g rade  
h a f n i u m - f r e e  z i rconium.  Al l  of the spher ica l  and  
some of the r e c t a n g u l a r  spec imens  were  ab raded  by  

1 P resen t  address :  Ast ropower ,  Inc.,  Costa Mesa, California.  

be ing  t r ea ted  successively wi th  1, 2/0,  and  3/0 
abras ive  paper  a nd  t h e n  pol ished wi th  d i a m o n d  dust  
to a m i r r o r  finish. They  were  t h e n  c leaned  wi th  a 
soap so lu t ion  fol lowed by  water ,  acetone,  ether,  and  
abso lu te  alcohol r inse.  The  r e c t a n g u l a r  spec imens  
which were  no t  a b r a de d  were  chemica l ly  pol ished 
wi th  a ba th  h a v i n g  the  composi t ion  45% HNO~ 
(conc) 45% H~O, and  10% HF (48%) .  The  oxygen  
used was Matheson  C o m p a n y ' s  research  grade,  m a x i -  
m u m  impur i t i e s  in  mole  per  cent  be ing  g iven  by  the  
m a n u f a c t u r e r  as follows: ca rbon  dioxide 0.1, ca rbon  
monox ide  0.01, a rgon  0.01, n i t r o g e n  0.05, h y d r o g e n  
0.01, a nd  w a t e r  0.0002. 

The  fo l lowing procedure  was  adhered  to in  m a k i n g  
runs .  The  r e c t a n g u l a r  spec imen  was  suspended  f rom 
a t h in  hooked silica rod which  was  a t t ached  to 
e i ther  ano the r  sil ica rod or a th ree  rail  t u n g s t e n  wi re  
which  was a t t ached  to the  ba lance .  The  l eng th  of 
the sys tem was so ad jus ted  tha t  the  t e m p e r a t u r e  
g rad ien t  across the  spec imen  in  the  hot  zone was  
least, abou t  2~ The  spher ica l  spec imens  were  
placed in  a smal l  silica basket .  Because  of the  smal l  
d i ame te r  of the  spheres  the  t e m p e r a t u r e  g rad ien t  
across the spec imen  was  less t h a n  I~ At  the  s ta r t  
of a r u n  the  whole  sys tem was evacua ted  to a p res -  
sure  of 7 x 104 m m  Hg or less. Once the  desired 
r u n  t e m p e r a t u r e  was  ob ta ined  oxygen  was  admi t ted ,  
the p ressure  be ing  d e t e r m i n e d  by  a m e r c u r y  m a n o -  
meter .  P u r e  gold foil was  placed b e t w e e n  the  m a n o -  
me t e r  and  the  sys tem to p r e v e n t  m e r c u r y  vapor  
f rom c o n t a m i n a t i n g  it. Ba lance  read ings  were  t a k e n  

as soon as possible,  u sua l l y  20 sec af ter  oxygen  was 
first admi t ted ,  a nd  at  10-sec in t e rva l s  t he rea f t e r  ex-  
cept for the  2 -h r  r u n  at  500~ w h e n  read ings  were  

t a ke n  at  longer  i n t e rva l s  af ter  abou t  8 min .  
Spheres  were  used in  this  w o r k  because  we  

w a n t e d  to e l i m i na t e  edge effects in  the  s tudy  of the  
diffusion of h y d r o g e n  th rough  ZrO2 films. Since the  

we igh ing  capaci ty  of the  E lec t rona  I I  ba lance  used 
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Table I. 
(a) O x i d a t i o n  r u n s  a t  400~ 

1. R e c t a n g u l a r  z i r c o n i u m  s p e c i m e n s  a b o u t  1 . 8  • 3.5 cm ~ w i t h  t h i cknes s  of  f r o m  0.015-0.022 cm 

O x y g e n  
pressure ,  

m m  

F u r t h e r  change  
C h a n g e  o f  of  o x i d a t i o n  

o x i d a t i o n  ra te  l aw  at  ra te  l aw  at  
F i r s t  & O x i d a t i o n  ra te  N e w  ox ida -  

P r e p a r a t i o n  l a s t  r e a d i n g s  law,  n,  of wt.  ga in ,  t ime ,  t i on  r a t e  wt.  g a i n  t ime ,  
of  s p e c i m e n  t a k e n  at,  sec i n i t i a l  f i lm l e g / c m  ~ sec law,  n /~g/cm e sec  

N e w  o x i d a -  
t i on  r a t e  

l aw,  n 

12 Chem 20-190 1.35 4.5 67 
22 Abraded  20-180 1.16 4.9 75 
21 Abraded  20-420 1.44 4.2 77 
19 Abraded  30-320 1.41 5.4 70 

Average :  1.34 4.75 72 

2. Z i r c o n i u m  sphe res  w i t h  d i a m e ~ r  of  f r o m  

17 
58 
83 
61 
62 
61 

Abraded  20-510 1.51 4.6 66 
Abraded  10-350 1.55 4.9 92 
Abraded  40-290 1.05 4.2 79 
Abraded  20-290 1.35 3.9 74 
Abraded  20-290 1.20 4.9 106 
Abraded  20-290 1.15 4.8 64 

Average :  1.30 4.55 80 
O v e r - a l l a v e r a g e  of 1 and 2: 1.32 4.63 77 

(b) O x i d a t i o n  r u n s  a t  5 0 0 ~  

1.90 
1.45 
2.14 
2.42 

1.98 

0.51-0.52 e m  

1.73 
3.05 
1.39 
2.32 
1.60 
1.61 

1.95 
1.96 

R e c t a n g u l a r  z i r c o n i u m  s p e c i m e n s  a b o u t  1,8 X 3.5 X 0.015 cm3 

25 Chem 60-260 - -  ~19.3 ~70 2.05 
19 Chem 20-240 1.49 20.2 95 1.87 
16 Chem 20-7200 - -  ~12 ~30 1.95 

Average: 1.96 

b 

11 300 2.7 

51 500 2.81 

w a s  l g  w e  w e r e  l i m i t e d  to t he  use  of s m a l l  z i r c on -  
i u m  sphe re s  so t ha t  t he  su r f ace  a r e a  of the  sphe re s  
was  on ly  0.81-0.86 cm ~. As  a resu l t ,  t he  m a g n i t u d e  of 
w e i g h t  c h a n g e  fo r  a 10-sec i n t e r v a l  r e a d i n g  w a s  
on ly  a b o u t  o n e - f i f t e e n t h  of  t ha t  for  a r e c t a n g u l a r  
spec imen .  S ince  the  mos t  s ens i t i ve  scale  h a d  to be  
used  to m e a s u r e  w e i g h t  changes  for  t he  spheres ,  the  
d a t a  s h o w e d  m o r e  s ca t t e r  t h a n  fo r  t he  r e c t a n g u l a r  
spec imens .  

O x i d a t i o n  r a t e s  a r e  e x p r e s s e d  b y  the  g e n e r a l  l a w  
w ~ - - - -  k t  w h e r e  w is the  w e i g h t  gain,  t t he  t ime,  and  
k a cons tan t .  In  m a k i n g  l o g - l o g  p lo t s  of the  w e i g h t  
ga in  vs.  t i m e  f r o m  the  d a t a  o b t a i n e d  in  th is  w o r k  to 
ge t  t he  v a l u e  of t he  e x p o n e n t ,  n, w e  f o u n d  i n t e r e s t -  
i n g l y  e n o u g h  t h a t  e v e r y  r u n  m a d e  a t  400~ o b e y e d  
a t  l eas t  two  d i f fe ren t  r a t e  l aws  of ox ida t ion .  This  is 
s h o w n  v e r y  c l e a r l y  in Fig .  1 for  an  a b r a d e d  r ec -  
t a n g u l a r  spec imen .  T a b l e  I a  s u m m a r i z e s  the  r e su l t s  
for  s p h e r i c a l  a n d  r e c t a n g u l a r  a b r a d e d  spec imens  i n -  
c l ud ing  one w h i c h  was  c h e m i c a l l y  po l i shed .  I t  is 
no t ed  t ha t  t he  a v e r a g e  of t he  r e su l t s  o b t a i n e d  for  
t he  r e c t a n g u l a r  spec imens  ag ree s  qu i t e  w e l l  w i t h  
t ha t  of  t he  s p h e r i c a l  spec imens .  Hence ,  t he  r e su l t s  

I 0  

6 
t d  

J 
S L O P E  = 0 4 7  

400 o C 

Z 
0 
0 
Z 
W 
c9 >- 
X [ I I I I I I I I [ I I 
0 

I0 I 0 0  

T I M E ,  sec 

Fig. 1. Log-log plot of oxygen consumed vs. time at 400~ for 
a rectangular specimen. 

o b t a i n e d  for  the  r e c t a n g u l a r  spec imens  a r e  as v a l i d  
as those  o b t a i n e d  for  t he  spheres .  Also,  t he  r e su l t s  
for  the  c h e m i c a l l y  po l i shed  s p e c i m e n  a re  in  good 
a g r e e m e n t  w i t h  those  of  t h e  a b r a d e d  spec imens .  
This  con t r ad i c t s  the  d a t a  of  G u l b r a n s e n  a n d  A n d r e w  
(1) who  found  t ha t  t he  r e a c t i o n  r a t e  for  a b r a d e d  
spec imens  was  2-3 t imes  as g r e a t  as for  c h e m i c a l l y  
po l i shed  spec imens  in the  400~176 t e m p e r a t u r e  
region .  P o r t e  e t  al. (2)  f o u n d  t h a t  m e c h a n i c a l l y  
po l i shed  spec imens  r e a c t e d  s o m e w h a t  f a s t e r  t h a n  
d id  c h e m i c a l l y  po l i shed  spec imens  at  400 ~ and  
500~ b u t  t ha t  t h e r e  was  no s igni f icant  d i f fe rence  
at  600 ~ a n d  700~ 

C o m p a r i n g  the  r e su l t s  of  th is  w o r k  on the  r a t e  a t  
w h i c h  z i r c o n i u m  consumes  o x y g e n  w i t h  the  r e su l t s  
o b t a i n e d  b y  P e m s l e r  (3)  on the  d i s so lu t ion  r a t e  of 
a n o d i c a l l y  depos i t ed  ZrO~ f i lms w e  f ind t h a t  a t  400 ~ 
the  l a t t e r  p rocess  is so m u c h  s lower  t h a n  the  f o r m e r  
t ha t  v i r t u a l l y  a l l  t he  o x y g e n  c o n s u m e d  b y  z i r con ium 
can  be  cons ide red  to h a v e  gone  into  the  f o r m a t i o n  
of the  ZrO2 film. Hence,  t he  c r i t i ca l  f i lm th i ckness  
at  w h i c h  the  r e a c t i o n  r a t e  be c ome s  p a r a b o l i c  can 
be  r e a d i l y  ca lcu la ted .  Us ing  t h e  conve r s ion  f ac to r  
of 66.4A//~g/cm ~ th is  f i lm th i ckness  t u r n s  ou t  to 
be a b o u t  307A. One notes  f r o m  Fig .  1 t ha t  the  r e a c -  
t ion  r a t e  changes  g r a d u a l l y  i n s t e a d  of s h a r p l y  in 
the  v i c i n i t y  of the  c r i t i ca l  th ickness .  This  b e h a v i o r  
is t r ue  also for  a l l  t he  o t h e r  r uns  and  imp l i e s  t h a t  
one  r a t e - c o n t r o l l i n g  p rocess  t a k e s  ove r  g r a d u a l l y  
f r o m  the  o the r  one as t he  ox ide  f i lm gets  th icke r .  

Of t he  runs  m a d e  a t  400~ on ly  one h a d  a t t a i n e d  
a suff ic ient ly  t h i c k  ox ide  f i lm so t h a t  s t i l l  a n o t h e r  
r a t e  l a w  could  be  obse rved .  A p lo t  of th is  r u n  is 
shown  in Fig.  2. W e  no te  t h a t  for  a f i lm th i ckness  
g r e a t e r  t h a n  abou t  730A a n e w  r a t e  l a w  p r e v a i l s  

2 O b t a i n e d  f r o m  a n  a s s u m e d  d e n s i t y  of  5.8 g/cm~ fo r  h a f n i u m - f r e e  
ZrO_o. 
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Fig. 3. Log-log plot of oxygen consumed vs. time at 400 ~ and 
500~ Plot at 400~ represents composite of all runs made at 
that temperature up to 11 /~g/cm ~ (see text). 
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as t h a t  a t  400~ W e  can on ly  conc lude  t h a t  i t  is 
i n t e r m e d i a t e  to l i n e a r  a n d  pa rabo l i c .  

The  r eac t i on  r a t e  cons tan ts ,  k, for  t he  p a r a b o l i c  
po r t i ons  of the  500 ~ and  400~ curves  w e r e  f o u n d  
to be  4.46 ( # g / c m  ~) l '~ /sec  and  0.261 ( ~ g / c m  ~) 
l~ / sec ,  r e spec t i ve ly .  Us ing  these  va lue s  t he  ac t i -  
v a t i o n  ene rgy ,  AE, is d e t e r m i n e d  f r o m  the  equa t ion  
k = A e  -~EIR* w h e r e  A is the  f r e q u e n c y  factor .  AE t u r n s  
ou t  to be 29.3 k c a l / m o l e ,  w h i c h  is qu i t e  c lose  to t he  
va lue  28.6 k c a l / m o l e  o b t a i n e d  b y  G u l b r a n s e n  and  
A n d r e w  (1) who  o b t a i n e d  a p a r a b o l i c  r e l a t i o n s h i p  
for  the  t e m p e r a t u r e  r a n g e  of 525~176 us ing  
a b r a d e d  r e c t a n g u l a r  spec imens .  

F o r  the  "cub ic"  r eg ion  the  r e a c t i o n  r a t e  cons tan t s  
a r e  122.4 ( # g / c m  ~) ~8/sec and  2.16 ( # g / c m  ~) ~Vsec 
for  500 ~ and  400~ r e spec t i ve ly .  F r o m  these  a AE 
v a l u e  of  42 k c a l / m o l e  is o b t a i n e d  wh ich  is in a g r e e -  
m e n t  w i t h  the  v a l u e  of 42.7 k c a l / m o l e  found  b y  
P o r t e  e t  al. (2)  on the  bas is  of a cubic  r e l a t i o n s h i p  
ove r  the  t e m p e r a t u r e  r a n g e  400~176 I t  m u s t  be  
po in t e d  out  t h a t  the  d a t a  of th is  w o r k  in or  n e a r  the  
"cub ic"  reg ion  show p o o r e r  a g r e e m e n t  w i th  those  
of P o r t e  t h a n  m i g h t  be  a s s u m e d  f r o m  the  good 
a g r e e m e n t  of  t he  AE's. F o r  e x a m p l e ,  a t  500~ P o r t e  
shows  w e i g h t  ga ins  of a b o u t  80 and  170 /zg /cm ~ in 10 
and  100 min,  r e spec t i ve ly .  This  is to be  c o m p a r e d  
w i t h  w e i g h t  ga ins  of 55 a n d  123 ~ g / c m  ~ f o u n d  in th is  
w o r k  for  t he  s a m e  t ime  in t e rva l s .  A t  400~ P o r t e  
shows  a we igh t  ga in  of a b o u t  28 t , g / c m  ~ a f t e r  5 rain.  
F o r  t he  c o r r e s p o n d i n g  t ime  i n t e r v a l  w e  ob t a in  a 
v a l u e  of 9.3 ~ g / c m  ~ for  t he  compos i t e  of  a l l  runs ,  or  
11 # g / c m  -~ for  t he  s ingle  r u n  (Fig .  2) for  w h i c h  a 
"cub ic"  r a t e  l a w  is obse rved .  

wh ich  is n e a r l y  cubic,  n h a v i n g  a v a l u e  of 2.7. The  
s ca t t e r  is g r e a t e r  h e r e  t h a n  in Fig.  1 because  these  
d a t a  w e r e  o b t a i n e d  for  a s p h e r i c a l  spec imen  w h i c h  
has  an  u n f a v o r a b l e  a r e a - t o - w e i g h t  ra t io ,  as  p o i n t e d  
out  above .  

The  r e su l t s  for  the  runs  m a d e  a t  500~ a r e  s u m -  
m a r i z e d  in Tab le  Ib. A l og - log  p lo t  of these  r u n s  is 
g iven  in Fig.  3. This  f igure  also shows  a p lo t  of 
the  a v e r a g e  of t he  r e su l t s  o b t a i n e d  f rom runs  m a d e  
at  400~ to a m a x i m u m  ox ide  f i lm th i ckness  of 730A. 
The  change  of s lope  occu r r i ng  a t  730A as s h o w n  in 
Fig.  2 was  no t  i n c o r p o r a t e d  in  th is  plot .  The  r ea son  
is t h a t  i t  occurs  s o m e w h a t  sooner  in  the  one r u n  
shown  t h a n  the  a v e r a g e  of a l l  t en  runs  ind ica t e s  
( c o m p a r e  Fig .  2 and  3).  

W e  no te  f rom T a b l e  Ib  and  f r o m  Fig.  3 t h a t  a t  
500~ the  ox ida t i on  r a t e  l aws  c o r r e s p o n d  to those  ob -  
s e r v e d  at  400~ The  p a r a b o l i c  r a t e  l a w  s t a r t s  w h e n  
a p p r o x i m a t e l y  19 ~g of o x y g e n  h a v e  been  c o n s u m e d  
b y  1 cm ~ of z i rcon ium.  This  r a t e  l a w  con t inues  un t i l  
a w e i g h t  ga in  of 51 # g / c m  ~ has  been  a t t a i n e d  a f t e r  
w h i c h  the  r a t e  l a w  becomes  n e a r l y  cubic,  n h a v i n g  
a v a l u e  of 2.81. F r o m  P e m s l e r ' s  w o r k  (3)  i t  is c l ea r  
t h a t  in ca l cu l a t i ng  the  ox ide  th i ckness  a t  500~ 
co r r ec t i on  m u s t  be  m a d e  for  the  d i s so lu t ion  of the  
ox ide  f i lm into  t he  z i r c o n i u m  w h i l e  t he  z i r c o n i u m  is 
be ing  oxid ized .  Ca l cu l a t i ons  t h e n  show t h a t  t he  
p a r a b o l i c  r a t e  l a w  ex is t s  for  an  ox ide  t h i cknes s  
r a n g i n g  v e r y  r o u g h l y  f rom 1200A to abou t  3300A. 

The  r a t e  l a w  g o v e r n i n g  the  i n i t i a l  o x i d a t i o n  of 
z i r c o n i u m  a t  500~ is no t  n e a r l y  as we l l  e s t a b l i s h e d  

Discussion 

W h e t h e r  t he  o x i d a t i o n  of z i r c o n i u m  obeys  a p a r a -  
bol ic  or  cubic  r a t e  l a w  in the  400~176 t e m p e r a -  
t u r e  r a n g e  has  been  d i s p u t e d  b y  v a r i o u s  i n v e s t i g a -  
tors  (1, 2, 4 -6 ) .  G u l b r a n s e n  and  A n d r e w  (1) f o u n d  
f u r t h e r m o r e  t h a t  r e c t a n g u l a r  spec imens  such as 
used  in  th is  s t u d y  o b e y e d  the  p a r a b o l i c  r a t e  l a w  
w h e n  c h e m i c a l l y  po l i shed  and  the  cubic  r a t e  l a w  
w h e n  m e c h a n i c a l l y  po l i shed .  The  p r e s e n t  s tudy ,  on 
the  o t h e r  hand ,  f inds t h a t  z i r con ium,  r e g a r d l e s s  of  
the  s h a p e  of the  s p e c i m e n  or  t he  m a n n e r  of su r f ace  
p r e p a r a t i o n ,  w h e t h e r  c h e m i c a l l y  po l i shed  or  
a b r a d e d ,  obeys  bo th  a p a r a b o l i c  a n d  n e a r l y  cubic  
r a t e  l a w  d e p e n d i n g  on the  t h i ckness  of t he  ox ide  
coat ing .  In  fact ,  for  abou t  t he  first  m i n u t e  or  so a 
n e a r l y  l i n e a r  r a t e  l a w  seems  to hold .  I t  m u s t  be  
rea l i zed ,  of course ,  t ha t  t he  p r e s e n t  i nve s t i ga t i on  
e x a m i n e s  the  i n i t i a l  o x i d a t i o n  c r i t i ca l ly ,  w h e r e a s  
o t h e r  w o r k e r s  s t ud i e d  the  o x i d a t i o n  r a t e  ove r  m u c h  
l onge r  t imes .  

The  f o r m a t i o n  of  ox ide  f i lms h a v i n g  a m a x i m u m  
th i ckness  of s e v e r a l  h u n d r e d  A n g s t r o m s  has  been  
the  sub j e c t  of a t h e o r y  b y  Mot t  (7)  and  C a b r e r a  a n d  
Mot t  (8) .  The  bas is  of t h e i r  t h e o r y  is t h a t  a con tac t  
p o t e n t i a l  d i f fe rence  ex is t s  b e t w e e n  the  c h e m i s o r b e d  
o x y g e n  a n d  the  m e t a l  r e s u l t i n g  in t he  e x i s t e n c e  of  
an  e lec t r i c  f ield across  the  ox ide  film. The  ca t ions  
m o v e  t h r o u g h  this  f i lm u n d e r  the  inf luence  of  the  
e l ec t r i c  f ield w i t h o u t  m u c h  he lp  f r o m  the  t e m p e r a -  
tu re .  F o r  f i lms of 50-100A th i cknes s  C a b r e r a  and  
Mor t  ob t a in  a l o g a r i t h m i c  l aw.  In  t he  case  of an  n -  
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t y p e  s e m i c o n d u c t o r  C a b r e r a  a n d  Mot t  (8)  o b t a i n  a 
p a r a b o l i c  l a w  for  f i lms s e v e r a l  h u n d r e d  A n g s t r o m s  
th ick .  I t  t u r n s  ou t  t h a t  ZrO~ is an  n - t y p e  s e m i c o n -  
d u c t o r  a cco rd ing  to the  w o r k  of M a l l e t t  and  A l -  
b r e c h t  (9)  a n d  shou ld  t h e r e f o r e  obey  the  p a r a b o l i c  
law.  

Even  a t  400~ the  r a t e  of o x i d a t i o n  is suff ic ient ly  
r a p i d  t h a t  we  canno t  t e l l  w h e t h e r  the  l o g a r i t h m i c  
l a w  is o b e y e d  for  a t h i cknes s  of f r o m  50-100A. H o w -  
ever ,  i t  is e v i d e n t  t h a t  the  p a r a b o l i c  l a w  is not  o b e y e d  
un t i l  a t h i cknes s  of a b o u t  300A is a t t a ined .  Hence ,  
the  t h e o r e t i c a l  r e su l t s  o b t a i n e d  b y  C a b r e r a  and  Mot t  
(8)  for  t h in  f i lms a r e  no t  in a g r e e m e n t  w i t h  t h e  
r e su l t s  o b t a i n e d  in th is  work .  

The  o x i d a t i o n  m e c h a n i s m  for  f i lm th i cknes se s  
g r e a t e r  t h a n  th in  f i lms b u t  less  t h a n  t h i c k  f i lms 
(ca. 10,000A) is i m p e r f e c t l y  u n d e r s t o o d  (8 ) .  F o r  th is  
i n t e r m e d i a t e  r a n g e  W a g n e r  (10) s ta tes  t h a t  an  o x i -  
d a t i o n  r a t e  can be  a r r i v e d  at  w h i c h  is n e a r l y  l o g a -  
r i thmic .  Uhl ig  (11) f inds t h a t  u n d e r  ce r t a in  c i r c u m -  
s tances  a cubic  e q u a t i o n  can  be  o b t a i n e d  for  ox ide  
th i cknesses  up  to s e v e r a l  t h o u s a n d  A n g s t r o m s .  He  
bases  his  d e r i v a t i o n  on the  c o n s i d e r a t i o n  t h a t  t h e  
con t ro l l i ng  s tep  in the  o x i d a t i o n  p rocess  is t he  e l ec -  
t r on  flow f rom the  meta l .  S t i l l  we  find t ha t  in th is  
w o r k  the  r a t e  l a w  in the  i n t e r m e d i a t e  r eg ion  is p r i -  
m a r i l y  pa rabo l i c .  

The  o x i d a t i o n  r a t e  for  t h i ck  fi lms is found  b y  W a g -  
n e r  (12) and  C a b r e r a  and  Mot t  (8)  to obey  the  p a r a -  
bol ic  l aw.  H o w e v e r ,  P o r t e  et  al. (2)  show t h a t  t h e  
o x i d a t i o n  of z i r c o n i u m  for  t h i c k  ox ide  fi lms fo l lows  
the  cubic  law.  The  p r e s e n t  w o r k  also shows  t h a t  a 
n e a r l y  cubic  r a t e  l a w  is o b e y e d  for  an  ox ide  fi lm 
abou t  8300A th i ck  ( c o r r e c t e d  for  d i s so lu t ion  of the  
ox ide  fi lm into  z i r c o n i u m ) .  Un t i l  n o w  t h e r e  has  been  
no s a t i s f a c t o r y  e x p l a n a t i o n  as to w h y  such t h i c k  
fi lms shou ld  obey  a cubic  o x i d a t i o n  r a t e  l a w  for  
n - t y p e  semiconduc to r s .  K o f s t a d  and  Hauffe  (13) f ind 
t h a t  a cubic  r a t e  l a w  exis t s  also for  t h e  o x i d a t i o n  of 
t i t a n i u m  (TiO.~ also be ing  an  n - t y p e  s e m i c o n d u c t o r ) .  
T h e y  sugges t  t ha t  a cubic  r a t e  l a w  could  be  the  r e su l t  
of t w o  fac tors ,  n a m e l y ,  t h e  h igh  so lub i l i t y  of o x y g e n  
in t i t a n i u m  and  the  d e p e n d e n c e  of t he  v a l u e  of the  
d i f fus ion " c o n s t a n t "  on the  o x y g e n  c o n c e n t r a t i o n  in 
t i t a n i u m .  The  l a t t e r  a s s u m p t i o n  is b a s e d  on the  w o r k  
b y  W a s i l e w s k i  and  K e h l  (14) who  f o u n d  ind ica t ions  
t ha t  the  v a l u e  of t he  d i f fus ion cons t an t  is c o n c e n t r a -  
t ion  d e p e n d e n t .  S ince  z i r c o n i u m  also has  a h igh  o x y -  
gen  so lub i l i t y  (15) ,  K o f s t a d  and  Hauf fe  a s sume  t h a t  
the  cubic  o x i d a t i o n  of z i r c o n i u m  can  be  e x p l a i n e d  in 
a s im i l a r  m a n n e r .  

P o r t e  et  al. (2) in a t t e m p t i n g  to fo l low K o f s t a d  
and  Hauffe ' s  e x p l a n a t i o n  for  the  ex i s t ence  of a cub ic  
r a t e  l aw  p o i n t  out  on ly  t he  i m p o r t a n c e  of t h e  d i f fu-  
s ion of o x y g e n  t h r o u g h  the  l a y e r  of o x y g e n - e n r i c h e d  
m e t a l  ( h a v i n g  a h igh  o x y g e n  s o l u b i l i t y ) .  H o w e v e r ,  
t h e y  fa i l  to  m e n t i o n  K o f s t a d  and  Hauf fe ' s  i m p o r t a n t  
hypo the s i s  tha t ,  in add i t ion ,  a c o n c e n t r a t i o n - d e p e n d -  
en t  d i f fus ion cons t an t  is n e c e s s a r y  to a r r i v e  a t  a cubic  
r a t e  l aw.  T h e  fo l l owing  ana lys i s  w i l l  show t h a t  h igh  
so lub i l i t y  of o x y g e n  in m e t a l  is no t  a sufficient  con-  
d i t ion  to account  for  a cubic  r a t e  l a w  w h e n  the  v a l u e  
of t he  d i f fus ion cons t an t  is c o n c e n t r a t i o n - i n d e p e n d -  

ent .  

r 

Z 

~.- 
Z 
I.U 

Z 
0 

Z 
W 

8 

C2,1 

2 

r ~z --..~ 

M a y  1962 

Co 

w h e r e  

and  7 --  
D~ 2~D.. t  

This  r e su l t  d i f fers  f rom t h a t  g iven  in Jo s t ' s  book  
on ly  in the  v a l u e  of t he  e x p o n e n t  of t he  second  t e r m  
on the  r i g h t  side, t he  d i f fe rence  p r o b a b l y  be ing  due  

M a l l e t t  and  A l b r e c h t  (9)  f ind t ha t  the  o x i d a t i o n  of 
z i r con ium occurs  by  an ion  d i f fus ion  across  the  ox ide  
l a y e r  to the  z i r c o n i u m - o x i d e  i n t e r f ace  to p r o d u c e  
m o r e  ZrO,.  Hence,  t he  p r o b l e m  fa l l s  u n d e r  t he  gen -  
e ra l  c a t e g o r y  of d i f fus ion of o x y g e n  i n t o  a h o m o -  
geneous  p h a s e  ( o x y g e n  d i s so lved  in z i r c o n i u m ) ,  a 
second  phase  (ZrO, )  d e v e l o p i n g  f rom the  surface .  

F i g u r e  4 is a p lo t  of t h e  o x y g e n  c o n c e n t r a t i o n  vs.  
d i s t ance  f rom the  o x i d e - o x y g e n  i n t e r f ace  at  any  t ime  
t > 0. C, is the  c o n c e n t r a t i o n  of o x y g e n  a t  t he  ZrO.~ 
sur face .  C~,1 is the  m i n i m u m  o x y g e n  c o n c e n t r a t i o n  
w h i c h  can  ex is t  in t he  ZrO,  phase .  The  d i f fe rence  
b e t w e e n  C~ and  C,, 1 r e su l t s  f rom the  p r e s e n c e  of 
an ion  vacanc i e s  a t  C~. 4. C1. -o is t h e  m a x i m u m  con-  
c e n t r a t i o n  of o x y g e n  in z i r c o n i u m  m e t a l  a t  a g iven  
t e m p e r a t u r e .  Co is t he  in i t i a l  c o n c e n t r a t i o n  of o x y g e n  
in z i rcon ium.  The  p l a n e  of d i scon t inu i ty ,  ~, is oc-  
cas ioned  b y  the  fac t  t ha t  a t w o - p h a s e  r eg ion  s e p a -  
r a t e s  phases  1 and  2. 

F o r  a c o n c e n t r a t i o n - i n d e p e n d e n t  d i f fus ion con-  
s tan t ,  D, the  d i f fus ion p rocesses  a r e  g o v e r n e d  b y  
F i c k ' s  second law.  

Oc 8~c 
--  D1 for  $ < x [1]  

Ot ~x-o 

Oc 8-oc 
--  D - o - -  for  0 < x < ~ [2]  

Ot Ox" 

The  in i t i a l  and  b o u n d a r y  cond i t ions  a re  

c ( x  > O, O) = Co c(O, t > O) ---- C, 

c(~ + ~ , t )  = C1,-o c ( ~ - - ~ , t )  : C-o. 1 [3]  

Us ing  these  cond i t ions  one can  fo l low W a g n e r ' s  
ana lys i s  as o u t l i n e d  b y  Jos t  (16)  and  o b t a i n  t h e  fo l -  
l owing  r e su l t  

( C . ~ -  C.  o, 1) exp  (---p)  
C~, ~ - -  C~, ~ = 

~ / ~  er f  (7) 

(C1. ~--  Co) exp  (--~bT') 
- -  [ 4 ]  

7\/~-ch [ 1 -- erf (7x/r ] 

Fig. 4. Oxygen concentration as function of distance from the 
ZrO2-oxygen interface (x ~ 0 )  as zirconium is reacting with oxygen 
(after Wagner). 
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Fig. 5. Diffusion in two-phase system using "quasi-stationary 
state" approach. See text for explanation. 

to a typographical error. Since it is not immediately 
obvious from Eq. [4] which rate law is being fol- 
lowed for a concentrat ion-independent diffusion con- 
stant we shall t ry  a different approach. 

The diffusion processes resulting from the oxida- 
tion of zirconium can, to a good approximation, be 
considered to be in the "quasi-s tat ionary state," and 
hence Eq. [1] and [2] can be set ~ 0. For greater 
mathematical  simplicity in this t reatment  the metal-  
oxide interface is considered to be the stationary 
boundary at x---- 0 with the oxide-oxygen interface 
moving in the negative direction, and the initial oxy-  
gen concentration, Co, in the metal taken to be zero. 
C.~ is, as before, the concentration of oxygen at the 
ZrO.~ surface. Figure 5 shows the essentials. The 
dashed curves result from the exact solutions of 
Eq. [1] and [2] while the solid lines represent the 
solutions resulting from setting [1] a n d  [2] equal to 
zero. The error involved by setting [1] and [2] equal 
to zero is given by the difference in the areas below 
the respective curves, the area below the straight line 
being about 90% of that below the error function 
curve in the case of phase 1. 

Using this method we then have for 

Phase 1: 

o [ 5 ]  0X 2 

~C~ 
~ 0  [6] 

Ox 2 

Phase 2: 

With solutions 
c, = A~ + B , x  [7] 

c: = A: + B~x [8] 

and boundary  conditions 

Cl(~) : 0 [9] 

o_.(--l) = C~ [10] 

The total amount of oxygen in phase 1 has come 
there by diffusion across the plane x = 0 during the 
time t. Hence, we have per unit cross section 

f~ c~dx = f :  J ,d t  = - - j '  D,B~dt [11] 

where J~ =--D~B~ is the flux of oxygen across the 
interface x = O, and D~ the diffusion constant for 
phase 1. Similarly, 

f:zc~dx = s D~B~dt-- f '  D~B2dt [12] 
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First, we shall find a solution for X. Using [7] and [9] 
we get 

A~ 
B1 = - -  ~ [ 1 3 ]  

h 
and 

Hence, 

x ) [14] c ~ = A 1  i-----~ 

~ f ~  ( X )  Alk [15] c~dx = A~ 1 - -  --~ dx  -- 2 

From [11], [13], and [15] we also get 

f ~  Alk [16] 

Differentiating [16] wih respect to t we get 

D~ 1 d~ 

X 2 dt 
resulting in 

X = 2~/D~t [17] 

Next, we shall find a solution for l. From [8] and 
[10] we obtain 

! 
=-~  (A~ + C~) [ 1 8 ]  

Using [18] and [12] and differentiating with respect 
to t there results 

A~ + C~ dl 
= D I B I  - -  D : B ~  

2 dt  

Using [8], [10], [13], and [17] we get 

A~ -t- C, dl (C~ --  A~)D~ 

2 dt  l 

A1DI 

2v 'Dl t  

Rearranging, 

dl 2 (C.~ --  A~)D~ AA/D~ 

dt (C~ + A~)l  (Cs -t- A~) ~ / t  
[19] 

Letting l = a~/t-we get 

a 2(C,--A~)D~ 

2~/t (C, -I- A,~)a~x/t 
and 

AIx/DI 
C~+A~ 

AI~/D1 

A1 D, + [20] 
-b C, § A~_ C~ + A~. 

From [20] it is noted that  a is not a function of the 

time t. Therefore, since / = ~ / t  we conclude that  for 
a concentrat ion-independent  diffusion constant the 
parabolic law is observed for the growth of the oxide 
film as well as for the diffusion of oxygen into the 
metal and that this result is independent of the ex-  
tent of oxygen solubility in the metal, 
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Effect of Surface Roughness on the Oxidation Rate of Iron 

A. G. Eubanks and D. G. Moore 
National Bureau of Standards, Washington, D. C. 

and W. A. Pennington 
Department of Metallurgy, University o] Maryland, Co~tege Park, Maryland 

ABSTRACT 

An invest igat ion was made of the effect of surface roughness  on the ox ida -  
t ion ra te  of i ron in air  at 800~ Specimens of ingot  i ron were  gri t  b las ted  to 
give surfaces of different  textures .  The roughened  specimens were  found to 
oxidize more  s lowly than  as - ro l led  ones, the difference in ra te  becoming grea te r  
wi th  increasing roughness.  The as - ro l led  specimens oxidized pa rabo l i ca l ly  wi th  
a cer ta in  ra te  constant  at the  beginning;  however ,  wi th  cont inued oxidat ion,  
roughness  developed on the meta l  surface, and a change in the  ra te  constant  
occurred.  Specimens of h igh-pur i ty  i ron wi th  smooth surfaces, on the  o ther  
hand, not  only remained  smooth throughout  a 3-hr  oxida t ion  period,  but  t hey  
also oxidized parabo l ica l ly  wi th  a single ra te  constant.  I t  was found tha t  the  
reduct ion  in ra te  due to roughening  was not  caused by  surface contaminat ion  
or  by  surface cold work,  but  by  voids tha t  form in the  scale layers  on roughened  
surfaces. These voids  apparen t ly  act as diffusion ba r r i e r s  for  i ron  ions and, 
thereby,  Iower the  ra te  at  which roughened  specimens oxidize. 

In  p r a c t i c a l l y  a l l  s tud ies  of  t he  o x i d a t i o n  of m e t -  
als, the  a r e a  of the  spec imen  is c o m p u t e d  f r o m  i ts  
mac roscop ic  d imens ions .  F o r  spec imens  t h a t  a r e  
o p t i c a l l y  f lat  a n d  w h i c h  r e m a i n  fiat  t h r o u g h o u t  t h e  
ox ida t ion ,  th is  p r o c e d u r e  is accep tab l e .  H o w e v e r ,  
such su r faces  a r e  excep t ions ,  and  in mos t  cases  a 
c e r t a i n  a m o u n t  of su r f ace  r o u g h n e s s  is e i t h e r  p r e s -  
en t  i n i t i a l l y  or  deve lops  as t he  o x i d a t i o n  p rogresses .  
The  p r e s e n c e  of th is  r o u g h n e s s  inc reases  su r f ace  
a r e a  which ,  in  t u rn ,  m i g h t  be e x p e c t e d  to i n c r e a s e  
t he  o v e r - a l l  o x i d a t i o n  r a t e  of t h e  spec imen .  

S e v e r a l  i n v e s t i g a t i o n s  h a v e  ind ica ted ,  h o w e v e r ,  
t ha t  w h e n  i ron  is ox id i zed  the  e x p e c t e d  i nc rea se  in 
r a t e  w i t h  i n c r e a s e d  r o u g h n e s s  does  no t  a l w a y s  oc-  
cur.  Moore ,  P i t t s ,  and  H a r r i s o n  (1 ) ,  for  e x a m p l e ,  
f o u n d  t h a t  g r i t  b l a s t i ng  of bo th  ingot  i ron  and  a 

t i t a n i u m - b e a r i n g ,  l o w - c a r b o n  s tee l  r e d u c e d  t h e  
a m o u n t  of o x i d a t i o n  occu r r i ng  in  a i r  a f t e r  2 m i n  
at  840~ by  a f ac to r  of a b o u t  four .  B~na rd  (2)  ob -  
s e rved  tha t ,  a l t h o u g h  e l e c t r o l y t i c a l l y  p o l i s h e d  i ron,  
w h e n  h e a t e d  in a i r  a t  850~ for  v a r i o u s  t imes ,  o x -  
id ized  at  a s l i g h t l y  l o w e r  r a t e  t h a n  i ron  a b r a d e d  
w i t h  v a r i o u s  g r a d e s  of e m e r y  p a p e r ,  t h e  d i f fe rence  
was  less t h a n  w o u l d  be  e x p e c t e d  f r o m  the  d i f fe rences  
in su r f ace  area .  W i n t e r b o t t o m  (3)  f o u n d  t h a t  i ron  
su r f aces  po l i shed  w i t h  a l u m i n a  h a d  s lower  o x i d a -  
t ion  r a t e s  t h a n  b r i g h t  a n n e a l e d  surfaces .  

In  t he  i nves t i ga t i ons  c i ted,  t h e  o b s e r v a t i o n  t h a t  
t he  o x i d a t i o n  r a t e  of i ron  was  r e d u c e d  in c e r t a i n  
cases  b y  r o u g h e n i n g  w a s  i n c i d e n t a l  to t h e  m a i n  p u r -  
pose  of t he  s tudy ,  and  the  effect  was  no t  i n v e s t i g a t e d  
s y s t e m a t i c a l l y .  In  the  p r e s e n t  i nves t iga t ion ,  a m o r e  
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c o m p l e t e  s t u d y  of the  r o u g h n e s s  effect  was  u n d e r -  
t aken .  The  goals  w e r e  twofo ld :  i, to d e t e r m i n e  b y  
con t ro l l ed  o x i d a t i o n  tes t s  in  a i r  a t  a s ingle  t e m p e r -  
a t u r e  (800~ if the  o x i d a t i o n  r a t e  of i ron  spec imens  
could,  in fact ,  be  r e d u c e d  b y  r o u g h e n i n g  of t he  s u r -  
face, and  ii, if  such a r e d u c t i o n  was  obse rved ,  to 
a r r i v e  at  t he  mos t  p r o b a b l e  e x p l a n a t i o n  for  t he  r e -  
duc t ion .  The  800~ t e m p e r a t u r e  was  used  b e c a use  
t he  s t u d y  w a s  a phase  of an  i n v e s t i g a t i o n  c o n c e r n e d  
w i t h  c e r a m i c - m e t a l  sys t ems  in w h i c h  th i s  p a r t i c u l a r  
t e m p e r a t u r e  was  of p r i m a r y  in t e re s t .  

Materials and Test Equipment 
Ingo t  i ron  in t he  f o r m  of shee t  0.7 m m  t h i c k  was  

used  for  mos t  of t he  e x p e r i m e n t s .  The  n o m i n a l  c o m -  
pos i t ion  of th is  m a t e r i a l  is C < 0.02, Mn ~ 0.02, 
P-0.005,  S-0.02,  a n d  S i - t r a c e .  

V e r y  h i g h - p u r i t y  i r on  was  also used  in a f ew  of 
t he  e x p e r i m e n t s .  This  m a t e r i a l ,  w h i c h  was  f u r n i s h e d  
b y  Dr.  G. A. Moore  of t he  T h e r m a l  M e t a l l u r g y  
G r o u p  of t he  N a t i o n a l  B u r e a u  of S t a n d a r d s ,  w a s  in  
the  fo rm of shee t  0.5 m m  th ick .  I t  was  p r e p a r e d  
i n i t i a l l y  b y  J. G. T h o m p s o n  and  H. E. C leaves  (4)  
who  w e r e  t h e n  of t he  B u r e a u  staff. A c h e m i c a l  
ana lys i s  m a d e  a t  t he  t ime  of p r e p a r a t i o n  s h o w e d  i t  
to be 99.990% Fe.  Copper ,  s i l icon,  su l fur ,  and  o x y g e n  
w e r e  p r e s e n t  as t r a c e  impur i t i e s .  

The  spec imens  w e r e  r o u g h e n e d  b y  g r i t  b l a s t i n g  
t h e i r  su r faces  u n d e r  c lose ly  con t ro l l ed  condi t ions .  
D i f f e ren t  deg rees  of r o u g h n e s s  w e r e  o b t a i n e d  b y  
us ing  d i f fe ren t  t y p e s  of gr i t .  The  gr i t s  used  a r e  l i s t ed  
in Tab le  I. 

O x i d a t i o n  tes t s  w e r e  m a d e  in  a w i r e - w o u n d  t u b e  
f u r n a c e  t h a t  r e s t e d  on a p n e u m a t i c  l i f t .  T h r e e  i n -  
d e p e n d e n t  h e a t i n g  coils connec t ed  to  s e p a r a t e  v a r i -  
ab le  t r a n s f o r m e r s  w e r e  used  to h e a t  t he  fu rnace .  
Each  coil  was  a d j u s t e d  so t h a t  t h e  m e t a l  s p e c i m e n  
w o u l d  be h e a t e d  as u n i f o r m l y  as poss ib le .  The  t e m -  
p e r a t u r e  in t he  ho t  zone was  m e a s u r e d  w i t h  a Pt ,  
P t - 1 0 %  Rh  t h e r m o c o u p l e  t h a t  h a d  been  c a l i b r a t e d  
b y  the  T e m p e r a t u r e  Phys i c s  Sec t ion  of t he  N a t i o n a l  
B u r e a u  of S t a n d a r d s .  A t  800~ t h e  t e m p e r a t u r e  
v a r i a t i o n  ove r  the  spec imen  was  no t  m o r e  t h a n  3~ 

The  s p e c i m e n  to b e  ox id i zed  was  s u s p e n d e d  in 
the  f u r n a c e  by  a p l a t i n u m  w i r e  a t t a c h e d  to t he  b e a m  
of an  a u t o m a t i c  r e c o r d i n g  b a l a n c e  (5)  m o u n t e d  
a b o v e  the  fu rnace .  T h e  b a l a n c e  is de s igned  to sense  
a n y  w e i g h t  change  t h a t  occurs  and  to r e c o r d  the  
change  on a s t r ip  char t .  The  b a l a n c e  was  f o u n d  to 
be  a c c u r a t e  to w i t h i n  0.5% of t he  w e i g h t  c h a n g e  i n -  
d i ca t ed  at  any  g iven  ins tan t .  

Tes ts  w e r e  b e g u n  b y  s t ab i l i z ing  the  f u r n a c e  at  
the  de s i r ed  t e m p e r a t u r e  and  t hen  q u i c k l y  r a i s ing  the  

Table I. Grits used for roughening specimens 

G r i t  No. G r i t  T y p e  P a r t i c l e  size, 

1 Sil icon S 177-840 
2 Sil icon Carbide  a 177-420 
3 Fused  Alumina  a 17%420 
4 Ot tawa  sand b 297-840 
5 Ingot  i ron  ~ 250-840 

C o m m e r c i a l  grade.  
b W e l l - r o u n d e d  g r a i n s  of quar tz .  
e F o r m e d  into tiny cubes  f r o m  the  same  shee t  s tock  as t h a t  u sed  

for  t he  o x i d a t i o n  spec imens  b y  a s e m i - a u t o m a t i c  s h e a r i n g  ope ra t ion .  

O N  O X I D A T I O N  O F  F e  383 

f u r n a c e  a r o u n d  the  spec imen .  T e m p e r a t u r e  m e a s -  
u r e m e n t s  m a d e  w i t h  a s m a l l - w i r e  t h e r m o c o u p l e  a t -  
t a c h e d  to a s p e c i m e n  showed  t h a t  t h e  s p e c i m e n  
r e a c h e d  fu rna c e  t e m p e r a t u r e  in  a p p r o x i m a t e l y  2 
rain.  A t  t he  end  of a t es t  the  f u r n a c e  was  l o w e r e d ,  
and  the  spec imen  was  a l l o w e d  to cool in  a i r .  

A l l  e x p e r i m e n t s  w e r e  p e r f o r m e d  in a i r  a t  a t m o s -  
p h e r i c  p res su re .  The  w a t e r  v a p o r  con ten t  of t h e  a i r  
d u r i n g  the  t e s t ing  p e r i o d  v a r i e d  ove r  t he  r a n g e  
0.0072-0.0093 g / g  of d r y  air .  The  o r d e r  in  w h i c h  
the  spec imens  w e r e  t e s t ed  was  se lec ted  so as to  m i n -  
imize  a n y  effect t ha t  t he  v a r i a t i o n  in  w a t e r  v a p o r  
con ten t  m i g h t  h a v e  on d i f fe rences  in t he  o x i d a t i o n  
r a t e s  of spec imens  h a v i n g  su r faces  of d i f fe ren t  
roughness .  A i r  f low was  c on t ro l l e d  b y  n a t u r a l  con -  
vec t ion  t h r o u g h  s m a l l  ven t s  a t  t h e  top  and  b o t t o m  
of t he  fu rnace .  The  m e a s u r e d  flow r a t e  was  3.6 
l i t e r s / r a i n .  Based  on th is  flow ra te ,  t he  o x y g e n  p a r -  
t i a l  p r e s s u r e  in t he  f u r n a c e  c a v i t y  d u r i n g  the  f irst  
f ew m i n u t e s  of t es t ing ,  for  spec imens  w i t h  t he  
h i g h e s t  o x i d a t i o n  ra te ,  w a s  c o m p u t e d  to b e  155 
m m  Hg. 

Experiments with Grit-blasted Ingot Iron 

Ingo t  i ron  spec imens ,  25 b y  75 m m  in size, w e r e  
c l eaned  in ace tone ,  a n n e a l e d  in  d r y  h y d r o g e n  fo r  
2 h r  a t  950~ and  f ina l ly  v a c u u m  a n n e a l e d  fo r  1 h r  
a t  730~ at  a p r e s s u r e  of 2 x 10 -~ m m  Hg.  The  spec i -  
mens  w e r e  t hen  d i v i d e d  into  six g roups  of five 
spec imens  each.  The  spec imens  in g roups  one  
t h r o u g h  five w e r e  r o u g h e n e d ,  in tu rn ,  b y  the  five 
gr i t s  l i s ted  in Tab le  I. A f t e r  each  b l a s t i n g  t r e a t m e n t ,  
the  spec imens  w e r e  c l e a ne d  u l t r a s o n i c a l l y  in  ace -  
tone  to r e m o v e  loose ly  a d h e r i n g  pa r t i c l e s .  The  spec -  
imens  in a l l  s ix g roups  w e r e  t h e n  r e - a n n e a l e d  in  
h y d r o g e n  and  in v a c u u m  in t h e  m a n n e r  j u s t  d e -  
scr ibed .  

M e a s u r e m e n t s  of su r f ace  a r e a  w e r e  m a d e  on t w o  
spec imens  of each  group.  This  was  done  b y  f i rs t  
s h e a r i n g  each  of the  two  spec imens  into  s m a l l e r  
p ieces ;  t h r e e  r a n d o m l y  se lec ted  p ieces  f r o m  each  
s p e c i m e n  w e r e  t hen  p l a t e d  w i t h  n i c k e l  b y  an  e lec -  
t ro l e s s  p rocess  (6)  to p r e s e r v e  the  su r f ace  contour ,  
and  m o u n t e d  and  po l i shed .  The  " su r f ace  a r e a  i n -  
d e x "  and  " t r u e  su r f ace  a r e a "  w e r e  d e t e r m i n e d  f r o m  
these  po l i shed  sec t ions  b y  the  p r o c e d u r e  o u t l i n e d  in 
t he  A p p e n d i x .  F i g u r e  1 shows  some of t he se  s u r -  
faces.  

W e i g h t  ga in  m e a s u r e m e n t s  w e r e  m a d e  on the  r e -  
m a i n i n g  spec imens  of each  group.  The  r e su l t s  of 
these  m e a s u r e m e n t s  a r e  shown  in Fig .  2 in w h i c h  
the  squa re  of t he  w e i g h t  ga in  p e r  un i t  a r e a  is p l o t t e d  
a ga in s t  t ime .  Each  c u r v e  r e p r e s e n t s  t he  a v e r a g e  fo r  
t h r e e  spec imens .  The  d a t a  for  t he  t h r e e  w e r e  in  
good a g r e e m e n t  in a l l  cases;  t he  m a x i m u m  d e v i a -  
t ion  o b s e r v e d  was  3.4%. 

D a t a  p l o t t e d  in Fig .  2 w e r e  c o m p u t e d  on t h e  bas i s  
of t he  t r u e  su r f ace  a r eas  o b t a i n e d  b y  m u l t i p l y i n g  t h e  
mac roscop ic  a r e a  of each  spec imen  b y  the  a p p r o -  
p r i a t e  su r f ace  a r e a  i n d e x  (see  A p p e n d i x ) .  I t  w i l l  
b e  n o t e d  t h a t  in e v e r y  case  r o u g h e n i n g  r e d u c e d  t h e  
o x i d a t i o n  ra te .  The  t r e a t m e n t  w i t h  s i l icon gave  t h e  
g r e a t e s t  r e duc t i on ,  the  w e i g h t  ga in  a f t e r  90 ra in  
b e i n g  l o w e r  t h a n  t h a t  of u n r o u g h e n e d  spec imens  b y  
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Fig. 1. Surface contours of specimens before oxidation; (A) as- 
roiled, (B) blasted with ingot iron grit, (C) blasted with silicon 
carbide and (D) blasted with fused alumina. White area above 
iron surface is nickel plate applied to preserve surface contour 
during polishing (2% nital etch). 
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Fig. 2. Oxidation behavior at 800~ in air of ingot-iron speci- 
mens that had been grit blasted and then annealed. Weight gains 
are based on "true surface areas." 

a factor  of 6.2. The least  reduct ion occurred when 
the specimens were  roughened wi th  ingot i ron grit ,  
the weight  gain in this case being lower  than tha t  
of the unroughened specimens by a factor  of 1.2.1 

In genera l  the oxidat ion fol lowed the parabol ic  
ra te  law 

where  w is the weight  gain per  uni t  area, t the  time, 
and k the ra te  constant.  

The parabol ic  oxidat ion is indicated by the t rend  
toward  s t ra igh t - l ine  plots in Fig. 2. In the case of 
the specimens roughened wi th  silicon carbide,  fused 
alumina,  and silicon, the plots are l inear  af ter  the 
first few minutes.  The curves for the as - ro l led  ~ 
specimens and for those roughened with  Ot tawa sand 
and ingot iron are more  complex in that  they  con- 
sist of two l inear  port ions ra the r  than  one. 

x W h e n  t h e s e  w e i g h t  g a i n s  w e r e  c o m p u t e d  o n  t h e  b a s i s  o f  m a c r o -  
s c o p i c  a r e a  r a t h e r  t h a n  t r u e  s u r f a c e  a r e a  t h e  v a l u e s  d i f f e r e d  b y  
factors o f  4 .6  a n d  1 .1 ,  r e s p e c t i v e l y .  

2 A s - r o l l e d  r e f e r s  t o  t h e  s u r f a c e  t h a t  r e s u l t e d  f r o m  t h e  f i n a l  r o l l i n g  
operat ion in the  s tee l  mill .  

Fig. 3. Change in rate constant, k, with increase in computed sur- 
face area. Label for each point shows grit used for producing in- 
creased area of surface. 

The ra te  constant,  k, was obtained for each group 
of specimens by measur ing  the slopes of the s t ra ight  
lines in Fig. 2. For  specimens tha t  gave two different  
slopes, the ra te  constant  assigned was tha t  com- 
puted from the slope of the ini t ia l  por t ion of the 
curve. 

F igure  3 shows these ra te  constants p lo t ted  against  
the percentage  increase in surface area  produced by 
the various t reatments .  The points fal l  app rox i -  
ma te ly  on a s t ra ight  line. This suggests tha t  there  
is a direct  re la t ion be tween roughness,  as measured  
by  surface area, and the ea r ly  stage oxidat ion rate.  
I t  also suggests tha t  the reduct ion in ra te  is inde-  
pendent  of the type  of gri t  used for roughening.  

That  gri t  contaminat ion was not a control l ing fac-  
tor in reducing the r a t e  is shown by  the resul ts  wi th  
ingot iron grit.  In this pa r t i cu la r  case, the gri t  was 
made f rom the same mate r i a l  as the specimen; 
hence, it  could not contamina te  the  specimen surface. 
Yet the point  for the specimens roughened wi th  in-  
got iron is below that  for the as - ro l led  specimens. 

Because the surface of the meta l  was cold worked  
dur ing gri t  blast ing,  it was in a s t ra ined condit ion 
af ter  the roughening t rea tments .  If this s t ra in  were  
not rel ieved,  it could conceivably affect the  oxida-  
t ion rate.  However,  since the t empera tu re  range in 
which iron recrysta l l izes  is 200~176 the annea l -  
ing t rea tments  (2 hr  in hydrogen  at  950~ followed 
by 1 hr  in vacuum at 730~ tha t  each specimen 
received af ter  it  was gri t  b las ted ve ry  l ike ly  re l ieved 
any s t ra in  tha t  was present .  Even had the speci-  
mens not  been annealed fol lowing the roughening 
procedure,  the 800~ oxidat ion t empera tu re  is p rob-  
ab ly  high enough to re l ieve  the induced s t ra in  be-  
fore it has any apprec iable  effect on the oxidat ion 
rate.  In order  to make  cer ta in  tha t  such was the  
case, however,  the fol lowing exper imen t  was car -  
r ied out. Specimens were  roughened by  blas t ing 
with  ingot - i ron  gri t  and oxidized wi thout  fu r the r  
t rea tment .  These specimens were  found to gain 
weight  at the  same ra t e  as those tha t  had been an-  
nealed af ter  the  gr i t -b las t ing .  Such a resul t  shows 
tha t  any  res idual  s t ra in  caused by  cold work ing  
of the  surface dur ing  the blas t ing had  no influence 
on the oxidat ion behavior  at  800~ The same ex -  
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Fig. 4. Oxide layers formed on ingot iron after oxidation for 90 
min in air at 80O~ Dark gray layer is wiistite (iron deficient 
FeO); lighteT gray layer above it is magnetite (Fe30,), while thin 
white layer at outer surface (visible in C and D only) is hematite 
(~-Fe20:3. Surface preparation was (A) as-rolled, (B) grit blasted 
with ingot iron, (C) grit blasted with alumina and (D) grit blasted 
with silicon. (2% nltal etch). 

per imen t  also shows tha t  any  oxide tha t  might  have 
formed on the specimen surface dur ing the blast ing 
process had no effect on the subsequent  oxidat ion 
rate.  

Metal lographic  sections were  p repa red  f rom many  
of the specimens af te r  oxidation.  The micrographs  
in Fig. 4 show the  oxide scale and the interface be -  
tween the oxide and the meta l  for four of these 
specimens. At  t empera tu res  above about  570~ the 
oxide scale on iron consists of three  layers  (7);  the 
innermost  l ayer  is wiist i te  ( iron deficient FeO) ,  the 
center  l ayer  is magnet i te  (Fe~O,) and the outer  l aye r  
is hemat i te  (a-Fe20~). The wfist i te  and magne t i t e  
layers  are visible in Fig. 4; however,  the outermost  
hemat i te  layer  is not  c lear ly  defined except  in Fig. 
4C and D. 

Examinat ions  of the sections showed tha t  the 
over -a l l  scale thickness decreased wi th  increasing 
surface roughness. The examinat ions  also showed 
that  the re la t ive  thicknesses of the magnet i te  and 
hemat i te  layers  increased with  increasing rough-  
ness while  tha t  of the wdst i te  l ayer  decreased and 
tha t  the re la t ive  thicknesses of the layers  did not 
depend on the to ta l  scale thickness.  The resul ts  of 
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measurements  of the re la t ive  thicknesses of the 
layers  are l isted in Table II. 

Another  finding of in teres t  was tha t  the  surface 
of the  as- ro l led  specimens, and, to a lesser extent ,  
the surfaces of specimens roughened wi th  ingot-  
iron gri t  and Ot tawa sand became rougher  as oxi-  
dat ion proceeded.  Also, voids began to appear  in 
the wfistite l ayer  quite close to the iron surface. 
Both the roughening effect and the void format ion 
have previously  been observed by Pa'idassi (8) on 
ingot  iron that  was e lec t ro ly t iea l ly  pol ished pr ior  
to oxidation. Micrographs of the ox ide -me ta l  in te r -  
face of as - ro l led  specimens af ter  var ious  per iods  of 
oxidat ion are shown in Fig. 5. Af ter  15 rain of ox-  
idat ion the surface was stil l  r e la t ive ly  smooth. Af -  
ter  45 rain the surface had become rougher,  and voids 
were  visible near  the interface.  In most instances 
these voids were  not touching the metal .  At  60 rain 
the number  of voids had  increased considerably.  
F rom 60 to 90 rain, however ,  the  surface, a l though 
continuously changing,  was found to have about the  
same degree of roughness, and the number  and size 
of the voids remained  fa i r ly  constant.  

In the case of the specimens roughened with in-  
go t - i ron  gri t  and Ot tawa sand the oxidat ion t ime re -  
qui red to reach a condit ion of constant  roughness 
was apprec iab ly  shorter .  The oxide~metal  in terface  
of specimens that  had been roughened by  blas t ing 
with Ot tawa sand are  shown in Fig. 6. Voids are 
visible at the t ips of asperi t ies  on the roughened 
surface af ter  only 5 rain at 800~ and af ter  20 rain 
numerous  voids are visible in the oxide near  the 
interface.  

Experiments with Sur]aces of Fixed Geometry 

The exper iments  wi th  g r i t -b las ted  ingot iron in-  
dicated tha t  the geometry  of the iron surface had an 
impor tan t  influence on the subsequent  oxidat ion rate.  
However ,  the gr i t  b las t ing produced h ighly  i r r egu -  
lar  interfaces (see Fig. 1), and it was bel ieved tha t  
addi t ional  informat ion could be obtained about  the  

Table II. Change of relative oxide layer thickness with increasing 
surface roughness after oxidation for 90 min in air at 800~ 

R e l a t i v e  t h i c k n e s s  
S u r f a c e  R a t e  M a g n e -  

B l a s t i n g  a r e a  cons t an t ,  ka W h s t i t e  r i t e  H e m a t i t e  
m e d i u m  i n d e x  gm• crn-~ rnin~l  % % % 

None 1.048 4.02 X 10 -~ 95.5 3.5 1.0 
Ingot iron 1.144 2.g6 94.5 4.5 1.0 
Ottawa sand 1.170 2.39 94.0 5.0 1.0 
Silicon carbide 1 .264 0.70 92.0 6.5 1.5 
Fused alumina 1 .350 0.15 65.0 32.0 3.0 
Silicon 1.408 0.09 61.5 34.5 4.0 

D e t e r m i n e d  f r o m  t h e  in i t i a l  l i n e a r  p o r t i o n  of  t h e  w e i g h t - g a i n  
s q u a r e d  c u r v e s  fo r  t h e  a s - r o l l e d  s p e c i m e n s  a n d  fo r  t h e  s p e c i m e n s  
r o u g h e n e d  w i t h  i n g o t  i r o n  g r i t  a n d  O t t a w a  sand .  

Fig. 5. Oxide-metal interface of as-rolled surface after oxidation 
at 800~ in air for (A) 0 min, (B) 15 min, (C) 45 min, and 
(D) 60 rain. Gray area above iron surface in (A) is electroless 
nickel. Unetched. 
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W h e n  g r o o v e d  spec imens  t h a t  h a d  been  ox id i zed  
for  va r i ous  pe r i ods  w e r e  m o u n t e d  in cross  sec t ion  
and  e x a m i n e d  m i c r o s c o p i c a l l y  t h e y  a p p e a r e d  as 
s h o w n  in Fig .  8. S e p a r a t i o n s  b e t w e e n  t h e  ox ide  a n d  
m e t a l  w e r e  v i s ib le  at  the  s h a r p  co rne r s  of  t he  s q u a r e  
a spe r i t i e s  and  a t  the  t ips  of t h e  s a w - t o o t h e d  a s p e r -  
i t ies  a f t e r  a b o u t  5 rain.  of o x i d a t i o n  a t  800~ The  
s m a l l  voids  w h i c h  a r e  c o n c e n t r a t e d  a b o v e  the  a s -  
pe r i t i e s  ( some  of w h i c h  a r e  i n d i c a t e d  b y  a r r o w s  in 
Fig.  8) w e r e  first  v i s ib l e  a t  h igh  magn i f i ca t ion  on 
spec imens  t h a t  had  been  ox id i zed  for  a b o u t  15 rain.  

Fig. 6. Oxide-metal interface of surface roughened with Ottawa 
sand after oxidation in air at 800~ for (A) 5 min, (B) 10 min, 
(C) 20 min, and (D) 30 min. 

o x i d a t i o n - i n h i b i t i n g  m e c h a n i s m ,  if  tes t s  w e r e  m a d e  
w i th  spec imens  t h a t  h a d  su r faces  of r e g u l a r  contour .  
The re fo re ,  spec imens  w e r e  p r e p a r e d  b y  m a c h i n i n g  
v e r y  sma l l  g rooves  in to  t h e i r  sur faces .  Some  of t he  
spec imens  h a d  s q u a r e  g rooves  0.004 in. deep  and  
0.006 in. w i d e  spaced  0.003 in. apa r t .  O t h e r s  w e r e  
p r e p a r e d  w i t h  V - s h a p e d  g rooves  a p p r o x i m a t e l y  
0.004 in. deep  and  0.008 in. wide .  A f t e r  b e i n g  m a -  
chined,  t he  spec imens  w e r e  a n n e a l e d  in h y d r o g e n  
and  v a c u u m  in the  m a n n e r  p r e v i o u s l y  d e s c r i b e d  and  
ox id i zed  at  800~ in air .  

Resu l t s  of t he  t es t s  w i t h  t he  g r o o v e d  spec imens  
a r e  g iven  in  Fig .  V. S u r f a c e  a r e a s  w e r e  c o m p u t e d  
f rom the  d imens ions  of the  g rooves  as d e t e r m i n e d  
f rom m e a s u r e m e n t s  m a d e  on po l i shed  cross  sect ions.  
As  seen  in Fig.  7, t h e  g r o o v e d  spec imens  g a i n e d  
w e i g h t  a t  a s l ower  r a t e  a f t e r  t he  f i rs t  6-8 ra in  t h a n  
the  a s - r o l l e d  spec imens .  Here ,  as in the  case  of t he  
spec imens  t ha t  w e r e  r o u g h e n e d  b y  b la s t ing ,  su r f ace  
c o n t a m i n a t i o n  is not  cons ide red  to  have  p l a y e d  a 
s igni f icant  ro le  in t he  o b s e r v e d  r e t a r d a t i o n  of o x i d a -  
t ion s ince  the  g rooves  w e r e  cut  w i t h  a t o o l - s t e e l  saw 
on wh ich  no d i s c e r n i b l e  w e a r  was  no ted  a f t e r  t h e  
cu t t i ng  ope ra t ion .  

Experiments with High-purity Iron 

In  t he  tes t s  w i t h  a s - r o l l e d  ingot  i ron  spec imens ,  
the  o x i d a t i o n  r a t e  was  r e l a t i v e l y  h igh  in  t he  e a r l y  
s tages.  As  o x i d a t i o n  p rog res sed ,  h o w e v e r ,  the  su r -  
face  b e c a m e  r o u g h e n e d  and  the  o x i d a t i o n  r a t e  was  
lowered .  This  b e h a v i o r  sugges t ed  tha t ,  if  t he  i r on  
had  r e m a i n e d  smoo th  t h r o u g h o u t  t he  t e s t ing  per iod ,  
the  spec imens  w o u l d  h a v e  ox id i zed  p a r a b o l i c a l l y  
w i t h  on ly  one r a t e  cons tan t .  In  th is  connec t ion  Col-  
longues  and  C h a u d r o n  (9) ,  w h i l e  s t u d y i n g  t h e  h i g h -  
t e m p e r a t u r e  o x i d a t i o n  of i ron  in a m i x t u r e  of h y -  
d r o g e n  and  w a t e r  vapor ,  o b s e r v e d  t h a t  t he  su r face  
of ingo t  i ron  b e c a m e  r o u g h e r  d u r i n g  the  o x i d a t i o n  
p rocess  w h i l e  t h a t  of e l e c t ro ly t i c  i r on  d id  not.  T h e y  
a t t r i b u t e d  t h e  r o u g h e n i n g  of  t he  ingo t  i ron  to u n -  
even  o x i d a t i o n  of the  su r f ace  as a r e s u l t  of loca l ized  
v a r i a t i o n s  in compos i t i on  w h i c h  d id  no t  ex i s t  in  t he  
case of  the  e l e c t ro ly t i c  i ron.  

I t  was  b e l i e v e d  t ha t  a h i g h - p u r i t y  i ron  m i g h t  also 
ox id ize  w i t h o u t  d e t e c t a b l e  r o u g h e n i n g  of t he  s u r -  
face  if  t he  o x i d a t i o n  was  done  in  a i r  r a t h e r  t h a n  
in a m i x t u r e  of h y d r o g e n  and  w a t e r  vapor .  Con-  
sequen t ly ,  spec imens  of t he  h i g h - p u r i t y  i ron  w e r e  
c l eaned  b y  a n n e a l i n g  in  h y d r o g e n  and  v a c u u m  in 
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Fig. 7. Oxidation curves in air at 800~ for specimens with fixed 
surface geometry. 

Fig. 8. Square-grooved and V-grooved specimens after oxida- 
tion in air at 800~ for 45 min. 
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Fig, 9. Comparison of oxidation behavior in air at 800~ of 
high-purity (99.990 Fe) iron and ingot iron. 

the manner previously described and oxidized for 
various periods at 800~ The specimens were then 
mounted and polished for microscopic examination. 
The examination showed that  the surface of the 
high-pur i ty  iron remained smooth even after 3 hr 
of oxidation and that no voids of any sort formed 
in the scale layer. Also, the weight-gain data, which 
is plotted against time in Fig. 9 along with similar 
data for ingot iron, showed that the h igh-pur i ty  iron 
oxidized with a single rate constant throughout the 
entire testing period. 

Discussion of the Mechanism 

The experiments described above show quite con- 
clusively that the oxidation rate at 800~ in air of 
ingot-iron specimens with roughened surfaces was 
lower than that of specimens with smooth surfaces. 
That this reduction was not caused by surface con- 
tamination is indicated by the observation that the 
reduction in rate was a function of the roughness of 
the specimen surface and not of the type of grit 
that  was used for the roughening treatment.  Fur -  
thermore, the reduction occurred even when ingot- 
iron grit was used for the roughening operation. 
Other tests showed that strain in the surface layer  
caused by cold work had no measurable effect on 
the oxidation rate. Thus, some other but less ob- 
vious mechanism must  be responsible. 

In arriving at this mechanism, the decrease in the 
relative thickness of the wiistite layer which was 
observed on the gr i t - roughened specimens (see 
Table II)  is considered to be especially significant. 
According to Pa'idassi (10) the oxide scale formed 
on iron in air at 800~ consists of approximately 
95% wfistite, 4% magnetite, and 1% hematite. The 
relative thicknesses of the oxide layers on the as- 
rolled surface, as seen in Figure 4, and as listed in 
Table II, are in good agreement with these values. 
However, the relative amount  of wfistite decreases 
marked ly  with increasing roughness. 

It is of interest to consider how this change in the 
relative thicknesses of the layers could occur. Davies, 
Simnad, and Birchenall (11, 12) studied the mech-  
anisms of growth of the three oxide layers and found 
that the growth of wfistite occurs nearly exclusively 
as a result of the outward diffusion of iron ions and 
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that magnetite grows primarily, but not completely, 
by this same mechanism. The growth of hematite, 
however, was found to occur almost solely as a re-  
sult of the inward diffusion of oxygen These in- 
vestigators also concluded that  above ;bou t  620~ 
the rate of growth of the over-all  layer s controlled 
by the growth of the wiistite. Taken to! _~ther, these 
results imply that the rate-controllinl process in 
the oxidation of iron at 800~ is the r :e at which 
iron ions diffuse through the wfistite la er. Thus, if 
this diffusion could be retarded in sore, way, such 
as by creating separations between the iron and 
wfistite or by placing diffusion barriers of some sort 
in the layer, the growth rate of the over-al l  scale 
would be expected to decrease. Moreover, since the 
growth of the hematite is due almost solely to the 
inward diffusion of oxygen and the growth of the 
magneti te at least partially to the same mechanism, 
a decrease in the outward iron diffusion rate would 
bring about an increase in the relative amounts of 
these two outer layers at the expense of the wiistite. 
Table II  shows that such an increase occurred for 
the roughened specimens. 

Microscopic examinations showed that  voids were 
present in the scale over rough iron surfaces, and it 
is believed that these voids act as barriers which 
partially block the diffusion of iron ions. The voids 
probably begin as t iny discontinuities in the iron 
oxide lattice and at the oxide-metal  interface and 
eventually grow large enough to become visible 
under the microscope. The voids are found at three 
different places in the scale layer, and it is quite 
likely that they form at different times during the 
oxidation process. The places where the voids are 
found are (i) between the oxide and the metal at 
the tips of asperities (see Fig. 6A, 6B, and 8), (it) 
in the wilstite layer close to the wfistite-metal in- 
terface over regions of the iron surface that  are 
being, or have been, roughened by the oxidation 
process (see Fig. 5), and (iii) in the wfistite and 
magnetite layers above an asperity (examples are 
indicated by arrows in Fig. 8), but much fur ther  
from the iron surface than (it). For purposes of the 
discussion to follow the voids will be designated as 
type 1, type 2, and type 3. 
Type 1 voids.--The voids that separate the iron from 
the scale layer at the tips of asperities (Fig. 6A, 
6B, and 8) are similar to those observed by other 
investigators (13-15) at the corners of iron sheet 
specimens, and the explanation given in two of 
these studies (14, 15) for a corner separation ap- 
plies in all essentials to one which forms at the tip 
of an asperity on a roug h iron surface. Engell and 
Wever (15) demonstrated indirectly and MacKenzie 
and Birchenall (16) showed by actual experiment 
that wiistite will deform plastically at elevated 
temperature under a relatively low stress. Juenker,  
Meussner, and Birchenall (14) and Engell and 
Wever (15) concluded independently that  on a flat 
surface this plasticity enables the w~istite layer to 
follow the iron surface as it recedes during oxida- 
tion, but  that  at a corner or an edge the mutual  sup- 
porting effect of the oxide layers meeting at an angle 
hinders the flow, and eventually the receding iron 
breaks away from the oxide. I ron ions cannot dif-  
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fuse  across  th is  b r eak ,  and  as  a r e s u l t  o x i d a t i o n  is 
r e t a r d e d .  
Type 2 voids.--The second  t y p e  of void ,  w h i c h  is 
o b s e r v e d  in  the  wf is t i t e  l a y e r  n e a r  the  i n g o t - i r o n  
su r face  ove r  a r e a s  w h i c h  h a v e  b e c o m e  r o u g h e n e d  
d u r i n g  the  o x i d a t i o n  process ,  is p r o b a b l y  f o r m e d  b y  
a m e c h a n i s m  s o m e w h a t  s i m i l a r  to t h e  one j u s t  d e -  
scr ibed .  The  o x i d a t i o n  t ime  w h i c h  e l apses  be fo re  
th is  t y p e  of vo id  beg ins  to fo rm,  h o w e v e r ,  is g r e a t e r .  
I t  is poss ib l e  t ha t  the  vo ids  a r e  f o r m e d  in t he  fo l -  
l owing  w a y :  A t  t he  b e g i n n i n g  of t h e  ox ida t ion ,  t he  
first  t h in  l a y e r  of ox ide  has  t he  s ame  a r e a  as t he  i n -  
g o t - i r o n  sur face .  As  o x i d a t i o n  p roceeds  t he  i ron  s u r -  
face  becomes  roughened ,  and,  as a consequence ,  i t s  
a r e a  increases .  S ince  the  w i i s t i t e  l a y e r  g r o w s  at  i t s  
u p p e r  sur face ,  because  o u t w a r d  i r on  ion  d i f fus ion 
is i ts  g r o w t h  m e c h a n i s m ,  the  p o r t i o n  n e a r  the  o x i d e -  
i ron  i n t e r f ace  c a n n o t  i nc rea se  in v o l u m e  to c o m p e n -  
sa te  for  t he  i nc r ea s ing  a r e a  of t h e  i r on  sur face .  
The re fo re ,  p l a s t i c  d e f o r m a t i o n  m u s t  occur  in  such  
a w a y  as to a l l ow ox ide  f r o m  a b o v e  to f low into  t he  
s t r e s sed  regions ,  or, as an  a l t e r n a t i v e ,  t h e  wi i s t i t e  
m u s t  become  porous  n e a r  t h e  i ron  sur face .  The  
a b i l i t y  of t he  wf is t i t e  to d e f o r m  p l a s t i c a l l y  a t  f i rs t  
p e r m i t s  i t  to m a i n t a i n  con tac t  w i t h  t he  m e t a l  and  
s t i l l  r e m a i n  compac t  and  cont inuous .  E v e n t u a l l y ,  
howeve r ,  t he  p l a s t i c  flow canno t  k e e p  pace  and  
p o r o s i t y  occurs.  I t  is th is  sor t  of p o r o s i t y  w h i c h  is 
shown in Fig .  5. 

Type 3 voids.--The t h i r d  t y p e  of vo id  is t h a t  f o u n d  
in bo th  t he  wf is t i t e  and  m a g n e t i t e  l a y e r s  a t  some 
d i s t ance  a b o v e  a spe r i t i e s  on t h e  i r on  sur face .  In  
some cases, vo ids  of th i s  t y p e  t e n d e d  to  f o r m  r a d i a l  
p a t t e r n s  in the  scale  l a y e r  (F ig .  8) w i t h  no b r e a k  
in t he  p a t t e r n  a t  the  w f i s t i t e - m a g n e t i t e  in te r face .  
S i m i l a r  vo ids  have  been  o b s e r v e d  in  t h e  o x i d a t i o n  
of w i r e s  b y  J u e n k e r ,  Meussner ,  and  B i r c h e n a l l  (14) ,  
bu t  no e x p l a n a t i o n  was  g iven  as to  t h e i r  cause.  
These  au tho r s  f o u n d  t h a t  t he  t ime  r e q u i r e d  for  vo ids  
of th is  t y p e  to  a p p e a r  i n c r e a s e d  w i t h  i nc rea s ing  w i r e  
d i a m e t e r .  This  is in a g r e e m e n t  w i t h  t h e  f indings  of 
the  p r e s e n t  i n v e s t i g a t i o n  in w h i c h  i t  was  o b s e r v e d  
t ha t  in t he  o x i d a t i o n  of a su r f ace  w i t h  r e l a t i v e l y  
l a rge  r o u n d e d  p r o t u b e r a n c e s  t he  o x i d a t i o n  p e r i o d  
r e q u i r e d  be fo re  t he  f o r m a t i o n  of vo ids  b e g a n  w a s  
g r e a t e r  t h a n  in  t he  case  of su r f aces  w h e r e  t h e  a s -  
pe r i t i e s  w e r e  sha rp .  

K n o w i n g  t h a t  these  t h r e e  t y p e s  of vo ids  ex i s t  i t  is 
poss ib le  to e x p l a i n  t he  o x i d a t i o n  cu rves  for  t he  i n -  
g o t - i r o n  spec imens  as p l o t t e d  in  Fig .  2. In  t he  case  
of spec imens  w i t h  smoo th  su r faces  o x i d a t i o n  w o u l d  
occur  p a r a b o l i c a l l y  u n t i l  r o u g h e n i n g  d e v e l o p e d  and  
the  t y p e  2 vo ids  b e g a n  to form.  The  o x i d a t i o n  r a t e  
w o u l d  t hen  dec rease  c o n t i n u o u s l y  as  t he  i r on  s u r -  
face  b e c a m e  r o u g h e r  and  m o r e  vo ids  w e r e  f o r m e d  
u n t i l  such  t i m e  as a r e l a t i v e l y  s t ab le  d e g r e e  of 
r oughnes s  h a d  been  r e a c h e d  a n d  the  n u m b e r  and  
size of the  vo ids  b e c a m e  cons tan t .  A t  th is  p o i n t  a 
new and  l o w e r  r a t e  cons t an t  w o u l d  p reva i l .  As  seen  
in F ig .  2 t he  b e h a v i o r  j u s t  d e s c r i b e d  was  fo l l owed  
b y  t h e  a s - r o l l e d  i n g o t - i r o n  spec imens .  

In  the  case  of su r faces  t h a t  h a v e  been  r o u g h e n e d  
p r i o r  to ox ida t ion ,  t y p e  1 vo ids  w o u l d  fo rm v e r y  
soon a f t e r  o x i d a t i o n  began .  The  n u m b e r  and  size of 
these  voids ,  and  c o n s e q u e n t l y  t h e i r  effect  on t h e  

o x i d a t i o n  ra te ,  w o u l d  d e p e n d  to a l a r g e  d e g r e e  on 
the  n u m b e r  a n d  shape  of t he  a spe r i t i e s  p r e s e n t  on  
the  m e t a l  sur face ,  t h e  " r o u g h e r "  t h e  sur face ,  t h e  
g r e a t e r  the  n u m b e r  of voids .  A sho r t  t i m e  l a t e r  t y p e  
3 vo ids  w o u l d  also b e g i n  to  fo rm,  c o n t r i b u t i n g  to 
t he  r e t a r d a t i o n  of i ron  ion diffusion.  T h e  t i m e  at  
w h i c h  the  f o r m a t i o n  of t y p e  3 vo ids  b e g a n  and  the  
e x t e n t  to w h i c h  t h e i r  f o r m a t i o n  o c c u r r e d  w o u l d  also,  
as in the  case  of the  t y p e  1 voids ,  d e p e n d  on the  
n a t u r e  of t he  r o u g h e n e d  sur face .  

The  p r e s e n c e  of t y p e  1 vo ids  on a r o u g h e n e d  s u r -  
face  r educes  the  a r e a  of i n t i m a t e  con tac t  b e t w e e n  the  
i ron  su r f a c e  a n d  the  wf is t i te  l aye r .  S ince  the  i n t e r -  
f ac ia l  a r e a  across  w h i c h  ion d i f fus ion can  occur  is 
t hus  lessened ,  w h i l e  t he  v o l u m e  of ox ide  into  w h i c h  
the  di f fus ion occurs  does  no t  change  a p p r e c i a b l y ,  t he  
ion flux across  t he  con tac t  a r e a s  b e t w e e n  ox ide  and  
m e t a l  w i l l  be  inc reased ,  a n d  the  m e t a l  su r face  in  
these  a r e a s  wi l l  r o u g h e n  m o r e  r a p i d l y .  As  a conse -  
quence,  t he  d e g r e e  of r o u g h n e s s  n e c e s s a r y  for  t he  
f o r m a t i o n  of t y p e  2 vo ids  w i l l  be  a t t a i n e d  m o r e  
qu ick ly ,  and  the  t ime  r e q u i r e d  for  t he  su r f ace  to 
r e a c h  a s t ab l e  roughnes s  cond i t ion  wi l l  be  shor te r ,  
r e s u l t i n g  in  a s h o r t e r  o x i d a t i o n  r a t e  t r a n s i t i o n  p e r i o d  
w h i c h  begins  sooner .  This  t y p e  of b e h a v i o r  is seen to  
occur  for  t he  spec imens  r o u g h e n e d  w i t h  t he  i n g o t -  
i ron  g r i t  w i t h  t he  O t t a w a  sand.  

In  t he  case of s e v e r e l y  r o u g h e n e d  spec imens  such 
as those  b l a s t e d  w i t h  s i l icon ca rb ide ,  fused  a l u m i n a  
and  si l icon,  such an  a b u n d a n c e  of t y p e  1 and  t y p e  3 
voids  f o r m  at  or  n e a r  t he  o x i d e - m e t a l  i n t e r f a c e  t h a t  
t he  a r e a  of m e t a l  su r f a c e  w h i c h  is s u i t a b l e  for  t he  
f o r m a t i o n  of t y p e  2 vo ids  is v e r y  smal l .  T y p e  2 vo ids  
thus  h a v e  a neg l ig ib l e  effect on the  o x i d a t i o n  ra t e ,  
and  as a consequence  no t r a n s i t i o n  r eg ion  is d e t e c t -  
ab le  for  these  spec imens .  

Conclusions 
The  fo l lowing  conclus ions  a p p e a r  to  be  jus t i f i ed  

f r o m  the  r e su l t s  of an  i nve s t i ga t i on  of t h e  effect  of 
su r f ace  roughnes s  on the  o x i d a t i o n  b e h a v i o r  of i ron  
spec imens  in a i r  a t  800~ 

1. Spec imens  t h a t  h a d  been  gr i t  b l a s t e d  ox id i zed  
at  a s l ower  r a t e  t h a n  those  w i t h  smoo th  surfaces .  
The  r e d u c t i o n  in r a t e  w a s  a func t ion  of t he  deg ree  of 
r oughen ing .  

2. Spec imens  r o u g h e n e d  b y  m a c h i n i n g  s m a l l  
g rooves  in to  t h e i r  su r faces  also ox id i zed  at  l o w e r  
r a t e s  t h a n  those  w i t h  smoo th  surfaces .  

3. E x p e r i m e n t a l  ev idence  i n d i c a t e d  t h a t  t he  r e -  
d u c e d  o x i d a t i o n  r a t e s  on  r o u g h  su r faces  w e r e  no t  
caused  b y  (a )  su r f ace  c o n t a m i n a t i o n  d u r i n g  r o u g h -  
ening,  (b)  r e s i d u a l  s t r a ins  due  to cold  work ,  or  (c)  
f o r m a t i o n  of an  ox ide  fi lm d u r i n g  the  b l a s t i n g  
process .  

4. I ngo t  i ron  spec imens  w i t h  smoo th  or  m i l d l y  
r o u g h e n e d  su r faces  ox id i zed  p a r a b o l i c a l l y  in t he  
e a r l y  s tages .  H o w e v e r ,  w i t h  c o n t i n u e d  ox ida t ion ,  
r oughnes s  d e v e l o p e d  on the  me ta l ,  and  the  r a t e  con-  
s t an t  b e g a n  to  change .  A f t e r  a t r a n s i t i o n  pe r iod ,  t h e  
o x i d a t i o n  a g a i n  b e c a m e  pa rabo l i c ,  b u t  w i t h  a l o w e r  
r a t e  cons tan t .  H i g h - p u r i t y  iron,  h o w e v e r ,  r e m a i n e d  
smooth  t h r o u g h o u t  a 3 - h r  o x i d a t i o n  per iod .  Also  i t  
ox id ized  p a r a b o l i c a l l y  w i t h  a s ingle  r a t e  cons tan t .  
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5. The re la t ive  th ickness  of the  wiis t i te  l aye r  in  
the oxide scale decreased as the  roughness  of the  i ron  
surface  increased.  This  behav io r  showed tha t  there  
was  a lowered  diffusion ra te  of i ron  ions t h rou gh  the  
wiis t i te  l ayer  tha t  fo rmed  on a rough  surface.  

6. The  most  l ike ly  reason  for the  lowered  i ron  ion 
diffusion ra te  is the b locking  of the  diffusion pa th  by  
smal l  voids in  the  oxide scale tha t  forms  over  rough  
surfaces.  These voids, which  were  detected in  the  
oxide layers  on all r oughened  Specimens, bu t  no t  on 
smooth ones, act as ba r r i e r s  to ion diffusion and  
the reby  lower  the ra te  at  which  a r oughened  speci-  
m e n  oxidizes. 
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APPENDIX 

Determination of Surface Area 
In making the surface area measurements ,  r andomly  

selected interfaces of specimens that  had been nickel 
plated, mounted,  and polished (see Fig. 1) were pro- 
jected at a magnification of 4900X on the ground-glass 
screen of a Bauch and Lomb model ILS metallograph. 
The contour of each projected interface was then traced 
on a clear sheet of plastic (see Fig. 10) from which a 
quant i ty  termed the "surface area index," S~, was com- 
puted. 

The length of the contour l ine BB in  Fig. 10 was de- 
termined with a map measurer ;  the straight l ine dis- 
tance AA with a rule. 

The surface area index was then  taken as: 

The average index for each roughen ing  t rea tment  was 
computed from 20 fields selected at random. With this 
number  of fieIds it was found that  the true mean  was 
wi th in  3% of the calculated mean  on the 95% confi- 
dence level. The true surface area was obtained by 
mul t ip ly ing the macroscopic area of the specimen by 
this index. 

The procedure just  described does not give the exact 
surface area of the specimens for two reasons. First,  
the highest magnifications obtainable by optical meth-  
ods probably  do not resolve the smallest surface devi-  
ations. For example, if useful  magnifications of 50,000 
or 100,000 diameters were possible, the measured sur-  
face areas would undoubtedly  be different from those 
obtained at the magnifications selected for the present  
measurements .  

Second, the method used for calculating the surface 
area is not mathemat ical ly  rigorous. The surface con- 
tours are highly i r r egu la r  and because of this i r regu-  
larity, it is difficult, if not  impossible, to apply an exact 
analysis. The selected method is believed, however, to 
give the best indication of surface area that  is possible 
from measurements  made with a microscope on pol- 
ished sections. 

The Effect of Pressure on the Electroless Deposition Process 
J. S. Sallo, J. I. Swenson, and J. M .  Carr  

Minneapolis-Honeywell Research Center, Hopkins, Minnesota 

ABSTRACT 

The effect of changes in hydrostatic pressure on the electroless deposition 
system has been investigated. The results indicate that  some of these systems 
are controlled by a diffusion process while others are controlled by the area of 
active catalytic surface which is hydrogen free. The effect of hydrostatic pres-  
sure is a t t r ibuted to an effect on the volume of the hydrogen bubbles formed at 
the active surface. 

Since the in i t i a l  d e v e l o p m e n t  of the  electroless 
deposi t ion process by  B r e n n e r  and  Riddel l  in  1946 
(1) ,  a l a rge  q u a n t i t y  of data  has become ava i l ab le  
on this and  re la ted  systems.  Confl ic t ing da ta  have  
been  repor ted  on acid ba ths  of this  type.  B r e n n e r  
(2) repor ts  the  r a t e  of deposi t ion to be i n d e p e n d e n t  

of the hypophosphi te  ion concen t ra t ion .  Gutze i t  (3) ,  
u t i l i z ing  a di f ferent  type  of acid bath,  repor t s  the 
reac t ion  to be  first order  1 in  hypophosphi te  ion 
p rov ided  the  a rea  of the subs t r a t e  is smal l  r e l a t ive  

1 I t  seems l i k e l y  t h a t  t h e  da ta  r e a l l y  i nd i ca t e  a p seudo- f i r s t  o rder  
reac t ion .  The  p H  is k n o w n  to  a l t e r  t he  r a t e  of the  reac t ion ,  a n d  p H  
was  he ld  cons t an t  d u r i n g  these  k i n e t i c  s tudies .  



390 

to the volume of the solution. In addit ion,  Brenner  
repor ts  tha t  the efficiency of the  process (moles 
nickel  r educed /mo le  hypophosphi te  consumed) 
varies  wi th  the ra t io  of the area  of the cata lyt ic  
surface to the volume of the  solution. Gutzei t  p re -  
sents data  to refute  the impor tance  of this factor  
(4).  I t  appears  that ,  a l though the two systems are 
s imi lar  in composition, the mechanisms of these 
react ions m a y  be different. 

Brenner  has suggested (5) prev ious ly  tha t  the 
ra te  in the  acid ba th  m a y  be control led by diffusion 
of hydrogen  ion f rom the cata lyt ic  surface. This 
hypothesis  explains  the  independence  of the  ra te  on 
the concentrat ions of the p r i m a r y  reactants  and the 
increase in ra te  which is observed when the sub-  
s t ra te  is moved dur ing deposition. If this is the  case, 
it  seems l ike ly  tha t  the ra te  of hydrogen  gas leaving  
the subs t ra te  wil l  control  the diffusion (or t r ans -  
por t )  ra te  due to the  agi ta t ion effect. In order  to 
de te rmine  which, if any, of these reactions are  t r ans -  
por t  controlled,  the  reactions were  s tudied under  
var ious  pressures.  The change in pressure  may  a l ter  
the volume of the  evolved hydrogen  and a l ter  the 
ra te  of the t ranspor t  control led reaction. 

Experimental 
The fol lowing systems were  s tudied:  Bath I:  

[Brenner  (2 ) ]  NiC12 �9 6H~O, 30 g / l ;  NaH,PO2 �9 H=O, 
10 g / l ;  sodium acetate,  3 g / l ;  bath  2: [Gutzei t  (3 ) ]  
NiSO, �9 6H,O, 17 g / l ;  NaH~PO~ �9 H~O, 24 g / l ;  sodium 
acetate,  41 g / l ;  acetic acid, 30 g/1. 

Al l  electrodes were  f lash-coated on both sides 
wi th  nickel  f rom a Wat ts  ba th  and weighed.  P r io r  to 
insert ion in the bath,  the electrode was given a 
quick dip in 1:1 HC1 fol lowed by  a wa te r  rinse. 
This was necessary to insure  reproduc ib le  ini t ia t ion 
of nickel  reduction.  When this procedure  was fol-  
lowed, hydrogen  evolut ion a lways  began wi thin  
5 sec of the inser t ion of the sample. The sample  was 
en t i re ly  immersed  in the solution. Deposit ion t ime 
was 20 min in all  cases. 

An a l l -g lass  sys tem (sys tem A)  was used for runs  
be tween 740 mm Hg and 1140 mm Hg. Higher  
pressures  could not be a t ta ined  in this system. I t  
consisted of a one- l i t e r  react ion ke t t l e  fitted through 
ground glass joints  wi th  a plug for holding the 
sample, a the rmomete r  well,  a wate r -cooled  con- 
denser,  and an open end mercury  manometer .  For  
runs under  pressure  all  fittings were  held by clamps 
and pressure  was in t roduced through the condenser 
opening. The system was the rmos ta ted  at  85 ~ • 
0.2 ~ in a constant  t empe ra tu r e  oil bath.  Electrodes 
were  51.5 cm 2 sheets of phosphor  bronze. 

For  some of the  reactions,  and pa r t i cu la r ly  where  
higher  pressures  were  desired, a glass pressure  
bottle was used (sys tem B).  The sample, p r epa red  
as before, was a l lowed to s tand on the bot tom of the 
cell. In this  case, the volume of the  solution was 
300 cc, and the electrode had an act ive area  of 12.9 era. = 

The sonic uni t  was a 2000w (average)  genera tor  
d r iv ing  a magne tos t r ic t ive  t ransducer  at  15 kc. The 
ent i re  appara tus  (sys tem A) including the oil bath,  
was placed in the sonic cell. The cell  was filled wi th  
wa te r  to insure  t r ansmi t t a l  of the sound waves,  and 
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the presence of cavi ta t ion inside the  react ion vessel 
was confirmed both with  and wi thout  appl ied  pres -  
sure through the use of a ceramic lead zirconate 
t i tana te  t ransducer .  

Al l  resul ts  repor ted  are  the  average  of several  
runs. 

Results 
The resul ts  obta ined when a series of plates  were  

p repa red  f rom fresh baths  at  var ious  pressures  of 
e i ther  ni t rogen or hydrogen  in sys tem A are  shown 
in Fig. 1. The appl icat ion of pressure  to bath  1 
caused a decrease in ra te  of n ickel  deposi t ion (Fig. 
1A). Exper iments  wi th  pressure  in the case of ba th  
2 (Fig. 1B) showed an increase in the ra te  wi th  
appl ied  pressure.  If the decrease in ra te  observed 
in ba th  1 is due to diffusion control,  the appl icat ion 
of a sonic field should des t roy the diffusion control.  
When the pressure  exper iment  on ba th  1 is pe r -  
formed in a sonic field, the resul ts  a re  s imi lar  to 
those observed in ba th  2; an increase in r a t e  wi th  
pressure  is observed.  The resul ts  a re  shown in 
Fig. 1C. 

A series of runs were  made from bath  1 at higher  
pressures  using system B. In this case a plot  of Ni 
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Fig. I (A ) .  Plot of mg Ni/em~/20 rnin vs. pressure for both 1, 
system A; (B) Plot of rng Ni/crn2/20 rnin vs. pressure for bath 2, 
system A;  (C) plot of rng Ni/crn~-/20 rnin vs. pressure for bath ] 
in the presence of ultrasonic cavitation, system A. 
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system B. 
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f o r m e d  vs. p r e s s u r e  does  no t  p r o d u c e  a l i n e a r  r e l a -  
t ionship .  A p lo t  of Ni  f o r m e d  vs. I /P  does  p r o d u c e  a 
l i n e a r  r e l a t i onsh ip .  This  is seen  in  t h e  p o r t i o n  of 
Fig.  2 b e t w e e n  13.6 x . 1 0 - ' / m m  Hg ( a t m o s p h e r i c  p r e s -  
s u r e )  a n d  4.2 x 1 0 - ' / m m  Hg. As  a f u r t h e r  check,  e x -  
p e r i m e n t s  w e r e  r u n  in s y s t e m  B at  less t h a n  a t m o s -  
phe r i c  p r e s su re .  As  expec ted ,  an  i nc rea se  in r a t e  r e -  
sul ted .  As  is shown  in Fig.  2, th is  i n c r e a s e  is g r e a t e r  
t h a n  is p r e d i c t e d  b y  the  I /P  r e l a t i o n s h i p  ( d a s h e d  
l i n e ) .  This  is p r o b a b l y  due  to an  i nc rea se  in  t h e  a g i -  
t a t i o n  effect caused  b y  bo i l ing  of t he  so lu t ion  a t  t h e  
l o w e r  p re s su re s .  

Discussion 
Since n i t r o g e n  and  h y d r o g e n  p r o d u c e  the  s a m e  

effect, i t  a p p e a r s  t ha t  t h e  r e su l t s  a r e  due  to a t r u e  
p r e s s u r e  effect r a t h e r  t h a n  to a c h e m i c a l  effect. If  t he  
r e su l t s  w e r e  due  to a c h e m i c a l  r e t a r d a t i o n  of h y d r o -  
gen  fo rma t ion ,  t h e  r e su l t s  w o u l d  be  i n d e p e n d e n t  of 
n i t r o g e n  p re s su re .  Th is  l im i t s  a n y  i n t e r p r e t a t i o n  to 
p u r e l y  p h y s i c a l  effects i n d e p e n d e n t  of t he  c h e m i s t r y  
of the  process .  

No r i g o r o u s  i n t e r p r e t a t i o n  of these  r e su l t s  has  
been  m a d e ;  h o w e v e r ,  an  e x p l a n a t i o n  can  be  of fered  
w h i c h  fits t h e  a v a i l a b l e  da ta .  Th is  e x p l a n a t i o n  is 
based  on t h e  dec rease  in the  v o l u m e  of t he  b u b b l e s  
of h y d r o g e n  gas  f o r m e d  a t  t he  c a t a l y t i c  sur face .  
W h e n  the  s y s t e m  is u n d e r  h y d r o s t a t i c  p r e s s u r e ,  t h e  
h y d r o g e n  b u b b l e s  w i l l  be  evo lved  at  a l esser  vo lume .  
Consequen t ly ,  a less  v igo rous  a g i t a t i o n  effect w i l l  r e -  
sul t .  If  t he  r a t e  of n i c k e l  depos i t i on  is d i f fus ion con-  
t ro l l ed ,  and  if t he  d i f fus ion r a t e  is d e t e r m i n e d  b y  t h e  
.r-ate of ag i t a t i on  p r o d u c e d  b y  h y d r o g e n  evo lu t ion ,  a 
dec rea se  in  r a t e  is p r e d i c t e d  as t h e  r e s u l t  of h y d r o -  
s ta t ic  p r e s u r e .  This  is t he  case  in B a t h  1. 

I f  th is  ana lys i s  is cor rec t ,  the  r a t e  of depos i t i on  in  
a t r a n s p o r t  con t ro l l ed  s y s t e m  shou ld  v a r y  w i t h  t he  
v o l u m e  of h y d r o g e n  evo lved  r a t h e r  t h a n  w i t h  t h e  
a p p l i e d  p r e s su re .  C o n s e q u e n t l y  t h e  r a t e  of n i c k e l  
depos i t i on  shou ld  v a r y  as I/P. F i g u r e  2 shows  th i s  to  
be the  case  for  p r e s s u r e s  a b o v e  a t m o s p h e r i c  p r e s su re .  
In  Fig .  1A, due  to t he  u p p e r  p r e s s u r e  l i m i t  of s y s t e m  
A, a sho r t  s e g m e n t  of t he  I /P  c u r v e  is seen  and  the  
a p p a r e n t  l i n e a r  r e l a t i o n s h i p  w i t h  P resu l t s .  

The  r a t e  of n i cke l  depos i t i on  f rom b a t h  2 is i n -  
c r ea sed  by  the  a p p l i c a t i o n  of  h y d r o s t a t i c  p r e s su re .  In  
th is  case, t he  r a t e  of n i c k e l  depos i t i on  m u s t  be  con-  
t r o l l e d  b y  f ac to r s  o the r  t h a n  d i f fus ion  control .  As  a 
check  on th i s  poin t ,  a ser ies  of depos i t s  w e r e  p r e -  
p a r e d  on rod  s u b s t r a t e s  w h i c h  could  be  ro t a t ed .  R o -  
t a t i on  of t he  rod  s e r v e d  to doub le  the  r a t e  of  de pos i -  
t ion  f r o m  b a t h  1. Ro ta t i on  of t he  rod  caused  on ly  a 
v e r y  s l igh t  c h a n g e  in  the  r a t e  of depos i t i on  f r o m  b a t h  
2. This  r e s u l t  f u r t h e r  i nd i ca t e s  t h a t  t he  r a t e  of d e p -  
os i t ion f r o m  b a t h  1 is con t ro l l ed  b y  t r a n s p o r t  p r o c -  
esses w h i l e  the  r a t e  of depos i t i on  f rom b a t h  2 is 
con t ro l l ed  b y  o t h e r  fac tors .  

U n d e r  h y d r o s t a t i c  p r e s s u r e  t h e  s a m e  q u a n t i t y  of 
h y d r o g e n  gas  at  t he  ca t a ly t i c  su r f ace  occupies  less  
vo lume .  Thus ,  in  t he  case  of a n o n t r a n s p o r t  con-  
t ro l l ed  sys tem,  the  r a t e  of  n i c k e l  r e d u c t i o n  m a y  be  
i nc r ea sed  because  a l a r g e r  a r e a  of ac t ive  ( h y d r o g e n  
gas  f r ee )  su r f ace  is ava i l ab l e .  I f  th i s  conc lus ion  is 
cor rec t ,  t he  r a t e  of n i c k e l  r e d u c t i o n  is d e p e n d e n t  on 
the  a r e a  of t he  c a t a l y t i c  su r face  w h i c h  is not  c ove re d  
b y  h y d r o g e n .  This  r e su l t  does  no t  conflict  w i th  G u t -  

ze i t ' s  c l a im  t h a t  the  r a t e  is f irst  o r d e r  in h y p o p h o s -  
p h i t e  s ince  t he  ac t ive  a r ea  p r o b a b l y  r e m a i n e d  con-  
s t an t  d u r i n g  his  w o r k .  

In  t he  case of t he  e x p e r i m e n t s  in  t he  sonic  field, t he  
d i f fus ion  con t ro l  in  b a t h  1 is e l i m i n a t e d .  I t  is t h e n  
e x p e c t e d  t ha t  t he  r a t e  of depos i t i on  shou ld  be  t h e  
s ame  as  t h a t  f r o m  b a t h  2 a n d  t h a t  t he  a p p l i c a t i o n  of 
p r e s s u r e  shou ld  l e ad  to an  i nc rea se  in  r a t e .  In  fact ,  
t he  r a t e  of depos i t i on  is g r e a t e r  t h a n  t h a t  o b s e r v e d  in  
ba th  2, a n d  the  i n c r e a s e  of r a t e  w i t h  p r e s s u r e  is 
g r e a t e r  t h a n  e x p e c t e d  as seen  f rom t h e  s lope of the  
c u r v e  in  Fig .  1C. 

The  i nc rea se  in  o v e r - a l l  r a t e  caused  b y  sonics at  
a t m o s p h e r i c  p r e s s u r e  and  the  i n c r e a s e d  effect  of 
p r e s s u r e  on the  r a t e  in  a sonic  f ie ld a r e  no t  s u r p r i s -  
ing. B r e n n e r  (2)  i nd ica t e s  t h a t  t h e  r a t e  of e l e c t r o -  
less depos i t i on  f r o m  a l k a l i n e  so lu t ions  is no t  i n -  
c r ea sed  b y  ag i t a t i on  and  t h a t  t he  r a t e  is f irst  o r d e r  in  
h y p o p h o s p h i t e .  I t  t h e r e f o r e  can  be  conc luded  t h a t  
th is  s y s t e m  is no t  s u b j e c t  to t r a n s p o r t  control .  R ich  
(6)  has  r e p o r t e d  a l a r g e  i nc rea se  in t he  r a t e  of e l ec -  
t ro less  depos i t i on  f r o m  t h e  a l k a l i n e  s y s t e m  w h e n  
u l t r a son i c s  a r e  used.  U l t r a s o n i c s  m u s t  cause  effects  
o the r  t h a n  the  e l i m i n a t i o n  of d i f fus ion  cont ro l ,  and  
the  i n c r e a s e  in r a t e  a t  a t m o p s h e r i c  p r e s s u r e  a n d  the  
a u g m e n t e d  effect of p r e s s u r e  in t he  p r e s e n c e  of sonics 
m u s t  a t  p r e s e n t  be  a t t r i b u t e d  to u n k n o w n  causes.  
The  i m p o r t a n t  conc lus ion  is t h a t  u l t r a son i c s  r e v e r s e s  
t he  effect  of p r e s s u r e  in  b a t h  1, l e a d i n g  to an  i n c r e a s e  
in r a t e  w i t h  i n c r e a s e d  p r e s su re .  This  r e su l t  is a t -  
t r i b u t e d  to the  e l i m i n a t i o n  of t r a n s p o r t  con t ro l  of t he  
process .  

I t  a p p e a r s  t h a t  i n c r e a s e d  h y d r o s t a t i c  p r e s s u r e  has  
t he  effect  of d e c r e a s i n g  the  v o l u m e  of e v o l v e d  h y d r o -  
gen.  In  t he  case  w h e r e  t he  s y s t e m  is t r a n s p o r t  con-  
t r o l l e d  ( b a t h  1), th is  r e su l t s  in a dec rea se  in  a g i t a -  
t ion  w h i c h  is p r o p o r t i o n a l  to t he  dec rease  in v o l u m e  
of e v o l v e d  gas. The  r a t e  d e p e n d e n c y  on I /P  resul t s .  
In  t h e  case w h e r e  t he  s y s t e m  is no t  t r a n s p o r t  con-  
t r o l l e d  ( b a t h  2 or  b a t h  1 w i t h  sonics)  t h e  v o l u m e  of 
e vo lve d  gas  has  no effect  on the  ra te .  In  th i s  case  
t he  r a t e  is i n c r e a s e d  b y  the  i nc rea se  in  h y d r o s t a t i c  
p r e s s u r e  because  t h e  r e d u c e d  v o l u m e  of  h y d r o g e n  
gas at  the  su r f ace  l e a v e s  a g r e a t e r  a r ea  of e x p o s e d  
c a t a l y t i c  surface .  In  th is  case,  no q u a n t i t a t i v e  r e l a -  
t i onsh ip  b e t w e e n  p r e s s u r e  and  r a t e  can  be  d e d u c e d  
f rom the  a v a i l a b l e  da ta .  

The  d i s c r e p a n c y  ove r  t h e  a r e a  to v o l u m e  r a t i o  
canno t  be  r i g o r o u s l y  e x p l a i n e d ;  h o w e v e r ,  w h e n  it  is 
u n d e r s t o o d  t h a t  t he  sy s t e ms  a r e  d i f fe ren t ,  th i s  f u r -  
t he r  d i f fe rence  is no t  u n l i k e l y .  I t  is p r o b a b l e  t h a t  t he  
m a i n  d i f fe rence  b e t w e e n  the  sy s t e ms  s t ud i e d  in th i s  
w o r k  is t h a t  b a t h  2 is h i g h l y  bu f fe red  and  b a t h  1 is 
not.  The  buf fe r  in b a t h  1 m a y  be  c o n s u m e d  in a loca l  
r eg ion  of h igh  h y d r o g e n  ion concen t r a t ion .  Thus,  t he  
r a t e  of r e m o v a l  of h y d r o g e n  ion f r o m  the  e l e c t r o d e  
r eg ion  becomes  r a t e  con t ro l l ing .  I n  a s y s t e m  w i t h  a 
s m a l l  a r e a  to v o l u m e  r a t i o  t h e  e n t i r e  s y s t e m  wi l l  nb t  
be  a g i t a t e d  and  a h igh  h y d r o g e n  ion c onc e n t r a t i on  
wi l l  s t i l l  ex i s t  n e a r  t he  e lec t rode .  This  m a y  e x p l a i n  
the  l o w e r  efficiency o b s e r v e d  in  th i s  sys tem.  

Conclusions 
I t  is conc luded  t ha t  t he  r a t e  of n i c k e l  depos i t i on  

f rom the  B r e n n e r  b a t h  is c on t ro l l e d  b y  a t r a n s p o r t  
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process .  The  r a t e  of  depos i t i on  f r o m  the  Gu tze i t  b a t h  
is no t  t r a n s p o r t  con t ro l l ed ;  h o w e v e r ,  t he  a r e a  of 
h y d r o g e n  f r ee  ca t a ly t i c  su r face  is r a t e  con t ro l l ing .  
I f  th is  a r e a  does  no t  v a r y ,  o t h e r  f ac to r s  con t ro l  t h e  
ra te .  O t h e r  f ac to r s  also m a y  con t ro l  t h e  r a t e  if  t h e y  
con t ro l  t he  ac t ive  area .  H y d r o s t a t i c  p r e s s u r e  m a y  
con t ro l  t he  r a t e  in  th is  w a y  b y  an  effect on t h e  size 
of h y d r o g e n  b u b b l e s  or  t he  q u a n t i t y  of gas  con t a ined  
b y  a bubb le .  
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ABSTRACT 

A new process is descr ibed for the diffusion of phosphorus  into silicon. The 
diffusions are  car r ied  out  in a closed system, using as the  diffusant  source a 
glass consist ing of phosphorus  pentoxide  and calcium oxide. This glass is shown 
to sat isfy the var ious  cr i ter ia  which  apply  to such a source. The process is shown 
to be h ighly  control led.  Sheet  resis tance values  be tween  0.3 ( •  and ~10,000 
(+--20%) ohms/J3 can be obtained,  and the junct ion depths  are  reproduc ib le  to 
about  +-4%. Surface  concentrat ions  as low as about  10 TM cm -3 and as high as 
1O ~ cm -a can be obta ined  wi th  good reproducib i l i ty .  The process is compat ib le  
wi th  the oxide masking  of layers  wi th  surface concentrat ions  as high as 
10 ~ em -3. 

The high degree of process control, combined with the relative precision with 
which the measurable diffusion parameters have been determined, has revealed 
anomalies in the shape of the diffused impurity distributions. The general 
characteristics of these anomalous distributions are inferred and various mech- 
anisms through which such effects might arise are discussed. 

Data are presented for the effective diffusion coefficient and the effective ac- 
tivation energy for phosphorus in silicon as a function of temperature, surface 
concentrat ion,  and  sample  res is t ivi ty .  

This  p a p e r  desc r ibes  a new process  for  t he  d i f fu-  
s ion of p h o s p h o r u s  in to  si l icon.  The  need  for  a n e w  
process  has  i n c r e a s e d  as the  v a r i o u s  o lde r  p rocesses  
h a v e  b e c o m e  less  a b l e  to m e e t  the  d e m a n d  for  e v e r -  
i nc r ea s ing  r e p r o d u c i b i l i t y  ove r  w i d e r  and  w i d e r  
r a n g e s  of  d i f fused  d i s t r i bu t ions .  

V a r i o u s  m e t h o d s  h a v e  been  d e s c r i b e d  for  d i f fus -  
ing p h o s p h o r u s  in to  s i l i con?  One  w h i c h  has  been  
used  w i d e l y  is t h e  o p e n - t u b e  s y s t e m  (1) ,  in  w h i c h  
the  d i f fusan t  m o l e c u l e s  a r e  c a r r i e d  f r o m  a P,O, 
source  to t h e  s i l icon t h r o u g h  t h e  use  of a m o v i n g  
gas. Such  o p e n - t u b e  sys tems ,  h o w e v e r ,  suffer  f rom 
a v a r i e t y  of d i s a d v a n t a g e s  w h i c h  t e n d  to l i m i t  t he  
r e p r o d u c i b i l i t y  of t h e  process .  The  p r i n c i p a l  p r o b -  
l ems  a r e  t he  neces s i t y  for  con t ro l l i ng  two  t e m p e r a -  
tures ,  one  fo r  t he  s i l icon a n d  one  for  t h e  d i f fusan t  
source,  and  the  s e n s i t i v i t y  of t he  process  to  t he  
s y s t e m  g e o m e t r y  and  to the  r a t e  of c a r r i e r  gas  flow. 
These  p r o b l e m s  l a r g e l y  could  be avo ided ,  h o w e v e r ,  
b y  d i f fus ing  in a c losed  sys tem,  in  w h i c h  the  s i l icon 
and  d i f fusan t  source  si t  ins ide  a c losed  box  a t  a u n i -  
f o r m  t e m p e r a t u r e .  Such  a s y s t e m  has  been  used  for  

* Presen t  address: Westinghouse Central  Research Laboratories,  
Pi t tsburgh 30, Pennsylvania  

1 For  example ,  C. S. Fuller,  U.S. Pat.  2,794,846, 1957. 

b o r o n  di f fus ions  (2)  and  has  e x h i b i t e d  good process  
control .  The  efforts  to i m p r o v e  the  p h o s p h o r u s  d i f -  
fus ion  s i t ua t i on  were ,  t he re fo re ,  focused  on the  de -  
v e l o p m e n t  of a c losed sys tem,  and  i t  is such  a p r o c -  
ess w h i c h  is d e s c r i b e d  be low.  

In  t h e  d e v e l o p m e n t  of th i s  p rocess  t h e  p h i l o s o p h y  
of t w o - s t a g e  d i f fus ion has  been  r e t a ined ,  as f irst  
sugges t ed  b y  C. J. F r o s c h  a n d  f irst  d e s c r i b e d  in  d e -  
t a i l  b y  H o w a r d  (1) .  In  the  first  (p red i f fus ion )  s t age  
the  s i l icon is h e a t e d  in a s a t u r a t e d  v a p o r  p r e s s u r e  
of the  d i f fusan t  so t h a t  t he  su r face  c o n c e n t r a t i o n  
No d e p e n d s  on ly  on t h e  ef fec t ive  sol id  so lub i l i t y  of 
t he  i m p u r i t y  in t he  s emiconduc to r .  The  j u n c t i o n  
d e p t h  xj  d e p e n d s  on b o t h  t he  t e m p e r a t u r e  and  t ime  
of p red i f fus ion ,  b u t  wi l l ,  in gene ra l ,  be  qu i t e  s h a l -  
low. In  t he  second  (d i f fus ion)  s t age  t h e  s i l icon is 
h e a t e d  a lone  in  o r d e r  to r e d i s t r i b u t e  t he  t o t a l  n u m -  

be r  of p r ed i f fu sed  i m p u r i t y  a toms  N to the  r e q u i r e d  
f inal  d i s t r i bu t i on .  

The  w o r k  is p r e s e n t e d  in t h e  s ame  g e n e r a l  o rde r :  
first,  the  p red i f fus ion  resu l t s ,  and  t h e n  the  d i f fus ion 
resul t s .  The  r e p r o d u c i b i l i t y  of t h e  p rocess  and  the  
p rec i s ion  of  t he  r e su l t s  has  l ed  to a f u r t h e r  in s igh t  
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Fig. 1. Simplified phase diagram for system P2Os:CaO 

in to  t he  n a t u r e  of t h e  d i f fused  prof i les ,  and  th i s  is 
d i scussed  in d e t a i l  in t he  l as t  sect ion.  

Prediffusion Stage 
Diffusant source.--Prediffusions in a c losed sys -  

t e m  impose  ce r t a i n  s eve re  r e s t r i c t i o n s  on the  d i f fus-  
an t  source.  The  e s sen t i a l  p r o p e r t i e s  of such a source  
can  be  s t a t e d  as fo l lows :  ( i)  A source  w h i c h  is 
c h e m i c a l l y  c o m p l e x  m u s t  be  m o l t e n  ove r  t h e  d e -  
s i r ed  r a n g e  of p red i f fus ion  t e m p e r a t u r e s  so t h a t  the  
d i f fusan t  v a p o r  p r e s s u r e  is no t  a f fec ted  b y  d e p l e t i o n  
effects a t  the  s u r f a c e  of t he  source ;  ( i t )  t he  d i f fusan t  
v a p o r  p r e s s u r e  ove r  a w i d e  r a n g e  of t e m p e r a t u r e s  
m u s t  be  h igh  e n o u g h  so t h a t  the  su r f ace  c o n c e n t r a -  
t ion  is a func t ion  on ly  of t he  sol id  so lub i l i t y  of t he  
d i f fusan t  in s i l icon and  is not  l i m i t e d  b y  the  r a t e  of 
a r r i v a l  of d i f fusan t  mo lecu le s  at  the  s i l icon sur face .  
I n  add i t ion ,  t he  v a p o r  p r e s s u r e  m u s t  no t  be  so h igh  
as to cause  d e l e t e r i o u s  effects ( such  as loca l  a l l o y -  
ing)  on t h e  s i l icon sur face ,  no r  to e x h a u s t  the  
source  too r a p i d l y ;  ( i i i )  the  source  m u s t  evo lve  
no th ing  w h i c h  could  i m p a i r  t he  su r f ace  or the  b u l k  
p r o p e r t i e s  of t he  si l icon.  

A p h o s p h o r u s  source  w h i c h  fulf i l ls  a l l  of these  
r e q u i r e m e n t s  is t he  glass  f o r m e d  b e t w e e n  p h o s -  
p h o r u s  p e n t o x i d e  a n d  ca l c ium oxide .  A d e t a i l e d  
p h a s e  d i a g r a m  of  th i s  g lass  has  been  p u b l i s h e d  (3)  
and  a s impl i f i ed  p o r t i o n  of th is  is s h o w n  in Fig.  1. 
The  sol id  sec t ion  is composed  of the  c o m p o u n d s  
shown  in t he  v a r i o u s  p r o p o r t i o n s  k, 1, etc. I t  m a y  
be  seen t h a t  t h e  m e l t i n g  p o i n t  of t he  glass  can  be  
m a d e  as low as a b o u t  500~ b y  s u i t a b l y  a d j u s t i n g  
t h e  p r o p o r t i o n s  of t he  CaO and  P_~O~. 

O t h e r  p r o p e r t i e s  of th is  glass,  p lus  ev idence  t h a t  
t h e  glass  fulf i l ls  a l l  of the  a b o v e  r e q u i r e m e n t s  a r e  
p r e s e n t e d  l a t e r .  I t  shou ld  be  m e n t i o n e d ,  h o w e v e r ,  
t ha t  none  of t h e  ca l c ium p h o s p h a t e s  (nor ,  indeed ,  
a n y  of the  p h o s p h o r u s  c o m p o u n d s  w h i c h  h a v e  been  
cons ide red )  is s u i t a b l e  as a d i f fusan t  source.  T h e i r  
p r i n c i p a l  d i s a d v a n t a g e s  a r e  e i t h e r  a h igh  m e l t i n g  
po in t  ( t h e r e b y  l i m i t i n g  the  p rocess  to h igh  t e m -  
p e r a t u r e s )  or  decompos i t i on  a t  r e l a t i v e l y  low t e m -  
p e r a t u r e s .  

M a n u f a c t u r e  of the  glass  is e x t r e m e l y  s imple .  In  
th i s  w o r k  the  glass  has  been  m a d e  b y  m i x i n g  to -  
g e t h e r  a p p r o p r i a t e  we igh t s  of  P~O5 and  CaO and  
f i r ing t h e s e  at  abou t  900~ in d r y  n i t rogen .  The  r e -  

TRAY HOLDING 
Off-GOD GLASS; 

/--GERAMIG LINED 
~ . . ~ /  I ~ / PLATINUM SAMPLE 

(GOVER NOT SHOWN) 

Fig. 2. Sketch of platinum diffusion assembly 

sul t  is a c lear ,  h a r d  glass.  The  p r o p o r t i o n s  of P~O~. 
and  CaO used  d e p e n d  to some e x t e n t  on the  p r e -  
d i f fus ion t e m p e r a t u r e  to be  used,  a l t h o u g h  it  is 
shown  l a t e r  t h a t  the  p rocess  is not  sens i t ive  to v a r i -  
a t ions  in these  p ropo r t i ons .  

Predi~usion equipment and procedure.--The p r e -  
d i f fus ion a s s e m b l y  used  in t h e  d e v e l o p m e n t  of th is  
p rocess  was  t he  s m a l l  p l a t i n u m  box  d e p i c t e d  in 
Fig.  2. The  glass  was  c o n t a i n e d  in t h e  s m a l l  t r a y  
and  the  s i l icon s a m p l e s  w e r e  l a id  on the  c e r a m i c -  
l i ned  b r idge .  A c lose - f i t t i ng  p l a t i n u m  l id  is no t  
shown  in th is  f igure.  This  a s s e m b l y  was  i n s e r t e d  
into the  f u r n a c e  on a q u a r t z  rod ;  the  t e m p e r a t u r e s  
w e r e  m o n i t o r e d  t h r o u g h o u t  e v e r y  r u n  b y  m e a n s  of 
a s t a n d a r d i z e d  t h e r m o c o u p l e  and  w e r e  con t ro l l ed  
to • 1 7 6  A gas  f low of a b o u t  1 l i t e r / r a i n  was  used  
t h roughou t .  

A l l  the  p red i f fus ion  runs  w e r e  for  60 rain,  th is  
be ing  the  t ime  b e t w e e n  i n se r t i on  and  w i t h d r a w a l  of 
the  box.  The  a v e r a g e  w a r m - u p  t ime  for  th is  sy s t em 
was  a b o u t  11 m i n  so t h a t  t he  a s s e m b l y  was  at  the  
ac tua l  p r ed i f fu s ion  t e m p e r a t u r e  for  a b o u t  49 rain.  
P red i f fu s ion  t e m p e r a t u r e s  f r o m  650 ~ to 1300~ 
w e r e  used,  w i t h  mos t  e m p h a s i s  on the  r a n g e  700 ~ 
to 1200~ The  m a t e r i a l  used  was  p - t y p e  si l icon,  
po l i shed  on one  s ide  a n d  l a p p e d  on t h e  o the r ;  the  
d i f fus ions  w e r e  t h r o u g h  the  p o l i s h e d  surface .  The  
s l ices  w e r e  in t h e  f o r m  of 1/4 in. x 1/4 in. squares ,  a p -  
p r o x i m a t e l y  0.012 in. th ick ,  and  fou r  such  sl ices 
w e r e  used  in each  run .  Two  r e s i s t i v i t i e s  w e r e  used;  
~0 .3  o h m - c m ,  c o r r e s p o n d i n g  to  a b a c k g r o u n d  ac -  
c ap to r  concen t r a t i on  N~ of a b o u t  101' c m  -~, and  ~ 2 5  
o h m - c m ,  c o r r e s p o n d i n g  to a b o u t  5 x 101' cm -~. A t  
l eas t  fou r  d i f fe ren t  s i l icon ingo t s  of each  r e s i s t i v i t y  
w e r e  used.  

The  s i l icon su r faces  a f t e r  p red i f fus ion  w e r e  a l -  
mos t  i n v a r i a b l y  v e r y  good t h r o u g h o u t  t h e  en t i r e  
r a n g e  of p red i f fus ion  t e m p e r a t u r e s  used.  T h e r e  was  
no o b s e r v a b l e  glass  on the  si l icon,  and  a b r i e f  r inse  
in  H F  gave  clean,  po l i shed  surfaces .  

Predif]usion results.--In o r d e r  to assess  the  con-  
t ro l  l imi t s  of t he  p rocess  at  l eas t  f ou r  runs  w e r e  
p red i f fu sed  at  100 ~ i n t e r v a l s  t h r o u g h o u t  t he  r a n g e  
700 ~ to 1300~ A f t e r  each  r u n  the  p r e d i f u s i o n  
shee t  r e s i s t ance  rp of a l l  fou r  s a m p l e s  was  m e a s -  
u r e d  on an  a c c u r a t e  f o u r - p o i n t  p robe .  To ensu re  
p rec i se  k n o w l e d g e  of the  g e o m e t r i c a l  f ac to r  used  in  
c o m p u t i n g  r~, t he  u n k n o w n  d i f fused  l a y e r  on the  
b a c k  of each  s l ice  was  e t ched  off p r i o r  to m e a s u r e -  
ment .  The  va lue s  t h e n  w e r e  a n a l y z e d  b y  s t a n d a r d  
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q u a l i t y  con t ro l  t e chn iques  to d e t e r m i n e  the  m e d i a n  
v a l u e  and  the  p e r c e n t a g e  con t ro l  l imi ts .  One sl ice 
f r o m  each  of t h e s e  " con t ro l "  r u n s  was  a n g l e - l a p p e d  
to d e t e r m i n e  the  p red i f fus ion  j u n c t i o n  d e p t h  xjp, 
and  an  a v e r a g e  v a l u e  o b t a i n e d  f r o m  the  fou r  d e t e r -  
mina t ions .  The  m e a s u r e m e n t  was  m a d e  b y  m e a n s  
of a s t a n d a r d  i n t e r f e r e n c e  f r i n g e  t echn ique .  A few 
" s ing le"  runs  (i.e., one r u n  of f ou r  s a m p l e s )  w e r e  
m a d e  a t  v a r i o u s  t e m p e r a t u r e s ,  b u t  w e r e  no t  u sed  
to assess  t he  process  control .  T h e i r  a g r e e m e n t  w i t h  
the  con t ro l  da ta ,  h o w e v e r ,  is a m e a s u r e  of t he  r e -  
p r o d u c i b i l i t y  of t he  process .  

F i g u r e  3 is a p lo t  of r~ vs. t h e  r e c i p r o c a l  of  t he  
p red i f fus ion  t e m p e r a t u r e  Tp in  deg ree s  Ke lv in .  
Po in t s  r e p r e s e n t i n g  con t ro l  r uns  a n d  s ing le  runs ,  for  
bo th  s a m p l e  dop ings  used,  a r e  shown.  Assoc i a t e d  
w i t h  each  con t ro l  p o i n t  a r e  t h e  p e r c e n t a g e  con t ro l  
l imi t s  a t  t h a t  t e m p e r a t u r e .  A l l  t h e  po in t s  l ie  s a t i s -  
f a c t o r i l y  on a smoo th  curve ,  t h e  g r a d i e n t  of w h i c h  
inc reases  w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  and  no d e -  
p e n d e n c e  of r~ on s a m p l e  dop ing  can  be  d i s t i n -  
gu ished .  T h e  con t ro l  l im i t s  i n c r e a s e  f r o m  a b o u t  2% 
at  h igh  t e m p e r a t u r e s ,  to a b o u t  25% at  700~ P r e -  
d i f fus ions  a t  650~ do no t  a p p e a r  on th is  f igure  b e -  
cause  r~ was  too h igh  ( >  10" o h m / [ 3 )  to be  m e a s -  

The  j u n c t i o n  d e p t h  xj~ is p l o t t e d  vs. 1 /T ,  in Fig.  
4. The  po in t s  r e p r e s e n t  t h e  a v e r a g e  of fou r  d e t e r -  
mina t ions ,  one s a m p l e  f r o m  each  of t he  fou r  con t ro l  
runs .  In  a l l  cases  t h e  s p r e a d  in  t h e  v a l u e s  was  less 
t h a n  the  m e a s u r e m e n t  u n c e r t a i n t y ,  w h i c h  was  es t i -  
m a t e d  to be  a m a x i m u m  of --+ 0.005 m i l  a n d  w h i c h  
is r e p r e s e n t e d  b y  t h e  l ines  on t h e  l e f t  of t h e  f igure.  
No va lues  a r e  a v a i l a b l e  b e l o w  90O~ b e c a u s e  of t h e  
di f f icul ty  of m e a s u r i n g  e x t r e m e l y  t h in  l ayers .  

In  sp i te  of t h e  r e l a t i v e l y  l a r g e  m e a s u r e m e n t  u n -  
c e r t a i n t y  b e l o w  a b o u t  0.2 m i l  t h e  r e su l t s  c l e a r l y  
fa l l  in to  s e p a r a t e  s t r a i g h t  l ines  acco rd ing  to s a m p l e  
doping ,  as expec ted .  The  p rec i se  loca t ion  of the  
l ines  is u n c e r t a i n ;  those  shown  r e p r e s e n t  t he  bes t  
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fit. Note,  h o w e v e r ,  t ha t  t he  s e p a r a t i o n  of these  
l ines  is a p p r e c i a b l y  less t h a n  w o u l d  b e  e x p e c t e d  
t h e o r e t i c a l l y .  The  j u n c t i o n s  w e r e  i n v a r i a b l y  f lat  
a n d  p a r a l l e l  to the  sur face .  

F r o m  the  e x p e r i m e n t a l  m e a s u r e m e n t s  of r ,  and  
xj , ,  t h e  p red i f fus ion  su r f a c e  c o n c e n t r a t i o n  N ~  can  
be  i n fe r r ed ,  a s s u m i n g  t h a t  t h e  i m p u r i t y  d i s t r i b u -  
t ions  a r e  c o m p l e m e n t a r y  e r r o r  func t ion  ( e r f c ) .  ~ 
Va lues  of No, o b t a i n e d  in  th is  w a y  a re  shown  p l o t -  
t ed  a ga in s t  T, in  Fig.  5, for  t e m p e r a t u r e s  r a n g i n g  
f r o m  900 ~ to 1300~ I t  can  be  seen  t h a t  No, t ends  
to s a t u r a t e  in t he  r eg ion  1100 ~ to 1200~ at  a v a l u e  
close to 10 = cm -3. The  a p p a r e n t  d e p e n d e n c e  of Nop 
on s a m p l e  dop ing  is no t  a r e a l  effect and  is d i s -  
cussed  in  a l a t e r  sect ion.  

Process cr i t er ia . - -A t  th is  s tage  i t  is w o r t h w h i l e  
cons ide r ing  how we l l  t he  p rocess  sat isf ies t he  v a r i -  
ous c r i t e r i a  b y  w h i c h  the  use fu lnes s  of a d i f fus ion 

T h e s e  v a l u e s  of  No~, w e r e  c o m p u t e d  f r o m  d i f f u s i o n  c u r v e s  c a l c u -  
l a t e d  b y  I .  M.  M a c k i n t o s h  a n d  A .  3. S i u t a .  T h e i r  c u r v e s  a r e  i n  a g r e e -  
m e n t  w i t h  t h e  e x t e n s i v e  d i f f u s i o n  d a t a  o f  I r v i n  (4) 
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4.10 B00 900 I000 I 1 0 0  1 2 0 0  1300 

PREUSFFUSlON TEMPERATURE Tp(~  

Fig. 5. Prediffusion surface concentration vs prediffusion tempera- 
ture. 
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Table I. Oxide masking capabilities 

N o n o x i d l z e d  con t ro l  s a m p l e  O x i d i z e d  t e s t  s a m p l e  

x1~ (in. x 10-5) Nor (cm-S) S iO2(A)  rp (ohm/['-]~ x j p  (in. x I0  -s) No~ ( c m  -s) 
0.244 1.3" I0 ~ i2,500 Masking successful 
0.244 1.2.10 ~ 9,100 Masking successful 
0.255 1.2.10 ~ 9,100 Masking successful 
0.267 1.6-10 ~ 6,500 5.8 0,081 4.4.10 ~ 

Al l  r u n s  ~ 1200~ 60/ ra in .  A l l  s a m p l e s  ~ 0.3 o h m - c m  (N~ ~ 10~7 cm-a ) .  

r~ ( o h m / N )  
0.69 
0.71 
0.68 
0.69 

process may be judged. These criteria, and the per-  
formance of the present process, are described be- 
low in some detail. 
Process controL--In view of the capabilities of 
other known phosphorus diffusion processes the 
performance of this new process is very satisfac- 
tory. There is a general improvement in control, 
relative to other known processes, throughout  the 
entire temperature  range. In particular, control 
limits of better than 10% on sheet resistances of 
several hundred ohms significantly increase the 
range of phosphorus as a useful n - type  impuri ty 
in silicon. The 1.8% limits on r, at l l00~ effectively 
represent a temperature uncertainty of less than 
I~ 
Compatibility with other device and process re- 
quirements.--No incompatibility with other proc- 
esses or with specific device requirements has been 
exhibited by this process. Good alloy contacts have 
been made to silicon surfaces which had been dif- 
fused by this means. Lifet ime-dependent  devices 
have been made using the present process as one of 
the fabricating steps, and no unusual or adverse 
effects have been experier~ced. 

It is pertinent to consider, however, the role of 
the calcium oxide in this process. After very  long 
diffusion times at high temperatures the diffusant 
glass tends to disappear completely. This is strong 
evidence that the CaO is evaporating at a rate 
similar to that of the P~Oo. No information is avail- 
able, however, on the electrical behavior of calcium 
in silicon. This is apparently due to the fact that  
the solid solubility is extremely low (5). More- 
over, the great stability of the CaO molecule in- 
hibits its reduction and the subsequent diffusion 
into the silicon of metallic calcium (5). Thus the 
calcium, although present during the prediffusion 
treatment,  is either electrically inactive in silicon 
or cannot get into the silicon in significant amounts. 
Oxide masking capabilities.--Present-day device 
requirements demand from any silicon diffusion 
process with a claim to universality the ability to 
inhibit diffusion by the use of silicon dioxide layers 
on the silicon surface. By such masking techniques 
localized diffused regions of any desired shape can 
be obtained with ease. 

The oxide masking capabilities of this process 

Table 11. Reproducibility of diffusant glass 

G l a s s  W e i g h t  r a t io  W e i g h t  p e r c e n t -  M e l t i n g  
s a m p l e  (P2Os:CaO)  a g e  of  P205 po in t ,  ~ 

A 15:1 87 • 2 650 • 50 

B 15:1 89 • 2 700 _ 50 

were investigated by prediffusing for 60 min at ap- 
proximately 1200~ a number  of slices (background 
concentration 1017 cm-") having different oxide 
thicknesses. Each run consisted of one completely 
oxidized slice (to determine the sheet resistance of 
the impuri ty layer, if any, which had been able to 
penetrate the oxide), and one control slice com- 
pletely free of oxide (to ensure, through its sheet 
resistance, that  the process was performing prop- 
erly).  

The results are shown in Table I. It can be seen 
that a layer of sheet resistance about 0.7 ohm/[:] 
(Nop ,~ 10 = cm-") can be successfully masked by 
about 9000A of SiO2, a thickness which is compat-  
ible with photoresist etching techniques. Higher 
sheet resistance layers presumably can be masked 
by thinner oxides, although no data are available at 
this time. 
Process simplicity.--Difficulties arise in any process 
involving the use of weighed quantities of a hydro-  
scopic substance such as P20~. For example, how can 
the water content be kept reproducibly low and, 
having weighed the powder, what  fraction of the 
weight is due to the water  content? If the process 
depends critically on these factors, it would prob- 
ably be unsuitable for use in large-scale diffusion 
operations. 

The sensitivity of the process to the method of 
manufacture  of the glass was investigated in tbe 
following way. Without taking any special pre-  
cautions, two samples of diffusant glass were made 
in ostensibly the same manner, but at different 
times. In each case the proportions of the weighed 
powders were approximately 15 parts P~O5 to 1 part  
CaO, by weight. These are described as 15:1 glasses. 
After being fired in identical ways (900~ for 30 
rain) the glasses were analyzed for P~O5 content and 
their approximate melting points were measured. 
The results are given in Table II. It can be seen 
that within the accuracy of the determinations the 
two glasses are essentially identical. It therefore is 
assumed that no major  problem exists in the manu-  
facture of the glass. 

The sensitivity of the process to the glass propor-  
tions is also of great importance. To investigate 
this, glasses of widely differing proportions were 

Table Ill. Dependence of rp on glass ratio 

T e m p e r a t u r e / t i m e  No .  of  r u n s  G la s s  r a t i o  ~p 

805~ rain 1 50:1 130 
805 ~ rain 4 6:1 131 

1000~ min 2 50:1 4.04 
1000~ min 2 10:1 4.03 
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used for prediffusions at var ious  tempera tures .  The 
resul ts  are  shown in Table III, and it can be seen 
that  there  is no significant var ia t ion  of the sheet 
resis tance va lues  wi th  the  glass ratio.  F u r t h e r  con- 
f i rmation of this propi t ious insensi t iv i ty  is given by 
Fig. 3, in which the various points were  obta ined 
using a wide  va r i e ty  of glasses (6:1 to 50: 1) wi thout  
any not iceable  effect. I t  is a safe assumption,  the re -  
fore, tha t  var ia t ions  in the glass propor t ions  wi l l  
have an insignificant effect on the process, providing 
the rat io  is high enough for the  glass to be mol ten  
at the  t empera tu re  of prediffusion. 

Process s impl ic i ty  is fu r the r  improved  if the nec-  
essi ty for f requent  renewals  of the  loading or 
"charge"  of the diffusant glass is avoided. In other 
words, the process is s impler  the longer a given 
charge remains  "act ive"  and gives the correct  r e -  
sults. The resul ts  of var ious  invest igat ions  dur ing 
the course of this work  show tha t  at 1200~ an 
average  charge ( ~  2g) wi l l  last  at least  12 hr. At  
t empera tu res  below 1000~ no charge renewal  was 
found to be necessary.  

Diffusion Stage 

Diffusion equipment and procedure.--The diffu- 
sion of prev ious ly  prediffused samples was carr ied  
out in the same genera l  furnace  sys tem used for 
the prediffusion process, but  using a clean furnace 
tube. The quar tz  push - rod  was s imply  a long hollow 
rod with  a flat p la t form at one end, on which the 
samples were  laid. A s tandardized  thermocouple  
was inser ted  into the rod so tha t  it  lay close to the 
samples, and the t empe ra tu r e  was accura te ly  meas-  
ured  and control led dur ing  every  diffusion run.  A 
gas flow of 1000 cc /min  of d ry  oxygen was used in 
all the diffusions. 

In an a t t empt  to obtain accurate  informat ion on 
the process (and on the value  of the  diffusion co- 
efficient) at  more than  one tempera ture ,  each group 
of ident ica l ly  prediffused samples was divided into 
two subgroups,  one being diffused for 16 hr  at 
1200~ the other for 3 hr  at 1300~ These t imes 
were  chosen so tha t  the  diffusion lengths for  the 
two subgroups were  approx ima te ly  equal, t h u s p e r -  
mit t ing comparisons be tween  the two sets of results.  

Diffusion results.--No deter iora t ion  in the sample 
surfaces was observed af te r  diffusion. A quick r inse 
in HF removed the oxide grown dur ing diffusion 
and gave clean, br ight  surfaces. Af ter  each diffusion 
run measurements  were  made of the sheet res is t -  
ance r~ and the junct ion depth  xj~ of every  sample, 
using the same techniques as used for  the predif fu-  
sion measurements .  

F igu re  6 is a plot  of v,~ vs. the  rec iprocal  predif fu-  
sion tempera ture ,  1/T~. As wi th  most of the diffu- 
sion results  four po in t - symbols  are used, r epresen t -  
ing the combinat ion of sample resis t ivi t ies  and 
diffusion t empera tu res  used. In this figure the 
symbols are  separa ted  f rom the ac tual  points in 
order  to avoid confusion. The points al l  l ie sat is-  
fac tor i ly  close to a smooth curve and no systematic  
var ia t ion  in r,~ can be dis t inguished for e i ther  diffu- 
sion t empera tu re  or sample  resist ivi ty.  
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junction depth vs. reciprocol prediffusion 

Precise informat ion on the control  of the diffusion 
process was difficult to obtain because of the small  
number  of samples. This arose f rom the separat ion 
into two subgroups of the avai lab le  prediffused 
samples. Roughly,  however,  the control  l imits  
seemed to be somewhat  worse af ter  diffusion; for 
example,  •  af ter  prediffusion, and about •  
af ter  diffusion. This is expected and reflects add i -  
t ional  smal l  randomizing effects dur ing the diffu- 
sion runs. 

The diffusion depth  xjd is p lo t ted  against  Tp in 
Fig. 7. Here, as expected,  the resul ts  separa te  ac-  
cording to sample  resis t ivi ty.  No fu r the r  observable  
separa t ion  occurs since the  diffusion lengths of the 
1200 ~ and 1300 ~ runs are  nea r ly  equal. Measure-  
ment  unce r t a in ty  in these values  is quite small .  The 
points represent  average  values  and the spread was 
inva r i ab ly  less than  -----4%. As wi th  the prediffusion 
results,  the separa t ion  of the two lines in Fig. 7 is 
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Fig. 8. Diffusion surfoce concentrofion vs. prediffuslon tempera- 
ture. 

apprec iab ly  less than  would be expected theore t i -  
cally. 

F rom the exper imen ta l  measurements  of r~ and 
x~, the diffused surface concentrat ion Nod can again 
be inferred,  assuming tha t  the  impur i t ies  have  a 
pure ly  Gaussian d is t r ibut ion?  F igure  8 shows a plot  
of No~ vs. Tp. The resul ts  separa te  into two curves 
above 900~ and, as for the  prediffusion results,  
No,, is apparen t ly  h igher  for lower  sample  doping. 
The implicat ions  of this are discussed in the fol low- 
ing section. It should be noted tha t  surface concen- 
t ra t ions  as low as about  lff" cm -~ can be achieved 
with  reproducibi l i t ies  of about 20%. 

Over-all  process .~The successful use of two-  
stage processes necessi tates good control  in both 
stages of the process. For  example,  samples of iden-  
t ical  r~ values,  when ident ica l ly  diffused, should 
have the same values of r ,  wi th in  close limits.  That  
the present  process fulfills this condit ion is es tab-  
l ished by  Fig. 6. 

As  f o r  t h e  p r e d i f f u s i o n  r e su l t s ,  t h e s e  v a l u e s  of  No~/ w e r e  c o m -  
p u t e d  f r o m  d i f f u s i o n  c u r v e s  c a l c u l a t e d  b y  I ,  M. M a c k i n t o s h  a n d  A.  J .  
S iu ta ,  w h i c h  a r e  in  a g r e e m e n t  w i t h  t h e  c o m p u t e d  d a t a  r e c e n t l y  ob-  
t a i n e d  b y  I r v i n  (4).  

�9 NB=EX~O , 1300"C ] / ~ NB=SXlOI4' 1200 " C i 
i 3 XNB=11017 ' 1300"C / !  
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Fig. 9. Prediffusion sheet resistance vs. diffusion sheet resistance 

In addit ion,  it  is ve ry  des i rable  to be able  to p re -  
dict wi th  reasonable  accuracy the prediffusion con- 
dit ions necessary to give specific final distr ibutions.  
An example  of how wel l  the present  process achieves 
this  des i rable  fea ture  is shown in the  plot  of r, vs. 
r~ in Fig. 9. A l inear  dependence of ln(r~) on ln(r~) 
is exhib i ted  over  at  leas t  five decades, and no de-  
pendence on sample  res is t iv i ty  or diffusion t em-  
pe ra tu re  is observed (a significantly different  diffu- 
sion length, however,  would change the shape of the  
p lo t ) .  Thus, a requ i red  final value  of r~ can be as-  
sociated accura te ly  wi th  a requ i red  value  of r~; Fig. 
3 then  gives the  necessary  prediffusion t empera tu re .  

This pronounced l inea r i ty  (on logar i thmic  scales) 
is somewhat  surprising,  but  can be just if ied qual i -  
t a t ive ly  on theore t ica l  grounds." The l ine can be 
represented  by  the equat ion 

r~ -- a r~ ~ [ 1 ] 

where  a = 2.8 and b = 1.3. Now, by  the use of sev-  
era l  s impl i fy ing  assumptions (see appendix)  it  can 
easi ly be shown tha t  

F~ r~ ~ r~ _ [2] 
Fp 

where  ~ a n d ~  are  the effective average  (constant)  
mobil i t ies  for the diffusion and prediffusion d is t r i -  
butions, respect ively.  I t  also has been establ ished 
(4) tha t  over considerable  ranges  of impur i ty  con- 
centra t ions  the mobi l i ty  exhibi ts  a dependence of 
the form 

= cN ~ [3] 

where  c and d are constants. Combinat ion of Eq. 
[2] and [3] then can be shown to lead to a genera l  
re la t ion  be tween r~ and r~ of the form of Eq. [1]. 
The exper imen ta l  values  of the  constants  a and b 
are  shown in this way  to be theore t ica l ly  reasonable  
but  to depend (in a complicated manner )  on the 
diffusion length L~. 

General Discussion 
Shape oJ impuri ty  distributions.--The resuIts 

a l r eady  presented  have  shown tha t  this process 
per forms  in a control led and reproducib le  manner  
over  several  orders  of magni tude  of sheet resistance. 
This reproducib i l i ty ,  and the re la t ive  precision with  
which the pa rame te r s  r and x~ have been measured,  
raises the possibi l i ty  of using these da ta  to fur ther  
the unders tand ing  of the diffusion process itself. 
Such an a t t empt  is made  in this  section. 

The curves shown in Fig. 5 and 8 suggest tha t  the 
surface concentrat ion N~ is a function of the  back-  
ground concentra t ion No. Under  the condit ions im- 
posed dur ing  these diffusions, however ,  there  is no 
feasible  mechanism by which such an effect could 
occur, pa r t i cu l a r ly  when No is m a n y  orders  of mag-  
n i tude  grea ter  than  No. This is the p r i m a r y  anomaly  
through which an unders tand ing  of the  t rue  na ture  
of the  impur i ty  profiles may  be sought. 

I t  is convenient  at  this stage to focus a t tent ion  on 
the prediffusion results.  The values  of No, were  
computed on the assumption tha t  the impur i ty  p ro -  
files were  t ru ly  erfc d is t r ibut ions  and, of course, 

4 A b r i e f  d i s c u s s i o n  of  t h e  a p p r o p r i a t e  d i f f u s i o n  t h e o r y  is g i v e n  in  
t h e  a p p e n d i x .  



398 

z 
o ~ NOp 
z 

- 8  

-- NB 2 

JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

\ STEP 

I 

xj~.l Xjle Xjls xl2 

DISTANCE 

Fig. 10. Schemotir of onomolous distributions 

any depa r tu re  f rom this theore t ica l  d is t r ibut ion 
would lead to anomalous values for No~. Depar tures  
from such a d is t r ibut ion  can take  two genera l  forms, 
more convex or less convex on a logar i thmic  con- 
cent ra t ion  plot?  In Fig. 10 these are represented  in 
exaggera ted  form as step function (s) and l inear  
g rad ien t  (1) distr ibutions,  respect ively,  on a plot  
of log (concentra t ion)  vs. distance. Al l  three  pro-  
files have  the  same surface concentrat ion and the 
same junct ion depth  at the lower  concentrat ion NB~. 

Now it is wel l  known that  the sheet resis tance of 
a diffused layer  is p r imar i l y  a funct ion of the sur -  
face concentrat ion,  so tha t  r~,, r~o, and r~, (denot ing 
the linear,  erfc, and step profiles, respect ive ly)  wil l  
not be sensi t ive to changes in NB. However,  the  
form of the  profile cer ta in ly  affects the sheet re -  
sistance and it can be seen read i ly  tha t  r~, > r~, 
r~. If  the junct ion depths  and sheet resis tance va l -  
ues are now used to compute the apparen t  surface 
concentrations,  assuming that  each profile is an erfc 
dis tr ibut ion,  then it is found that :  (i) the l inear  
gradient  d is t r ibut ion  gives apparen t  No~ values  
which lie below the t rue  erfc values, and which in-  
crease wi th  increasing Nz: (ii) the step function 
d is t r ibut ion  gives apparen t  Nop values which lie 
above the  t rue  erfc values,  and which decrease wi th  
increasing NB. Since it is the la t te r  t rend  which is 
observed expe r imen ta l ly  (Fig. 5) then the actual  
profiles can be assumed to be more convex than  the 
t rue  erfc dis tr ibut ion.  And, therefore,  the t rue  sur -  
face concentrat ions must  lie on or below the lower  
curve shown in Fig. 5. This resul t  gains addi t ional  
suppor t  f rom the fact  tha t  the plots of xj~ vs. 1/T~ 
in Fig. 4 have a smal ler  separa t ion  than  expected  
theoret ical ly .  

Diffused profiles which also exhibi t  this type  of 
step function d is t r ibut ion  have  been observed (6) 
for zinc diffusion in ga l l ium arsenide. One proposed 
explana t ion  (6) is the increase in ionic radius  of the 
Zn acceptor  as it changes from an un- ionized  state 
at heavy  concentrat ions (Fermi  level  below the ac-  
ceptor  levels)  to an ionized state at  low concentra-  
tions, leading to a decrease in diffusion coefficient 
at these concentrat ions.  This proposed mechanism 
cannot  account for the present  resul ts  because 
phosphorus  is a donor  in silicon and its decrease  in 
ionic radius  at low concentrat ions would  lead to an 
increase in the diffusion coefficient. 

Another  proposal  (7) to expla in  the anomalous 
Zn diffusion profiles in GaAs is based on the as-  

5 T h e  t e r m s  " c o n v e x , "  " l i n e a r , "  e tc . ,  as  u s e d  i n  t h i s  d i s c u s s i o n  
r e f e r  to  t h e  s h a p e  o f  t h e  d i s t r i b u t i o n  w h e n  p l o t t e d  o n  s e m i l o g  p a p e r .  

Ma y  1962 

sumption tha t  Zn can diffuse both subs t i tu t ional ly  
and in te rs t i t i a l ly  with high and low diffusion co- 
efficients, respect ively.  If  most  of the vacancies are  
sur face-crea ted  (by the evapora t ion  of As?)  and 
themselves  diffuse slowly, then it is r ead i ly  seen 
that  a s tep-funct ion  d is t r ibut ion  would be obtained,  
the step occurr ing at the dep th  to which the surface-  
created vacancies have diffused. It is difficult, how-  
ever, to envisage such an effect in silicon since the 
diffusion of vacancies in this ma te r i a l  is commonly 
assumed (8) to be much fas ter  than the diffusion 
of phosphorus.  

Severa l  other mechanisms can be pos tu la ted  to ac-  
count for this anomalous kind of impur i ty  profile. 
P rominen t  among these are:  (i)  the presence of a 
s t ra ined  surface layer  ( in which the diffusion coeffi- 
cient might  be abnormal ly  high) due to mechanical  
polishing or other  surface prepara t ions ;  (ii) the 
s imultaneous diffusion into or out of the silicon of 
a different  species of impur i ty ,  chemical  or e lec t r i -  
cal (e.g., vacancy) .  

The first mechanism has been invest igated ex-  
pe r imenta l ly  by s imul taneously  prediffusing both 
mechanica l ly  and chemical ly  polished samples which 
were  otherwise identical .  No significant difference 
in values of r~ and x~ was observed be tween these 
samples thus suggesting that  surface s t ra in  is not a 
cause of the observed anomalies.  

The second mechanism is difficult to invest igate  
exper imenta l ly .  However,  any  impur i ty  which could 
cause this  effect must  have  a diffusion coefficient 
significantly less than tha t  for phosphorus.  This 
e l iminates  vacancies, oxygen, iron, gold, etc. f rom 
consideration. The fact tha t  most of the crystals  
used in this exper iment  were  boron-doped  might  
be significant. F u r t h e r  work  would be necessary 
before the impor tance  of this could be checked. 

The general  conclusion tha t  the prediffused ira-  
pu r i ty  profiles ~ are  more convex (on a logar i thmic  
plot )  than  a t rue  complementa ry  e r ro r  function 
d is t r ibut ion  is confirmed by  a recent  deta i led ana l -  
ysis of phosphorus-dif fused layers  in silicon (9).  This 
method involves repea ted  r o o m - t e m p e r a t u r e  ano-  
dization of the silicon and measurement  of the sheet 
resis tance of the  res idual  diffused layer ,  and is capa-  
ble of y ie ld ing precise  informat ion about  the d is t r i -  
but ion of ionized impur i t ies?  The analysis  indicates  
the existence of an upper  l imit  to the  concentrat ion 
of e lect r ica l ly  active phosphorus  in silicon which is 
below the appa ren t  surface concentrat ions shown 
in Fig. 5. Such a concentrat ion l imit  would, of course, 
lead to a region close to the surface where  the  con- 
cent ra t ion  of e lec t r ica l ly  act ive phosphorus  was es-  
sent ia l ly  constant,  thus giving an impur i ty  profile 
which was more convex than  the er ror  function com- 
plement .  

The diffusion profiles, as considered through the 
curves of No~ in Fig. 8, exhibi t  s imilar  anomalies  for 
prediffusion t empera tu res  above 900~ In other 
words,  the  separa t ion  of the curves according to 
sample doping again leads to the conclusion tha t  the 
diffusion profiles are more convex (on a logar i thmic  

6 O b v i o u s l y ,  t h e  m e a s u r e m e n t  of  s h e e t  r e s i s t a n c e  w i l l  y i e l d  i n f o r -  
m a t i o n  o n  t h e  d e n s i t y  of  e l e c t r i c a l l y  a c t i v e  i m p u r i t i e s ,  n o t  on  t h e  
to ta l  d e n s i t y .  S u c h  l i m i t a t i o n  is  i m p l i e d  d u r i n g  al l  of  t h i s  d i s cus s ion .  
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concentra t ion plot)  than the t rue  Gaussian d i s t r ibu-  
tion. For  prediffusion t empera tu res  below 900~ 
there  is no evidence (wi thin  exper imen ta l  e r ro r )  of 
a dependence of N~ on N~, and it is therefore  pos-  
sible to assume the existence of Gaussian d i s t r ibu -  
tions for these cases. These conclusions are con- 
firmed pa r t i a l ly  by the plots of x~  in Fig. 7, since 
the separa t ion  of the two lines is quite close to the 
theoret ica l  value  at low values of T,, but  is con- 
s iderably  less than  the theoret ica l  separat ion at 
high values of T~. 

The s i tuat ion therefore  can be summar ized  as fol-  
lows. Using only the  measurement  of sheet res i s t -  
ance and junct ion depth  i t  has been establ ished that ,  
wi th  the exception of samples having l o w - t e m p e r a -  
ture  prediffusions and re la t ive ly  long diffusions, 
both the prediffused and diffused impur i ty  p ro -  
files a re  more  convex (on a logar i thmic  plot )  than  
the theore t ica l  er ror  function and Gaussian d i s t r ibu-  
tions. The reason for this effect cannot be es tabl ished 
with  any cer ta in ty  using these data,  a l though it is 
possible to rule  out some of the more l ikely  causes. 
The precise na ture  of the impur i ty  profiles can be 
invest igated more easi ly using the anodizat ion 
technique (9) ment ioned previously,  and it is f rom 
this work  tha t  a ful ler  unders tanding  of the phe-  
nomenon can be expected to emerge. ~ 

Evaluat ion  of the  dif]usion c o e ~ c i e n t s . - - I n  view 
of the existence of these anomalous dis t r ibut ions  it 
is obvious tha t  the value of the diffusion coefficient 
obtained f rom these resul ts  is not necessar i ly  the 
t rue  value.  Wha t  emerges  from the calculat ions is 
an effective value which represents  the value  the 
diffusion coefficient would have for a theore t ica l ly  
correct  profile having the same sheet resistance,  
junct ion depth,  etc. This effective diffusion coef- 
ficient is never theless  of considerable  in teres t  since 

D u r i n g  t h e  p r e p a r a t i o n  of t h i s  p a p e r  for  p u b l i c a t i o n ,  a n e w  s t u d y  
of p h o s p h o r u s  d i f fu s ion  prof i les  b y  r a d i o a c t i v e  t r ace r  t e c h n i q u e s  was  
p u b l i s h e d  (10). The  r e su l t s  of  t h i s  r e c e n t  s t u d y  conf i rm the  ex i s t -  
ence of a n o m a l o u s  i m p u r i t y  d i s t r i b u t i o n s  of t he  k i n d  desc r ibed  
above.  

it  represents  the value which must  be used in any 
pract ica l  diffusion exper iment .  For  this reason va r i -  
ous plots of the diffusion coefficient are presented  
in this  section. 

F igure  11 shows the value  of the diffusion coeffi- 
cient D, as ca lcula ted from the prediffusion results,  
p lo t ted  vs. 1/T~. The equations descr ibing the p re -  
diffusion and diffusion conditions, and the methods 
for calculat ing the effective diffusion coefficients and 
act ivat ion energies are shown in the appendix.  The 
points fal l  into two s t ra ight  lines, according to 
sample  doping, and have  s l ight ly  different  ac t iva-  
tion energies.  

In calcula t ing the  diffusion coefficient f rom the 
diffusion resul ts  two addi t ional  complicat ions arise. 
]n the first place, the dis t r ibut ions  can be t ru ly  
Gaussian only when the prediffused layer  can be 
regarded  as a sheet source at  the surface. This is 
cer ta in ly  not a val id  assumption for prediffusions 
above 900~ (where  xj ,  = 0.02.10 -~ in.) ,  bu t  dev ia -  
tions f rom the t rue  d is t r ibut ions  a l ready  have been 
taken  into account by  cal l ing the  calculated va lue  of 
D an "effective" coefficient. Second, the effective 
surface from which the diffusion depth  should be 
measured  lies inside the t rue  surface by an amount  
which depends on the prediffusion conditions. In 
this work  the pene t ra t ion  x'~p of this effective sur -  
face is defined as tha t  distance which, when mul -  
t ip l ied  by N~, gives a total  dens i ty  of impur i t ies  

equal  to ~/~. In other  words,  the prediffusion profile 
is assumed to be a step function, the concentra t ion 
fal l ing from N~, to zero at a dis tance x '~  f rom the 
surface such tha t  

2L~N o~ 
No~ x ' j ,  = /V ,  -- [4] 

For  the computa t ion  of the effective diffusivity,  
therefore,  the depths  shown in Fig. 7 have been 
corrected by thei r  respect ive x' j ,  value. This cor-  
rect ion is a m a x i m u m  of about  5% of the measured  
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dif fus ion d e p t h  for  t he  h i g h - t e m p e r a t u r e  p r e d i f f u -  
sions. 

F i g u r e  12 shows  a p lo t  of No~ vs. D, c a l c u l a t e d  in 
t he  m a n n e r  d e s c r i b e d  a b o v e  f r o m  the  1200~ d i f fu-  
s ion resu l t s .  D is a func t ion  of c o n c e n t r a t i o n  because  
of t h e  f i e l d - a c c e l e r a t i o n  effect w h i c h  occurs  w h e n  
No exceeds  t he  i n t r i n s i c  c o n c e n t r a t i o n  n~ at  t he  t e m -  
p e r a t u r e  of diffusion.  I t  has  been  shown  (11) t h a t  
th is  effect  can  l e a d  to a f ac to r  of two  inc rea se  in 
D and  t h a t  t he  effect in s i l icon first  shou ld  be  ob -  
s e r v e d  at  some v a l u e  of No less t h a n  a b o u t  101~ cm -~. 
The  f igure  conf i rms t h e  l a t t e r  aspect ,  bu t  t h e  fac t  
t h a t  t he se  r e su l t s  e x h i b i t  m u c h  m o r e  t h a n  a f ac to r  
of two  inc rea se  in D can  be  e x p l a i n e d  on ly  b y  the  
p re sence  of some o t h e r  m e c h a n i s m ,  as y e t  u n k n o w n .  

F i g u r e  13 shows  the  s ame  k i n d  of p lo t  of N,~ vs. D, 
bu t  for  t h e  1300~ di f fus ion runs .  I t  s e rves  to con-  
f i rm t h a t  the  effects o b s e r v e d  in Fig.  12 a r e  no t  spe -  
c ia l  to 1200~ Bo th  of these  f igures  d e m o n s t r a t e  
the  d e p e n d e n c e  of th is  ef fec t ive  d i f fus iv i ty  on s a m p l e  
doping.  This  is not  u n d e r s t o o d  for  s a m p l e s  p r e -  
d i f fused  b e l o w  900~ s ince  Fig .  8 a p p e a r s  to  con-  
f i rm the  ex i s t ence  of t r u e  G a u s s i a n  d i s t r i b u t i o n s  (or  
v e r y  close to i t )  for  t he se  samples .  A p p a r e n t l y  i t  
is no t  a r i s ing  because  of a n y  p e c u l i a r i t y  in t h e  s i l -  
icon s a m p l e s  since,  as s t a t ed  ea r l i e r ,  a t  l e a s t  f ou r  
d i f fe ren t  ingots  of each  r e s i s t i v i t y  r a n g e  h a v e  been  
used  in th is  work .  No a d e q u a t e  e x p l a n a t i o n  for  th i s  
a p p a r e n t  effect  has  y e t  b e e n  found.  

Va lues  of D at  1200 ~ and  1300~ for  a n y  specif ied 
No~ can  be  o b t a i n e d  f r o m  Fig.  12 and  13. B y  th i s  
m e a n s  p lo t s  of  D vs. 1 /T  h a v e  b e e n  o b t a i n e d  for  
t h r e e  r e p r e s e n t a t i v e  su r face  concen t r a t i ons  and  a r e  
shown in Fig .  14. Also  s h o w n  ( d o t t e d )  a r e  t he  v a l u e s  
o b t a i n e d  f r o m  the  p red i f fus ion  r e su l t s  (F ig .  11),  
c o r r e s p o n d i n g  to even  h i g h e r  su r f ace  concen t ra t ions .  
F i g u r e  14 t hus  s u m m a r i z e s  a l l  of t he  p r e s e n t  d a t a  
on the  ef fec t ive  d i f fus ion coefficient  as a func t ion  of 
t e m p e r a t u r e ,  su r face  concen t r a t ion ,  and  s a m p l e  d o p -  
ing and  m a y  se rve  as a use fu l  w o r k i n g  char t .  
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The  d e p e n d e n c e  of the  ef fec t ive  a c t i v a t i o n  e n e r g y  
E on bo th  No~ and  NB c l e a r l y  e m e r g e s  f r o m  th is  
f igure  (14) .  T a b l e  IV s u m m a r i z e s  a l l  of t he  p r e s e n t  
d a t a  on E a n d  a s a t i s f a c t o r y  d e g r e e  of s e l f - c o n -  
s i s t ency  is seen c lea r ly .  I t  shou ld  be no ted ,  h o w e v e r ,  
t ha t  these  ef fec t ive  a c t i va t i on  ene rg ie s  a r e  s ign i f -  
i c a n t l y  ou t  of a g r e e m e n t  w i t h  the  r e su l t s  of e a r l i e r  
w o r k e r s  (1, 12).  

Summary and Conclusions 

A n e w  process  for  t he  d i f fus ion  of p h o s p h o r u s  
in to  s i l icon has  been  d e s c r i b e d  w h i c h  u t i l i zes  t he  i n -  
h e r e n t  a d v a n t a g e s  of the  c losed  sys tem.  The  p rocess  
is h i g h l y  c on t ro l l e d  and  is c a p a b l e  of p r o d u c i n g  
p r ed i f fu sed  l a y e r s  ove r  a t  l eas t  five decades  of shee t  
r es i s t ance .  A f t e r  diffusion,  su r face  concen t r a t i ons  in 
t he  r a n g e  101~ to 5 x l0  w cm -'  can  be  o b t a i n e d  w i t h  
good r e p r o d u c i b i l i t y .  The  v a r i o u s  aspec t s  of t h e  
process  h a v e  been  d e s c r i b e d  in  de ta i l ,  and  the  d i f -  
f u s a n t  glass  has  been  shown  to sa t i s fy  t h e  s eve ra l  
c r i t e r i a  w h i c h  a p p l y  to such  a source.  

The  h igh  d e g r e e  of p rocess  control ,  c o m b i n e d  w i t h  
the  r e l a t i v e  p rec i s ion  w i t h  w h i c h  the  m e a s u r a b l e  
d i f fus ion p a r a m e t e r s  ( shee t  r e s i s t ance  a n d  j u n c t i o n  
d e p t h )  have  been  d e t e r m i n e d ,  has  r e v e a l e d  an  a p -  
p a r e n t  d e p e n d e n c e  of su r face  c o n c e n t r a t i o n  and  d i f -  
fus ion  coefficient  on the  b a c k g r o u n d  d o p i n g  of t h e  
s i l icon samples .  This  effect has  been  shown  to a r i se  
because  of d i s c r e pa nc i e s  b e t w e e n  the  a c t u a l  i m -  
p u r i t y  prof i les  and  the  d i s t r i b u t i o n s  e x p e c t e d  t h e -  
o re t i ca l ly .  V a r ious  poss ib l e  causes  of th i s  effect  
h a v e  been  discussed,  b u t  no s a t i s f a c t o r y  e x p l a n a -  
t ion  has  y e t  been  found.  P lo t s  of the  ef fec t ive  d i f -  
fus ion  coefficient  as a func t ion  of t e m p e r a t u r e ,  s u r -  
face  concen t r a t ion ,  and  s a m p l e  dop ing  h a v e  been  
p r e s e n t e d .  These  r e p r e s e n t  the  va lue s  w h i c h  shou ld  
be  used  in a p r a c t i c a l  d i f fus ion e x p e r i m e n t .  
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Table IV. Effective activation energy 

E f f e c t i v e  a c t i v a t i o n  e n e r g y  (ev)  S u r f a c e  concer t -  T e m p e r a t u r e  
M e t h o d  of 4 e t e r r n i r i a t i o n  N~ = 5.161~ NB = 1 0 1 ~  t r a t i o n ,  c m  -3 r a n g e ,  ~ 

From r~ (Fig. 3) 2.6 2.6 ~10 ~ 1100-1300 
7.4 7.4 < < 1 0  ~ 700-800 

From x~p (Fig. 4) ~2.5 ~2.5 ~-10 ~ 1000-1300 
From D (Fig. 11) 2.6 2.4 ~10 ~ 1000-1300 
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A P P E N D I X  
Simplif ied Diffusion Theory  

Predi f]usion.--Theoret ical ly  the prediffusion impu-  
r i ty  profiles are described by the equation 

N~ = N~p erfc (x~p/2k/Dt~) [A-1] 

f rom which 
xj~ = 2~Dt~ erfc -~ (N,/No~) [A-2] 

The diffusion coefficient is given by 

D = Do exp ( - - E / k T )  [A-3] 

where  E is the act ivat ion energy and k is Bol tzmann's  
constant. Hence, over  the range of tempera tures  in 
which (NB/No~) is effectively constant we get 

E 
ln(xj~) -- - -  ~- constant [A-4] 

2kT~ 

This is the equat ion represented in Fig. 4. 
The expression for the prediffusion sheet resistance 

can be simplified in the present  work  to 

r~ ~ k / n / q ~  2No~ ~/Dt~ [A-5] 

where  q is the electronic charge. Hence, 

E 
In r~ - -  + constant [A-6] 

2kTp 
which is the expression represented in Fig. 3. 

The total concentrat ion of impuri t ies  in the pre-  
diffused layers is given by 

f ~J~ 2Nop ~/Dtp 
Np = N (x)  dx ~A-7] 

o ~/~ 
DifJusion.--Theoretically the diffusion impuri ty  pro-  

files are described by the Gaussian equation 

N .  = Now exp (--xj~2/4Dt,,) [A-8] 
f rom which 

D = xjd2/4t In (Nod/N~) [A-9] 

This is the equat ion from which the values shown in 
Fig. 12 and 13 were  calculated. 

The expression for the diffusion sheet resistance can 
be simplified in the present  work  to 

r~ ~ 1/q-~d Nod ~/~Dt(~ [A-10] 

f rom which 
E 

lnrd ~- f (td,N0,,, etc.) [A-11] 
2kT,~ 

This expression has not been used to obtain another  
est imate of the effective act ivat ion energy, however ,  be- 
cause no exper i r rents  were  made keeping t,~ constant 
and vary ing  only T~. 

The total concentrat ion of impuri t ies  in the diffused 
layers is given by 

N~ = f , ~ N ( x )  dx = Nod\/~Dt~ [A-12] 

The expression shown in Eq. [2] (section on Over -a l l  
process) can easily be obtained f rom Eq. [A-5J and 
[A-10] using the assumption that  Np = Nd. 
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ABSTRACT 

Porous glass is a good get ter  for wate r  vapor  in semiconductor  devices. This 
ar t ic le  presents  a fundamenta l  s tudy  of the physical  adsorpt ion  of wa te r  on 
mul t i fo rm porous Vycor  over  the  range  30~176 and 10 -8 to 25 to r r  wa te r  
vapor  pressure,  wi th  surface coverages  up to a th i rd  of a monolayer .  The ad -  
sorpt ion isotherms,  for  which a genera l  equat ion is given, a re  of the Freundl ich  
type.  Differential  heats  and entropies  of adsorpt ion  have been de termined,  and 
f rom the la t te r  i t  is concluded tha t  the film of adsorbed wa te r  is in te rmedia te  
in na tu re  be tween  r ig id ly  localized and comple te ly  mobile.  Kinet ic  studies 
give the  resul t  tha t  the amount  adsorbed is p ropor t iona l  to ( t ime)  ~ .  The ef-  
fects of var ious  d ry ing  procedures  on the subsequent  adsorpt ive  capaci ty  of the 
glass are  considered in some deta i l  and the mechanism of surface dehydra t ion  
inferred.  

The  porous  glass  d i scussed  in th is  p a p e r  is an  
i n t e r m e d i a t e  in  t h e  m a n u f a c t u r e  of V y c o r  b r a n d  
g l a s s w a r e  b y  the  C o r n i n g  Glass  Works ,  and  is e s sen -  
t i a l l y  a f inely d i v i d e d  a m o r p h o u s  s i l ica  w i t h  a con-  
so l ida t ed  i n s t ead  of loose  p o w d e r  s t ruc tu re .  I t  m a y  
be  p r e c i s i o n - f a b r i c a t e d  into  a v a r i e t y  of shapes  b y  
m u l t i f o r m i n g  t echn iques ;  t y p i c a l  p r o p e r t i e s  a r e  
shown  in T a b l e  I. As  a m o i s t u r e  a d s o r b e n t  in a s e m i -  
conduc to r  dev ice  enc lo su re  such a m a t e r i a l  w o u l d  
h a v e  t h e  p a r a m o u n t  a d v a n t a g e  of p h y s i c a l  s t r e n g t h  
a n d  a t t e n d a n t  f r e e d o m  f r o m  dus t ing ,  spa l l ing ,  or  
p a r t i c l e - s h e d d i n g .  In  th is  i t  is u n i q u e  a m o n g  h i g h -  
s u r f a c e - a r e a  adso rben t s .  T h e r e  a r e  in  a d d i t i o n  the  
a d v a n t a g e s  of c leanness ,  f r e e d o m  f r o m  ion iz ing  i m -  
p u r i t i e s  and  o rgan ic  c o n t a m i n a n t s ,  and  c lose ly  con-  
t r o l l ed  and  r e p r o d u c i b l e  m a n u f a c t u r e .  As  a conse -  
quence  po rous  g lass  was  t r i e d  b y  these  L a b o r a t o r i e s  
as a m o i s t u r e  g e t t e r  for  t r a n s i s t o r s  be fo re  any  f u n -  
d a m e n t a l  d a t a  on its a d s o r p t i v e  b e h a v i o r  w e r e  
known.  The  c r i t e r i on  for  success,  as usua l ,  w a s  t he  
s t a b i l i t y  of c e r t a i n  e l ec t r i ca l  p a r a m e t e r s  d u r i n g  
l i f e - t e s t i ng .  The  first  pub l i c  m e n t i o n  (1)  of i m p r o v e d  
r e l i a b i l i t y  of dev ices  i n c o r p o r a t i n g  a po rous  g lass  
g e t t e r  was  m a d e  in 1957, and  s u b s e q u e n t  w o r k  has  
p r o v i d e d  a b u n d a n t  ev idence  of  t he  s u p e r i o r i t y  of 
g e t t e r e d  g e r m a n i u m  t r a n s i s t o r s  (2) .  

A f u n d a m e n t a l  i nves t i ga t i on  of the  b e h a v i o r  of 
m u l t i f o r m  porous  glass  ( M P G )  as a m o i s t u r e  a d -  
so rben t  beg ins  w i th  the  e s t a b l i s h m e n t  of i ts a d s o r p -  

Table I. Properties of multiform porous glass (Coming 7930 glass) 

Typical composition 

SiO~ 96.3 % 
B20~ 2.9 
R~O.~ + RO~* 0.7 
Na~O 0.05 

Physical properties 

A p p a r e n t  specific g rav i ty  1.5 
Poros i ty  29 % 
Average  pore d iameter  30-40A 
Surface  area  I70-230 mVg 

* Mostly A12Os and ZrOe. 

l ion  i s o t h e r m  for  w a t e r  vapor .  The  c o m p l e t e  i so-  
t h e r m  for  25~ is shown  in  Fig .  1, w h i c h  is a s y n -  
thes is  of m e a s u r e m e n t s  f r o m  Bel l  T e l e p h o n e  L a b -  
o ra to r i es ,  Co rn ing  Glass  W o r k s  ( b y  T. H. E l m e r ) ,  
a n d  p u b l i s h e d  d a t a  (3 ) .  The  o r d i n a t e  is t h e  w e i g h t  
of w a t e r  a d s o r b e d  pe r  un i t  w e i g h t  of d r y  M P G  
( x / m ) ,  and  t h e  absc issa  t he  r e l a t i v e  h u m i d i t y  
(r .  h . ) .  The  l a r g e  hys t e r e s i s  loop b e y o n d  60% r.h.  
is p r e s u m e d  due  to  c a p i l l a r y  f i l l ing and  has  been  r e -  
p o r t e d  for  a l a r g e  v a r i e t y  of a d s o r b e n t s  on po rous  
glass.  

S ince  the  glass ,  the  t r a n s i s t o r  uni t ,  and  the  gas  
a m b i e n t  ( if  a n y )  a r e  a l l  c a r e f u l l y  d r i e d  a t  the  t i m e  
of encapsu l a t i on ,  t h e  r e g i o n  of i n t e r e s t  fo r  g e t t e r  
b e h a v i o r  is t he  e x t r e m e  toe of t he  i so the rm.  The  
r a n g e  a b o v e  5% r. h. is e a sy  to s tudy ,  u s ing  su l fu r i c  
ac id  so lu t ions  to con t ro l  w a t e r  v a p o r  p re s su re ,  b u t  
t h e r e  is no  w a y  to p r e d i c t  a c c u r a t e l y  t he  low h u m i d -  
i t y  p a r t  of the  c u r v e  b y  the  shape  of a n y  o the r  pa r t .  
A l l  the  w o r k  r e p o r t e d  h e r e  is in the  r a n g e  b e l o w  
5% r.h.,  and  m e a s u r e m e n t s  have  been  m a d e  down  
to p/po = 10 -4. I s o t h e r m s  h a v e  been  e s t a b l i s h e d  a t  
n o m i n a l  t e m p e r a t u r e s  of 30 ~ 60 ~ 100 ~ a n d  150 ~ 

Apparatus  and Mater ia ls  

The a p p a r a t u s  used  for  the  d e t e r m i n a t i o n  of the  
M P G  a d s o r p t i o n  i so the rms  is shown s c h e m a t i c a l l y  

0.3 

• 
~- 0.2 

0 0.1 0.2 0.~ 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
P/PO 

Fig. 1. Adsorption isotherm of porous glass at 25~ D and A 
gre desorpfion and adsorption branches. The dotted line indicates 
the monolayer. 
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Fig. 2. Schematic diagram of sorption balance apparatus 

in  Fig.  2. This  is a 1VicBain-type sorpt ion  ba lance ,  
wi th  weigh t  changes  fol lowed by  obse rv ing  the  e x -  
t ens ion  of a hel ica l  sil ica spr ing  (4) w i th  a ca the-  
tometer .  The  ba lance  is des igned for use in  e i ther  
v a c u u m  or gas ambien t ,  and  the  s ta inless  steel pack -  
ing in  one a r m  of the  adsorp t ion  cell aids in  b r i n g -  
ing f lowing gas up  to oven  t e m p e r a t u r e  before  it  
reaches  the  sample  suspended  f rom the  spring.  The 
v a c u u m  s ta t ion  inc ludes  a rough ing  pump,  a t h r ee -  
stage oil diffusion pump,  traps,  and  an  ion iza t ion  
gauge. There  is no t r ap  b e t w e e n  this  gauge and  the  
sorpt ion balance .  The  the rmocoup le  g a u g e  c o n t i n u -  
ous ly  moni to r s  the  sys tem pressure ,  b u t  it  is no t  
re l ied on for accura te  read ings  of the  wa t e r  vapor  
pressure .  This  is accompl ished by  m a i n t a i n i n g  a 
reservoi r  of pu re  wa t e r  in  the cryostat ,  whose t e m -  
p e r a t u r e  is cont ro l led  to ----0.1~ and  read  on a ca l -  
ib ra ted  alcohol-f i l led t he rmomete r .  The wa te r  is 
degassed b y  severa l  cycles of f reezing,  p u m p i n g ,  
and  mel t ing .  

The oven  s u r r o u n d i n g  the  adsorp t ion  cell  is i n -  
su la ted  heavi ly ,  w i th  v e r y  n a r r o w  slots covered 
wi th  p la te  glass se rv ing  as w indows  to fol low the  
spr ing  t ravel .  T e m p e r a t u r e  is read  on ca l ib ra ted  
m e r c u r y  the rmomete r s .  The  elast ic  modu lus  of the  
spr ing  is t e m p e r a t u r e - s e n s i t i v e ,  and  v e r y  close con-  
t rol  is r equ i red :  the  t e m p e r a t u r e  of the  oven  m u s t  
be k n o w n  to 0.1 ~ to rea l ize  the  u l t i m a t e  sens i t iv i ty  
of the  s p r i n g - c a t h e t o m e t e r  combina t ion .  The  spr ing  
ex t ens ion  for a g iven  we igh t  change  var ies  w i th  the  
load also, and  the  spr ing  m u s t  be  ca l ib ra ted  accord-  
ingly.  This  was car r ied  out  over  the  r ange  30o-300 ~ 
wi th  gold weights  p laced in  a sil ica bucke t  h u n g  on 
the  end  of the  spring.  The  m i c r o m e t e r - s l i d e  ca the-  
tometer ,  wi th  a 20X eyepiece,  r ead  to 0.001 mm.  
Wi th  a spr ing  of o n e - g r a m  capaci ty  and  10-cm 
stretch,  the  de tec t ion  l imi t  was  a we igh t  change  
f rac t ion  of 2 x 10 -~, cor responding  to a sample  su r -  
face coverage of 3 x 104 monolayer .  

The  MPG samples  were  f rom a s t a n d a r d  p r oduc -  
t ion  lot and  are r e p r e s e n t a t i v e  of those c u r r e n t l y  
used  as device getters.  T h e y  are  a n n u l a r  wafe r s  
about  8 m m  OD x 0.8 m m  thick,  w i th  a 2 m m  d i a m -  
eter  hole  t h rough  the  center ;  each weighs  abou t  50 
rag. Before use  they  were  hea ted  16 h r  at  150 ~ 
in  room air  to dr ive  off loosely held water .  The  "d ry  
we igh t "  (m of x / m )  was t a k e n  on this basis;  it does 
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not  differ f rom the ac t iva ted  weight ,  as d e t e r m i n e d  
below, by  as m u c h  as 1%, and  provides  an  i n v a r i a n t  
re fe rence  point .  F o u r t e e n  get ters  were  h u n g  on the  
rods of a silica rack  suspended  f rom the spring.  

In  typ ica l  opera t ion  the  spr ing  and  sample  as- 
s embly  are lowered  into the  adsorp t ion  cell w i th  
the  oven  a l r eady  at  the  t e m p e r a t u r e  chosen for ac- 
t i va t i on  of the  MPG. Af te r  the g r o u n d  jo in t  is seated 
the  appa ra tu s  is evacua ted  and  the  M P G  pumped ,  
most  c o m m o n l y  at 200 ~ for 12 hr. The  p ressure  is 
read  on the  ioniza t ion  gauge and  weigh t  changes  
m a y  be observed  if desired.  At  the end  of the  ac- 
t iva t ion  per iod  the  oven  is cooled to the  t e m p e r a t u r e  
at which  the  i so the rm is to be  measured ,  and  the  
p u m p i n g  s ta t ion  is closed off. The  p re s su re  at this  
po in t  is be low "10 -~ tor r ;  the  appa ra tu s  can s t and  
for severa l  days  w i th  no change  in  the  r ead ing  of 
the  t.c. gauge,  which  is sens i t ive  to 10 -~ torr .  

As soon as the  ba lance  r ead ing  for the  ac t iva ted  
condi t ion  is obta ined,  the  w a t e r  vapor  source (which  
has been  evacua ted  ear l ie r )  is opened to the  cell and  
the  weight  ga in  followed. E q u i l i b r i u m  takes  2-12 hr,  
depend ing  on condit ions,  and  is cons idered  a t t a ined  
w h e n  no de tec tab le  we igh t  ga in  takes  place in  1 hr.  
Equ i l i b r i a  could be approached  also f rom the  de-  
sorpt ion  side, bu t  were  reached  more  slowly. 

The  MP G  had  a surface  area  of 215 mVg by  con-  
v e n t i o n a l  B.E.T. methods  (5) .  A s s u m i n g  an adsorbed 
wa te r  molecule  to occupy 10.8A ~, the  m o n o l a y e r  cor-  
responds  to x / m  = 0.06, i.e., a 6% weigh t  gain. The 
r a nge  of x / m  inves t iga ted  he re  is f rom 5 x 10 -4 to 
2 x 10 -~, or 8 = 0.01 to 0.33. 

Adsorption Isotherms 
The mois tu re  adsorp t ion  i so therms fol low qui te  

closely the F r e u n d l i c h  adsorp t ion  i so the rm 

x / m  = k p v'~ (n  > 1) 

This  equa t ion  gives a s t ra igh t  l ine  on a log- log plot,  
and  the  resul t s  are so p re sen t ed  in  Fig. 3. P lo t ted  as 
L a n g m u i r  i so therms ( p / ( x / m )  vs.  p)  the  curves  
are concave t oward  the  p ressure  axis;  T e m k i n  iso-  
t he rms  ( x / m  vs.  log p) have  opposite c u r v a t u r e  (6) .  

A dif ferent  g roup  of samples  was used for each 
isotherm. On  severa l  occasions a group used  to es-  
t ab l i sh  one i so the rm was used to fill in  a po in t  on a 
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Fig. 3. Adsorption isotherms of water vapor on MPG. Activation 

200% 12 br pump. 6--second activation 6 third activation. 
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di f fe ren t  i so the rm.  Of ten  the  s a m p l e s  w e r e  r e a c t i -  
v a t e d  ( p a r t i c u l a r l y  a f t e r  s t a n d i n g  ove r  a w e e k e n d ) ,  
and  one g roup  was  r e a c t i v a t e d  twice ;  such po in t s  a r e  
i n d i c a t e d  on Fig.  3. I t  is e v i d e n t  t h a t  t h e  h o m o -  
g e n e i t y  of  t h e  M P G  is good, a n d  also t ha t  t h e  a d -  
so rp t ion  is phys ica l ,  a t  l eas t  in t he  sense  t ha t  i t  is r e -  
ve r s ib le ,  s ince  w e i g h t  ga ins  w e r e  t he  same  a f t e r  r e -  
ac t iva t ion .  S a m p l e  su r face  a r e a s  and  d r y  w e igh t s  
w e r e  f o u n d  s u b s t a n t i a l l y  u n c h a n g e d  a f t e r  t he  m e a s -  
u r e m e n t s .  

A l l  t he  d a t a  of Fig .  3 a r e  r e f e r r e d  to in i t i a l  a c t i v a -  
t ion cond i t ions  of 12-h r  p u m p i n g  at  200 ~ I t  is neces -  
s a r y  to  spec i fy  some s t a n d a r d  ac t i va t i on  s ince  t h e r e  
is no r e a d i l y  de f inab le  zero po in t  a t  w h i c h  the  glass  
m a y  be  sa id  to be  p e r f e c t l y  dry .  A t  a n y  t e m p e r a t u r e  
M P G  i n  v a c u o  con t inues  to r e l e a s e  w a t e r  for  m a n y  
hours .  The  200 ~ 12-hr  a c t i va t i on  was  se lec ted  b e -  
cause  these  cond i t ions  shou ld  r e m o v e  p h y s i c a l l y  h e l d  
w a t e r  w i t h o u t  a p p r e c i a b l y  d e h y d r a t i n g  the  s i l ano l  
( S i O H )  g roups  of  t he  surface .  This  a c t i va t i on  is 
h a r d l y  economica l  fo r  dev ice  m a n u f a c t u r e ,  h o w e v e r ,  
and  a s t u d y  of t he  effect of va r i ous  ac t i va t i on  cond i -  

M a y  1962 
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t ions  is r e p o r t e d  in t h e  l a s t  sect ion.  
The  i s o t h e r m s  h a v e  no t  been  c o r r e c t e d  for  t h e r m a l  

t r a n s p i r a t i o n  (7)  b e t w e e n  the  a d s o r p t i o n  cell  and  the  
l o w - t e m p e r a t u r e  w a t e r  source.  The  co r r ec t i on  can  be  
ca l cu l a t ed  on ly  r a t h e r  e m p i r i c a l l y ;  t he  mos t  g e n -  
e r a l l y  u se fu l  d i scuss ion  is t ha t  of B e n n e t t  and  T o m p -  
k ins  (8) .  The  t h e r m a l  t r a n s p i r a t i o n  p r e s s u r e  r a t i o  R 
has  been  c a l c u l a t e d  for  a v a r i e t y  of t e m p e r a t u r e  and  
p r e s s u r e  condi t ions ;  l a r g e l y  because  t he  t u b i n g  con-  
nec t ing  the  po in t s  of t e m p e r a t u r e  d i f fe rence  is 10 
m m  ID or  more ,  t he  co r r ec t i on  was  so sma l l  as to be  
i nv i s ib l e  on Fig .  3 e x c e p t  for  t h e  lowes t  p r e s s u r e  
po in t s  of t he  30 ~ and  60 ~ i so the rms .  

The  e x p o n e n t  1 / n  of the  F r e u n d l i c h  i s o t h e r m  
e q u a t i o n  a p p e a r s  as t he  s lope  of t he  l o g - l o g  p lo t s  
(Fig.  3) .  The  v a l u e  for  t he  s t r a i g h t - l i n e  po r t i ons  is 
0.44, i n d e p e n d e n t  of t e m p e r a t u r e .  The  fac to r  k is 
d e t e r m i n e d  s i m p l y  b y  r e a d i n g  i t  off t h e  i s o t h e r m  
p lo t  a t  p ----- 1, s ince  h e r e  k ~ x / m .  I t  h a p p e n s  t h a t  log 
k vs.  1 / T  is l inea r ,  and  k ~ 7.60 x 10 -~ e x p  (3090 /T) .  
A g e n e r a l  e q u a t i o n  for  the  i so the rms  m a y  n o w  be  
w r i t t e n  

x / m  ~ [7.60 x 10 -~ exp  (3090 /T)  ] p .... 

w h e r e  T is t he  a b s o l u t e  t e m p e r a t u r e  a n d  p the  e q u i -  
l i b r i u m  p r e s s u r e  in  tor r .  This  e q u a t i o n  desc r ibes  a 
l a r g e  r a n g e  of b e h a v i o r  of M P G  w i t h  an  e r r o r  no t  
e x c e e d i n g  a f ew  p e r  cent ,  w h i c h  is p r o b a b l y  as  good 
as t he  a g r e e m e n t  a m o n g  v a r i o u s  m a n u f a c t u r i n g  lots .  

I t  shou ld  b e  r e m a r k e d  t h a t  ove r  a 120 ~ t e m p e r a -  
t u r e  r a n g e  i t  is u n u s u a l  for  1 / n  to be  i n d e p e n d e n t  of 
t e m p e r a t u r e ,  and  e q u a l l y  u n u s u a l  to f ind a s imple  
r e l a t i o n s h i p  b e t w e e n  k and  T. As an  i nves t i g a t i on  of 
p h y s i c a l  a d s o r p t i o n  the  w o r k  r e p o r t e d  he re  is p e r -  
haps  out  of t h e  o r d i n a r y  in two  respec t s :  t he  su r face  
cove rages  a r e  l ow t h r o u g h o u t ,  m i n i m i z i n g  i n t e r -  
ac t ions  b e t w e e n  a d s o r b a t e  molecu les ;  and  the  a d -  
so rp t ion  is c o m p a r a t i v e l y  s t rong,  p r o b a b l y  i n v o l v -  
ing  forces  b e y o n d  the  u s u a l  van  de r  W a a l s  a t t r a c -  

t ions.  
Adsorpt ion T h e r m o d y n a m i c s  

W i t h  e q u i l i b r i u m  w a t e r  v a p o r  p r e s s u r e s  ove r  t he  
M P G  k n o w n  at  s e v e r a l  t e m p e r a t u r e s ,  the  i sos ter ic  

Fig. 4. Isosteres for water vapor adsorption on MPG 

d i f f e ren t i a l  hea t  of a d s o r p t i o n  m a y  be  c a l cu l a t ed  
f rom the  C l a u s i u s - C l a p e y r o n  e q u a t i o n  

( 0 1 n p ~  ~H~ 
--~--/o =~T_~ [1] 

F i g u r e  4 shows i sos te res  at  8's r a n g i n g  f rom 0.017 to 
0.33, p lo t t e d  as log p vs.  1 / T .  A c c o r d i n g  to Eq. [1] ,  

a s s u m i n g  AH~ i n d e p e n d e n t  of t e m p e r a t u r e ,  these  

shou ld  be l inea r ,  w i t h  s lopes  of AHo/2.303R.  

The  i so the rms  also m a y  be  used  to ca l cu l a t e  an  
even  m o r e  f u n d a m e n t a l  p r o p e r t y ,  the  e n t r o p y  of a d -  
sorp t ion ,  f r o m  which ,  b y  c o m p a r i s o n  w i t h  idea l i zed  
models ,  some i nd i c a t i on  of t he  deg ree  of m o b i l i t y  of 
the  a d s o r b e d  fi lm m a y  be ob ta ined .  F o r  th is  ca l cu l a -  
t ion  i t  is n e c e s s a r y  to choose  a s t a n d a r d  r e f e r e n c e  
s ta te ;  th is  is w a t e r  v a p o r  ( i de a l )  a t  1 a t m  t h r o u g h -  
out  the  d iscuss ion  w h i c h  fol lows.  The  f ree  e n e r g y  
d i f fe rence  b e t w e e n  th is  r e f e r e n c e  gas  and  the  a d -  
so rbed  molecu le s  in  e q u i l i b r i u m  w i t h  w a t e r  v a p o r  
p r e s s u r e  p is 

AG ~ R T  ln  p [2]  

w i th  p in a t m o s p h e r e s .  E x p e r i m e n t a l  d i f f e r en t i a l  e n -  
t rop ies  t hen  a r e  c a l c u l a t e d  f r o m  

AH~- AG 
~So - -  [ 3 ]  

T 

It must be emphasized that AS~ differs from AS~, the 
change in entropy content of the system on adsorp- 

tion of t he  gas. A;~ is (OSa/On)~,r.~ w h e r e  n and  N a re  
a m o u n t s  of a d s o r b a t e  and  a d s o r b e n t :  the  e n t r o p y  
change  p e r  mo le  a c c o m p a n y i n g  in f in i t e s ima l  a d s o r p -  
t ion  a t  cons t an t  coverage ,  p r e s s u r e  and  t e m p e r a t u r e ,  
r e f e r r e d  to the  chosen  s t a n d a r d  s ta te .  The  n u m b e r  
of a d s o r p t i o n  s i tes  also is a s s u m e d  cons tan t .  AS~ is 

a l w a y s  n e g a t i v e  b u t  AS~ m a y  t a k e  e i t h e r  sign. 

Resu l t s  for  AH--~ and  • a r e  g iven  in T a b l e  II. S ince  

AH a is of the  o r d e r  of m a g n i t u d e  of the  l a t e n t  hea t  of 
l iquefac t ion ,  t he  a d s o r p t i o n  is phys ica l .  H o w e v e r ,  t he  
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Table II. Results for ~H~ and ~ 
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--A~, 
-- AHa, -- AG, ca l /mo le - '  

# T, " K  kca l /mo le  Equil .  p, a rm kca l /mo le  deg  -1 

0.033 303 14.6 1.00 X 10 -~ 6.9~ 24.3 
334 5.2~ X I0 ~ 6.5~ 
375 5.92 X 10-* 5.5~ 
423 5.2~ X 10 -~ 4.4~ 

0.083 303 13.8 5.5~ X 10 ~ 5.9~ 26.1 
334 3.9~ X 10-* 5.20 
375 4.47 X 10 -~ 4.0, 
423 3.8~ • 10 --~ 2.7~ 

0.167 303 13.5~ 2.7~ • 10 -~ 4.9~ 28.3 
334 1.8~ X 10 -a 4.16 
375 2.0, • 10 --~ 2.9~ 
423 1.51 X 10 -~ 1.5~ 

0.333 303 11.6 1.5, X 10 -~ 3.90 25.3 
334 8.8 X 10 -~ 3.1~ 

resu l t  is close to the  l imi t  of AHL -4- 5.5RT ( =  13.8 
k c a l / m o l e )  which  T r a p n e l l  (9) wi l l  a l low for pu re  
phys ica l  adsorpt ion.  At  # < 0.01 the re  m a y  wel l  be 
some chemisorp t ion ;  the  difficulty of r e m o v i n g  the  
last  t races  of wa t e r  d u r i n g  ac t iva t ion  suppor ts  this  
belief.  

To i n t e rp r e t  AS,, models  of the two ex t remes  of 
the adsorbate ,  pe r fec t ly  mobi le  and  r ig id ly  localized, 
wi l l  be considered,  and  the  d i f ferent ia l  e n t r opy  
changes  ca lcula ted  for each. Because  of n u m e r o u s  
assumpt ions  in  bo th  the  models  and  the  conven t iona l  
en t ropy  equa t ions  for va r ious  k inds  of motion,  such 
an  approach  canno t  be  pushed  too far.  A g r e e m e n t  to 
pe rhaps  3-5 e.u. b e t w e e n  theory  and  e x p e r i m e n t  is 
all  t ha t  m a y  be expected.  

In  the  gas phase  at  o r d i n a r y  t e m p e r a t u r e s  the  
s ignif icant  con t r ibu t ions  to the  e n t r o p y  are the  t r a n s -  
l a t iona l  and  ro t a t iona l  mot ions .  In  the  perfect  gas 
the en t ropy  is an  ex tens ive  q u a n t i t y  and  (OS/On)~.~ 
and  S'(p,T)/n are  ident ical .  The  conven t iona l  e n -  
t ropy  equa t ions  thus  give the  d i f fe rent ia l  e n t r o p y  
direct ly.  The  t h r e e - d i m e n s i o n a l  t r a n s l a t i o n a l  e n -  
t ropy  is g iven  by  the  S a c k u r - T e t r o d e  equat ion,  
which  af ter  i n se r t i ng  all  the  constants ,  is 

~St~ = 11.44 log T + 6.33 [4] 

for one mole  of ideal  wa t e r  vapor  at 1 atm. The re -  
sults  r ange  f rom 34.7 to 36.4 e.u. The t h r e e - d i m e n -  
s ional  ro t a t i ona l  en t ropy  is g iven  by  

3 8 ~  
~S~ot = - ~ - R  + R In  o.h---- U (8~.~ ABC) '/~ (kT) ;v-" 

where  A, B, C are  the  m o m e n t s  of ine r t i a  and  ~r the  
s y m m e t r y  n u m b e r .  For  a wa t e r  molecule  ~ = 2 and  
A, B, C are  (10) 1.024, 1.920, and  2.947 x 10-~g cm ~. 
Af te r  i n se r t ing  all  the  cons tan ts  the resul t  is 

~S,o~ = 6.86 log T ~ 6.59 [5] 

g iv ing  10.4 to 11.4 e.u. 
The mode l  of the adsorbed  film mus t  be less exact.  

If it  is per fec t ly  mobi le  its ro t a t iona l  f reedom re -  
ma ins  essen t ia l ly  un re s t r i c t ed ;  in  place of t h r e e -  
d imens iona l  t r an s l a t i on  there  wi l l  be a res t r ic ted  
t w o - d i m e n s i o n a l  t r an s l a t i on  plus  a weak  v ibra t ion .  

For  the  d i f ferent ia l  en t ropy  of the  fo rmer  Law (11) 
gives an  equa t ion  which  is e q u i v a l e n t  to 

~.-S,,=Rln [2~mkTa~ ( 1 - -0  ) ~ - - - 7 -  + 1 

where  ao is the  a rea  occupied by  an  adsorbed  mole -  
cule, here  t a k e n  as 10.8 x 10 -1~ cm 2 for water .  The 
express ion  reduces  to 

1 - - 0  

g iv ing  va lues  r a n g i n g  f rom 13.8 to 21.2 e.u. over  the 
coverages a nd  t e m p e r a t u r e s  used.  

The  mola r  v i b r a t i ona l  e n t r opy  per  mode  is g iven  
by  

Rx 
Sv,b = - -  R In  (1 --  e -~) [7] 

e * -  1 

w he r e  x = hc~/kT = 1.439 aUT, wi th  ~ the  v i b r a t i o n  
f r e que nc y  in  cm -~. For  o r d i n a r y  chemica l  bonds  w i t h  
v ib ra t i on  f requenc ies  in  the  in f ra red ,  say 1000-5000 
cm ~, x is of such size tha t  Sv,b is negl ig ible .  U n -  
f o r t u n a t e l y  this  is no t  t r u e  of the  w e a k  bond of a 
mobi le  film and  the  e n t r opy  can only  be es t ima ted  
roughly .  On r a t h e r  t enuous  evidence  (12) 3 e.u. wi l l  

be ass igned to #~ .... 

Wi th  a comple te ly  localized adsorba te  all  the  e n -  
t ropy  associated w i th  the  3 - d i m e n s i o n a l  t r a n s l a -  
t ion  wi l l  d isappear .  Most of ~S,ot of 10-11 e.u. also 
wi l l  d isappear ,  bu t  there  wi l l  r e m a i n  the  ro ta t ion  
of the  h y d r o g e n  a toms a r o u n d  the axis pass ing  
t h r ough  the  oxygen  a tom a nd  the cen te r  of mass,  
since it is p r o b a b l y  the oxygen  which  is most  closely 
bonded  to the silica surface.  The va lue  of 2-3 e.u., 

d e pe nd i ng  on t empe ra tu r e ,  wi l l  be ass igned to oS,o~. 

For  localized adsorp t ion  0S~,b can be neglected.  If 
the  bond  is l ike an  OH bond  (co ~3500 cm -~) Eq. [7] 
gives S~,~ < <  0.01 e.u. If a t t a c h m e n t  is by  an  S i -O 
bond  (co ~ 1100 cm -~) the  associated e n t r opy  is 0.2 
e . u .  

F i n a l l y  there  r e m a i n s  a conf igura t iona l  e n t ropy  
t e r m  ar is ing out  of the  fact  t ha t  on a pa r t i a l ly  cov-  
ered surface there  are m a n y  ways  to d i s t r ibu te  the  
adsorba te  molecules  a mong  the  ava i l ab le  surface 

sites. Soo~,~. m a y  be r ead i ly  de r ived  s ta t i s t ica l ly  by  
cons ider ing  a sys tem composed of n molecules  and  
m sites (m a cons tan t )  so tha t  n / m  = 8. The n u m -  
ber  of ways  in  wh ich  the  m sites m a y  be a r r a n g e d  
in to  two groups  of n occupied sites a nd  (m-n)  
e m p t y  sites is mI/ (m-n) In!  a nd  the  mo lecu l a r  e n -  

m! 
t ropy  is S = k i n  . The  use  of the  S t i r l ing  

(m-n) !n! 
approx imat ion ,  fol lowed by  d i f fe ren t ia t ion  wi th  r e -  
spect to n, leads to 

f \ 1 - - 0  
.. . . . .  = 4.58 log [ , ~ )  [8] 

w i th  va lues  of 8.1-1.4 e.u. over  the  coverages  s tudied.  
Thus  for the  localized adsorp t ion  model  

- - a Z a  = 8S t r  ~- 8Srot - -  oZrot - -  Sconfig [ 9 ]  

whereas  for mobi le  adsorp t ion  

- - A S a  = s S t r  - -  ~Str  - -  -'2S'vlb [ 1 0 ]  
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Fig. 5. Comparison of experimental values of AS-~ with those com- 
puted for extreme cases at: fixed and mobile adsorbed film. 

Values  t hus  c o m p u t e d  a r e  n e a r l y  i n d e p e n d e n t  of 
t e m p e r a t u r e ,  so Eq. [9]  a n d  [10] a r e  p l o t t e d  v s .  

in Fig .  5, t o g e t h e r  w i t h  t he  e x p e r i m e n t a l l y  d e t e r -  

m i n e d  AS~ f r o m  T a b l e  II .  I t  is e v i d e n t  t h a t  a t  cov-  
e rages  of 2 -30% the  a d s o r b e d  w a t e r  on M P G  is i n -  
t e r m e d i a t e  in  n a t u r e  b e t w e e n  the  two  e x t r e m e  
models .  The  w a t e r  mo lecu le s  e x e c u t e  m a n y  v i b r a -  
t ions  in p lace ,  bu t  p r e s e n t l y  t h e y  do hop to a n e i g h -  
bo r ing  site.  T h e r e  is some i n d i c a t i o n  of g r e a t e r  m o -  
b i l i t y  a t  cove rages  ~ 25%. 

L a w  (11) f o u n d  AH~ ---- --14 k c a l  mo le  -~ for  t he  
first  l a y e r  of w a t e r  on GeO~ at  ~ 3 0 0 ~  a n d  f r o m  e n -  
t r o p y  cons ide ra t i ons  he  conc luded  t h a t  t h e  a d s o r p -  
t ion  was  local ized.  F o r  t he  m u l t i l a y e r  reg ion ,  h o w -  

ever ,  t he  AH~ fe l l  t o w a r d  - -10  and  the  film, as e x -  
pec ted ,  b e c a m e  mobi l e .  A t  30~ a m o n o l a y e r  of 
w a t e r  on GeO~ is c o m p l e t e d  a t  a b o u t  4 tor r ,  a t  w h i c h  
M P G  is on ly  ha l f  covered .  I t  is r e a s o n a b l e  to conc lude  
t ha t  d r y  M P G  enc losed  in  a c o n t a i n e r  w i t h  a GeO~ s u r -  
face  canno t  p r e v e n t  t he  a d s o r p t i o n  of some w a t e r  v a -  
po r  b y  the  GeO~ bu t  de f in i t e ly  shou ld  p r e v e n t  t h e  
f o r m a t i o n  of a f i lm of w a t e r  in  w h i c h  the  mo lecu le s  
a r e  mobi le .  V e r y  p r o b a b l y  a po rous  glass  ge t t e r  
canno t  ho ld  su r face  r e c o m b i n a t i o n  v e l o c i t y  a t  t he  
o p t i m u m ,  nor  can i t  p r e v e n t  c h a n n e l  f o rma t ion ;  b u t  
i t  shou ld  no t  p e r m i t  a n y  ionic conduc t ion  across  
t he  sur face .  This  a lone  m a y  be  sufficient  e x p l a n a -  
t ion  for  the  i m p r o v e d  p e r f o r m a n c e  of M P G - g e t t e r e d  
devices ,  s ince  w i t h o u t  such a g e t t e r  m u l t i l a y e r  a d -  
so rp t ion  is e a s i l y  poss ib le .  

K i n e t i c s  

In e s t ab l i sh ing  the  a d s o r p t i o n  i so the rms  f r e q u e n t  
r e a d i n g s  of t he  w e i g h t  c h a n g e  w i t h  t i m e  w e r e  m a d e  
to s t u d y  the  a p p r o a c h  to e q u i l i b r i u m ,  w i t h  t h e  c o m -  
b i n a t i o n  of  l ow  t e m p e r a t u r e  (30 ~ ) and  low p r e s -  
su re  (~0 .005  t o r r )  b e i n g  the  s lowest .  Ha l f  t h e  u l -  
t i m a t e  a d s o r p t i o n  is r e a c h e d  in t he  o r d e r  of t en  
p e r  cen t  of  e q u i l i b r i u m  t ime .  W i t h  gases  o t h e r  t h a n  
w a t e r  v a p o r  p resen t ,  e . g . ,  as in a dev ice  e n c a p s u l a t e d  
in  n i t rogen ,  oxygen ,  etc.,  e q u i l i b r i u m  w i l l  be  r e a c h e d  
m u c h  m o r e  s lowly .  In  a i r  a t  1 a tm,  25~ w i t h  pH~o 

1.2 t o r r  (5% r .h . ) ,  M P G  reaches  e q u i l i b r i u m  
x / m  ,-~ 0.025 in a week ,  w i t h  ha l f  the  p i c k u p  occu r -  
r ing  t h e  first  day .  

F i g u r e  6 p r e s e n t s  t y p i c a l  d a t a  on the  a p p r o a c h  to 
e qu i l i b r i um.  H e r e  t he  cu rves  h a v e  been  n o r m a l i z e d  
b y  p l o t t i n g  0/0+~, t he  f r ac t i on  of t he  e q u i l i b r i u m  
c o v e r a g e  r e a c h e d  in t i m e  t. The  cu rves  a r e  l i n e a r  
up  to #/8o, = 0.75. I t  is e v i d e n t  t h a t  t he  r a t e  of a p -  
p roach  to e q u i l i b r i u m  is m o r e  sens i t ive  to a m b i e n t  

o( 
0.5 

0.2 8 ~ 

0 ,1  ! ' ' ' J ' ' ' l  / 0 leo 
MINUTES 

Fig. 6. Rote of approach to equilibrium during adsorption 

p r e s s u r e  t h a n  to t e m p e r a t u r e ;  for  e x a m p l e ,  cu rves  
D and  E, w h i c h  n e a r l y  coincide,  a r e  f rom runs  72 ~ 
a p a r t  b u t  w i th  n e a r l y  t he  s ame  p re s su re .  A d s o r p t i o n  
at  h i g h e r  t e m p e r a t u r e s  does r e a c h  e q u i l i b r i u m  s o m e -  
w h a t  sooner ,  bu t  th is  is due  a lmos t  e n t i r e l y  to m o r e  
r a p i d  a p p r o a c h  a b o v e  #/#o~ ---- 0.8. 

T h e r e  is some d e v i a t i o n  f rom l i n e a r i t y  in F ig .  6 
a t  low cove rages  and  low p res su res .  This  p r o b a b l y  
ref lects  t he  h e a t i n g  effect of the  in i t i a l  r a p i d  a d s o r p -  
t ion;  h e a t  t r a n s f e r  to the  s u r r o u n d i n g s  w o u l d  be  d e -  
l a y e d  no t  on ly  b y  the  l ow p r e s s u r e  bu t  b y  the  low 
t h e r m a l  c o n d u c t i v i t y  of MPG.  F o r  a t y p i c a l  case  i t  
was  c a l c u l a t e d  t h a t  t he  hea t  l i b e r a t e d  d u r i n g  the  first  
m i n u t e  of  a d s o r p t i o n  was  suff icient  to  r a i s e  t h e  e n t i r e  
a d s o r b e n t  3~ and  doub t l e s s  even  h i g h e r  a t  t he  gross  
su r f ace  w h e r e  t he  in i t i a l  a d s o r p t i o n  occurs.  

I t  has  been  poss ib le  to f ind a g e n e r a l  e q u a t i o n  
for  t he  a p p r o a c h  to e q u i l i b r i u m  in m u c h  the  s ame  
w a y  as for  the  e q u i l i b r i u m  i so the rms .  The  s lopes  
of t he  s t r a i g h t  p o r t i o n s  of t he  l og - log  p lo t s  a r e  close 
to 0.5. I f  

0 
log - = 0.5 log  t -~ log k [11] 

k m a y  be  d e t e r m i n e d  for  each  r u n  b y  o b s e r v i n g  
at  some  su i t ab l e  0/0e~. A t e m p e r a t u r e - i n d e p e n d e n t  
r e l a t i o n s h i p  b e t w e e n  k a n d  p r e s s u r e  is shown in 
Fig .  7, w h e r e  

1 / k  ~- 5.60 - -  3.85 log  p 

Then  O/#e. = ( x / m ) / ( x / m ) e ,  : t~ - -  3.85 
log p ) ,  w i t h  t in minu te s ,  p in to r r ,  w i t h  no o the r  
gas  p resen t .  
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Fi 9. 7. Relation between k of Eq. [11 ] and pressure 
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F i n a l l y  ( x /m)eq  f rom the  gene ra l  i so the rm e qua -  
t ion  m a y  be subs t i tu ted ,  r e su l t ing  in  an  e q u a t i o n  of 
the fo rm 

x AeB/~p% ~ 
m -- D - - E l o g p '  0.8 ~ 0/8oq ~ 0.1 

wi th  A, B, C, D, E all  k n o w n  constants .  (D and  E 
m a y  change  wi th  ge t te r  geomet ry . )  The equa t i on  
states tha t  at g iven  condi t ions  of p ressure  and  t e m -  

p e r a t u r e  the  c u m u l a t i v e  weigh t  gain  x / m  ~ kl ~/ t  
d ( x / m )  

and  the  ra te  of mo i s tu re  p ickup  --/~/~/t. 
dt 

The t r e a t m e n t  ou t l i ned  above is no t  so successful  
for desorpt ion.  Whi le  the  curves  do have  l inea r  po r -  
t ions w i th  s imi la r  slopes, the  r ange  of such cor re la -  
t ion  is l imi t ed  no t  on ly  in  t~/t~e, bu t  in  t e m p e r a t u r e  
also. E q u i l i b r i u m  is approached  more  s lowly d u r i n g  
desorpt ion,  p r o b a b l y  because  the  ac t iva t ion  e n e r g y  
for desorp t ion  is h ighe r  t h a n  t ha t  for adsorpt ion.  

Effect  of Act ivat ion Condit ions 

W h e n  M P G  which  has been  s t and ing  in  room a t -  
mosphere  is pu t  into an  oven  a la rge  pa r t  of the  ad-  
sorbed wa t e r  comes off in  a rush  d u r i n g  the first 
m i n u t e  or two. Desorp t ion  cont inues ,  at a s lower  a nd  
s lower rate,  over  a long per iod;  the  process m a y  be 
accelera ted by  pumping .  Desorp t ion  by  v a c u u m  
bakeou t  has been  fol lowed up  to 24 hr  wi th  the  silica 
spr ing  balance ,  b u t  we igh t  loss cont inues .  The re  is 
no c lear ly  def inable  po in t  where  it  m a y  be said t ha t  
the MPG is "comple te ly  d ry"  or tha t  it has been  ac- 
t iva ted  to a degree where  no f u r t h e r  t r e a t m e n t  wi l l  
improve  its adsorp t ive  capacity.  It  is gene ra l l y  be -  
l ieved tha t  wa te r  can  be l i be ra t ed  f rom silica su r -  
faces in  two ways:  by  desorp t ion  of phys ica l ly  ad-  
sorbed molecules  and  by  i n t e r ac t i on  of ad jacen t  
s i lanol  groups;  b u t  w i th  MPG the  two k inds  of de-  
sorpt ion  a p p a r e n t l y  cannot  be d i s t ingu ished  by  
weight  changes.  

The progress  of v a c u u m  desorp t ion  f rom the  end  of 
the first hou r  o n w a r d  is shown  in  Fig. 8. A n  Elovich-  
type  equa t ion  is fol lowed:  the  weigh t  loss is l i nea r  
wi th  log t ime  (13).  Such  behav io r  u sua l l y  is con-  
s idered charac ter i s t ic  of ehemisorpt ion .  Doubt less  
m u c h  of the wa t e r  r emoved  above 200 ~ is chemica l ly  
bound,  i.e., f rom SiOH groups,  and  l a rge ly  i r r e -  
versible ,  as wi l l  be  shown;  bu t  it is still  be l ieved  
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t ha t  in  MP G  the  ra tes  are d i f fus ion-cont ro l led ,  and  
tha t  the  curves  of Fig. 8 are more  of p rac t ica l  r a the r  
t h a n  theore t ica l  in teres t .  

Al l  the  s tudies  up  to this  po in t  have  employed  200 ~ 
12-hr  v a c u u m  act ivat ion.  It  r e m a i n s  to j u s t i f y  th is  
choice, a nd  also to inves t iga te  the  effect of o ther  ac-  
t iva t ion  condit ions.  The c r i t e r ion  is aga in  the  ad -  
sorpt ion isotherm. 

Two sets of e x p e r i m e n t s  on p u m p i n g  t e m p e r a t u r e s  
and  t imes  are s u m m a r i z e d  in  Fig. 9. The dashed l ines  
for the s t anda rd  ac t iva t ion  are t a ke n  f rom Fig. 3. 
W h e n  the p u m p i n g  t ime  is cut  f rom 12 h r  to 1 hr  the  
60.8 ~ i so the rm falls  shor t  of the  s t a n d a r d  one b y  a 
smal l  and  cons tan t  a m o u n t  of x / m  ~ 0.3 x l 0  -~. (On 
the log scale the i so therms  appear  to converge . )  This  
is i n t e r p r e t e d  to m e a n  tha t  at 200 ~ one hour  is no t  
sufficient to r e m o v e  all  the phys ica l ly  adsorbed  ( re -  
vers ib le )  water .  A few tenac ious  sites are st i l l  oc- 
cupied, and  the  mois tu re  p ickup  at a g iven  p ressure  
is t hen  this  m u c h  less. 

Since the  ques t ion  n o w  arises w h e t h e r  e v e n  the  
12-hr  ac t iva t ion  is the op t imum,  a 300 ~ 12-hr  p u m p  
was nex t  tested. U n d e r  these  condi t ions  r e mova l  of 
some chemica l ly  b o u n d  w a t e r  is l ikely,  b u t  the  l i t e r -  
a tu re  is in  conflict on the  condi t ions  a nd  t ime  re -  
qu i r ed  to reverse  this  react ion.  To al low more  oppor-  
t u n i t y  for a ny  r e h y d r a t i o n  to occur the  102 ~ i so the rm 
was d e t e r m i n e d  for this  ac t ivat ion.  I t  is seen in  Fig. 9 
tha t  a defini te  decrease in  adsorp t ive  capaci ty  has oc- 
curred,  and  this  t ime  i t  is a cons tan t  p ropor t ion  i n -  
s tead of a cons tan t  amount .  The  difference is abou t  
12% and  increases  at ~ < 0.02. Here  the  in fe rence  
is tha t  some of the adsorp t ion  sites, and  a d i spropor -  
t iona te  n u m b e r  of the more  energe t ic  ones, have  been  
p e r m a n e n t l y  removed.  Wi th  this  ac t iva t ion  the re  was  
an  i r r eve r s ib l e  0.6 % weigh t  loss, [ exac t ly  the  a m o u n t  
pred ic ted  (14) for a mor phous  silica f rom aquasols]  
whereas  wi th  200 ~ ac t iva t ion  the  ge t te rs  showed es-  
sen t i a l ly  no d ry  basis  we igh t  change.  Whi le  300 ~ ac-  
t i va t ion  is c lear ly  deleter ious,  in  all  p r oba b i l i t y  it  
could be to le ra ted  if the  t ime  is res t r ic ted  to an  hou r  
or less. 

E x p e r i m e n t s  on the  effect of d ry  n i t r o g e n  act i -  
va t ion  are s u m m a r i z e d  in  Fig. 10. The dashed l ine  is 
aga in  the  s t a n d a r d  60.8 ~ i so the rm f rom Fig. 3. The 
gas con ta ined  8 p p m  H~O, at which  the  e q u i l i b r i u m  
adsorp t ion  at 61 ~ is 0.87 x 10 -8. If this  a m o u n t  is sub -  
t rac ted  f rom the  i so the rm over  the  en t i r e  r a nge  the  
dot ted l ine  resul ts .  This  is the  i so the rm which  wou ld  
be p red ic ted  if (a)  the  gas flush ac t iva t ion  is as e f -  
fect ive as the  s t a n d a r d  one, and  (b)  af ter  t h e  ac t iva -  
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t ion the  MPG is p e r m i t t e d  to come to e q u i l i b r i u m  
wi th  the  gas at  the t e m p e r a t u r e  at which  the i so therm 
is de te rmined .  Wi th  the  200 ~ 12-hr  flush this  l a t t e r  r e -  
q u i r e m e n t  was  me t  by  a l lowing  the  get ters  to s t and  
ove rn igh t  in  the  gas before  m e a s u r e m e n t .  The  re -  
su l t ing  i so therm fol lows the pred ic ted  one closely. 
Thus  condi t ion  (a)  above is p r e s u m e d  t rue ;  n e v e r -  
theless,  a subs t an t i a l  loss in  capaci ty  at low pres -  
sures  has resul ted.  This  shows the fol ly of s tor ing  
ac t iva ted  MPG at room t e m p e r a t u r e  in  dryboxcs ,  
which  are u sua l l y  far  above 8 p p m  mois ture .  

The 300 ~ 30-ra in  gas flush ac t iva t ion ,  shown also 
in  Fig. 10, is a p rac t ica l  semiconduc tor  device p roc-  
essing step. Here  readsorp t ion  of mois tu re  f rom the  
f lushing gas was p r e v e n t e d  as far  as possible;  the  
oven  s u r r o u n d i n g  the  sorpt ion  ba lance  was  cooled 
f rom 300 ~ to 61 ~ in  11/2 hr  and  the i so the rm m e a s u r e -  
men t s  b e g u n  immedia te ly .  There  is aga in  a constant ,  
bu t  smal ler ,  difference in  the  adsorp t ive  capacity,  
since some readsorp t ion  canno t  be avoided.  However ,  
in  appa ra tu s  whe re  the  get ters  can be r emove d  
qu ick ly  f rom the ac t iva t ion  c h a m b e r  into sealed con-  
ta iners ,  or  encapsu la t ed  i m m e d i a t e l y  in  devices, the  
300 ~ 30-ra in  d ry  gas flush should be a qu i te  sat isfac-  
to ry  ac t iva t ion .  

In  al l  the  gas flush exper imen t s ,  the  ve loc i ty  of the  
n i t r o g e n  pas t  the  get ters  was abou t  20 c m / m i n .  A 
h igher  veloci ty  is des i rab le  for the  first few m i n u t e s  
if exposed get ters  are  i n t roduced  into an  oven  a l -  
r eady  at  t e m p e r a t u r e ,  to ca r ry  off the  la rge  in i t i a l  
bu r s t  of wa t e r  vapor .  Wet  MPG should  first be dr ied  
in  a 150 ~ air  oven  before  a n y  ac t iva t ion  procedure .  

The  r e l a t ive  i n sens i t i v i t y  of the  61 ~ adsorp t ion  
i so the rm to the d u r a t i o n  of 200 ~ ac t iva t ion  is signifi-  
cant.  The  adsorp t ion  is pe r fec t ly  r ep roduc ib le  
w h e t h e r  the sample  has had one ac t iva t ion  or three,  
even  though  the weigh t  change  con t inues  in  accord 
wi th  the  curve  in  Fig. 8. Be tween  the end of the  first 
and  the twe l f th  hours  of p u m p i n g  a we igh t  loss of 
1.6 x l0  -~ g /g  occurs; yet  the  difference in  the  adsorp-  
t ion  i so therms  is on ly  0.3 x 104. W a t e r  of cons t i tu -  
t ion, i.e., w i t h i n  the  solid phase,  c a n n o t  be  r emoved  
at 200~ ne i t he r  can the weigh t  loss be due  e n t i r e l y  to 
phys ica l ly  adsorbed  wa t e r  pe r s i s t ing  pas t  the  first 
hour,  s ince these tenac ious  sites wou ld  be the  first to 
readsorb  and  the  weigh t  loss wou ld  be revers ib le .  
The 0.3 x i0  -~ difference is ascr ibed to this  k i n d  of 
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water ,  bu t  the r e m a i n d e r  can only  r e p r e se n t  s i lanol  
dehydra t ion .  A weigh t  loss of 1.3 x 10 -~ g / g  r e p r e -  
sents  r e m o v a l  of one h y d r o x y l  in  t w e n t y ,  a nd  if these  
hyd roxy l s  were  sites of phys ica l  adsorp t ion  of wa t e r  
molecules  (by  h y d r o g e n  b o n d i n g )  the  effect on the  
adsorp t ion  i so the rm should be  qui te  de tec tab le  at 
h igher  pressures .  The absence  of such an  effect shows 
tha t  the  first hyd roxy l s  to be r emoved  are  no t  ad-  
sorp t ion  sites, and  indeed  o ther  work  in  these  L a b -  
orator ies  has ind ica ted  tha t  the MP G  surface  m u s t  
be a lmost  hal f  d e h y d r a t e d  before  moi s tu re  adsorp-  
t ion  is s igni f icant ly  lower.  

The  fu t i l i ty  of p ro longed  v a c u u m  ac t iva t ion  is t hus  
demons t ra ted .  The  same is t r u e  of 200 ~ d ry  gas ac t i -  
vat ion,  w he r e  both  the  we igh t  loss over  the  second 
th rough  twe l f th  hours  (1.5 x 10 -~ g / g )  and  the  ad-  
sorpt ive  capaci ty  are v i r t u a l l y  iden t ica l  to those for  
v a c u u m  act ivat ion.  I t  is ev iden t  tha t  the  200 ~ 12-hr  
p u m p  is the most  effective ac t iva t ion  p rocedure  of 
all  those tr ied,  bu t  a ny  of the  others  can approach  it  
w i th  p roper  hand l ing .  Careless  exposure  first de-  
grades  the  adsorp t ion  capaci ty  at  low e q u i l i b r i u m  
pressures ,  w he r e  device behav io r  m a y  be  v e r y  sens i -  
t ive to mois tu re  level.  By  and  large the re  is no r e a -  
son to bel ieve,  e i ther  f rom w o r k  repor ted  here  or 
f rom l i fe - tes t ing ,  tha t  ac t iva t ion  condi t ions  are  cr i t i -  
cal in  the  app l ica t ion  of M P G  to mois tu re  ge t t e r ing  
in devices. 

Manuscript  received Nov. 21, 1961; revised m a n u -  
script received Jan. 18, 1962. This paper  was prepared 
for presenta t ion before the Detroit  Meeting, Oct. 1-5, 
1961. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1962 
JOURNAL. 

REFERENCES 

1. T. R. Robillard and R. W. Westberg, I.R.E. Wescon 
Convention Record, pp. 14-16 (1957). 

2. See, for example, D. S. Peck, "Semiconductor Re- 
l iabil i ty Predictions from Life Dist r ibut ion Data," 
in "Semiconductor Reliabili ty," pp. 51-67, En-  
gineering Publishers,  Elizabeth, N. J. (1961). Also 
G. A. Dodson and B. T. Howard, Proc. Seventh 
Nat. Symposium on Reliabil i ty and Quali ty Con- 
trol in Electronics, pp. 262-272, Inst i tute  of Radio 
Engineers Inc., New York (1961). 

3. C. H. Amberg  and R. McIntosh, Can. J. Chem., 30, 
1012 (1952). 

4. Supplied by Worden Laboratories, Houston, Texas. 
5. Determined by W. G. Guldner,  Bell Telephone Lab-  

oratories, Murray  Hill, N. J. 
6. For a discussion of the theory and properties of the 

three types of isotherm see B. M. W. Trapnell ,  
"Chemisorption," Chap. V; But terworths  Scien- 
tific Publications, London (1955). 

7. M. Knudsen,  Ann. physik, 31, 205, 633 (1910). 
8. M. J. Bennet t  and F. C. Tompkins, Trans. Faraday 

Soc., 53, 185 (1957). 
9. Trapnell ,  op. cir., p. 143. 

10. G. Herzberg, "Molecular Spectra and Molecular 
Structure," p. 488, D. Van Nostrand Company, 
Inc., New York (1945). 

11. J. T. Law, J. Phys. Chem., 59, 67 (1955). 
12. C. Kemball ,  Advances in Catalysis, 2, 233 (1950); 

D. Hadzi, J. Chem. Phys., 34, 1445 (1961). 
13. For a discussion of the characteristics and appli-  

cabili ty of Elovich equations see M. J. D. Low, 
Chem. Rev., GO, 267-312 (1960). 

14. W. K. Lowen and E. C. Broge, J. Phys. Chem., 65, 16 
(1961). 



Etching of Abraded Germanium Surfaces with CP-4 Reagent 
E. N. Pugh and L. E. Samuels 

Department oS Supply, Australian Defence Scientific Service, 
De]ence Standards Laboratories, Sydney, New South Wales, Australia 

ABSTRACT 

The dissolution of the  damaged  l aye r  has been inves t iga ted  by  a meta l lo-  
graphic  taper -sec t ioning  technique and by  direct  microscopical  examina t ion  
of the etched surfaces. I t  is shown tha t  the reagent  pene t ra t ed  the  damage  
cracks in abraded  surfaces opening them into deep crevices. At  the same time, 
the  surface begins to be smoothed out, a character is t ic  ce l lu lar  pa t t e rn  being 
produced.  A comple te ly  flat surface is not  achieved unt i l  wel l  af ter  the damaged  
layer  is removed.  A cri t ical  comparison of cer ta in  methods  of es t imat ing  the 
depth  of the damaged  layer  is made  in the l ight  of these observat ions.  I t  is 
concluded tha t  meta l lograph ic  methods  are  the  most  re l iable .  

A r e c e n t  m e t a l l o g r a p h i c  s t u d y  e s t a b l i s h e d  t h a t  t he  
d a m a g e d  l a y e r  in a b r a d e d  g e r m a n i u m  sur faces  con-  
t a ins  n u m e r o u s  c racks  and  t h a t  these  c racks  in  
fac t  cons t i t u t e  t he  d a m a g e ;  i t  also e s t a b l i s h e d  t h a t  
h igh  dens i t i e s  of d i s loca t ions  a r e  no t  p r e s e n t  (1) .  
In  p rac t i ce ,  the  d a m a g e d  l a y e r  in s emiconduc to r  
dev ices  is r e m o v e d  b y  c h e m i c a l  e tch ing ,  so t h a t  i t  
was  cons ide r ed  of i n t e r e s t  to i n v e s t i g a t e  t he  effects  
of t he  c r acks  on th is  d i s so lu t ion  process .  Such  a 
s t u d y  is also d e s i r a b l e  to i n v e s t i g a t e  f u r t h e r  t h e  
d i s c r e p a n c y  f o u n d  in t he  e a r l i e r  w o r k  b e t w e e n  the  
m e t a l l o g r a p h i c  m e a s u r e m e n t s  of the  d e p t h  of d a m -  
age  a n d  va lue s  o b t a i n e d  b y  the  p h o t o m a g n e t o e l e c -  
t r i c  ( P M E )  m e t h o d  d e v e l o p e d  b y  Buck  and  Mc- 
K i m  (2) .  

Experimental  Methods 
The  i n v e s t i g a t i o n s  w e r e  c a r r i e d  ou t  on {111} su r -  

faces  of n - t y p e  g e r m a n i u m  a b r a d e d  u n i d i r e c t i o n -  
al ly ,  b y  hand ,  w i t h  s i l icon c a r b i d e  ab ras ives .  Most  
of t he  w o r k  was  c a r r i e d  out  w i t h  2 2 0 - g r a d e  a b r a -  
sive, b u t  e x p e r i m e n t s  w i t h  o t h e r  g r a d e s  conf i rmed  
tha t  t he  r e su l t s  h a d  g e n e r a l  app l i ca t ion .  The  a b r a -  
s ives  w e r e  used  bo th  in  pape r s ,  us ing  f lowing w a t e r  
as l ub r i can t ,  and  in a w a t e r  s l u r r y  on a g lass  p la te .  
The  a b r a d e d  spec imens  w e r e  e t c h e d  for  va r i ous  
t imes  w i t h  CP-4  r eagen t ,  1 t he  e t ch ing  be ing  con-  
f ined to r e c t a n g u l a r  a reas ,  1.0 x 0.5 cm, b y  p r o t e c t -  
ing the  r e m a i n d e r  of t he  a b r a d e d  su r face  w i t h  a 
su i t ab l e  l a c q u e r  coat ing.  In  each  case, an e s t i m a t i o n  
of t he  d e p t h  r e m o v e d  was  m a d e  b y  the  s t a n d a r d  
w e i g h t - l o s s  me thod .  

A f t e r  p r e l i m i n a r y  e x a m i n a t i o n  u n d e r  t h e  m i c r o -  
scope, t he  su r faces  w e r e  t a p e r  sec t ioned  at  a n o m -  
ina l  ang le  of 5 ~ 43' ( t a p e r  r a t io  10 : 1), t he  sec t ion  
l ine  be ing  m a d e  a p p r o x i m a t e l y  p e r p e n d i c u l a r  to t he  
d i r ec t i on  of ab ras ion .  D u r i n g  sec t ioning ,  t h e  s u r -  
face  was  p r o t e c t e d  b y  m e a n s  of e l e c t r o d e p o s i t e d  
n i cke l  coa t ings .  The  sec t ioned  su r faces  w e r e  p o l -  
i shed  m e t a l l o g r a p h i c a l l y  and  e x a m i n e d  u n d e r  t he  
microscope .  The  sec t ions  showed  two  reg ions  cor -  
r e s p o n d i n g  to the  u n e t c h e d  a b r a d e d  su r f ace  and  the  
e t ched  sur face ,  r e spec t i ve ly .  The  d e p t h  r e m o v e d  b y  
e t ch ing  could  t h e r e f o r e  also be  e s t i m a t e d  f r o m  the  

1 50 m l  n i t r i c  ac id  (69%),  30 m l  acet ic  ac id  (100%), 30 m l  h y d r o -  
f luor ic  a c i d  {48%), and  0.6 m l  b r o m i n e .  

d i s p l a c e m e n t  of t he  sec t ion  l ine  b e t w e e n  the  two  
regions ,  m e a s u r e d  b y  m e a n s  of a t r a v e l l i n g  m i c r o -  
scope. These  m e a s u r e m e n t s  w e r e  m a d e  f r o m  the  
cres ts  of t he  su r f ace  i r r e g u l a r i t i e s  in  b o t h  t he  u n -  
e t ched  and  e t ched  reg ions ,  t he  p r e f e r e n t i a l l y  a t -  
t a c k e d  a r e a  i m m e d i a t e l y  a d j a c e n t  to t he  u n e t c h e d  
p o r t i o n  of t he  su r face  be ing  ignored .  

Meta l lographic  Observations 
Examination of the taper sections.--The t a p e r  sec-  

t ions  of l i g h t l y  e t ched  su r f aces  i n d i c a t e d  t h a t  t h e  
C P - 4  r e a g e n t  p e n e t r a t e d  r a p i d l y  a long  t h e  c racks  
in t he  d a m a g e d  l aye r .  E t ch ing  was  u n i f o r m  ove r  t he  
con tac t  a r e a  r e s u l t i n g  in  w i d e n i n g  of t h e  c r acks  and  
r o u n d i n g  of t h e i r  t ips  (F ig .  1). Once  the  mos t  se-  
v e r e l y  s h a t t e r e d  po r t i ons  of t he  d a m a g e d  l a y e r  h a d  
been  r e m o v e d ,  t he  su r face  i r r e g u l a r i t i e s  b e g a n  to 
smoo th  out.  A t y p i c a l  sequence  for  a su r f ace  t r e a t e d  
w i t h  a b r a s i v e  p a p e r s  is shown  in Fig .  2-5;  a l l owing  
for  the  i n i t i a l  d i f fe rence  in the  d i s t r i b u t i o n  of t h e  

Fig. 1. Taper section of a germanium surface abraded with 
220-grade silicon carbide paper and etched with CP-4 reagent to 
remove approximately 4F. Taper section unetched. 
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Fig. 2-9. Germanium surfaces abraded with 220-grade silicon 
carbide paper and etched with CP-4 reagent. Figures 2-5 are taper 
sections of the etched surfaces. Figures 6-9 show the appearance 
of the surface when examined directly by a metallurgical micro- 
scope. 

Depth removed 
Fig. No. by etching,/~ 

2, 6 4 
3,7 11 
4,8 18 
5, 9 26 
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face subsequently being etched with CP-4 reagent 
as before. The confusing background did not then 
develop and the broadened cracks stood out clearly. 

However,  by using Fig. 6-9 and Fig. 10-13 as 
guides, there should now be no confusion in recog- 
nizing damage cracks in abraded and etched sur- 
faces, part icularly when the damaged layer had 
been almost completely removed; Figure 12 illus- 
trates how clearly the last traces of the damage 
cracks can be distinguished. A simple yet  reliable 
method of estimating the depth of damage can 
be based on this technique, the approximate 
depth removed when the last traces of the 
damage cracks disappear being estimated by the 
weight-loss method. The results obtained by this 
technique have been compared in a number  of in- 
stances with those obtained by the original taper-  
sectioning technique (1), and in all cases the agree- 
ment was good. For example, the series illustrated 
in Fig. 10-13 for abrasion with 220-grade silicon 
carbide slurry indicated a depth of damage of 88~. 
the value determined by taper sectioning was 85t, 
(1). 
Cellular structure.--The cellular structure devel- 
oped in the areas between the cracks; the cell diam- 
eter increased with increased etching (Fig. 6-9 and 

The last vestiges of damage cracks are present in three vertical 
bands in Fig. 8, but none are present in Fig. 9. 

damage cracks (1), the behavior of surfaces abraded 
with a slurry was similar. The surface is still not 
completely smoothed even when the damaged layer 
has been removed completely (Fig. 5). 

Direct examination of the etched surfaces . -  
Three distinct features were observed when suc- 
cessively etched surfaces were examined directly 
by optical microscopy, namely, cracks, a cellular 
structure, and etch pits. 
Cracks.--In the early stages of etching, the cracks 
appeared as dark markings which mostly lay 
in directions consistent with their being {111} 
cleavage traces (Fig. 6 and 7). As expected from the 
earlier work (1), the cracks in surfaces abraded 
with abrasive papers formed regular patterns in the 
abrasion direction (Fig. 6-8). Those in surfaces 
abraded w~th an abrasive slurry were randomly ar-  
ranged (Fig. 10-12). Fur ther  etching caused the 
cracks to broaden (cf. Fig 6 and 7), but they were 
still recognizable immediately before complete re- 
moval (Fig. 8 and 12). 

The identification of the cracks at the early stages 
of etching was difficult because they tended to be 
obscured by the background structure. Indeed, 
Faust (3) was unable to distinguish them in a similar 
type of experiment. Their identification here was 
greatly assisted by the prior knowledge obtained 
from the examination of taper sections of the sur- 
faces. Their presence was also confirmed by metallo- 
graphically polishing the abraded surfaces until all 
the surface chipping had been removed, the sur- 

Fig. 10-13. Germanium surface abraded with 220-grade silicon 
carbide slurry and etched with CP-4 reagent. 

Depth removed 
Fig. No. by etching, 

10 24 
11 45 
12 77 
13 88 

The last vestiges of damage cracks are present at the center of 
Fig. 12, but none are present in Fig. 13. 
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10-13) and was still prominent  when the damaged 
layer had been removed completely (Fig. 9 and 13). 
Under otherwise comparable conditions, the cell 
diameter was smaller the finer the abraded finish; 
indeed, it did not develop at all if the surfaces were 
initially quite fiat, as after complete metallographic 
polishing. Correlation with the taper sections (e.g., 
Fig. 5) indicated that  each "cell" consisted of a dish- 
shaped depression bounded by a comparatively sharp 
rim. 

This structure is the so-called "first-order" net-  
work reported by Chang (4). The present observa- 
tions confirm the findings of Noggle and Stiegler 
(5) that it results not from any substructure in the 
crystal itself but  rather  from the mechanical prep-  
aration of the surface. The cleavage pits in the 
original abraded surface are smoothed out into a 
series of dish-shaped depressions during etching. 
Some depressions then grow at the expense of the 
others, at the same time becoming progressively 
shallower. The pat tern is no longer detectable when 
a layer some five times deeper than the damaged 
layer has been removed. Noggle and Stiegler (5) 
used the disappearance of the cellular pat tern as 
a criterion for the complete removal  of the dam- 
age, but  the present observations indicate that there 
is no real relationship between the two. 

Some confusion has resulted from the fact that  
Bonfiglioli et aL (6) have also used the term first- 
order network to describe a similar but much less 
pronounced cellular pat tern produced by the etch- 
ing of grown-in  dislocations, which is considered 
in the following section. Both patterns result from 
the mechanism by which the CP-4 reagent smooths 
out depressions in the surface, but  clearly different 
terms should be used for the two cases. 
Dislocation etch pits.--During the formation of the 
cellular structure, classical dislocation etch pits of 
the type described by Pfann and Vogel (7) were 
also observed (several are present in the field shown 
in Fig. 9). The type of cellular pattern described by 
Bonfiglioli (6) developed when these dislocation 
etch pits were suitably grouped, but this pat tern 
could always be distinguished from that due to the 
cleavage pits. 

The density of the dislocation etch pits was about 
10~/cm -~ which is of the order to be expected for 
grown-in  dislocations. Faust  (3) has reported ob- 
serving dislocation etch pit densities as high as 
108/cm = in the damaged layer in a similar type of 
experiment. It is possible that Faust mistook an 
early development of the first-order network for 
dislocation etch pits, but  this cannot be confirmed 
from his published micrograph. 

Comparison between the Metallographic and 
Other Methods of Estimating the Depth of Damage 
The earlier work (1) showed a considerable dis- 

crepancy between the results of the metallographic 
taper-sectioning method of estimating the depth of 
damage and the method based on the photomag- 
netoelectric (PME) effect developed by Buck and 
McKim (2). The metallographic method gave con- 
sistently higher results. The principle of the PME 
and most earlier methods of estimating the depth 
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of damage is to remove successive layers from the 
damaged surface by etching and to determine some 
relevant proper ty  of the surface at each stage. The 
damaged layer is assumed to have been removed 
completely when this property reaches a constant 
base level, and the depth removed at that  stage is 
estimated from the weight lost f rom a known area 
of surface. 

The first possibility in accounting for the dis- 
crepancies between the two general methods is tha t  
the weight-loss method of depth measurement  is un-  
reliable because of the irregular topography of these 
surfaces. It was to check this point that  the weight-  
loss method was compared with the metallographic 
method described above. The latter method indicated 
that the etched surfaces were irregular on a macro 
scale when the damaged layer was almost com- 
pletely removed and frequently were not exactly 
parallel to the original surface. These irregularities 
develop mainly as a result of the general unevenness 
in the depth of the damaged layer itself and from 
the penetration of the etchant along the damage 
cracks. Consequently, this metallographic method 
of measuring the depth removed during etching, 
which measures a local depth, yielded a range of 
values which lay on both sides of the value given 
by the weight-loss method. This suggests that  the 
latter is reliable in estimating the average value 
of the depth removed, al though the exact significance 
of this figure is debatable. The early stages of etch- 
ing, when the etchant penetrated along the cracks, 
are exceptional. The weight-loss method then grossly 
overestimates the depth removed, but this is not sig- 
nificant in the present context. 

The original taper-section method of estimating 
the depth of damage (1) measures the maximum 
local depth from the crests of the surface irregu- 
larities to the extremities of the deepest cracks. This 
is necessarily greater than the average value de- 
termined by any of the methods depending on 
weight-loss measurements.  It is doubtful, however, 
whether  this would account for more than a small 
portion of the discrepancy between the two methods. 
The explanation must be sought in the character-  
istics of the methods used to detect the damage, 
and the present work does throw some light on 
two of the more important  of these, namely, the 
PME method (2) and the etching rate method 
(8,9) .  

The PME method determines the balance between 
the production of carrier pairs by the illumination of 
the surface and the recombination of these pairs in 
the damaged layer. The surfaces of the cracks now 
known to be present in the damaged layer provide 
extensive surfaces on which recombination can oc- 
cur, and the forest of cracks must be a very efficient 
trap for the drifting carriers. The PME voltage con- 
sequently is initially very  low. When the surface 
layers are removed by etching, the area of the re-  
combination surface is reduced as also is the depth 
of the trap, so the PME voltage rises. However, the 
cracks are also opened out and, at some stage, the 
illumination may become incident on their sides and 
bases, in which event these surfaces now become 
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Fig. 14. Change of open-circuit PME voltage with etching, after 
abrasion on 220-grade silicon carbide slurry. DFM~ and D~ indicate 
the depth of damage estimated from this curve and by the met- 
allographic taper-sectioning technique (1), respectively. The arrows 
labelled Fig. 10-13 indicate the surfaces for which the micrographs 
shown in Fig, 10-13, respectively, are representative. 

sources of carrier pairs. It seemed probable, there-  
fore, that  the PME voltage would reach a constant 
value before the original damaged layer had been 
removed completely. 

To confirm this, a specimen used for the de- 
termination of the depth of damage by the PME 
method was examined microscopically at each suc- 
cessive stage in the etching process. The resulting 
PME curve is shown in Fig. 14, and representative 
fields of the surface at various stages are illustrated 
in Fig. 10-13. It  can be seen that  cracks are still 
visible in Fig. 12 al though the PME curve indicated 
that all the damage had been removed at this stage. 
The stage at which all the cracks had actually been 
removed, as shown by microscopic examination 
(Fig. 13), is indicated in Fig. 14. It can be con- 
cluded that  the original metallographic method (1) 
is more reliable in measuring the full extent of the 
crack-containing layer. However, it may be argued 
that the value determined by the PME method is 
adequate for practical purposes, since the residual 
crevices would not be expected to affect the elec- 
trical properties of the material significantly. 

The etching rate method of measuring the depth 
of damage depends on the fact that  the dissolution 
rate of abraded surfaces is initially very high and 
decreases as material is progressively removed until 
a constant rate is reached; the depth removed at 
the latter stage is taken as the depth of damage. 
Camp (8) attributed the increased etching rate 
merely to increased surface area, but Faust (10) 
has suggested that a high dislocation density in the 
damaged layer also contributes. It is now apparent 
that the damaged layer does not contain high den- 
sities of dislocations (1), so that the increase in 
etching rate must be attributed entirely to increase 
in surface area; the results described above leave 
little doubt that this factor can adequately account 
for an initially high dissolution rate of an abraded 
surface. On this basis, the etching rate should reach 
an approximately constant value when the surface 
area reaches an approximately constant value. Al-  
though a quantitative assessment has not been made 
of this factor, the observations made in the course 

of the present work clearly suggest that this stage 
would be reached before the original damaged layer 
had been removed completely. 

Summary 
The CP-4 reagent penetrates the damage cracks 

in abraded surfaces, opening them into deep crevices. 
At the same time, cleavage pits in the regions be- 
tween the cracks are smoothed into dish-shaped 
depressions which, on fur ther  etching, result in 
the formation of a cellular structure�9 This structure 
persists for etching times considerably longer than 
those required to remove the damage cracks. The 
reagent also produces dislocation etch pits in the 
surface, but these are solely due to dislocations pro-  
duced during growth of the crystal. 

The complex manner  in which the crack-con- 
taining layer is removed by CP-4 reagent intro- 
duces uncertainties into the measurement  of its 
depth by methods involving changes in some sur-  
face property as the damaged layer  is removed by 
etching. It is suggested that  metallographic methods 
of measuring the depth of damage are the more re-  
liable. The metallographic taper-sectioning tech- 
nique is probably the most precise method, but a 
simpler approximate method adequate for many 
purposes would be to examine the surface micro- 
scopically after removal of successive layers by 
etching with the CP-4 reagent. The damage cracks 
can be recognized in the etched surface and ~he stage 
at which they have been completely removed can be 
determined, the approximate average depth re-  
moved by etching then being estimated by the 
weight-loss method. This microscopic method of ex- 
amining etched surfaces to determine whether  dam- 
age cracks have been removed could also be used 
in production control. 
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The Electrochemistry of in LiCI-KCI Eutectic Melt 
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ABSTRACT 

The electrochemistry of V~O5 in an LiC1-KC1 eutectic melt has been investi- 
gated with the aid of several electroanalytical techniques. Independent meas- 
urements with voltammetry, chronopotentiometry, and constant current elec- 
trolysis indicate that V~O.~ is reduced to a mixed lithium vanadium oxide (lith- 
ium vanadium bronze) on the electrode surface at a potential which is a func- 
tion of V~O~ concentration. Lithium vanadates of limited solubility are also 
formed during the reduction. Lithium vanadium bronzes which were obtained 
by the thermal decomposition of Li~CO~ and V~O~ do not agree in chemical 
and x - ray  analysis with those obtained by the electrochemical reduction of V~O~. 

Al though numerous  papers  have  been publ i shed  
concerning the e lec t rochemis t ry  of meta l  chlorides 
in molten a lkal i  meta l  chloride systems, r e la t ive ly  
few invest igat ions have been made of the e lect ro-  
chemis t ry  of complex meta l  oxide systems in these 
solvents. In general ,  the e lect rochemical  techniques 
which have been developed for s imple meta l  ions 
should be useful  for the s tudy of complex meta l  
oxide systems. 

Vanad ium (V) oxide in LiC1-KC1 eutectic mel t  
represents  a complex system in which e lec t rochemi-  
cal and ac id-base  proper t ies  a re  in ter re la ted .  This 
system is of prac t ica l  in teres t  because of its use as 
a cathode in h igh - t empera tu r e  ba t te r ies  (1).  Be- 
cause V~O~ should act as a r e la t ive ly  strong acid in 
this solvent,  the oxidizing s t rength  of vanad ium 
(V) wil l  be a function of the bas ic i ty  of the melt.  
The addi t ion of electrons to V~O~ might  be expected 
to cause the re lease  of oxide ions which wil l  react  
wi th  V~O5 to form anionic species of vanad ium (V).  

The chemis t ry  and e lec t rochemis t ry  of vanad ium 
in molten salt  systems has been pa r t i a l ly  s tudied 
by severa l  groups. The s tandard  potent ia ls  of V ( I I ) /  
V(O)  and V ( I I I ) / V ( I I )  in an LiC1-KC1 eutectic 
mel t  have been de te rmined  (2).  Molina (3) has 
descr ibed the absorpt ion spectra  of V ( I I ) ,  V ( I I I ) ,  
VO ~, and V~O~ and gave a de ta i led  discussion of the 
effect of adding oxide ion and acidic species to a 
V~O~ solution in an LiC1-KC1 eutectic melt .  Van 
Norman and Osteryoung (4) found tha t  m e t a v a n a -  
date in an LiC1-KC1 eutectic mel t  reac ted  wi th  an 
excess Na~CO3 to form or thovanada te  as de te rmined  
from the evolut ion of COs. 

Massive electrolysis  of V~Oo in molten magnes ium 
or l i th ium borates  gave spinels of the formula,  
MgO:V~O~ or Li.~O: 2V~O.~ (5).  Electrolysis  of V~O~ in 
molten A1Br~-KBr (6) y ie lded  a deposit  of VO.. on 
the cathode, but  electrolysis  of V~O~ in A1CI~-KC1 
gave no deposit.  The electrolyt ic  reduct ion of V_.O~ 
in a lkal i  phosphate  melts  gave, in general ,  VP in 
weak ly  a lkal ine  melts,  V~O~ in s t rongly  a lkal ine  
melts  in the  presence of chloride,  and VO in s t rongly  
a lkal ine  melts  in the absence of chloride (7, 8). 

~Present  address: California Research Corporation, Richmond,  
California.  
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Vol tammetry .  chronopotent iometry ,  po ten t iome-  
t ry,  and coulometry  were  used in this invest igat ion 
to s tudy the e lec t rochemis t ry  of V~O~ in an LiC1- 
KC1 eutectic mel t  solution. These methods have 
been shown to be useful  techniques to s tudy mol ten  
salt  systems (9).  

Experimental 

A eutectic mix tu re  of 41 mole % KC1 and 59 mole 
% LiC1 (mel t ing point  352~ at a t empera tu re  of 
450~ was used as the solvent  system for these in-  
vestigations.  The method employed in the p r e p a r a -  
t ion of the solvent  has been descr ibed in deta i l  else-  
where  (10). The pu r i t y  of the mel t  was tested by  
tak ing  res idual  cu r ren t -vo l t age  curves of the mel t  
wi th  a p l a t inum microelect rode (0.8 mm 2 in a rea) .  
Up to a potent ia l  of --2.0v vs. P t ( I I )  ( 1 M ) / P t  r e f -  
erence the res idual  cur rent  was of the order  of l~a. 

The fused salt  cell and re la ted  equ ipment  was 
s imi lar  to tha t  descr ibed prev ious ly  (10). Al l  e lec-  
t rodes and solutions were  separa ted  into compar t -  
ments  by means of f r i t ted  glass sealing tubes. 

The reference electrode for this sys tem was a 
p la t inum foil in contact  wi th  a P t ( I I ) - m e l t  solution. 
This e lect rode is stable, reproducible ,  and nonpolar -  
izable in the  eutectic mel t  a t  450~ (11).  Unless 
otherwise  noted, all  potent ia ls  are given with  
reference to a P t ( I I )  ( 1 M ) / P t  electrode, which is 
defined as an a rb i t r a ry  reference point  of zero. The 
IUPAC sign convention (polar i ty  refers  to charge 
of meta l  phase  for reduct ion ha l f - reac t ion)  is used. 

Severa l  types  of indicator  electrodes were  used in 
this investigation.  P l a t inum microelectrodes  were  
p repa red  by  seal ing the appropr ia te  gauge wire  into 
a glass bead of Corning 010 G-164-EC glass and by  
sealing this glass bead to a 5 mm tube of lead glass 
(Corning 0120). The tip of the bead  was ground to 
a flat surface wi th  emery  pape r  to expose a cross 
section of p la t inum wire  and was then polished to 
a smooth surface wi th  4/0 emery  paper .  

Go ld -p l a t ed  microelectrodes  were  p repa red  by  
electrolyzing the appropr ia te  gauge p la t inum micro-  
e lectrode as a cathode in an aqueous go ld -cyan ide  
ba th  buffered with  Na~HPO, (12). A smooth gold 
plate,  which was s table  in the eutectic melt ,  could 
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be o b t a i n e d  b y  us ing  a c u r r e n t  d e n s i t y  of 1-5 m a /  
c m  ~ in  a b a t h  a t  70~ R e s i d u a l  c u r r e n t  cu rves  w i t h  
go ld  m i c r o e l e c t r o d e s  in L iC1-KCI  eu tec t ic  m e l t  w e r e  
s im i l a r  to those  o b t a i n e d  w i t h  p l a t i n u m  m i c r o e l e c -  
t r odes  e x c e p t  for  a pos i t ive  sh i f t  of  t he  anod ic  l imi t  
of abou t  0.1v. 

Because  p l a t i n u m  and,  to a l e s se r  ex ten t ,  go ld  
a r e  ox id i zed  b y  V~O~-melt solut ions ,  a n o n p o r o u s  
i nd i ca to r  e l ec t rode  w h i c h  was  s t ab l e  in a V~O~- 
eu tec t ic  m e l t  so lu t ion  was  needed .  Spec t ro scop i c  
g r a p h i t e  rods  gave  i l l - d e f i n e d  p o t e n t i a l s  b e c a u s e  of 
t he i r  po ros i ty .  Recen t ly ,  a spec ia l  f o r m  of g r a p h i t e  
ca l led  P y r o g r a p h i t e  (13) or P y r o l y t i c  C a r b o n  (14) 
has  been  deve loped .  This  is a p o l y c r y s t a l l i n e  fo rm 
of g r a p h i t i c  carbon ,  i m p e r v i o u s  to gases  a n d  l i q -  
u ids  (13) ,  w h i c h  has  been  depos i t ed  f r o m  a c a r b o n -  
aceous  v a p o r  on a g r a p h i t e  s u b s t r a t e  a t  t e m p e r a -  
t u r e s  a b o v e  2000~ 

The  P y r o g r a p h i t e  e l e c t r o d e  (15) u sed  as  an  i n d i -  
ca to r  e l e c t r o d e  cons i s t ed  of  a P y r o g r a p h i t e  coa t ing ,  
6-11 mi l s  th ick ,  on a Y4-in. g r a p h i t e  rod.  T h e  rod  
was  t h r e a d e d  and  a t t a c h e d  to a % - i n .  b y  12-in.  
g r a p h i t e  rod.  The  su r f ace  of  the  e l ec t rode  u n d e r  80 
t i m e s  magn i f i ca t ion  w i t h  a Le i tz  mic roscope  h a d  the  
a p p e a r a n c e  of a " b l i s t e r e d  p a i n t  su r face . "  

W h e r e  necessa ry ,  a 1/s-in. spec t roscop ic  g r a p h i t e  
rod,  w h i c h  h a d  been  p r e v i o u s l y  c l e aned  in HC1 and  
d r i e d  w i t h  hea t  u n d e r  v a c u u m ,  was  used  as a 
coun te r  or  w o r k i n g  e lec t rode .  

P o t e n t i a l  m e a s u r e m e n t s  w e r e  m a d e  w i t h  s e v e r a l  
t ypes  of i n s t r u m e n t s .  A n  a d a p t e d  L&N s t u d e n t  p o -  
t e n t i o m e t e r  w i th  a s e n s i t i v i t y  of 13 ~v was  used  for  
h igh  s e n s i t i v i t y  and  accuracy .  F o r  m e a s u r e m e n t  of 
p o t e n t i a l  a s . a  func t ion  of t ime ,  a MR S a r g e n t  Re -  
c o r d e r  or  T e k t r o n i x ,  T y p e  502, osc i l loscope  was  
used.  A c c o r d i n g  to the  i n s t ruc t i on  m a n u a l ,  t he  r e -  
co rde r  is a c c u r a t e  to 0.1% or  20 ~v, w h i c h e v e r  is 
g r ea t e r .  The  osc i l loscope  v o l t a g e  scale  a n d  sweep  
r a t e  a r e  a c c u r a t e  to w i t h i n  3% of f u l l - s c a l e  def lec-  
t ion.  

C u r r e n t - v o l t a g e  cu rves  w e r e  o b t a i n e d  w i t h  e i t h e r  
a L&N E l e c t r o c h e m o g r a p h ,  T y p e  E, or  a Sa rgen t ,  
Mode l  XV, p o l a r o g r a p h .  

F o r  c h r o n o p o t e n t i o m e t r i c  m e a s u r e m e n t s ,  an  a p -  
p a r a t u s  was  c o n s t r u c t e d  w h i c h  was  s imi l a r  to t h a t  
u sed  b y  L a i t i n e n  a n d  G a u r  (15, 16).  The  p o t e n t i a l  
of t he  i nd i ca to r  e l e c t r o d e  d u r i n g  the  t r a n s i t i o n  t i m e  
vs. a p l a t i n u m  r e f e r e n c e  e l e c t r o d e  was  f o l l o w e d  
w i t h  an  osc i l loscope  a n d  r e c o r d e d  on 3 5 - r a m  K o d a k  
P l u s - X  film. T h e  m e a s u r e m e n t s  w e r e  m a d e  f r o m  
4- in .  b y  5- in .  e n l a r g e m e n t s .  A l a r g e  P y r o g r a p h i t e  
e l ec t rode  (1.2 cm~), a % - i n .  spec t roscop ic  g r a p h i t e  
rod,  and  a P t  ( I I ) / P t  e l e c t r o d e  w e r e  used  as t he  i n -  
d ica to r ,  counte r ,  and  r e f e r e n c e  e lec t rodes ,  r e s p e c -  
t ive ly .  

C o n s t a n t  c u r r e n t  for  c o u l o m e t r y  was  o b t a i n e d  
f rom two  sources .  A S a r g e n t  c o u l o m e t r i c  c u r r e n t  
source,  Mode l  IV, p r o v i d e d  an  a c c u r a t e  and  cons t an t  
s u p p l y  of cu r ren t .  W h e n  this  was  no t  ava i l ab l e ,  
c u r r e n t  was  o b t a i n e d  f rom a cons t an t  c u r r e n t - v o l t -  
age  source  t h r o u g h  a h igh  r e s i s t ance  in t h e  u s u a l  
m a n n e r .  The  p r o c e d u r e  for  c o u l o m e t r y  w a s  to pass  
a cons t an t  c u r r e n t  b e t w e e n  the  i n d i c a t o r  e l ec t rode  
a n d  a c o u n t e r  e l e c t r o d e  in s e p a r a t e  c o m p a r t m e n t s  

and  to m e a s u r e  the  p o t e n t i a l  of t h e  i n d i c a t o r  e l ec -  
t rode  vs. a r e f e r e n c e  e l ec t rode  as a func t ion  of t ime  
w i t h  a S a r g e n t  MR reco rde r .  D u r i n g  e lec t ro lys i s ,  
the  so lu t ion  was  s t i r r e d  w i t h  a long glass  rod  con-  
nec ted  to a s t i r r i n g  m o t o r  a b o v e  the  mel t .  

The  so lub i l i t y  of V~O~ in an  LiC1-KC1 eu tec t ic  
m e l t  is un l imi t ed .  A t  h i g h e r  concen t ra t ions ,  h o w -  
ever ,  V,O~ reac t s  w i t h  the  m e l t  to f o r m  CI~ and  some 
t y p e  of i n so lub le  r e d u c e d  v a n a d i u m  c o m p o u n d  (17) .  
S ince  l a rge  add i t i ons  of V~O~ to t he  m e l t  w o u l d  r e -  
sul t  in l a r g e  loca l ized  concen t ra t ions ,  on ly  s m a l l  a d -  
d i t ions  of V~O~ w e r e  m a d e ,  and  the  so lu t ion  was  
v i g o r o u s l y  s t i r r e d  to p r e v e n t  a n y  reac t ions .  

Results and Discussion 

S y n t h e t i c  l i th ium v a n a d i u m  o x i d e s . - - T h e r e  exis t s  
some confus ion  in t he  l i t e r a t u r e  conce rn ing  an ionic  
spec ies  of v a n a d i u m  ox ides  a n d  t h e i r  so lub i l i t i e s  in 
LiC1-KC1 eu tec t ic  mel t .  Mo l ina  (3)  conc luded  t h a t  
m e t a v a n a d a t e  ion is so lub le  a n d  t h a t  o r t h o v a n a d a t e  
is insoluble .  Van  N o r m a n  and  O s t e r y o u n g  (4)  d id  
no t  r e p o r t  the  f o r m a t i o n  of a n y  in so lub le  v a n a d a t e s  
w h e n  t h e y  a d d e d  L%CO, to m e t a v a n a d a t e - e u t e c t i c  
m e l t  solut ions .  O b s e r v a t i o n s  m a d e  in th is  l a b o r a t o r y  
ind ica t e  t ha t  s e v e r a l  l i t h i u m  v a n a d a t e  species  h a v e  
l i m i t e d  so lubi l i t ies .  A t t e m p t s  w e r e  m a d e  to m e a s u r e  
t he i r  so lubi l i t i es ,  bu t  on ly  q u a l i t a t i v e  r e su l t s  could  
be  ob ta ined .  

Because  the  e l e c t r o c h e m i c a l  r e d u c t i o n  of V~O~ in -  
vo lves  t he  f o r m a t i o n  of a m i x e d  l i t h i u m  v a n a d i u m  
ox ide  ( l i t h i u m  v a n a d i u m  b r o n z e ) ,  s e v e r a l  a t t e m p t s  
w e r e  m a d e  to p r e p a r e  b ronzes  b y  t h e r m a l  d e c o m -  
pos i t ion  of Li~CO~ and  V~O~ m i x t u r e s .  

In  a t y p i c a l  p r e p a r a t i o n ,  t h e s e  subs t ances  in 
m o l a r  r a t i o  of one w e r e  h e a t e d  to the  m o l t e n  s t a t e  
in  a p l a t i n u m  crucib le .  The  m o l t e n  m i x t u r e  was  le f t  
open  to a i r  for  s e v e r a l  hou r s  and  t hen  s l o w l y  cooled.  
W h i l e  t he  m e l t  was  cool ing,  d a r k  b l u e - b l a c k  c r y s -  
t a l s  f o r m e d ;  b u t  w h e n  the  f rozen  mass  was  g r o u n d  
up  for  ana lys i s ,  a b r o w n  p h a s e  was  also o b s e r v e d  
to be  p resen t .  The  b r o w n  p h a s e  was  r e m o v e d  b y  
bo i l ing  the  m i x t u r e  in aqueous  a m m o n i a  solu t ion .  
T h e  r e m a i n i n g  b l u e - g r e e n  p r e c i p i t a t e  was  f i l tered,  
d r ied ,  and  ana lyzed .  C h e m i c a l  ana lys i s  of two  m i x -  
t u r e s  gave  a s t o i c h i o m e t r y  of 2.6 --+ 0.2 Li~O:V~O.~: 
4.8 _+ 0.4 V~O~. The  s i m i l a r i t y  b e t w e e n  the  x - r a y  
p o w d e r  d i f f rac t ion  p a t t e r n s  fo r  t he  two  m i x t u r e s  
is shown  in T a b l e  I. 

C h e m i c a l  ana lys i s  of t he  t h e r m a l l y  p r e p a r e d  
b ronzes  does  no t  fit t h e  r e su l t s  of  o t h e r  au tho r s .  
F l o o d  and  c o - w o r k e r s  (18)  p r e p a r e d  a n u m b e r  of 

Table I. X-ray diffraction data of 2.6 Li~O:V.20~:4.8 V~O~ 

Sample  I Sample  I I  
d I /Io d I / Io  

6.28 100 6.23 100 
3.18 25 3.18 30 
3.12 25 3.13 30 
2.87 30 3.02 35 
2.18 25 2.87 45 
2.13 40 2.19 30 
2.11 25 2.13 50 
1.66 15 2.10 45 
1.50 25 
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Fig. 1. Current-voltage curve of 10 mM NaVO~ in LiCI-KCi 
eutectic melt at 450~ with a Pt microelectrode, 0.33 mm ~ in 
area. 

bronzes  by  hea t ing  var ious  rat ios  of Li~CO~ and  
V~O~. Ozerov (19) ob ta ined  a d i f ferent  bronze,  1.1 
Li,O:V=O,:2.6 V~O~, n o t i n g  t h a t  the  s to ich iomet ry  
var ied  s igni f icant ly  w i th  the  e x p e r i m e n t a l  t ech-  
n ique .  

Voltammetry of NaVO~ and V~O~.--In order  to ex -  
amine  the course of the  reac t ion  invo lved  in  the  re -  
duc t ion  of V~O~, c u r r e n t - v o l t a g e  curves  of NaVO~ 
and  V~O~ solut ions  were  obta ined.  A typ ica l  C-V 
curve  of Na~VO~ t a k e n  wi th  a P t  microe lec t rode  in  
the fo rward  or nega t ive  d i rec t ion  of po la r iza t ion  is 
shown in  Fig. 1. The r ep roduc ib i l i t y  of these curves  
was  no t  good. 

A defini te  r educ t ion  wave  can be observed  at 
--0.9v. The reverse  C-V curve  indicates  the  ox ida-  
t ion  of a deposit  on the  electrode surface  at a po t en -  
t ia l  co r respond ing  to the  first r educ t i on  wave.  

Above  a concen t r a t i on  of abou t  10 mM NaVO~, a 
l i g h t - t a n  colored p rec ip i t a te  was  formed.  However ,  
the cathodic c u r r e n t  sti l l  increased  wi th  each ad-  
d i t ion  of NaVO~. This  wou ld  ind ica te  tha t  m e t a -  
v a n a d a t e  equ i l ib ra t e s  i n  so lu t ion  to fo rm or tho-  
v a n a d a t e  and  p o l y v a n a d a t e ( s ) ,  some of which  are 
inso luble  in  the  mel t .  

The same genera l  shape of c u r r e n t - v o l t a g e  curves  
was ob ta ined  for V~O~ wi th  a gold microe lec t rode  
except  for the  presence  of a w a v e  at more  posi t ive  
po ten t i a l  ( - -0.4v)  for V~O~ (Fig. 2).  This  wave  had  
poor shape and  a r a t h e r  diffuse l imi t ing  c u r r e n t  
region.  This  could have  been  caused by  the  slow 
ox ida t ion  of the gold microe lec t rode  by  V~O~. C u r -  
r en t  was  rough ly  p ropor t iona l  to concen t ra t ion ,  bu t  

IO.O 

Q. 

~ 6.0 

~ 4 .0  

~ 2.0 
U 

/ 

i 

-0.4 -0.6 -0.8 -I .O - I .2 - I .4  
APPLIED POTENTIAL  

00. 2 -11.6 - I .8 

VOLTS, VERSUS PT ( I M )  REFERENCE ELECTRODE 

Fig. 2. Current-voltage curve of 8 mM V205 in LiCI-KCI eutectic 
melt at 450~ with a gold-plated Pt microelectrode, 0.8 mm= in 
area. 
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m e a n i n g f u l  m e a s u r e m e n t s  of c u r r e n t  were  difficult 
because  of the  fo rma t ion  of inso lub le  products  w i th  
rap id  chang ing  surface  a rea  on  the  electrode su r -  
face. 

Chronopotentiometry o~ V~Os.--In recen t  years  
m u c h  a t t e n t i on  has been  g iven  to c h r o n o p o t e n t i o m -  
e t ry  as a tool in  e luc ida t ing  reac t ion  mechan i sms  for 
e lec t rochemica l  react ions.  Using a va r i e t y  of b o u n d -  
a ry  condit ions,  m a t h e m a t i c  express ions  have  been  
de r ived  for va r ious  r eac t ion  m e c h a n i s m s  (20) .  These 
have  been  r ecen t ly  s u m m a r i z e d  and  ex tended  by  
R e i n m u t h  a nd  co -worke r s  (21-24) .  

P o t e n t i a l - t i m e  curves  for c h r onopo t e n t i ome t ry  of 
V:O~ mel t  so lut ions  were  ob ta ined  by  app ly ing  a 
cons t an t  c u r r e n t  b e t w e e n  an  ind ica tor  e lect rode and  
a coun te r  e lec t rode  and  by  m e a s u r i n g  the  po ten t i a l  
of the  ind ica tor  e lectrode vs. a re fe rence  e lect rode 
as a f unc t i on  of t ime. 

"B lank"  ch ronopo ten t iog rams  of the me l t  wi th  a 
la rge  P y r o g r a p h i t e  ind ica to r  e lect rode (1.2 cm ~) at 
a c u r r e n t  of 500 #a ind ica ted  a shor t  r e s idua l  t r a n s i -  
t ion  t ime  of a p p r o x i m a t e l y  0.5 sec at --1.4v. Since 
these e xpe r i me n t s  invo lve  t r ans i t i on  t imes  at more  
posi t ive potent ia ls ,  the  resul t s  were  no t  affected. 

A typical  c h r o n o p o t e n t i o g r a m  of V~O~ wi th  an  ap-  
pl ied c u r r e n t  of 500 ~a is shown  in  Fig. 3 w i th  ca th-  
odic c u r r e n t  and  then  w i th  r eve r sa l  of c u r r e n t  at  
--0.7v for  obse rva t ion  of the reverse  process. A 
c h r o n o p o t e n t i o g r a m  at  h igher  c u r r e n t  (800 ~a) is 
shown in  Fig. 4. No t r a n s i t i o n  t ime  was  observed 
for the  r educ t ion  at --0.94v even  wi th  a c u r r e n t  of 
1000 #a and  over  a per iod  of 20 sec. The t r ans i t i on  
waves  occur at abou t  the  same po ten t i a l  as the  po-  
l a rographic  waves  ob ta ined  f rom the  v o l t a m m e t r y  
of V~O0. 

Anodic  ch ronopo ten t iome t r i c  curves  are also 
shown in  Fig. 3 a nd  4. For  the  ideal  case of a r e -  
vers ib le  r educ t ion  to a soluble  species fol lowed by  
a revers ib le  reoxida t ion ,  the  rat io of the  t r ans i t i on  
t ime  for the cathodic w a v e  to the  t r ans i t i on  t ime  for 
the anodic  w a v e  is 3: 1. If an  inso lub le  species is 
formed,  the  ra t io  should  be 1:1. If t he  r educ t ion  is 
r eve r s ib l e  a nd  the  so lu t ion  res i s tance  is small ,  the  
E , ,  for the  cathodic w a v e  should  equa l  the  E~/, for 
the  anodic  w a v e  for e i ther  an  inso lub le  or soluble  
species. 

For  the  t race  in  Fig. 3, the  c u r r e n t  was reve r sed  
at w h a t  seemed to be the  inf lect ion po in t  af ter  the  
first t r ans i t i on  t ime  (about  - -0 .7v) .  In  Fig. 4, the  cu r -  

- I  .O 

-0.8 

~ - O . 8  
> 3  

' -0.4 

,=, ; o2  
I - e -  

+0.2 

CATHODIC I ANODIC 

I I I 

2 6 8 
T IME ,  SECOND5 

IO 

Fig. 3. Chronopotentiogram of 2.1 mM V~O5 in LiCI-KCI eutectic 
melt at 450~ with a Pyrographite indicator electrode. Area 
1.2 cm ~, current = 500/~a. 
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Fig. 4. Chronopotentiogram of 2.1 m M  V~O~ in LiCI-KCI eutectlc 
m e l t  a t  4 5 0 ~  wi th  a P y r o g r a p h i t e  i n d i c a t o r  e l e c t r o d e .  A r e a  = 1.2  
cm 2, current ~ 800 ~a. 

r e n t  was reve r sed  af ter  the  t race  had  reached  the  
side of the  oscilloscope (about  - -0 .95v) .  In  each case, 
the  to ta l  t ime  r e q u i r e d  for r educ t ion  and  the t r a n s i -  
t ion  t ime  of r eox ida t ion  were  about  equal .  These 
facts ind ica te  the  fo rma t ion  of one or more  inso lub le  
p roduc t s  for  the  r educ t ion  at - -0.64v and  at --0.94v. 
The  reox ida t ion  po t en t i a l  is the same for the  r educ -  
t ion  at - -0.64v and  --0.94v. 

The  resul t s  for d i f ferent  concen t ra t ions  of V,O~ 
and  cu r r en t s  are g iven  in  Tab le  II. Because  of the 
poor ly  defined charac te r  of the  t r a n s i t i o n  t ime  curve,  
t he re  was  an  e r ro r  of m e a s u r e m e n t  of _+5 %. 

For  a semi - in f in i t e  l i nea r  diffusion cont ro l led  
process, the  fo l lowing  equa t ion  m a y  be g iven:  

- -  - -  [ 1 ]  
C 2 

whe re  i is t he  c u r r e n t  ( amp)  appl ied  to an  elec-  

May 1962 

For  concen t ra t ions  of 2 x 10-'M V~O~ and  5 x 10-~M 
V,O~, the  observed E~z, poten t ia l s  were  --0.63 4- 0.01 
a n d - - 0 . 5 4  4- 0.01v, respect ively .  By subs t i tu t ion  
in to  Eq. [2] ,  n was  ca lcu la ted  to be 0.6. Because  
the re  was a m e a s u r e m e n t  e r ror  of about  20 mv,  n 
fell  w i t h i n  the  r a n g e  0.5-0.7. 

F r o m  this  va l ue  of n and  a s suming  tha t  the  elec-  
t rode  a rea  was  the  a p p a r e n t  geometr ic  a rea  (1.2 
cm"), the  diffusion coefficient for V,O~ was es t imated  
to be 0.8 x 10 ~ cmVsec. 

For  more  precise  ch ronopo ten t iomet r i c  resul ts ,  a 
g rea te r  r a nge  of c u r r e n t  and  concen t r a t i on  should 
be used. However ,  severa l  factors severe ly  l imi t  the  
r ange  tha t  can be  inves t iga ted .  Most i m p o r t a n t  is 
the  la rge  area of the  P y r o g r a p h i t e  electrode;  r e la -  
t ive ly  la rge  cu r r en t s  mus t  be used for smal l  con-  
cen t ra t ions  of V~Oo. Because of convec t ion  effects at 
these  h igh t empera tu re s ,  the  t r ans i t i on  t ime  m u s t  
be kept  be low 2 sec (16).  These and  o ther  factors 
l imi ted  the  concen t r a t i on  r a nge  of V..,O,~ to about  
1 x 10~M to 6 x 10-~M V~O~. 

The  fo l lowing conclus ions  can be made  f rom the  
above  ch ronopo ten t iomet r i c  data :  two steps, which  
are  s imi la r  to those ob ta ined  wi th  v o l t a m m e t r y ,  
occur in  the r educ t ion  of V~O0. A l though  r a t h e r  poor 
in  defini t ion,  the  t r ans i t i on  t ime  of the  first step 
may be determined. An insoluble product is re- 
versibly formed on the electrode surface. The num- 
ber of electrons per V,~O~ is 0.6 4- 0.I. Therefore, the 
ratio of V,~O,:V,.,O~ in the insoluble reduction pro- 
duct which forms on the electrode surface is prob- 
ably within the limits of I : 2 to 1: 3. 

Coulome t ry  of V~O~.--The most  sa t i s fac tory  

t rode of area,  A (cm~), r is the  t r a n s i t i o n  t ime  (sec) ,  
C is the  concen t r a t i on  of V~O~ (moles  cm~) ,  D is the  
diffusion coefficient (cm ~ sec-~), and  n,  F, and  ~r have  
the i r  u sua l  significance. The left  h a n d  t e r m  in  this  
equat ion ,  the  t r ans i t i on  t ime  constant ,  should  be i n -  
d e p e n d e n t  of c u r r e n t  or concen t r a t i on  for a s imple  
revers ib le ,  l i nea r  diffusion cont ro l led  process. This  
cons tan t  has been  ca lcu la ted  and  is g iven  in  Tab le  
II. I t  seems to increase  s l ight ly  w i th  an  increase  in  
c u r r e n t  or concen t ra t ion ,  bu t  the  m e a s u r e m e n t  e r -  
ror  is too la rge  for  a n y  defini te  conclusions.  

Because a solid p roduc t  is fo rmed  on the  electrode 
d u r i n g  the  first t r ans i t ion ,  the  E,z, of the  wave  wi l l  
be  a func t ion  of the l oga r i t hm of V~O~ concen t ra t ion .  

dE~l~ R T  
- -  ----- ~ [ 2 ]  
d In  C n F  

This equa t ion  can be used to ca lcula te  n w i t hou t  
h a v i n g  to assume an  electrode area  and  a diffusion 
coefficient for V~O~. 

Table II. Chronopotentiometry of V~O~ Pyrographite indicator 
electrode, apparent geometric area ~ 1.24 cm ~ 

vlr~I/[V2Ohl, 
[V~Oh], a m p  secl/2 

moles/ l i ter  I , / t a / c m  �9 ~-~r~, secl~ m o l e / c m  E1/~, v 

2.12 • 10-8 403 0.73 ___ 0.05 0.14 4- 0.01 --0.64 
2.12 X 10 -8 323 0.79 _ 0.08 0.12 4- 0.01 --0.62 
5.16 X 104 968 0.87 0.16 --0.54 
5.16 X 10 -8 1210 0.63 _ 0.04 0.16 4- 0.01 --0.52 

me thod  to s u b s t a n t i a t e  the  resu l t s  ob ta ined  wi th  
v o l t a m m e t r y  and  c h r o n o p o t e n t i o m e t r y  is the  cou-  
lomet r ic  r educ t ion  of V~O~ in  LiC1-KC1. A cons tan t  
c u r r e n t  was  appl ied  b e t w e e n  a P y r o g r a p h i t e  cathode 
and  a w o r k i n g  anode which  were  in  separa te  com-  
pa r tmen t s .  The po ten t i a l  of the cathode vs. a 
P t ( I I ) / P t  r e fe rence  electrode was fo l lowed d u r i n g  
the  per iod of electrolysis .  Because  the c u r r e n t  d e n -  
s i ty  was kept  smal l  and  the  so lu t ion  was  st i rred,  
the  on ly  r educ t ion  process t ak ing  place should have  
been  tha t  wi th  the  mos t  pos i t ive  r educ t ion  potent ia l .  
S ince  the  po ten t ia l s  of the first and  second reduc t ion  
processes of V~O~ were  k n o w n  f rom ch ronopo ten t i -  
ome t ry  and  v o l t a m m e t r y ,  it  was  possible to fol low 
the  po ten t i a l  d u r i n g  electrolysis  and  to d e t e r m i n e  
w h e n  the first process was completed.  A n  es t ima-  
t ion  of the  n u m b e r  of coulombs  to the first po ten t i a l  
b r e a k  gave the  n u m b e r  of e lect rons  invo lved  in  
the  reduct ion .  Ana lys i s  of the  p roduc t  fo rmed  on 
the  electrode he lped  to charac ter ize  it. 

At  a c u r r e n t  dens i ty  of 10 m a / c m  ~, two types  of 
inso lub le  products  fo rmed  in  the  V20~ solut ion.  
D a r k  b l u e - g r e e n  needles  adhered  to the  sur face  of 
the  electrode;  a l ight  t an  precipi ta te ,  which  was 
qua l i t a t i ve ly  ident if ied as a l i t h i um po lyvanada te ,  
was p re sen t  in  the b u l k  of the  solut ion.  

Af te r  20% of the tota l  n u m b e r  of coulombs needed  
to reduce  V ( V )  to V ( I V )  had  been  passed, the  elec- 
t rolysis  of the  V20~ solut ion was  stopped, and  the  
electrode and  produc t  were  r e move d  f rom the  melt .  
The potent ia l ,  which  at  the b e g i n n i n g  of the  elec-  
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Table III. X-ray diffraction data of Li20 �9 2V205 �9 4V,05 
CuKa Source 

Rela t ive  in t en -  Rela t ive  i n t en -  
d -Spac ing ,  A si ty,  I / Io d -Spac ing ,  A si ty,  I / Io 

8.5 35 2.70 20 
5.1 100 2.37 20 
4.50 20 2.24 10 
4.46 20 2.09 30 
3.25 40 2.06 10 
3.13 15 1.94 20 
3.06 45 1.80 10 
2.79 25 1.52 10 

t ro lys i s  was  + 0 . 2 7 v  vs.  P t ( I I )  ( 1 M ) / P t  r e f e rence ,  
s l owly  d e c r e a s e d  to +0 .18v  a t  t he  end.  

The  d a r k  b l u e - g r e e n  p r o d u c t  was  bo i l ed  in  w a t e r  
to r e m o v e  a l l  ch lo r ides  and  w a t e r - s o l u b l e  v a n a d a t e s .  
A f t e r  the  s a m p l e  h a d  been  dr ied ,  an  x - r a y  p o w d e r  
d i f f rac t ion  p a t t e r n  was  ob ta ined .  The  p r o d u c t  was  
t hen  bo i l ed  in 0.1M K~CO2 so lu t ion  to  r e m o v e  V~O~ 
and  less so lub le  v a n a d a t e s  a n d  a n o t h e r  x - r a y  p a t -  
t e rn  o b t a i n e d  ( T a b l e  I I I ) .  T h e r e  was  no s igni f icant  
d i f fe rence  b e t w e e n  t h e  two  pa t t e rn s .  

The  x - r a y  p o w d e r  d i f f r ac t ion  p a t t e r n s  d id  not  
r e s e m b l e  those  of a n y  k n o w n  c o m p o u n d  or  com-  
pounds .  The  d - s p a c i n g s  d id  not  c o m p a r e  w i t h  those  
o b t a i n e d  f r o m  the  p r o d u c t  of t h e r m a l  decomp os i t i on  
of Li~CO~ and  V20~. The  e l ec t ro lys i s  e x p e r i m e n t  
us ing  the  P y r o g r a p h i t e  e l ec t rode  was  r e p e a t e d ;  the  
x - r a y  p a t t e r n s  w h i c h  w e r e  o b t a i n e d  w e r e  r e p r o -  
ducib le .  

The  p r o d u c t  a f t e r  be ing  w e i g h e d  was  d i s so lved  
in 1M H,.,SO, to  a n a l y z e  for  L i  +, V ( V ) ,  and  V ( I V ) .  
L i t h i u m  was  d e t e r m i n e d  b y  f lame p h o t o m e t r y ,  and  
V ( V )  and  V ( I V )  w e r e  d e t e r m i n e d  b y  a d d i t i o n  of 
an  excess  of Ce ( IV)  a n d  b a c k - t i t r a t i n g  w i t h  F e ( I I )  
us ing  a p o t e n t i o m e t r i c  end  p o i n t  d e t e r m i n a t i o n .  

C h e m i c a l  ana lys i s  of t h e  p r o d u c t  gave  a s t o i c h iom-  
e t r y  of 0.5Li20 �9 V20, �9 1.9V~O~ sugges t ing  the  
c o m p o u n d  Li20"  2V~O," 4V2Os. This  does not  a g r e e  
w i t h  a s t o i c h i o m e t r y  of 2.6Li_~O" V~O," 4.8V._.O~ ob -  
t a i n e d  for  t he  t h e r m a l l y  p r e p a r e d  p roduc t .  

A s im i l a r  t y p e  of e x p e r i m e n t  was  r e p e a t e d ,  e x -  
cep t  in th is  case  the  e l ec t ro lys i s  was  c o n t i n u e d  u n t i l  
a f t e r  a l a r g e  c h a n g e  in p o t e n t i a l  of t he  P y r o g r a p h i t e  
e l ec t rode  had  t a k e n  place .  The  p o t e n t i a l  of t he  
P y r o g r a p h i t e  e l ec t rode  vs.  a P t ( I I ) / P t  r e f e r e n c e  
e l ec t rode  was  fo l l owed  w i t h  a S a r g e n t  MR reco rde r .  
A t  pe r iod i c  i n t e r v a l s  t he  e l ec t ro ly s i s  was  s topped ,  
and  the  s t e a d y - s t a t e  p o t e n t i a l  was  m e a s u r e d .  

- 1 . 2  

o ,~ -0.8 (A} 

t POTENTIAL OF CATHOD V / ~.~ DURING ELECTROLY,.~;I 
< ~ -0.6 

z / ] (~) I rut- l- a. 0.4~ Y EQUILIBRIUM J 
0 >~ POTENTIAL 

o 
0 0.1 0,2 0.3 0,4 0.5 

MOLAR RATIO. ~ (~)/V (]Z) 

Fig. 5. Potential of a Pyrographite cathode during the coulometric 
reduction of u in LiCI-KCI eutectic melt at 450~ with a con- 
stant current density of 10 ma cm -~. 
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The  re su l t s  a r e  shown  in Fig.  5. The  p o t e n t i a l  
of the  P y r o g r a p h i t e  e l ec t rode  has  been  p l o t t e d  as a 
func t ion  of t he  m o l a r  r a t i o  of v a n a d i u m  ( IV)  
f o r m e d  to v a n a d i u m  (V) o r i g i n a l l y  p r e s e n t  in  so lu-  
t ion.  These  v a l u e s  w e r e  c a l c u l a t e d  on t h e  bas i s  
of 100% c u r r e n t  efficiency. The  p o t e n t i a l  for  c u r v e  
A was  o b t a i n e d  d u r i n g  e lec t ro lys i s .  I f  s t i r r i n g  of 
the  V20~-melt  so lu t ion  was  suff ic ient ly  r a p i d  to m a k e  
the  d i f fus ion l a y e r  v e r y  th in ,  t he  r a p i d  r i se  to m o r e  
n e g a t i v e  p o t e n t i a l s  m a y  be t a k e n  as t he  po in t  
w h e r e  V_~Os a p p r o a c h e s  e x t r e m e l y  s m a l l  c o n c e n t r a -  
t ions.  The  inf lec t ion  p o i n t  of th i s  c u r v e  occurs  a t  
a b o u t  0.25, c r  to 25% of t he  t o t a l  n u m -  
b e r  of cou lombs  n e c e s s a r y  to r e d u c e  v a n a d i u m  (V)  
to ( IV) .  The  n u m b e r ,  0.25, c o r r e s p o n d s  to a v a l u e  
of 0.50 for  t he  n u m b e r  of e l ec t rons  n e e d e d  for  t he  
r e d u c t i o n  of a m o l e c u l e  of V20~ in a g r e e m e n t  w i t h  
t he  c h r o n o p o t e n t i o m e t r i c  v a l u e  of 0.6 -- 0.1. S ince  
the  s t o i c h i o m e t r y  of t he  p r o d u c t  w h i c h  is f o r m e d  on 
the  e l ec t rode  is Li20"  2V20, "4V~O~ c o r r e s p o n d i n g  
to 0.67 e l ec t rons  p e r  V20~ molecu le ,  the  i nd i ca t i on  
is t ha t  2V200 a re  i n v o l v e d  in a c i d - b a s e  reac t ions .  

C u r v e  B in Fig.  5 was  o b t a i n e d  b y  s topp ing  the  
e l ec t ro lys i s  a t  p e r i o d i c  i n t e r v a l s  and  a l l o w i n g  the  
p o t e n t i a l  to come to a s t e a d y - s t a t e  va lue .  A f t e r  
s t opp ing  or  s t a r t i n g  e lec t ro lys i s ,  the  p o t e n t i a l  w o u l d  
r a p i d l y  r e a c h  s t e a d y - s t a t e  cond i t ions  in 1-5 min.  
This  e q u i l i b r i u m  p o t e n t i a l  s h o w e d  a b r e a k  at  0.4 
V ( I V ) / V ( V ) .  

P o t e n t i o m e t r y  oS V~O0.--The n u m b e r  of e l ec t rons  
n e e d e d  p e r  V~O0 (n )  in  t he  mos t  pos i t i ve  r e d u c t i o n  
s tep  of V.~Os in m o l t e n  LiC1-KC1 eu tec t ic  was  d e t e r -  
mined ,  as d i scussed  above ,  w i t h  c h r o n o p o t e n t i o m e t r y  
us ing  a f o r m  of t he  N e r n s t  equa t ion .  This  v a l u e  was  
o b t a i n e d  in a d y n a m i c  s i t ua t i on  w i t h  an  e l ec t rode  
of  r a p i d l y  c h a n g i n g  su r f a c e  a r e a  and  w i t h  a d i f fus ion 
l a y e r  of u n c e r t a i n  compos i t ion .  In  th is  sec t ion  the  
d e t e r m i n a t i o n  of n f r o m  the  N e r n s t  e q u a t i o n  us ing  
e q u i l i b r i u m  cond i t ions  is d iscussed .  

F r o m  the  r e su l t s  in t he  p r e c e d i n g  sect ions,  t he  
r e d u c t i o n  of V~O~ a t  a p o t e n t i a l  of a b o u t  - -0 .4v  vs.  

a P t ( I I )  ( 1 M ) / P t  r e f e r e n c e  e l ec t rode  m a y  be  
w r i t t e n  as fo l lows :  

6V20~ -}- 2Li § + 4e > Li20 �9 2V20, �9 4V20~ + O  -= 

The  N e r n s t  e q u a t i o n  for  th is  r e a c t i o n  m a y  be  g iven  
a s  

R T  [V2Oo] ~ [Li+] 2 
E =E ~ +--In 

4F [ 0  -2] (So l id )  

Because  Li  § has  a cons t an t  a c t i v i t y  in t he  so lvent ,  
t h e  [L i  § t e r m  can  be  cons ide red  a cons t an t  and  can  
be  i n c l u d e d  in t he  E ~ t e rm.  O x i d e  ion w i l l  c omb ine  
w i t h  V~O~ in a c i d - b a s e  r eac t i ons  to f o r m  some t y p e  
of v a n a d a t e  ion. The  p a r t i c u l a r  species  f o r m e d  wi l l  
d e p e n d  on the  r e l a t i v e  c o n c e n t r a t i o n s  of V..O~ and  
0 -2. I f  a sufficient  a m o u n t  of v a n a d a t e  ion is p resen t ,  
l i t h i u m  v a n a d a t e  w i l l  p r e c i p i t a t e  out  of solut ion.  
Because  l i t t l e  is k n o w n  at  p r e s e n t  conce rn ing  the  
c o m p l e x  e q u i l i b r i a  b e t w e e n  V~O~ and  ox ide  ion in 
a LiC1-KC1 eu tec t ic  mel t ,  a c o m p l e t e  so lu t ion  of 
t he  N e r n s t  e q u a t i o n  is imposs ib l e  at  th is  t ime.  

The  sol id  l i t h i u m  v a n a d a t e  b ronze  in  t he  N e r n s t  
e q u a t i o n  is a s emiconduc to r .  L i t t l e  is k n o w n  a b o u t  
e l e c t r o m o t i v e  force  p r o p e r t i e s  of such a f i lm in th is  
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t y p e  of solvent .  In  th is  s tudy ,  t he  sol id  has  been  
a s s u m e d  to act  as a p u r e  sol id  w i t h  an  i n v a r i a n t  
t h e r m o d y n a m i c  ac t iv i ty .  H o w e v e r ,  i t  is poss ib le  
tha t  the  a c t i v i t y  of  th is  p r o d u c t  is no t  c o n s t a n t  and  
t ha t  i ts  t h e r m o d y n a m i c  p r o p e r t i e s  a r e  a func t ion  of 
the  c o n c e n t r a t i o n  of V~O~ or  base .  

S e v e r a l  t y p e s  of e x p e r i m e n t s  w e r e  used  to i n -  
v e s t i g a t e  t he  p o t e n t i o m e t r y  of V~O~. In  a l l  cases,  a 
coa t ing  of l i t h i u m  v a n a d i u m  b ronze  was  f o r m e d  on 
the  e l ec t rode  b y  p a r t i a l  r e d u c t i o n  of a V~Os-melt 
solut ion.  V~O~ was  a d d e d  to the  m e l t  in sma l l  k n o w n  
amoun t s ,  and  the  p o t e n t i a l  of t he  l i t h i u m  v a n a d a t e  
b ronze  cove red  e l ec t rode  vs .  a P t ( I I ) / P t  r e f e r e n c e  
e l ec t rode  was  d e t e r m i n e d  w i t h  a p o t e n t i o m e t e r  o r  
S a r g e n t  MR reco rde r .  N o r m a l l y ,  s t ab le  p o t e n t i a l s  
w e r e  o b t a i n e d  in 5 min.  

Bo th  go ld  and  P y r o g r a p h i t e  w e r e  used  as a s u p -  
po r t  for  t he  bronze .  In  one t y p e  of e x p e r i m e n t ,  
p o t e n t i a l  m e a s u r e m e n t s  w e r e  m a d e  as a func t ion  of 
V_~O~ concen t r a t i on  in t he  s a m e  c o m p a r t m e n t  in 
w h i c h  the  b ronze  was  p r e p a r e d  (Fig .  6, c u r v e  A ) ,  
This  m e a n t  t h a t  a s m a l l  a m o u n t  of v a n a d a t e  ion 
ex i s t ed  in t he  solut ion.  C u r v e  B in Fig .  6 is  a r e p -  
r e s e n t a t i v e  c u r v e  of p o t e n t i a l  as a func t ion  of log 
[V~O~] for  an  e l ec t rode  w h i c h  h a d  been  cove red  
w i th  b ronze  in a s e p a r a t e  c o m p a r t m e n t .  

W i t h  a N e r n s t  cons t an t  equa l  to 0.143 at  450~ 
the  s lope  of bo th  of t he se  cu rves  gave  a v a l u e  of n 
equa l  to 0.85. The  d i f fe rence  b e t w e e n  the  two  cu rves  
on the  p o t e n t i a l  ax is  is 0.02v. 

The  p o t e n t i a l  of a l i t h i u m  v a n a d i u m  b ronze  e lec -  
t r o d e  was  also m e a s u r e d  as  a func t ion  of  the  a m o u n t  
of K2CO, a d d e d  to a V~O~-melt solut ion.  The  p r o -  
c edu re  was  to a d d  K~CO~ in s m a l l  a m o u n t s  to a 
V~O0 so lu t ion  and  to m e a s u r e  the  p o t e n t i a l  of the  
i nd i ca to r  e l ec t rode  a f t e r  a t t a i n m e n t  of s t e a d y - s t a t e  
po ten t i a l s .  

W i t h  each  a d d i t i o n  of K_oCO~, CO_o was  g iven  off 
and  the  so lu t ion  b e c a m e  less  i n t ense  in  color.  A 
l i g h t - t a n  p r e c i p i t a t e  f o r m e d  in the  so lu t ion  t h r o u g h -  
out  mos t  of the  t i t r a t i on .  In  Fig .  7 is s h o w n  a p lo t  
of p o t e n t i a l  of  t he  b r o n z e - c o v e r e d  e l ec t rode  vs .  t he  
m o l a r  r a t i o  of K_oCO~ a d d e d  to V_~O~ o r i g i n a l l y  
p r e s e n t  in solut ion.  This  p lo t  has  the  g e n e r a l  shape  
of a p o t e n t i o m e t r i c  t i t r a t i o n  c u r v e  w i th  t he  inf lec-  
t ion  po in t  occu r r ing  at  a m o l a r  r a t i o  of abou t  one. 
H o w e v e r ,  t he  s lope  of t he  c u r v e  at  t he  inf lect ion 
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electrode as a function of V~05 concentration in LiCI-KCI eutectic 
melt at 450~ 
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eutectic melt at 450~ with a L60" 2V~O~" 4V~O~ on gold in- 
dicator electrode. 

po in t  is r e l a t i v e l y  smal l ,  and  the  inf lect ion po in t  
w o u l d  be  diff icult  to d e t e r m i n e  for  an  u n k n o w n  
a m o u n t  of V_~O~ ox ide  concen t r a t ion .  

Because  the  inf lect ion p o i n t  occurs  a t  one for  t he  
m o l a r  ra t io ,  K~COJV~O~,  i t  m a y  be  a s s u m e d  tha t  
the  fo l lowing  r e a c t i o n  occurs  

V_~O~ + CO~ = ~ 2VOw- + CO~ 

The  sma l l  s lope  of t he  c u r v e  a t  the  inf lec t ion  p o i n t  
i nd i ca t e s  a r e l a t i v e l y  s m a l l  e q u i l i b r i u m  cons t an t  for  
th is  reac t ion .  Also,  th is  e q u i l i b r i u m  was  af fec ted  
b y  the  f o r m a t i o n  o f . a  l i t h i u m  v a n a d a t e  p r e c i p i t a t e .  

Conclusions 
In  a LiC1-KC1 eu tec t ic  m e l t  a t  450~ V~O~ is 

r e d u c e d  to an  in so lub le  m i x e d  l i t h i u m  v a n a d i u m  
ox ide  a t  a p o t e n t i a l  w h i c h  is a func t ion  of V~O~ 
concen t r a t ion .  C h e m i c a l  ana lys i s  of t h e  l i t h i u m  
v a n a d a t e  b ronze  w h i c h  was  f o r m e d  in t he  p o t e n t i a l  
r eg ion  0.00-0.20v vs .  P t ( I I )  ( 1 M ) / P t  r e f e r e n c e  
e l ec t rode  gave  a c o m p o u n d  w i t h  a s t o i c h i o m e t r y  of 
Li._.O- 2V~O4" 4V~O5. W i t h  d y n a m i c  n o n e q u i l i b r i u m  
condi t ions ,  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  i nd i ca t ed  
t h a t  t he  e q u i v a l e n t  of 0.5-0.7 e l ec t rons  (n )  w e r e  
r e q u i r e d  to r e d u c e  one V~O~ molecule ,  w h e r e a s  n 
va lues  of 0.85 and  0.8 w e r e  o b t a i n e d  f r o m  e q u i l i b -  
r i u m  e l e c t r o c h e m i c a l  m e a s u r e m e n t s .  

F o r  t he  N e r n s t  e q u a t i o n  w h i c h  can  be  d e r i v e d  for  
t he  solid,  Li_oO "2V~O," 4V_oO5, n canno t  be l a r g e r  
t h a n  0.67 e l ec t ron  p e r  V~O~ r e g a r d l e s s  of the  v a r i o u s  
poss ib le  e q u i l i b r i a  b e t w e e n  V~O~ and  O= w h i c h  can  
be cons idered .  

One  f ac to r  w h i c h  cou ld  cause  t he  d i s c r e p a n c y  b e -  
t w e e n  d y n a m i c  and  e q u i l i b r i u m  va lues  of n is the  
a d s o r p t i o n  of V=O~ or  v a n a d a t e  ions in to  the  su r face  
of l i t h i u m  v a n a d a t e  c r y s t a l s  to change  the  su r face  
compos i t ion .  These  c rys t a l s  a r e  composed  of m i x e d  
m e t a l  ox ides  w h i c h  could  p r e s e n t  ac t ive  s i tes  for  
t he  a d s o r p t i o n  of ac idic  or  bas ic  species.  A n o t h e r  
fac tor ,  w h i c h  was  n e g l e c t e d  be c a use  of t he  l ack  of 
n e c e s s a r y  s u p p o r t i n g  i n fo rma t ion ,  was  t he  e l e c t r o -  
c h e m i c a l  b e h a v i o r  of s emiconduc to r s .  
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Improved Electrolytic Processes for the Production of Iodic Acid, 
Periodic Acid, and Their Salts Using a Special Lead Dioxide Anode 

Yoshihiko Aiya and Shojiro Fujii 
Sanwa Pure Chemicals Company, Limited, Tokyo, Japan 

and Kiichiro Sugino and Kozo Shirai 
Department of Industrial Chemistry, Tokyo Institute o~ Technology, Tokyo, Japan 

ABSTRACT 

A special  type  of lead dioxide anode was found to be the  most sui table  anode 
ma te r i a l  to produce iodate  f rom iodide, per iodic  acid f rom iodine, and also to 
regenera te  per iodic  acid (per iodate)  f rom iodic acid ( iodate) .  This anode could 
be used in the  absence of sulfate  wi th  a very  sl ight  loss. The yields  of the  
products  were  almost  quant i ta t ive  wi th  good cur ren t  efficiency. Improved  
processes for the product ion of per iodic  acid f rom iodine and iodate  f rom 
iodide using this anode and also those concerning the regenera t ion  of per iodic  
acid (per iodate)  f rom iodic acid ( iodate)  are  covered in this paper .  

The  i nc r ea s ing  i m p o r t a n c e  of pe r iod i c  ac id  and  
i ts  sa l t  in t he  c h e m i c a l  i n d u s t r y  p r o m p t e d  a s t u d y  
of the  e l e c t ro ly t i c  p rocess  for  t he  p r o d u c t i o n  of these  
c o m p o u n d s  us ing  a spec ia l  l e a d  d iox ide  a n o d e  ~ 
w h i c h  was  d e s c r i b e d  p r e v i o u s l y  (1) .  

I t  is k n o w n  tha t  l e ad  d iox ide  is the  bes t  anode  
m a t e r i a l  for  the  o x i d a t i o n  of i oda t e  to pe r i oda t e .  
H o w e v e r ,  t h e  s o - c a l l e d  l ead  d iox ide  anode  is t r u l y  
a l e ad  anode  coa ted  w i t h  l e ad  d iox ide .  P r e l i m i n a r y  
e x p e r i m e n t s  showed  t h a t  th is  anode  can  be  used  in  
t he  o x i d a t i o n  of iod ine  to  iodic  and  p e r i o d i c  ac id  
on ly  w h e n  the  a n o l y t e  con ta ins  su l f a t e  ion. But ,  
even  in  th i s  case,  a c e r t a i n  a m o u n t  of m u d  f o r m s  
w h i c h  sho r t ens  the  e l ec t rode  l i fe  and  c o n t a m i n a t e s  
the  p r o d u c t .  Moreove r ,  t he  p re sence  of su l fu r i c  ac id  
or  su l f a t e  in the  e l e c t r o l y t e  seems  to m a k e  t h e  s ep -  

1 Manufac tu red  by Sanwa  P u r e  Chemicals  Ltd.  

a r a t i o n  of t he  p u r e  p r o d u c t  difficult .  These  d i s a d -  
v a n t a g e s  l ed  us  to m a k e  th is  i n v e s t i g a t i o n  us ing  an  
anode  cons i s t ing  e n t i r e l y  of l e a d  d iox ide .  

The  e l e c t r o l y t i c  o x i d a t i o n  o f  iod ine  to  p e r i o d i c  
ac id  ( p e r i o d a t e )  or  of iodic  ac id  ( i o d a t e )  to pe r iod i c  
ac id  ( p e r i o d a t e )  h a d  b e e n  c a r r i e d  ou t  b y  s eve ra l  
i n v e s t i g a t o r s  in b o t h  ac id  and  a l k a l i  so lu t ion  at  
anodes  of p l a t i n u m  (2) ,  n i c k e l  (2) ,  l e a d  d i o x d e  
on p l a t i n u m  (3) ,  l e a d  d i o x i d e  on l e ad  (4) ,  and  l e a d  
d iox ide  (5) .  A m o n g  these ,  t he  fo l lowing  t h r e e  p r o -  
cesses a r e  of p r a c t i c a l  i n t e r e s t :  W i U a r d  and  R a l s -  
ton ' s  (3) in  w h i c h  iod ine  in  h y d r o c h l o r i c  ac id  
is c o n v e r t e d  to iodic  ac id  a t  p l a t i n u m  and  t h e n  
to pe r iod i c  ac id  a t  an  e l e c t r o d e p o s i t e d  l e ad  d iox ide  
l a y e r  on p l a t i n u m ;  M e h l t r e t t e r ' s  (4)  in w h i c h  iod ine  
in s o d i u m  h y d r o x i d e  is ox id i zed  d i r e c t l y  to p e r i o -  
da t e  at  l e ad  d iox ide  coa ted  l e a d  in t he  p re sence  
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of sulfate  or borax;  Torigai  and Ishii 's  (5) for the 
direct  product ion of periodic acid using a special  
lead dioxide anode of the same type  as used in this 
study. They used hydrochlor ic  acid as anolyte  and 
repor ted  conversion to per iodic  acid of 95% or 
more wi th  about  70% current  efficiency. 

We conducted a series of exper iments  wi th  the 
special  lead dioxide anode for iodic acid, iodate, and 
periodic  acid (per iodate)  product ion in both acidic 
and a lka l ine  medium using var ious  kinds of elec-  
t rolytes.  These resul ts  confirm that  this e lectrode was 
the most sui table  as an anode mate r i a l  for this  p u r -  
pose f rom the v iewpoint  of its effectiveness and its 
insolubil i ty .  

Experimental Results 
Direct Production of Periodic Acid from Iodine 

Dilute  bromine  wa te r  was used instead of h y d r o -  
chloric acid as in (5) .  

The anoly te  consisted of a suspension of iodine 
in 0.1-0.4N aqueous bromine  solution. Iodine was 
dissolved g radua l ly  in the  anoly te  dur ing  elec- 
trolysis.  Al l  e lectrolyses were  conducted unt i l  the 
format ion of per iodic  acid was complete,  as indi-  
cated by  the d isappearance  of iodic acid. 

The appara tus  consisted of the s imple cells shown 
in Fig. la ,  a', and b. A 6000 cc (Fig. l a '  700 cc) and a 
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300 cc vessel served as the cell, respect ively.  In 
cell a, a porous cyl indr ical  pot (unglazed ea r then -  
ware)  separa ted  the anode chamber  from the sur-  
rounding cathode space. In cell b, two porous pots 
encircled two cathodes and thus separa ted  the 
cathode space f rom the anode chamber.  The anode 
was a lead dioxide  sheet of r ec tangu la r  shape. Cell 
a was 50 mm wide, 7 mm thick, and 350 mm long, 
and cell a', b was 25 mm wide, 7 mm thick, and 150 
mm long. I t  stood in the porous pot (cell  a, a ')  or 
was placed in the center  of the cell (cell  b) .  A 
the rmomete r  was inser ted wi th in  the anode space. 
The anolyte  was agi ta ted  by a glass or a magnet ic  
s t i r rer .  

Operat ing conditions and resul ts  are shown in 
Table I. 

Per iodic  acid and combined periodic  acid and 
iodic acid were  de te rmined  in the anolyte.  The ac- 
curacy  of the analysis  was checked by  direct  r e -  
covery  of per iodic  acid as crysta ls  f rom 100 cc of 
the resul t ing  anolyte  and by  the de te rmina t ion  of 
its pur i ty .  

The yie ld  of periodic acid was almost  quant i ta t ive  
wi th  70-75% cur ren t  efficiency. Except  in run  1, a 
sl ight decrease of the yield resul ted  f rom the mig ra -  
t ion of anolyte  to the cathode space and also the 
subl imat ion of iodine. 

Af te r  electrolysis,  the  anoly te  of two or three  
runs was combined, f i l tered to remove  the small  
amount  of mud, and concentra ted at d iminished 
pressure.  Periodic  acid crys ta l l ized out on cooling 
this solution. Af te r  removal  of the crystals ,  the 
mother  l iquor  was concentra ted to a small  bulk  
in vacuo and cooled. Almost  al l  crude periodic  acid 
was recovered by this procedure.  I t  was purified by  
recrys ta l l iza t ion  f rom di lute  ni t r ic  acid. About  70- 
80% of periodic acid produced could be obtained as 
pure  crysta ls  (pu r i t y  99%).  When sulfuric acid 
was used as catholyte,  it  went  into the anolyte  mak-  
ing the crys ta l l iza t ion of per iodic  acid difficult. 

Anode losses averaged  0.07-0.15 g/100 a m p - h r  
and indicated that  the loss would amount  to 15% 
of the or iginal  weight  af ter  the anode had been 
used for a year.  

The resul ts  of separa te  runs using hydrochlor ic  
acid instead of bromine wa te r  also are shown in 
Table I. A slight decrease in yie ld  and in current  
efficiency was observed in this case. The anode loss 
increased to 0.20-0.30 g/100 amp-h r ,  tha t  is about  
twice the amount  in bromine  water .  In addit ion,  
when e lec t ro ly t ica l ly  oxidizing iodine in hyd ro -  
chloric acid, fine iodine powder  should be used 
since it is only s l ight ly  soluble in di lute  hydro -  
chloric acid. Accordingly,  here  0.4N solution is be t -  
ter  f rom the v iewpoint  of iodine solubi l i ty  even 
though anode loss increases wi th  increasing con- 
centrat ion.  However,  according to the bromine  
wa te r  process, the above disadvantages  can be e l imi-  
na ted  due to high solubi l i ty  of iodine in bromine 
water .  

Production of iodic acid from iodine.--In this 
case, all  e lectrolyses were  s topped when the fo rma-  
tion of iodic acid was complete.  Results  are shown 
in Table  II. 
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Table I. Direct production of periodic acid from iodine 

Cathode, g raph i te  ( run 1), copper ( run  2-6); catholyte,  0.04 1 ( run 
1), 3.5 1 (run 2-6) 2N HNO3; temp,  40"-50~ 

Run  Iodine,  
No. g 

Anolyte  

Conc. Current 
Vol, of bromine Current, density, Cell 

1 water,/%/ a m p  a m p / d i n  ~ voltage,  v 

A m o u n t  
of current ,  

a m p - h r  R e m a r k s  

1 15 
2 97.5 
3 97.5 
4 97.5 

0.15 0.2 3 15 3.8-4.7 28.5 Cell b 
1.2 0.i 29 14 3.7-5.5 184 Cell a 
1.2 0.2 29 14 3.7-5.5 188 Cell a 
1.2 0.4 29 14 3.6-5.5 188 Cell a 

(Anolyte: dilute HCI) 

5 I00 
6 100 

Conc. of 
HC1,/%t 

1.2 0.2 29 14 4.0-5.5 
1.2 0.4 29 14 3.9-5.5 

207 
195 

Cell a 
Cell a 

Results 

Periodic acid 
Run  presen t  in  Cur ren t  Anode loss, 
No. anolyte, g Yield, % efficiency, % g/100 amp-hr 

1 25.8 96 75 0.10 
2 163 91 73 0.07 
3 167 93 73 0.15 
4 167 93 73 0.15 

5 157 88 63 0.20 
6 164 91 69 0.28 

Runs  10 and  11 in  which  hydroch lor ic  acid was  
used as ano ly te  also are shown for compar ison.  

A n a l y t i c a l  p rocedure  was  the same as in  the 
p rev ious  exper imen t s .  Tota l  iodic acid p re sen t  i n -  
dicates the a m o u n t  of iodic acid af ter  convers ion  of 
periodic acid to iodic acid by  the  p rocedure  descr ibed  
below. 

The  fo l lowing processes (L --> HIO~, HIO~ --> HIO,)  
seemed to take  place successively;  the  r e su l t ing  
ano ly te  con ta ined  mos t ly  iodic acid w i th  a smal l  
a m o u n t  of periodic  acid. Af te r  electrolysis,  the  

Table II. Production of iodic acid from iodine 

Anolyte, 100 g iodine in 1,2 1 dil. bromine water (run 7-9) or dilute 
HCI ( run  10, 11); cathode,  copper; catholyte,  3.5 1 2N HNOs 

Cone. of Cur ren t  A m o u n t  of 
Run  b r o mi n e  Current ,  dens i ty ,  Ceil current ,  
No. wa te r ,  N a m p  amp/din2 vol tage,  v a m p - h r  R e m a r k s  

7 0.1 29 14 3.7-4.2 108 Cell a 
8 0.2 29 14 3.7-4.2 108 Cell a 
9 0.4 29 14 3.6-4.2 107 Cell a 

(Anolyte:  di lute  HC1) 
Conc. of 
HC1, N 

10 0.2 29 14 3.7-4.7 134 Cell a 
11 0.4 29 14 3.7-4.5 110 Cell a 

Resul ts  
A m o u n t  of iodic acid 

and periodic  acid Anode  
p r e sen t  in  anolyte  Total  Cur ren t  loss, 

Run  Per iodic  Iodic  iodic acid Yield, efficiency, g/lO0 
No. acid, g acid, g present ,  g % % a m p - h r  

7 105 33 130 94 91 0.10 
8 118 18 132 95 93 0.17 
9 130 5 132 96 94 0.12 

10 62 79 123 89 70 0.23 
11 104 34 131 94 90 0.37 

e lec t ro ly te  was evapora ted  to desired concen t r a t i on  
at o r d i n a r y  pressure .  Per iodic  acid was  decomposed 
to iodic acid by  the  act ion of r e m a i n i n g  h y d r o -  
b romic  acid or hydrochlor ic  acid, so tha t  crysta ls  of 
iodic acid were  ob ta ined  b y  procedures  descr ibed  
in the r ecovery  of periodic  acid. 

W h e n  0.2N hydroch lor ic  acid was  used as ano ly te  
( r u n  10), the  fo rma t ion  of iodic and  periodic acid 
occurred  at the same t ime due  to low iodine con-  
cen t ra t ion .  

Experiments with other anode materials.--The 
resul t s  at var ious  anode ma te r i a l s  are  shown in  
Tab le  III. All  e lectrolyses  were  conduc ted  w i t h i n  
the stage of iodic acid fo rma t ion  because  p rac t i ca l ly  
no per iodic  acid was fo rmed  at  p l a t i n u m  or g raph i t e  
as descr ibed later .  

For  the  p roduc t ion  of iodic acid f rom iodine,  the  
special lead dioxide and  lead, p l a t i n u m ,  and  g r a p h -  
ite, each lead dioxide  coated, p roved  effective. Some 
differences were  seen in the i r  c u r r e n t  efficiencies, 
w i th  the  loss greates t  at graphi te .  For  the  p roduc -  
t ion  of periodate ,  g raph i t e  and  p l a t i n u m  showed 
the i r  inefficiency as descr ibed  later .  I t  is obvious,  
therefore ,  tha t  lead dioxide and  lead dioxide  coated 
lead are the  best  anode  ma te r i a l s  for per iodic  acid 
p roduc t ion  f rom iodine.  However ,  it  should be 
po in ted  out  tha t  lead d ioxide  coated lead could be 
used only  in  the  presence  of sul fa te  ion. E v e n  in  
this  case, the  loss a m o u n t e d  to abou t  2.5 g/100 
a m p - h r  which  is t en  t imes  l a rge r  t h a n  tha t  at the  
special  lead dioxide  anode.  Moreover ,  as m e n t i o n e d  
above,  the  use of su l fur ic  acid as ca tho ly te  makes  
the  separa t ion  of pu re  periodic acid f rom ano ly te  
v e r y  difficult. On these bases, it is conc luded  tha t  
the  special  lead dioxide  anode  is the  best  m a t e r i a l  for 
bo th  the  p roduc t ion  of iodic acid and  per iodic  acid 
f rom iodine.  
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Table Ill. Experiments with various anode materials 
(Oxidation of iodine to iodic acid level) 

Cell  a ' ,  ano ly te ,  15g i o d i n e  in 150 cc 0.2N b r o m i n e  w a t e r ;  c a thode ,  c o p p e r  o r  s t a i n l e s s  s t ee l  ( r u n  14 a n d  i7)  ; c a tho ly t e ,  450 cc 2N HNO~ or  
2N H2SO~ ( r u n  14 a n d  17) 

C u r r e n t  A m o u n t  Iod i c  a c i d  C u r r e n t  A n o d e  
R u n  C u r r e n t  d e n s i t y ,  of  c u r r e n t ,  p r e s e n t  i n  e f f ic iency ,  loss,  g /100  
No.  A n o d e  a m p  a m p / d i n  ~ a m p - h r  ano ly t e ,  g Yie ld ,  % % a m p - h r  

12" PbO~ 4.8 12 15.9 18.8 91 90 0.15 
13 Pb-PbO2 4.0 10 8.0 - -  - -  - -  120 
14 Pb-PbO~ 4.5 10 20.3 15.3 74 58 2.5 
15 P t  4.8 12 15.9 17.0 82 82 None 
16 Graphi te  2.8 7 17.5 16.6 80 72 8.6 

( A n o l y t e :  0 .4N HC1) 

17 Pb-PbO~ 4.5 10 18.3 13.0 63 54 6.6 

* P e r i o d i c  a c i d  (y ie ld  9.0%) w a s  f o r m e d  i n  t h i s  case.  

Production of Iodate Srom Iodine 

In  th is  process ,  s o d i u m  iod ide  so lu t ion  was  e l ec -  
t r o l y z e d  w i t h o u t  d i a p h r a g m  in t he  p r e s e n c e  of 2 g/1 
sod ium b i c h r o m a t e .  

This  p rocess  also can  be  use fu l  in  t he  p r o d u c t i o n  
of p e r i o d a t e  b y  c o m b i n i n g  i t  w i t h  t he  p rocess  d e -  
sc r ibed  l a te r .  In  r e g a r d  to th is  e lec t ro lys i s ,  no l i t e r a -  
t u r e  was  f o u n d  e x c e p t  M e h l t r e t t e r ' s  w h i c h  used  
d i a p h r a g m  to p r e v e n t  ca thod ic  r e d u c t i o n  of iodate .  

Appara tus . - -A  700 cc b e a k e r  s e r v e d  as the  cell .  
The  a n o d e  was  the  l e a d  d iox ide  of r e c t a n g u l a r  shape  
and  was  25 m m  wide ,  7 m m  th ick ,  and  150 m m  long.  
Two s ta in less  s tee l  ca thodes  w e r e  p l aced  on e i t he r  
s ide  of t he  anode .  

A 500 cc aqueous  so lu t ion  c o n t a i n i n g  100g iodine ,  
40g s o d i u m  h y d r o x i d e  ( p u r i t y  9 4 % ) ,  or  55g p o t a s -  
s ium h y d r o x i d e  ( p u r i t y  8 5 % )  and  l g  Na~Cr~O~ or  
K~Cr~O~ was  used  as s t a r t i n g  e l ec t ro ly t e .  The  p H  of 
the  e l e c t r o l y t e  was  a d j u s t e d  w i t h i n  t he  r a n g e  of 
8.0-9.5. A l l  e l ec t ro ly se s  w e r e  c o n d u c t e d  w i t h  95% 
of the  t h e o r e t i c a l  a m o u n t  of cu r ren t .  

The  r e su l t s  a r e  s h o w n  in T a b l e  IV. 

In  th is  case, sod ium ioda t e  was  r e c o v e r e d  as 
c rys ta l s ,  and  the  a m o u n t  of i oda t e  in c r u d e  c rys t a l s  
and  in so lu t ion  was  d e t e r m i n e d  b y  ana lys i s .  

The  c u r r e n t  eff iciency was  a lmos t  100% w i t h  
85-95% convers ion .  L e a d  d iox ide  losses w e r e  seen 
to be  a b o u t  the  s a m e  o r d e r  as in t he  e l e c t r o l y t i c  
p r o d u c t i o n  of b r o m a t e  f r o m  b r o m i d e  at  th is  e lec -  
t rode .  T h a t  was  a b o u t  50 rag /1000  a m p - h r .  

A f t e r  e lec t ro lys i s ,  t he  e l e c t r o l y t e  was  cooled  to 

r o o m  t e m p e r a t u r e ,  a n d  t h e  c r y s t a l s  of s o d i u m  ioda te  
w e r e  s e p a r a t e d  out  by  f i l t ra t ion .  A b o u t  75% of 
s o d i u m  ioda te  p r o d u c e d  was  r e c o v e r e d  as c rys ta l s .  
The  m o t h e r  l i q u o r  could  be  used  fo r  a n e w  r u n  b y  
a d d i n g  a su i t ab l e  a m o u n t  of iod ine  and  a l k a l i  h y -  
d r o x i d e  to m a k e  up  to t he  o r ig ina l  concen t r a t ion .  

F o l l o w i n g  a re  t he  c h e m i c a l  speci f ica t ions  of t he  
f inal  p r o d u c t  c u r r e n t l y  b e i n g  p r o d u c e d :  co lor less  
c rys ta l ,  NaIO,  or  KIO,  assay ,  99.9%, ch lor ide ,  b r o -  
m i d e  0.02% max. ,  ch lo ra te ,  b r o m a t e  0.02% max. ,  
su l f a t e  0.02% max. ,  h e a v y  m e t a l  (as P b )  0.003% 
max. ,  i ron  0.002% max. ,  i od ide  0.03% max .  

As  r e fe rence ,  the  r e su l t s  a t  v a r i o u s  anode  m a t e -  
r i a l s  a r e  shown  in Tab le  V. 

In  t he  case  of l e a d  d i o x i d e  coa ted  l e ad  or  g r aph i t e ,  
the  c u r r e n t  eff iciency was  a lmos t  q u a n t i t a t i v e  w i t h  
80 % convers ion .  H o w e v e r ,  losses a v e r a g e d  1.9 
g /100  a m p - h r  and  0.16 g /100  a m p - h r ,  r e spec t i ve ly .  
Moreover ,  l e a d  d i o x i d e  coa ted  l ead  m u s t  be  used  
in t he  p r e s e n c e  of su l fa te .  In  t he  absence  of su l fa te ,  
i t  cou ld  not  s e rve  as an i n so lub l e  anode.  The  p r e s -  
ence  of su l f a t e  compl i ca t e s  t he  s e p a r a t i o n  of p u r e  
ioda te  f rom t h e  r e s u l t i n g  solut ion .  A t  g raph i t e ,  t he  
f inal  p r o d u c t  b e c a m e  s l i g h t l y  y e l l o w  and  could  no t  
be  deco lo r i zed  eas i ly .  The re fo re ,  these  e l ec t rodes  
w e r e  cons ide red  i n f e r i o r  to the  spec ia l  l e ad  d iox ide  
anode.  

Oxidation of Iodic Acid or Iodate to Periodic Acid 

EIec t ro Iy t i c  o x i d a t i o n  of iodic  ac id  to  p e r i o d i c  
ac id  or  i oda te  to p e r i o d a t e  was  s t ud i e d  w i th  r e g a r d  
to t h e  p r o d u c t i o n  of p e r i o d a t e  f rom ioda t e  o b t a i n e d  

Table IV. Production of iodate from iodine 

Elec t ro ly t e ,  100g iod ine ,  4Og 94% N a O H  (55g 85% K O H ) ,  l g  Na~Cr20~ o r  K~Cr20~ in 500 ce so lu t ion;  c a t h o d e ,  s t a i n l e s s  s tee l ;  t e m p ,  50~176 
pH,  8.0-9.5 

C u r r e n t  A m o u n t  I o d a t e  C u r r e n t  N a I  or  K I  
R u n  C u r r e n t ,  d e n s i t y ,  o f  c u r r e n t ,  p r o d u c e d ,  p r e s e n t e d  i n  e f f i c iency ,  u n c o n v e r t e d ,  Inso l .  
No.  a m p  a m p / d m  2 a m p - h r  g (pu r i t y )  so lu t ion ,  g Yie ld ,  % % % m a t t e r  

NaI 

KI 

NaeHsIO6 

f 1 13 25 104 120 (99.2) 32 97 98 2.9 Trace 
2 13 25 102 116 (98.6) 32 94 98 5.9 None 
3 15 29 100 113 (99.3) 32 92 98 8.0 None 
4 11 21 90 102 (98.8) 29 84 99 16.1 None 
5 11 21 93 104 (99.0) 32 86 98 13.6 None 

KIO~ 
6 13 25 97 115 (98.6) 37 89 98 10.7 None 
7 12 24 97 113 (99.0) 37 88 96 11.6 None 
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Table Y. Experiments with other anode m.terlals 

Iodate  f r o m  iodine 
Electrolyte,  99g NaI ,  l g  NaeCrfO~ in 500 cc solution; cathode, s ta inless  steel; t emp,  40~176 p i t  8.5-9.5 
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Cur ren t  A m o u n t  Iodate  produced and Cur ren t  Anode  loss, 
Run  Current ,  densi ty ,  of current ,  present  in  solution efficiency, g/100 
No. Anode  amp  amp/dm~ a m p - h r  g % % a m p - h r  R e m a r k s  

8 Pb-PbO~ 2.7 5.5 10 - -  - -  - -  dissolved 

9 Pb-PbO2 3.6 7.3 90 107 82 96 1.9 

10 Graphite  10.0 16.6 90 107 82 97 0.16 

11 Magnetite 6.0 10.0 105 95 73 74 0.7 

In  the absence 
of sulfate 

In  the presence 
of sulfate 

by  the  above process and  also the  r e g e n e r a t i o n  of 
periodic  acid solut ion f rom spent  ox idan t  solut ion 
con ta in ing  iodic acid and  its salt. 

At  a special  lead dioxide anode  severa l  expe r i -  
men t s  were  car r ied  out  v a r y i n g  the  composi t ion  of 
both  ano ly te  and  catholyte .  Mate r i a l  y ie lds  and  
c u r r e n t  efficiencies in  each e x p e r i m e n t  are shown 
in Tab le  VI. 

A n a l y t i c a l  p rocedure  was a lmos t  the  same as in  
the p rev ious  exper iments .  

At  the lead dioxide coated lead anode the  same 
expe r imen t s  were  car r ied  out  by  us ing  the  usua l  
lead dioxide  coated lead anode for compar ison.  Re-  
sults  are shown in  Tab le  VII. 

A t  the  g raph i t e  or p l a t i n u m  anode  p rac t i ca l ly  no  
periodic acid was  obta ined.  Resul ts  are shown  in  
Table  VIII.  

The lead dioxide and  lead dioxide  coated lead 
are the  on ly  prac t ica l  anode mate r i a l s  for the  oxi -  
da t ion  of iodate to per iodate .  At  these anodes,  iodic 
acid or iodate  was  conver ted  to per iodic  acid or 
per iodate  a lmost  quan t i t a t i ve ly .  However ,  the  special  
lead dioxide anode p roved  its super io r i ty  over ord i -  
n a r y  lead dioxide coated lead as follows. 

First ,  no loss was  observed w h e n  a special  lead 

dioxide anode was  used for the ox ida t ion  of meta l  
iodate.  Even  w h e n  used in  iodic acid, the  loss 
a m o u n t e d  to abou t  o n e - t e n t h  of tha t  at  lead  dioxide  
coated lead. 

Second, a c u r r e n t  dens i ty  as h igh  as 5-15 a m p / d i n  ~ 
could be used. At  lead d ioxide  coated lead, a cu r -  
r e n t  dens i ty  less t h a n  2.5 a m p / d m  2 had  to be me t  to 
hold reasonab le  c u r r e n t  efficiency. 

As for the  r e g e n e r a t i o n  of per iodic  acid so lu t ion  
f rom the  spent  ox idan t  solut ion con ta in ing  iodic 
acid and  its salts, a process us ing  me t a l  iodate  (con-  
t a in ing  some free acid) as ano ly te  and  sodium h y -  
droxide  as ca tho ly te  ( r u n  No. 3-6) was seen to be 
the  most  advantageous .  This  produces  periodic acid 
so lu t ion  con t a in ing  some pe r ioda te  wh ich  is d i rec t ly  
usefu l  to the  ox ida t ion  of organic  substances .  

Work  on the  m e c h a n i s m  of e lec t rolyt ic  ox ida t ion  
of iodic acid ( iodate)  to periodic  acid (per ioda te )  
at lead dioxide anode con t inues  us ing  po la rographic  
method  and  t echn iques  of cons tan t  po ten t i a l  elec- 
t rolysis .  
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Table VI. Oxidation of indic acid (iodate) to periodic acid (periodate) 

(Regenera t ion  of per iodic  acid f r o m  spent  oxidant  solution) 
At  a special  lead d ioxide  a n o d e  

Cathode, g raphi te ;  vo lume of anolyte,  150 cc; vo lume of catholyte,  40 ec 

Current Amount 
Run  Sample  in anolyte,  Current ,  density,  Cell of current ,  
No. g Catholyte  amp  a m p / d i n  e vol tage,  v a m p - h r  Temp,  ~ R e m a r k s  

1 HIO~ 13.25 2N HNO, 3 15 5.4 5.75 25-51 Cell b 
2 HIO3 13.25 2N H2SO4 3 15 5.2-5.8 5.45 30-40 Cell b 
3 NaIO3 14.85 5% NaOH 3.0-1.6 15-8 6.2-6.9 7.43 22-35 Cell b 
4 NaIO3 14.08 5% NaOH 2 10 6.3-7.9 5.55 24-45 Cell b 
5 NaIO~ 14.08 5% NaOH I 5 4.8-6.3 5.30 22-38 Cell b 
6 NaIO~ 100.0 8% NaOH 20 10 7.0-8.0 33.7 35-43 Cell a 

Results  

Per iodic  acid Cur ren t  Anode  loss, 
Run  (periodate) efficiency, g/100 
No. g % % a m p - h r  

1 16.4 96 68 0.13 
2 16.5 96 71 0.07 
3 16.8 98 54 None 
4 16.1 95 65 None 
5 16.2 95 69 None 
6 96.9 90 72 None 
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Table VII. Oxidation of iodic acid (iodate) to periodic acid (periodate) 

At lead d ioxide  coated lead anode 

Cell b; cathode,  g raphi te ;  vo lume  of anolyte,  150 cc; vo lume  of catholyte,  40 cc 

M a y  1962 

Curren t  A m o u n t  
Run Sample  in  anolyte,  Current ,  density,  Cell of current ,  
No. g Catholyte  amp  amp/dm~ voltage,  v a m p - h r  Temp,  ~ 

7 HIO8 13.28 2N H2SO~ 0.5 2.5 3.4-6.0 6.46 22-35 
H~SO, 0.75 

8 HIOa 13.28 2N H2SO, 2.0 10 4.5-4.9 4.87 25-38 
H~SO, 0.75 

9 HIO8 13.28 5% NaOH 0.5 2.5 4.3-7.5 6.12 25-36 
Na~SO, 2.14 

10 NalO, 14.22 5% NaOH 0.5 2.5 4.2-8.0 7.18 20-31 
11 NalO~ I4.72 5% NaOH 2.0 10 5.8-6.0 8.33 28-39 

Na~SO, 2.14 

Results  

Per iodic  acid Cur ren t  Anode  loss 
Run  (periodate) efficiency, as lead, 
NO. g % % g/lO0 a m p - h r  

7 16.2 95 59 0.85 
8 9.65 56 46 2.02 
9 16.8 98 65 1.09 

I0 16.0 95 51 0.27 
I i  15.5 91 44 0.37 

Table VIII. Oxidation of iodic acid (iodate) to periodic acid (periodate) 

At g raph i t e  and  p l a t i num 

Cell b; cathode,  g raphi te ;  vo lume  of anolyte,  150 cc; vo lume of catholyte ,  40 cc 

Cur ren t  A m o u n t  
Run Sample  in anolyte,  Current ,  densi ty ,  Cell of current ,  
No. Anode g Catholyte  a m p  a m p / d m  2 vol tage,  v a m p - h r  TemP,  ~ 

12 Pt  HIO8 13.37 2N HNOs 0.5 2.5 3.0-4.2 4.71 20-29 
13" Pt  NaIO~ 14.72 5% NaOH 2.0 10 5.4-6.2 8.00 26-32 
14 Graphite  NaIO~ 14.24 5% NaOH 0.5 2.5 4.0 3.85 28-32 

* pH of the  anolyte  was  k e p t  a t  8-9. 

Results  

Per iodic  acid Cur ren t  Anode loss, 
Run (periodate) efficiency, g/100 
No. g % % a m p - h r  

12 0.34 2 1.7 - -  
13 1.30 8 4 - -  
14 0 0 0 25.4 

of Educa t ion  of Japan ,  for which  the au thors  wish  to 
express  the i r  deep apprec ia t ion .  
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cussion Section to be published in  the December 1962 
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Reduction Mechanism of Chemisorbed Oxygen on 
Platinum Electrodes by Molecular Hydrogen 

M.  W .  Breiter 
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ABSTRACT 

Chemisorbed oxygen  on p la t inum elect rodes  is r educed  at  open ci rcui t  in 
e lec t ro ly tes  in the  presence of molecu la r  hydrogen.  I t  is shown tha t  the  ra te  of 
the  chemical  reac t ion  be tween  molecular  hydrogen  and the oxygen  l aye r  is small .  
The reduct ion occurs ma in ly  by  an e lect rochemical  mechanism. The electrode 
is the seat  of an anodic and a cathodic reaction.  The anodic cur ren t  of hydrogen  
dissolution on free sites is equal  to the cathodic reduct ion cur ren t  on the  layer .  

I t  is k n o w n  t h a t  c h e m i s o r b e d  l a y e r s  of o x y g e n  or  
th in  ox ide  l a y e r s  on p l a t i n u m ,  i r i d ium,  r h o d i u m ,  a n d  
p a l l a d i u m  a re  r e d u c e d  a t  open  c i r cu i t  in e l e c t r o l y t e s  
s a t u r a t e d  w i t h  m o l e c u l a r  h y d r o g e n .  The  p o t e n t i a l  of 
a p l a t i n u m  e l ec t rode  w h i c h  was  he ld  p o t e n t i o s t a t i -  
ca l ly  a t  a v a l u e  b e t w e e n  + 0 . 8 v  a n d  -t-2.0v vs. a h y -  
d r o g e n  e l ec t rode  in  t he  s ame  so lu t ion  dec reases  w i t h  
t ime  and  t e n d s  t o w a r d  the  v a l u e  zero a f t e r  open ing  
the  c i rcui t .  The  p o t e n t i a l  t i m e  cu rves  at  open  c i rcu i t  
have  a r r e s t s  s i m i l a r  to those  of ca thod ic  c h a r g i n g  
cu rves  a t  cons t an t  c u r r e n t  w h i c h  a r e  t a k e n  f r o m  the  
s a m e  in i t i a l  p o t e n t i a l  (1) .  The  r e d u c t i o n  of t he  o x y -  
gen  l a y e r  occurs  d u r i n g  the  t r a n s i t i o n  t i m e  of t he  
first  a r r e s t  a f t e r  i n t e r r u p t i o n .  The  t r a n s i t i o n  t i m e  in -  
c reases  w i t h  i n c r e a s i n g  p o t e n t i a l  of i n t e r r u p t i o n  (1 ) .  

The  ne t  r e a c t i o n  of t h e  r e d u c t i o n  is 

M--O+H~->M+H~O [i] 
Here M--O stands for the chemisorbed oxygen or 
an oxide. Two reduction mechanisms of different 
nature are conceivable. The hydrogen may interact 
chemically with the oxygen layer and reduce it. 
Many metal oxides are reduced in this way in the 
gaseous phase. A transfer of charges across the inter- 
phase platinum metal/solution is not involved in this 
case. The single steps of net reaction [I] in the gase- 
ous phase are not yet known. As the knowledge of 
the single steps is not required here a detailed model 
of the chemical mechanism will not be given because 
of its tentative nature. 

The second mechanism is electrochemical. After 
some free sites have been formed initially due to the 
chemical mechanism or due to a self-decomposition 
of the oxygen layer, the oxidation of molecular hy- 
drogen occurs on these sites as an anodic electro- 
chemical reaction. This reaction involves a splitting 
of the H= molecules in hydrogen atoms and the sub- 
sequent ionization of the adsorbed hydrogen atoms 
whose surface concentration is very small in the con- 
sidered potential range. The anodic current of hy- 
drogen oxidation is equal to the cathodic current of 
the electrochemical reduction of the oxygen layer. 
A mechanism for the electrochemical reduction was 
suggested and discussed recently (2). Then 

io 
on free sites: H~-+ 2H + q- 2e- [2] 

io 
on l a y e r :  MWH_~O + - M - - O W 2 H  +-{-2e- [3]  

1tot = liol [ 4 ]  

The  e l e c t r o d e  is a b i - e l e c t r o d e  (3)  in  th is  case. The  
p u r p o s e  of th is  p a p e r  is to d i s t i n g u i s h  b e t w e e n  the  
two  m e c h a n i s m s  of r e d u c t i o n  on the  bas i s  of e x p e r i -  
m e n t a l  resu l t s .  The  e x p e r i m e n t a l  ev idence  p r e s e n t e d  
so f a r  in l i t e r a t u r e  is no t  sufficient  for  the  decis ion.  

Experimental  Results 

The  fo l lowing  t e c h n i q u e  was  used  to d e t e r m i n e  
how the  r e d u c t i o n  p roceeds  w i t h  t ime .  A p o t e n t i a l  
of 1.25v or  1.5v, r e spe c t i ve ly ,  was  a p p l i e d  p o t e n t i o -  
s t a t i c a l l y  f r o m  U ~ 0 ( s t a t i o n a r y  o p e n - c i r c u i t  p o t e n -  
t i a l  of the  p l a t i n u m  e l e c t r o d e )  and  he ld  t h e r e  for  60 
sec. Then  t h e  c i r cu i t  was  opened.  This  p r o c e d u r e  
gave  f a i r l y  r e p r o d u c i b l e  p o t e n t i a l  t i m e  cu rves  (U- t -  
c u rve s )  a t  open  c i rcui t .  W h e n  the  d e c a y i n g  p o t e n t i a l  
had  r e a c h e d  a c e r t a i n  va lue ,  a ca thod ic  c u r r e n t  of 
20 m a / c m "  was  i m p r e s s e d  to  the  e l e c t r o d e  b y  c los ing 
an  a u x i l i a r y  c i rcu i t  ( v o l t a g e  s u p p l y  and  h igh  r e -  
s is tor  in  se r ies )  w i t h  t he  a id  of t h e  W e s t e r n  E lec t r i c  
275C Re lay .  F i g u r e  l a  shows  the  U - t - c u r v e s  f rom 
+1 .25v  and  + l . 5 v  at  open  c i rcui t .  Some  ca thod ic  
c h a r g i n g  curves ,  o b t a i n e d  f rom d i f fe ren t  p o t e n t i a l s  
d u r i n g  the  d e c a y  of the  u p p e r  cu rve  in Fig .  l a ,  a r e  
r e p r e s e n t e d  in Fig.  lb .  The  c h a r g i n g  cu rves  a r e  
d r a w n  on ly  to U ---- 0. The  c o n t i n u a t i o n  at  n e g a t i v e  
po t e n t i a l s  is not  shown in F ig  lb .  The  smooth  p l a t i -  
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Fig. la. Potential decay with time from ~1.5v or ~1.25v re- 
spectively at open circuit on platinum in 1N HCIO~ with hydrogen 
stirring. 

Fig. lb. Cathodic charging curves taken with 20 ma/cm ~ from 
different potentials during the potential decay from -I-1.5v. 
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Fig. 2. Adsorbed amount of oxygen as a function of potential 
during the potential decay from + 1 . 5 v  (upper curve) or +1 .25v  
respeetive|y (lower curve). 

n u m  w i r e  e l e c t r o d e  w a s  in  1N HC10,  a t  30~ T h e  
e l e c t r o l y t e  was  s t i r r e d  w i t h  m o l e c u l a r  h y d r o g e n  
v igo rous ly .  The  ca thod ic  c h a r g i n g  cu rves  in Fig .  l b  
consis t  of the  w e l l - k n o w n  t h r e e  p a r t s  ( o x y g e n  r e -  
gion,  d o u b l e  l a y e r  reg ion ,  h y d r o g e n  r eg ion ) .  The  r e -  
duc t ion  of t he  o x y g e n  l a y e r  occurs  a f t e r  a fas t  i n i -  
t i a l  p o t e n t i a l  decay .  In  a first  a p p r o x i m a t i o n ,  t h e  
t r a n s i t i o n  t i m e  for  r e d u c t i o n  is e q u a l  to t he  t i m e  in 
w h i c h  the  p o t e n t i a l  decays  f r o m  i ts  o r ig ina l  v a l u e  to  
+0 .4v .  The  e l e c t r i c i t y  r e q u i r e d  for  t he  doub le  l a y e r  
c h a r g i n g  does  not  exceed  7% of Qo u n d e r  the  e x p e r i -  
m e n t a l  cond i t ions  h e r e  (1 ) .  Qo is t he  n u m b e r  of 
c o u l o m b / c m  ~ n e c e s s a r y  for  the  r e d u c t i o n  of t he  o x y -  
gen  l aye r .  A l a y e r  of h y d r o g e n  a t o m s  is f o r m e d  d u r -  
i ng  t h e  p o t e n t i a l  d e c a y  b e t w e e n  + 0 . 4 v  and  0. The  
n u m b e r  Q~ of  c o u l o m b / c m  ~ for  t he  f o r m a t i o n  of t he  
h y d r o g e n  c o v e r a g e  was  0.38 m i l l i c o u l o m b / c m  ~ here .  
The  doub le  l a y e r  r eg ion  w h i c h  s e p a r a t e s  the  h y d r o -  
gen  and  o x y g e n  r eg ion  of anod ic  c h a r g i n g  cu rves  
c l e a r l y  o v e r l a p s  w i t h  the  o x y g e n  r e g i o n  in t h e  case  
of ca thod ic  c h a r g i n g  cu rves  (1, 4) .  A t h o r o u g h  d i s -  
cuss ion  of c h a r g i n g  c u r v e s  on p l a t i n u m  is g iven  in 
t he  f u n d a m e n t a l  p a p e r s  b y  S l y g i n  a n d  F r u m k i n  (5) .  

F i g u r e  2 shows  Qo as a func t ion  of U d u r i n g  the  d e -  
cay  at  open  c i rcui t .  The  u p p e r  c u r v e  is r e l a t e d  to a 
s t a r t i n g  p o t e n t i a l  of + l . 5 v ,  t he  l o w e r  c u r v e  to 
+1.25v.  T h e  o x y g e n  c o v e r a g e  changes  on ly  s l i g h t l y  
w i t h  p o t e n t i a l  b e t w e e n  + l . 5 v  and  + l . 0 v .  T h e  m a i n  
p a r t  of t h e  r e d u c t i o n  t a k e s  p l ace  b e t w e e n  1.0v a n d  
+0 .6v .  

F i g u r e  3 r e p r e s e n t s  a c u r r e n t  p o t e n t i a l  c u r v e  
w h i c h  was  m e a s u r e d  p o t e n t i o s t a t i c a l l y .  The  p o t e n t i a l  
was  c h a n g e d  l i n e a r i l y  w i t h  t i m e  b e t w e e n  0 and  
+ 1 . 5 v  w i t h  a vo l t age  speed  v = 30 m y / s e e .  The  
p l a t i n u m  e l e c t r o d e  was  in 1N HC10,  a t  30~ The  
c u r r e n t  f luc tuat ions ,  due  to i r r e g u l a r  s t i r r i n g  w i t h  
h y d r o g e n ,  a r e  m a r k e d .  The  l i m i t i n g  d i f fus ion c u r -  
r e n t  of r e a c t i o n  2 is o b s e r v e d  b e t w e e n  + 0 . 1 v  and  
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Fig. 3. Potentiostatic current potential curve, measured at 30 
my/see in 1N HCIO4 with hydrogen stirring. 

+0.7v .  The  c u r r e n t  dec reases  g r a d u a l l y  b e t w e e n  
+ 0 . 8 v  and  + l . 5 v  d u r i n g  the  anod ic  sweep  w h e n  t h e  
o x y g e n  c o v e r a g e  is f o r m e d  in th i s  p o t e n t i a l  r a n g e  
(1) .  The  i nh ib i t i on  of r e a c t i o n  [2]  b y  a d s o r b e d  o x y -  
gen  wi l l  be d i scussed  in  a s u b s e q u e n t  p a p e r .  A v e r y  
sma l l  c u r r e n t  f lows b e t w e e n  + l . 5 v  and  + l . 0 v  d u r -  
ing  the  ca thod ic  sweep.  The  t i m e  in w h i c h  the  p o t e n -  
t i a l  changes  f r o m  + l . 5 v  to + l . 0 v  is 16.6 sec. Be low 
+ 1.0v the  c u r r e n t  r eaches  t he  l i m i t i n g  d i f fus ion c u r -  
r e n t  in a r e l a t i v e l y  s m a l l  p o t e n t i a l  r ange .  A s im i l a r  
c u r r e n t  p o t e n t i a l  c u r v e  was  o b t a i n e d  w i t h  v = 3 
m v / s e c .  A g a i n  the  c u r r e n t  was  v e r y  s m a l l  b e t w e e n  
+ l . 5 v  and  + l . 0 v  d u r i n g  the  ca thod ic  sweep.  

Discussion 

A l t h o u g h  the  p o t e n t i a l  d e c a y  b e t w e e n  + 1.25v and  
+ l . 0 v  or  b e t w e e n  + l . 5 v  a n d  + l . 0 v  t a k e s  m o r e  t h a n  
ha l f  t he  t i m e  of the  p o t e n t i a l  d e c a y  f r o m  + 1 . 2 5 v  to 0 
or  f r o m  + l . 5 v  to 0 (see  Fig.  1),  on ly  a s m a l l  f r a c t i o n  
of the  o x y g e n  c o v e r a g e  is r e d u c e d  t h e r e  (see  Fig .  2) .  
The  a v e r a g e  r a t e  of r e d u c t i o n  b e t w e e n  +1 .25v  and  
+ l . 0 v  is 24 ~ a / c m  ~. I t  is 15 ~ a / c m  ~ b e t w e e n  + l . 5 v  
and  + l . 0 v .  P r o b a b l y  these  i n i t i a l  va lue s  r e p r e s e n t  
t he  r a t e  of t he  c h e m i c a l  m e c h a n i s m .  The  r a t e  of  r e -  
duc t ion  in i nc reases  c o n s i d e r a b l y  w i t h  d e c r e a s i n g  p o -  
t e n t i a l  be low + l . 0 v .  I t  was  d e t e r m i n e d  a c c o r d i n g  to 

AQ AU 
- -  . 

i t =  ~U a t  [5]  

for  d i f f e ren t  po ten t i a l s .  A p o t e n t i a l  d e c a y  c u r v e  w a s  
t a k e n  w i t h  h i g h e r  r e s o l u t i o n  to  o b t a i n  t,U/~,t b e -  
t w e e n  + l . 0 v  and  +0 .6v .  AQ/AU is c o m p u t e d  f r o m  
the  cu rves  in F i g  2. T a b l e  I g ives  if a t  some  p o t e n t i a l s  

Table I. Rate of reduction as a function of potential 

U(v)  +1.0 +0.9 +0.8 +0.7 

ir 0.07 0.37 1.38 3.70 run  +1.25v to 0 

ir 0.02 0.045 0.30 1.64 run  + l . 5 v  to 0 
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Fig. 4. Potentiostatic current potential curve, measured at 30 
my/see in 1N HCIO4 with argon stirring. 

b e l o w  -t-l .0v. I t  fo l lows  f rom T a b l e  I t h a t  t he  r a t e  
of r e d u c t i o n  g rows  c o n s i d e r a b l y  b e t w e e n  ~-0.9v a n d  
§  This  is the  p o t e n t i a l  r a n g e  w h e r e  p o t e n t i o -  
s ta t ic  c u r r e n t  p o t e n t i a l  cu rves  in  ac idic  so lu t ions  
w i t h  n i t r o g e n  s t i r r i n g  show the  e l e c t r o c h e m i c a l  r e -  
duc t i on  of t h e  o x y g e n  l a y e r  d u r i n g  t h e  ca thod ic  
sweep  (4 ) .  F i g u r e  4 r e p r e s e n t s  p a r t  of such a c u r -  
r en t  p o t e n t i a l  c u r v e  on p l a t i n u m  in 1N HC104 a t  
30~ w i t h  v igo rous  a r g o n  s t i r r ing .  The  v o l t a g e  
c h a n g e d  l i n e a r i l y  w i t h  t i m e  w i t h  v = 30 m v / s e c  b e -  
t w e e n  0 and  + 1.5v. The  h y d r o g e n  r eg ion  is o m i t t e d  
in Fig.  4. The  ca thod ic  c u r r e n t  is coun t ed  nega t i ve ,  
the  anod ic  c u r r e n t  is pos i t ive .  

I t  can be  conc luded  on the  bas i s  of t he  r e s u l t s  in  
Fig .  2, Tab le  I, and  Fig.  4 t h a t  t he  r e d u c t i o n  of t h e  
o x y g e n  l a y e r  occurs  accord ing  to e l e c t r o c h e m i c a l  
m e c h a n i s m  (Eq. [2] ,  [3] ,  and  [ 4 ] ) .  This  conc lus ion  
is conf i rmed  b y  the  e x p e r i m e n t a l  r e s u l t  of Fig .  3 t h a t  
the  anod ic  c u r r e n t  is r e l a t i v e l y  s m a l l  b e t w e e n  + l . 2 v  
a n d  + l . 5 v  d u r i n g  the  anod ic  s w e e p  and  b e t w e e n  
+ l . 5 v  and  + l . 0 v  d u r i n g  the  ca thod ic  sweep.  T h e  
o x y g e n  c o v e r a g e  inc reases  (1)  f r o m  a b o u t  0.5 to 1 
d u r i n g  the  anodic  sweep  in t h e  sa id  p o t e n t i a l  r a n g e  
and  r e m a i n s  p r a c t i c a l l y  e q u a l  to  1 b e t w e e n  + l . 5 v  

and  + l . 0 v  d u r i n g  the  ca thod ic  sweep.  1 The  a b o v e  
conc lus ion  is in  a g r e e m e n t  w i t h  t h e  r e su l t s  of  a r e -  
cen t  p a p e r  b y  A i k a s y a n  (6)  on the  p a s s i v i t y  of t h e  
p l a t i n u m  e lec t rode .  

I t  is sugges t ed  t h a t  t he  a b o v e  conc lus ion  can  be  
t r a n s f e r r e d  to smoo th  e l e c t r o d e s  of i r i d ium,  r h o d i u m ,  
and  p a l l a d i u m  as t hese  e l ec t rodes  h a v e  a b e h a v i o r  
s im i l a r  to p l a t i n u m .  The  p o t e n t i o s t a t i c  c u r r e n t  p o -  
t e n t i a l  cu rves  (4)  h a v e  t h e  s a m e  s h a p e  in  t h e  r e g i o n  
of t he  o x y g e n  c o v e r a g e  d u r i n g  the  anod ic  a n d  c a -  
thod ic  sweep  and  the  o x y g e n  c o v e r a g e  (2, 4) d e p e n d s  
in a s im i l a r  w a y  on the  po t en t i a l .  A s i m i l a r  s i t ua t i on  
ex is t s  fo r  t he  r e d u c t i o n  of an  o x y g e n  l a y e r  on p l a t i -  
n u m  in the  p r e s e n c e  of some o x i d i z a b l e  o rgan ic  s u b -  
s tances  l ike  a lcohols ,  a l de hyde s ,  o r  acids.  T h e r e  is no  
a p p r e c i a b l e  c u r r e n t  d u r i n g  t h e  ca thod ic  s w e e p  in  t h e  
p r e s e n c e  of CH~OH, CH~O, and  C H O O H  on p l a t i n u m  
(6) as long as t he  su r f ace  r e m a i n s  p a r t i a l l y  cove red  
w i t h  oxygen .  A n  inc rea se  of t he  anod ic  c u r r e n t  a l -  
w a y s  is o b s e r v e d  d u r i n g  the  ca thod ic  s w e e p  in t h e  
p o t e n t i a l  r a n g e  w h e r e  t he  r e d u c t i o n  of t he  o x y g e n  
l a y e r  t a k e s  p l a c e  in t he  e l e c t r o l y t e  w i t h o u t  fuel .  

Manuscr ip t  rece ived  Sept.  5, 1961; rev ised  manusc r ip t  
received Jan.  15, 1962. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1962 
J O U R N A L .  
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ABSTRACT 

A n  expe r imen ta l  coulometr ic  system was devised for  cont inuously  and au to -  
mat ica l ly  t i t r a t ing  chlor ine  b leach  solutions ranging  in concentra t ion f rom 20 
ppm up to about  3%. The t i t ra t ing  reagen t  was produced  cathodical ly,  and the 
coulometr ic  cell  cu r ren t  at  equivalence was a measure  of concentrat ion.  The 
special  cell construct ion prov ided  about  ___1% measu remen t  accuracy th rough-  
out  the  concentra t ion range.  Difficulties in holding the t i t ra t ion  solut ion at  the  
r equ i red  condit ion of equivalence were  met  by  means  of a func t ion-genera t ing  
ci rcui t  in the au tomat ic  control  system. 

A n u m b e r  of y e a r s  ago a c o u l o m e t r i c  i n s t r u m e n t  
was  d e v e l o p e d  for  c o n t i n u o u s l y  m e a s u r i n g  l o w -  
l eve l  f r ee  ch lo r ine  c o n c e n t r a t i o n s  ( 1 - 3 ) .  T h a t  i n s t r u -  
m e n t  w a s  i n t e n d e d  p r i m a r i l y  for  w a t e r  t r e a t m e n t  
a p p l i c a t i o n s  and  p r o v i d e d  m e a s u r e m e n t  r a n g e s  

f r o m  0 to 1 up  to 0 to 20 p p m  chlor ine .  A l t h o u g h  t h e  
ce l l  r e ac t i ons  used  in  t h a t  i n s t r u m e n t  a p p e a r e d  
s u i t a b l e  for  m a k i n g  m e a s u r e m e n t s  a t  h igh  ch lo r ine  
concen t ra t ions ,  t h e  f o r m  of t he  e q u i p m e n t  d id  no t  
p e r m i t  such m e a s u r e m e n t s  to be  made .  The  c o n t i n u -  
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Fig. I. Schematic diagram of continuous coulometric analysis 
system. 

ous coulometr ic  measurement  of concentrated solu- 
tions poses cer ta in  basic problems.  These problems 
have been surmounted  in a newly  devised system 
which is capable  of making  measurements  th rough-  
out the  concentra t ion range  from 20 ppm up to ap -  
p rox ima te ly  3% chlorine. It is a purpose of the p r e -  
sent paper  to describe this new measur ing  system. 
Al though the equipment  was of exper imen ta l  char -  
acter  and was not tes ted in field applications,  it  is 
bel ieved tha t  potent ia l  appl icat ions for a measure -  
ment  of this kind exist  in the ch lor -a lka l i  indus t ry  
and in indust r ies  that  need to moni tor  and control  
chlorine in process solutions. 

Principle of Operation 

The measurement  system is schemat ica l ly  shown 
in Fig. 1. The chlorine solution to be analyzed is 
metered  into an electrolysis  cell where  it quan t i t a -  
t ive ly  reacts  wi th  ferrous ions tha t  have been gen-  
e ra ted  e lec t ro ly t ica l ly  f rom ferr ic  ions. To provide  a 
source of ferr ic  ions, an aux i l i a ry  solution containing 
ferr ic  iron and sulfuric  acid is in t roduced into the  
cell. Detect ing electrodes moni tor  the redox potent ia l  
of the  react ing solution and furnish a control  signal 
to an electr ic control  unit.  The control  uni t  au tomat i -  
cal ly  adjusts  the e lect rolyzing current  to the p roper  
value  to main ta in  a condit ion of equivalence in the  
cell solution. The chlor ine concentrat ion is given by  
the equat ion 

N = 1/96,500F [1] 

where  N is the chlorine concentra t ion in equiva-  
lents per  l i ter  (no rma l i ty ) ,  I is the generat ion ra te  
in amperes,  F is the  flow rate  of sample in 1/sec, 
and 96,500 amp-sec  per  equivalent  is the F a r a d a y  
constant. 

The high chlorine concentrat ions in the present  
work  made it difficult to main ta in  automat ic  control. 
Conditions in the cell changed rapidly ,  and large  
swings in potent ia l  were  produced by  slight dev ia -  
tions f rom exact  chemical  equivalence.  It thus was 
necessary  to have  a control  system with  special r e -  
sponse characteris t ics .  Also, the large  current  levels 
placed severe demands  on the cell, the electrode 
assembly,  and the output  cur rent  amplifier.  

Fig. 2. Electrolysis cell 

E q u i p m e n t  

Cell construction.--The cell chamber,  shown in 
Fig. 2, was a short  cy l indr ica l  vessel of 560-ml capa-  
city and of a l l -g lass  construct ion to provide  chemi-  
cal inertness.  A cell of this large  a volume was 
needed for the more concentra ted sample  solutions. 
When the cell was in use the ou tward  flow of dis-  
charge solution around the prope l le r  shaft  p re -  
vented the a tmosphere  f rom making  contact  wi th  
the in ter ior  solution and thus minimized possible 
loss of chlorine. The speed of s t i r r ing was kep t  as 
rap id  as possible wi thout  a l lowing cavi ta t ion to oc- 
cur. 

The electrolyzing electrodes were  par t  of a sub- 
assembly tha t  could be removed  from the cell as a 
unit.  S ix teen  louve r - l ike  openings were  formed in 
the outer,  t i t ra t ing  electrode to promote  circulat ion 
of solution in the region be tween the electrode and 
the d iaphragm.  Provisions were  made in the subas-  
sembly construct ion to p reven t  the two electrodes,  
one on ei ther  side of the d iaphragm,  f rom ac tua l ly  
touching the d iaphragm.  

The in ter ior  of the subassembly  was kept  filled 
with a 20% sulfuric  acid anolyte.  The hydros ta t ic  
pressure  inside resul ted  in a slow ou tward  flow of 
about  20 ml /h r .  This l eakage  of anolyte  into the 
ana ly t ica l  react ion zone caused no harm. The inner  
solution level  was main ta ined  by  a reservoir  tha t  
opera ted  on the ch icken- feeder  principle.  

The detect ing electrode system (not shown) con- 
sisted of a p la t inum oxida t ion- reduc t ion  electrode 
opera t ing  in conjunct ion wi th  a sa tu ra ted  calomel 
reference electrode. The redox electrode comprised 
a 2-in. s tr ip of f lat tened No. 22 p la t inum wire, 
wrapped  in three  turns  around the lower,  6 -mm 
diamete r  end of the calomel  tube, and t e rmina ted  in 
a loop placed at  the  bot tom of the tube, ad jacent  to 
the l iquid junct ion construct ion (4). This detect ing 
sys tem was p laced  in the upper  region of the  cell, 
not far  from the outlet  ground joint.  False  po ten-  
t ials f rom the field of the electrolysis  cur rent  were  
minimized by  the a r r angemen t  described.  
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Solution flow metering.--The ch lo r ine  s a m p l e  
so lu t ion  was  i n t r o d u c e d  into  the  cel l  b y  m e a n s  of a 
pos i t ive  d i s p l a c e m e n t  m e t e r i n g  p u m p  of p i s ton  t y p e  
w h i c h  h a d  been  d e v e l o p e d  for  a p r e v i o u s  a p p l i c a -  
t ion  (2) .  The  f luo roca rbon  p las t i c  cons t ruc t i on  of 
t he  p u m p  p r o v i d e d  good c h e m i c a l  r es i s t ance ,  b u t  in 
the  p r e s e n t  a p p l i c a t i o n  the  p u l s a t i n g  n a t u r e  of the  
so lu t ion  flow was  ob j ec t i onab l e ,  because  of the  l a r g e  
v a r i a t i o n s  in s igna l  v o l t a g e  caused  b y  in f lux  su rges  
of ch lo r ine  solu t ion .  The  s a m p l e  flow to t he  cel l  
t h e r e f o r e  was  r e n d e r e d  r e l a t i v e l y  smoo th  b y  i n t e r -  
pos ing  a s m a l l  c h a m b e r  in t he  l ine  to the  cell ,  fo l -  
l o w e d  b y  a f l o w - r e s t r i c t i n g  c a p i l l a r y  tube .  A l l  so lu-  
t ion  l ines  w e r e  of g lass  or  p o l y e t h y l e n e  p las t ic .  F r e -  
q u e n t l y  t h e  s a m p l e  f low r a t e  was  checked  p r e c i s e l y  
and  d u r i n g  the  course  of t he  w o r k  r e m a i n e d  at  
a p p r o x i m a t e l y  6 m l / m i n .  

Auxiliary solution.--The a u x i l i a r y  so lu t ion  was  a 
m i x t u r e  of  17% su l fu r i c  ac id  a n d  17% fe r r i c  su l f a t e  
in w a t e r .  Because  of t h e  i m p u r e  n a t u r e  of c o m m e r -  
c i a l ly  a v a i l a b l e  f e r r i c  su l f a t e  i t  was  f o u n d  d e s i r a b l e  
to p r e p a r e  t he  so lu t ion  f r o m  f e r rous  su l f a t e  wh ich  
sa l t  is a v a i l a b l e  c o m m e r c i a l l y  in s u i t a b l y  p u r e  form.  
P o t a s s i u m  p e r m a n g a n a t e  was  p r e f e r r e d  for  the  ox i -  
d a t i o n  of f e r rous  to f e r r i c  su l fa te .  T w o - g a l l o n  
ba t ches  of so lu t ion  w e r e  m a d e  us ing  i n g r e d i e n t s  as 
fo l lows:  FeSO~ �9 7H~O, U.S.P.  or  C.P., 2.39 kg;  H~SO,, 
a s say  97%,  S.G. 1.84, C.P., 1.35 1; KMnO4, C.P., 
0.271 kg;  w a t e r  (good  g r a d e ) ,  4.92 1. W i t h  the  a id  
of m e c h a n i c a l  ag i t a t ion ,  the  f e r rous  su l f a t e  was  
a d d e d  to t h e  w a t e r ,  a n d  t h e n  the  su l fu r i c  acid,  to 
t he  m i x t u r e .  The  p o t a s s i u m  p e r m a n g a n a t e  t hen  was  
a d d e d  u n t i l  i t  was  in  v e r y  s l igh t  excess .  A t  th is  
s t age  the  so lu t ion  r e d o x  p o t e n t i a l  s o m e w h a t  e x -  
ceeded  -{- 1.00v, r e f e r r e d  to SCE. A f t e r  the  so lu t ion  
had  s tood for  a ha l f  hou r  or  so in the  ox id iz ing  c o n d i -  
t ion  i t  was  pa s sed  t h r o u g h  a f r i t t e d  glass  f i l ter  and  
t hen  a d j u s t e d  to e q u i v a l e n c e  p o t e n t i a l  of + 0.80v, r e -  
f e r r e d  to a SCE, b y  m a k i n g  a p p r o p r i a t e  add i t i ons  of 
f e r rous  su l f a t e  or  p o t a s s i u m  p e r m a n g a n a t e  as s a t u r -  
a t ed  solut ion .  I f  t he  a u x i l i a r y  so lu t ion  was  to be  
used  for  m a k i n g  m e a s u r e m e n t s  on d i l u t e  ch lo r ine  
solut ions ,  m o d e r a t e  ca r e  was  exe rc i s ed  in a d j u s t i n g  
the  p o t e n t i a l  to -? 0.80v. I f  c o n c e n t r a t e d  b l e a c h  so-  
lu t ions  w e r e  to be  m e a s u r e d ,  c o r r e s p o n d i n g l y  less 
ca re  was  n e e d e d  in a d j u s t i n g  the  f inal  so lu t ion  p o -  
t en t ia l .  A p r o p e r l y  p r e p a r e d  so lu t ion  was  s t ab le  
w i t h  t i m e  and  was  no t  a f fec ted  a d v e r s e l y  b y  t e m -  
p e r a t u r e  changes .  

The  a u x i l i a r y  so lu t ion  was  a d d e d  to t h e  cel l  
t h r o u g h  a s e p a r a t e  sec t ion  of  t h e  s a m p l e  m e t e r i n g  
p u m p .  The  flow r a t e  was  a d j u s t e d  to m a i n t a i n  t he  
c o n c e n t r a t i o n  of t he  f e r r i c  su l f a t e  in the  cel l  a t  
a b o u t  0.1N, a l t h o u g h  th is  f igure  was  not  c r i t ica l .  

Cell resistance.--The cel l  r e s i s t ance  was  ob -  
t a i n e d  b y  m e a s u r i n g  t h e  vo l t age  d rop  across  t he  
g e n e r a t i n g  e l ec t rodes  u n d e r  t y p i c a l  o p e r a t i n g  con-  
d i t ions  a t  s e v e r a l  c u r r e n t  levels .  F i g u r e  3 is a p lo t  
of t h e  da ta .  A s s u m i n g  a c o n s t a n t  e l ec t rode  p o l a r i z a -  
t ion v o l t a g e  of 2.1v, t he  e l e c t r i c a l  r e s i s t ance  of t he  
cel l  was  c a l c u l a t e d  to be  0.13 ohm. A c u r r e n t  of 
7 a m p  in th is  m a g n i t u d e  of r e s i s t ance  p r o d u c e s  on ly  
a b o u t  6.4w of hea t .  In  a c t u a l  o p e r a t i o n  the  t e m p e r a -  
t u r e  of t he  cel l  so lu t ion  n e v e r  e x c e e d e d  a b o u t  50~ 

Control system.--The a u t o m a t i c  con t ro l  s y s t e m  

5 I I J ; I I I I 

0 I ~ I ~ I I I I I 
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E 'LECTROLYSIS  C U R R E N T  I N  A M P E R E S  

Fig. 3. Electrical characteristics of electrolysis cell 

~ m  
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Fig. 4. Block diagram of control system 

c o m p r i s e d  a c o m b i n a t i o n  of e s s e n t i a l l y  s tock  i n s t r u -  
m e n t s  as shown  d i a g r a m m a t i c a l l y  in Fig .  4. The  
L&N 7655 p o t e n t i o m e t e r  was  set  a t  800 mv,  t h e r e b y  
e s t a b l i sh ing  the  i n t e n d e d  e q u i v a l e n c e  p o t e n t i a l  of 
the  cel l  solut ion.  The  L&N 7678 i n s t r u m e n t  (a  p H  
m e t e r )  s e r v e d  on ly  as a m o n i t o r  to r e v e a l  t he  ac tua l  
r e d o x  cond i t ion  of the  cel l  solut ion.  The  modi f ied  
L&N 7664 p H  m e t e r  and  as soc ia t ed  f u n c t i o n - g e n e r -  
a t i ng  c i rcu i t  i n t r o d u c e d  an  i m p o r t a n t  s i g n a l - t r a n s -  
f o r m i n g  effect. The  L&N ser ies  60 c u r r e n t - a d j u s t i n g  
controller was  connec ted  in  a m a n n e r  to p r o d u c e  
fu l l  o u t p u t  r e sponse  f r o m  s m a l l  i n p u t  v o l t a g e  
swings .  The  m a g n e t i c  amp l i f i e r  w h i c h  p r o d u c e d  t h e  
e l e c t ro ly s i s  c u r r e n t  was  o b t a i n e d  f r o m  F i d e l i t y  I n -  
s t r u m e n t  C o r p o r a t i o n  ( m o d e l  No. 1150) a n d  h a d  
a m a x i m u m  r a t e d  o u t p u t  of 12 a m p  d.c. a t  25v. 

A l l  c o m p o n e n t s  r e q u i r i n g  l15v  a - c  p o w e r  w e r e  
connec t ed  to the  60 cyc le  p o w e r  l ine  t h r o u g h  a 
R a y t h e o n  v o l t a g e  s t ab i l i z ing  t r a n s f o r m e r  of 500w 
ra t ing .  This  un i t  i m p r o v e d  the  s t a b i l i t y  and  p e r -  
f o r m a n c e  of t he  sys tem.  A d d i t i o n a l l y ,  t he  m a g n e t i c  
ampl i f i e r  was  p o w e r e d  t h r o u g h  a 300 V A  i so la t ing  
t r a n s f o r m e r  to e l i m i n a t e  poss ib l e  i n t e r f e r e n c e s  b e -  
t w e e n  the  e l ec t ro ly s i s  and  de t ec t i on  e lec t rodes ,  as 
m i g h t  o t h e r w i s e  h a v e  o c c u r r e d  t h r o u g h  c o m m o n  
connec t ions  to t he  p o w e r  l ine.  

T h e  e l ec t ro lys i s  c u r r e n t  was  m e a s u r e d  b y  d e t e r m -  
in ing  the  v o l t a g e  d rop  across  a c a l i b r a t e d  r e s i s to r  
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7664 CIRCUIT 

G A T H O D E ~  
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INPUT OUTPUT 
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Fig. 5. Schematic representation of modified 7664 pH meter 

in the circuit  and was d isp layed on an L&N AZAR 
recorder .  

Function-generating circuit.--The redox electrode 
produced a typica l  S - shaped  t i t ra t ion  curve. Ordin-  
a ry  process controllers,  such as the one used in the 
present  study, do not work  well  wi th  such error  
signals, because they  are designed to opera te  f rom a 
signal tha t  var ies  l inear ly  with respect  to process 
deviations.  

The modifications in t roduced in the 7664 ins t ru -  
ment  were  in tended to l inear ize  the response signal. 
As schemat ica l ly  represen ted  in Fig. 5, the modified 
circuit  comprised a zero-s tabi l ized  d -c  amplifier,  A, 
provided  wi th  a f eed -back  loop including a resistor  
1% and a var i s tor  1%. The amplif ier  of high gain 
caused the / r - d r o p  vol tage V~ across the var i s tor  
v i r tua l ly  to equal  the input  vol tage V1. The var i s tor  
1% exhib i ted  high resis tance when the current  
through it was of smal l  magni tude,  but  as the cur-  
rent  increased its resis tance decreased significantly. 
A si tuat ion of var iab le  gain thus exis ted in the over-  
all circuit.  A small  input  vol tage V1 produced a 
small  output  vol tage V~, while  a la rger  input  vol-  
tage produced a p ropor t iona te ly  much la rger  output  
voltage. 

The actual  modifications in the circuit  are shown 
in Fig. 6. The var iab le  resistance e lement  in the 
feedback loop was composed of two rec t i f ie r - type  
var is tors  ( In te rna t iona l  Resistance Co., type  28PAl-  
V) placed in opposing-conductance  or ienta t ion and 
in para l le l  wi th  each other. The poten t iometer  R~ 
of re la t ive ly  high resis tance provided  ad jus tment  of 
the width  of the "dead-band . "  By moving the set-  
t ing towards  0, the dead band was widened.  The 
magni tude  of the output  signal  was made ad jus tab le  
by using an ad jus tab le  resis tor  at 1%. 

The character is t ics  of the modified 7664 ins t ru-  
ment  are  shown in Fig. 7 which is a graphica l  plot  
of e r ror  signal  vs. output  voltage,  at several  a rb i -  
t r a r y  sett ings of 1% and 1%. The response at the p a r -  
t icular  set t ings employed in the  present  work  is 
shown as curve  4. The difference in the shape of 
these curves in the  first and th i rd  quadran ts  was 
caused by  the use of unmatched  var i s tors  in the  ne t -  
work. This lack of symmet ry  was used advan tage -  
ously to compensate  for lack of symmet ry  in the 
t i t ra t ion  curve. The modifications made in the 7664 
ins t rument  apprec iab ly  s t ra ightened out the S-  
shaped t i t ra t ion  curve and significantly improved  
the automat ic  control  action. 

Test ing Procedure 

Samples.--The chlorine sample solutions were  
p repa red  by  di lut ing ord inary  Clorox bleach solu- 
t ion with  water .  A number  of solutions were  p re -  
pared  to cover the wide concentra t ion range of in-  
terest.  
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Fig. 6. Circuit diagram of modified 7664 pH meter 
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Fig. 7. Response characteristics of modified 7664 pH meter 

Operating the Equipment.--At the beginning of 
the work  the op t imum sett ings of the var ious  ad-  
jus tments  were  de te rmined  by  exper iment ing  with 
the  equipment .  The propor t iona l  band  set t ing of the 
series 60 uni t  was the  pr inc ipa l  sensi t iv i ty  ad jus t -  
ment  for  the  ent i re  system. This uni t  also provided  
an appropr ia t e  amount  of reset  action. Rate  action 
did not  help the control  action and accordingly  was 
not used. Al though the equipment  was quite capable  
of au tomat ica l ly  commencing operation,  the t ime 
taken for s ta r t  up was reduced by in i t ia l ly  producing 
a condit ion of app rox ima te  equivalence in the cell. 
This was done by  manua l ly  adjus t ing  the current  
and sample  addit ion.  The system then was tu rned  
over to automat ic  operation.  

The 7678 emf moni tor  was helpful  in reveal ing  
the condit ion of the cell solution. Not only did 
this ins t rument  serve in the s ta r t  up procedure  but  
also gave clear evidence of sat isfactory operat ion 
when the equipment  was running.  Under  operat ing 
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Table I. Control settings at various electrolysis current levels 

431 

R e s i s t o r s  of modified 7664 me te r  
(circuit  of Fig.  6) 

Ser ies  60 controller  
M a x i m u m  R1, % R2, % Propor t ional  Reset,  

cur ren t  level, a m p  of total of t o t a l  band,  % repea t s / r a in  

Resistors  of circui t  of Fig.  4 
R1 (series) ,  R~ (Paral le l) ,  

o h m  ohm 

8 50 23 200 1.0 0.8 Open circuit 
1.0 50 22 80 1.0 17 2 
0.10 50 20 20 1.0 160 2 

condi t ions  the  cell vo l t age  s tayed close to 800 mv.  
The  s l ight  swings  on e i ther  side of this  vol tage  i nd i -  
cated tha t  the  reac t ion  was  u n d e r  control .  

Response studies.--The response  character is t ics  
of the  cont ro l  sys tem were  s tudied  in  a n u m b e r  of 
runs  in  which  the  ch lor ine  concen t r a t i on  was  
changed  a b r u p t l y  f rom one va lue  to another .  A d-  
j u s t m e n t s  were  made  in  the  cont ro l  se t t ings  to ob-  
t a in  bo th  a r ap id  response  to concen t r a t i on  change,  
wi th  a m i n i m u m  of overshoot,  and  a n a r r o w  cu r -  
r en t  t race  u n d e r  s teady condi t ions.  These objec-  
t ives conflicted somewha t  and  compromises  were  
necessary.  The  se t t ings  were  somewha t  d e p e n d e n t  
on the  ch lor ine  concen t r a t i on  level  and  once es tab-  
l ished were  lef t  a lone  for e x p e r i m e n t a l  w o r k  in  a 
pa r t i cu l a r  concen t r a t i on  range .  The  p re fe r red  con-  
t ro l  se t t ings  at va r ious  c u r r e n t  levels  are s u m m a r -  
ized in  Tab le  I. 

The  response  to a s lowly chang ing  so lu t ion  con-  
cen t r a t i on  also was  de te rmined .  Whi l e  the  i n s t r u -  
m e n t  was  r u n n i n g ,  a ch lor ine  so lu t ion  was  added 
s lowly to and  mixed  wi th  a more  d i lu te  so lu t ion  
con ta ined  in  a vessel  connec ted  to the  i n s t r u m e n t  
inlet .  The  opera t ion  r equ i r ed  abou t  3 hr, and  the  
final concen t r a t i on  was  a lmost  doub le  t ha t  at the  
start .  

To test  the  l o n g - t e r m  s tab i l i ty  of the en t i re  sys-  
tem, a 28-hr  con t inuous  r u n  was  made  wi th  the  
e q u i p m e n t  lef t  u n a t t e n d e d .  In  addi t ion,  tests also 
were  made  to d e t e r m i n e  the  uppe r  l imi t  of e lec t ro-  
lysis c u r r e n t  for this  cell and  cont ro l  system. 

Determining analytical accuracy.--The ana ly t i ca l  
accuracy  of the  con t inuous  coulometr ic  me thod  was  
s tud ied  by  compar ing  the  coulomet r ic  resu l t s  w i t h  
i n d e p e n d e n t  resu l t s  ob t a ined  by  a s t a n d a r d  chemi -  
cal me thod  (5) .  I n  tha t  me thod  iodide first was  
added to the  sample  to conver t  the ch lor ine  to an  
e q u i v a l e n t  a m o u n t  of iodine,  and  the  l i be ra t ed  io- 
d ine  t h e n  was  t i t r a t ed  w i th  s t andard ized  th iosu l fa te  
solut ion.  The  coulometr ic  concen t r a t i on  was com- 
pu ted  f rom the  m e a s u r e d  va lues  of c u r r e n t  and  solu-  
t ion  flow rate,  us ing  Eq. [1].  In  most  cases the  cu r -  
r en t  t race  had  an  apprec iab le  w id th  caused by  
h u n t i n g  of the au toma t i c  control ,  and  in  such cases 
it was  necessa ry  to es t imate  the  average  c u r r e n t  for 
the  ana ly t i ca l  ca lcula t ion.  

Results and Discussion 

Response characteristics.--The p e r f o r m a n c e  of the  
sys tem and  its response  to changes  in  concen t r a t i on  
are shown  in  Fig. 8 and  9. These figures were  con-  
s t ruc ted  by  t rac ing  over  the p e n  l ine  of the or ig ina l  
char t  record.  A l though  a sample  in  ac tua l  pract ice  
wou ld  p r o b a b l y  neve r  unde rgo  a b r u p t  step changes  
in  concen t ra t ion ,  as in  Fig. 8, such changes  n e v e r -  

theless  d e m o n s t r a t e  the  pe r f o r ma nc e  of the equ ip -  
m e n t  u n d e r  e x t r e m e  condi t ions  of reac t ion  upset .  
As Fig.  8 a nd  9 show, the  e q u i p m e n t  qu i t e  sa t is -  
fac tor i ly  fol lowed a b r u p t  a nd  g r a dua l  concen t r a t i on  
changes.  In  the  case of the  g radua l  change,  the  solu-  
t ion  vol tage  s tayed v e r y  close to 800 m y  d u r i n g  the 
en t i re  t rans i t ion .  

The  28-hr  con t inuous  r u n  was  accomplished qui te  
sa t is factor i ly  w i t hou t  any  difficulties occurr ing .  A1- 
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Fig. 8. Response of system at high current levels 
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Fig. 9. Response of system to slowly changing solution concen- 
tration at intermediate current levels. 
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Table II. Comparison of electrical and chemical analyses 
of chlorine solutions 

Difference 
(Elec.-Chem.) • 100 

Current  
level, Electrical Chemical  Chem. 
amp normal i ty  normal i ty  % 

0.0295 0.00335 0.00337 --0.6 
0.0704 0.00800 0.00812 --1.5 
0.253 0.0286 0.0285 +0.4 
0.460 0.0516 0.0516 0 
0.812 0.0912 0.0922 --1.1 
2.02 0.224 0.225 --0.5 
2.15 0.252 0.254 --0.8 
2.82 0.320 0.320 0 
3.24 0.380 0.381 --0.3 
3.32 0.382 0.385 --0.8 
3.63 0.416 0.412 + 1.0 
4.18 0.462 0.468 --1.3 
4.85 0.547 0.543 +0.7 
5.30 0.588 0.590 --0.3 
5.98 0.685 0.681 +0.6 
6.12 0.679 0.683 --0.6 
6.95 0.771 0.771 0 

0.6% 

--0.3% 

Average  difference 
(d i s regard ing  sign) 

Average  difference 
( tak ing  sign into account)  

t h o u g h  r e p r e s e n t i n g  on ly  m e a g e r  expe r i ence ,  th is  
r u n  n e v e r t h e l e s s  sugges t s  t h a t  the  con t inuous  cou lo -  
m e t r i c  t e c h n i q u e  is s u i t a b l e  for  e x t e n d e d  a n d  u n a s -  
s i s ted  m e a s u r e m e n t  of c o n c e n t r a t e d  ch lo r ine  so lu -  
t ions.  

The  m a x i m u m  e lec t ro lys i s  c u r r e n t  for  p r a c t i c a l  
o p e r a t i o n  w i t h  the  p r e s e n t  cel l  was  f o u n d  to be  
a b o u t  7 amp .  A t  c u r r e n t s  a b o v e  abou t  8 a m p  h y d r o -  
gen  evo lu t i on  was  n o t e d  a t  t he  ca thode ,  and  the  
s y s t e m  gave  poor  a n a l y t i c a l  resu l t s .  The  evo lu t ion  
of h y d r o g e n  gas  was  o b v i o u s l y  a s ign of poor  effi- 
c i ency  of  t he  c o u l o m e t r i c  r eac t ion .  W h e n  th is  oc -  
cu r red ,  t he  ca thode  i n t e r e s t i n g l y  enough  b e c a m e  
inef fec t ive  a n d  r e q u i r e d  an  hou r  or  so of o p e r a t i o n  
a t  a c o n s i d e r a b l y  l o w e r  c u r r e n t  l eve l  to r e c o v e r  i ts  
n o r m a l  h igh  efficiency. 

Chlorine-measuring accuracy.--The ef fec t iveness  
of t he  c o u l o m e t r i c  s y s t e m  in m e a s u r i n g  ch lo r ine  is 
shown  in T a b l e  II ,  w h i c h  p r e s e n t s  a n a l y s e s  b y  the  

e l e c t r i c a l  and  c h e m i c a l  me thods .  A c o m p a r i s o n  of 
the  two  m e t h o d s  is g iven  b y  the  p e r c e n t a g e  d i f f e r -  
ence  f igures.  

These  c o m p a r i s o n s  show t h a t  the  cel l  s y s t e m  
o p e r a t e d  at  v e r y  close to 100% efficiency t h r o u g h o u t  
the  en t i r e  r a n g e  of concdn t r a t i on  s tud ied ,  up  to a 
c u r r e n t  l eve l  of a l m o s t  7 amp .  The  a v e r a g e  of t h e  
e l e c t r i c a l  va lue s  was  0.3% l o w e r  t h a n  t h e  a v e r a g e  
of t he  c h e m i c a l  va lues .  W h i l e  t he  cause  of th is  m i n o r  
d i f fe rence  was  no t  a sce r t a ined ,  i t  m i g h t  h a v e  r e -  
su l t ed  f rom a s l igh t  loss of  ch lo r ine  a c c o m p a n y i n g  
the  d i s cha rge  of the  cel l  so lu t ion .  

The  u p p e r  l imi t  of m e a s u r a b l e  c o n c e n t r a t i o n  a t -  
t a i n e d  in  the  p r e s e n t  w o r k  (0.77N or  a p p r o x i m a t e l y  
3 % )  does no t  r e p r e s e n t  n e c e s s a r i l y  a m a x i m u m  
ch lo r ine  c o n c e n t r a t i o n  t h a t  is a n a l y z a b l e  b y  the  
con t inuous  c o u l o m e t r i c  t echn ique .  To push  th is  
f igure  u p w a r d ,  t he  s a m p l e  so lu t ion  flow r a t e  m i g h t  
h a v e  been  r e d u c e d  s o m e w h a t ,  or  the  c r i t i ca l  c o m -  
ponen t s  of the  cel l  m i g h t  have  been  m a d e  s u i t a b l y  
l a r g e r  to e n a b l e  the  cel l  to t o l e r a t e  c u r r e n t s  of 
g r e a t e r  m a g n i t u d e .  

In  c o n t r a s t  w i t h  ex i s t i ng  m e t h o d s  of m e a s u r i n g  
ch lor ine ,  the  p r e s e n t  t e c h n i q u e  w o u l d  a p p e a r  to offer 
a cont inuous ,  r ap id ,  and  a u t o m a t i c  m e a s u r e m e n t  of 
an a c c u r a c y  t ha t  h e r e t o f o r e  was  a t t a i n a b l e  on ly  b y  
c o n v e n t i o n a l  t i t r i m e t r i c  me thods .  

Manuscr ip t  rece ived  Aug. 28, 1961; rev ised  m a n u -  
scr ipt  received Jan.  26, 1962. This paper  was p repa red  
for de l ive ry  before  the  Indianapol i s  Meeting, Apr i l  30- 
May 3, 1961. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1962 
JOURNAL. 
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Techn ca]l 

An Electrolytic Polish and Etch for Lead Telluride 
Marriner K. Norr 

United States Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 

C h e m i c a l  e tches  for  de t ec t i ng  d i s loca t ions  (1, 2) 
and  an  e l e c t r o l y t i c  po l i sh  (3)  h a v e  been  p u b l i s h e d  
for  l e ad  teUur ide .  W i t h  two  of t he se  ( 2 , 3 )  the  
c rys t a l s  a r e  s o m e t i m e s  c r a c k e d  b y  t h e r m a l  shock  
because  t he  p r o c e d u r e s  m u s t  be  c a r r i e d  out  a t  t e m -  
p e r a t u r e s  n e a r  100~ The  e tch  of ref .  (1) ,  h o w e v e r ,  
is u sed  a t  r o o m  t e m p e r a t u r e  a n d  t h e r e f o r e  avo ids  
th is  diff iculty.  

This  no te  desc r ibes  a m e t h o d  for  e l e c t r o p o l i s h i n g  
l ead  t e l l u r i d e  at  r o o m  t e m p e r a t u r e ,  w h e r e  t h e  d a n -  
ge r  of t h e r m a l  c r a c k i n g  is avo ided .  Also,  a c lose ly  
r e l a t ed ,  r o o m  t e m p e r a t u r e  e l e c t ro ly t i c  e tch  for  d e -  
t ec t ing  d i s loca t ions  is desc r ibed .  W h e n  used  u n d e r  
the  cond i t ions  g iven  be low,  i t  is s i m p l e r  and  f a s t e r  
t h a n  the  p r o c e d u r e  of ref .  (1) .  

Procedure 
The  su r f ace  to be  e l e c t r o p o l i s h e d  is g r o u n d  on 

600 g r i t  s i l icon c a r b i d e  p a p e r  l u b r i c a t e d  w i t h  wa te r ,  
a f t e r  w h i c h  i t  is w a s h e d  w i t h  w a t e r  a n d  t h o r o u g h l y  
w i p e d  w i t h  lens  pape r .  The  e l e c t r o l y t e  is p r e p a r e d  
b y  d i s so lv ing  20g of p o t a s s i u m  h y d r o x i d e  pe l l e t s  in 
45 m l  of d i s t i l l ed  wa te r .  To th is  a r e  added ,  w i th  
s t i r r ing ,  35 m l  of g l y c e r o l  and  20 m l  of e thanol .  The  
chemica l s  a r e  r e a g e n t  g rade ;  t he  cel l  c o n t a i n e r  is a 
250 m l  b e a k e r .  The  c a t h o d e  is a p iece  of p l a t i n u m  
foil,  2-20 cm ~, a n d  the  anode  is t he  l e ad  t e l l u r i d e  to 
be  e l ec t ropo l i shed ,  w i t h  i ts  g r o u n d  su r f ace  o r i e n t e d  
ho r i zon ta l ly .  The  e l e c t r o l y t e  is s t i r r e d  w i t h  a m a g -  
ne t ic  s t i r r e r  a t  the  r a t e  of 75-200 r p m  a n d  the  a n o d e  
is s l owly  r o t a t e d  a r o u n d  i ts  v e r t i c a l  axis ,  a t  a b o u t  
4 rpm,  to p r e v e n t  t he  f o r m a t i o n  of flow l ines  on i ts  
sur face .  The  v o l t a g e  d rop  across  t he  cel l  d u r i n g  
e l e c t r o p o l i s h i n g  is 6v, and  the  c u r r e n t  d e n s i t y  is 
a b o u t  0.2 a m p / c m  ~. (S ince  the  su r f ace  a r e a  to be  
po l i shed  has  g e n e r a l l y  v a r i e d  w i th  d i f f e ren t  
samples ,  the  cel l  vo l tage ,  r a t h e r  t h a n  the  c u r r e n t  
dens i ty ,  has  p r o v e n  to be  the  m o r e  c o n v e n i e n t  p a r a -  
m e t e r  to con t ro l . )  The  t e m p e r a t u r e  of  t he  e l e c t r o -  
l y t e  is a b o u t  25~ The  anode  is e l e c t r o p o l i s h e d  u n -  
t i l  the  su r f ace  is smoo th  and  f ree  f r o m  sc ra t ches  
( g e n e r a l l y  5-15 m i n ) .  I t  is t h e n  r i n s e d  w i t h  wa te r ,  
i m m e r s e d  a few seconds  in 1:10 n i t r i c  acid,  r i n s e d  
w i t h  d i s t i l l ed  w a t e r ,  and  c a r e f u l l y  d r i e d  on lens  
pape r .  

W h e n  l e a d  t e l l u r i d e  is to be  e tched,  e i t he r  a f r e sh  
c l eavage  or  an  e l e c t r o p o l i s h e d  su r f ace  m a y  be  used.  
In  the  l a t t e r  case, a su r f ace  p a r a l l e l  to a c l eavage  

p l a n e  is p r e p a r e d  a n d  e l e c t r o p o l i s h e d  as d e s c r i b e d  in  
the  p r e c e d i n g  p a r a g r a p h .  Then  ( w i t h o u t  r e m o v i n g  
i t  f r o m  the  ce l l )  i t  is e t ched  b y  r e d u c i n g  the  cel l  
vo l t a ge  to l v  for  15 sec. R ins ing  a n d  d r y i n g  a re  
c a r r i e d  ou t  in  t he  m a n n e r  p r e v i o u s l y  desc r ibed .  I f  
the  su r face  to be  e t ched  is a f r e s h l y  c l eaved  one, i t  
is e t ched  in  the  m a n n e r  d e s c r i b e d  above ,  excep t  
t ha t  t he  e l e c t r o p o l i s h i n g  s tep  is omi t t ed .  

The  p i t s  can  be  e r a s e d  b y  e l e c t r o p o l i s h i n g  for  
a b o u t  5 min .  

Results and Discussions 
The  su r f ace  p r o d u c e d  b y  the  e l e c t r o p o l i s h i n g  p r o -  

c e d u r e  has  p r o v e n  s a t i s f a c t o r y  for  r e f l ec t iv i ty  m e a s -  
u r e m e n t s  used  for  t he  ca l cu l a t i on  of t he  c a r r i e r  e f -  
f ec t ive  mass  (4) .  The  p r o c e d u r e  was  success fu l  on 
bo th  s i n g l e - c r y s t a l l i n e  and  p o l y c r y s t a l l i n e  p - t y p e  
l e ad  t e l lu r ide .  U n d e r  a magn i f i ca t ion  of 9X, a f ew  
t iny  r a i s ed  specks  of l ead  t e l l u r i d e  could  be  seen  
occas iona l ly  on the  sur face .  W i t h  m a t e r i a l  t h a t  con-  
t a i n e d  m o r e  t h a n  one phase ,  the  su r f ace  was  s h i n y  
b u t  not  smooth .  

A g r a p h  of " c u r r e n t  d e n s i t y  vs. cel l  v o l t a g e "  d id  
not  show the  p r o n o u n c e d  p l a t e a u  f r e q u e n t l y  ob -  
s e r v e d  w i t h  success fu l  e l e c t r o p o l i s h i n g  solut ions .  
D u r i n g  e lec t ropo l i sh ing ,  a t h in  f i lm w a s  s o m e t i m e s  
v is ib le ,  b u t  i t  d i s a p p e a r e d  w h e n  the  cel l  was  d i s -  
connec t ed  or  w h e n  the  a n o d e  was  w i t h d r a w n  f r o m  
the  solut ion .  Cons i s t en t  w i t h  t h e  p r e s e n c e  of t h e  
f i lm w e r e  t he  fac ts  t h a t  ( i )  the  v e r t i c a l  and  h o r i z o n -  
ta l  su r faces  of t he  a n o d e  w e r e  po l i shed  e q u a l l y  
wel l ,  ( i i )  t he  cel l  c u r r e n t  d id  no t  v a r y  s ign i f i can t ly  
w h e n  the  ca thode  a r e a  was  i n c r e a s e d  f r o m  2 to 20 
cm ~, and  ( i i i )  t he  cel l  c u r r e n t  d id  not  v a r y  s ign i -  
f i can t ly  w h e n  the  a n o d e - c a t h o d e  d i s t ance  was  in -  
c r ea sed  b y  a f ac to r  of 7. A poss ib le  e x p l a n a t i o n  of  
these  o b s e r v a t i o n s  is t h a t  an  anode  film, r a t h e r  t h a n  
the  e l ec t ro ly t e ,  was  the  c u r r e n t - l i m i t i n g  un i t  w i t h i n  
the  cel l  d u r i n g  e l ec t ropo l i sh ing .  

The  e l e c t r o e t c h i n g  p r o c e d u r e  p r o d u c e d  pi ts  on 
p - t y p e  l ead  t e l lu r ide ,  b u t  on ly  on p l anes  a p p r o x i -  
m a t e l y  p a r a l l e l  to the  c l e a v a g e  p lanes .  The  p i t s  w e r e  
g e n e r a l l y  s q u a r e  and  p y r a m i d a l  and  w e r e  3-13t~ 
across.  As  the  su r faces  d e p a r t e d  f r o m  the  {100) 
p lanes ,  t h e  p i t s  b e c a m e  d i s t o r t e d  and  f ina l ly  d i s -  
a p p e a r e d .  The  d i agona l s  of the  p i t s  w e r e  p a r a l l e l  
to the  < 1 1 0 >  d i rec t ions .  P i t s  o c c u r r e d  a long  s m a l l -  
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angle gra in  boundaries,  t races of act ive slip planes,  
and at r andom points on the surface. Crystals  de-  
formed plas t ica l ly  and etched before and immedi -  
a te ly  af ter  the deformat ion  showed new pits which 
appeared  to be due to dislocations in t roduced by  the 
deformation.  
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The Dissolution Reaction and Attack of Beryllium 
by HF, HCI, and H SO4 

M. E. Straumanis and D. L. Mathis 

Department of Metallurgy, University of Missouri School of Mines and Metallurgy, Rolla, Missouri 

The kinet ics  of dissolution of Be in various acids 
can be s tudied easily, if the ra te  of react ion is fol-  
lowed by measur ing  the volume of hydrogen  
evolved. However,  there  is a complete  absence of 
quant i ta t ive  da ta  in this respect.  Inorganic  chem- 
is t ry  l i t e ra ture  sources state that  Be meta l  dissolves 
vigorously in di lute  acids, except  di lute  HNO~, 
where  the react ion ceases soon in the cold (1-4).  
The s to iehiometry  of these reactions is not revealed.  

Since Be exhibi ts  a s table  va lency of two, it  may  
be expected to react  wi th  the three  acids as follows 

[1] 

[2] 

Be + 2HF-~ BeF~ + H~ 

Be % 2HC1--> BeCI.~ + H~ 

Be + H~SO4 ~ BeSO, + H.~ 
and 

[3] 

The respect ive  salts are soluble in water ;  no res i -  
due should appear  therefore.  By dissolving a 
weighed amount  of the meta l  in the acids and meas-  
ur ing the volume of hydrogen  evolved the react ions 
can be checked. 

Experimental 
The Be was obta ined from the Brush Bery] l ium 

Company as p remium grade vacuum cast meta l  
lump and contained about  99.0% Be, the rest  ma in ly  
oxygen. Iron, a luminum, silicon, magnesium, and 
carbon were  present  in st i l l  smal le r  amounts.  As 
the other  meta ls  also develop hydrogen  whi le  dis-  
solving in acids, it  was calcula ted tha t  the Be sam-  
ple was app rox ima te ly  equivalent  to a meta l  con- 
ta ining 99.5% Be. 

The appara tus  used for  the dissolution of the Be 
samples and the collection of hydrogen  consisted 
of a constant  t empera tu re  react ion vessel sealed to 
a gas bure t te  (5, 6). The react ion t empera tu re  was 
36.0 ~ +-- 0.2~ the gas bure t te  was at  room t e m p e r a -  
ture, but  protec ted  with  an outer  glass tube f rom 
sudden t empera tu re  changes. 

Because of the low atomic weight  of Be, the sam-  
ples were  weighed with  an accuracy of +-- 0.00001g 
on a gold balance. The concentrat ion of the acids 
was so chosen tha t  the dissolution of the samples 
was complete in about  30 rain. The ai r  in the re -  

action vessel was not replaced by  an iner t  gas as 
no oxidat ion of the Be ions was expected.  

Results 
The results  obta ined with  the Be samples are 

summar ized  in Table I. 
Despite the not ve ry  accurate  knowledge of the 

composit ion of the Be samples, the agreement ,  as 
shown by Table I, be tween the H~ volume developed 
by the samples and the volume calculated from 
Eq. [1], [2], and [3] is sufficient to prove  the cor-  
rectness of these reactions.  The H~ volume evolved 
can therefore  be used for the de te rmina t ion  and 
moni tor ing of react ion rates  of Be wi th  H~-develop- 
ing acids. No res idue was left  af ter  dissolution of 
the samples. 

Al though the quant i ta t ive  react ions [1], [2], and 
[3] are quite similar ,  the a t tack  of the metal l ic  
surface by  HC1 differed f rom that  by the two other  
acids. A pol ished surface of Be, subjected to the 
action of HF or H~SO, remained  smooth, as if 
polished, even af ter  a longer  etching time. How- 

Table I. Measured and calculated volume of H~ evolved 
from complete dissolution of Be samples in 3 acids. 

Deviation A in % from calculated values 

Evolved Ca]c. 
H~, STP, H2(99.5% Be) ,  

Acid, N Be, g ml  m l  A, % 

HF, 3N 0.02866 71.05 70.91 +0.20 
0.02725 67.51 67.43 ~0.12 
0.03042 75.30 75.27 %0.04 
0.02843 70.45 70.35 ~- 0.14 

Average +0.13 

HCI, 2N 0.02940 72.89 72.75 +0.19 
0.02740 67.68 67.80 --0.18 
0.02840 70.38 70.27 ~-0.16 
0.02818 69.57 69.73 --0.23 

Average --0.02 

H~SO,, 2N 0.02831 69.99 70.05 --0.09 
0.03105 76.84 76.83 -}-0.01 
0.02645 70.42 70.40 -}-0.03 

--0.01 
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Fig. 3. Initial attack of vacuum cast Be by HCI. Magnification 
750X. 

Fig. 1. Attack of a smooth Be plate by 0.5N H~SO,. Magnifica- 
tion 1300X. 

Fig. 2. Plate of Be (powder metallurgy) after etching it deeply 
with concentrated HCI. Magnification 300X. 

ever ,  h igh  magn i f i ca t ions  r e v e a l e d  some s t r u c t u r e  
(Fig .  1). C o n t r a r y  to this ,  t he  r e a c t i o n  w i t h  HC1 
( a b o u t  0.5N) was  s t r o n g l y  loca l ized  s ince the  s t r u c -  
t u r e  of t he  m e t a l  a p p e a r e d  c l e a r l y  w i t h  s t r i a t i ons  
across  t he  g r a i n s  (Fig .  2). 

A n o t h e r  o b s e r v a t i o n  was  m a d e  w h i l e  Be d i s -  
so lved  in  I-IC1 a t  concen t r a t i ons  l o w e r  t h a n  0.5N: a 
b l a c k  depos i t  cove red  the  m e t a l  w h i c h  t hen  s e p a -  
r a t e d  f r o m  the  l a t t e r  and  t u r n e d  the  w h o l e  so lu t ion  
b lack .  I t  cou ld  be  shown  tha t  t he  depos i t  cons i s ted  
m a i n l y  of v e r y  fine Be need le s  wh ich  s e p a r a t e d  
f rom t h e  c o m p a c t  m e t a l  d u r i n g  the  d i s so lu t ion  p r o -  
cess (7) .  The  f o r m a t i o n  of t he  need le s  on the  edge  
of Be p ieces  is shown  in Fig.  3 and  4. 

The  b l a c k e n i n g  of t he  Be su r f ace  w h i l e  d i s so lv ing  
in HC1 was  p r e v i o u s l y  o b s e r v e d  b y  Bockr i s  (8) .  
L a t e r  t he  p h e n o m e n o n  also was  d e s c r i b e d  b y  
L a u g h l i n  e t  al. (9)  and  by  Heus l e r  (10) ,  who  ob -  
s e r v e d  i t  w h i l e  d i s so lv ing  Be a n o d i c a l l y  in a NaC1 
solut ion.  H o w e v e r ,  t h e y  d id  no t  r ecogn ize  t he  b l a c k -  
en ing  of t he  so lu t ion  as a r e su l t  of a p a r t i a l  d i s i n -  
t e g r a t i o n  of  the  anode ,  a l t h o u g h  such p h e n o m e n a  
a re  k n o w n  and  a r e  m e n t i o n e d  b y  E v a n s  (11).  
Neve r the l e s s ,  s ince the  b l a c k  depos i t  was  f o u n d  to 
consis t  of m e t a l l i c  Be, t he  m e n t i o n e d  a u t h o r s  (9)  e x -  
p l a i n e d  the  f o r m a t i o n  of i t  b y  the  fo l lowing  d i s -  
p r o p o r t i o n a t i o n  r e a c t i o n  

2 Be + ---- Be ~ + Be [4]  

Fig. 4. Crystal needles formed on vacuum cast Be corroding in 
HCI. Magnification 1300X. 

C o n s e q u e n t l y  i t  was  a s s u m e d  t h a t  Be was  e x p e l l e d  
b y  the  anode  in fo rm of m o n o v a l e n t  Be + ions  w h i c h  
t hen  in  a v e r y  sho r t  s p r e a d  of t ime  r eac t  w i t h  each  
o the r  acco rd ing  to [4] .  T h e r e  a r e  t h r e e  m a i n  ob -  
j ec t ions  to th is  e x p l a n a t i o n :  

1. I t  cou ld  be  o b s e r v e d  d u r i n g  the  p r e s e n t  i n v e s -  
t i ga t i on  t h a t  Be need le s  (Fig .  3 and  4) a n d  pa r t i c l e s  
s e p a r a t e d  f r o m  the  compac t  m e t a l  wh i l e  d i s so lv ing  
in HC1; t h e y  also w e r e  f o r m e d  a n o d i c a l l y  in n e u t r a l  
NaC1 solut ions .  

2. P a r t i c l e s  w h i c h  a r e  o b s e r v a b l e  m i c r o s c o p i c a l l y  
m u s t  grow,  if  r e a c t i o n  [4]  is correct ,  f r om a n u c l e -  
us;  h o w e v e r ,  n o b o d y  could  depos i t  m e t a l l i c  Be in  
a p rocess  of g r o w t h  f r o m  aqueous  solut ions .  

3. To fo rm v i s ib le  m e t a l l i c  Be p a r t i c l e s  acco rd ing  
to [4]  a g r e a t  n u m b e r  of Be  + m u s t  t r a v e l  aga ins t  
t he  forces  of r e p u l s i o n  to co l l ide  w i t h  each  o the r  so 
t h a t  the  second  va l ence  e l ec t ron  of one Be + could  
l eap  to a n o t h e r  Be + to g ive  m e t a l l i c  Be. This  is qu i t e  
imposs ib le .  

The  d e v i a t i o n  f r o m  F a r a d a y ' s  l a w  t h e r e f o r e  is 
not  b y  f o r m a t i o n  of Be + , b u t  s i m p l y  b y  p a r t i a l  d i s -  
i n t e g r a t i o n  of t he  Be a n o d e  as obse rved ,  w h i l e  t he  
c u r r e n t  was  f lowing.  This  p h e n o m e n o n  also was  in -  
v e s t i g a t e d  b y  M a r s h  and  Schasch l  (12).  The  Be 
d i s i n t e g r a t i o n  is one of t he  poss ib le  e x p l a n a t i o n s  
of t he  n e g a t i v e  d i f fe rence  effect (13).  

No f o r m a t i o n  of a b l a c k  depos i t  was  o b s e r v e d  in  
concen t r a t i ons  h i g h e r  t h a n  0.5h r HC1. This  is one of 
t he  r easons  w h y  a s t r o n g e r  c o n c e n t r a t i o n  of HC1 
was  chosen  for  t he  m e a s u r e m e n t s  of T a b l e  I. No 
b l a c k e n i n g  of the  ac ids  cou ld  be  o b s e r v e d  in a n y  
concen t r a t i on  of  H F  a n d  I-I~SO,. 

H o w e v e r ,  f o r m a t i o n  of a b l a c k  depos i t  and  hence,  
d i s i n t e g r a t i o n  of Be  was  o b s e r v e d  in  HC10~. Quali- 
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ta t ive  exper iments  showed tha t  chunk format ion 
s ta r ted  while Be was dissolving in about  0.3N 
HC10,. In s t ronger  concentrat ions of the acid the 
amount  of the deposit  increased,  but  i t  dissolved 
af ter  some time. The same phenomenon also was 
observed in HBr, only the concentrat ion of the acid 
at which the black deposit  s ta r ted  to appear  was 
about 1N. In  higher  concentrat ions the format ion  
of the deposit  was abundant ,  but  it dissolved soon 
af te rward .  
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Electron Microscopic Investigations on the Structure and 
Topography of Electrodeposited Nickel 

B. C. Banerjee and P. L. Walker, Jr. 
Mineral Technology Division, The Pennsylvania State University, University Park, Pennsylvania 

As a resul t  of successful appl icat ion of electron 
waves in reveal ing  many  s t ruc tura l  detai ls  of elec- 
t rodeposi ted meta l  surfaces (1-6) ,  the mechanism of 
growth of cathodic deposits is becoming be t te r  un-  
derstood. I t  has become evident  tha t  a deta i led  
knowledge of surface conditions of the ini t ia l  ca th-  
ode surface (based on chemical,  electrochemical ,  
and meta l lu rg ica l  s tudies)  is necessary  before one 
can a r r ive  at  a val id  conclusion as to the factors de-  
te rmining  not only the cathodic growth  processes 
but  also many  of the physical  and mechanical  p rop-  
ert ies of the electrodeposi ts  (2, 3, 7, 8). Exper imenta l  
evidences in favor  of the dislocation theory  of c rys ta l  
growth processes are  overwhelming,  but  ve ry  few 
a t tempts  have  been made, to the authors '  know-  
ledge, to expla in  many  s t ruc tura l  detai ls  that  de-  
velop on the surfaces of e lectrodeposi ted meta ls  on 
the basis of this theory.  In our  electron microscopic 
invest igat ions  of the topography  of such surfaces, we 
have observed not only the format ion of subs t ruc-  
tures  but  also s tr ia t ions or steps and dendri t ic  type  
of growth  dur ing ini t ia l  stages of deposit ion and mi -  
crocavit ies resembl ing etch pits at an advanced stage 
of deposition. These finer s t ructures  formed on a 
growing cathode surface, stress the impor tance  of 
the var ious  s t ruc tura l  imperfect ions and the the rmal  
energies involved in the growth of e lectrodeposi ted 
metals  (2, 7, 8). 

Experimental 
Our exper iments  main ly  consist of an electron 

microscopic s tudy of the s t ructures  and topography  
of Ni at  various stages of e lect rodeposi t icn  on rea-  
gent grade  Cu, Ag, Au, Ni, and Pt  cathode surfaces. 

Results for Ni, e lectrodeposi ted on two types of Cu 
cathodes are presented  in par t i cu la r  detail .  Carbon 
repl icas  of surfaces p reshadowed with  Pt  at  angles 
va ry ing  f rom 15 ~ to 25 ~ genera l ly  were  used for  
electron microscopic investigations.  The Ni was 
electrodeposi ted at a cur rent  densi ty  of 10 m a / c m  ~ 
and at a bath  t empera tu re  of 25~ from a purif ied 
su l fa te -chlor ide  bath  adjus ted  to different  pH con- 
ditions (2.1, 3.2, 5.1). Deposit ion t imes genera l ly  
ranged from about  1 rain to about  120 rain. The p ro -  
cedures involved in the prepara t ion ,  purification, and 
pH adjus tments  of the reagent  grade p la t ing  solutions 
have  been given e lsewhere  (1, 2). The thickness of 
the Cu and Ag foils was ad jus ted  to about  one mit  
by etching them slowly in di lute  acid solutions, 
fol lowed by  washing in dis t i l led water .  Slow etch-  
ing genera l ly  helps in reveal ing  grain boundar ies  in 
g rea te r  detail .  The Au foils, or ig ina l ly  of 0.4 rail 
thickness, were  fur ther  th inned to reveal  gra in  
boundar ies  by  slow etching in di lute  aqua regia. 
F igure  1 is a typ ica l  e lectron micrograph  reveal ing  
the small  g ra ined  s t ructures  of the Ag foil. Foils  of 
Au, Cu, Ni, and Pt  possess s imi lar  s t ructure.  Details  
of the p repara t ion  of the carbon repl icas  and the 
method of thei r  separa t ion  f rom the meta l  surfaces 
have been publ ished previous ly  (2). Two types  of 
Cu surfaces were  used as the cathodes for e lec t ro-  
deposit ion:  (A) Two mil  thick copper  foils were  
etched in modera te ly  di lute  HNO3 to adjus t  the u l t i -  
mate  thickness to about  one rail fol lowed by a dip 
in concentra ted HCI and a r inse in dis t i l led wa te r  
(2). (B) This surface was p repa red  by  e lect rode-  
posi t ing Cu for 15 rain on a type  (A) surface of Cu 
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Fig. 1. Electron micrograph of the surface of the Ag cathode ob- 
tained by etching in moderately dilute HNO3-(5S00X).  

foi l  f r om a c o m p l e x  C u - g l y c i n e  b a t h  of p H  2.5 
m a i n t a i n e d  at  25~ a n d  a c u r r e n t  d e n s i t y  of 1 0 m a /  
cm ~. The  depos i t s  m o s t l y  consis t  of g r a in s  w i t h  w e l l -  

d e v e l o p e d  b o u n d a r i e s  and  (10 i0 )  -p (211) p r e f e r r e d  
o r i en t a t i ons  (2) .  

Results and  Discussion 

N i c k e l  was  depos i t ed  on Cu su r f ace  ( A )  for  1 m i n  
f rom b a t h s  h a v i n g  a p H  of e i t he r  2.1 or  5.1. A n  e lec -  
t r o n  m i c r o g r a p h  of th is  Ni  su r f ace  (Fig .  2) shows  
t h a t  the  Ni  depos i t s  r e p r o d u c e d  the  p a r t i c l e  size and  
t e x t u r e  of the  Cu subs t r a t e .  S i m i l a r  r e su l t s  also 
w e r e  f o u n d  for  Ni  depos i t s  f o r m e d  f r o m  the  s ame  
b a t h  on  s u b s t r a t e s  of Ag,  Au,  Ni, or  Pt .  

On  t h e  o t h e r  hand ,  if  e l e c t r o d e p o s i t i o n  of  Ni  is 
c o n d u c t e d  for  1 min  f r o m  a b a t h  h a v i n g  a pI-I of 3.2, 
d i f fe ren t  r e su l t s  a r e  ob ta ined .  W h e n  depos i t i on  oc-  
curs  on Cu  s u b s t r a t e  ( A ) ,  an  e l o n g a t e d  t y p e  of s u b -  
g r a i n  s t r u c t u r e  deve lops  [Fig .  3a to 3c].  These  s u b -  

Fig. 2. Electron micrograph of the surface of Ni obtained by 
electrodepositing Ni from a sulphate-chloride bath at 25~ and 
at a current density of 10ma/cm ~ on Cu cathode (A) for 1 min 
at a pH of either 2.1 or 5.1. (2400X). 

Fig. 3a-c. Electron micrographs of subgrain structures formed 
on Cu cathode (A) when Ni is electredeposited from a sulphate- 
chloride bath of pH 3.2, at 25~ and at a current density of 
10ma/cm ~ for a deposition time of 1 min. (2400X). 

s t r u c t u r e s  a r e  o r i e n t e d  p a r a l l e l  to each  o t h e r  w i t h i n  
a g ra in ,  b u t  c o n s i d e r a b l e  d i f fe rence  in g r a i n  o r i e n -  
t a t i on  is no ted .  W h e n  depos i t i on  occurs  on the  A g  or  
A u  subs t r a t e s ,  a s i m i l a r  t y p e  of s u b s t r u c t u r e  also is 
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observed.  Analogous subst ructures  were  obtained 
by Deslisle (9) who hea ted  a po lycrys ta l l ine  Cu foil 
near  its mel t ing  point  for more  than 1 hr  and then 
etched the surface of the annealed copper in a sui t -  
able reagent .  When deposit ion occurs on Cu sub-  
s t ra te  (B),  large (111) facets containing a dendri t ic  
type  of s t ruc ture  (Fig. 4) and s tr ia t ions or steps 
(Fig. 5) are observed. F igure  4 is ve ry  s imi lar  to the 
photomicrograph of the surface dendr i tes  obta ined 
by Laukonis  and Coleman (10) in the case of ~,- 
phase Fe formed on Fe  whisker  surfaces tha t  were  
annealed in H~ for 2 hr  at  1200~ 

No such substructures ,  dendr i t ic  type  of growth,  
and s tr ia t ions or steps were  found for Ni e lect ro-  
deposi ted on the surface of P t  or Ni at any  of the 
above pH conditions. 

The deve lopment  of subgrains  on meta l  surfaces 
genera l ly  is thought  to be a t he rma l ly  ac t iva ted  
process. Subgrains  have been obtained by various 
workers  (11-13) by  anneal ing  a s l ight ly  deformed 
h igh -pu r i t y  meta l  near  its mel t ing point, fol lowed 
by an etch in a sui table  solution. Dislocations re -  
quire sufficient mobi l i ty  in order  to a r range  them-  
selves in dislocation walls  to produce this effect. 
There is evidence, such as tha t  put  fo rward  by  Lam-  
bot (14), tha t  deformat ion itself  is able to produce 
subgrains  wi thout  the requ i rement  of subs tant ia l  
the rmal  energy.  In this connection, it  has been found 
that  electrodeposi ts  develop large  amounts  of in te r -  
nal  stresses (7, 8, 15) which va ry  in magni tude  wi th  
deposit ion conditions. 

Electrodeposi ted Ni genera l ly  develops (210), 

(100), and (10i0)  -F (211) p re fe r r ed  or ientat ions at  
the deposi t ion conditions used in these exper iments  
at  pH conditions of 2.1, 3.2, and 5.1, respect ive ly  
(1, 2). Another  in teres t ing  fea ture  of our results,  
then, is the development  of microcavit ies,  which 
resemble  etch pits, on par t s  of the (210) and (100) 
surfaces of Ni, when the deposit  thickness exceeds 
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Fig. 5. Electron micrograph showing striations or steps formed 
on parts of the Ni surface under deposition conditions similar to 
those in Fig. 4. (7100X). 

20~. The development  of these microcavi t ies  is 
found to be independent  of the or iginal  cathode 
mate r i a l  used. They are often found to be e i ther  
square or rec tangula r  in cross section, the shape 
depending on the crys ta l  s y m m e t r y  of the surface 
on which they  are  formed. Figures  6 and 7 show 
microcavi t ies  formed on (210) and (100) Ni sur -  
faces, respect ively.  No cavit ies were  found on sur -  
faces at  thicknesses below 20~. For  example,  Fig. 8 
is an electron micrograph  for e i ther  the (210) or 
(100) nickel  surface at  a deposit  thickness of about 
12~. 

Many s t ruc tura l  features  of our resul ts  at  the ad-  
vanced stages of deposit ion can p robab ly  be ex-  
p la ined on the basis of a "Bunching Mechanism" of 
cathodic c rys ta l  growth,  proposed recent ly  by  the 
Bi rmingham School (3, 4). They suggest  tha t  kinks 
or s t ruc tura l  inhomogenei t ies  present  on the surface 
of the or iginal  cathode may  become extended and 

Fig. 4. Electron micrograph showing the tendency of Ni deposits 
to form a dendritic type of growth on a (111) facet of Ni when 
Ni is electrodeposited on Cu cathode (B) from a sulphate-chloride 
bath, of pH 3.2, at 25~ and at a current density of 10ma/cm 2 for 
1 min. (7100X). 

Fig. 6. Electron micrograph showing microcavities formed on the 
(210) surface of Ni electrodeposited for 120 min on cathode 
surfaces from the sulphate-chloride bath of pH 2.1, at 25~ and 
at a current density of 10ma/cm ~. (2400X). 
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Fig. 7. Electron micrograph showing microcavities formed on the 
(100) surfaces of Ni at 25~ from the bath of pH 3.2, at a current 
density of 10ma/cm 2 when the deposit thickness is about 20~. 
(2400X). 

Fig. 8. Electron micrograph of (210) surface of Ni, obtained by 
electrodeposltion of Ni from the bath of pH 2.1, at 25~ and at 
a current density of 10ma/cm ~ with a time deposition which favors 
a thickness of about 12~. (1300X). 

hence  magn i f i ed  on a mac roscop ic  scale  as t he  d e -  
pos i t  g rows  t h i c k e r  (3) .  Bu t  t he  d e v e l o p m e n t  of 
subs t ruc tu r e s ,  t he  f o r m a t i o n  of d e n d r i t i c - t y p e  of 
s t ruc tu res ,  a n d  s teps  or  s t r i a t i ons  d u r i n g  the  e a r l y  
s tages  of depos i t i on  canno t  be  u n d e r s t o o d  on the  
bas is  of a n y  one of t he  ex i s t i ng  m e c h a n i s m s  for  the  
ca thod ic  c ry s t a l  g r o w t h  processes .  The  i m p o r t a n c e  

of cons ide r ing  some of t he  p a r a m e t e r s  i n v o l v e d  in 
the  s o l i d - s t a t e  r eac t ions  o p e r a t i v e  in  ca thod ic  c r y s -  
t a l  g r o w t h  processes  at  the  v a r i o u s  s tages  of depos i -  
t ion  m i g h t  be h e l p f u l  in the  u n d e r s t a n d i n g  of th is  
c o m p l e x  p h e n o m e n a ,  r a t h e r  t h a n  r e s t r i c t i n g  ou r  
ideas  w h o l l y  to c lass ica l  m e c h a n i s m s  of c r y s t a l  
g r o w t h  p rocesses  (5, 6). C o n s i d e r a t i o n  of the  p o r o s -  
i ty  of t h i n n e r  e l ec t rodepos i t s ,  the  p r o p e r t i e s  of  l ine  
i m p e r f e c t i o n s  in ac t ing  as s ca t t e r i ng  cen te r s  for  
conduc t ion  e l ec t rons  (16),  the  e x o t h e r m i c  n a t u r e  of  
the  e l e c t r o d e p o s i t i o n  p rocesses  (7, 8), and  the  l a r g e  
d e f o r m a t i o n s  of ca thode  su r f ace  l a y e r s  d u r i n g  v a r i -  
ous s tages  of depos i t i on  r e s u l t i n g  f rom h igh  m a g n i -  
t udes  of i n t e r n a l  s t resses  (7, 8, 15) in t he  depos i t s  
m i g h t  be p a r t i c u l a r l y  h e l p f u l  in e x p l a i n i n g  m a n y  
of t he  s t r u c t u r a l  a n o m a l i e s  w h i c h  a r e  o f ten  e n -  
c o u n t e r e d  on the  su r f ace  of a g r o w i n g  depos i t  d u r -  
ing  ca thod ic  g r o w t h  processes .  
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Controlled Electrode Potential Deposition of Nickel-Iron Films 
F. H.  Edelman 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

The re la t ionsh ip  of the decrease  in  i ron  con ten t  of 
a n i c k e l - i r o n  film wi th  inc reas ing  th ickness  w h e n  
e lect rodeposi ted  f rom a cons tan t  c u r r e n t  source has 
been  repor ted  (1, 2). It  is a fa i r ly  common  pract ice  
in  the field of ana ly t i ca l  chemis t ry ,  since the i n t r o -  
duc t ion  of the commerc i a l l y  ava i l ab le  potent iostats ,  
to use the cont ro l led  electrode po ten t i a l  (CEP)  
me thod  to p e r m i t  the  deposi t ion  of one cat ion f rom a 
solut ion con ta in ing  more  t h a n  one species whose 
electrode poten t ia l s  are close (3).  The  procedure  
used in  this  note  was  no t  to separa te  n icke l  f rom 
iron,  bu t  to deposit  t hem in  a fixed rat io by  the  CEP 
method.  

The e lec t rop la t ing  ba th  was a conven t iona l  su l -  
f a te -ch lor ide  type  s imi la r  to those repor ted  else-  
where  (1, 4). The  subs t ra tes  were  1.8 cm square  
cover glasses tha t  were  made  conduc t ing  by  evap-  
o ra t ing  abou t  350A of c h r o m i u m  fol lowed by  2000A 
of gold. The  anode was a 11/2 in. p l a t i n u m  gauze 
cy l inder  which  enc i rc led  the cathode. The cathode 
was ro ta ted  at  200 rpm,  and  a calomel  re fe rence  
e lect rode was used. S imi l a r  da ta  can be ob ta ined  
wi thou t  us ing  a ro t a t ing  cathode, or s t i r r ing,  and  
by  us ing  o ther  p l a t i ng -ce l l  geometr ies .  The  sub -  
s trates  were  c leaned  in  a caus t i c -pe rox ide  solut ion,  
fol lowed by  a dis t i l led wa te r  r inse  and  ac t iva t ion  by  
a s t annous  chlor ide dip. No separa t ion  of the ano ly te  
and  ca tholy te  or a n i t r ogen  flush of the so lu t ion  
were found  necessary  

A commerc ia l  po ten t ios ta t  and  c u r r e n t  i n t eg ra to r  
were used (5). The  poten t ios ta t  worked  by  c o n t i n u -  
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Fig. 3. Iron content as a function of electrode potential 

ously compar ing  an  accura te ly  k n o w n  selected vo l -  
tage to the po ten t i a l  difference be t w e e n  the con-  
t ro l led  a nd  re fe rence  electrode.  The difference vol-  
tage was used to dr ive  a motor  which  r ap id ly  ad-  
jus ted  the  vol tage  be t w e e n  the  w o r k i n g  e lect rode 
and  the re fe rence  electrode un t i l  i t  became  zero. 

The  pola r iza t ion  curves  were  ob ta ined  by  ad ju s t -  
ing the po ten t ios ta t  for a g iven  po ten t i a l  a nd  r ead -  
ing the c u r r e n t  a f ter  s tabi l izat ion.  A separa te  m e t a l -  
l ized glass subs t r a t e  was used for each run .  The 
d u r a t i o n  of the e lec t rodeposi t ion  was cont ro l led  by  
the in tegra tor .  The film composi t ion  and  th ickness  
were  m e a s u r e d  by  x - r a y  f luorescence (6). This  p ro -  
cedure  had  an  accuracy  of • 5 %. 

The re la t ive  i n v a r i a n c e  of the i ron con ten t  of a 
pe r ma l l oy  film wi th  th ickness  w h e n  p repa red  by  the 
CEP method  is shown in  Fig. 1. For  compar i son  Fig. 
2 shows the va r i a t i on  in  i ron  con ten t  wi th  t ime  of 
deposi t ion of a film elect rodeposi ted us ing  a con-  
s t a n t - c u r r e n t  source. For  re fe rence  purposes,  the 
fi lm composi t ion  as a func t ion  of e lect rode po ten t i a l  
is p re sen ted  in  Fig, 3. 

I t  m a y  be therefore  conc luded  tha t  the CEP 
method  can be used to p repa re  a l loy films whose 
composi t ion r e ma i ns  r e l a t ive ly  cons tan t  wi th  depo-  
s i t ion t ime.  

A c k n o w l e d g m e n t  
I t  is a p leasure  to acknowledge  the efforts of 

Thomas  J. Ward  in  the p r e pa r a t i on  of the films. The 
x - r a y  f luorescent  m e a s u r e m e n t s  were  made  by  
A. Month  and  J. Ante lac .  

Manuscript  received Dec. 14, 1961. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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Thermodynamic Properties of the Tantalum 
and Tungsten Borides 

James M. t.eitnaker and Melvin G. Bowman 
Los Alamos Scientific Laboratory, University of California, Los Alamos, New Mexico 

and Paul W. Gilles 
The Department o] Chemistry, University of Kansas, Lawrence, Kansas 

During the course of extensive exper iments  on the 
the rmodynamic  and vapor iza t ion  proper t ies  of ZrB~, 
informat ion re la t ing to the the rmodynamic  p r ope r -  
ties of the t an ta lum and tungsten borides has been 
obtained.  The purpose of this paper  is to present  the 
resul ts  of these exper iments .  

Brewer  and Hara ldsen  (1) have studied the the r -  
modynamic  proper t ies  of var ious  re f rac to ry  borides 
by s tudying three  component  systems. The three  
components  were  ei ther  two metals  and boron, or a 
metal,  boron and carbon, or a metal ,  boron and n i -  
trogen. They have presented  thei r  resul ts  in phase 
d iagrams and in l imits  on the heats  of format ion of 
the bor ide  phases. 

Some of our exper iments  also were  of this type.  
The exper iments  involved h igh-vacuum heat ing of 
samples of the t an ta lum borides, or t an t a lum and 
ZrB~, or tungsten and ZrB~. The identif ication of the 
resul t ing phases by  x - r a y  diffraction procedures  
served to indicate wha t  chemical  react ions occurred 
and what  products  can exist  together  a t  the test  t em-  
pera ture .  The resul ts  are used to obtain l imit ing 
values  for the heats  of format ion of the  various 
phases. 

Experimental 
Four  types of exper iments  were  pe r fo rmed  in our 

previous  work:  (A) vapor izat ion exper iments  wi th  
the t an ta lum borides,  (B) phase d iagram studies of 
the t an ta lum borides, (C) invest igat ion of the t e r -  
na ry  sys tem Ta-Zr -B ,  and (D) invest igat ion of the 
t e rna ry  system W - Z r - B .  

(A) It  was demons t ra ted  in recent  work  on the 
phase d iagram of the t an t a lum borides be tween t an -  
t a lum and TaB (2) that  t an t a lum meta l  appeared  on 
the surfaces of t an t a lum boride samples that  had 
been subjected to h i g h - t e m p e r a t u r e  vaporizat ion.  
Thus, gaseous boron is lost p re fe ren t i a l ly  f rom all  
the t an ta lum borides at high tempera ture .  

(B) In the same work,  it was shown by a large  
number  of exper iments  that  "Ta~B" d ispropor t ion-  
ates at t empera tu res  below 2040 ~ +--- 30~ into t an t a -  
lum and "TabBy" and tha t  "Ta~B.:' d ispropor t ionates  
at  t empera tu res  above 2180 ~ ----20~ into "Ta~_B" and 
TaB. This unusual  behavior  is for tunate  for our pu r -  
poses; it  indicates the closeness of the rmodynamic  
s tabi l i ty  of these three  phases. The work  fu r the rmore  
showed that  Ta~B has the chemical  composition 
Ta . . . .  B and tha t  the composition of Ta~B2 is r ea l ly  
Ta ........ B. Simple exper iments  revealed  tha t  boron 
reacts  wi th  TaB to produce TAB._, and that  TAB., reacts  
wi th  t an t a lum to produce TaB. 

(C) During the course of the work  on the vapor i -  
zation proper t ies  of ZrB, (3),  t an t a lum meta l  was 
considered as a possible crucible mate r ia l  to use in 
effusion exper iments .  Samples  of t an t a lum meta l  and 
ZrB2 were  hea ted  together  in high vacuum to t em-  
pera tures  of 1650 ~ to 2200~ The results  indicated 
tha t  t an t a lum l iberates  zirconium, forming Ta~B, 
Ta~B.~. or TaB depending on the t empera tu re  and the 
ini t ia l  propor t ions  of reactants .  No react ion occurs, 
however,  be tween TaB and ZrB2. 

(D) In the same invest igat ion of the vapor iza-  
t ion proper t ies  of ZrB2 (3),  possible react ions of the 
d ibor ide  wi th  tungsten also were  invest igated.  
Samples  of tungsten meta l  and ZrB~ were  hea ted  
together  in high vacuum between 2075 ~ and 2140~ 
for several  days. The only resul t  was the sharpening 
of x - r a y  lines of the two phases in the  diffraction 
pa t t e rn  of the quenched sample and the e l iminat ing  
of faint  impur i ty  lines in the pat tern.  Hence, no re -  
action occurred. 

Results 

(A) Consider the two reactions by  which Ta~B 
might  evapora te  

Ta2,B(s) ---- 2.4 Ta (g )  -k B(g )  [1] 
and 

T a ~ B ( s )  : 2.4 Ta(s )  q- B (g )  [2] 

Exper imen ta l  observat ions showed tha t  react ion 
[2] instead of react ion [1] occurred;  hence the ra te  
of loss of B(g )  must  be grea ter  than 2.4 t imes the 
ra te  of loss of T a ( g )  f rom T a ( s ) .  The l imi t ing s tand-  
ard free energy for react ion [2] can be computed by 
assuming the ra te  of loss of B(g )  equals 2.4 t imes 
the ra te  of loss of Ta (g )  f rom Ta( s ) .  This assump-  
t ion is equivalent  to assuming the pressure  of B(g )  
equals 1/9.82 t imes the pressure  of Ta (g )  over 
Ta ( s ) .  The l imit ing heat  of format ion for Ta~B was 
computed f rom the free energy. The actual  heat  of 
format ion of Ta_~B wil l  be less negat ive  than this. 

For  this calculat ion we selected a vapor  pressure  
of t an t a lum of 8.69 x 10 -1' a tm at 2000~ from 
Stul l  and Sinke (4), Robson's (5) value of 135.0 
kca l /mole  for the heat  of subl imat ion of boron, free 
energy functions for t an ta lum solid and boron gas 
f rom Stul l  and Sinke (4),  and free energy func-  
tions for Ta._.B by summing free energy functions for 
the elements  (4).  The resul t  is AH,r,,,~ ~ --64.9 kca l /  
mole. 

(B) The equi l ibr ia  ment ioned among Ta, Ta.,B, 
Ta~B_~, and TaB lead to the conclusion that  the  heats 
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of fo rma t ion  of the th ree  borides  are n e a r l y  the  same 
per  boron.  We have  t aken  AS = 0 for all  reac t ions  
i nvo lv ing  only  c rys ta l l ine  phases.  Thus  

AH ..... ~ = AH . . . . . . .  A H ~  > --64.9 k c a l / m o l e  [3] 

(C) The resul ts  of the expe r imen t s  i nvo lv ing  
ZrB2 and  Ta meta l  can be descr ibed in  te rms  of the 
equa t ion  

ZrB~(s) + 2Ta(s )  = 2TaB(s )  + Z r ( s )  [4] 

The fa i lu re  of TaB to reduce  ZrB.~ impl ies  tha t  the 
reac t ion  

2TaB~(s) -t- Z r ( s )  = 2TaB(s )  -t- ZrB2(s) [5] 

wil l  t ake  place as wr i t t en .  Since Huber ,  Head, and  
Hol ley  (6) have  g iven  the  AH of fo rma t ion  of ZrB_~ 
as --76.7 --- 1.5 kca l /mole ,  one can deduce tha t  the  
AH of fo rma t ion  of TaB is more  nega t ive  t h a n  --38.4 
kca l /mole .  

A lower  l imi t  for the AH of fo rma t ion  of TAB_. 
can be imposed by  cons ider ing  the resul ts  of Brewer  
and  H a r a l d s e n  (1) who have  shown tha t  the  reac -  
t ion 

2TaC(s )  + B4C(s) = 2TaB~(s) + 3C(s)  [6] 

proceeds as wr i t t en .  The  hH of f o rma t ion  of TAB._, 
can be ca lcula ted  to be more  nega t ive  t h a n  --45.5 
k c a l / m o l e  by  us ing  Kel ley ' s  da ta  [quo ted  by  ref. 
(1 ) ]  on TaC o f - - 3 8 . 5  k c a l / m o l e  and  the da ta  of 
Smith ,  Dwork in ,  and  Van  A r t s d a l e n  (7) on B,C of 
--13.8 kca l /mo le .  

Resul ts  for the t a n t a l u m  borides  are s u m m a r i z e d  
in  Table  I. 

(D) The s tab i l i ty  of W~B can be es t ima ted  in  a 
fashion qui te  s imi la r  to tha t  used for Ta,_,B. Since the  
e x p e r i m e n t a l  ev idence  indicates  tha t  the reac t ion  

ZrB~(s) + 4W(s )  = 2W.~B(s) + Z r ( g )  [7] 

does not  proceed as wr i t t en ,  one concludes tha t  the  
pa r t i a l  p ressure  of boron  in  e q u i l i b r i u m  wi th  ZrB~ 
is less t h a n  tha t  in  e q u i l i b r i u m  wi th  t u n g s t e n  and  
W,B. T a k i n g  the pa r t i a l  p ressure  of boron  ar i s ing  
f rom the  evapora t ion  of ZrB~ as 1.6 x 10 -1~ at 2000~ 
(3),  the  AH of fo rma t ion  of W~B is computed  to be 
less nega t ive  t h a n  --26.0 kca l /mole .  

A lower  l imi t  of s tab i l i ty  has been  der ived  for 
W B by  Brewer  and  Ha ra ld sen  (1) who have  shown 
tha t  the hea t  of fo rma t ion  is more  nega t ive  t h a n  --20 
kca l /mole .  Hence,  the  l imi ts  of s tab i l i ty  of W.,B 
are set as 

--26.0 ~ AHw~B ~ --20 k c a l / m o l e  [8] 

B r e w e r  and  Hara ldsen  also have  shown tha t  the  
heat  of fo rma t ion  of WB is less nega t ive  t h a n  tha t  
for W~B by  no more  t h a n  8 kca l /mole .  

The t e r n a r y  phase d iagrams  in Fig. 1 and  2 s u m -  
mar ize  the  resul ts  of this  work.  The possible ex is t -  

Table I. Limits on heats of formation 
(Based  on  --76.7 i o r  ZrB2) 

JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

k c a l / m o l e  

Ta2.4B, Tal ,~B, TaB --64.9 to --38.4 
�89 --51.7 to --22.7 
W~B --26.0 to --20. 
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Fig. 1. Schematic phase diagram for the Ta-Zr-B system for a 
temperature of 1500~ 
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Fig. 2. Schematic phase diagram for the W-Zr-B system for a 
temperature of 1500~ 

ence of ternary compounds and regions of homo- 
geneity have been ignored since the purpose is to 
provide an easy-to-visualize thermodynamic rela- 
tionship among the respective binary compounds 
of the system. 

Discussion 

Resul ts  r epor ted  here  revea l  the k ind  of da ta  
and  i n f o r m a t i o n  t ha t  can be ob ta ined  f rom re l a t ive ly  
s imple  exper iments .  Grea t  accuracy  is no t  c la imed 
for the resul ts ,  ye t  they  are m e a n i n g f u l  and  w o r t h -  
while.  

The  resul t s  are not  in d i s ag reemen t  w i th  those of 
Brewer  and  Hara ldsen ,  bu t  they  do ind ica te  grea te r  
s tab i l i ty  for the t a n t a l u m  bor ides  t h a n  were  r e -  
por ted  p rev ious ly  and,  fu r the rmore ,  have  set b o u n d -  
ing l imi ts  on the s tab i l i ty  of lower  borides  of both  
t a n t a l u m  and  tungs ten .  

The solid so lubi l i ty  tha t  is p resen t  in these sys-  
t ems  has been  ignored,  bu t  r e l a t ive ly  l i t t le  e r ror  
resul ts .  

Manuscript  received Ju ly  31, 1961; revised m a n u -  
script Jan. 26, 1962. This work was done under  the 
auspices of the Atomic Energy Commission and ab- 
stracted in par t  from the doctoral thesis presented by 
James M. Lei tnaker  to the Univers i ty  of Kansas. 
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Any  discussion of this  pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1962 
JOURNAL. 
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Experimental Study of the Anode Effect 
When Electrolyzing Mixtures of Fused 

Sodium Chloride and Zirconium Tetrafluoride 
C. Decroly and R. Winand 

Department of Metallurgy and Electrochemistry, University oJ Brussels, Brussels, Belgium 

W o r k  done  in our  l a b o r a t o r y  (1, 2) on the  e lec -  
t r o l y t i c  p r o d u c t i o n  of z i r c o n i u m  m e t a l  b y  e lec -  
t ro lys i s  of fused  m i x t u r e s  of s o d i u m  ch lo r ide  and  
z i r c o n i u m  t e t r a f l u o r i d e  showed  t h a t  u n d e r  c e r t a i n  
cond i t ions  i t  was  poss ib l e  to obse rve  the  a p p a r i t i o n  
of the  a n o d e  effect w i t h  a l l  i ts  se tbacks .  W e  t h o u g h t  
i t  w o r t h w h i l e  to s t u d y  the  s e v e r a l  f ac to rs  w h i c h  
could  h a v e  an  inf luence  on  th is  p h e n o m e n o n  a n d  to 
d e t e r m i n e  t h e  bes t  cond i t ions  of e l ec t ro lys i s  to 
avo id  i ts  occur rence .  

The  a n o d e  effect is w e l l  k n o w n  a n d  was  m e n -  
t i oned  b y  Bunsen .  I t  is p a r t i c u l a r l y  we l l  k n o w n  
b y  the  a l u m i n u m  m e t a l l u r g i s t s ,  and  i t  is spec i a l l y  
for  th is  case  t ha t  r e s ea r ches  h a v e  been  conduc t ed  to 
e l u c i d a t e  th is  c o m p l e x  p h e n o m e n o n .  W o r k  on the  
sub jec t  b y  A r n d t  a n d  P r o b s t  (3) ,  b y  von W a r t e n -  
be rg  (4 ) ,  a n d  b y  Sch i s chk in  (5)  m a y  be  ci ted.  More  
r ecen t ly ,  Dros sbach  (6)  and  his  p u p i l  O s t r o w s k i  
(7) ,  as w e l l  as P i o n t e l l i  and  c o w o r k e r s  (8 ) ,  have  
p u b l i s h e d  the  r e su l t s  of t h e i r  i nves t i ga t i ons  on th is  
p r o b l e m .  

A r n d t  a n d  P r o b s t  a p p e a r  to h a v e  been  the  first  
to h a v e  s p o k e n  of a c r i t i ca l  anod ic  c u r r e n t  d e n s i t y  
a b o v e  w h i c h  the  a n o d e  effect  is a l w a y s  obse rvab le .  
F r o m  t h e  r e su l t s  of r e c e n t  r e s e a r c h e s  i t  can  be  sa id  
t ha t  t he  a n o d e  effect has  s e v e r a l  causes.  P i o n t e l l i  
(8)  and  Dros sbach  (6)  h a v e  s h o w n  t h a t  such f ac -  
tors  as t ime ,  t e m p e r a t u r e ,  b a t h  v iscos i ty ,  and  n a t u r e  
of the  anod ic  gases  can  inf luence  the  a n o d e  processes .  
T a y l o r  (9)  has  s h o w n  tha t  a d d i t i o n  of ox ides  to the  
me l t  also h a d  an  ac t ion  on the  a n o d e  effect. S ince  
a l l  of these  fac to rs  can  act  t oge the r ,  i t  is r a t h e r  d i f -  
f icult  to d e t e r m i n e  s e p a r a t e l y  t he  ro le  of each  of 
them.  In  the  p r e s e n t  w o r k  w e  h a v e  t r i e d  to f ind out  
w h a t  cou ld  be  the  i m p o r t a n c e  of each  of t he se  causes  
on the  a n o d e  effect in  t he  spec ia l  case of the  e l ec -  
t ro lys i s  of z i r c o n i u m  t e t r a f l u o r i d e  d i s so lved  in 
m o l t e n  s o d i u m  chlor ide .  As is w e l l  known ,  in  th is  
case c h l o r i n e  is e v o l v e d  at  t he  anode .  

Experimental 
Apparatus . - -The  m a i n  f e a t u r e s  of t he  a p p a r a t u s  

used  h a v e  been  d e s c r i b e d  e l s e w h e r e  ( 1 , 2 , 1 0 ) .  
H o w e v e r ,  in t he  p r e s e n t  w o r k  the  a n o d e  was  the  

c e n t r a l  e l ec t rode  and  was  m a d e  of g raph i t e .  The  
c ruc ib le ,  also of g raph i t e ,  was  t he  ca thode .  

Experimental  procedure.--All  m e a s u r e m e n t s  
w e r e  r e c o r d e d  p h o t o g r a p h i c a l l y .  M i r r o r  g a l v a n o m e -  
t e r s  w e r e  used  to m e a s u r e  t he  s e v e r a l  e l ec t r i ca l  
v a r i a b l e s  and  t h e  d i f fe rence  of p o t e n t i a l s  b e t w e e n  
s i lve r  w i r e  e l ec t rodes  and  the  anode .  The  r e p r o d u c -  
i b i l i t y  of the  r e su l t s  is no t  pe r fec t ,  b u t  i t  is poss ib l e  
to obse rve  a g e n e r a l  t r e n d  of t he  p h e n o m e n a  as a 
func t ion  of t he  s e v e r a l  v a r i a b l e s  w h i c h  can  be  
c h a n g e d  i n d e p e n d e n t l y .  The  d u r a t i o n  of the  e lec -  
t ro lys i s  mus t  be  t a k e n  into  account  a n d  the  " i n d u c -  
t ion  pe r iod , "  a l r e a d y  o b s e r v e d  b y  P ion te l l i ,  m u s t  
be d e t e r m i n e d  to fix t he  c r i t i ca l  c u r r e n t  d e n s i t y  
u n d e r  w h i c h  the  anode  effect is no t  obse rved .  

The  sequences  of the  e x p e r i m e n t a l  p r o c e d u r e  
w e r e  as fo l lows.  

(A)  M e a s u r e m e n t s  beg in  w i t h  a f r e s h  anode ,  
e i t he r  n e w  or  no t  h a v i n g  been  s u b m i t t e d  to t he  
anode  effect for  a t  l eas t  15 min.  C u r r e n t  is f irst  set  
a t  a low va lue ,  t h e n  the  ce l l  v o l t a g e  is p r o g r e s s i v e l y  
and  c o n t i n u o u s l y  i n c r e a s e d  up  to t he  m o m e n t  t he  
anode  effect  is obse rved .  The  v a l u e  of t he  c o r r e -  
s p o n d i n g  c u r r e n t  is n o t e d  a n d  i m m e d i a t e l y  a f t e r -  
w a r d s  t h e  cel l  is shu t  off. The  r e l a t e d  c u r r e n t  d e n -  
s i ty  is ca l l ed  D1. 

(B)  A f t e r  10 sec, t he  s ame  vo l t a ge  is a p p l i e d  to t h e  
cell.  The  i nduc t i on  t ime  is obse rved ,  t h e  cel l  is aga in  
shu t  off w h e n  the  anode  effect  is obse rved .  This  
p r o c e d u r e  is r e p e a t e d  s e v e r a l  t imes  b u t  w i t h  s m a l l  
i nc reases  of the  v o l t a g e  a f t e r  each  c u r r e n t  i n t e r -  
rup t ion .  A f t e r  a c e r t a i n  n u m b e r  of t he se  ope ra t i ons  
the  anode  effect is o b s e r v e d  as soon as the  v o l t age  
is a p p l i e d  to t he  cell .  Such  m e a s u r e m e n t s  a l l ow 
p lo t t i ng  of t he  o b s e r v e d  i nduc t i on  t i m e  a ga in s t  t he  
anodic  c u r r e n t  dens i ty .  F i g u r e  1 shows t h e  c u r v e  
ob ta ined ,  w h i c h  has  t h e  shape  of an  h y p e r b o l a .  The  
a s y m p t o t e  p a r a l l e l  to  t he  o r d i n a t e  ax i s  g ives  t he  
c r i t i ca l  c u r r e n t  d e n s i t y  Dlor~t. In  th is  p a r t i c u l a r  
case  t he  v a l u e  of Dler~t is 120 a m p / d m  ~. 

(C)  W h e n  the  a n o d e  has  b e e n  s u b m i t t e d  s e v e r a l  
t imes  to the  a n o d e  effect, i t  b e h a v e s  as if i t  has  a 
c e r t a i n  m e m o r y ,  and  Jt is no l o n g e r  poss ib le  to  avo id  
the  anode  effect even  w h e n  s h u t t i n g  off or  a p p l y i n g  
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Fig. 1. Induction time vs. anodic current density. Composition 
of the both: 25 w/o ZrF4 and 75 w/o NaCI; temperature, 850~ 
The position of the vertical asymptote to the curve gives the criti- 
cal anodic current density. 

the  vo l t age  to t h e  cell .  The  su r face  of t he  anode  is 
in a sor t  of exc i t ed  s ta te  w h i c h  g ives  i t  p e c u l i a r  
p rope r t i e s .  I t  is poss ib l e  to ge t  the  a n o d e  in th is  
p a r t i c u l a r  s t a t e  b y  the  fo l lowing  t echn ique :  one 
app l i e s  t he  vo l t age  w i t h  such a v a l u e  as to obse rve  
i m m e d i a t e l y  t he  a n o d e  effect, and  this  s t a t e  is m a i n -  
t a i n e d  for  5 sec. Then  the  c u r r e n t  is shu t  off for  
10 sec. A f t e r w a r d s  t he  vo l t age  is a p p l i e d  a g a i n  for  
5 sec a n d  t h e  c u r r e n t  is shu t  off for  10 sec. These  
o p e r a t i o n s  a r e  r e p e a t e d  20 t imes .  

(D)  A f t e r  the  l as t  i n t e r r u p t i o n  of the  c u r r e n t  the  
p r o c e d u r e  d e s c r i b e d  in  (A)  and  (B)  is r e p e a t e d ,  
and  i t  is pos s ib l e  to obse rve  a n e w  v a l u e  of t he  
anodic  c u r r e n t  d e n s i t y  w h i c h  p r o d u c e s  the  anode  
effect and  a n e w  v a l u e  of the  c r i t i ca l  anodic  c u r -  
r en t  dens i ty .  T h e y  a re  ca l led  r e s p e c t i v e l y  D~ and  
D2o r i t �9 

The  four  values ,  of the  anodic  c u r r e n t  d e n s i t y  
found  w h e n  us ing  the  p r o c e d u r e  d e s c r i b e d  a b o v e  
a re  cons ide red  as  def in ing  the  b e h a v i o r  of a g iven  
a n o d e  w h e n  a l l  o the r  fac to rs  a r e  known .  

Raw materials.--Commercia] c h e m i c a l l y  p u r e  
s o d i u m  c h l o r i d e  was  used.  Z i r c o n i u m  t e t r a f l u o r i d e  
was  p r e p a r e d  in  our  l a b o r a t o r y  b y  a p r o c e d u r e  d e -  
sc r ibed  e l s e w h e r e  (11) .  Before  use  i t  was  pur i f i ed  
by  s u b l i m a t i o n  u n d e r  v a c u u m  and  k e p t  d r y  u n d e r  
a rgon  a t m o s p h e r e .  

Experimental program.--Influence of t he  f o l l o w -  
ing f ac to r s  has  been  s tud ied :  ( a )  e l e c t r o l y t e  c o m -  
pos i t ion :  concen t r a t i ons  of z i r c o n i u m  t e t r a f l uo r ide  
in sod ium ch lo r ide  v a r i e d  f rom 0 to 25 w / o .  A b a t h  
o b t a i n e d  a f t e r  e l ec t ro ly s i s  w i t h  300 a m p - h r  of a 
m i x t u r e  of 1800g s o d i u m  c h l o r i d e  and  600g z i r -  
con ium f luor ide  was  also s tud ied .  This  b a t h  is ca l l ed  
" b a t h  of end  of e l ec t ro lys i s " ;  (b )  d i a m e t e r  of  the  
c y l i n d r i c a l  c en t r a l  anode ;  (c)  t e m p e r a t u r e ;  (d )  
r o t a t i o n  of t he  anode ;  and  (e)  a d d i t i o n  of z i r c o n i u m  
d iox ide .  

Results and  Discussion 

Influence 05 Bath Composition 

F i g u r e  2 shows  h o w  the  c r i t i c a l  c u r r e n t  d e n s i t y  
is d e p e n d e n t  on t h e  b a t h  compos i t i on  for  a n o d e  
d i a m e t e r s  of 16, 32, a n d  64 mm.  R a t h e r  l a r g e  d i s -  
c r epanc ie s  a p p e a r  b e t w e e n  the  r e su l t s  of e x p e r i -  
m e n t s  m a d e  u n d e r  s i m i l a r  condi t ions ,  and  a m e a n  
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Fig. 2. Influence of the composition of the molten electrolyte on 
the critical current density; temperature, 850~ anode diameter: 
curve 1 :16  mm, curve 2 : 3 2  mm, curve 3 : 6 4  mm. 

c u r v e  has  been  d r a w n  w h i c h  shows  the  t r e n d  of the  
p h e n o m e n a .  

F o r  p u r e  s o d i u m  ch lo r ide  the  c r i t i ca l  c u r r e n t  d e n -  
s i ty  is r a t h e r  smal l .  W h e n  a d d i n g  z i r c o n i u m  t e t r a -  
f luor ide  i t  beg ins  to increase ,  has  a m a x i m u m  for 
a b o u t  5 w / o  of z i r c o n i u m  te t r a f luo r ide ,  t hen  d e -  
c reases  s l o w l y  w i t h  i nc r e a s ing  c o n c e n t r a t i o n  of 
z i r c o n i u m  te t r a f luo r ide .  

The  shape  of these  cu rves  m i g h t  be  e x p l a i n e d  
w h e n  cons ide r ing  the  inf luence  of t h e  i n t e r r a c i a l  
tension.  A l t h o u g h  w e  d id  no t  m a k e  m e a s u r e m e n t s  
of i n t e r f a c i a l  tens ion,  w e  h a v e  been  a b l e  to obse rve  
e m p i r i c a l l y  t h a t  add i t i ons  of z i r c o n i u m  t e t r a f l uo r ide  
to m o l t e n  s o d i u m  ch lo r ide  could  c h a n g e  the  a d -  
he rence  of t he  m i x t u r e  to t he  g r a p h i t e  c r u c i b l e  a f te r  
sol idi f icat ion.  W h e n  p u r e  s o d i u m  ch lo r ide  is mo l t en  
in a g r a p h i t e  c ruc ib l e  and  t hen  a l l ow e d  to so l id i fy  
and  cool off, i t  is v e r y  easy  to ge t  t h e  sol id  sa l t  out  
of the  cruc ib le .  On the  c o n t r a r y ,  sol id i f ied  m i x t u r e s  
of sod ium ch lo r ide  and  z i r c o n i u m  t e t r a f l uo r ide  s t ick  
to t he  g r a p h i t e  c ruc ib le .  Th is  shows  t ha t  t h e  i n t e r -  
f ac ia l  t ens ion  of t he  m i x t u r e s  of sa l t s  is p r o b a b l y  
l o w e r  t h a n  t h a t  of p u r e  s o d i u m  c h l o r i d e  and  th is  
m i g h t  have  an  inf luence  on the  anode  effect. 

M e a s u r e m e n t s  m a d e  w i t h  t he  " b a t h  at  end  of 
e l ec t ro ly s i s "  have  shown  t h a t  t he  c r i t i ca l  c u r r e n t  
d e n s i t y  was  of t he  s ame  o r d e r  of m a g n i t u d e  as t ha t  
of t h e  p u r e  s o d i u m  c h l o r i d e  for  the  s ame  e l ec t rode  
d i a m e t e r .  This  m i x t u r e  a f t e r  so l id i f ica t ion  d id  not  
s t i ck  to the  c ruc ib le .  

A n  e x p l a n a t i o n  of t h e  dec rea se  of t h e  c r i t i ca l  
c u r r e n t  d e n s i t y  w h e n  t h e  c o n c e n t r a t i o n  of z i r c o n i u m  
t e t r a f l u o r i d e  is h i g h e r  t h a n  5 w / o  m i g h t  be  t h a t  
w h e n  the  p r o p o r t i o n  of z i r c o n i u m  f luor ide  inc reases  
the  v a p o r  p r e s s u r e  of  t h e  sa l t  i nc reases  also, a 
p h e n o m e n o n  w h i c h  could  h a v e  an inf luence  on t h e  
anodic  processes .  

Influence o5 Anode Diameter 

Some  p r e l i m i n a r y  e x p e r i m e n t s  h a d  s h o w n  tha t ,  
for  a g iven  c u r r e n t  dens i ty ,  the  a r e a  of  t he  a n o d e  
m i g h t  h a v e  an  inf luence  on the  a n o d e  effect. On the  
o t h e r  h a n d  ou r  m e a s u r e m e n t s  of the  c r i t i ca l  c u r -  
r en t  d e n s i t y  g a v e  r e su l t s  w h i c h  w e r e  m u c h  l o w e r  
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t h a n  those ob ta ined  by  P ion te l l i  and  his coworkers  
w h e n  e lec t ro lyz ing  pu re  chlorides wi th  a smal l  
hemisphe r i ca l  anode.  As our  e lect rolyt ic  cell had a 
cy l indr ica l  s y m m e t r y  and  as the anode was a lways  
in  the  same posi t ion wi th  regard  to the leve l  of the  
mol t en  salt, we  choose to define the  geometr ica l  
character is t ics  of the anode wi th  on ly  one n u m b e r :  
its d i ame te r  in  mm.  F ive  va lues  of the  d i ame te r  were  
chosen:  16, 22.6, 32, 45.2, and  64 mm.  The ra t io  be -  

tween  each d i ame te r  is %/2, so tha t  the  anode area  
increases  by  a factor  of 2 w h e n  pass ing  f rom one 
anode  to the  n e x t  and  w h e n  us ing  the same ba th  
level.  

F igu re  3 shows the curves  ob ta ined  w h e n  p lo t t ing  
the cr i t ical  anode c u r r e n t  dens i ty  agains t  the  anode  
area for a g iven  ba th  and  a g iven  t e m p e r a t u r e  of 
850 ~ Curve  1 is ob ta ined  wi th  pu re  sodium chloride;  
curves  2 and  3 are  ob ta ined  wi th  m i x t u r e s  of sod ium 
chlor ide and  z i r con ium te t raf luor ide  con ta in ing ,  r e -  
spect ively,  7.7 and  25 w / o  of this last  salt. 

The  th ree  curves  show that ,  up  to an  anode area 
of abou t  1 d m  2, the cr i t ical  c u r r e n t  dens i ty  decreases 
r a the r  sharply ,  bu t  for anode areas  above 1 dm ~ 
the anode effect appears  to obey two different  laws. 
In  some cases there  is a m i n i m u m  in the curve  and  
the  cr i t ical  cu r r en t  dens i ty  increases  aga in ;  b u t  in  
some other  cases the  cr i t ical  c u r r e n t  dens i ty  be -  
comes c o n t i n u a l l y  smal le r  w h e n  the  anode area  is 
increased.  The m i n i m u m  in the  curves  migh t  be 
exp la ined  if it  were  supposed that ,  for areas above 
1 dm 2, u n d e r  ce r ta in  condit ions,  the re  are par t s  of 
the  anode which  are w o r k i n g  w i thou t  anode effect, 
the r e m a i n d e r  be ing  s u b m i t t e d  to this effect. E v e r y -  
th ing  is going on as if the t rue  anode area  were  
smal le r  t h a n  the m e a s u r e d  one. W h e n  the m i n i m u m  
does not  appear  in  the  curve  it  migh t  be supposed 
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tha t  all  of the anode  area  bears  the  anode  effect. We 
have  a l r eady  said tha t  P ion te l l i  and  his co -worke r s  
have found  cr i t ical  c u r r e n t  densi t ies  h igher  t h a n  
ours. This  is p r o b a b l y  due  to the fact  tha t  P ion te l l i  
used m u c h  smal le r  anodes.  

Al l  these e x p e r i m e n t a l  facts  show tha t  anodic  
p h e n o m e n a  are r a t h e r  in t r i ca te  and  it  is no t  easy to 
give a theore t ica l  exp lana t ion .  T h e r m a l  cons idera-  
t ions do not  suppor t  the observed  facts, name ly ,  
the high va lue  of cr i t ical  c u r r e n t  dens i ty  w h e n  
anode d i ame te r  is small .  At  first sight, the  local  p ro -  
duc t ion  of heat  by  joule  effect a nd  the smal l  a rea  of 
the e lect rode should not  be in  favor  of a h igh cr i t ical  
c u r r e n t  densi ty .  Other  causes m a y  prevai l ,  and  the  
h y d r o d y n a m i c s  of the  processes occur r ing  at the 
anode  surface should  be s tudied  to get a r easonab le  
exp lana t ion .  

Influence o] Temperature 

B e t w e e n  780 ~ and  950~ wi th  a salt  m i x t u r e  con-  
t a in ing  25 w / o  of z i r con ium te t raf luor ide  no not ice-  
able  change  of the  cr i t ical  c u r r e n t  dens i ty  could be 
observed.  This shows tha t  the t h e r m a l  effect in  our  
special case had  not  a p r e d o m i n a n t  inf luence  and  
that ,  as a l r eady  men t ioned ,  a s imple  t h e r m a l  theory  
does no t  fit w i th  the  facts. 

Inltuence of the Rotation of the Anode 

Some e xpe r i me n t s  have  been  pe r f o r me d  wi th  a 
ro ta t ing  anode.  B e t w e e n  0 a nd  100 r p m  no signifi-  
cant  change  in the  va lue  of the  cr i t ical  anodic  cu r -  
r en t  dens i ty  could be observed w h e n  us ing  a ba th  
con ta in ing  25 w / o  z i r con ium te t ra f luor ide  a nd  wi th  
anode d i ame te r  of 32 ram. F u r t h e r  research  should 
be car r ied  out mod i fy ing  the  anode d i ame te r  and  
wi th  g rea te r  speed of ro ta t ion  to see if the  h y d r o -  
d y n a m i c  v i ewpo in t  has ac tua l ly  some impor tance .  

Influence of Addition o] Zirconium Dioxide 

For  a ba th  con t a in ing  25 w / o  z i r con ium t e t r a -  
f luoride as wel l  as for ba ths  of end  of electrolysis,  
addi t ions  of z i r con ium dioxide up  to s a tu ra t ion  
did not  inf luence apprec i ab ly  the  cr i t ical  c u r r e n t  
densi ty .  This m a y  be due to the  fact tha t  addi t ions  
of z i r con ium dioxide has no inf luence  on the  anodic  
reac t ion  and  tha t  the we t t ab i l i t y  of the anode  is not  
inf luenced ei ther .  

Conclusions 
Factors  which  appear  to p lay  an  i m p o r t a n t  par t  

in  the processes invo lved  in  the  anode effect are:  
(a) the w e t t a b i l i t y  of the  electrode by  the  bath ,  
(b)  n a t u r e  of the  gas evolved by  the  n o r m a l  anodic  
react ion,  and  (c) the  h y d r o d y n a m i c s  of the  gas 
evolut ion.  

To get a c learer  idea of the  anode effect mech -  
anism,  it is necessa ry  to ca r ry  out  viscosi ty and  i n -  
ter fac ia l  t ens ion  m e a s u r e m e n t s  and  to s tudy  the  
h y d r o d y n a m i c s  of the gas evo lu t ion  on a work ing  
anode. 

F r o m  a prac t ica l  v i e w po i n t  our  work  has shown 
tha t  w h e n  e lec t ro lyz ing  ba ths  c o n t a i n i n g  sodium 
chloride and  z i r con ium te t ra f luor ide  it is possible to 
work  wi th  fa i r ly  h igh c u r r e n t  densi t ies ,  p rov ided  
the anodes  are of sufficiently grea t  area.  
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Manuscr ip t  received Oct. 25, 1961. This paper  was 
p repa red  for  de l ive ry  before  the Det ro i t  Meeting,  Oct. 
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A n y  discussion of this pape r  will  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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Copper Corrosion 
Thermodynamic Aspects 
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ABSTRACT 

Thermodynamic data for reactions concerned in the corrosion of copper in 
waters containing dissolved oxygen and carbon dioxide are assembled and are 
used to demonstrate certain features of the corrosion processes. These include 
the extreme vulnerability of copper to attack, the critical effects of oxygen, and 
the inadequately protective properties of films of solid corrosion products. Con- 
firmation and extension of these conclusions are obtained by experimental 
studies of systems derived from copper, cuprous oxide, cupric oxide, malachite, 
and azurite in water kept in equilibrium with gaseous atmospheres containing 
known partial pressures of oxygen and carbon dioxide. It is shown, inter alia, 
that cuprous oxide is highly susceptible to dissolution, both by disproportiona- 
tion and oxidation, and that metallic copper dissolves in such media at a con- 
stant rate, despite the accompanying film growth, accumulation of cupric bi- 
carbonate in solution, and rise of pH. The maximum rate of dissolution is 
at ta ined at a molar  ra t io  of OJCO~ = 7/3 in the  gas phase, when  a substant ia l  
oxide  film is formed on the metal .  

The  g e n e r a l  ( n o n p i t t i n g )  cor ros ion  of coppe r  b y  
w a t e r s  con t a in ing  o x y g e n  and  ca rbon  d iox ide  p r o -  
duces  cupr ic  b i c a r b o n a t e  in  so lu t ion  and  an  i n a d e -  
q u a t e l y  p r o t e c t i v e  f i lm of cup rous  ox ide  on the  
meta l .  This  act ion,  w h i c h  m a y  b e  inde f in i t e ly  p r o -  
longed,  is an  in s id ious  i n d u s t r i a l  haza rd ,  b e c a u s e  t he  
copper  in so lu t ion  m a y  in i t i a t e  acu te  cor ros ion  e l se -  
w h e r e  b y  se t t ing  up  loca l  cel l  act ion.  Ye t  l i t t l e  effort  
has  been  m a d e  to s t u d y  i t  s y s t e m a t i c a l l y ,  even  to 
d i scove r  w h e t h e r  t h e  r eac t ions  p r o d u c i n g  so lub le  
and  i n s o l u b l e  cor ros ion  p r o d u c t s  a r e  f u n c t i o n a l l y  
i n t e r - r e l a t e d .  T h e r e  is thus  a need  for  t h e r m o d y -  
n a m i c  and  k ine t i c  s tud ies  of t he  Cu, H~O, O~, CO,_, 
s y s t e m  ( b o t h  w i t h o u t  and  w i t h  sa l ine  a d d i t i o n s ) ,  
w h i c h  the  p r e s e n t  ser ies  of p a p e r s  is i n t e n d e d  to 
in i t ia te .  

In  a t t e m p t i n g  to c o r r e l a t e  l a b o r a t o r y  e x p e r i m e n t s  
w i t h  p r a c t i c a l  co r ros ion  p r o b l e m s ,  a d i f f icul ty  a r i ses  
in t he  d i s p a r i t y  of t i m e  scales;  some  a d j u s t m e n t  of 
cond i t ions  m u s t  be  m a d e  to h a s t e n  the  e x p e r i m e n t s ,  
w i t h  u n a v o i d a b l e  i n t r o d u c t i o n  of an  e l e m e n t  of a r t i -  
f ic ia l i ty .  In  t he  p r e s e n t  work ,  th is  a d j u s t m e n t  has  
been  conf ined to  an  i nc rea se  a b o v e  n o r m a l  of the  
p a r t i a l  p r e s s u r e s  of o x y g e n  and  of c a rbon  d iox ide  
w i t h  w h i c h  the  e x p e r i m e n t a l  sys t ems  have  been  k e p t  
in  e q u i l i b r i u m .  I t  is b e l i e v e d  t h a t  th is  is a b e t t e r  
c o m p r o m i s e  t h a n  some o the r s  w h i c h  h a v e  been  
adop ted .  

Application o~ Thermodynamic Data 
The  t h e r m o d y n a m i c  d a t a  in T a b l e  I w e r e  d e r i v e d  

f r o m  en t r i e s  in  t he  N.B.S. C i r c u l a r  500 (1) ,  excep t  
for  t he  case  of r eac t i ons  i n v o l v i n g  the  bas ic  c a r b o n -  
ates.  F o r  these  subs tances ,  on ly  hea t s  of f o r m a t i o n  
could  be  f o u n d  (2 ) ,  a n d  an  a t t e m p t  to  o b t a i n  t he  r e -  
q u i r e d  G i b b s  f ree  ene rg i e s  of f o r m a t i o n  on the  bas is  

of e n t r o p y  e s t ima te s  [us ing  a p p r o x i m a t e  f igures  
quo t ed  b y  L a t i m e r  (3)  for  c a r b o n a t e  and  h y d r o x i d e ]  
was  unsuccessfu l ,  g iv ing  re su l t s  w i d e l y  at  v a r i a n c e  
w i th  e x p e r i m e n t .  The  en t r i e s  in T a b l e  I for  r eac t ions  
i nvo lv ing  m a l a c h i t e  (5)  and  azu r i t e  (6)  a r e  t h e r e -  
fo re  d e r i v e d  f r o m  our  o w n  e x p e r i m e n t a l  w o r k  a n d  
a re  of c o r r e s p o n d i n g l y  l i m i t e d  accuracy .  

Each  r e a c t i o n  in T a b l e  I p r o d u c e s  one mo le  of 
cupr i c  b i c a r b o n a t e  in solut ion,  so t h a t  s u b t r a c t i o n  of 
one e q u a t i o n  f r o m  a n o t h e r  ( w i t h  t he  a p p r o p r i a t e  
f ree  e n e r g y  changes )  p r o v i d e s  i n f o r m a t i o n  abou t  a 
t h i r d  r e a c t i o n  in w h i c h  cupr i c  b i c a r b o n a t e  is no t  i n -  
vo lved ,  The  t a b l e  t h u s  s u m m a r i z e s  d a t a  for  28 r e -  

Table I. Standard free energies, AG ~ and equilibrium ionic 
products, K' = (Cu++)(HCO3-) +, for copper corrosion 

reactions at 25~ 

Reaction AG~ kcal log K' 

[I] Cu + H~O 4- 2CO~ -5 --19.88 
%/20~ = Cu(HCO3)~ 

[2] I/zCu~O 4- H~O 4- 2CO~ --2.39 
+ V40~ = Cu(HCO.)~ 

[3] Cu(OH)= 4- 2CO~ = 8.73 
Cu (HCO.) 

[4] CuO 4- H~O 4- 2CO2 10.52 
---- Cu (HCO~) 2 

[5] %/z[CuCO, �9 Cu(OH)2] 11.9 
4- �89 4- l~CO~ = 
Cu (HCO,) 

[6] 1/3 [2CuCO. 'Cu (OH) ~] 12.1 
4- 2/3H~O 4- 1 1/3CO2---- 
Cu (HCO.) 2 

[7] Cu~O- Cu 4- H20 4- 15.10 
2CO2 = Cu (HCO,) 

14.57 4- 2 log Pco~ 
4- %/2 log Po~ 

1.75 4- 2 log Pco~ 
4- %/4 log Po2 

--6.40 4- 2 log Pco~ 

--7.71 4- 2 log Pco~ 

--8.69 4- 1%'z log 
Pco2 

--8.84 4- 1 1/3 log 
Pco2 

--11.07 4- 2 log 
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Fig. 1. Log K' = log (Cu2§ * as function of log Peo.~ at 
25~ for reactions [ I ]  to [7] of Table I. Plots relating to Po2 = 
1.0 atm and 0.1 atm are shown for reactions [1] and [2] .  

act ions  w h i c h  m a y  be  conce rned  in t he  cor ros ion  of 
coppe r  in  t he  Cu, H_~O, O~, COs sys tem.  The  l a s t  
co lumn  con ta ins  va lue s  of log K' ,  w h e r e  K '  = (Cu ~+) 
( H C O ; )  '~, t he  ionic a c t i v i t y  p roduc t ,  w h i c h  w o u l d  be  
a t t a i n e d  in so lu t ion  if each  r e a c t i o n  p r o c e e d e d  to 
e q u i l i b r i u m .  F i g u r e  1 shows  the  d e p e n d e n c e  of t h e  
log K" va lues  on a p p r o p r i a t e  gas p re s su res .  

C e r t a i n  in fe rences  m a y  b e  d r a w n  f r o m  th i s  t h e r -  
m o d y n a m i c  su rvey .  

Reac t ion  [1]  is a c c o m p a n i e d  b y  a f r ee  e n e r g y  loss 
of n e a r l y  20 kcal ,  i nd i ca t i ng  t ha t  coppe r  has  a con-  
s i d e r a b l e  t e n d e n c y  to d i s so lve  in w a t e r  con t a in ing  
o x y g e n  and  ca rbon  d iox ide .  S ince  i t  is th is  d i s so lu -  
t ion  w h i c h  cons t i t u t e s  t he  m a i n  p r o b l e m ,  i t  is r e a -  
sonab le  to r e g a r d  th is  q u a n t i t y  as  an  o v e r - a l l  " c o r -  
ros ion  p o t e n t i a l "  of c o p p e r  in  th i s  connect ion .  I t  is, 
h o w e v e r ,  u n l i k e l y  to be  f u l l y  effect ive  because  t he  
sy s t em can dec rease  i ts  f r e e  e n e r g y  s t i l l  f u r t h e r  b y  
u n d e r g o i n g  a n y  of  t he  r eac t i ons  [3]  to [7]  in r eve r se .  
A l l  of t he se  p r o d u c e  sol id  compounds ,  w h i c h  a r e  
l i ke ly  to depos i t  on the  m e t a l  and  e x e r t  some p r o -  
t ec t i ve  act ion.  

The  s ame  in fe rence  m a y  be d r a w n  b y  in spec t ion  of  
Fig .  1. Thus ,  i t  can  b e  seen  t h a t  for  Po~ = Peo~ = 0.1 
a tm,  log K '  for  r e a c t i o n  [1]  has  a v a l u e  of a r o u n d  12. 
Th is  co r r e sponds  w i t h  cupr i c  b i c a r b o n a t e  in so lu t ion  
at  m o l a l i t y  ~6000 mo le  kg-L This  s t r i k i n g  r e s u l t  is 
a b s u r d  on ly  because  i t  exp re s se s  the  cor ros ion  p o t e n -  
t i a l  of copper  on an u n s u i t a b l e  scale.  I t  c o r r e c t l y  i n -  
d ica tes  t ha t  copper ,  f a r  f r om b e i n g  noble ,  is e x -  
t r e m e l y  v u l n e r a b l e  and  is p r o t e c t e d  f r o m  r a p i d  d e -  
s t ruc t ion  on ly  b y  the  sol id  f i lms w h i c h  f o r m  on it. 
T h e r m o d y n a m i c  i n f o r m a t i o n  abou t  these  s e c o n d a r y  
fi lm f o r m i n g  processes  can  b e  o b t a i n e d  f r o m  Fig.  1. 
Thus,  a c o n c e n t r a t i o n  of cupr i c  b i c a r b o n a t e  def ined  
b y  a po in t  on th is  d i a g r a m  wi l l  exceed  the  e q u i l i b -  
r i u m  c o n c e n t r a t i o n  for  a r e a c t i o n  r e p r e s e n t e d  b y  a 
l ine  pas s ing  b e l o w  the  poin t .  Such  a c o n c e n t r a t i o n  of 
cupr ic  b i c a r b o n a t e  wi l l  t h e r e f o r e  have  a t h e r m o d y -  

n a m i c  t e n d e n c y  to d r i v e  th is  r e a c t i o n  b a c k w a r d s .  I t  
is e m p h a s i z e d  t h a t  these  t h e r m o d y n a m i c  a r g u m e n t s  
a r e  u n l i k e l y  to be  r e l a t e d  to m e c h a n i s m s  of r e a c t i o n  
and  c e r t a i n l y  c a r r y  no i m p l i c a t i o n  t h a t  a l l  sol id  cor -  
ros ion  p r o d u c t s  a r i s e  f r o m  consecu t ive  d i s so lu t ion  
and  depos i t i on  steps.  Such  a r g u m e n t s  should,  on the  
o the r  hand ,  g ive  t he  t r ue  sequence  of s t ab i l i t i e s  of 
the  sol id  cor ros ion  p r o d u c t s  u n d e r  def ined Po~ and  
Pea2 condi t ions .  

Reac t ion  [7]  is a d i s p r o p o r t i o n a t i o n  r e a c t i o n  oc-  
c u r r i n g  a n a e r o b i c a l l y .  The  d a t a  i nd ica t e  tha t ,  b y  
this  reac t ion ,  c up rous  ox ide  in p r e sence  of me ta l l i c  
copper  can  send a p p r e c i a b l e  concen t r a t i ons  of cupr ic  
ion in to  solut ion.  Thus,  for  Pea2 = 1 a tm,  t he  e q u i l i b -  
r i u m  c onc e n t r a t i on  of cupr i c  ion is 8 ppm,  1 i nd i ca t i ng  
t h a t  cup rous  ox ide  is u n l i k e l y  to f o r m  a p r o t e c t i v e  
f i lm of a n y  p e r m a n e n c e  un less  i t  is c o n s t a n t l y  r e -  
g e n e r a t e d ;  such r e g e n e r a t i o n ,  h o w e v e r ,  imp l i e s  con-  
t i n u e d  a t t a c k  on the  copper  subs t r a t e .  

The  w a t e r s  in  w h i c h  coppe r  cor ros ion  n o r m a l l y  
occurs  con ta in  o x y g e n  as w e l l  as c a rbon  d iox ide ;  th is  
g r e a t l y  w o r s e n s  t h e  s i t ua t i on  because  r e a c t i o n  [2] ,  
w h i c h  is m u c h  m o r e  f a v o r e d  t h e r m o d y n a m i c a l l y ,  
comes  into  p lay .  E v e n  if t he  effects  of th is  shou ld  be  
l a r g e l y  nul l i f ied  b y  depos i t i on  of h y d r o x i d e ,  oxide ,  
or  bas ic  c a r b o n a t e  ( r e a c t i ons  [3]  to [6]  in  r e v e r s e ) ,  
t he  d a m a g e  is no t  e n t i r e l y  r e p a i r e d ,  for  a l l  t hese  s u b -  
s tances  p r o v i d e  f a r  f r o m  ne g l i g ib l e  c o n c e n t r a t i o n s  
of cupr i c  ions in solut ion.  This  p r o v i d e s  an  a d d i t i o n a l  
r e a s o n  w h y  i t  is u n l i k e l y  t h a t  copper  wi l l ,  in course  
of t ime,  p r o v i d e  its own a d e q u a t e l y  p r o t e c t i v e  fi lm. 

The  c r i t i ca l  effects  of o x y g e n  a re  we l l  i l l u s t r a t e d  
b y  ca l cu l a t i ng  e q u i l i b r i u m  mola l i t i e s  of cupr i c  b i -  
c a r b o n a t e  in so lu t ion  for  r e a c t i o n s  [1]  and  [2]  over  
a c o m p l e t e  r a n g e  of o x y g e n - c a r b o n  d iox ide  m i x t u r e s  
at  a t o t a l  p r e s s u r e  of 1 a tm.  The  r e su l t s  a r e  shown  in 
Fig .  2. The  v e r y  s t eep  r i se  of t he  Curves as the  o x y g e n  
p a r t i a l  p r e s s u r e  inc reases  f r o m  zero is obvious ;  t h e  
t e n d e n c y  of c o p p e r  to d i s so lve  inc reases  r a p i d l y ,  and  
the  p r o t e c t i v e  ac t ion  of a c up rous  ox ide  fi lm d e -  
c reases  even  m o r e  r a p i d l y .  

Exploratory Exper iments  and Results 

A l t h o u g h  no t  a l l  t he  e q u i l i b r i a  of i n t e r e s t  could  be  
access ib le ,  e x p e r i m e n t s  w e r e  c a r r i e d  out  to check  the  
in fe rences  m a d e  f r o m  the  a v a i l a b l e  t h e r m o d y n a m i c  
d a t a  and  to s e rve  as a gu ide  for  f u r t h e r  work .  P o w -  

z T h e  c o n v e n i e n t  n o t a t i o n  of p a r t s  p e r  m i l l i o n  ( rag 1-D is  u s e d  f o r  
very l o w  c o n c e n t r a t i o n s  of  so lu tes .  
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Fig. 2. Calculated molalities of Cu(HC03)2 for reaction [1] ,  Cu 
+ H~O + 2C0~ + �89 = Cu(HCO~)2 and reaction [2] ,  
�89 + H~O + 2C0~ -t- 1AO~- ~ Cu(HCO~)_~ for systems in 
equilibrium with mixtures of 02 and C02 at a total pressure of 1 
atm. 
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dered (100 mesh) solid phases, carefully freed from 
electrolytic impurities, were maintained in contact 
with circulating water  continuously equilibrated 
with known gas mixtures (O~, CO~, N~) at a total 
pressure slightly greater than barometric. Samples 
of aqueous phase were periodically withdrawn for 
estimation of copper content, and records were kept 
of conductance and pH. Accuracy in these experi-  
ments, conducted in a thermostatically controlled 
room at 24 ~ +-I~ was not better than +---5%, but the 
following useful indications were obtained. 

Dissolution of cupric compounds, or of cuprous 
oxide, or copper in oxygenated media, led to increase 
in pH and (sometimes after an initial decrease) con- 
ductance. In conjunction with copper analyses and 
Pco~ values, such results were invariably consistent 
with the existence of copper in solution solely as 
fully dissociated cupric bicarbonate, and with pH 
determined by the bicarbonate/carbonic acid buffer 
ratio. To establish this, use was made of the electro- 
neutrali ty requirement, of data for the solubility of 
carbon dioxide in water  (4) and its dependence on 
partial pressure (5), of the ionic product of water  
(6), the dissociation constants of carbonic acid (6), 
and ion conductances of hydrogen (7), cupric (8) 
and bicarbonate (9) ions. 

Cupric oxide, prepared from cuprous oxide (see 
below) by heating in oxygen at 400~ was used in 
studies of equilibria in CuO, H~O, N~, CO~ and CuO, 
H20, O_~, CO~ systems. The results, shown in Fig. 3 (a),  
agreed reasonably well with some earlier deter- 
minations (10) and with those calculated thermody-  
namically for reaction [4], from which the curve in 
Fig. 3 (a) was constructed. 

The thermodynamic data indicate, however, that  
cupric oxide is not the most stable solid phase except 
at very low partial pressures of carbon dioxide. This 
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Fig. 3. Experimental concentrations of Cu 2§ ppm, for (a) Cu0, (b) 
malachite, and (c) azurite equilibrated with water and with N~ and 
C02 mixtures (left-hand diagrams) or with 0~ and COs mixtures 
(right-hand diagrams) at a total pressure of 1 arm. 
Thermodynamic carve; - - -  o - - -  experimental, present work; A 
Tronstad and Veimo; - - - - � 9  free. 

was confirmed by the occasional appearance of 
green-blue solids at Pco~ ~ 1 atm. In two cases these 
were identified by x- rays  as malachite, or a mixture 
of malachite and azurite. 

Malachite (Burra Burra, Australia) and azurite 
(MacAlder Mine, Kenya) ,  hand-picked, ground, and 
extracted with water  to constant conductance of the 
aqueous phase, were used in similar equilibrium 
studies. The results are shown in Fig. 3 (b) and 3 (c), 
in which the curves represent the requirements of 
the data in Table I for reactions [5] and [6];  these 
data were, however, derived from these same ex- 
periments, so the agreement is not significant. Agree-  
ment with some earlier data (10, 11) is not good, 
but it is believed that the present results slightly 
improve an unsatisfactory situation, even though 
they are derived from rough, exploratory experi- 
ments quite inadequate for setting up new standards 
(thus, the experimental values, for reactions [4], 
[5], and [6], respectively, of a log K'/O log Pco~ were 
1.84, 1.40, and 1.20). 

There is some subsidiary evidence relating to the 
placing of the lines in Fig. 1. If, by some means 
(possibly reaction [1]) ,  a concentration of cupric 
bicarbonate has been set up in solution, then, in the 
presence of metallic copper, reaction [7] in reverse 
is thermodynamical ly preferred, and there is no 
doubt that cuprous oxide is the first solid corrosion 
product to appear under these circumstances. In 
long-term experiments in which copper strips were 
allowed to corrode for many months in aerated solu- 
tions the second product was malachite. Azurite, 
cupric oxide, or hydroxide were not found. This is in 
agreement with expectations from Fig. 1. On the 
other hand, in experiments in which cuprous oxide 
has been subjected to prolonged t reatment  with 
water in equilibrium with Pco~ = 0.3 atm, malachite, 
not azurite, has been identified by x- rays  as the final 
product. This suggests that  the malachite line in Fig. 
1 should be slightly dropped relative to the azurite 
line. Such adjustments, however, must await the 
provision of more satisfactory data. It must also be 
remarked that purely thermodynamic arguments of 
this kind cannot be taken as an infallible guide to 
the sequence in which corrosion products may ap- 
pear and can certainly not be taken as evidence on 
the mechanisms of their formation. 

Cuprous oxide, prepared by glucose reduction of 
cupric acetate solution, was extracted with water  in 
absence of air to constant conductance of the aque- 
ous phase, dried, graded (100 mesh),  and used in 
studies of Cu~O, H~O, N2, CO.~ and Cu~O, H~O, 0.~, CO_~ 
systems. The results for the first of these are shown 
in Fig. 4(a) and are seen to be erratic, corresponding 
with observations of instability and deposition of 
green-blue solid phases. Copper in solution was un-  
doubtedly predominantly,  if not exclusively, in the 
form of cupric bicarbonate (basic cupric carbonate 
was recovered on displacement of dissolved carbon 
dioxide by nitrogen),  which must have been formed 
by the disproportionation reaction [7]. Yet at Pco~ = 
1 atm, the concentration of cupric ion in solution, 83 
ppm, was ten times that expected from the thermo- 
dynamic data. This result could not have been due to 
imperfect deoxygenation of the system (residual 
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oxygen 0.0 --  0.7 ppm) and must  b e  a t t r ibu ted  to 
nonstoichiometry  of the oxide and to the absence of 
metal l ic  copper, except  for tha t  produced in the  re -  
action itself, f rom the system. Such copper could, 
perhaps,  be accommodated in la t t ice defects and cer -  
t a in ly  fell  short  of a t ta in ing  the s tandard  state for 
the metal.  This point  was checked by  car ry ing  out a 
set of exper iments  in which copper powder  was in-  
cluded with the cuprous oxide. The results,  shown 
in Fig. 4 (b ) ,  were  even more errat ic ,  but  appre -  
c iably lower.  Ins tab i l i ty  was very  marked ,  and some 
of the copper  in solution must  have been in the cu- 
prous valency state. 

Al though these resul ts  have no absolute,  quan t i t a -  
t ive significance, they  under l ine  the ex t reme vu lne r -  
abi l i ty  of cuprous oxide to dissolution, both by  dis-  
propor t ionat ion  and oxidat ion,  and indicate the ne-  
cessity of giving separa te  considerat ion to Cu~O and 
Cu, CuoO systems. In the l a t t e r  case it seems tha t  the 
copper may  have  some difficulty in control l ing its 
somewhat  t he rmodynamica l ly  undiscipl ined lower 
oxide. This general  point  seems to have escaped 
Tronstad and Veimo (10), who set out to de te rmine  
the solubi l i ty  of cupri te  in wa te r  containing dis-  
solved carbon dioxide. Their  resul ts  ( in presence of 
added copper)  are included in Fig. 4(b)  and fal l  
wi th in  the scat ter  of the  present  determinat ions ,  but  
thei r  conclusion tha t  cuprous oxide is only 1/5 to 
1/10 as "soluble" as cupric  oxide in wa te r  containing 
carbon dioxide is untenable ;  thei r  subsequent  dis-  
cussion of copper corrosion, hinging on this conclu- 
sion, consequent ly  loses significance. 

Inspect ion of Fig. 1 indicates  tha t  there  could be 
no hope of real iz ing equi l ibr ia  in the Cu~O, H~O, O., 
CO.~ system, for molal i t ies  of cupric b icarbonate  up to 
nea r ly  2 mole kg -1 would have to be at tained.  In spite 
of this, an a t tempt  was made to s tudy this system. 

Ins tab i l i ty  was encountered,  but  the highest  a t t a in -  
able concentrat ions of copper in solution were  re -  
corded and appear  as functions of gas composit ion in 
Fig. 4 (c).  Surpr i s ing ly  enough, a curve can be placed 
-through the somewhat  scat tered resul ts  (orders  of 
magni tude  lower  than those corresponding with 
equi l ibr ium)  ident ical  in shape wi th  the  t he rmo-  
dynamic  curve of Fig. 2. Coincidental  though this 
may  be, the ex t reme  vu lne rab i l i ty  of cuprous oxide 
in such systems, containing even traces of oxygen, is 
demonst ra ted .  

Since the l imit  of the rmodynamic  studies had been 
reached,  and since in prac t ica l  p roblems  kinet ic  and 
the rmodynamic  factors are often not easi ly d isen-  
tangled,  exper iments  were  made in order  to follow 
the course of all the solid phase  dissolution react ions 
over an ini t ia l  per iod of 3 hr. In general ,  the resul ts  
served only to confirm conclusions a l r eady  reached,  
wi th  the  fol lowing exceptions.  

For  the cupric compounds, a fast in i t ia l  react ion 
decreased smoothly in rate,  giving a copper concen- 
t ra t ion curve  concave to the t ime axis, a form not 
unexpected  and easi ly explained.  In the case of cu- 
prous oxide, however,  these fea tures  were  accentu-  
ated; thus for the conditions Po~ = 0.2 arm and Pr 
0.8 atm, the aqueous phase contained 15 ppm of dis-  
solved copper wi th in  5 rain, but  requi red  3 hr  to a t -  
ta in 30 ppm. This behavior  could be due to a change 
in that  pa r t  of the solid phase accessible to the  aque-  
ous medium, impover i shment  in oxygen, or enr ich-  
ment  in copper  o f  nonstoichiometr ic  surface layers.  
But perhaps  the  most impor t an t  aspect is again the  
high reac t iv i ty  of cuprous oxide, now demonst ra ted  
k ine t ica l ly  as well  as the rmodynamica l ly ,  when not 
under  the res t ra in ing  control  of metal l ic  copper  in 
its s t andard  state. Again, r emarkab ly ,  the  extent  of 
copper up take  af ter  1, 2, or 3 hr  of dissolution re -  
produced app rox ima te ly  the shape of the the rmo-  
dynamic  curve. 

Copper powder,  formed by  reduct ion in hydrogen  
at 200~ of the same cuprous oxide (in the hope of 
preserv ing  some correspondence of specific surface 
areas) ,  was used to s tudy the Cu, H.~O, Or, CO~ sys-  
tem. At ten t ion  was necessar i ly  confined in this  ease 
to kinet ic  aspects, which were  l a t e r  s tudied in more  
detai l  by modified methods, but  the  fol lowing p re -  
l iminary  resul ts  of some significance were  obtained.  

The dissolution of metal l ic  copper, often de layed 
by an induction period, took place at  a constant  rate.  
This is i l lus t ra ted  in Fig. 5 (a) and stands in marked  
contrast  to the behavior  found for the four copper  
compounds examined in this way. This r e m a rkab l e  
constancy of rate,  la te r  shown to be p rese rved  for 
prolonged periods, suggested some sort of au tomat ic  
se l f - regula t ion,  the na ture  of which was not clear  at  
this stage. 

The extent  of dissolution in a fixed time, as a func-  
t ion of gas composition, did not reproduce  the shape 
of the the rmodynamic  curve in Fig. 2. The m a x imum 
copper up take  was found in the range  20-30 mole % 
of carbon dioxide, 80-70 mole % of oxygen. Fo r  gas 
mix tures  containing less than  20 mole % of oxygen, 
the copper re ta ined  its pr is t ine  p ink  color, but  for 
mix tu res  r icher  in oxygen, i t  r ap id ly  became brown 
or black. This may  be re la ted  to the  peak  in the  solu-  
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Fig. 5. Dissolution of Cu powder in water equilibrated with mix- 
tures of 03 and CO~ to a total pressure of 1 atm (a) as a function 
of time for various gas mixtures, (b) as a function of gas composi- 
tion far various times, and (c) as a function of gas composition for 
constant time, in daylight and in darkness. 

b i l i t y  of  cup rous  ox ide  a t  a r o u n d  10 mo le  % of o x y -  
gen (Fig .  2 and  4 ( c ) ) ,  w h i c h  p e r h a p s  g ives  a f i lm 
l i t t l e  chance  to th icken .  I t  was  c e r t a i n l y  the  case  t h a t  
t he  m a x i m u m  r a t e  of d i s so lu t ion  was  a t t a i n e d  w h e n  
the  coppe r  powde r ,  as i n d i c a t e d  b y  i ts  color,  was  
cove red  w i t h  a s u b s t a n t i a l  ox ide  film. A l t h o u g h  it  
was  c lea r  f r o m  the  p r e s e n t  a n d  p r e v i o u s  (12, 13) 
w o r k  t h a t  n e i t h e r  c u p r o u s  o x i d e  n o r  cupr i c  o x i d e  can  

be  v e r y  p r o t e c t i v e  in an  aqueous  m e d i u m ,  th i s  con -  
c lus ion  does  no t  i m p l y  an  a c c e l e r a t e d  r a t e  of d i s -  
so lu t ion  as a consequence  of p r o g r e s s i v e  ox ide  f o r -  
mat ion .  The  idea  t h a t  a film, fa r  f r o m  g iv ing  i n -  
c r ea sed  p r o t e c t i o n  w i t h  i nc r e a s ing  th i ckness ,  m i g h t  
be  ac t ive  in p r o m o t i n g  d i s so lu t ion  was  novel .  

In  these  e x p e r i m e n t s ,  p r e v i o u s  o b s e r v a t i o n s  (12, 
14-16) t ha t  l igh t  acce l e r a t e s  c h e m i c a l  a t t a c k  on 
coppe r  was  conf i rmed;  s teps  w e r e  s u b s e q u e n t l y  t a k e n  
to e l i m i n a t e  th is  photo  effect. F e a t u r e s  of these  e x -  
p e r i m e n t s  a r e  i l l u s t r a t e d  in Fig.  5 (b)  and  5 (c)  a n d  
conf i rm t h a t  n e i t h e r  c a rbon  d iox ide  no r  o x y g e n  is 
p a r t i c u l a r l y  agg re s s ive  t o w a r d  coppe r  in  t h e  absence  
of the  o ther .  

Manuscr ip t  received Oct. 2, 1961; rev ised  manuscr ip t  
rece ived  Jan.  23, 1962. This paper  was p repa red  for  
de l ivery  before  the Ot tawa Meeting, Sept.  28-Oct. 2, 
1958. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL.  
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ABSTRACT 

Exper imenta l  methods a re  described for s tudying rates of formation of solu- 
ble and insoluble corrosion products of copper exposed to water  containing dis- 
solved oxygen and carbon dioxide. Coulometric reduction indicates that the 
films formed on copper under  these conditions are predominant ly  of cuprous 
oxide. Generat ion of cupric bicarbonate in solution and film growth are constant  
in rate over long periods, and both are kinetical ly of first order with respect to 
dissolved oxygen. Dependence of these rates on the concentrat ion of dissolved 
carbon dioxide follows no obvious kinetic law, but  is such as to suggest that  the 
ini t ial  pH of solution is a major  factor. Exper iments  in which either solution or 
metallic phase is replaced during kinetic measurements  demonstrate  that a cu- 
prous oxide film on copper may have either an activating or a passivating effect, 
depending on its mode of generation. The evidence indicates the existence of 
an electrochemical mechanism for general  corrosion of copper by which dis- 
solution and film growth are kinet ical ly l inked processes. 

P r e l i m i n a r y  work  (Pa r t  I; p reced ing  paper )  i nd i -  
cated the  need  for c o n c u r r e n t  m e a s u r e m e n t s  of ra tes  
of fo rma t ion  of soluble  and  inso luble  corrosion p rod-  
ucts in  the  Cu, H20, O~, CO2 system. The t echn ique  
developed for  this purpose  was des igned to b reak  a 
wide  area of new  ground ,  r a the r  t h a n  to ob ta in  p r e -  
cise k ine t ic  data.  

Experimental  Methods  

Corrosion Apparatus 

Units  of the  k ind  i l lu s t r a t ed  in  Fig. 1, which  is 
l a rge ly  se l f - exp lana to ry ,  were  used to c i rcu la te  
g lass -d is t i l l ed  wa te r  ( in i t i a l  K ~ 3 ~mho cm -~, free 
NH3 < 0.1 p p m )  at a cons tan t  ra te  of 4-5 1 hr  -1 
t h rough  vessels con ta in ing  copper  electrodes,  each 
of 15 cm ~ a p p a r e n t  surface  area. The  w a t e r  was  kep t  
in  e q u i l i b r i u m  wi th  gas m i x t u r e s  of k n o w n  composi -  
t ion  (Orsa t )  by  means  of a d i a p h r a g m  pump,  which  
con t inuous ly  c i rcula ted  the  gas t h rough  the  m a i n  
wa te r  reservoir .  The  appara tus ,  of s i l i cone- t r ea ted  
Pyrex ,  was  assembled  w i th  g lass - to-g lass  j unc t i ons  
ins ide  PVC sleeves, and  n e o p r e n e  s toppers  were  used 
for m o u n t i n g  electrodes and  a d ipp ing  conduc tance  
cell. The electrodes were  screened f rom l ight  by  
shields r o u n d  the  electrode vessels. 

Before use, the  appa ra tu s  was r epea t ed ly  f lushed 
out  wi th  ba tches  of wa t e r  to r emove  res idua l  t races  
of copper  and  un t i l  the  conduc tance  of the  w a t e r  fel l  
to about  3 ~mho cm -1 ( res idua l  CO2; g lass -de r ived  
solutes) .  It  was then  charged  wi th  a s t a n d a r d  v o l u m e  
(3.1 l) of water ,  which  was  b r o u g h t  in to  e q u i l i b r i u m  
wi th  a p r e p a r e d  gas m i x t u r e ;  conduc tance  and  pH 
d e t e r m i n a t i o n s  were  m a d e  and  showed r ea sonab ly  
good cor re la t ion  w i th  the  CO2 con ten t s  of the  m i x -  
tures  concerned.  The electrodes,  p r epa red  as de-  
scr ibed below, were  t hen  inse r ted  and  the  r u n  com- 
menced.  

The electrodes were  made  f rom elect rolyt ic  copper 
foil, 0.01 cm thick,  in i t i a l ly  degreased w i th  acetone 
and  pol ished to a mi r ro r  finish by  use successively of 
"3 /50 slow cu t t ing  Microid" a l u m i n a  and  "$ -Mi -  
croid" a lumina .  The foil was  t h e n  cut  in to  s t r ips  2 cm 
wide and  a n n e a l e d  in  h y d r o g e n  ( ~ 7 0 0 ~  Shor t ly  
before  use, these str ips were  cut  to forfn electrodes,  
each p rov ided  wi th  a t ang  wh ich  was  gr ipped  by  a 
c law formed  at the end  of a he a vy  copper  wi re  (1.6 
m m  d i a m e t e r ) ,  sealed into a glass m o u n t i n g  t ube  
wi th  v a c u u m  wax.  Uncovered  por t ions  of the wi re  
a nd  t ang  were  coated w i th  beeswax,  appl ied  to l eave  
on ly  the des i red area  of foil exposed. The electrodes 
were  stored in  h y d r o g e n  and, i m m e d i a t e l y  before  
use, were  i m m e r s e d  for 1 rain, w i th  gent le  agi ta t ion,  

Fig. I. Diagrammatic section of modified corrosion apparatus: 
A, gas seal and manometer; B, aspirator (22 I); C, gas circulating 
pump; D, solution circulating, pump; E, conductance cell; F, ther- 
mometer; G, gas release; H, gas seal; J, flexible drive; K, bearing; 
L, drive connection; M, solution sampling point; N, electrodes and 
cells; O, gas sampling and filling point; P, water filling point; Q, 
water outlet; R, funnel for solution replacement; S, solution reservoir 
(2 I); T, 3-speed drive unit; U, worm drive; V, connection to second 
section. 
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Fig. 2. Modified corrosion apparatus: solution circulating system: 
A, gas seal; B, from solution reservoir; C, gas release; D, 16 SWG 
hard copper wire; E, neoprene bung; F, picien wax seal; G, wire 
attached to foil; H, beeswax insulation; J, exposed copper foil; 
K, to solution reservoir; L, solution sampling point; M, conductance 
cell. 
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in 10% ammonium persulfate solution (I), washed 
rapidly in air-free water and inserted directly into 
the corrosion apparatus. This procedure removed any 
coulometrically measurable oxide film and gave a 
lightly etched surface hoped to be of reasonably re- 
producible properties. Details of electrode mounting 
and of part of the water-circulating system are 
shown in Fig. 2. 

The progress  of the kinet ic  runs, normal ly  con- 
ducted for 100 hr  at 21 ~ -----2~ was fol lowed by  con- 
ductance measurements ,  de terminat ions  of dissolved 
copper, and coulometr ic  analyses  of solid films 
formed on the electrodes.  

So lutio~ Analysis  

Copper in solution (as cupric b icarbonate ;  cf. Pa r t  
I) was de te rmined  color imetr ica l ly  (Hilger  "Spek-  
ke r " ) ,  using sodium d ie thy ld i th iocarbamate ,  bis- 
cyclohexanone oxalyldihydrazone,  or rubeanic  acid 
(p re fe r red) ,  against  reference s tandards  p repa red  
from "Specpure"  copper. Sampl ing  reduced the 
volume of wa te r  in the corrosion appara tus  p ro-  
gressively to 2.9 1, but  a mean volume of 3.0 1 was 
assumed, wi thout  apprec iable  error .  

Electrodes were  removed  at in terva ls  for e x a m i n a -  
tion, and correct ion was appl ied to the observed 
rates  of change of cupric ion concentrat ion (and of 
conductance)  for the s tep-wise  reduct ion of to ta l  
area of meta l - so lu t ion  interface;  all  the resul ts  r e -  
por ted  re la te  to a total  apparen t  surface area  of ex -  
posed copper of 90 cm ~. At  the conclusion of each run, 
pH was rede termined .  Checks on gas composit ion by 
analysis  indicated a m a x i m u m  var ia t ion  of about  0.01 
arm in pa r t i a l  pressures.  

Examinat ion of Solid Films 

Solid films on the electrodes were  es t imated coulo- 
met r ica l ly  by  galvanosta t ic  cathodizat ion in n i t ro -  
gen-sa tu ra ted ,  0.2N ammonium chloride solution. 

The appara tus  was designed to secure reasonable  
un i formi ty  of cur ren t  densi ty  over the whole surface 
of an electrode undergoing cathodic reduct ion and 
was provided  with  Luggin  capi l lar ies  leading to a 
sa tura ted  calomel electrode. The ammonium chloride 
e lect rolyte  was recommended  by Miley (2),  but, be-  
cause of its apprec iable  f i lm-s t r ipping  action under  
open-c i rcui t  conditions (3),  it has been replaced in 
some la ter  work  of this k ind  (1, 3-5) by  0.1N or 1.0N 
potassium chloride solutions. We have found, how- 
ever, that ammonium chloride is preferable because 
it tends to reduce electrode polarization (reduction 
potentials less negative) and gives more sharply 
defined arrests on the potential-time curves. No seri- 
ous discrepancies were found in estimates of film 
thickness due to this variation in the electrolyte, and 
1.0N or 0.1N potassium chloride solution was fre= 
quently employed in confirmatory or duplicated 
measurements. 

Although this coulometric method is unique in its 
suitability for a long series of routine measurements, 
it is, unfortunately, limited in accuracy and unsatis- 
factory in its powers of discrimination between al- 
ternative reducible copper compounds. Observed re- 
duction potentials are not related to reversible po- 
tentials calculated for various copper-copper com- 
pound couples and vary considerably according to 
the current density within a practicable range. They 
also vary quite widely according to the physical na- 
ture and distribution of a given film substance, i.e., 
with the "topography" of the film (5). It is not sur- 
prising that films deposited in various ways, many 
of them conferring appreciable passivity, do not con- 
form to the conditions required for electrode re- 
versibility, nor that properties such as film conduc- 
tance, permeability, and solubility should control ir- 
reversible reduction potentials, which are conse- 
quently thermodynamically unpredictable. In any 
case, no electrode carrying a composite deposit can 
be at equilibrium, and no reversible basic copper 
carbonate electrode exists. 

The method therefore had to be used empirically, 
with calibration using films of known constitution. 
For  this purpose ,  electrodes were  subjected to the  
fol lowing t rea tments :  (a) anodizat ion for 15 min at 
4.0 ma cm -2 in 4N NaOH solution. Ha l l iday  (6) has 
shown that  this provides  a composite film, in which 
he identified Cu(OH)~, CuO, and Cu..O by electron 
diffraction; (b) exposure  to moist  oxygen at  room 
t empera tu re  for 22 hr  to produce a film consisting 
main ly  of Cu~O; (c) ignit ion (~300~ for 1 min in 
air, then for 1 min in oxygen, to ensure the  presence 
of CuO; (d) long=term spontaneous corrosion in ve ry  
di lute  salt solutions [~200 ppm of NaC1, Na2SO4, 
NaNO,, Ca(HCO~)~] in equi l ib r ium with  air, to p ro -  
duce basic salts. In all  cases the films consisted of 
cuprous oxide over la id  wi th  malachite ,  identified by  
x - rays .  

Coulometric  reduct ion curves of these electrodes 
are shown in Fig. 3. I t  is seen that  cupric hydrox ide  
and oxide, and cuprous oxide, are reduced at we l l -  
separa ted  potentials ,  which differ f rom revers ib le  
potent ia ls  appropr ia t e  to the exper imen ta l  condi-  
t ions [Cu(OH)~ ~ Cu~O, 0.268v; CuO-~ Cu~O, 0.190v; 
Cu(OH),_.~ Cu, 0.130v; C u O ~  Cu, 0.091v; Cu~O-~ Cu, 
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Fig. 3. Coulometric reduction of films on copper; control experi- 

ments, (a) to (d), details as in text [c.d.: (a) 0.2 ma/cm~; (b) 03  ~c  _ 
ma/cm2; (c) 0.5 ma/cm~; (d) 1.0 ma/cm2]. 
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--0.008v).1 Even  the  sequence  of t he  r e d u c t i o n  p o t e n -  
t i a l s  is no t  t he  same,  b u t  is i den t i ca l  w i t h  t h a t  f o u n d  
b y  H a l l / d a y  (6) ,  a l t h o u g h  his  c a thod i za t i ons  w e r e  
p e r f o r m e d  in 4N N a O H  solut ions .  The  l a t t e r  f ac t  
sugges t s  t h a t  t h e  i r r e v e r s i b l e  r e d u c t i o n  p o t e n t i a l s  
a r e  d e t e r m i n e d  largel:~ b y  the  p r o p e r t i e s  of t he  sol id  
phases .  

I t  is a lso seen t h a t  the  m a l a c h i t e - b e a r i n g  f i lm 
i n i t i a l l y  was  v e r y  r e s i s t a n t  to ca thod ic  r educ t ion ,  a n d  
t h a t  no c h a r a c t e r i s t i c  r e d u c t i o n  p o t e n t i a l  cou ld  be  
ident i f ied .  This  was  the  case  for  a l l  t he  e l ec t rodes  of  
th is  k ind .  F o r t u n a t e l y  m a l a c h i t e  seems  i n v a r i a b l y  to 
be  a v e r y  l o n g - t e r m  cor ros ion  p r o d u c t  w h i c h  a p p e a r s  
as an eas i ly  d i s t i ngu i shab le ,  b r i g h t  g r e e n  phase .  
N e i t h e r  m a l a c h i t e  no r  g r a y - b l u e  cupr i c  h y d r o x i d e  
has  a p p e a r e d  in a n y  of the  k ine t i c  co r ros ion  e x p e r i -  
men ts ,  so t h a t  a t t e n t i o n  m a y  be  conf ined to  c u p r o u s  
and  cupr ic  oxides .  

The  c a l i b r a t i o n  e x p e r i m e n t s  l e ad  to t y p i c a l  r e -  
duc t ion  p o t e n t i a l s  for  Cu.~O and  CuO of --390 --+30 
m v  and  --660 +-60 my,  in  0.2N NH,C1 solut ion ,  w i t h  
r e spec t  to the  s a t u r a t e d  ca lomel  e lec t rode .  This  
ag rees  t o l e r a b l y  w i t h  Mi l ey ' s  (2)  r e su l t s  of  a b o u t  
--360 to  --390 m v  and  - -670 to --710 m v  for  t he se  two  
oxides ,  a n d  w i t h  --370 m v  for  Cu~O o b t a i n e d  b y  P r i c e  
and  T h o m a s  (7) .  A l t h o u g h  L a m b e r t  and  T r e v o y  (5)  
w e r e  u n a b l e  to conf i rm t h a t  CuO is r e d u c e d  at  a p o -  
t e n t i a l  some  300 m v  m o r e  n e g a t i v e  t h a n  is Cu~O, 
th is  fact  is now s u b s t a n t i a t e d  and  is s u p p o r t e d  b y  
H a l l i d a y ' s  f indings  (6) .  In  t he  p r e s e n t  work ,  i t  was  
e x p e d i e n t  to a r r a n g e  for  a l l  the  cor ros ion  f i lms to  be  
c a t h o d i c a l l y  r e d u c e d  in a p e r i o d  not  e x c e e d i n g  40 
min,  and  c u r r e n t  dens i t i e s  w e r e  a d j u s t e d  a c c o r d i n g l y  
w i th in  the  r a n g e  0.1-1.0 m a c m  -~. U n d e r  these  con-  
di t ions ,  t he  f i lms w e r e  g e n e r a l l y  r e d u c e d  at  p o t e n -  
t i a l s  b e t w e e n  --350 and  --450 m v  w i t h  r e s p e c t  to t he  
s a t u r a t e d  ca lome l  e lec t rode .  Occas iona l l y  i t  was  
n e c e s s a r y  to use h i g h e r  c u r r e n t  dens i t ies ,  w i t h  a 
c o r r e s p o n d i n g  n e g a t i v e  d i s p l a c e m e n t  of po t en t i a l .  I t  
was  conc luded  tha t  a l l  the  f i lms w e r e  c o m p o s e d  of 
cup rous  ox ide ,  and  m e a n  f i lm th i cknesses  w e r e  ca l -  
cu l a t ed  t h r o u g h o u t  on this  a s sumpt ion .  A t  first  s ight  
s o m e w h a t  ques t i onab l e ,  th i s  conc lus ion  is s t r o n g l y  
s u p p o r t e d  b y  the  fac t  tha t ,  a p a r t  f r om in i t i a l  e c c e n -  
t r i c i t i e s  a s s igned  to e l i m i n a t i o n  of t enden c i e s  to 
pas s iv i ty ,  or  g e n t l e  g r a d i e n t s  a t t r i b u t e d  to  v a r i a t i o n  
in  p h y s i c a l  n a t u r e ,  a l l  t h e - p o t e n t i a l - t i m e  c u r v e s  a t  
cons t an t  c u r r e n t  showed  b u t  a s ingle  p l a t e a u .  S ince  
i t  is u n d o u b t e d  t h a t  in a l l c a s e s  cup rous  ox ide  was  
a m a j o r  f i lm cons t i tuen t ,  t he  i n f e r e n c e  m a y  be  d r a w n  

1 T h e  S t o c k h o l m  sign convention, 1 9 5 3 ,  is used throughout. 
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Fig. 4. Typical set of coulometric reduction curves used to follow 
growth of cuprous oxide film (inset). 

t h a t  i t  w a s  e s sen t i a l l y  t he  on ly  cons t i tuen t .  I t  m u s t  
be me n t ione d ,  h o w e v e r ,  t ha t  in a few i so la ted  cases  a 
second,  i l l - de f ined  a r r e s t  o c c u r r e d  at  --500 to  --550 
my,  t he  source  of w h i c h  was  no t  ident i f ied .  A t y p i c a l  
set of c o u l o m e t r i c  r e d u c t i o n  curves ,  i l l u s t r a t i n g  the  
course  of f i lm g r o w t h  on e l ec t rodes  success ive ly  r e -  
m o v e d  f rom the  cor ros ion  a p p a r a t u s  d u r i n g  a k ine t i c  
run ,  is shown  in Fig .  4. 

Results 

Since  a c o m p l e t e  s u r v e y  of t he  effects on cor ros ion  
r a t e s  of  two  i n d e p e n d e n t  v a r i a b l e s  (i.e. p a r t i a l  p r e s -  
sures  of o x y g e n  and  of c a r b o n  d i o x i d e )  was  i m -  
p r a c t i c a b l e ,  one of these  p r e s s u r e s  was  f ixed in  t u r n  
at  0.30 a t m  w h i l e  t he  effect of v a r i a t i o n  in t he  o t h e r  
w a s  s tud ied .  Th is  choice  w a s  m a d e  in  t h e  l i gh t  of 
the  r e su l t s  of the  p r e l i m i n a r y  e x p e r i m e n t s  w i t h  cop-  
p e r  p o w d e r  d e s c r i b e d  in the  p r e c e d i n g  p a p e r ,  and  l ed  
to  t he  fo l lowing  sets  of resu l t s .  

Experiments  at constant pressure of carbon di- 
oxide: Pco~ = 0.30 aim; Po2 = 0.10-- 0.70 a tm.- - In  
t hese  e x p e r i m e n t s ,  r a t e s  of  c o p p e r  d i s so lu t ion  and  of  
f i lm g r o w t h  w e r e  m e a s u r e d  as a func t ion  of t h e  p a r -  
t i a l  p r e s s u r e  of oxyge n ,  t o t a l  gas  p r e s s u r e  be ing  
m a i n t a i n e d  s l i gh t ly  in excess  of a t m o s p h e r i c  b y  the  
r e q u i r e d  a d d i t i o n  of  n i t rogen .  

Diff icul ty  was  e x p e r i e n c e d  in  o b t a i n i n g  r e p r o -  
d u c i b l e  resu l t s ,  on ly  p a r t l y  d u e  to  t he  o c c u r r e n c e  of 
an  i nduc t i on  p e r i o d  in  the  d i s so lu t ion  reac t ion .  Th is  
t roub le ,  w h i c h  a p p e a r s  to be c o m m o n  in th is  f ield of  
work ,  is no d o u b t  to be  a s soc ia t ed  w i t h  d i f f i c u l t y  
in r e p r o d u c i n g  the  su r f ace  s t a tes  of p o l y c r y s t a l l i n e  
m e t a l  spec imens  and  was  re f lec ted  in  t he  u n e v e n  
e a r l y  s tages  of f i lm g rowth ,  p a r t i c u l a r l y  at  l o w  Po~ 
va lues .  As  cor ros ion  p roceeded ,  h o w e v e r ,  t h e  f i lms 
b e c a m e  m o r e  u n i f o r m  a n d  w e r e  l i g h t  b r o w n  or  r e d -  
b r o w n  in color,  e x c e p t  t ha t  b lue ,  g reen ,  or  p u r p l e  
pa t ches  w e r e  some t imes  fo rmed .  E v e n  in t hese  cases  
s u b s e q u e n t  c o u l o m e t r i c  r e d u c t i o n  gave  r i s e  o n l y  to  
the  s ingle  p l a t e a u  a s s u m e d  to be  c h a r a c t e r i s t i c  of 
c u p r o u s  oxide .  

C o n s i d e r a b l e  s ca t t e r  h a d  t h e r e f o r e  to b e  t o l e r a t e d  
in  t h e  r e su l t s ,  a t y p i c a l  se lec t ion  of w h i c h  is p r o -  
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sented  g raph ica l ly  in  Fig. 5 (a) and  5 (b ) ,  and  e s t ab -  
lish beyond  reasonab le  doub t  tha t  the re  is a cons tan t  
ra te  of copper d issolu t ion  for each va lue  of Po~, con-  
f i rming the resul t s  of the ear l ie r  e x p e r i m e n t s  wi th  
copper  powder .  It  is also shown,  wi th  somewha t  less 
cer ta in ty ,  tha t  there  is a cons tan t  ra te  of film growth  
which is a f unc t i on  of Po~. I t  is n o t e w o r t h y  tha t  a film 
of cuprous  oxide abou t  25,000A th ick  seems to confer  
no add i t iona l  pro tec t ion  to the  meta l ,  for d isso lu t ion  
con t inues  at the  same cons tan t  ra te  w h e n  such a fi lm 
has been  formed.  

The e r ra t i c i ty  of these resul ts  has been  coun te red  
to some ex ten t  by  rep l ica t ion  of exper imen t s .  In  la te r  
s tudies  of the effects of sa l ine  addi t ions  (Pa r t  IV) ,  
each e x p e r i m e n t  was  accompanied  by  a control ,  
iden t ica l  in  all  respects  except  tha t  no salt  was 
added. M a n y  such control  e x p e r i m e n t a l  resul t s  were  
combined  by  in t e rpo la t ion  and  ave rag ing  and  gave 
rise to the  plots shown in  Fig. 6 ( a )  and  6 ( b ) .  These 
give the average  concen t ra t ions  of dissolved copper  
and  the average  th icknesses  of cuprous  oxide films, 
a t t a ined  at 20, 50, and  100 hr  of corrosion t ime,  as a 
func t ion  of Po~ at cons tan t  Pco~ (0.30 a tm) .  

In  these  plots, the  l ines are those pred ic ted  by  the  
equa t ions  d[Cu~+]/dt = 0.00645 Po~ p p m  hr  -~ for dis-  
so lut ion and  d ( A ) / d t = 3 9 0  Po~ A hr  -~ for film 
growth.  I t  is jus t i f iab le  to conc lude  that ,  af ter  an  in -  
duc t ion  period,  bo th  of these  processes fol low first 
order  k ine t ics  wi th  respect  to oxygen ;  at  least,  first 
order  k inet ics  fit the resul ts  be t t e r  t h a n  any  other.  I t  
is pe rhaps  more  i m p o r t a n t  to observe  tha t  d issolu-  
t ion and  film g rowth  m a y  be l inked  together  k i n e t i -  
cally, or both m a y  be cont ro l led  by  the  same r a t e -  
l imi t ing  process. This  seems all  the  more  p robab le  in  
the l ight  of the  fact that ,  in  this  set of exper imen t s ,  
the ra t io  of film th ickness  to cupr ic  ion concen t r a -  
t ion  in  solut ion was  cons tan t  to +---7% over  the  r ange  
of Po~ = 0.25 to 0.70 a tm  for 60 de te rmina t ions .  It  
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Fig. 5. Typical selection of corrosion experiments; Pco~ = 0.30 
atm (const.), Po_~ = 0.11 to 0.70 arm, P~2 ~ (1.00 - -  P,_~ - -  Pco2) 
atm; (a) Cu ~§ ppm, as function of time, (b) Cu~_O, film thickness, 
A x 10 -'~, as function of time. 
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Fig. 6. Average results of corrosion experiments; Pco2 = 0.30 
arm (const.), Po2 = 0.10 to 0.70 arm, P~  ~ (1.00 - -  Po~. - -  Pco2)  
atm; (a) dissolution, (b) film growth, for periods of 20, 50, and 100 
hr. 

was shown tha t  diffusion of oxygen  in  solut ion 
(Po_~ = 0.70 a tm;  C ~ 9 x 10-' mole  1-1; D ~ 2 x 10-" 
cm ~ sec-1; ~ ~ 0.05 cm) could cope wi th  a d issolu t ion  
ra te  more  t h a n  t enfo ld  tha t  observed  and  could be 
exc luded  f rom ra te  control .  Some conf i rmat ion  of 
this  po in t  came f rom two corrosion r u n s  (Po~ = 0.20 
and  0.40 a tm)  wi th  250 p p m  of E D T A  ( sod ium sal t )  
added to the aqueous  phase,  wi th  the  idea of sup-  
press ing  back  reac t ion  (d i sp ropor t iona t ion  of Cu~O 
in reve r se ) .  Dissolut ion ra tes  were  inc reased  by  
factors of abou t  3 and  2, respect ively ,  and  were  i n -  
d e p e n d e n t  of Po.~. F i l m  growth  was l a rge ly  inhib i ted .  

E x p e r i m e n t s  at constant  pressure  of oxygen:  Po._, 
- -  0.30 atm; Pco2 = 0.10-0.70 arm. Reproduc ib i l i ty  
was even  less sat isfactory,  bu t  was  adequate ,  w i t h i n  
each k ine t ic  run ,  to es tabl ish  tha t  ra tes  of d issolu-  
t ion  and  film g rowth  were  cons tan t  for per iods up  
to 100 hr. Ave raged  resul t s  are d i sp layed  in  Fig. 
7 (a )  and  7 ( b ) ,  which  are to be compared  w i th  Fig. 
6 (a )  and  6 ( b ) .  The dependence  of the  corrosion 
rates  on Pco2 at cons tan t  Po~ is seen to be qu i te  dif-  
f e ren t  f rom the  dependence  on Po~ at cons tan t  Peon. 
Never theless ,  a l though  some i ma g i na t i on  was  r e -  
qu i red  in  d r a w i n g  the  r ep re sen t a t i ve  curves,  s i m -  
i l a r i ty  of shape is r e t a ined  b e t w e e n  those re l a t ing  
to d isso lu t ion  a nd  those r e l a t i ng  to film growth.  This  
adds a l i t t le  weight  to the  idea tha t  these  two proc-  
esses m a y  be f u n c t i o n a l l y  re la ted.  

The  two sets of e xpe r i me n t s  differ in  an  i m p o r t a n t  
respect.  In  the  first set (Pco~ cons tan t )  the  in i t i a l  
pH was the same for all  the  k ine t ic  runs ,  bu t  i n  the  
second (Pco~ va r i ab l e ) ,  this  was  no t  the  case. A t -  
t en t ion  mus t  therefore  be g iven  to the  va r i a t i on  of 
pH wi th  Pco~, and  this  is shown  in  Fig. 7 (c ) ,  for 
the  in i t i a l  wa te r s  (ca lcu la ted  va lues )  and  for the  
solut ions  p roduced  a f te r  100 h r  corrosion t ime (ob-  
served va lues ) .  In  the  l a t t e r  case, the  expected flat-  
t en ing  of the  curve  due to the  a c c u m u l a t i o n  of b i -  
c a rbona t e  ion in  solut ion is d iscernible .  If the  cor-  
rosion ra tes  increase  w i th  fa l l ing  pH, and  it can 
ha rd ly  be otherwise,  it  the re fore  seems tha t  the  
dependences  of pH on Pco~ and  on concen t r a t i on  of 
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Fig. 7. Average results of corrosion experiments; Po_. ~ 0.30 arm 
(const.), Pco~ = 0.10 to 0.70 otm, PN~ = (1.00 - -  Pos - -  Pco~) 
atm; (a) dissolution, (b) film growth, for periods of 20, 50, and 100 
hr, and (c) pH values at 0 and 100 hr. 

cupric bicarbonate in solution might be the factors 
principally concerned in determining the shapes of 
the curves in Fig. 7 (a) and 7 (b). This assumption, 
however, leads to a paradox, for during a kinetic 
run pH continuously rises and this should cause the 
corrosion rates to fall, which they do not. On any 
grounds, the constancy of these rates is remarkable; 
there is no indication of a falling away by reason 
of an approach to an equilibrium state and no sign 
of the increasing incidence of a back reaction, which 
might favor the production of cuprous oxide at the 
expense of cupric ion in solution. 

This paradox can be resolved by assuming that 
the thickening film of cuprous oxide progressively 
promotes both dissolution and its own continued 
growth, so compensating the increasing effects of 
factors adverse to these processes. It was recollected 
that, in the preliminary experiments (Part I), the 
maximum rate of dissolution of copper powder was 
attained when the latter was discolored by the 
presence of a substantial oxide film. 

The possible functional properties of oxide films 
were investigated accordingly by means of two 
kinds of "replacement experiments," as follows. 

Replacement Experiments 

Solution replacement.--The course of an  expe r i -  
m e n t  of this  k ind  is recorded in  deta i l  in Fig. 8. A 
n o r m a l  k ine t ic  r u n  was  car r ied  out, w i th  Po_~ = Pr 
=0 .30  atm,  for 92 hr ;  the  inc reas ing  concen t r a t i on  
of cupric  ion in solut ion is shown in  curve  (a) of 
Fig. 8. One electrode was  t hen  r emoved  for coulo-  
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Fig. 8. Solution replacement experiments 

metr ic  e s t ima t ion  of film th ickness  ( these e s t ima-  
t ions are r ep resen ted  in  the  lower  pa r t  of Fig. 8). 
The en t i re  solut ion in  the appa ra tu s  was t h e n  re -  
moved  and  replaced  by  a f resh charge of water ,  a l -  
r eady  equ i l i b ra t ed  wi th  the  same gaseous mix tu re .  
A s imi la r  r u n  was  at once s ta r ted  wi th  the r e m a i n -  
ing five electrodes,  c a r ry ing  the  films deposi ted on 
t hem in  the first run .  It  is seen f rom cu rve  (b)  o f  
Fig. 8 tha t  d isso lu t ion  proceeded at  abou t  twice  the  
or ig ina l  ra te  and  con t inued  cons t an t ly  at this  h igher  
ra te  for a f u r t he r  140 hr. This  increase  in  d issolu-  
t ion  ra te  did not  occur at the expense  of the  exis t -  
ing oxide film on  the copper,  for tests  on two of 
the electrodes showed tha t  the  ra te  of film growth  
had also been  a p p r o x i m a t e l y  doubled.  A f u r t he r  r e -  
p l acemen t  of the  solut ion led to ano the r  i n c r e m e n t  
in d issolu t ion  rate ,  curve  (c) in  Fig. 8, bu t  no t  in  
ra te  of film growth.  

Copper replacement.--Under the  same s t anda rd  
condi t ions  of P ~  ---- Pco.~ = 0.30 atm, a k ine t ic  r u n  
was fol lowed for 110 hr. Disso lu t ion  and  fi lm growth  
are r ep resen ted  by  the  r ec t i l i nea r  curves  (a) in  
Fig. 9. The r e m a i n i n g  electrodes were  discarded 
and  six ne w  ones, p repa red  by  the  s t anda rd  method,  
were  in t roduced .  The k ine t ic  r u n  was  t h e n  con-  
t inued,  wi th  the  so lu t ion  unchanged .  I t  is u n d e r -  
s t andab le  tha t  the dissolut ion reac t ion  was t e m -  
pora r i ly  reversed,  and  tha t  a film g rew rap id ly  upon  
the f resh copper surfaces,  as shown  by  curves  (b)  
in  Fig. 9. But  it can be seen that ,  af ter  the  in i t i a l  
spurt ,  film growth  prac t ica l ly  ceased and  a n o r m a l  
ra te  of d issolut ion was reached  only  af ter  a de lay  
of 60-80 hr. A second r e p l a c e m e n t  of the  same k i n d  
produced  even  more  m a r k e d  effects on dissolut ion 
and  film growth,  curves  (c) in  Fig. 9. 
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Fig. 9. Copper replacement experiments 

Conclusions from Replacement  Experiments  

At first sight, the  resu l t s  of these  expe r i me n t s  
seem to be expl icable  in  t e rms  of a back  reac t ion  

Cu ~- Cu(HCO~)2 -~ Cu~O ~- H~O -~ 2CO~ 

eliminated when the solution is changed, and facil- 
itated when oxide coated copper is replaced by 
fresh metal. Although such a reaction must play 
its part in the latter ease, it is inadequate to explain 
all the facts. This can be seen from the data col- 
lected in Table I, which shows the state of affairs 
toward the end of experiments lasting approxi- 
mately two weeks, in each of which two replace- 
ments had been made. 

If, for a given total rate of corrosion, the much 
lower concentration of cupric ion attained in solu- 
tion were due to the back reaction, the deficit should 
appear as an excess of cuprous oxide. This is not 
the case, and it is obvious that the total corrosion 
rates are quite different after the two kinds of re- 
placement. It is quite remarkable that in one case 
copper bearing a film about 73,000fi, thick should 
be growing more film and dissolving (at a less fa- 
vorable pH) enormously faster than in the other 
case, where the copper is carrying a film less than 
one tenth as thick. The conclusion is inescapable 

Table I 

R e p l a c e m e n t  of 
S o l u t i o n  CopDer 

Cu converted to Cu ~+, g 0.35 0.09 
Cu converted to Cu, O, g 0.13 0.12 
Total Cu metal  lost by corrosion, g 0.48 0.21 
Total area of Cu exposed for corro- 

sion, cm ~ 90 270 
Total area of Cu • period of expo- 

sure, cm ' hr • 10 -~ 21 39 
Final  concentrat ion of Cu ~ in solu- 

tion, ppm 60 21 
at tained in hr 117 440 

Final  rate of dissolution, ppm 
hr  -1 (per 90 cm 2) 0.56 ~0  

Final  film thickness, A 73,000 6,500 
at tained in, hr  350 160 

Final  rate of film growth, A hr -1 236 N0 
Final  pH of solution 5.5 5.2 

tha t  the " n a t u r a l l y  g rown"  film, gene ra t ed  in  the  
course of corrosion,  is ca ta ly t i ca l ly  act ive for dis-  
so lut ion and  au toca ta ly t ic  for fi lm growth.  On the  
other  hand,  the " u n n a t u r a l l y  deposi ted"  film is ap-  
p rec iab ly  protect ive.  

These resul t s  have  some bea r ing  on prac t ica l  cor-  
ros ion problems.  The  effects of the  i n t e r m i t t e n t  flow 
of wa te r  in  copper pipes and  over  other  types  of 
copper surfaces are likely to be similar to those ob- 
served in the solution-replacement experiments. It 
is seen that these are adverse, and films with ac- 
tivating rather than passivating properties are 
likely to be formed. Perhaps the copper replace- 
ment experiments give a pointer to one method by 
which this undesirable effect could be countered. 
It is, however, clear that a rather complex electro- 
chemical mechanism for the linked corrosion proc- 
esses remains to be identified; one possible mech- 
anism is presented in the following paper. 

Manuscript received Oct. 2, 1961; revised manuscript 
received Jan. 23, 1962. This paper was prepared for 
delivery before the Ottawa Meeting, Sept. 28-Oct. 2, 
1958. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1962 
J O U R N A L .  
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Copper Corrosion 
Electrochemical Theory of General Corrosion 
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ABSTRACT 

The oxida t ive  dissolution of copper in acidic, aqueous media  is l imi ted  in 
ra te  by  the presence at the meta l - so lu t ion  interface  of a growing film of cu-  
prous oxide. A br ief  survey  of wha t  is known about  the na tu re  and modes of 
growth  of such films provides  the  barns for  a "duplex  film" model  of the  cor-  
roding copper system. This leads to an in te rp re ta t ion  of some fea tures  of the  
observed kinet ics  of the  corrosion react ions  r epor ted  in the  preceding  paper ,  
including the constancy of rates  of dissolution and film growth  fol lowing in-  
duct ion periods,  the  kinet ic  l ink  be tween  them, the  absence of effects due to 
concentra t ion polar izat ion of dissolved oxygen,  and the resul ts  of " rep lacement  
exper iments ."  The in te rp re ta t ion  is made  in t e rms  of the  opera t ion  of a h y -  
pothet ical  double e lect rochemical  cell, corresponding wi th  the duplex  film 
model,  and leaves unreso lved  problems associated with  possible special  func-  
tions of carbon dioxide and the mechanism of oxygen  reduct ion.  

The  o x i d a t i v e  d i s so lu t ion  of coppe r  in an  acidic ,  
aqueous medium, Cu + 2H + + i/eO~ ---- Cu ~+ + H~O, 
has a standard free energy change of--41.16 kcal, 
comparable with that of the reaction of sodium 
with water, but does not in practice occur as a 
vigorous, exothermic reaction because of the re- 
straining influence of, inter alia, the cuprous oxide 
film which forms on the metal, at least at pI'I values 
greater than 3.5. In the absence of control by dif- 
fusion of hydrogen ions or dissolved oxygen, it is 
clear that this film, itself undergoing growth, must 
determine reaction rate, and this certainly seems 
to be the case for the corrosion experiments re- 
ported in the preceding paper. The kinetics of cor- 
rosion must therefore be intimately related to the 
nature and mode of growth of cuprous oxide films 
on copper, which accordingly require consideration. 

Oxidatio~ of Copper in Gaseous Media 

A t t e n t i o n  has  h i t h e r t o  been  l a r g e l y  conf ined to 
the  o x i d a t i o n  of coppe r  in gaseous  media ,  a n d  the  
r e a c t i o n  has  been  d i scussed  in t e r m s  of t he  p r o p e r -  
t ies  of cup rous  ox ide  as a me ta l -de f i c i en t ,  p - t y p e  
s e m i c o n d u c t o r  con t a in ing  v a c a n t  ca t ion  s i tes  and  
pos i t ive  holes.  A t  h igh  t e m p e r a t u r e s ,  t h i c k  f i lms 
of cup rous  o x i d e  g r o w  at  a r a t e  i n v e r s e l y  p r o p o r -  
t i ona l  to t h e i r  t h i cknes s  ( 1 - 4 ) ,  f o l l owing  t h e  so-  
ca l led  p a r a b o l i c  l a w  first  i n t e r p r e t e d  b y  W a g n e r  (5)  
in t e r m s  of r a t e  l i m i t a t i o n  b y  t r a n s p o r t  of ions  
across  t he  film. Discuss ions  of p a r a b o l i c  f i lm g r o w t h  
b y  H o a r  and  P r i c e  (6)  and,  m o r e  r ecen t ly ,  b y  
G r i m l e y  (7)  p r o v i d e  the  fo l lowing  r e p r e s e n t a t i o n  
of r e a c t i o n  m e c h a n i s m .  

F o r  t he  Cu, Cu~O, O~ s y s t e m  at  e q u i l i b r i u m ,  w i t h  
Po2 equa l  to t he  o x y g e n  d i s soc ia t ion  p r e s s u r e  of t h e  
Cu, Cu~O couple ,  v a c a n t  ca t ion  s i tes  and  pos i t i ve  
holes  a r e  d i s t r i b u t e d  u n i f o r m l y  t h r o u g h o u t  t he  ox ide  
film. F o r  g r e a t e r  o x y g e n  p re s su res ,  howeve r ,  a g r a d i -  
en t  of these  de fec t s  is e s t a b l i s h e d  in t he  film. T h e y  

a re  g e n e r a t e d  at  t h e  o x i d e - o x y g e n  in te r face ,  w h e r e  
r e d u c t i o n  of o x y g e n  and  g e n e r a t i o n  of c u p r o u s  ox ide  
occur,  and  a re  d e s t r o y e d  a t  t he  c o p p e r - o x i d e  i n t e r -  
face, w h e r e  o x i d a t i o n  of coppe r  t a k e s  p lace ,  w i t h  
p rov i s ion  of c up rous  ions and  e lec t rons .  The  s y s t e m  
is ana logous  to  a n e a r l y  r e v e r s i b l e ,  w o r k i n g  g a l v a n i c  
cel l  in w h i c h  the  o u t e r  su r f ace  of t he  f i lm is t he  
ca thode  and  the  i n n e r  su r f ace  the  anode.  T h e  f i lm 
i t s e l f  se rves  bo th  as e l ec t ro ly t e ,  t r a n s p o r t i n g  cup rous  
ions b y  dif fus ion via v a c a n t  ca t ion  si tes,  a n d  as " e x -  
t e r n a l "  r e s i s t ive  c i rcui t ,  c onduc t i ng  e lec t rons .  The  
r a t e  of f i lm g r o w t h  can  be  e x p r e s s e d  in t e r m s  of a 
c u r r e n t  c o n f o r m i n g  to O h m ' s  law,  a func t ion  of 
a p p r o p r i a t e  f i lm r e s i s t i v i t i e s  and  a p o t e n t i a l  d i f fe r -  
ence  c a l c u l a b l e  f r o m  the  f ree  e n e r g y  of t he  ne t  ox i -  
da t i on  process .  

Th i s  m o d e l  s e rves  as  a s a t i s f a c t o r y  bas i s  for  t h e  
m o r e  c o m p r e h e n s i v e  t h e o r y  of Mot t  (8 ) ,  w h i c h  dea l s  
w i t h  l o w e r  t e m p e r a t u r e ,  t h in  f i lm o x i d a t i o n s  w h i c h  
fo l low d i f fe ren t  k ine t i c  g r o w t h  laws ,  such as cubic  
(9, 10) or l o g a r i t h m i c  (11) .  I t  is e n v i s a g e d  t h a t  e l e c -  
t rons  can  p e n e t r a t e  an  ox ide  l a y e r  b y  t h e r m i o n i c  
emiss ion  f r o m  the  m e t a l  in to  c onduc t i on  l eve l s  of t h e  
ox ide  or, for  t h in  films, b y  q u a n t u m  m e c h a n i c a l  t u n -  
ne l l ing ,  and  coope ra t e  in d i s soc ia t ive  a d s o r p t i o n  of 
o x y g e n  at  the  o x i d e - g a s  in te r face .  T h e r e  is ev idence  
(12) t h a t  s i ng ly  c h a r g e d  o x y g e n  ions and  o x y g e n  
a toms  a re  f o r m e d  in th is  process ,  b u t  the  e s sen t i a l  r e -  
su l t  is the  e s t a b l i s h m e n t  of a l a y e r  of n e g a t i v e  charge ,  
w h i c h  g ives  r i se  to an  e l e c t r i c a l  f ield in t h e  ox ide  
l ayer .  This  field m a y  be  s t rong  enough  to en fo rce  an  
o u t w a r d  m o v e m e n t  of ca t ions  at  t e m p e r a t u r e s  too 
low for  n o r m a l  d i f fus iona l  m o b i l i t y  to sus t a in  an  
a d e q u a t e  s u p p l y  of t hem.  I n  t h e  g e n e r a l  case,  v a r i o u s  
k ine t i c  consequences  fo l low the  d e p e n d e n c e  of c a t -  
ionic  d r i f t  ve loc i t y  on field s t r eng th .  On scales  of d e -  
c r eas ing  t e m p e r a t u r e  and  f i lm th ickness ,  t h e r e  is a 
change  f r o m  zero,  t h r o u g h  l inea r ,  to e x p o n e n t i a l  
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dependence ,  and  th is  s equence  c o r r e s p o n d s  w i th  o b -  
s e rved  g r o w t h  laws .  

A t  low t e m p e r a t u r e s ,  m a n y  m e t a l s  show a s y m p -  
to t ic  f i lm g rowth ,  l e a d i n g  to t he  f o r m a t i o n  of v e r y  
th in ,  l i m i t i n g  f i lms w h i c h  inc rease  in t h i cknes s  as  t h e  
t e m p e r a t u r e  is r a i s ed  to a c r i t i ca l  va lue ,  when  con-  
t inuous  g r o w t h  supe rvenes .  This  behav io r ,  pos s ib ly  
due  to r a t e  l i m i t a t i o n  b y  r e l ea se  of ca t ions  f rom the  
m e t a l  to t he  f i lm (13) ,  is f a m i l i a r  in the  case  of se l f -  
p a s s i v a t i n g  m e t a l s  such as a l u m i n u m  and  is also 
shown b y  copper  (14, 15).  Such  p r o t e c t i v e  f i lms m u s t  
c l e a r l y  be  cohe ren t  a n d  a d h e r e n t ,  and  th is  is no 
doub t  a s soc ia t ed  w i th  t he  t e n d e n c y  of t he  first  
f o r m e d  l a y e r s  of the  ox ide  f i lm to a d o p t  t he  l a t t i ce  
p a r a m e t e r s  of t he  p a r e n t  m e t a l  on w h i c h  t h e y  a r e  
g rowing .  This  can  occur  if t he  d imens ions  of t he  ca t ion  
l a t t i ce  in t he  ox ide  do no t  exceed  109-114% of those  
in  t he  m e t a l  l a t t i c e  (16 ) ;  th is  cond i t ion  is sa t i s f ied  
for  c u p r o u s  ox ide  on copper .  I t  is to be  expec ted ,  and  
is found,  t ha t  r a t e s  of g r o w t h  and  l i m i t i n g  t h i c k -  
nesses  shou ld  v a r y  w i d e l y  f r o m  one c r y s t a l l o g r a p h i c  
p l a n e  of t he  m e t a l  to a n o t h e r  (14, 17) so t ha t  some 
i r r e g u l a r i t y  of b e h a v i o r  m u s t  be  a n t i c i p a t e d  for  
p o l y c r y s t a l l i n e  m e t a l  samples .  F i l m s  f o r m e d  in th is  
w a y  m u s t  become  i n c r e a s i n g l y  m e t a s t a b l e  as t h e y  
t h i c k e n  because  of l a t e r a l  c o m p r e s s i o n a l  s t ra ins ,  
wh ich  u l t i m a t e l y  wi l l  l e ad  to b r e a k i n g  up.  L a t t i c e  
d i s to r t i on  in v e r y  t h in  fi lms and  absence  of p r e -  
f e r r e d  o r i e n t a t i o n  in t h i c k e r  f i lms of cup rous  ox ide  
on copper  h a v e  been  o b s e r v e d  (18) ,  b u t  i t  has  also 
been  r e p o r t e d  t ha t  cup rous  ox ide  f o r m e d  on a p o l -  
i shed  su r f ace  of  p o l y c r y s t a l l i n e  coppe r  has  a u n i q u e  
o r i e n t a t i o n  (19) ,  no d o u b t  t h r o u g h  o p e r a t i o n  of o t h e r  
fac tors .  

The  s tages  t h r o u g h  w h i c h  o x y g e n  m u s t  pass  as i t  is 
t r a n s f o r m e d  into  i ts  f inal  " l a t t i ce  ion"  s ta te  a r e  i n -  
t e r e s t i ng  and  complex .  I t  seems  t h a t  p - t y p e  s e m i -  
conduc to r s  a r e  ab le  to chemiso rb  o x y g e n  " e x t e r n a l l y  
to the  l a t t i c e "  and  can  p r o v i d e  e l ec t rons  for  t he  
process  1/20~ q- e- ~ O-,,ds at  r o o m  t e m p e r a t u r e  (20) .  
The  p a r t i c i p a t i o n  of t he  s ing ly  c h a r g e d  i o n - r a d i c a l  
O- is s u p p o r t e d  b y  m a g n e t i c  m e a s u r e m e n t s  (21) and  
has  i m p o r t a n t  impl i ca t ions ,  d i scuss ion  of wh ich  is 
r e se rved .  I t  has  a l r e a d y  been  i n d i c a t e d  t h a t  t he  i n i -  
t i a l  u p t a k e  of o x y g e n  b y  copper  is e x t r e m e l y  rap id ,  
and  t h e  i n i t i a l  h e a t  of reac t ion ,  109 kca l  mo le  -~, is  
so g r e a t  t ha t  h y d r o g e n  canno t  c o m p l e t e l y  r educe  the  
su r f ace  ox ide  so f o r m e d  (22) .  This  s u p e r - n o r m a l  
s t a b i l i t y  of " e l e m e n t a r y "  cup rous  ox ide  films, no 
doub t  due  to s t rong  adhes ive  forces,  is s u p p o r t e d  b y  
e l e c t r o c h e m i c a l  ev idence  (23) .  A f t e r  the  f o r m a t i o n  
of 3-4 l a y e r s  of oxide ,  h o w e v e r ,  hea t  of r e a c t i o n  has  
f a l l en  to a b o u t  55 kca l  mole  -1 and  r e m a i n s  sens ib ly  
cons t an t  for  f i lm th i cknesses  up  to at  l eas t  170A (22) .  
A l t h o u g h  the  d i s soc ia t ion  of o x y g e n  mo lecu l e s  n o r -  
m a l l y  r e q u i r e s  117 kca l  mole  -l, d i s soc ia t ive  a d s o r p -  
t ion  at  a cup rous  ox ide  su r face  p roceeds  b y  a first  
o r d e r  r e a c t i o n  (24) to p r o v i d e  o x y g e n  a toms  in t w o  
s i tua t ions  (25) .  One of these  a toms  is i n c o r p o r a t e d  
into  t he  cup rous  ox ide  film, g e n e r a t i n g  v a c a n t  ca t ion  
s i tes  and  pos i t i ve  holes  ( a s soc i a t ed  w i t h  cupr i c  ions ) ,  
and  the  o the r  r e m a i n s  in a mob i l e  a d s o r b e d  s ta te  
un t i l  t r a p p e d  at  a su r face  d i scon t inu i ty .  In  th i s  s ta te ,  
i t  r e t a i n s  an  e x c e p t i o n a l  c h e m i c a l  r e a c t i v i t y  (as  in 
the  o x i d a t i o n  of c a r b o n  m o n o x i d e  at  r o o m  t e m p e r a -  

t u r e )  wh ich  decays  w i th  t i m e  (21) .  Discuss ions  of 
t he  o x i d a t i o n  of copper ,  h o w e v e r ,  a r e  no t  a l w a y s  
conduc t ed  in t e r m s  of a m e c h a n i s m  i n v o l v i n g  the  
O- r a d i c a l  ion. 

This introductory survey provides the minimum 
background for the theory of copper corrosion in 
aqueous media which follows. 

Oxidation of Copper in Aqueous Media 

I t  is a s s u m e d  tha t  copper ,  i m m e r s e d  in  an  o x y -  
g e n a t e d  aqueous  m e d i u m ,  a lmos t  i n s t a n t a n e o u s l y  
fo rms  a v e r y  th in  f i lm of c up rous  ox ide  w i t h  a c o m -  
p r e s se d  s t r u c t u r e  f i t ted  to t ha t  of the  me ta l .  A d -  
he ren t ,  s e l f - he a l i ng ,  and  comple te ,  i t  canno t  g r o w  in 
t h i cknes s  b e y o n d  p e r h a p s  20A be fo re  m e c h a n i c a l  
s t r a in s  b r e a k  up  i ts  ou t e r  reg ions ,  and  th is  is t h o u g h t  
to occur  be fo re  an  a s y m p t o t i c  s t age  of g r o w t h  can 
be  r eached .  The  f i lm t h e r e f o r e  n e v e r  becomes  f u l l y  
p r o t e c t i v e  and  o x i d a t i o n  cont inues ,  l e a d i n g  a t  q u i t e  
an  e a r l y  s t age  to a porous  f i lm of d i so rga n i z e d  s t r u c -  
ture ,  s o m e w h a t  loose ly  a d h e r e n t  to t he  compac t ,  u n -  
d e r l y i n g  l aye r ,  w h i c h  is i m a g i n e d  to be  c o n s t a n t l y  
r e g e n e r a t e d .  I t  is f u r t h e r  a s s u m e d  tha t  f i lm g r o w t h  is 
based  p r i m a r i l y  on dissociative a d s o r p t i o n  of d i s -  
so lved  o x y g e n  and  p a s s a g e  o u t w a r d  t h r o u g h  t h e  f i lm 
of cup rous  ions and  e lec t rons .  W i t h o u t  a n y  i m p l i c a -  
t ions  as to  d e t a i l e d  m e c h a n i s m ,  and  p u r e l y  for  t he  
sake  of s impl i c i ty ,  th is  m a y  be  r e p r e s e n t e d  
V40~ + e- = � 8 9  ~- occu r r i ng  at  the  ou te r  su r face  of 
the  f i lm 
Cu ---- Cu + + e- a t  t he  i n n e r  surface ,  f o l l owed  b y  o u t -  
w a r d  m i g r a t i o n  of c up rous  ions a n d  e l ec t rons  
Cu + + 1/205- ---- Cu~O a t  t h e  o u t e r  su r face  

Thermodynamic Treatment 

T a k i n g  a t h e r m o d y n a m i c  v i ew  of the  co r rod ing  
sys tem,  i t  is seen t h a t  b e t w e e n  the  e x t r e m e s  of t he  
f u l l y  r e d u c e d  subs t r a t e ,  m e t a l l i c  copper ,  and  the  
f u l l y - o x i d i z e d ,  agg re s s ive  r e a c t a n t ,  oxygen ,  t h e r e  is 
t he  p o s s i b i l i t y  of  va r ious  r e d o x  sys tems ,  one  or  a n -  
o t h e r  of w h i c h  m a y  be  close to e q u i l i b r i u m .  The  l eas t  
ox id i zed  of t he se  is the  Cu, Cu~O couple ,  which ,  in  
aqueous  so lu t ion  f ree  f rom d i s so lved  copper ,  w o u l d  
confe r  on the  m e t a l  phase  a p o t e n t i a l  of 

Ec,, cu~o H+ -~ 0.471 - -  0 . 0 5 9 2  p H  a b s .  V 

at  25~ The  mos t  ox id i zed  is t he  o x y g e n  e l ec t rode  
e q u i l i b r i u m  which ,  for  a gaseous  m i x t u r e  t y p i c a l l y  
used  in the  cor ros ion  e x p e r i m e n t s  d e s c r i b e d  in t he  
p r e c e d i n g  p a p e r  (0.30, 0.30, and  0.40 a tm,  r e s p e c -  
t ive ly ,  of O..., CO~, and  N~), has  a p o t e n t i a l  of 

Eo2(o.8o .... ).H+ ~ 1.222 - -  0.0592 p H  abs. V 

This  is m u c h  m o r e  pos i t ive  t h a n  any  p o t e n t i a l  e n -  
c o u n t e r e d  in t he  Cu, H~O, O~ sys t em w i t h i n  t he  r e l e -  
v a n t  p H  range ,  c o r r e s p o n d i n g  w i t h  t he  fac t  t h a t  
comple t i on  of cor ros ion  w o u l d  ox id ize  a l l  t he  copper  
to t he  cupr ic  s ta te .  T h e r e  m u s t  t h e r e f o r e  be  a con-  
s i d e r a b l e  o x i d a t i o n  g r a d i e n t  w i t h i n  the  co r rod ing  
sys tem,  no d o u b t  m a i n l y ,  if  no t  exc lus ive ly ,  con -  
f ined to a n u m b e r  of o x i d a t i o n  j umps ,  a t  t he  b igges t  
of w h i c h  r a t e  l i m i t a t i o n  is l i k e l y  to occur.  

O x i d a t i o n  b e y o n d  the  c up rous  s ta te  p r o b a b l y  be-- 
g ins  in  the  f i lm i tself ,  in  v i r t u e  of t he  c a p a c i t y  of 
c up rous  ox ide  to t a k e  up  excess  of oxygen .  This  is 



460 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  June 1962 

u n l i k e l y  to p roceed  far ,  as long  as e l e c t r i c a l  con tac t  
w i th  the  copper  s u b s t r a t e  is p r e s e r v e d  and,  be c a use  
t he  c o n d u c t a n c e  of t he  ox ide  inc reases  w i t h  i ts  d e -  
p a r t u r e  f r o m  s to i ch iome t ry ,  t h e r e  m a y  be a k i n d  of  
a u t o m a t i c  r e g u l a t i o n  of t h e  s t a t e  of  o x i d a t i o n  of t h e  
film; t h e  m o r e  i t  b ecomes  oxid ized ,  t he  b e t t e r  ab le  
is t h e  coppe r  s u b s t r a t e  to  keep  i t  r educed .  B u t  t h e  
e l ec t r i ca l  r e s i s t ance  of t he  f i lm is b o u n d  to i n c r e a s e  
as  i t  g rows,  p a r t i c u l a r l y  w h e n  i t  beg ins  to  b r e a k  up.  
This  m a y  a l l ow the  p o t e n t i a l  of t he  coppe r  to  d e v i a t e  
s o m e w h a t  t o w a r d  t h a t  of t he  Cu, CuO couple ,  n a m e l y  

Ecu.c~o.~ -~ 0.570 - -  0.0592 p H  abs. V 

Ce r t a in ly ,  o x i d a t i o n  of the  f i lm is t h e r m o d y -  
n a m i c a l l y  f avored ,  s ince  

�89 + ~z40~ = CuO; AG ~ ---- --12.9 kca l  

and  so is s u b s e q u e n t  d i s so lu t ion  

CuO + 2H + ---- Cu ~+ + H~O; AG ~ ---- --10.8 keal 

There is no reason why cupric oxide should be 

formed as an intermediate between these reactions 

occurring consecutively. Combined, they give 

V2Cu~O + ~/40~ + 2H + = Cu ~+ + H,O; 
AG ~ = --23.7 kcal 

This is regarded as the primary dissolution reac- 
tion, which could occur reversibly in the cell 

P t  ] Cu~O, Cu ~+, H + ]1 H + I O= 

The  p o t e n t i a l  of t he  l e f t - h a n d  e l e c t r o d e  w o u l d  be  

Ec~2o.c~+y = 0.203 -b 0.0592 p H  
+ 0.0592 log (Cu ~*) abs. V 

F o r  r e l e v a n c e  to  t he  Cu, H~O, O~, CO.. sys t em,  t h e  
l as t  two  r eac t ions  shou ld  be  c o m b i n e d  w i t h  

2CO~ + 2H.~O ---- 2H § + 2HCO~-; AG ~ ~ 21.3 k c a l  

to g ive  t he  cor ros ion  reac t ions ,  w i t h  t h e i r  m u c h  less  
n e g a t i v e  s t a n d a r d  f ree  e n e r g y  changes ,  p r e v i o u s l y  
d i scussed  ( P a r t  I ) .  

These  e l e c t r o c h e m i c a l  cons ide ra t i ons  m a y  be  a p -  
p l i ed  to t he  m o d e l  of t he  co r rod ing  sys tem,  i l l u s -  
t r a t e d  in  Fig .  1, a r i s ing  out  of t he  p r e c e d i n g  d i scus -  
sion. 

Duplex Film Corrosion Model 

The copper  s u b s t r a t e  is cove red  b y  a compac t ,  
a d h e r e n t  f i lm of cup rous  oxide ,  in  good e l e c t r i c a l  
con tac t  w i t h  it. S u p e r i m p o s e d  on th is  is a po rous  film, 
f o r m e d  in t h e  cor ros ion  p rocess  b y  t h e  d i s r u p t i o n  of 
t he  g r o w i n g  fi lm u n d e r n e a t h  it. Th is  d i s r u p t i o n  m u s t  
be  a c c o m p a n i e d  b y  a l a r g e  i nc rea se  in  t he  r e s i s t ance  

of t h e  e l e c t r i c a l  p a t h  b e t w e e n  the  m e t a l  and  the  
p a r t i a l l y  b r o k e n  a w a y  oxide .  I t  is u n l i k e l y ,  h o w e v e r ,  
t h a t  th is  r e s i s t a nc e  w i l l  b e c o m e  infini te ,  for  any  
ox ide  w h i c h  b e c a m e  i n s u l a t e d  f rom the  m e t a l  w o u l d  
e i t h e r  fa l l  off, o r  d i s so lve  q u i t e  r a p i d l y ,  as f r ee  c u -  
p rous  ox ide  has  been  shown  to do ( P a r t  I ) .  Thus ,  
even  t h e  pq rous  f i lm r e m a i n s  to some e x t e n t  u n d e r  
t h e  inf luence  of the  coppe r  s u b s t r a t e  be c a use  of a 
s ig~i t i cah t  e l e c t r i c a l  c o n d u c t a n c e  of t he  film, ove r  
a n d  a b o v e  t h a t  of t he  aqueous  p h a s e  w h i c h  p e r m e -  
a tes  it. 

A t t e n t i o n  is d i r e c t e d  to  t h e  po t e n t i a l s  a t  t he  t h r e e  
"zones ,"  or  loca t ions ,  i n d i c a t e d  in  Fig.  1. The  f irst  of 
t h e s e  is to be  iden t i f i ed  w i t h  t h a t  of the  coppe r  phase ,  
ac t ing  as p a r t  of a c o p p e r - c u p r o u s  ox ide  couple .  The  
second  and  t h i r d  m a y  be  r e g a r d e d  as t he  p o t e n t i a l s  
w h i c h  w o u l d  b e  r e c o r d e d  b y  h y p o t h e t i c a l  r e d o x  
probes ,  a p p r o p r i a t e l y  s i t ua t ed .  In  so f a r  as i t  is e l ec -  
t r o n i c a l l y  conduc t ing ,  t he  subs t ance  of t he  po rous  
ox ide  f i lm can  a s s u m e  a p o t e n t i a l  r e l a t e d  to e l e c t r o -  
c h e m i c a l  r e ac t i ons  w h i c h  m a y  occur  at  i ts  surface .  
T h e  " p r o b e s "  and  the  s e p a r a t i o n  of zones 2 and  3 in  
space  a r e  dev ices  i n t r o d u c e d  in the  i n t e r e s t s  of 
c l a r i ty .  

I dea l l y ,  t he se  p o t e n t i a l s  w o u l d  be  

El---- 0.471 - -  0.0592 p H  a t  zone 1 ] 
E_~ ---- 0.203 -t- 0.0592 p H  t abs.  V 

+ 0.0592 log (Cu ~+) a t  zone  2 at  
E~ ---- 1.222 - -  0.0592 p H  at  zone 3 25~ 

as p r e v i o u s l y  e n u m e r a t e d .  In  t he  v e r y  e a r l y  s tages  
of co r ros ion  w h e n  on ly  t h e  th in ,  c o m p a c t  f i lm has  
b e e n  fo rmed ,  zone  2 coinc ides  w i t h  zone 1, and  E_~ 
m u s t b e  i d e n t i c a l  w i t h  E~. U n d e r  these  condi t ions ,  i t  
can  be  shown  t h a t  a t  p H  = 4, t he  e q u i l i b r i u m  con-  
c e n t r a t i o n  of cupr i c  ions in  so lu t ion  is 21 ppm,  b u t  is 
d i m i n i s h e d  b y  a f ac to r  of two  p o w e r s  of t e n  for  each  
un i t  r i se  of pH. This  i nd i ca t e s  t h a t  t h e r e  wi l l  be  l i t t l e  
t e n d e n c y  for  d i s so lu t ion  to  occur ,  e x c e p t  a t  q u i t e  low 
p H  va lues .  The  d e v e l o p m e n t  of a n  a p p r e c i a b l e  r a t e  
of d i s so lu t ion  m u s t  w a i t  u p o n  the  g r o w t h  of suffi-  
c ien t  r e s i s t ance  b e t w e e n  the  coppe r  and  the  su r face  
of t h e  d i s so lv ing  film. This  p r o v i d e s  an  i n t e r p r e t a -  
t ion  of t h e  i n d u c t i o n  pe r i ods  r e p o r t e d  in bo th  p r e -  
ced ing  pa pe r s ,  a n d  t h e  b e h a v i o r  of " n e w "  e l e c t r o d e s  
p l a c e d  in "o ld"  so lu t ion  in  t he  second  k i n d  of r e -  
p l a c e m e n t  e x p e r i m e n t  d e s c r i b e d  in  P a r t  II .  

C o n s i d e r a t i o n  m a y  n e x t  be  g iven  to  t h e  case  in  
w h i c h  e x t e n s i v e  co r ros ion  has  p roceeded ,  w i t h  f o r -  
m a t i o n  of  cup r i c  ions  in so lu t ion  and  e s t a b l i s h m e n t  
of t he  s u g g e s t e d  " d u p l e x  f i lm." If  i t  is supposed ,  b y  
w a y  of e x a m p l e ,  t h a t  the  so lu t ion  is a t  p H  ---- 5 a n d  
con ta ins  20 p p m  of cupr ic  ions, t h e  po t e n t i a l s  a t  t he  
t h r e e  zones  w i l l  be  

2 

POROUS FILM AOUEOUS SOLUTION OF OXYGEN 
AND CARBON DIOXIDE 

L I ~ T ~ N G  
ADHERENT 
FILM 

Fig. l .  "Duplex film" model of the copper corrosion system 

E1----0.175; E ~ = 0 . 2 9 2 ;  E ~ = 0 . 9 2 6 a b s V a t 2 5 ~  

e x c e p t  t h a t  E~ m a y  b e  s o m e w h a t  d e p r e s s e d  t o w a r d  E~. 
The  p r i m a r y  d i s so lu t ion  process ,  w h i c h  is i m a g i n e d  

to occur  at  t he  h y p o t h e t i c a l  e l e c t r o d e  a t  zone 2, is 

�89 + H + = Cu ~+ + 1/~I-~0 + e- 
w h i l e  

1/40  ~ -J- H + + e- - -  1/zH=O 

occurs  a t  the  i m a g i n a r y  o x y g e n  e l ec t rode  at  zone 3. 
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These  two,  a d d e d  toge the r ,  g ive  t he  c o m p l e t e  d i s -  
so lu t ion  r e a c t i o n  

~Cu~O + 1/40~ + 2H + = Cu 2+ + H~O 

But zones 1 and 2 together constitute a cell which 
is, moreover, a working cell because the electronic 
conductance of the film is equivalent to an external, 
resistive connection between the electrodes. At 1 an 
anodic reaction proceeds 

Cu + 1/21-LO ---- I/zCu~O + H + + e- 

which will supply electrons to 2 and bring about the 
reverse of the dissolution reaction, i.e., the cathodic 
process 

Cu ~+ + i~14~O + e- = Cu~O + H + 

The electrode process at zone 1 may be regarded 
as the normal, primary film growth mechanism as it 
occurs in an aqueous medium, for, added to the ca- 
thodic process at zone 3, it gives 

Cu + V40~ = Y2Cu~O 

It is, however, no longer directly depolarized by 
elementary oxygen, but by cupric ion acting as an in- 
termediary. This is no doubt why no sign of concen- 
tration polarization of dissolved oxygen has been 
found in any of the corrosion experiments, even 
when thick, porous films have been formed. 

The cathodic reaction at zone 2 has the effect 
merely of diminishing the net anodic dissolution 
which occurs there, for electrode 2 is the anode with 
respect to 3 as cathode. At the same time, however, 
it provides more cuprous oxide at the expense of 
cupric ion and thus ensures that dissolution and film 
growth reactions remain in step with each other. It 
may also be regarded as a secondary film forming 
reaction, which generates cuprous oxide elsewhere 
than at the outer boundary of the compact film. Such 
a process is required to explain why even the thick- 
est films are essentially composed of nothing but cu- 
prous oxide. It may also be important that the rise 
in pH which accompanies the net anodic dissolution 
at zone 2 will facilitate the generation of cuprous 
oxide at zone 1 in the close vicinity. This reaction 
scheme may be clarified by the formal illustration 
of the hypothetical double cell given in Fig. 2. 

The rise in pH and cupric ion concentration, which 
accompanies corrosion, might be expected to cause 
a decrease in dissolution rate with time, but this is 
observed not to be the case. This is because film 
growth proceeds in step with dissolution, and film 
thickening allows the potential at zone 2 to become 

FILM RIE~SlSTANCE 2 "REACTION RESISTANCE" 

E : ~ V ~  HYI:~TH ETIC AL OX.fGEN 
~EDOX ROD~ 

Cu+I2H~O Cu=++I/:I~H;~o'I"r 1[2Cu~O+H+2+*, '/402+H+'I''- 

,,=co.o+. i +, , ._o+; ,,2H.o 
\ �9 "v" ~Y" 

FILM GROWTH DISSOLUTION 

Fig, 2. Hypothetical double cell involved in copper corrosion 

m o r e  positive, thus  counteracting a n y  t e n d e n c y  fo r  
t h e  r a t e  to fa l l  away .  When ,  h o w e v e r ,  the  f i lm b e -  
comes  v e r y  th ick ,  i t s  w o r s e n i n g  e l ec t r i ca l  c o n d u c t -  
ance  f avo r s  d i s so lu t ion  r a t h e r  t h a n  f i lm g r o w t h ;  th is  
t r e n d  was  o b s e r v e d  in  t he  first  k i n d  of " r e p l a c e m e n t  
e x p e r i m e n t "  d e s c r i b e d  in  t he  p r e c e d i n g  pape r .  U l t i -  
m a t e l y ,  w i t h  a r u n a w a y  d i s so lu t ion  reac t ion ,  t h e  p i t  
m a y  r i se  so h igh  close to the  o u t e r  su r f a c e  of a t h i c k  
f i lm t h a t  bas ic  c a r b o n a t e  is fo rmed .  If  t he  co r rod ing  
m e d i u m  is a n a t u r a l  w a t e r  c on t a in ing  c a l c ium b i -  
c a r b o n a t e  in solu t ion ,  ca l c ium c a r b o n a t e  m a y  b e  d e -  
pos i ted .  I t  is to be  noted ,  h o w e v e r ,  t h a t  th i s  is 
l i k e l y  to occur  on ly  on a c up rous  o x i d e  f i lm t h a t  is 
a l r e a d y  th ick ,  porous ,  and  r a t h e r  loose ly  a t t a c h e d  
to i ts subs t r a t e ;  a c a l c ium c a r b o n a t e  f i lm l a id  d o w n  
on such a f o u n d a t i o n  is u n l i k e l y  to h a v e  t h e  adhes ion  
and  cohes ion  n e c e s s a r y  to confer  good p ro tec t ion .  
This  m a y  be  a s soc ia t ed  w i t h  t he  fac t  t h a t  copper  
p ipes ,  even  w h e n  convey ing  such  h a r d  w a t e r s ,  o f t en  
con t inue  for  y e a r s  to send  coppe r  in to  so lu t ion ;  
n e v e r t h e l e s s  c a l c ium c a r b o n a t e  films, conso l ida t ed  
b y  t r aces  of o rgan ic  m a t e r i a l ,  can  af ford  a m a r k e d  
d e g r e e  of p ro tec t ion ,  even  if no t  c o m p l e t e  p ro tec t ion .  

Rate Limitation of the Corrosion Reaction 

The  f inal  c o n t r i b u t i o n  to th i s  t h e o r y  of copper  co r -  
ros ion  is conce rned  w i t h  o v e r - a l l  r a t e  l im i t a t i on .  I t  
has  a l r e a d y  been  shown  t h a t  th is  does no t  r e s ide  in  
o x y g e n  diffusion,  even  t h r o u g h  t h e  po re s  of a t h i c k  
film. The  sugges t ion  is m a d e  t h a t  i t  is d u e  to h i n -  
d r a n c e  of t he  o x y g e n  e l ec t rode  reac t ion ,  w h i c h  m u s t  
occur  at  some s o l i d - s o l u t i o n  i n t e r f a c e  at  a r a t e  p r o -  
p o r t i o n a l  to t he  e x p o n e n t i a l  f a c t o r  f a m i l i a r  in  e l ec -  
t r o d e  k ine t ics ,  exp  - - ( ~ - - a V F ) / R T ,  w h e r e  a is an  
a c t i v a t i o n  ene rgy ,  a is a t r a n s f e r  coefficient  p r o b a b l y  
much  less t h a n  0.5, and  V is a p o t e n t i a l  d i f fe rence  
effect ive  in p r o m o t i n g  reac t ion .  I f  V can  be  iden t i f i ed  
w i t h  t he  d i f fe rence  b e t w e e n  the  o x y g e n  and  c o p p e r -  
c u p r o u s  ox ide  p o t e n t i a l s  

Eo..+ - -  Ec, ~,~o H+ ~- 0.759 ~- 0.0148 log Po~ 
abs.  V a t  25~ 

a poss ib le  bas i s  is o b t a i n e d  for  t h e  o b s e r v e d  f i rs t  
o r d e r  k ine t i c s  w i t h  r e spe c t  to oxygen ,  a l t h o u g h  th i s  
is l i k e l y  to be  a gross  overs impl i f i ca t ion .  

E v e n  if t he  t h e o r y  of g e n e r a l  co r ros ion  of coppe r  
w h i c h  has  been  p r o p o s e d  is a long  t h e  r i g h t  l ines  and  
u n i q u e l y  e x p l a i n s  some o t h e r w i s e  puzz l ing  f ea tu re s ,  
i t  canno t  a t  p r e s e n t  be  e x t e n d e d  w i t h o u t  u n w a r -  
r a n t a b l e  specu la t ion ,  be c a use  i t  is obv ious ly  i n c o m -  
p le te .  Two o u t s t a n d i n g  de fec t s  m a y  be  me n t ioned .  

C a r b o n  d iox ide  has  b e e n  t r e a t e d  m e r e l y  as a c o m -  
p o n e n t  of a buf fe r  s y s t e m  con t ro l l i ng  pH,  w h e r e a s  i t  
is qu i t e  s t r o n g l y  a d s o r b e d  f r o m  aqueous  so lu t ion  b y  
c up rous  ox ide  (cf. P a r t  IV)  and  m a y  p l a y  a f a r  m o r e  
i n t i m a t e  pa r t .  This  is a l l  t he  m o r e  l i k e l y  in v i e w  of 
t he  o b s e r v a t i o n  (26) t h a t  c u p r o u s o x i d e  adso rbs  c a r -  
bon d i o x i d e  f r o m  the  gas  p h a s e  on ly  if  o x y g e n  is 
s imu l t a ne ous ly ,  or  has  been  p r e v i o u s l y ,  adso rbed .  
This  c o o p e r a t i v e  p rocess  l eads  to t he  f o r m a t i o n  of a 
r e a c t i v e  COs complex .  

I t  is h i g h l y  p r o b a b l e  t h a t  the  r e d u c t i o n  of  o x y g e n  
p roceeds  via t h e  f o r m a t i o n  of h y d r o g e n  p e r o x i d e  or  
i ts  de r i va t i ve s ,  for  th i s  is a lmos t  i n v a r i a b l y  t h e  
case  (27) a n d  is a t o l e r a b l e  c e r t a i n t y  i f  t h e  r a d i c a l  
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ion O- is invo lved .  D e l a h a y  (28) has  s h o w n  t h a t  h y -  
d r o g e n  p e r o x i d e  is a lmos t  a l w a y s  f o r m e d  w h e n  o x y -  
gen is c a t h o d i c a l l y  r educed ,  even  at  copper  e l ec -  
t rodes ;  t he  y i e l d  is s m a l l  in th is  case  because  of c a t a -  
ly t ic  decompos i t ion ,  bu t  th is  m i g h t  in  i t se l f  i nd i ca t e  
f unc t i ona l  p a r t i c i p a t i o n  in o x i d a t i o n  mechan i sm .  The  
Russe l l  effect (29)  has  been  r e - i n v e s t i g a t e d  and  has  
been  shown  to be  due  to t he  f o r m a t i o n  of h y d r o g e n  
p e r o x i d e  b y  the  ac t ion  of mois t  a i r  on a b r a d e d  m e t a l s  
(30, 31) ;  i t  is a t t r i b u t e d  to the  a b n o r m a l  a v a i l a b i l i t y  
of e l ec t rons  t r a p p e d  in an ion  vacanc ie s  in f r e s h l y  
f o r m e d  or  d i s r u p t e d  o x i d e  fi lms (32) .  I t  is c l a i m e d  
t h a t  h y d r o g e n  p e r o x i d e  has  been  d e t e c t e d  in t h e  v i -  
c in i ty  of, inter alia, a t m o s p h e r i c a l l y  co r rod ing  cop-  
p e r  ( 3 3 ) .  The  case  for  the  f o r m a t i o n  and  p r o b a b l e  
p a r t i c i p a t i o n  of h y d r o g e n  p e r o x i d e  in  t he  cor ros ion  
of copper  is t h e r e f o r e  q u i t e  s t rong,  and  t h e r e  is also 
ev idence  (34) t h a t  i t  cou ld  coope ra t e  w i t h  ca rbon ic  
ac id  in a spec ia l  way .  The  poss ib l e  s igni f icance  of 
th is  to co r ros ion  p r o b l e m s  has  been  no ted  (35) .  

Manuscr ip t  received Oct. 2, 1961; revised manuscr ip t  
received Jan.  23, 1962. This paper  was p repared  for 
de l ivery  before  the Ot tawa Meeting, Sept.  28-Oct. 2, 
1958. 

Any  discussion of this paper  will  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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Copper Corrosion 
IV. The Effects of Saline Additions 

D. J. G. Ires 
Department of Chemistry, Birkbeck College, London, England 

and A. E. Rawson 
Colne Valley Water Company, Watford, Hertfordshire, England 

ABSTRACT 

The effects on the corrosion of copper,  under  the influence of dissolved oxy-  
gen and carbon dioxide,  of t race addi t ions of salts  have been studied. In  the 
case of chlor ide  ion, rad ica l  changes in the kinet ics  of dissolution and film 
growth  processes have been observed and have been in te rp re ted  in te rms of a 
t rans i t ion  from genera l  to local act ion corrosion. The effects of sulfate,  n i t ra te ,  
and b icarbonate  ions are also repor ted .  The influence of calcium bicarbonate ,  
under  condit ions which preclude the deposi t ion of calcium carbonate,  in r e -  
t a rd ing  corrosion is pa r t i cu la r ly  noteworthy.  

A s t u d y  has  been  m a d e  of the  effects on cor ros ion  
r eac t ions  in t he  Cu, H.~O, O.~, COg s y s t e m  of t he  ions  
CI-, SO2-, NO3-, and  HCO3- (as the  sod ium sa l t s )  a n d  
of HCO~- (as the  ca l c ium sa l t )  a t  c o n c e n t r a t i o n s  in  

w h i c h  t h e y  m a y  occur  in  n a t u r a l  w a t e r s .  T h e  " p o w -  
de r  m e t h o d "  of P a r t  I was  first  used  to e x p l o r e  t he  
inf luence  of these  ions on ra t e s  of d i s so lu t ion  of cu-  
p rous  ox ide  a n d  of copper .  This  was  fo l l owed  b y  



Vol. 109, No. 6 

k ine t i c  s tud ies  of c o n c u r r e n t  d i s so lu t ion  and  f i lm 
g r o w t h  r eac t i ons  b y  the  m e t h o d  of P a r t  II .  In  a l l  
cases, e x p e r i m e n t s  w e r e  a c c o m p a n i e d  by  s a l t - f r e e  
con t ro l s  in w h i c h  al l  o t h e r  cond i t ions  w e r e  iden t i ca l .  

Results 
Prel iminary Powder  Exper iments  

Disso lu t ion  was  f o l l o w e d  in each  case for  3 h r  in  
so lu t ions  (or  w a t e r  in the  con t ro l s ) ,  a t  24 ~ - -2~ 
k e p t  in e q u i l i b r i u m  w i t h  a n a l y z e d  m i x t u r e s  of o x y -  
gen and  ca rbon  d iox ide  at  a t o t a l  p r e s s u r e  s l i gh t ly  
in  excess  of a tmosphe r i c .  

Cuprous oxide dissoIution.--For cuprous  oxide ,  a 
q u a l i t a t i v e  r e p o r t  is adequa te .  S o d i u m  ch lo r ide  (100 
p p m  of C1-) p r o d u c e d  a m a r k e d  a c c e l e r a t i o n  of d i s -  
so lu t ion ;  t he  r a t e  was  a p p r o x i m a t e l y  d o u b l e d  n e a r  
t he  m i d - p o i n t  of t h e  gas  compos i t i on  range .  E v e n  50 
p p m  of ch lo r ide  ion p r o d u c e d  abou t  30% inc rease  in  
r a t e  u n d e r  these  condi t ions .  Tha t  th is  r e m a r k a b l e  
effect was  specific to ch lo r ide  ion was  shown b y  the  
c o m p l e t e  l a ck  of inf luence  of 100 p p m  of su l f a t e  or  
n i t r a t e  ion on d i s so lu t ion  ra te .  Bo th  sod ium and  ca l -  
c i um b i c a r b o n a t e s  d e p r e s s e d  the  r a t e  of d i s so lu t ion  
m a r k e d l y ,  b u t  to an  e x t e n t  c o m m e n s u r a t e  w i t h  t h e  
r i se  in  p H  w h i c h  t h e y  p r o d u c e d .  A l t h o u g h  in  no  case  
was  e q u i l i b r i u m  a p p r o a c h e d ,  i t  m a y  be  r eco l l ec t ed  
t h a t  t he  e q u i l i b r i u m  c o n c e n t r a t i o n  of cupr ic  ion is 
d e c r e a s e d  b y  two  p o w e r s  of t en  fo r  each  un i t  r i se  of  
p H  (cf. P a r t  I I I ) .  I t  m a y  be  no ted  tha t ,  for  t h e  case  
of  ca l c ium b i c a r b o n a t e ,  the  L a n g e l i e r  (1)  s a t u r a t i o n  
i n d e x  v a r i e d  b e t w e e n  --1.6 and  --2.0,  w h i c h  os t ens i -  
b l y  p r e c l u d e d  the  depos i t i on  of ca l c ium ca rbona t e .  

Metallic copper dissolution.--The r e su l t s  of t h e  
c o p p e r  p o w d e r  e x p e r i m e n t s  a r e  s u m m a r i z e d  in  F ig .  
1, in w h i c h  each  s m a l l - s c a l e  p lo t  of the  course  of a 
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Fig. 1. Dissolution of Cu powder in water containing added salts, 
approximately at the concentration {ppm) indicated, equilibrated 
with mixtures of 02 and CO.~ to a total pressure of 1 arm. Each plot 
is appropriately placed along the common gas composition axis, and 
has the same scales of abscissas (0-200 min) and ordinates (0-20 
ppm of Cu~+). Broken lines indicate salt-free control experiments. 
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d i s so lu t ion  r u n  i s  d i sposed  a long  a g a s - c o m p o s i t i o n  
axis  to def ine t he  cond i t ions  u n d e r  w h i c h  i t  was  
c a r r i e d  out.  The  b r o k e n  curves ,  w h i c h  a r e  a l l  a p -  
p r o x i m a t e l y  r ec t i l i nea r ,  r e p r e s e n t  t he  p a r a l l e l  con-  
t ro l  runs .  Each  c u r v e  was  c h a r a c t e r i z e d  b y  a m i n i -  
m u m  of seven  a n a l y t i c a l  d e t e r m i n a t i o n s  of d i s so lved  
copper .  

I t  is e v i d e n t  t h a t  these  v e r y  low concen t r a t i ons  of 
sa l ts  ( - - 0 . 0 0 1 -  0.002 g equ iv  1 -~) have  s u r p r i s i n g l y  
m a r k e d  and  v a r i a b l e  effects on the  d i s so lu t ion  of 
copper  u n d e r  the  inf luence  of d i s so lved  o x y g e n  and  
ca rbon  d iox ide .  P e r h a p s  t he  mos t  o u t s t a n d i n g  effect 
is t h a t  of ch lo r ide  ion in d e s t r o y i n g  c o n s t a n c y  of  d i s -  
so lu t ion  r a t e ;  c o m p a r i s o n  w i t h  t he  a p p r o p r i a t e  con-  
t ro l s  i nd ica t e s  an  in i t i a l  a c c e l e r a t i o n  of  a t t a c k  on the  
m e t a l  ( p a r t i c u l a r l y  in d a r k n e s s ) ,  f o l l o w e d  b y  r e -  
t a r d a t i o n ,  t he  l a t t e r  m a k i n g  i ts  a p p e a r a n c e  a t  an  
e a r l i e r  s tage  in the  m o r e  o x y g e n a t e d  sys tems .  Con-  
ve r se ly ,  t he  a c c e l e r a t i on  effect  t ends  to be  m o r e  p r o -  
longed,  and  p e r h a p s  m o r e  m a r k e d ,  in t he  l eas t  o x y -  
g e n a t e d  sys tems .  The  o the r  add i t i ons  s eem g e n e r a l l y  
to d e p r e s s  d i s so lu t ion  r a t e  ( e x c e p t  t h a t  n i t r a t e  ion  
inc reases  i t  a t  low Po~ v a l u e s )  w h i l e  u s u a l l y  m a i n -  
t a i n ing  i ts  cons tancy .  A v e r y  m a r k e d  deg ree  of pa s s i -  
v a t i o n  is a t t a i n e d  in t he  p r e s e n c e  of c a l c ium b i c a r -  
b o n a t e  in  the  l eas t  o x y g e n a t e d  solut ions ,  b u t  aga in  a 
n e g a t i v e  L a n g e l i e r  i n d e x  sugges t s  t h a t  th i s  canno t  
be  due  to ca l c ium c a r b o n a t e  depos i t ion .  T h e  effects 
of i l l u m i n a t i o n  have  not  been  s y s t e m a t i c a l l y  s tud ied ,  
b u t  a r e  in  some cases  seen to be  cons ide rab le .  I t  is 
sugges t ed  t ha t  t he  p o w d e r  t e c h n i q u e  b y  w h i c h  these  
r e su l t s  w e r e  a s s e m b l e d  m a y  be  v a l u a b l e  for  t he  r a p i d  
a s se s sme n t  of the  co r ros ive  or  i n h i b i t o r y  p r o p e r t i e s  
of aqueous  so lu t ions  on me ta l s ,  for  t h e  i nd i ca t ions  
o b t a i n e d  w e r e  g e n e r a l l y  conf i rmed  subsequen t ly .  
Neve r the l e s s ,  s igni f icant  co lor  changes  of t he  copper  
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Fig. 2. Corrosion experiments showing influence of approximately 
100 ppm CI- (NaCI); Pco2 ~ 0.30 atm (const.), Po~ ~ 0.15-0.70 
atm, P~2 ~ (1.00 - -  Po2 - -  POD2) arm, (a) dissolution, (b) film 
growth. Broken lines indicate salt-free control experiments. 
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Fig. 3. Corrosion experiments showing influence of approximately 
100 ppm CI- (NaCI);  Po2 ~ 0.30 atm (const.), PGo.~ = 0.20-0.70 
atm, PN2 ~ (1.00 - -  Po2 - -  Pco~) atm, (a) dissolution, (b) film 
growth. Broken lines indicate salt-free control experiments. 

p o w d e r  d u r i n g  the  course  of d i s so lu t ion  i n d i c a t e d  the  
need  for  f i lm f o r m a t i o n  s tudies .  

Rates of Dissolution and Film Growth 

The  same  two  sets of cond i t ions  w e r e  used  as in 
the  s tud ies  of s a l t - f r e e  sys t ems  d e s c r i b e d  in P a r t  II ;  
Pco2 t h e n  Po~ were  success ive ly  f ixed  at  a v a l u e  of 0.30 
a t m  w h i l e  the  o the r  was  va r i ed ,  the  t o t a l  p r e s s u r e  
be ing  m a d e  up  to 1 a t m  w i t h  n i t r o g e n  w h e n  neces -  
sary .  Each  k ine t i c  r u n  was  con t inued  for  100 h r  a t  
21 ~ • 1 7 6  

Sodium chloride addi t ions .~The  r e su l t s  for  sys -  
t ems  con t a in ing  100 p p m  of ch lo r ide  ion as sod ium 
ch lo r ide  a r e  shown  in Fig.  2 and  3, t he  s i m u l t a n e o u s  
con t ro l s  be ing  r e p r e s e n t e d  by  b r o k e n  l ines.  T h r e e  
o b s e r v a t i o n s  can  be  m a d e  i m m e d i a t e l y .  Ch lo r ide  ion 
does  no t  a l w a y s  p r o m o t e  cor ros ion;  on the  c o n t r a r y ,  
i t  some t imes  r e t a r d s  it.  Ra tes  of d i s so lu t ion  and  f i lm 
g r o w t h  a re  no longe r  cons tan t ,  b u t  show a t e n d e n c y  
to dec rea se  w i t h  t ime ,  so t h a t  some t imes  an  in i t i a l  
a c t i v a t i o n  of co r ros ion  passes  sooner  or  l a t e r  to i n -  
h ib i t ion .  T h e r e  is o b v i o u s l y  no l o n g e r  a g e n e r a l  r e l a -  
t ion  b e t w e e n  the  k ine t i c s  of d i s so lu t ion  and  f i lm 
g rowth ,  e x c e p t  t he  t e n u o u s  one t h a t  the  h ighes t  r a t e  
of d i s so lu t ion  was  o b s e r v e d  for  t he  s y s t e m  in w h i c h  
the  t h i c k e s t  f i lm was  deve loped .  The  m a i n  f e a t u r e s  
of the  r e su l t s  a r e  s u m m a r i z e d  in Fig.  4, w h i c h  con -  
t a ins  p lo t s  of the  coppe r  c o n c e n t r a t i o n s  in so lu t ion  
and  t h e  f i lm th i cknesses  a t t a i n e d  a f t e r  20, 50, and  100 
h r  of co r ros ion  t ime ,  t o g e t h e r  w i t h  s im i l a r  d a t a  for  
the  contro ls ,  shown  b y  b r o k e n  l ines .  A l t h o u g h ,  even  
in these  a v e r a g e d  da ta ,  t he  sca t t e r  is v e r y  l a rge ,  i t  is 
c l ea r  t h a t  t he  a lmos t  d r a m a t i c  effects of on ly  100 
p p m  of  c h l o r i d e  ion a r e  no t  obscured ;  the  k ine t i c s  of  
the  cor ros ion  r eac t i ons  a r e  g r e a t l y  changed ,  and  the  
on ly  r e g u l a r i t y  p r e v i o u s l y  o b s e r v e d  (f i rs t  o r d e r  k i -  
ne t ics  w i t h  r e spec t  to Po~) has  gone. 
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Fig. 4. Collected results of corrosion experiments involving the 
presence of approximately 100 ppm CI-  (NaCI);  (a) and (b) dis- 
solution and film growth, respectively, for Pco2 ~ 0.30 arm (const.); 
(c) and (d), the same for Po2 = 0.30 atm (const.). Broken lines 
indicate salt-free control experiments. 

C o m p a r i s o n  of Fig .  4 ( a )  and  4 ( c )  sugges t s  a r e -  
v e r s a l  of the  k ine t i c  ro les  of o x y g e n  and  ca rbon  d i -  
oxide ,  i.e., t h a t  in p r e s e n c e  of 100 p p m  of  ch lo r ide  
ion, first  o r d e r  k ine t i c s  of d i s so lu t ion  w i t h  r e spec t  
to o x y g e n  has  been  r e p l a c e d  b y  first  o r d e r  k ine t i c s  
w i th  r e spec t  to c a r b o n  d iox ide .  A s im i l a r  t r e n d  is 
less c o n v i n c i n g l y  shown  b y  c o m p a r i s o n  ~f  Fig.  4 ( b )  
and  4 ( d )  r e l a t i n g  to  f i lm g rowth .  I t  is no t  k n o w n  if  
a n y t h i n g  can be  m a d e  of this ,  p r o m i s i n g  as i t  m a y  
a p p e a r  in  e l u c i d a t i n g  the  ro le  of c a r b o n  d iox ide .  The  
case for  g iv ing  s igni f icance  to th is  o b s e r v a t i o n  is 
w e a k e n e d  b y  the  l a ck  of r e l a t i o n  b e t w e e n  r a t e s  of 
d i s so lu t ion  and  f i lm g rowth ,  b y  the  ev idence  w h i c h  
fo l lows  for  a t r a n s i t i o n  of  cor ros ion  m e c h a n i s m ,  and  
b y  the  g r e a t  d e t e r i o r a t i o n  in  r e p r o d u c i b i l i t y  of 
p h y s i c a l  c o n f o r m a t i o n  of t he  co r rod ing  sys tem.  I t  is 
fe l t  t h a t  v e r y  ca re fu l  and  d e t a i l e d  s tud ies  w o u l d  be  
n e e d e d  to a r r i v e  at  a dec is ion  on th is  point .  

The  m a i n  effects of ch lo r ide  ion can  p e r h a p s  bes t  
be  seen  b y  a f o r m a l  t a b u l a t i o n ,  w h e r e  acce l e r a t i on  
or  r e t a r d a t i o n  of d i s so lu t ion  and  f i lm g r o w t h  a re  
i n d i c a t e d  b y  + a n d  - -  signs.  

Acceleration ( + )  or retardation ( - - )  of dissolution (D) and 
film growth (F) produced by 100 ppm of CI- 

D F 

Pco.~ const. ~ low Poo + + + 

L high Po.~ 

~ ' l o w  Pco~ - -  - -  

Po~ const. L high Pc~ + + 

Still more generally, increase of Po~ has a rel- 
atively depressing effect on both dissolution and 
film formation; increase of Pco~ has a relatively stim- 
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u l a t i ng  effect. P e r h a p s  t he  mos t  s igni f icant  o b s e r v a -  
t ion  of  a l l  is the  c o m p l e t e  b r e a k d o w n  of  the  k ine t i c  
r e l a t i o n s h i p  b e t w e e n  d i s so lu t ion  and  f i lm g rowth .  

O the r  d i agnos t i c  o b s e r v a t i o n s  w h i c h  w e r e  m a d e  
m a y  b e  e n u m e r a t e d .  

The  fi lms, m a i n l y  r e d  or  r e d - b r o w n  in color,  w i t h  
some t imes  g reen i sh  o r  p u r p l e  areas ,  w e r e  less  u n i -  
f o r m l y  depos i t ed .  T h e y  w e r e  f locculent  and  loose ly  
a d h e r e n t ,  sugges t ing  an  e n h a n c e d  d e g r e e  of s t r u c -  
t u r a l  d i so rder .  In  some cases  loss of f i lm subs t ance  
u n a v o i d a b l y  o c c u r r e d  be fo re  cou lombic  e s t i m a t i o n  
could  be  effected,  and  th is  is t h o u g h t  to be  t he  r e a s o n  
for  the  a p p a r e n t  dec rea se  in f i lm th i ckness  w i t h  t i m e  
w h i c h  was  some t imes  o b s e r v e d  for  t he  t h i c k e s t  f i lms 
(cf. Fig .  3) .  This  effect m a y  be  a s soc ia t ed  w i th  the  
e n h a n c e d  r a t e  of d i s so lu t ion  of cup rous  ox ide  in 
p r e s e n c e  of ch lo r ide  ion ( a l r e a d y  n o t e d ) ,  w i t h  t he  
effect of th is  ion  u p o n  a b e d  of cup rous  ox ide  ( r e -  
p o r t e d  b e l o w ) ,  and  w i t h  t he  p e p t i z i n g  ac t ion  r e -  
p o r t e d  b y  G a t t y  and  S p o o n e r  (2)  and  the  g e n e r a l  
f ac i l i t y  of ch lo r ide  ions in p e n e t r a t i n g  ox ide  f i lms 
n o t e d  b y  E v a n s  (3 ) .  

The  c o u l o m e t r i c  f i lm ana lys i s  m e t h o d  was  i n -  
sens i t ive  to cup rous  ch lo r ide  in  a f i lm cons i s t ing  
e s s e n t i a l l y  of cup rous  ox ide ,  b u t  c h e m i c a l  ana lys i s  
i n d i c a t e d  the  p re sence  in  the  f i lm subs t ance  of 0.7- 
1.5% of ch lor ide .  A l t h o u g h  it  has  been  shown (4) 
t ha t  a t a c a m i t e  m a y  be  p r e s e n t  in f i lms f o r m e d  on 
copper  in ch lo r ide  solu t ions ,  i t  is u n l i k e l y  t h a t  th is  
was  the  case in f i lms f o r m e d  f r o m  so lu t ions  so d i lu t e  
in ch lo r ide  ion as ours.  This  bas ic  cupr i c  ch lo r ide  
w o u l d  a lmos t  c e r t a i n l y  have  to a p p e a r  as a d i s c e r n -  
ible,  s e p a r a t e  phase ,  and  the  ev idence  is t h a t  w h e n  
this  does  occur  u n d e r  our  e x p e r i m e n t a l  cond i t ions  
i t  is m a l a c h i t e  w h i c h  appea r s ,  no t  a t acami t e .  These  
cond i t ions  w e r e  also ou t s ide  t he  r a n g e  of those  r e -  
q u i r e d  for  s t a b i l i t y  of cup rous  ch lo r ide  as a sol id  
p h a s e  (5 ) ,  and  i t  is t h e r e f o r e  r e g a r d e d  as jus t i f i ed  
to r e g a r d  the  f i lms as cons is t ing  of cup rous  oxide ,  
p e r h a p s  s o m e w h a t  c o n t a m i n a t e d .  

" C h r o m a t o g r a p h i c "  e x p e r i m e n t s  w i t h  cup rous  
ox ide  co lumns ,  us ing  so lu t ions  k e p t  in e q u i l i b r i u m  
wi th  s t a n d a r d  p r e s s u r e s  of o x y g e n  and  c a r b o n  d i -  
ox ide  (Po_~ ~- Pco_. ---- 0.30 a t m )  i n d i c a t e d  s t rong  ch lo -  
r ide  ion adso rp t ion ,  w h i c h  a lso  c o n s i d e r a b l y  r e d u c e d  
the  a d s o r p t i o n  of c a r b o n  d iox ide ,  o b s e r v e d  to t a k e  
p lace  f r o m  s a l t - f r e e  aqueous  solut ion.  F u r t h e r ,  t he  
ch lo r ide  ion had  a m a r k e d  effect on t h e  cup rous  
ox ide  co lumn,  caus ing  a l i g h t e n i n g  of color,  w i t h  
a loosen ing  and  d i s r u p t i o n  of the  bed ,  w h i c h  l ed  to 
channe l l i ng .  In  l o n g - t e r m  e x p e r i m e n t s  of  th i s  k ind ,  
the  u p p e r  r eg ions  of the  c o l u m n  w e r e  c o n v e r t e d  to  
ma lach i t e ,  iden t i f i ed  b y  x - r a y s .  Ch lo r ide  ion caused  
this  conve r s ion  to  e x t e n d  to a m u c h  l o w e r  l eve l  in 
t he  co lumn.  

F i l m s  f o r m e d  on coppe r  in  c h l o r i d e - c o n t a i n i n g  
so lu t ions  w e r e  p u n c t u r e d  b y  t i n y  holes,  r e v e a l i n g  
b r i g h t  spots  of a p p a r e n t l y  b a r e  me ta l .  This  w a s  no t  
o b s e r v e d  in  a n y  s a l t - f r e e  con t ro l  e x p e r i m e n t .  

These  resu l t s ,  t a k e n  as a whole ,  s eem to j u s t i f y  
t he  fo l lowing  t e n t a t i v e  i n t e r p r e t a t i o n  of t he  in -  
f luence of ch lo r ide  ion on c o p p e r  cor ros ion .  

I t  is sugges t ed  t h a t  ch lo r ide  ion is i n c o r p o r a t e d  
to a l i m i t e d  e x t e n t  in to  t he  g r o w i n g  cup rous  o x i d e  
film. I f  C1- is s u b s t i t u t e d  for  O ~-, t h e  def ic iency  of 

n e g a t i v e  cha rge  is l i k e l y  to p r o m o t e  t he  f o r m a t i o n  
of a v a c a n t  ca t ion  site.  This  m a y  i n i t i a l l y  i nc rea se  
t he  ionic conduc t ance  of t he  f i lm and  a c c e l e r a t e  t he  
g e n e r a l  co r ros ion  reac t ions ,  b o t h  d i s so lu t ion  and  
fi lm g rowth .  I t  is a lso l i k e l y  to l e ad  to  a m o r e  d i s -  
r u p t e d  and  porous  f i lm in w h i c h  c racks  and  f issures 
m a y  m o r e  r e a d i l y  deve lop ,  expos ing  the  l o w e r  l a y -  
ers  to easy  access  of t he  so lu t ion  phase .  This  o p e n -  
ing up  p rocess  m a y  h a v e  s e v e r a l  consequences ,  as 
fo l lows.  

T h e r e  m a y  be a swi t ch  f r o m  g e n e r a l  to loca l  
ac t ion  co r ros ion  and,  pe rhaps ,  e v e n t u a l l y  to  p i t t i n g  
corros ion .  Loca l  anod ic  d isso lu t ion ,  Cu ~ Cu "~+ + 2e- 
supe rvenes ,  a t  e x p o s e d  b a r e  sites,  f r o m  the  anodic  
p rocess  w h i c h  p r e v i o u s l y  could  on ly  occur  at  t he  
m e t a l - o x i d e  in te r face .  T h e  ex i s t ing  f i lm in t h e  v i c i n -  
i ty  has  a m u c h  h i g h e r  e l ec t ron ic  t h a n  ionic c o nduc -  
t ance  ( a l l  the  m o r e  if t he  c up rous  ox ide  has  ac -  
q u i r e d  n - t y p e  c h a r a c t e r i s t i c s ) ,  a n d  a s sumes  a p r e -  
d o m i n a t e l y  ca thod ic  func t ion ,  1/202 + H~O + 2e- 
2 OH- occu r r i ng  at  i ts  ou t e r  surface .  This  s h o r t - c i r -  
cu i t s  t h e  n o r m a l  f i lm g r o w t h  m e c h a n i s m ,  so t h a t  
f i lm g r o w t h  p r a c t i c a l l y  stops.  A t  the  s a m e  t ime,  t h e  
c o n s i d e r a b l e  i nc rea se  in  p H  w h i c h  n o w  t a k e s  p l ace  
at  a r ea s  of f i lm s u r r o u n d i n g  the  anod ic  cavi t ies ,  
w h i c h  a r e  e x u d i n g  cupr i c  ions, f avor s  t he  depos i -  
t ion  of bas ic  ca rbona t e .  This  v i e w  is s u p p o r t e d  b y  
the  b e h a v i o r  of  c o p p e r  s t r ip s  l e f t  c o r r o d i n g  in v e r y  
d i lu te ,  a e r a t e d  sa l t  so lu t ions  fo r  m a n y  months .  A 
u n i f o r m  and  of ten  v e r y  b e a u t i f u l  r e d  l a y e r  of c u -  
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Fig. 5. Graphical summary of corrosion experiments involving the 
p.~esence of approximately 100 ppm of SO~ ~-, NO.~-, HCO~- as Na + 
salts and of approximately 200 ppm of HC03- as Ca ~+ salt, Pea2 
0.30 atm (const.), Po2 ~ 0.15-0.70 atm, etc. The pairs of plots 
(upper, dissolution; lower, film growth) are appropriately placed 
along the common gas composition axis and have the same scales 
of abscissas (0-100 hr) and of ordinates (0-30 ppm of Cu s+ or 
0-20A x 10 -8 thickness of Cu~O film). Broken lines indicate salt- 
free control experiments. 
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except that Po~ - -  0.30 atm (const.), Pco2 Fig. 6. As for Fig. 5 
0.20-0.70 atm, etc. 

p r i t e  is o v e r l a i d  b y  b r i l l i a n t  g reen  i s l ands  of m a l a -  
chite.  These  h a v e  the  a p p e a r a n c e  of h a v i n g  g r o w n  
o u t w a r d ,  ove r  the  cup rous  oxide ,  f r o m  cen te r s  a t  
wh ich  anodic  p i t s  m a y  w e l l  h a v e  been  loca ted .  

The  effect of p e n e t r a t i o n  of t he  aqueous  p h a s e  
in to  t he  po rous  f i lm m a y  be  c r i t i c a l l y  d e p e n d e n t  on 
the i r  r e s p e c t i v e  conduc tances ;  if t he  so lu t ion  is 
w e l l - c o n d u c t i n g ,  th is  w i l l  aga in  have  a s h o r t - c i r -  
cu i t ing  effect  and  p r o m o t e  the  swi t ch  to local  ac t ion.  
On the  o the r  hand ,  if  the  so lu t ion  is h i g h l y  o x y g e n -  
a ted,  th is  m a y  l ead  to a r e c r u d e s c e n c e  of the  p r i m a r y  
f i l m - f o r m i n g  process ,  w i t h  a c o r r e s p o n d i n g  t e n d e n c y  
t o w a r d  p a s s i v a t i o n  b y  the  sea l ing  up  of c racks  and  
pores .  E x a m p l e s  of t he  p r o m o t i o n  of p a s s i v i t y  b y  
a suff ic ient ly  h igh  c o n c e n t r a t i o n  of d i s so lved  o x y g e n  
a re  a v a i l a b l e  (6) .  This  is no d o u b t  w h y  a g e n e r a l l y  
dep re s s ing  effect  of i nc r ea s ing  o x y g e n  p a r t i a l  p r e s -  
su re  on cor ros ion  is found  in these  p a r t i c u l a r  sys -  
tems.  

In  r ev i ew,  i t  is sugges t ed  t ha t  t he  m a i n  effects 
wh ich  h a v e  been  o b s e r v e d  a re  i n t e l l i g ib l e  in t e r m s  
of a r a t h e r  d e l i c a t e  b a l a n c e  b e t w e e n  g e n e r a l  and  
local  ac t ion  corros ion ,  t he  l a t t e r  t a k i n g  ove r  f rom 
the  f o r m e r  sooner  or  l a t e r  u n d e r  the  inf luence  of 
a d d e d  ch lo r ide  wi th ,  h o w e v e r ,  a t e n d e n c y  to r e -  
ve r s ion  in t he  m o r e  h i g h l y  o x y g e n a t e d  sys tems .  

Other  sal ine s o l u t i o n s . - - T h e  effects of t he  a d d i -  
t ion  of sa l ts  o t h e r  t h a n  s o d i u m  ch lo r ide  a re  s u m -  
m a r i z e d  in Fig .  5 and  6, w h i c h  a r e  a r r a n g e d  s im-  
i l a r l y  to Fig.  1. The  i n f o r m a t i o n  t h e y  con ta in  m a y  
be s u p p l e m e n t e d  b y  the  o b s e r v a t i o n s  t h a t  su l f a t e  
ion is s t r o n g l y  a d s o r b e d  f r o m  so lu t ion  b y  cup rous  
oxide ,  b u t  t h a t  n i t r a t e  and  b i c a r b o n a t e  ions a r e  
not.  S u r p r i s i n g l y ,  howeve r ,  c a l c ium b i c a r b o n a t e  
shows  s t rong  adsorp t ion .  I t  m a y  also be  r e l e v a n t  
to no te  t h a t  coppe r  cor ros ion  in  t he  p r e s e n c e  of 100 
p p m  of n i t r a t e  ion as sod ium n i t r a t e  is a c c o m p a n i e d  
b y  f o r m a t i o n  of t r aces  of  n i t r i t e  ( G r i e s s - I l o s v a y  
r eac t ion ;  0.006-0.024 p p m ) .  

D e t a i l e d  i n t e r p r e t a t i o n  of these  r e su l t s  is no t  
p r a c t i c a b l e  at  t he  p r e s e n t  s tage,  and  the  m a i n  p u r -  
pose  m u s t  be to p l ace  t h e m  on record ,  for  t h e y  d e m -  
o n s t r a t e  f u r t h e r  the  v e r y  l a rge  effects w h i c h  t r ace  
c o n c e n t r a t i o n s  of a d d e d  sa l t s  m a y  h a v e  on cor ros ion  
processes .  The  v e r y  r e m a r k a b l e  p a s s i v a t i n g  effect  
of c a l c ium b i c a r b o n a t e  u n d e r  c e r t a i n  cond i t ions  is 
w o r t h y  of spec ia l  a t t en t ion .  On ly  p a r t l y  due  to a p i t  
effect ( l a r g e l y  s h a r e d  b y  s o d i u m  b i c a r b o n a t e ) ,  i t  
canno t  be  due  to depos i t i on  of c a l c ium ca rbona te .  
A t t e n t i o n  is also d r a w n  to t he  pos s ib i l i t y  of e s t a b -  
l i sh ing  a c r i t e r i on  for  the  ex i s t ence  of g e n e r a l  co r -  
rosion,  as opposed  to  loca l  ac t ion  cor ros ion ,  of cop-  
per .  I t  is the  r e t e n t i o n  of c o n s t a n c y  of r a t e s  of d i s -  
so lu t ion  and  of f i lm g rowth .  
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ABSTRACT 

Galvanosta t ic  studies of single crys ta l  copper  anodes in oxygen-f ree ,  0.2M 
copper sulfate solutions revea led  discontinuit ies  in the curves resul t ing  f rom 
a plot  of e lectrode overpotent ia ls  vs. cur ren t  density.  Using observat ions  of 
changes in e lectrode surface topography  as suppor t ing  evidence, the discon-  
t inui t ies  were  expla ined  on the basis of dissolution processes which were  r e -  
la ted to the defect  s t ruc ture  of the  electrode.  

S ince  the  e a r l y  w o r k  of G l a u n e r  and  G l o c k e r  
(1)  on the  d i f fe rence  in c h e m i c a l  d i s so lu t ion  r a t e s  
of the  d i f fe ren t  c r y s t a l l o g r a p h i c  faces  of c o p p e r  
c rys ta l s ,  s imi l a r  effects h a v e  been  no ted  for  e l e c t r o -  
c h e m i c a l  d isso lu t ion .  E a r l y  in his  s tud ies  of anod ic  
po l i sh ing  of me ta l s ,  J a c q u e t  (2)  e s t a b l i s h e d  tha t ,  
u n d e r  c e r t a i n  conditions of c u r r e n t  d e n s i t y  and  
vo l tage ,  a d i f fe rence  in the  r e a c t i v i t y  of g r a i n  
b o u n d a r i e s  and  o the r  su r f aces  of copper  p o l y c r y s -  
t a l s  u n d e r g o i n g  anodic  d i s so lu t ion  in phospho r i c  ac id  
could  be  d e m o n s t r a t e d ,  and  B a k i s h  and  R o b e r t s o n  
(3)  o b s e r v e d  a p o t e n t i a l  d i f fe rence  b e t w e e n  g r a i n s  
and  g r a i n  b o u n d a r i e s  in  p o l y c r y s t a l l i n e  copper .  

A n  o r i e n t a t i o n  d e p e n d e n c e  of e l e c t r o c h e m i c a l  d i s -  
so lu t ion  of s ingle  c r y s t a l l i n e  coppe r  in ac idic  cop-  
p e r  su l f a t e  was  d e m o n s t r a t e d  b y  L e i d h e i s e r  and  
G w a t h m e y  (4) ,  w h o  also d e t e r m i n e d  t ha t  the  p o -  
t en t i a l  d i f fe rences  b e t w e e n  d i f fe ren t  c r y s t a l l i n e  
faces  in t he i r  sy s t ems  w e r e  c h a n g e d  b y  the  p r e s e n c e  
of d i s so lved  o x y g e n  in the  solut ion.  The  v a r i a t i o n  
of e q u i l i b r i u m  p o t e n t i a l  w i t h  c r y s t a l l o g r a p h i c  o r i -  
e n t a t i o n  of s ingle  c r y s t a l l i n e  copper in ac id ic  cop-  
p e r  su l f a t e  was  s t ud i ed  b y  T r a g e r t  and  R o b e r t s o n  
(5) .  T h e y  conc luded  t h a t  the  (111) was  the  on ly  
t r u l y  s t ab le  su r face  in the  s y s t e m  inves t iga t ed .  
F a i z u l l i n  and  c o - w o r k e r s  (6)  o b s e r v e d  a d i f fe rence  
in the  c u r r e n t  d e n s i t y - p o t e n t i a l  r e l a t i o n s h i p s  of 
anodes  con ta in ing  o r i e n t e d  and  n o n o r i e n t e d  copper  
deposi ts .  More  r e c e n t l y  P ion t e l l i ' s  g roup  has  col -  
l ec ted  c u r r e n t - p o t e n t i a l  d a t a  for  t he  low i n d e x  
faces  of coppe r  anodes  (7)  as we l l  as h y d r o g e n  o v e r -  
vo l t ages  on the  same  o r i en t a t i ons  (8) .  

The  use of  s ing le  c r y s t a l s  to s t u d y  d i s so lu t ion  
processes  g e n e r a l l y  has  two  a d v a n t a g e s :  ( i )  t he  
effect, if  any ,  of c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of t he  
r e a c t i n g  su r f ace  can  be  obse rved ;  (if)  if t he  de fec t  
s t r u c t u r e  of the  m e t a l  affects t he  d i s so lu t ion  process ,  
t he  effect  is o f ten  m o r e  eas i ly  o b s e r v e d  on s ingle  
c r y s t a l l i n e  surfaces .  I t  is g e n e r a l l y  a s sumed  t h a t  
anodic  p rocesses  i n v o l v i n g  the  d i s so lu t ion  of an  ion 
f rom a me ta l l i c  s ingle  c r y s t a l  in to  a so lu t ion  con-  
t a i n ing  the  m e t a l  ions of i n t e r e s t  is mos t  diff icult  
a t  a t heo re t i ca l ,  a t o m i c a l l y  smooth ,  c l o s e - p a c k e d  
surface .  The  mos t  r e a c t i v e  s i te  is a s s u m e d  to be  a t  
a k i n k  in a s tep  on the  sur face ,  and  the  n e x t  mos t  
r e a c t i v e  s i te  is a t  t he  s t r a i g h t  s tep  edge.  S c r e w  d i s -  
loca t ions  i n t e r sec t i ng  the  su r face  m a y  be  cons ide red  
sources  of steps,  b u t  s ince  i t  is v e r y  r a r e  t h a t  a 
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d i f fe rence  in r e a c t i v i t y  b e t w e e n  edge  and  sc rew 
d i s loca t ions  can  be  o b s e r v e d  on m e t a l  su r faces  (9) ,  
i t  is r e a s o n a b l e  to cons ide r  the  po in t s  w h e r e  a l l  l ine  
de fec t s  i n t e r sec t  t he  su r face  as r e a c t i o n  s i tes  w h i c h  
a r e  less  ac t ive  t h a n  s tep  edges  b u t  m o r e  ac t ive  t h a n  
the  idea l i zed  flat  sur face .  This  p a p e r  d e m o n s t r a t e s  
t ha t  u n d e r  c e r t a i n  cond i t ions  these  a s s u m p t i o n s  a r e  
r e a s o n a b l e  for  (100) o r i e n t e d  su r faces  of copper  
s ingle  c rys t a l s  u n d e r g o i n g  g a l v a n o s t a t i c  d i s so lu t ion  
in ac idic  so lu t ions  of coppe r  su l fa te .  

Experimental 
Mater ia l s . - -Copper  s ingle  c rys ta l s ,  0.1 x 1 x 7 cm, 

of (100) o r i e n t a t i o n  on the  7 x 1 cm a r ea  w e r e  g r o w n  
f rom 99.999% meta l ,  s u p p l i e d  b y  A m e r i c a n  S m e l t -  
ing  and  Ref ining C o m p a n y ,  b y  seed ing  f r o m  the  m e l t  
in g r a p h i t e  c ruc ib les .  F r o m  these  c rys t a l s  two  s a m -  
ples,  0.1 x 1 x 3 cm, w e r e  c a r e f u l l y  cut  w i t h  a 
j e w e l e r ' s  saw and  a 1/16 in. d i a m e t e r  hole  d r i l l e d  
in one end  of the  c rys ta l .  The  spec imens  w e r e  t h e n  
c h e m i c a l l y  po l i shed  on a po l i sh ing  w h e e l  w i th  a 
CuCI~-HC1 solut ion .  De ta i l s  of th is  o p e r a t i o n  have  
been  d i scussed  b y  Young  and  Wi l son  (10) .  F i n a l l y ,  
t he  c rys t a l s  w e r e  e l e c t r o p o l i s h e d  ( u s u a l l y  ~ 40 ra in)  
to a smooth ,  b r i g h t  finish in a phospho r i c  ac id  ba th .  
Then  in the  m a n n e r  r e c o m m e n d e d  b y  Y o u n g  and  
G w a t h m e y  (11) ,  t h e y  w e r e  r i n sed  in d i l u t e  H~PO4, 
w a s h e d  in  r u n n i n g  d i s t i l l ed  w a t e r ,  and  d r i e d  in a 
j e t  of oxygen .  Chemica l  po l i sh ing  was  n e c e s s a r y  
on ly  to r e m o v e  m i n o r  g r o w n - i n  t o p o g r a p h i c  i r -  
r e g u l a r i t i e s  (due  to t he  g r a p h i t e  mo lds )  in t he  s u r -  
face  of i n t e r e s t  or  to ob t a in  a f la t te r  su r f ace  ove r  
t he  en t i r e  c r y s t a l  a f t e r  t he  edges  of t he  s a m p l e  h a d  
b~come e x c e s s i v e l y  r o u n d e d  f rom r e p e a t e d  e l e c t r o -  
po l i sh ing .  Usua l ly ,  a c r y s t a l  cou ld  be  e l e c t ropo l i shed  
and  used  to ob t a in  d a t a  a b o u t  t h r e e  t i m e s  be fo re  
a n o t h e r  c h e m i c a l  po l i sh  was  j u d g e d  to be  necessa ry .  

W i t h  the  one excep t ion  n o t e d  be low,  a l l  t he  w a t e r  
used  in these  s tudies ,  bo th  for  p r e p a r a t i o n  of so lu-  
t ions  and  for  w a s h i n g  c rys ta l s ,  was  p r e p a r e d  b y  
d i s t i l l i ng  d e m i n e r a l i z e d  w a t e r  t h r o u g h  a t i n - l i n e d  
st i l l .  The  s to rage  r e s e r v o i r  for  w a t e r  was  of s ea -  
soned p o l y e t h y l e n e .  

H y d r o g e n  was  pur i f i ed  b y  pas s ing  c o m m e r c i a l  
t a n k  gas over  hot  copper ,  t h e n  t h r o u g h  m a g n e s i u m  
p e r c h l o r a t e  d r y i n g  towers .  O x y g e n - f r e e  h y d r o g e n  
s a t u r a t e d  w i t h  w a t e r  v a p o r  was  o b t a i n e d  b y  b y -  
pas s ing  the  d r y i n g  t o w e r s  and  b u b b l i n g  the  gas  
t h r o u g h  a ser ies  of t h r e e  f r i t t e d  glass  d i sks  in gas 
w a s h i n g  bo t t les .  
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Fig. 1. Portion of filling rack with reaction cell 

Two t y p e s  of c o p p e r  su l f a t e  so lu t ions  w e r e  p r e -  
pa r ed .  One was  m a d e  f rom m a t e r i a l  o b t a i n e d  b y  
d i s so lv ing  a w e i g h e d  s a m p l e  of 99.999% coppe r  in 
excess  r e a g e n t  g r a d e  n i t r i c  acid.  The  r e s u l t i n g  m i x -  
t u r e  was  t hen  e v a p o r a t e d  in excess  r e a g e n t  g r a d e  
su l fu r i c  ac id  u n t i l  f ree  of n i t r i c  acid.  W a t e r  for  
these  so lu t ions  was  p r e p a r e d  b y  t r i p l y  d i s t i l l i ng  
w a t e r  f r o m  the  p o l y e t h y l e n e  r e s e r v o i r  in  an a l l -  
q u a r t z  a p p a r a t u s .  One d i s t i l l a t i on  was  f rom a l k a l i n e  
p e r m a n g a n a t e  solu t ion .  O t h e r  so lu t ions  w e r e  p r e -  
p a r e d  f r o m  r e a g e n t  g r a d e  CuSO~. 5H~O. A l l  t he  so lu -  
t ions  used  in th is  s t u d y  w e r e  0.2M in CuSO4 w i t h  
p H  a d j u s t e d  to 1.0 w i t h  H~SO~. A p p r o x i m a t e l y  ha l f  
t he  d a t a  p r e s e n t e d  h e r e  w e r e  o b t a i n e d  f r o m  so lu -  
t ions  of t h e  first  t ype .  H o w e v e r ,  i den t i ca l  r e su l t s  
were  o b t a i n e d  bo th  for  su r face  effects  and  c u r r e n t -  
p o t e n t i a l  r e l a t i o n s h i p s  r e g a r d l e s s  of w h i c h  so lu-  
t ions  w e r e  used.  

A f t e r  i n t r o d u c i n g  the  so lu t ions  in to  t he  2 - l i t e r  
s t o r age  r e s e r v o i r  shown  in Fig .  1 t h e y  w e r e  f r e e d  
of d i s so lved  o x y g e n  in t he  fo l lowing  m a n n e r :  A f t e r  
a b o u t  20 f t  8 of w a t e r  s a t u r a t e d  h y d r o g e n  h a d  been  
b u b b l e d  t h r o u g h  a f r i t t e d  d i sk  in  t h e  solu t ion ,  t he  
r e s e r v o i r  cover  cap  was  m o m e n t a r i l y  r e m o v e d ,  and  
a p o l y c r y s t a l l i n e  b a r  of A S R  copper  w h i c h  h a d  b e e n  
c l eaned  in n i t r i c  ac id  and  w a s h e d  for  2 ra in  in r u n -  
n ing  d i s t i l l ed  w a t e r  was  q u i c k l y  i m m e r s e d  in t he  
solu t ion .  T h e  cover  cap  w a s  r e p l a c e d  and  a b o u t  80 
ft  ~ of mois t  h y d r o g e n  was  passed  t h r o u g h  the  so lu -  
t ion at  a r a t e  of 10 f t  ~ d a y  -1. In  th i s  m a n n e r ,  not  
on ly  w a s  t h e  r e s u l t i n g  o x y g e n - f r e e  so lu t ion  at  
e q u i l i b r i u m  w i t h  a h y d r o g e n  a t m o s p h e r e ,  b u t  also 
t he  p r e s e n c e  of m e t a l l i c  coppe r  ( su r f ace  a r e a  -~ 15 
cm 8) a l l o w e d  the  e q u i l i b r i u m  r e q u i r e m e n t s  of the  
fo l lowing  r e a c t i o n  to be  sa t is f ied 

Cu ++ + Cu ~ ~ 2Cu + [I] 

The previous precautions were taken to prevent 
changes in surface topography of the electrodes 
resulting from the oxidation and dissolution of the 
metal by oxygen and/or ions in solution. 

Experimental procedure.--The r eac t i on  cell  was  
a t t a c h e d  to  t h e  f i l l ing r a c k  as shown  in  Fig .  1. T h r e e  

Fig. 2. Reaction cell with electrodes 

po l i shed  s amp le s  of (100) o r i e n t a t i o n  w e r e  t h e n  
s u s p e n d e d  f r o m  coppe r  hooks  w h i c h  w e r e  f a b r i c a t e d  
f rom A S R  me ta l .  P r i o r  to use,  t h e  hooks  w e r e  
c l eaned  in n i t r i c  acid,  w a s h e d  in r u n n i n g  d i s t i l l ed  
w a t e r  for  2 rain,  and  t hen  a i r  d r ied .  The  hooks  
w e r e  a t t a c h e d  to p l a t i n u m  w i r e s  sea l ed  t h r o u g h  
the  m a l e  s t a n d a r d  t a p e r  jo in t s  w h i c h  w e r e  t h e n  p o -  
s i t ioned  in t he  cel l  as shown  in Fig.  2. A l l  j o in t s  
on the  cel l  w e r e  m e c h a n i c a l l y  c l a m p e d  to he lp  g u a r d  
aga in s t  l e aks  in t he  sys tem.  The  cel l  was  a l t e r n a t e l y  
e v a c u a t e d  and  f i l led w i t h  h y d r o g e n  for  a b o u t  20 
cycles,  and  t hen  the  s amp le s  w e r e  a n n e a l e d  in  the  
d r y  h y d r o g e n  a t m o s p h e r e  o v e r n i g h t  a t  450~ D u r -  
ing  annea l ing ,  j e t s  of cool ing a i r  w e r e  b l o w n  ove r  
the  s a m p l e  p o r t  jo in t s  so t h a t  t h e i r  ou t s ide  t e m -  
p e r a t u r e  n e v e r  e x c e e d e d  50~ A f t e r  t he  16-20 h r  
a n n e a l  the  f u r n a c e  was  r e m o v e d  and  the  s y s t e m  
cooled to r o o m  t e m p e r a t u r e  u n d e r  pos i t i ve  h y d r o -  
gen  p re s su re .  So lu t i on  f r o m  the  r a c k  r e s e r v o i r  was  
t hen  a d m i t t e d  to the  r e a c t i o n  cel l  un t i l  t h e  copper  
c rys t a l s  w e r e  i m m e r s e d  to a d e p t h  of 2 cm. The  b o t -  
t oms  of the holes which had been drilled in the 
crystal were about 5 mm above the solution level. 
A portable constant temperature bath was then 
placed about the ce11. This procedure permitted data 
to be gathered from oxide-free, electropolished metal 
surfaces in chemical equilibrium with oxygen-free, 
hydrogen-saturated solutions. 

All the data reported here were gathered at 25 ~ 
_+0.I ~ under galvanostatic conditions using a 6v dry 
cell with in-line, fixed resistors as a source of constant 
current. One copper crystal served as the anode, an- 
other as the cathode, and the third as a reference 
electrode. Potential differences of the working elec- 
trodes were measured vs. that of the third crystal 
in the system with a "master-slave" matched pair 
of vibrating reed electrometers, ~ outputs of which 
were coupled to Brown recorders so that potential- 

= T h e  m o d e l  31-31 V M S  e l e c t r o m e t e r s  m a n u f a c t u r e d  b y  t h e  A p p l i e d  
P h y s i c s  C o r p o r a t i o n  of M o n r o v i a ,  C a l i f o r n i a ,  p e r m i t s  s y n c h r o n o u s  
r e e d  d r i v e  i n  t h e  t w o  u n i t s  b y  t h e  o sc i l l a to r  in  t h e  " m a s t e r "  un i t .  
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t ime  r e l a t i o n s h i p s  w e r e  r eco rded .  The  sma l l  c u r -  
r en t s  used  w e r e  m e a s u r e d  w i t h  W e s t o n  m o d e l  301 
DC m i c r o a m m e t e r s  w h i c h  w e r e  a c c u r a t e  w i t h i n  2%. 
C u r r e n t s  w e r e  cons t an t  w i t h i n  t he  a c c u r a c y  of t h e  
m e t e r s  u n d e r  a l l  e x p e r i m e n t a l  condi t ions .  A l t h o u g h  
bo th  anod ic  and  ca thod ic  o v e r p o t e n t i a l s  w e r e  m e a s -  
u red ,  on ly  anod ic  d a t a  a r e  d i scussed  here .  

A l l  the  t a p e r e d  jo in t s  on the  cel l  w e r e  g r e a s e d  
w i t h  s i l i cone  v a c u u m  s topcock  grease .  T h e  m a l e  
t h r o u g h  jo in t  a t t a c h i n g  the  so lu t ion  a r m  of t he  
f i l l ing r a c k  to the  cel l ,  as we l l  as  t he  j o i n t  on the  
v a c u u m  side,  was  l i g h t l y  g r ea sed  p r i o r  to a t t a c h -  
ing the  cel l  to the  rack .  Also,  t he  m a l e  jo in t s  s e r v -  
ing  as s a m p l e  ho lde r s  w e r e  g r e a s e d  n e a r  t h e  t op  
j u s t  be fo re  t he  s amp le s  and  jo in t s  w e r e  i n s e r t e d  in 
t he  f e m a l e  e n t r y  por ts .  A t  t he  c o m p l e t i o n  of an  e x -  
p e r i m e n t  t he  a p p a r a t u s  was  c l eaned  of g r ea se  b y  
r e p e a t e d  s c rubb ings  w i t h  benzene ,  t h e n  acetone.  
N e x t  the  a p p a r a t u s  was  s c r u b b e d  w i th  a lcohol ic  
p o t a s s i u m  h y d r o x i d e ,  r i n sed  w i t h  alcohol ,  and  t h e n  
wa te r .  F i n a l l y ,  a f t e r  soak ing  in hot  n i t r i c  ac id  i t  
was  t h c r o u g h l y  r i n s e d  w i t h  d i s t i l l ed  w a t e r .  F r e -  
q u e n t l y  t he  a lcohol ic  p o t a s s i u m  h y d r o x i d e  t r e a t -  
m e n t  was  e l i m i n a t e d  w i t h o u t  o b s e r v a b l e  effect on 
the  ensu ing  d e t e r m i n a t i o n s .  

Exper imenta l  Results 

Anodic current-potential relationships.--The s a m -  
p le  p o r t s  of t he  r e a c t i o n  cel l  w e r e  a p p r o x i m a t e l y  
on 3 cm cen te r s  m a k i n g  i t  poss ib le  to v a r y  the  
s e p a r a t i o n  b e t w e e n  w o r k i n g  e lec t rodes .  D a t a  w e r e  
t a k e n  w i th  t h e  e l e c t r o d e  su r faces  p a r a l l e l  to  each  
o ther ,  b u t  a t  r i g h t  ang les  to t he  long axis  of t he  cell ,  
and  w i t h  t he  c rys t a l s  a t  p o r t s  A and  B (Fig .  2) 
s e rv ing  as  w o r k i n g  e lec t rodes .  The  p o l a r i t y  of t h e  
s amp le s  a t  each  p o r t  was  v a r i e d  each  t i m e  n e w  as -  
s embl i e s  w e r e  used.  A t  o the r  t imes  the  c rys t a l s  a t  
po r t s  A a n d  C, a g a i n  a t  r i gh t  ang les  to t he  long  
axis  of t he  cell ,  s e r v e d  as w o r k i n g  e lec t rodes .  In  
t he  l a t t e r  ser ies  the  r e f e r e n c e  e l e c t r o d e  a t  p o r t  B 
was  p a r a l l e l  to t he  long ax i s  of the  cell.  Also,  o t h e r  
cel ls  of d i f fe ren t  des ign  w h i c h  a l l o w e d  w o r k i n g  
e l ec t rode  s e p a r a t i o n s  of 1 and  2 cm w e r e  used.  
These  cel ls  a r e  d i scussed  m o r e  f u l l y  be low.  No d i f -  
f e rences  in p o t e n t i a l - c u r r e n t  (7 vs. i) r e l a t i o n s h i p s  
or  su r f ace  effects due  to changes  in  cel l  g e o m e t r y  
could  be  found.  

A t  e q u i l i b r i u m ,  t he  p o t e n t i a l  d i f fe rences  of t he  
t h r e e  e l ec t rodes  w e r e  a lmos t  a l w a y s  zero. Occas ion -  
a l ly ,  i m m e d i a t e l y  a f t e r  e x p o s u r e  to t he  solu t ion ,  
a d i f fe rence  w h i c h  n e v e r  e x c e e d e d  0.1 m v  and  w h i c h  
r a p i d l y  d e c a y e d  to zero was  obse rved .  To d e m o n -  
s t r a t e  t h a t  t he se  sy s t ems  w e r e  at  c h e m i c a l  e q u i -  
l i b r i u m  and  that ,  t he re fo re ,  t h e r e  w e r e  no changes  
in e l ec t rode  su r face  t o p o g r a p h y  due  to r e a c t i o n  [1] ,  
and  also to d e t e r m i n e  i f  t h e r e  w e r e  s im i l a r  effects 
r e s u l t i n g  f rom the  r e a s o n a b l y  l a r g e  e x c h a n g e  c u r -  
r en t  dens i t i e s  r e p o r t e d  for  sys t ems  such as t hese  
(12) ,  s e v e r a l  d i f fe ren t  a s sembl i e s  w e r e  a l l o w e d  to 
s t a n d  for  v a r i o u s  p e r i o d s  up  to 8 days .  D u r i n g  these  
t imes ,  in w h i c h  no c u r r e n t  was  pa s sed  t h r o u g h  the  
sys tem,  no p o t e n t i a l  d i f fe rences  w e r e  obse rved ,  nor  
w e r e  any  changes  in su r face  t o p o g r a p h y  such as 
face t ing ,  etc.,  d e t e c t e d  w h e n  the  s a m p l e s  w e r e  r e -  
moved  f rom the  so lu t ions  and  su r f ace  r e p l i c a s  ob -  
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Fig. 3. Experimental current-potential data at 25~ in 0.2M 
CuSO~, pH adjusted to 1.0 with H2SO~. 

s e r v e d  w i th  t he  e l ec t ron  microscope .  I t  was  con-  
c luded  tha t ,  f r o m  the  s t a n d p o i n t  of su r f ace  t o p o g -  
r a p h y ,  the  s y s t e m  was  in  a s t a t e  of a t  l eas t  m e t a -  
s t a b l e  e q u i l i b r i u m .  

A n o d i c  ove rvo l t ages ,  r e s u l t i n g  f r o m  the  pas sage  
of c u r r e n t  t h r o u g h  the  sys tem,  w e r e  c h a r a c t e r i z e d  
b y  in i t i a l  m a x i m a ,  t h e  b u i l d - u p  t imes  of  w h i c h  w e r e  
func t ions  of t he  c u r r e n t  dens i t i e s  app l i ed .  A t  t h e  
l o w e r  c u r r e n t  dens i t i e s  s tud ied ,  ~- 0.5 /~a cm -~, t he  
b u i l d - u p  t imes  w e r e  2-3 min  w h i l e  a t  t he  r e l a t i v e l y  
h igh  c u r r e n t  d e n s i t y  of ,~ 20 t~a cm -~ the  t i m e  was  
6-8 sec. A f t e r  t he  m a x i m a  w e r e  e s t ab l i shed ,  anodic  
po t e n t i a l s  r a p i d l y  d e c a y e d  to  a b o u t  70-80% of t h e  
p e a k  va lues .  T h e y  t h e n  d e c r e a s e d  v e r y  s l owly  w i t h  
t ime  as long  as c u r r e n t  was  pa s sed  t h r o u g h  the  sys -  
tem.  A t y p i c a l  p lo t  of these  q u a s i - s t e a d y - s t a t e ,  p o s t -  
m a x i m a  p o t e n t i a l s  a r e  s h o w n  as a func t ion  of a p -  
p l i ed  c u r r e n t  d e n s i t y  in Fig.  3. The  inf lect ions  in t he  
cu rves  a l w a y s  o c c u r r e d  at  t he  same  c u r r e n t  d e n -  
si t ies,  b u t  the  v a l u e s  of t he  c o r r e s p o n d i n g  po t en t i a l s  
v a r i e d  w i d e l y  f r o m  one a s s e m b l y  to ano the r .  

In  mos t  a s sembl i e s  t he  a p p l i e d  c u r r e n t  w a s  i n -  
t e r r u p t e d  as soon as poss ib l e  a f t e r  t he  m a x i m a  h a d  
been  e s t a b l i s h e d  so as to m i n i m i z e  su r f ace  changes  
due  to p i t t i n g  and  face t ing .  The  anod ic  p o t e n t i a l s  
t hen  d e c a y e d  s l o w l y  to t he  i n i t i a l  zero  va lue .  A t  
c u r r e n t  dens i t i e s  of a p p r o x i m a t e l y  7 t~a cm -~ th i s  
u s u a l l y  r e q u i r e d  15-20 min.  A t  h i g h e r  c u r r e n t  d e n -  
si t ies,  and  c o r r e s p o n d i n g l y  h i g h e r  po ten t i a l s ,  the  
decay ,  in a d d i t i o n  to be ing  s lower ,  was  c h a r a c t e r i z e d  
b y  a m i n i m u m  v a l u e  w h i c h  was  m o r e  n e g a t i v e  t h a n  
the  r e f e r e n c e  c rys ta l .  The  m i n i m a  w e r e  n e v e r  ob -  
s e r v e d  to be  m o r e  t h a n  --0.7 m v  and  m a y  h a v e  been  
p resen t ,  a l t h o u g h  too s m a l l  to be  obse rved ,  a t  l o w e r  
c u r r e n t  dens i t ies .  This  b e h a v i o r  l ed  to d e c a y  t i m e s  
of as m u c h  as 2 h r  a t  t he  h ighes t  c u r r e n t  dens i t i e s  
s t ud i e d  be fo re  the  a n o d e  r e g a i n e d  e q u i l i b r i u m  p o -  
t en t ia l .  

In  a n y  one a s s e m b l y  the  m a x i m u m  anodic  p o t e n -  
t i a l  v a l u e s  w e r e  r e p r o d u c i b l e  w i t h i n  3% if  t h e  
c u r r e n t  was  q u i c k l y  i n t e r r u p t e d  a f t e r  t he  m a x i m a  
w e r e  a t t a ined ,  and  if  t r u e  e q u i l i b r i u m  h a d  been  es -  
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t ab l i shed  before c u r r e n t  was aga in  applied.  How-  
ever, at a g iven  c u r r e n t  densi ty ,  m a x i m u m  po ten -  
t ial  va lues  var ied  as m u c h  as 20% f rom sys tem to 
system, bu t  in  all  cases d i scont inu i t ies  in  the ~ ..... 
vs .  i curves  occurred at the  same c u r r e n t  densit ies.  
The  m a x i m u m  po ten t i a l s  shown in  Fig. 3 as a f u n c -  
t ion of anodic  cu r r en t  dens i ty  are e x p e r i m e n t a l  
va lues  ob ta ined  f rom one assembly.  Coinc iden ta l ly ,  
they  are nea r  the average  va lues  ob ta ined  f rom de-  
t e r m i n a t i o n s  in  more  t h a n  t h i r t y  different  assem-  
blies. Smoother  curves  could have  been  d rawn ,  b u t  
it was des i red to emphas ize  the i ncohe ren t  n a t u r e  
of the  data.  Inf lect ions in  the V .... vs .  i curves  or -  
d ina r i l y  could be a t t r i b u t e d  to e x p e r i m e n t a l  error .  
However ,  the  r ep roduc ib i l i t y  of the  shapes of the  
curves  f rom one assembly  to ano the r  as wel l  as 
the i r  obvious  re la t ionsh ip  to the post m a x i m a  po-  
ten t ia l s  vs .  c u r r e n t  curves  and  the  topographic  
changes  of electrode surfaces,  which  are discussed 
later,  suggest  tha t  the  d i scont inu i t ies  were  rea l  and  
significant.  

By no rma l i z ing  the m a x i m u m  poten t ia l s  observed  
at 15 and  20 t~a cm -~ to va lues  a r b i t r a r i l y  selected as 
s t anda rd  for these cu r r en t  densit ies,  convers ion  
factors were  ob ta ined  which p e r m i t t e d  all  ~ .... vs .  i 

curves  to be  fitted to each o ther  ve ry  wel l  indeed.  
This  fact  suggested tha t  the  d i scont inu i t ies  in  the  
curves  were  a func t ion  of the a p p a r e n t  c u r r e n t  d e n -  
sities r a the r  t h a n  the anodic  overvol tages .  

S u r f a c e  e ~ e c t s . - - I n  the p r e s e n t a t i o n  of the  da ta  
be low and  in  the discussions which  follow, it  is as-  
sumed i p s e  d i x i t  t ha t  d issolut ion occurs f rom m o n -  
a tomic steps on the me ta l  surface.  Since, in  sys tems 
such as these, it  is possible to observe  on ly  the ne t  
effect of m a n y  s ingle  a tom processes, the a r g u m e n t s  
advanced  can in a sense be rega rded  as specula t ive  
at best.  However ,  the da ta  p resen ted  are capable  
of exp l ana t i on  and  u n d e r s t a n d i n g  on the se l f - con-  
s is tent  a tomist ic  basis  adopted.  

The  inflected n a t u r e  of the  anodic  v vs .  i curves  
suggested tha t  poss ib ly  four  di f ferent  d issolut ion 
phenomena ,  each associated wi th  a defini te  r a nge  
of cu r r en t  densi t ies  as shown in  Fig. 3, were  oc- 
cu r r ing  on the  me ta l  surfaces.  Ga lvanos ta t i c  s tudies  
in  which  cu r ren t s  were  passed for long per iods of 
t ime  were,  therefore,  conducted.  Af te r  a t t a i n i ng  the 
in i t ia l  max ima ,  anodic  po ten t ia l s  r ap id ly  fell  to 
about  80% of the  m a x i m u m  values.  Thereaf te r ,  
they  decreased mono ton ica l l y  wi th  t ime, a l though  at  
a ve ry  slow rate,  as long as c u r r e n t  was passed 
th rough  the system. Since the topography  and  area 
of an  anode surface  changed  wi th  t ime  and  ra te  
of dissolut ion,  and  since the p o s t - m a x i m a  poten t ia l s  
were  r ep roduc ib le  on ly  to ~ • 10-15%, the i r  u t i l -  
i ty  was l imi ted .  However ,  they  were  usefu l  in  de -  
t e r m i n i n g  which  areas  of c u r r e n t  dens i ty  should be 
inves t iga ted  for e lect rode surface  effects as welt  as 
l end ing  credence  to the  much  less p r o n o u n c e d  in -  
flections in  the  ~? .... vs .  i curves.  A l though  the t imes  
r equ i r ed  to es tabl ish  the  po ten t i a l  m a x i m a  were  
longer  t h a n  would  be expected to be r equ i r ed  to 
charge the double  layer ,  the r ep roduc ib i l i t y  of any  
one series of such potent ia ls ,  as wel l  as the coin-  
c idence of d i f ferent  v . . . .  vs .  i curves  w h e n  no rma l i zed  
to an a r b i t r a r y  s tandard ,  suggest  tha t  these po t en -  

t ia ls  reflect a real  p rope r ty  of the system. The i r  
t rue  signif icance is not  clear  at this t ime. 

Af te r  i n t e r r u p t i n g  the cur ren t ,  the anode was r e -  
moved  f rom the cell, washed  in  dis t i l led water ,  and  
dr ied  in  a je t  of oxygen.  Crys ta l  surfaces were  t h e n  
e x a m i n e d  by  optical  a n d / o r  e lec t ron microscopy.  
Surface  repl icas  for the e lec t ron microscope were  
p l a t i n u m  preshadowed  ca rbon  repl icas  which  were  
chemica l ly  s t r ipped f rom the me ta l  (13).  The re -  
sul ts  discussed below, ob ta ined  f rom observa t ions  
on m o r e  t h a n  t w e n t y  anodic  surfaces,  s t r eng thened  
the bel ief  tha t  different  r emova l  processes were  op-  
e ra t ive  at ce r ta in  c u r r e n t  densit ies.  Changes  in su r -  
face topography  were  the  n e t  r esu l t  of bo th  deposi -  
t ion and  d isso lu t ion  processes at  the anode.  To fa -  
c i l i ta te  p resen ta t ion ,  the  surface  effects are d is -  
cussed solely in  t e rms  of the  d i sso lu t ion  process. 
This  p r ob l e m is explored more  comple te ly  in  the  
discussion section. 
R e g i o n  I (0 -1  ~a cm-~) . - -F igure  4 i l lus t ra tes  tha t ,  in  
this region of c u r r e n t  densi ty ,  r emova l  of ma te r i a l  
f rom the anode a p p a r e n t l y  occurred at a tomic steps ~ 
on the  crys ta l  surface.  The  m o v e m e n t  of steps across 
the  surface was res t r ic ted  in  some m a n n e r  for wi th  
t ime,  facets, which  m u s t  have  resu l ted  f rom the  co- 
inc idence  of steps, were  developed.  The e lec t ron 
mic rog raph  seen in  Fig. 5 shows the  facets in  de-  
tail. Large  areas  which  p r o t r ude d  above the  r e -  
m a i n d e r  of the  surface,  and  which were  there fore  
less reac t ive  t h a n  steps, we re  also seen (Fig. 4).  
These areas, which  seemed to serve as obstacles to 
res t r ic t  step motion,  p roduced  surface pa t t e rn s  of 
the  type  usua l ly  associated wi th  subg ra in  b o u n d -  

:~ I n  t h i s  p r e s e n t a t i o n  the  t e rm  " s t e p "  is used in  the  m o n a t o m i c  
sense. S teps  h i g h e r  t h a n  ~ 5 0 A  ( a p p r o x i m a t e l y  the  l i m i t  of reso-  
l u t i o n  of t he  ca rbon  rep l i ca  t e c h n i q u e  used)  are  a r b i t r a r i l y  t e r m e d  
facets_ Stud face t  sigl~ifies a f ace t  f o r m e d  by g r o w t h  of steps,  as op- 
posed to face ts  d e v e l o p e d  f r o m  pits .  

Fig. 4. Facets developed from step marion after 96 hr at 1 #a cm -~ 

Fig. 5. Electron micrograph of facets on same surface seen in Fig. 4 
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Fig. 6. Pits developed after 5 hr at 10 ~a cm -2 

aries and  poin ts  where  l ine  defects in te rsec t  c rys-  
tal  surfaces.  It  has p rev ious ly  been  observed tha t  
crysta ls  of (100) surface  o r i en ta t ion  u n d e r g o i n g  
chemical  d issolu t ion  were  less reac t ive  at subg ra in  
bounda r i e s  (14).  
Region 1I (1-5 ~a cm ~) . - -The  inac t ive  areas of Re-  
gion I became  act ive in  this  region. At  c u r r e n t  d e n -  
sities ~ 2 ~a cm '-' some t e n d e n c y  to fo rm step facets 
was sti l l  observed,  bu t  no large, p r o t r u d i n g  u n r e -  
acted areas were  seen. As the c u r r e n t  dens i ty  ap-  
proached ~ 5 ~a cm -~ no t e n d e n c y  to facet was ob-  
served nor  w e r e  any  differences in  r eac t iv i ty  ob-  
served at areas  cor responding  to s u b g r a i n  b o u n d -  
aries. Rather ,  surface repl icas  r evea led  a smooth su r -  
face m u c h  l ike tha t  of the  u n p i t t e d  area  shown  in  
Fig. 9 and  only  s l ight ly  more  roughened  than  the 
or ig ina l  surface.  
Region IlI (5-15 #a cm-~).--A f u r t h e r  increase  in  
d issolu t ion  ra tes  resu l ted  in pi t  f o rma t ion  as shown 
in  Fig. 6. In  the  lower  por t ions  of Region III  the  
less s t r i ngen t  r emova l  demands  resu l t ed  in  pits which  
were  v e r y  shallow, broad,  and  difficult to detect.  
The pi ts  g rew in to  each o ther  and,  in one e x p e r i m e n t  
conducted  at 5 t,a cm -~, fo rmed  a surface comple te ly  
covered wi th  ve ry  sha l low facets af ter  four  days 
of such t r ea tmen t .  As the  c u r r e n t  dens i ty  increased  
the a r e a : d e p t h  ra t io  of pits decreased,  and  the  pi ts  
were  more  easi ly discerned.  However ,  the increased  
ra te  of r emova l  also increased  the ra te  at which  
pi ts  grew toge ther  and  consequen t ly  shor tened  the  
t ime  before  pits d isappeared  as facets developed 
f rom them.  

F igu re  6 shows pits  in  the  ear l ie r  stages of de-  
ve lopmen t .  Af t e r  p ro longed  reac t ion  at the  same  
c u r r e n t  densi ty ,  the  pi ts  grew into each o ther  and  
s tar ted  facet  f o rma t ion  as shown in  Fig. 7. E v e n  

Fig. 7. Beginning of facet formation from large pits which were 
formed from union of smaller pits after 40 hr at 10 ~a cm -~. 

Fig. 8. Surface just before pits obscured by facet development 
after 72 hr at 9 #a cm -2. 

Fig. 9. Electron micrograph showing detail of pits developed after 
5 hr at 10 #a cm -~. 

Fig. 10. Initial stages of facets developed from growth of pits 
after 40 hr at 10 ~a cm -2. 

more  ma te r i a l  could be r e move d  at s l igh t ly  lower  
c u r r e n t  densit ies,  as is i l l u s t r a t ed  in  Fig. 8, before 
the pi ts  comple te ly  lost the i r  ident i ty .  A n  e lec t ron  
mic rog raph  of the  same surface  seen in  Fig. 6 is 
shown in  Fig. 9. The  re la t ive  smoothness  ( lack  of 
face t ing)  of the  area  b e t w e e n  pits  was typ ica l  of 
all  surfaces in  this  region,  as wel l  as the  nonp i t t ed  
surfaces ob ta ined  at h igher  c u r r e n t  densi t ies  in  Re-  
gion II. The e lec t ron  mic rog raph  of Fig. 10 i l lus -  
l ra tes  the  in i t ia l  stages of facet  de ve l opme n t  f rom 
pit  growth.  The faceted s t ruc tu re  seen in  Fig. 11 
was  in i t i a l ly  developed by  pi t  g rowth ,  for in  the  
ear ly  stages of reac t ion  this  surface was  p i t t ed  l ike 
tha t  shown in  Fig. 9. These facets are comple te ly  
developed whi le  the surface of Fig. 8 sti l l  shows dis-  
t i ngu i shab l e  pits, even  though  a p p r o x i m a t e l y  the  
same a m o u n t  of ma te r i a l  had  been  r emoved  f rom 
each surface.  
Region IV (15-20 t~a cm-').--In this  reg ion  the  ra tes  
of d issolu t ion  were  such tha t  facet f o rma t ion  did 
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Fig. 11. Facets developed from pits after 47 hr at 14 Fa cm -~ 

Fig. 12. Initial development of facets not resulting from pit 
growth after 2 hr at 20 ~a cm -2. 

not  r e su l t  f r o m  the  g r o w t h  of pi ts ,  b u t  r a t h e r  s m a l l  
facets  i m m e d i a t e l y  d e v e l o p e d  as  m a t e r i a l  w a s  r e -  
moved .  F i g u r e  12 shows  a su r face  w i t h  face t  d e v e l -  
o p m e n t  w e l l  s t a r t e d  even  t h o u g h  less m a t e r i a l  has  
been  r e m o v e d  t h a n  f r o m  t h e  p i t t e d  su r face  of R e -  
gion I I I  shown  in Fig.  9. W i t h  t i m e  the  s m a l l  face ts  
g r e w  t o g e t h e r  to f o r m  a su r f ace  i n d i s t i n g u i s h a b l e  
f r o m  the  su r face  w i t h  p i t - d e v e l o p e d  face ts  shown  
in Fig.  11. 

The  p r e c e d i n g  d a t a  and  c o m m e n t s  do no t  r e f e r  
to o b s e r v a t i o n s  m a d e  at  e q u i v a l e n t  m i c r o c o u l o m b  
va lues ,  b u t  r a t h e r  to t he  va lue s  i n d i c a t e d  on t h e  
r e l e v a n t  f igures.  The  va lue s  w e r e  chosen  to  bes t  
r e p r e s e n t  t he  c u m u l a t i v e  changes  in  su r f ace  t o -  
p o g r a p h y  occu r r i ng  at  t y p i c a l  c u r r e n t  dens i t i e s  
w i t h i n  t he  v a r i o u s  reg ions .  

Discussion 

E x p e r i m e n t a l  me thod . - - - In i t ia l l y  d a t a  w e r e  g a t h -  
e r ed  us ing  an  a d a p t a t i o n  of a p r e v i o u s l y  d e s c r i b e d  
cel l  (14) de s igned  for  c h e m i c a l  d i s so lu t ion  s tudies .  
A l l  s topcocks  in th is  a p p a r a t u s ,  w h i c h  a l l o w e d  
a n o d e - c a t h o d e  s e p a r a t i o n  of 1-2 cm, w e r e  of Teflon. 
U n f o r t u n a t e l y ,  t he  m e c h a n i c a l  p r e s s u r e  r e q u i r e d  to  
m a k e  the  s topcocks  v a c u u m  t igh t  r e s u l t e d  in  a h igh  
r a t e  of f a i l u r e  of t he  Teflon p lugs ,  w i t h  t he  subse -  
quen t  loss of s amp le s  and  c o n t a m i n a t i o n  of so lu-  
t ions  in t he  r e s e r v o i r  b y  air .  F o r  th is  r ea son  the  cel l  
des ign  was  c h a n g e d  to t h a t  shown  in Fig.  2. Some  
w e e k s  l a t e r  t he  r e s e r v o i r  Teflon s topcock  f a i l ed  and  
was  r e p l a c e d  w i t h  a g lass  s topcock  l i g h t l y  g r e a s e d  
w i t h  s i l icone  v a c u u m  grease .  F o r t u n a t e l y ,  no  d i f f e r -  
ences in  v vs.  i cha rac t e r i s t i c s  or  su r f ace  effects r e -  
su l t ed  f r o m  these  changes .  I t  would ,  of course ,  h a v e  
been  i d e a l  h a d  no g r e a s e  b e e n  used.  H o w e v e r ,  t he  
f inal  e x p e r i m e n t a l  cond i t ions  s eemed  to be  t he  be s t  

a v a i l a b l e  choice b e t w e e n  c o m p r o m i s e s  i n v o l v i n g  
v a c u u m  r e q u i r e m e n t s ,  a n n e a l i n g  condi t ions ,  etc.  
A p p a r e n t l y  the  c l ean ing  m e t h o d  used  was  effect ive,  
and  t h e  m a j o r  source  of c o n t a m i n a t i o n  was  p r o b a b l y  
f rom the  s topcock  at  t h e  so lu t ion  r e se rvo i r .  

Sur face  e~ec t s  and current -po . ten t ia l  d a t a . - - A d d i -  
t i ona l  e x p e r i m e n t s  w e r e  conduc t ed  to tes t  f u r t h e r  t he  
hypo the s i s  t ha t  d i scon t inu i t i e s  in  t he  c u r r e n t  vs. p o -  
t e n t i a l  cu rves  w e r e  g o v e r n e d  b y  a p p l i e d  c u r r e n t  
dens i t i e s  r a t h e r  t h a n  the  c o r r e s p o n d i n g  overv01tages  
e x h i b i t e d  b y  the  anode.  S ince  the  s ides  and  ends  of 
t h e  e l ec t rodes  w e r e  no t  of t h e  de s i r ed  o r i e n t a t i o n  
t h e y  w e r e  obv ious ly  a source  of e r ro r .  The re fo re ,  
d a t a  w e r e  g a t h e r e d  f rom c r y s t a l s  0.2 cm t h i c k  so t h a t  
t he  m i s o r i e n t e d  a r e a  of t he  e l ec t rode  was  i nc r ea sed  
to abou t  20%. Also,  0.1 cm t h i c k  c rys t a l s  w e r e  e l ec -  
t r o p o l i s h e d  for  long  pe r i ods  so t ha t  the  edges  of t he  
a r e a  of d e s i r e d  o r i e n t a t i o n  w e r e  r o u n d e d .  In  bo th  
cases  t he  c u r r e n t - p o t e n t i a l  d a t a  p r o d u c e d  curves  
w i t h  less p r o n o u n c e d  d i scon t inu i t i e s ,  b u t  w i t h  w ide  
v a r i a t i o n s  in  p o t e n t i a l  va lues .  H o w e v e r ,  t he  en t i r e  
su r f ace  of p r o p e r  o r i e n t a t i o n  of the  t h i c k  c rys ta l s ,  as 
w e l l  as t he  cen t e r  of t h e  c o r r e s p o n d i n g  a r e a  of t he  
thin,  r o u n d e d - e d g e  c rys ta l s ,  d id  p i t  a n d / o r  face t  a t  
the  s ame  c u r r e n t  dens i t i e s  p r e v i o u s l y  obse rved .  
These  o b s e r v a t i o n s - - w h e n  cons ide r ed  w i t h  t he  p r e -  
v ious ly  d i scussed  v a r i a t i o n s  of p o t e n t i a l s  in  d i f fe ren t  
a s sembl i e s  a t  a g iven  c u r r e n t  dens i ty ,  as w e l l  as t he  
r e p r o d u c i b i l i t y  of t he  shape  of t h e  v vs .  i cu rves  
f r o m  one a s s e m b l y  to ano the r ,  and  the  fac t  t h a t  t he  
o b s e r v e d  p o t e n t i a l s  in  a n y  one  a s s e m b l y  could  be  
n o r m a l i z e d  to an  a r b i t r a r y  s t a n d a r d - - c e r t a i n l y  i n -  
d ica te  t ha t  t h e  hypo the s i s  is no t  an  u n t e n a b l e  one. 
F u r t h e r m o r e ,  t he  su r f ace  effects o b s e r v e d  on t y p i c a l  
c rys ta l s ,  as w e l l  as those  c rys t a l s  w i t h  a h i g h e r  p e r -  
cen tage  of m i s o r i e n t e d  areas ,  w e r e  a lmos t  c e r t a i n l y  a 
func t ion  of c u r r e n t  dens i t ies .  I t  was  no t  u n u s u a l  to  
obse rve  p i t  d e v e l o p m e n t  on a c r y s t a l  w h i c h  e x -  
h ib i t ed ,  a t  a l ow  Reg ion  I I I  c u r r e n t  dens i ty ,  bo th  a 
m a x i m u m  and  a " s t e a d y - s t a t e "  p o t e n t i a l  l o w e r  t h a n  
t h e  c o r r e s p o n d i n g  po t en t i a l s  d e v e l o p e d  b y  a n o t h e r  
n o n p i t t i n g  a n o d e  at  a h igh  Reg ion  I I  c u r r e n t  d e n s i t y  
in a n o t h e r  a s sembly .  The re fo re ,  i t  is r e a s o n a b l e  to 
a s s u m e  tha t  changes  in c u r r e n t  dens i t ies ,  r a t h e r  
t h a n  o v e r v o l t a g e  changes ,  w e r e  r e s p o n s i b l e  no t  on ly  
for  d i s con t inu i t i e s  in v vs.  i. curves ,  b u t  also for  t he  
d i f fe ren t  su r f ace  s t r u c t u r e s  d e v e l o p e d  in  t he  c u r r e n t  
d e n s i t y  Reg ions  def ined  b y  t h e s e  d i scon t inu i t i e s .  

The  fo l lowing  d iscuss ions  of t he  d i f fe ren t  m e t h o d s  
of face t  f o r m a t i o n  in  Reg ions  I, III ,  and  IV, as w e l l  
as the  l a ck  of face t  d e v e l o p m e n t  in Reg ion  I I  and  the  
d e v e l o p m e n t  of p i t s  in Reg ion  III ,  a r e  b a s e d  on the  
p r e v i o u s  hypo thes i s .  

R e g i o n / . - - T h e  d e v e l o p m e n t  of s tep  face ts  on anod ic  
su r faces  in Reg ion  I and  the  p r e s e n c e  of less r e a c t i v e  
a r eas  w h i c h  w e r e  c o m p a t i b l e  w i t h  a t y p i c a l  l ine  d e -  
fect  s t r u c t u r e  sugges t ed  t h a t  m a t e r i a l  was  r e m o v e d  
b y  the  m o t i o n  of s teps  across  t he  surface .  D e c r e a s e d  
r e a c t i v i t y  at  s i tes  s i m i l a r  to s u b g r a i n  b o u n d a r i e s  and  
po in t s  w h e r e  l ine  de fec t s  i n t e r s ec t  the  su r f ace  could  
h a v e  been  due  to a " C o t t r e l l  a t m o s p h e r e "  of i m -  
p u r i t i e s  a t  such impe r f ec t i ons .  These  si tes  could  h a v e  
s e rved  as p i n n i n g  po in t s  to r e t a r d  s tep  m o t i o n  and  
e v e n t u a l l y  w o u l d  r e s u l t  in  face ts  d e v e l o p e d  f r o m  t h e  
p i l e - u p s  of steps.  The  to t a l  n u m b e r  of s teps  p r e s e n t  
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on a su r f ace  be fo re  t he  pa s sage  of a n y  c u r r e n t  was  
s u r e l y  no t  a r e p r o d u c i b l e  n u m b e r .  Also,  t he  p i l e - u p  
of s teps  to fo rm face ts  m u s t  h a v e  d e c r e a s e d  the  n u m -  
b e r  of s teps  ava i l ab l e .  The re fo re ,  i t  is no t  u n r e a s o n -  
ab l e  to conc lude  t ha t  n e w  s teps  w e r e  be ing  nuc l ea t ed ,  
and  t ha t  i t  was  t h e  m a x i m u m  r a t e  a t  w h i c h  such 
s teps  cou ld  be  n u c l e a t e d  w h i c h  d e t e r m i n e d  w h e r e  
th is  r eg ion  ended.  W h e n  the  a p p a r e n t  c u r r e n t  d e n s i t y  
r e a c h e d  i ~a cm -~ th is  r a t e  was  a p p a r e n t l y  at  a m a x i -  
mum.  If  t h e  a r eas  w h e r e  l ine  defec t s  i n t e r s e c t e d  t h e  
su r f ace  d id  no t  act  as s tep  sources,  t hen  c r y s t a l  edges  
and  po in t  de fec t s  m u s t  h a v e  s e r v e d  as n u c l e a t i o n  
s i tes  for  steps.  

Region/ / . - -The  f a s t e r  r a t e  of r e m o v a l  in Reg ion  I I  
a p p a r e n t l y  r e q u i r e d  n u c l e a t i o n  of r e a c t i o n  s i tes  m o r e  
n u m e r o u s  t h a n  could  be  s u p p l i e d  b y  t h e  sources  ac -  
t ive  in Reg ion  I. The  t e n d e n c y  to p r o d u c e  on ly  s tep  
face ts  in l o w e r  po r t i ons  of t he  r eg ion  and  the  l a ck  of 
f ace t i ng  or  p i t t i n g  o b s e r v e d  n e a r  t h e  top  of t h e  r e -  
g ion  i nd i ca t e  t ha t  r e m o v a l  of m a t e r i a l  was  s t i l l  p r o -  
ceed ing  via a s tep  m o t i o n  mechan i sm .  The  smoo th  
su r faces  o b t a i n e d  at  t he  h i g h e r  c u r r e n t  dens i t i e s  in 
t h e  Reg ion  sugges t  t h a t  b o t h  l i ne  and  po in t  de fec t s  
w e r e  ac t ing  as sources  for  s tep  fo rma t ion ,  and  t h a t  
a t  t he se  c u r r e n t  dens i t ies ,  s teps  w e r e  be ing  r e m o v e d  
at  a r a t e  a t  l eas t  e q u a l  to t h e  r a t e  a t  w h i c h  t h e y  w e r e  
c rea ted .  F u r t h e r m o r e ,  i t  w o u l d  a p p e a r  t h a t  j u s t  b e -  
fo re  the  onse t  of p i t t i n g  at  c u r r e n t  dens i t i e s  g r e a t e r  
t h a n  5 ~a cm -2, s teps  w e r e  be ing  g e n e r a t e d  a t  t he  
m a x i m u m  r a t e  poss ib le .  I t  s eems  tha t ,  as in Reg ion  I, 
i t  was  t he  m a x i m u m  r a t e  at  w h i c h  s teps  could  be  
n u c l e a t e d  w h i c h  d e t e r m i n e d  t h e  end  of th is  reg ion .  

Region H I . - - H a v i n g  r e a c h e d  a m a x i m u m  r a t e  at  
wh ich  d i s so lu t ion  could  p r o c e e d  via s tep  mot ion ,  p i t -  
t ing  b e g a n  to occur  a t  c u r r e n t  dens i t i e s  g r e a t e r  t h a n  
5 ~a cm -~. The  p i t s  shown  in Fig.  6, 7, and  8 r e v e a l  
p a t t e r n s  w h i c h  a r e  t y p i c a l l y  a s soc ia t ed  w i t h  t h e  d e -  
fect  s t r u c t u r e  of c r y s t a l s  such as these .  Also,  i t  was  
d e t e r m i n e d  t h a t  t he  n u m b e r  of p i t s  (5 x 106 cm -~) 
a g r e e d  w i t h  the  m e a s u r e d  n u m b e r  of d i s loca t ions  in  
these  c r y s t a l s ?  P i t s  t h e n  a r e  b e l i e v e d  to h a v e  f o r m e d  
at  s u b g r a i n  b o u n d a r i e s  and  a t  a r e a s  s u r r o u n d i n g  
po in t s  w h e r e  l i ne  de fec t s  i n t e r s e c t e d  the  s u r f a c e  of 
t h e  c rys ta l s .  I t  is p r o b a b l e  t h a t  these  a r eas  w e r e  a c -  
t ive  as s tep  sources  in  Reg ion  II,  b u t  t h e  l o w e r  r e -  
m o v a l  r a t e s  d id  not  r e q u i r e  m o r e  m a t e r i a l  t h a n  could  
be s u p p l i e d  b y  the  i m m e d i a t e  surface .  W h e n  d i s so lu -  
t ion  r a t e s  inc reased ,  t he  a d d i t i o n a l  m a t e r i a l  was  
m o r e  eas i ly  r e m o v e d  at  t he se  de fec t  areas .  
Region IV.--I f  r e m o v a l  r a t e s  e x c e e d e d  t h e  m a x i -  
m u m  a m o u n t s  of m a t e r i a l  w h i c h  could  be  s u p p l i e d  
bo th  b y  s teps  n u c l e a t e d  a t  a r e a s  s u r r o u n d i n g  de fec t s  
and  b y  p i t t i ng ,  n u c l e a t i o n  of r e a c t i o n  s i tes  a p p a r -  
e n t l y  o c c u r r e d  a t  r a n d o m  on the  c r y s t a l  sur face .  This  
c h a n g e  m a r k e d  the  b o u n d a r y  b e t w e e n  Regions  I I I  
and  IV. I t  is a r e a s o n a b l e  a s s u m p t i o n  t ha t  in  Reg ion  
IV r e m o v a l  was  b y  s tep  mot ion .  I f  so, t he  l a r g e  n u m -  
b e r  of s teps  n u c l e a t e d  and  t h e i r  r a p i d  i n t e r a c t i o n  r e -  
su l t ed  in  such  r a p i d  d e v e l o p m e n t  of face ts  (Fig .  12) 
t ha t  t he  m e c h a n i s m  of t h e i r  e a r l y  f o r m a t i o n  and  
g r o w t h  could  no t  be  d e t e r m i n e d .  

Exchange curren t - -By  e v a l u a t i n g  the  s lope  of t h e  
o v e r v o l t a g e  vs. c u r r e n t  d e n s i t y  c u r v e  a t  t h e  l owes t  

~nis loea t ion  densi t ies  w e r e  de t e rmined  by  the  pe r su l fa t e  etch 
method  [see ref.  (9) for  details] .  

c u r r e n t  dens i t i e s  t he  e x c h a n g e  c u r r e n t  d e n s i t y  for  
t h e  s y s t e m  was  e s t i m a t e d  to be  ~ 5  x 10 ~ a m p  c m  -~. 
This  v a l u e  ag rees  w e l l  enough  w i t h  t h a t  a n t i c i p a t e d  
f rom resu l t s  on s im i l a r  sys t ems  (12}. There fo re ,  
even  the  m e a s u r e m e n t s  o b t a i n e d  at  the  h ighes t  c u r -  
r e n t  dens i t i e s  s t ud i e d  r e p r e s e n t e d  r e l a t i v e l y  m i n o r  
de v i a t i ons  f r o m  the  e q u i l i b r i u m  s ta te .  I t  is  t hen  
r e a s o n a b l e  to a s sume  t h a t  depos i t i on  a t  the  anode ,  as 
wel l  as  d i sso lu t ion ,  c o n t r i b u t e d  to changes  in s u r -  
face  t o p o g r a p h y .  H o w e v e r ,  i t  shou ld  be  r e c a l l e d  t h a t :  
(A)  A f t e r  e igh t  days  at  e q u i l i b r i u m ,  su r f ace  r ep l i ca s  
showed  t h e r e  h a d  been  no changes  in e l e c t r o d e  su r -  
face  t o p o g r a p h y .  (B)  A t  h i g h e r  c u r r e n t  dens i t i e s  in 
Reg ion  I I  t h e  a n o d e  su r f ace  r e m a i n e d  r e l a t i v e l y  
smoo th  a f t e r  p r o l o n g e d  d isso lu t ion .  (C)  E v e n  a f t e r  
p i t t i n g  had  been  we l l  d e v e l o p e d  in  Reg ion  I I I  t he  
n o n p i t t e d  a r e a  of t h e  su r face  r e m a i n e d  smooth .  

P i t t i n g  in Reg ion  I I I  obv ious ly  d id  no t  r e su l t  d i -  
r e c t l y  f rom depos i t ion ,  b u t  i t  can  be  a r g u e d  t h a t  t he  
m a i n t e n a n c e  of smoo th  su r f aces  in  n o n - p i t t e d  a r eas  
was  a i d e d  b y  the  s i m u l t a n e o u s  depos i t i on  reac t ion .  
The  l a t t e r  a r g u m e n t  could  also be  a p p l i e d  to t h e  
u p p e r  po r t i ons  of Reg ion  II. Thus  i t  w o u l d  be  e x -  
pec t ed  t ha t  as  e q u i l i b r i u m  was  a p p r o a c h e d  in  t he  
l o w e r  po r t ions  of Reg ion  II  and  in Reg ion  I, t he  d e -  
pos i t i on  r e a c t i o n  b e c a m e  m o r e  i m p o r t a n t  a n d  con-  
t r i b u t e d  g r e a t l y  to  t h e  d e v e l o p m e n t  of facets .  F i -  
na l ly ,  i t  shou ld  fo l low t h a t  a t  e q u i l i b r i u m ,  t o p o -  
g r a ph i c  changes ,  m u c h  l ike  those  seen  in Reg ion  I, 
w o u l d  be  e x p e c t e d  to occur.  Such  was  no t  t he  ease. 
The re fo re ,  i t  is no t  u n r e a s o n a b l e  to conc lude  t h a t  t h e  
o b s e r v e d  anod ic  t o p o g r a p h i c  c ha nge s  w e r e  due  p r i -  
m a r i l y  to t he  d i s so lu t ion  reac t ion .  

Structural aspects.--Assuming p r e v i o u s l y  p o s t u -  
l a t e d  p rocesses  of d i s so lu t ion  to be correc t ,  some  i n -  
t e r e s t i ng  ca l cu la t ions  can  b e  made .  F o r  t h e  Reg ion  
I I I  su r face  illustrated in  Fig.  9 only 5 ~a c m  -~ of t he  
t o t a l  of 10 #a cm -~ c o n t r i b u t e d  to t he  f o r m a t i o n  of 
p i t s  s ince  ha l f  t h e  m a t e r i a l  was  be ing  r e m o v e d  b y  
the  s tep  m e c h a n i s m s  p o s t u l a t e d  for  Reg ion  I and  
II. Us ing  the  m e a s u r e d  d i s loca t ion  d e n s i t y  v a l u e  of 
5 x 106 cm -2 a n d  the  cou lombs  of m a t e r i a l  r e m o v e d  b y  
5/~a c m  -2 a f t e r  5 hr ,  i t  was  poss ib l e  to ca l cu l a t e  t h e  
a v e r a g e  v o l u m e  of m a t e r i a l  r e m o v e d  f r o m  each  pi t .  
S u r f a c e  r ep l i ca s  s h o w e d  t h e  p i t s  to be  a p p r o x i m a t e l y  
2 x 10 -~ c m  ~. To a c c o m m o d a t e  t he  v o l u m e  of m a t e r i a l  
c a l c u l a t e d  to  h a v e  been  r e m o v e d  at  each  pi t ,  t h e  
p i t s  should  h a v e  b e e n  an  o r d e r  of m a g n i t u d e  w i d e r  
t h a n  t h e y  w e r e  deep.  This  was  a p p r o x i m a t e l y  t h e  
v a l u e  obse rved ,  and  s ince  t h e r e  was  some  s lope  to  t h e  
s ides  of the  pi ts ,  t he  a g r e e m e n t  b e t w e e n  c a l c u l a t e d  
and  o b s e r v e d  r e su l t s  was  cons ide red  good. 

The  o p e r a t i o n  of two  sources  of d i s so lu t ion  in  
Reg ion  I I I  is i l l u s t r a t e d  b y  the  su r faces  shown  in 
Fig.  6 and  7. A l t h o u g h  a l m o s t  an  o r d e r  of m a g n i -  
t ude  m o r e  m a t e r i a l  had  been  r e m o v e d  f r o m  the  l a t t e r  
sur face ,  f ace t i ng  was  no t  w e l l  d e v e l o p e d  s ince  ha l f  
the  t o t a l  m a t e r i a l  r e m o v e d  was  s u p p l i e d  b y  s teps  
w h i c h  h a d  also b e e n  ac t ive  in Reg ion  II. This  p o i n t  is 
a u g m e n t e d  b y  the  su r f aces  seen  in Fig .  8 a n d  11. 
A l t h o u g h  a p p r o x i m a t e l y  t he  s ame  a m o u n t  of m a t e -  
r i a l  h a d  been  r e m o v e d  f r o m  bo th  sur faces ,  t he  l a t t e r  
was  we l l  f a c e t e d  due  to  t he  g r o w t h  of  p i t s  s ince  
a b o u t  65% of t he  t o t a l  m a t e r i a l  r e m o v e d  h a d  been  
s u p p l i e d  b y  p i t t e d  areas ,  the  r e m a i n d e r  of t h e  m e t a l  
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dissolving by  step motion.  Only  45% of all  me ta l  re -  
moved  f rom the surface shown in  Fig. 8 came f rom 
pits. 

Jus t  before  the onset  of p i t t ing  at 5 ~a cm -~ it  has 
been  pos tu la ted  tha t  1 ~a cm -'~ was  r e m o v i n g  ma te r i a l  
at sites which  had been  act ive in Region I and  which  
were  not  re la ted  to l ine  defects. The r e m a i n i n g  4 ~,a 
cm-'-' were  associated wi th  a dis locat ion dens i ty  of 
5 x 10 ~ cm -~. Therefore ,  a s suming  the  m a x i m u m  ra te  
of step r emova l  to be cons tan t  regard less  of the 
or igin  of the  step, there  would  have  been  ~10  ~ sites 
cm -'~ in  Region I which  acted as sources for nuc l ea t ion  
of steps. The  m a x i m u m  dissolu t ion  ra te  in  bo th  
Region I and  II  would  t hen  be ~ 3  x 10 ~ a toms site -1 
sec -1. The m a x i m u m  ra te  of r emova l  at a pi t  would  
be about  twice as great .  

I t  should be po in ted  out tha t  an  a l t e rna t i ve  ex -  
p l a n a t i o n  exists  for the  m e c h a n i s m  of r emova l  in  
Region I. The  a p p r o x i m a t e l y  106 cm --~ sources of step 
sites ca lcu la ted  above  m a y  have  been  associated wi th  
screw dislocations.  Even  if the  presence  of impur i t i e s  
p roh ib i t ed  d issolu t ion  nea r  the core of the  dis loca-  
t ion, a p e r m a n e n t  step on the  surface would  emerge  
f rom the screw dislocation.  The ca lcula ted  n u m b e r  
of step sources is p r o b a b l y  of the p roper  m a g n i t u d e  
for a cor respondence  to screw dislocations,  and  since 
all crysta ls  were  g rown  and  hand led  in a s imi la r  
m a n n e r ,  this n u m b e r  should have  been  r ea sonab ly  
cons tan t  f rom crys ta l  to crystal .  Therefore ,  if r e -  
mova l  in  Region I occurred  at steps r e su l t ing  f rom 
screw dislocations,  it wou ld  be reasonab le  to expect  
the  surface effects observed in this  Region,  as wel l  as 
the  reproduc ib le  end ing  of the Region, w h e n  r emova l  
rates  exceeded those a l lowed at screw dis locat ion 
steps. However ,  it can be shown tha t  for every  1/2 '~ 
va r i a t i on  f rom the  (100) or ien ta t ion ,  ~ 5  x 10 ' m o n -  
a tomic steps cm -1 resu l t  on a copper surface.  I t  is 
difficult to be l ieve  tha t  the  e lec t ropol i sh ing  tech-  
n iques  used in  this  s tudy  produced  exact  (100) su r -  
faces, or tha t  the  degree  of va r i a t i on  f rom the desired 
or ien ta t ion ,  and  consequen t ly  the  tota l  n u m b e r  of 
steps r e su l t i ng  f rom o r i en ta t ion  changes  and  screw 
dislocations,  was reproduced  on eve ry  crystal .  Also, 
the resul ts  ob ta ined  wi th  rounded-edge ,  t h in  crys-  
tals,  which  m u s t  have  con ta ined  more  steps per  u n i t  
a rea  t h a n  crys ta ls  wi th  flatter surfaces,  canno t  be 
ignored.  Therefore ,  the  a r g u m e n t  tha t  the end of 
Region I was  d e t e r m i n e d  by  the  ra te  at which  ne w  
steps could be nuclea ted ,  regardless  of the i r  origin,  
seems p re fe rab le  to the  authors .  

O v e r p o t e n t i a l  and  k i n e t i c s . - - I n  all assemblies  an  
in t e re s t ing  re la t ionsh ip  was observed  b e t w e e n  the 
po ten t i a l  m a x i m a  at  c u r r e n t  densi t ies  cor responding  
to d i scont inu i t ies  in  the  v vs. i curves.  In  a ny  one 
sys tem the ra t io  of the po ten t i a l  at the Region I I - -  
Region III  b o u n d a r y  to tha t  at Region I - - R e g i o n  II  
was a lways  ~3,  and  tha t  of the Region I I I - - R e g i o n  IV 
d i scon t inu i ty  to the Region I - - R e g i o n  II  va l ue  was  
a lways  ~5 .  These po ten t i a l  rat ios were  r ea sonab ly  
cons tan t  even  though,  as p rev ious ly  noted,  the m e a s -  
u r ed  po ten t i a l  m a x i m a  va r i ed  as m u c h  as 20% f rom 
one assembly  to another .  Pe rhaps  if e was the e n e r g y  
requ i red  to nuc lea te  steps at dislocations,  t h e n  3e was  
requ i red  to r emove  m a t e r i a l  at poin ts  whe re  dislo-  
cat ions wi th  a "Cot t re l l  a tmosphere"  of impur i t i e s  

in te rsec ted  the surface,  and  5e was necessary  for r e -  
mova l  f rom smooth  surfaces of (100) or ien ta t ion .  

Since different  anodic  sites were  reac t ive  at dis-  
t inc t  c u r r e n t  densit ies,  a d i s t r ibu t ion  of reac t ion  
rates  mus t  have  occurred over  the surface.  I t  would  
be a difficult, and  not  a p a r t i c u l a r l y  r eward ing ,  task 
to adapt  electrode kinet ics ,  as wel l  as to approx i -  
ma te  the  t ime  dependence  of surface s t r uc t u r e  and  

vs.  i data,  in  order  to i n t e r p r e t  the observed da ta  
k ine t ica l ly .  In  sys tems of the  type  s tudied  it  is pos-  
sible tha t  the s impler  equa t ions  of e lectrode kinet ics  
should app ly  on ly  at c u r r e n t  densi t ies  as la rge  as, 
or g rea te r  than ,  those of Region IV where  nuc l ea t ion  
of reac t ive  sites a p p a r e n t l y  occurred in  a r a n d o m  
m a n n e r ;  tha t  is, the  me ta l  surface acted homogene -  
ously. For  these  reasons,  and  also since the i r  solu-  
t ions were  more  concen t ra t ed  in both  copper sul fa te  
a nd  su l fur ic  acid, these  resul t s  could no t  be com-  
pa red  wi th  those of P ion te l l i  et  al. (7) whose lowest  
c u r r e n t  densi t ies  cor respond to those of Region IV 
repor ted  here. 

Conclusions 
It  should be emphas ized  tha t  the discussions and  

in t e rp re t a t i ons  of the  data  p resen ted  here  were  based 
on the  r easonab le  a s sumpt ion  tha t  d isso lu t ion  oc- 
cur red  f rom mona t omi c  steps on the anode surface.  
Obvious ly  it is imposs ib le  to prove  abso lu te ly  the  
va l id i ty  of this  a s sumpt ion  in a sys tem of the  type  
inves t iga ted .  The fo l lowing conclus ions  should be r e -  
garded solely as deduct ions  ar i s ing  f rom a self con-  
s is tent  e xp l a na t i on  of e x p e r i m e n t a l  observa t ions :  

1. I t  is be l ieved  tha t  ga lvanos ta t ic  d issolu t ion  f rom 
(100) o r ien ted  surfaces  of copper  s ingle  crys ta ls  oc- 
cur red  in i t i a l ly  at steps on the  surface.  These  steps 
were  not  nuc lea ted  at  areas  w he r e  l ine  defects i n t e r -  
sected the  crys ta l  surface.  The  ra te  at which  n e w  
steps could be  nuc l ea t ed  d e t e r m i n e d  the  ra te  at 
which  ma te r i a l  could be r emoved  in  this m a n n e r .  

2. A n  increase  in  d issolu t ion  ra tes  d e m a n d e d  the 
fo rma t ion  of add i t iona l  reac t ion  sites. These sites 
we re  suppl ied  by  the nuc l ea t i on  of add i t iona l  steps at  
areas where  l ine defects in te rsec ted  the crys ta l  su r -  
face. The subsequen t  mot ion  of steps across the  su r -  
face p rov ided  a me a ns  of r e m o v i n g  the  me t a l  f rom 
the anode.  

3. Af t e r  the  m a x i m u m  ra te  of step fo rma t ion  was 
reached,  f u r t he r  increases  in  the  ra te  of d issolu t ion  
resu l ted  in  pi t  f o rma t ion  at poin ts  where  l ine  defects 
in te r sec ted  the surface  and  at  s u b g r a i n  boundar ies .  
As d issolu t ion  con t inued  the  pits g rew toge ther  to 
form facets. 

4. W h e n  r e mova l  d e m a n d s  exceeded the  ra te  at 
which  ma te r i a l  could be suppl ied  by  the prev ious  
sources, reac t ion  sites were  a p p a r e n t l y  nuc lea ted  at 
r a n d o m  on the  me ta l  surface.  A faceted s t ruc ture ,  
which  was no t  fo rmed  by  the g rowth  of pits, deve l -  
oped rapidly .  

5. The  nuc l ea t ion  of reac t ion  sites was p robab ly  
gove rned  by  the ra te  of anodic  dissolut ion,  i.e., im-  
pressed c u r r e n t  dens i ty ,  r a the r  t h a n  by  the  overpo-  
t en t i a l  exh ib i ted  by  the electrode.  

6. The re la t ive  energies  r equ i r ed  to nuc lea t e  steps 
at dislocations,  r emove  m a t e r i a l  f rom poin ts  w h e r e  
l ine defects in te rsec ted  the surface and  f rom the  
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ideal ized fiat surface were  a p p a r e n t l y  in  the  ra t ios  
of 1 :3:5 .  

7. The app l icab i l i ty  of s imple  k ine t ic  e lectrode 
theory  to the  sys tem s tudied  could no t  be  d e m o n -  
strafed.  This  was  though t  to be due to the  he te ro -  
geneous  n a t u r e  of the anodic  surface.  
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The Oxidation of Sputtered Tantalum Films 
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ABSTRACT 

The oxidation of sputtered t an ta lum films has been studied over a tempera-  
ture range of 100~176 in oxygen at a gas pressure of 7.6 cm of Hg. The results 
obtained by means of a vacuum microbalance are compared with data on bulk  
tanta lum,  and it  is found the rate of oxidation and amount  of oxidation is 
considerably smaller than the bulk. A logarithmic relat ion was found to repre-  
sent the data best  in the range 400~176 The factors which may give rise to 
the differences found between the film and the bulk  are discussed. 

In  the  course of an  inves t iga t ion  of the  s tab i l i ty  
of the  e lectr ical  res i s tance  of t h in  spu t t e red  t a n -  
t a l u m  films (1) ,  the  ox ida t ion  of these films has 
been  s tud ied  as a f unc t i on  of t empe ra tu r e .  

The  ox ida t ion  of spu t t e red  t a n t a l u m  films was 
car r ied  out  us ing  a v a c u u m  mic roba lance  to ob ta in  
weight  ga in  over  a r ange  of t e m p e r a t u r e s  f rom 
100 ~ to 600~ in  pu re  oxygen  at a p ressure  of 7.6 
cm of Hg, A loga r i thmic  re l a t ion  of the  fo rm y = 
a In  (1 -~ bt) was  found  to give a s l ight ly  be t t e r  
fit of the  da ta  over  the  r ange  of t e m p e r a t u r e s  400 ~ 
600~ t h a n  a parabol ic  one. y is the  weigh t  gain  
of t a n t a l u m  in  /~g/cm', t is the t ime  in  minu tes ,  a 
and  b are  cons tan ts  at  any  g iven  t e m p e r a t u r e  a nd  
have  the  d imens ions  /~g/cm ~ and  ra in  -1, respect ively .  
The  resul t s  ind ica te  t ha t  the  a m o u n t  and  ra te  of 
ox ida t ion  of the  film are cons ide rab ly  smal le r  (by  
abou t  an  order  of m a g n i t u d e )  t h a n  tha t  r epor ted  
for b u l k  t a n t a l u m .  Vermi lyea ' s  (2) resul ts  are in 
somewha t  closer agreement .  

A l though  q u a n t i t a t i v e  cor re la t ions  are no t  ye t  
possible,  the  factors wh ich  m a y  affect the  weigh t  
ga in  m e a s u r e m e n t s  and  m a y  exp la in  the  differences 
in  ox ida t ion  be tween  film and  b u l k  t a n t a l u m  are 
discussed. 

Experimental Procedure and Results 
The detai ls  of the  spu t t e r ing  t echn ique  and  the  

sample  p r e p a r a t i o n  have  been  descr ibed  e l sewhere  

(1) .  The samples  consis ted of t a n t a l u m  films (600- 
2500A in  th ickness )  spu t t e r ed  on qua r t z  subs t ra tes  
1/2 in. x 2 in. x 30 mi ls  in  thickness.  The  ox ida t ion  
was  pe r fo rmed  in  a v a c u u m  mic roba lance  (3-5)  by  
G u l b r a n s e n .  The oxida t ion  was  car r ied  out  over  a 
r ange  of t e m p e r a t u r e s  f rom 100 ~ to 600~ in  a 
pu re  oxygen  a tmosphere  at  a p ressure  of 7.6 cm 
of mercury .  The tota l  ox ida t ion  t ime  was  2 hr.  The 
g raphs  of the  resul t s  are shown in  Fig. 1 and  2 in  
which  the  weigh t  ga in  per  u n i t  a rea  is p lo t ted  as 
a func t ion  of t ime. The sens i t iv i ty  of the  appa ra tu s  
is b e t w e e n  0.1-0.2 /~g/cm ~ a nd  indicates  tha t  films 
of the  order  of 7-15A of t a n t a l u m  oxide could be 
detec ted  (69 A//Lg/cm ~ based  on Ta~O~) (6) .  
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Fig. 1. Effect of temperature on oxidation of sputtered tantalum 
films (02 pressure, 7.6 cm of Hg). 
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Fig. 2. Effect of temperature on oxidation of sputtered tantalum 
film (02 pressure 7.6 cm of Hg). 

There  are  severa l  po in ts  t ha t  can be no ted  on 
these curves.  The flat por t ion  of curve  A on Fig. 
2 af ter  the  6 0 - m i n  m a r k  m a y  resu l t  f rom the  con-  
sumpt ion  of al l  the  t a n t a l u m .  Ox ida t ion  at a t e m -  
p e r a t u r e  of 200~ produced  no m e a s u r a b l e  change,  
no r  was  the re  a v is ib le  color change.  This  is con-  
f irmed on two samples  of different  thicknesses ,  
namely ,  curve  D of Fig. 1 and  curve  B of Fig. 2. 
The re  appears  to be no  th ickness  effect in  the  oxi -  
da t ion  since the  va lue  a t  90 m i n  for the  to ta l  we igh t  
ga in  of curve  C, Fig. 1 and  curve  A, Fig. 2 agree 
qu i te  well .  

I t  should be no ted  tha t  the  same samples  were  
used for  the  400~ tests as in  the  200~ tests. Elec-  
t r on  di f f ract ion s tudies  we re  m a d e  on the  oxidized 
deposits  on the  qua r t z  by  G u l b r a n s e n .  The resu l t s  
of this work  are repor ted  in  Tab le  I. In  on ly  one 

8 o  
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Fig. 3. Comparison of weight gain of sputtered tantalum film 
and bulk tantalum (400~ 02 pressure, 7.6 cm of Hg). 

m D A T A  OF REF. (6) 
o P R E S E N T  W O R K  

case does the re  seem to be an  ind ica t ion  of the  
t a n t a l u m  oxide s t ruc ture .  The pa t t e rn s  in  the  o ther  
cases we re  v e r y  diffuse and  difficult to in te rp re t .  

Comparison of Oxidation Data on Thin Tanta lum Films 
with That  of Bulk Tantalum 

In  Fig. 3 the da ta  of the  p re sen t  w o r k  are  
compared  to ear l ie r  w o r k  of G u l b r a n s e n  and  A n -  
d rew  (6) .  The  da ta  for bo th  b u l k  a nd  spu t t e red  
t a n t a l u m  were  ob ta ined  in  the  same appara tus .  The  
to ta l  a m o u n t  of oxidat ion,  as wel l  as the  ra te  of 
oxidat ion,  is m u c h  less on the  spu t t e red  film t h a n  on 
the  b u l k  mater ia l .  F u r t h e r  compar isons  are also 
ava i l ab le  in  Tab le  II. The  difference b e t w e e n  
Vermi lyea ' s  work  and  others  m a y  be re la ted  to 
differences in  surface  p r epa ra t i on ;  however ,  his 

Table I. Oxidation of sputtered tantalum films, electron diffraction data 

S a m p l e  O x i d a t i o n  O x i d a t i o n  W e i g h t  g a i n ,  C r y s t a l  P h y s i c a l  
t h i c k n e s s ,  A t e m p ,  ~ t i m e ,  r a i n  ~ g / c m  2 Co lo r  s t r u c t u r e  c h a r a c t e r i s t i c s  

2140 400 90 5.17 Tarnished silver Diffuse pa t te rn  

620 400 120 6.76 Purp le -orange  Diffuse pat tern  

2500 600 120 65.0 - -  Diffuse pat tern  

2115 500 120 21.1 Green-b lue  Probably  Ta,O~ 

Fi lm spalled off 
of quartz 

Table II. Comparison of weight gain data in oxidation of tantalum in various investigation 

W e i g h t  g a i n  
L e n g t h  of ox id .  P r e s s u r e  of (~g /cm2)  a t  

T e m p ,  ~ r u n ,  h r  o x y g e n ,  c m  e n d  of  r u n  R e f e r e n c e  a n d  r e m a r k s  

1. 400 2 7.6 6.5 Present  work 
2. 400 2 7.6 57.2 Gulbransen  and Andrew (6) 
3. 600 1 7.6 63 Present  work 
4. 450 1 7.6 85 Gulbransen  and Andrew (6) 
5. 200 2 7.6 ~0.1 Present  work 
6. 250 2 7.6 3.25 Gulbransen  and Andrew (6) 
7. 250 2 air ~15.2 ~0.362" Vermilyea (2) 
8. 300 2 air ~15.2 ~0.58" Vermilyea (2) 
9. 300 2 7.6 10 Gulbransen  and Andrew (6) 

10. 220 913 air ~15.2 20.5 Waber et a[. (13) 
11. 250 1400 air ~15.2 66 Waber  et al. (13) 
12. 216 2 air ~15.2 ~ 3  Waber  (14) ; value extrapo-  

lated from data given 
13. 320 913 air ~15.2 227 Waber  (7) 
14. 500 1~2 76cm ~130 Cathcart, Bakish, & Norton 

(23) 
15. 500 11/2 hr 7.6 cm 16 Present  work 

* R e p r e s e n t  v a l u e s  o b t a i n e d  b y  c o n v e r s i o n  of  V e r m i l y e a ' s  t h i c k n e s s  data  of  25 a n d  40A a t  t h e  r e s p e c t i v e  t e m p e r a t u r e s ,  u t i l i z i n g  a f a c t o r  of  
6 9 A / ~ g / c m ~  b a s e d  on a n  o x i d e  f o r m u l a  of Ta205  (6) .  
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comes  closest  to a g r e e i n g  w i t h  t he  d a t a  of t he  p r e s e n t  
work .  

I t  w i l l  be  h e l p f u l  to ge t  some idea  of w h a t  k i n d  
of r e p r o d u c i b i l i t y  one  can  e x p e c t  in o x i d a t i o n  
s tud ies  of t he  t y p e  r e p o r t e d  b y  G u l b r a n s e n .  A l -  
t h o u g h  d a t a  a r e  no t  a v a i l a b l e  on t a n t a l u m ,  G u l b r a n -  
sen has  w o r k e d  on two  o t h e r  m a t e r i a l s ,  c o l u m b i u m  
and  z i r con ium,  at  s e v e r a l  d i f fe ren t  t imes .  In  t he  
case of c o l u m b i u m  (6, 7) and  z i r c o n i u m  (6, 8, 9) 
d i f fe rences  of a f ac to r  of f rom 2 to 4 h a v e  b e e n  
o b s e r v e d  a m o n g  s a m p l e s  s t u d i e d  a t  d i f f e ren t  t imes .  
The  c o m p a r i s o n s  h a v e  been  m a d e  a t  s im i l a r  t e m -  
p e r a t u r e s ,  b u t  o t h e r  cond i t ions  such as su r f ace  
p r e p a r a t i o n  and  p r e s s u r e  of o x y g e n  h a v e  no t  neces -  
s a r i l y  been  t h e  same.  T h e r e  is some  r i sk  in  t r y i n g  
to c o m p a r e  s p u t t e r e d  f i lms w i t h  b u l k  m a t e r i a l  s ince  
p u r i t y  of  samples ,  d i f fe rences  in  su r f ace  t r e a t m e n t  
p r i o r  to ox ida t ion ,  etc.,  cou ld  h a v e  s t rong  inf luences  
on the  resu l t .  I t  m i g h t  h a v e  been  e x p e c t e d  t h a t  t he  
cond i t ions  e x i s t e n t  in f i lms w o u l d  t e n d  to i n c r e a s e  
t he  r a t e  ove r  t h a t  of b u l k  r a t h e r  t h a n  dec rease  
it, as has  been  found.  

I t  is also poss ib l e  to m a k e  a c o m p a r i s o n  w i t h  b u l k  
r e su l t s  and  the  p r e s e n t  s t u d y  as f a r  as r a t e  of ox ide  
f o r m a t i o n  is concerned .  F r o m  G u l b r a n s e n  and  A n -  
d r e w ' s  d a t a  (6)  a t  300~ for  t a n t a l u m ,  an  e s t i m a t e  
can  be  m a d e  of t he  r a t e  of o x i d e  f o r m a t i o n  ove r  
t he  t i m e  i n t e r v a l  of 1-2 h r  to be  of t h e  o r d e r  of 0.04 
A / s e c .  On the  bas is  of V e r m i l y e a ' s  w o r k  (2 ) ,  a s -  
s u m i n g  t h a t  an  ox ide  f i lm of t he  o r d e r  of 600A has  
b u i l t  up  a f t e r  o x i d a t i o n  of b e t w e e n  1 and  2 hr ,  one 
can  e s t i m a t e  t h a t  a t  300~ the  r a t e  of ox ide  f o r m a -  
t ion  w o u l d  be  of t he  o r d e r  of 0.0001 A / s e c .  This  
v a l u e  is o b t a i n e d  f r o m  Fig.  4 w h i c h  is a p lo t  m a d e  
f r o m  ca l cu la t ions  of  M c L e a n  (10) who  used  V e r m i l -  
y e a ' s  da ta .  H o w e v e r ,  th i s  g r a p h  e x t e n d s  t he  ca l cu -  
l a t ions  up  to h i g h e r  t e m p e r a t u r e s .  

O X I D A T I O N  O F  S P U T T E R E D  T A N T A L U M  F I L M S  

Table III. Constants for logarithmic rate law 

Temp, ~ a b 

600 20.985 0.3820 

500 7.029 0.0901 

400(2140A) 2.399 0.0836 

400(620A) 1.828 0.293 

a :  

TEMPERATURE -C, 

Fig. 4. Rate of oxidation of tantalum as a function of tempera- 
ture and oxide thickness [data from Vermilyea (2)].  
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U n i t  of  a is  /~g/cm~; u n i t  of  b is  m i n - L  

In  an  effort  to m a k e  some c o m p a r i s o n s  w i t h  t h e  
p r e s e n t  work ,  V e r m i l y e a ' s  d a t a  (2)  h a v e  been  
e x t r a p o l a t e d  to 400 ~ A s s u m i n g  a t h i cknes s  of ox ide  
of s o m e w h e r e  b e t w e e n  100-1000A, e x t r a p o l a t i o n  
g ives  an  o x i d a t i o n  r a t e  of  0.01 A / s e c .  as n o t e d  in  
Fig.  4. The  d a t a  in  t he  p r e s e n t  s t u d y  w h i c h  can  be  
used  to  bes t  a d v a n t a g e  to m a k e  a c o m p a r i s o n  a re  
t h a t  of Fig.  2 a t  400~ T h e  t a n g e n t  to t h e  2 - h r  
p o i n t  g ives  t he  r a t e  of 0.015 A / s e c .  The  r a t e  ca l -  
c u l a t e d  f r o m  a l o g a r i t h m i c  r e l a t i o n  d e d u c e d  f r o m  
t h e  p r e s e n t  s tudy ,  as g iven  be low,  is (dy/dt)  
ab/(1 + bt). Ut i l i z ing  the  va lue s  of a a n d  b d e r i v e d  
a t  400~ for  t he  620A f i lm ( see  T a b l e  I I I )  t he  r a t e  
is 0.017 A / s e c .  A l t h o u g h  i t  is d a n g e r o u s  to  c a r r y  
out  t he  e x t r a p o l a t i o n  of V e r m i l y e a ' s  da ta ,  t he  a g r e e -  
m e n t  m a y  be  no ted .  

A n u m b e r  of d i f fe ren t  equa t ions  has  been  p r o -  
posed  to  accoun t  for  t he  o b s e r v e d  o x i d a t i o n  b e -  
h a v i o r  of m e t a l s  (11, 12).  In  c o m p a r i n g  p a r a b o l i c  
w i t h  l o g a r i t h m i c  b e h a v i o r ,  on t h e  bas i s  of a l eas t  
squa re s  c r i t e r ion ,  a l o g a r i t h m i c  e q u a t i o n  of  t h e  
f o r m  y ---- a In (1 -5 bt)  was  f o u n d  to fit t he  d a t a  
s l i g h t l y  b e t t e r  t h a n  a p a r a b o l i c  one in  t he  t e m p e r a -  
t u r e  r a n g e  400~176 The  v a r i o u s  v a l u e s  of a and  
b a r e  l i s t ed  in T a b l e  I I I  for  d a t a  in  t he  r a n g e  of 
400~176 The  un i t s  for  t a r e  in  minu tes .  No 
t h e o r e t i c a l  s ign i f icance  is a t t a c h e d  to th i s  l o g a r i t h -  
mic  b e h a v i o r  a t  t he  p r e s e n t  t ime .  

I t  a p p e a r s  t h a t  t he  a m o u n t  of o x i d a t i o n  of s p u t -  
t e r e d  t a n t a l u m  is less,  b y  a b o u t  an  o r d e r  of  m a g n i -  
tude ,  t h a n  t h a t  of b u l k  t a n t a l u m .  V a r i a t i o n s  
o b t a i n e d  ove r  p e r i o d s  of t i m e  us ing  the  s a m e  a p -  
p a r a t u s  sugges t  f ac to r s  of s o m e w h e r e  b e t w e e n  two  
a n d  fou r  cou ld  ar ise .  The re fo re ,  the  f ac to r  of n e a r l y  
t en  o b t a i n e d  as t he  d i f f e rence  b e t w e e n  the  b u l k  
m a t e r i a l  and  the  p r e s e n t  t h i n  f i lm m a t e r i a l  does  
i n d e e d  sugges t  i t  to be  a s ign i f ican t  d i f ference .  A 
c o n s i d e r a t i o n  of those  f ac to r s  w h i c h  could  affect  
th is  v a r i a b i l i t y  a l l  t e n d  to s u b s t a n t i a t e  t h a t  d i f -  
f e r ences  ex i s t  b e t w e e n  t h e  b u l k  m a t e r i a l  a n d  the  
s p u t t e r e d  film. 

Discussion 

P r e v i o u s  s tud ies  of the  o x i d a t i o n  of t a n t a l u m  ove r  
v a r i o u s  t e m p e r a t u r e  and  p r e s s u r e  r a n g e s  have  
c h a r a c t e r i z e d  the  b e h a v i o r  in  v a r i o u s  w a y s  e i the r  
as p a r a b o l i c  (6)  l o g a r i t h m i c  (2, 13),  cub ic  (14) ,  
and  l i n e a r  (15, 16).  In  mos t  of these  s tud ies  t he  
p r o d u c t s  of r e a c t i o n  w e r e  no t  c o m p l e t e l y  ident i f ied  
so d e t a i l e d  d i scuss ion  of t he  m e c h a n i s m  is no t  poss i -  
ble.  In  mos t  cases  t h e  f o r m a t i o n  of t a n t a l u m  p e n -  
t o x i d e  has  b e e n  assumed .  Recen t  s tud ies  of K o f s t a d  
et al. ( i 7 ) ,  h o w e v e r ,  g ive  c o n s i d e r a b l e  d e t a i l  on t h e  
p r o d u c t s  in t h e  t e m p e r a t u r e  r a n g e  500~176 
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X - r a y  d i f f r ac t ion  and  e l ec t ron  d i f f r ac t ion  s tud ies  
i nd i ca t e  t h a t  in the  e a r l y  s tages,  d e s c r i b e d  as an  
i n c u b a t i o n  per iod ,  ( for  e x a m p l e ,  e x t e n d i n g  to 150- 
250 ra in  a t  500~ o x y g e n  d i s so lu t ion  occurs  a long  
w i t h  t h e  f o r m a t i o n  of Ta,O and  a c o m p o u n d  c h a r a c -  
t e r i zed  b y  TaOz. D u r i n g  the  t r a n s i t i o n  f r o m  the  
i n c u b a t i o n  p e r i o d  to  t he  l i n e a r  o x i d a t i o n  region ,  
TarO6 is f o r m e d  as  t r aces  on the  surface ,  and  in t h e  
l i n e a r  r eg ion  t h e r e  is h e a v y  f o r m a t i o n  of fl-Ta20~. 
The  p r e s e n t  e l ec t ron  d i f f rac t ion  s tud ies  h a v e  not  
c h a r a c t e r i z e d  the  p r o d u c t s  a d e q u a t e l y .  T h e r e  was  
some sugges t ion  t h a t  Ta~O~ fo rmed .  H o w e v e r ,  if  i t  
is a s s u m e d  f r o m  c u r v e  A in Fig.  1 t h a t  a l l  of t he  
t a n t a l u m  is c o n s u m e d  at  t he  p o i n t  w h e r e  the  cu rve  
f la t tens  out,  t hen  f r o m  the  w e i g h t  ga in  d a t a  i t  is 
s h o w n  t h a t  65 ~ g / c m  ~ of o x y g e n  r e a c t  w i t h  415 
~g/cm" of t a n t a l u m .  On an  a t o m  basis  th is  c o r r e -  
sponds  to a c o m p o u n d  TaO1.,, w h i c h  is one  of t h e  
t y p e s  of p r o d u c t  i n d i c a t e d  b y  Kofs t ad .  

A l t h o u g h  the  ev idence  f o u n d  in t he  p r e s e n t  s t u d y  
ind ica t e s  on ly  a s l igh t  p r e f e r e n c e  for  a l o g a r i t h m i c  
ove r  a p a r a b o l i c  b e h a v i o r  ove r  t he  t i m e  p e r i o d s  
s tud ied ,  t h e r e  seems  to be  no  i n d i c a t i o n  of l i n e a r  
behav io r .  This  r eg ion  m a y  w e l l  c o r r e s p o n d  to the  
i n c u b a t i o n  p e r i o d  d e s c r i b e d  b y  K o f s t a d  (17) .  This  
i n c u b a t i o n  per iod ,  be fo re  the  l i n e a r  reg ion ,  v a r i e d  
w i t h  t h e  t e m p e r a t u r e  and  b e c a m e  s h o r t e r  as the  
t e m p e r a t u r e  and  p r e s s u r e  inc reased .  A t  600~ and  
a b o v e  i t  b e c a m e  too shor t  to  obse rve  e x p e r i m e n t a l l y .  
The  d a t a  of A l b r e c h t  et  al. (16) s t i l l  show an  i n -  
cuba t ion  p e r i o d  at  600~ K o f s t a d  (17) conc luded  
t ha t  t he  o x i d a t i o n  d u r i n g  the  i n c u b a t i o n  p e r i o d  
was  diff icult  to i n t e r p r e t  in t e r m s  of a n y  def in i te  
r a t e  l a w  a l t h o u g h  it  was  mos t  c lose ly  a p p r o x i m a t e d  
b y  a p a r a b o l i c  func t ion .  

K o f s t a d  f o u n d  o x y g e n  d i s so lu t ion  to be an  i m -  
p o r t a n t  s t ep  in  t he  in i t i a l  o x i d a t i o n  of t a n t a l u m .  A t  
500~ the  w e i g h t  ga in  due  to o x y g e n  d i sso lu t ion  
could  a m o u n t  to m o r e  t h a n  75% of t he  w e i g h t  ga in  
f o u n d  e x p e r i m e n t a l l y .  C o m p u t a t i o n s  of t he  t i m e  
n e c e s s a r y  for  o x y g e n  to  diffuse t h r o u g h  a 2500A 
th i ck  t a n t a l u m  fi lm (18) us ing  d i f fus ion d a t a  of 
G e b h a r d t  (19)  w e r e  m a d e .  A t  600~ th is  is 0.1 
sec, a t  400~ i t  is 10 sec, bu t  a t  300~ i t  is 6 rain.  
I t  w o u l d  a p p e a r  t h e r e f o r e  t h a t  in r a n g e  of 400 ~  
600~ o x y g e n  d i s so lu t ion  is of m i n o r  i m p o r t a n c e  in 
the  r a t e  m e a s u r e m e n t s ,  a l t h o u g h  a t  l o w e r  t e m p e r -  
a t u r e s  i t  could  become  a m a j o r  fac tor .  Thus  as f a r  
as m e a s u r e m e n t s  w i t h  th in  fi lms a r e  c o n c e r n e d  
the  r e l a t i v e  i m p o r t a n c e  of o x y g e n  d i s so lu t ion  could  
change  w i t h  t e m p e r a t u r e .  The  d i f fus ion d a t a  u sed  
a r e  those  a v a i l a b l e  for  b u l k  t a n t a l u m ,  and  i t  is 
conce ivab le  t h a t  t h e y  a r e  no t  s t r i c t l y  a p p l i c a b l e  
to th in  films. 

The  r ea sons  for  the  d i f fe rence  b e t w e e n  the  b e -  
h a v i o r  of t he  th in  f i lm and  the  b u l k  a r e  not  obvious .  
I t  m a y  be  due  to d i f fe rences  in the  ox ides  f o r m e d  
on the  b u l k  as c o m p a r e d  to t ha t  on the  film. T h e r e  
is some e v i d e n c e  f r o m  s tud ies  on the  anod iza t ion  
of s p u t t e r e d  t a n t a l u m  films (20) m a d e  in connec t ion  
w i t h  w o r k  on s p u t t e r e d  t a n t a l u m  capac i to r s  (21) 
t h a t  the  ox ide  is d i f f e ren t  and  does  not  c ry s t a l l i z e  
as r e a d i l y  as on b u l k  t a n t a l u m .  A s t r ip  of b u l k  
t a n t a l u m  was  anod ized  in  t he  s ame  so lu t ion  w i t h  a 
f i lm of t a n t a l u m  s p u t t e r e d  on a mic roscope  sl ide.  

The  so lu t ions  used  w e r e  those  r e p o r t e d  to p r o m o t e  
c r y s t a l l i z a t i o n  (22) .  The  s t r ips  w e r e  p u l l e d  out  a f t e r  
a g iven  t ime  and  e x a m i n e d  mic roscop ica l ly .  The  
b u l k  p iece  s h o w e d  c rys ta l s ,  t he  s p u t t e r e d  f i lm d id  
not.  The  s p u t t e r e d  fi lm was  r e i m m e r s e d  for  a 
p e r i o d  t en  t imes  l onge r  and  r e m o v e d  and  e x a m i n e d .  
T h e r e  w e r e  s t i l l  no s igns of c rys t a l l i za t ion .  

The  e l ec t ron  d i f f r ac t ion  o b t a i n e d  on the  p r e s e n t  
s t u d y  sugges t s  an  a m o r p h o u s  s t r u c t u r e  at  the  e le -  
v a t e d  t e m p e r a t u r e .  V e r m i l y e a  (2)  showed  on b u l k  
t a n t a l u m ,  h o w e v e r ,  t h a t  a t  350~ ox ide  fi lms b e g a n  
to c rys ta l l i ze .  His  o t h e r  w o r k  on t a n t a l u m  (22) has  
shown  tha t  w h e r e  c r y s t a l l i n e  ox ide  ex is t s  the  r a t e  
of o x i d a t i o n  is m o r e  r a p i d  t h a n  w h e r e  the  ox ide  fi lm 
is a morphous .  This  m a y  be the  basis  for  the  d i f fe r -  
e rences  o b s e r v e d  b e t w e e n  t h e  p r e s e n t  s t u d y  and  
b u l k  m a t e r i a l .  

The  d i f fe rence  m a y  a r i se  be c a use  t he  su r faces  of 
the  fi lms a r e  in some w a y  v e r y  d i f fe ren t  f r o m  most  
of t h e  b u l k  s a m p l e s  s tud ied .  The  o x i d a t i o n  d a t a  of 
K o f s t a d  showed  a p r o f o u n d  effect of su r face  t r e a t -  
m e n t  on the  o x i d a t i o n  b e h a v i o r  d u r i n g  t h e  i n c u b a -  
t ion  per iod .  A l t h o u g h  no c a r e fu l  s tud ies  w e r e  made ,  
c h e m i c a l  e t ch ing  and  h i g h - v a c u u m  a n n e a l i n g  in -  
c r ea sed  the  i n c u b a t i o n  per iod .  A l b r e c h t ' s  d a t a  at  
600~ us ing  v a c u u m  a n n e a l e d  t a n t a l u m  d id  i nd i ca t e  
an  i n c u b a t i o n  p e r i o d  (16) .  The  s t r u c t u r a l  r e su l t s  of 
C a t h c a r t  (23) on t a n t a l u m  i n d i c a t e d  a r e l a t i o n s h i p  
b e t w e e n  the  s t a t e  of p e r f e c t i o n  of t he  m e t a l  su r f ace  
and  i ts  o x i d a t i o n  cha rac te r i s t i c s .  

One p e r h a p s  m a y  v i e w  the  p r e s e n t  w o r k  as g iv ing  
a p i c t u r e  of w h a t  h a p p e n s  at  t he  su r f ace  of t he  
t a n t a l u m  b y  g r e a t l y  e n h a n c i n g  the  su r f ace  to b u l k  
r e l a t i o n s h i p  and  hence  t h e  su r face  effects. F u r t h e r  
k ine t i c  and  s t r u c t u r a l  w o r k  us ing  l onge r  t i m e  
per iods ,  m o r e  i n t e r m e d i a t e  t e m p e r a t u r e s ,  and  a 
v a r i e t y  of t h i cknesses  is n e c e s s a r y  to ge t  f u r t h e r  
u n d e r s t a n d i n g  of the  fac to rs  w h i c h  a p p e a r  to cause  
a d i f fe rence  b e t w e e n  the  o x i d a t i o n  r e su l t s  w i t h  th in  
f i lm and  b u l k  t a n t a l u m .  
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The Influence of Residual Stress on the 
Magnetic Characteristics of Electrodeposited Nickel and Cobalt 

Robert D. Fisher 
Physical Research Department, The National Cash Register Company, Dayton, Ohio 

ABSTRACT 

Cobalt and nickel were electrodeposited from aqueous solutions at a cur-  
rent  density of 16 ma /cm ~. The influence of the metal  chloride salt and saccharin 
concentrat ions on the residual stress and microstructure of the cobalt and nickel 
electrodeposits was investigated in conjunct ion with measurements  of their  
magnetic  characteristics. In  all cases the residual  stress in the deposits as 
measured with a stressometer was found to be tensile in  nature,  i.e., the deposits 
tend to contract. The coercive force of the cobalt and nickel deposits was de- 
termined as a funct ion of the residual  or in terna l  stress at a thickness of ap- 
proximately 7~. This coercive force was compared with a theoretical coercive 
force obtained from the relat ion Hc = z~/Is as proposed by Kers ten where 

is the exper imenta l ly  determined in terna l  stress, ~ is the magnetostr ict ion 
value, and Is is the saturat ion magnetization.  It  is shown that the coercive force 
of nickel deposits is directly proport ional  to the in terna l  stress. However, the 
coercive force of cobalt deposits appears to be dependent  on the crystal s t ruc-  
ture  as well  as the in terna l  stress. Heat t rea tment  of the cobalt deposits for 2 hr  
at 440~ in ni t rogen results in a decrease in the squareness and an increase in 
the coercive force while nickel deposits increased in squareness and decreased 
in coercive force. The former results are explained on a crystal s t ructure  basis 
while the lat ter  results can be explained on a stress relief basis. 

The  magne t i c  character is t ics  of most  f e r romagne t i c  
ma te r i a l s  change  w i th  the  app l ica t ion  of stress. For  
example ,  the  effect of a macroscopic  u n i d i r e c t i o n a l  
stress on the  r e m a n e n c e  and  p e r m e a b i l i t y  of posi t ive  
and  nega t i ve  magne tos t r i c t i ve  ma te r i a l s  is wel l  
k n o w n  (1).  Elec t ro ly t ic  and  v a c u u m  deposi ted fe r ro -  
magne t i c  ma te r i a l s  possess an  i n h e r e n t  r e s idua l  or 
i n t e r n a l  stress. N u m e r o u s  inves t iga tors  have  de te r -  
m ined  this  stress in  bo th  electro and  v a c u u m  de-  
posited metals ,  b u t  ve ry  l i t t le  a t t en t i on  has been  
g iven  to the  effects of the i n t e r n a l  stress on the  m a g -  
net ic  charac ter is t ics  of electrodeposits .  In  this  i n -  
ves t iga t ion  the  i n t e r n a l  stress and  surface cha rac t e r -  
istics of e lec t rodeposi ted  cobal t  and  n icke l  we re  de-  
t e r m i n e d  in  con j unc t i on  wi th  m e a s u r e m e n t s  of the i r  
magne t i c  proper t ies  at the  same thickness .  Deposits  
were  p r epa red  a t  a th ickness  of 7~ in  order  to: (a)  

min imize  a n y  effect of the  subs t r a t e  on the  magne t i c  
proper t ies  t h rough  ep i tax ia l  growth ,  a nd  (b)  ob-  
v ia te  a ny  changes  in  the  coercive force of the  deposi t  
due  to thickness.  Cobal t  and  n icke l  we re  e lec t rode-  
posi ted f rom aqueous  so lu t ion  con t a in ing  p r i m a r i l y  
the i r  me ta l  salts. The inf luence  of the  m e t a l  sal t  con-  
cen t r a t i on  a nd  smal l  addi t ions  of sacchar in  to the  
so lu t ion  was  inves t iga ted  as to the i r  effects on the  
magne t i c  proper t ies ,  i n t e r n a l  stress, o r ien ta t ion ,  and  
surface  charac ter i s t ics  of the  deposi ted cobal t  a n d / o r  
nickel .  

Experimental 
Deposit preparation and stress measurements . - -  

Deposits for  magne t i c  s tudies  and  stress m e a s u r e -  
me n t s  were  m a d e  us ing  a s t ressometer  developed by  
J. B. K u s h n e r .  Its use and  opera t ion  are descr ibed  
in  deta i l  e l sewhere  (2) a nd  consequen t ly  wi l l  no t  be  
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discussed  in  th is  p a p e r .  The  ca thodes  used  in  t h e  
s t r e s s o m e t e r  w e r e  b r a s s  d isks ,  9 c m  in d i a m e t e r  and  
0.052 cm in th ickness .  A l l  ca thodes  w e r e  c l e ane d  in  
an  i den t i ca l  m a n n e r  and  cut  f r o m  the  s ame  sheet .  
The  c l ean ing  p r o c e d u r e  was  as  fo l lows :  (a )  a l k a l i n e  
ca thod ic  c leaning ,  (b )  d i s t i l l ed  w a t e r  r inse ,  (c)  
ac id  d ip  in  6N h y d r o c h l o r i c  acid,  and  (d)  d i s t i l l ed  
w a t e r  r inse.  The  ca thodes  w e r e  t h e n  d r i ed ,  w e i g h e d ,  
and  p l a c e d  d i r e c t l y  in to  t he  s t r e s some te r .  The  anode  
used  w i t h  t h e  s t r e s s o m e t e r  was  a p l a t i n u m  d i sk  w i t h  
t he  s a m e  d i a m e t e r  and  a r e a  as  t he  ca thode ,  b u t  t h e  
t h i ckness  was  0.21 cm. The  s t r e s s o m e t e r  was  t h e n  
c a l i b r a t e d  a n d  p l a c e d  in t h e  m e t a l  sa l t  solut ion.  R e -  
agen t  g r a d e  m e t a l  sa l t s  of n i c k e l  ch lo r ide  and  coba l t  
ch lo r ide  h e x a h y d r a t e  w e r e  d i s so lved  in d i s t i l l ed  
w a t e r ,  and  t h e  s ingle  m e t a l s  w e r e  i n d e p e n d e n t l y  d e -  
pos i t ed  on t h e  ca thode  of the  s t r e s s o m e t e r  a t  a c u r -  
r en t  d e n s i t y  of 16 m a / c m  ~. The  t o t a l  v o l u m e  of so lu -  
t ion  in w h i c h  the  s t r e s s o m e t e r  was  i m m e r s e d  was  
a p p r o x i m a t e l y  7 l i te rs .  A g i t a t i o n  was  no t  u sed  in  a n y  
of t h e  solu t ions .  T e m p e r a t u r e  of a l l  so lu t ions  w a s  
25~ and  the  p H  was  a d j u s t e d  w i t h  h y d r o c h l o r i c  
ac id  to a v a l u e  of 2.0 •  

Magnetic measurements .--B-H loops  of the  d e -  
posi ts  w e r e  o b t a i n e d  f rom a l ow f r e q u e n c y  (60 
cyc le )  hys t e r e s i s  loop t r ace r .  The  d r i v e  f ield was  
s u p p l i e d  b y  a p a i r  of H e l m h o l t z  coils in  ser ies  con-  
s i s t ing  of 400 t u r n s  each  w h i c h  p e r m i t t e d  d r i v e  f ields 
up  to  400 oe r s t eds  w i t h o u t  ove rhea t i ng .  A T y p e  
53/54B T e k t r o n i x  p r e a m p l i f i e r  was  used  on the  
ho r i zon t a l  d r i v e  osc i l loscope  input .  The  sens ing  c i r -  
cui t  cons i s t ed  of a 5 0 0 0 - t u r n  sense  coil ,  a c o r r e s p o n d -  
ing cance l ing  coil  w o u n d  in oppos i t ion ,  an  R - C  i n t e -  
g r a t o r  and  a T y p e  53/54E T e k t r o n i x  p r e a m p l i f i e r  on 
the  v e r t i c a l  osc i l loscope  input .  The  osc i l loscope w a s  a 
T e k t r o n i x  536. 

Thickness measurements.--The t h i cknes s  of a l l  t he  
depos i t s  was  d e t e r m i n e d  b y  w e i g h t - d e n s i t y  ca l cu -  
la t ions .  The  th i ckness  was  t hen  checked  u t i l i z ing  an  
x - r a y  d i f f r ac t ion  t echn ique .  The  i n t e g r a t e d  i n t e n s i t y  
of a d i f f rac t ion  p e a k  of t he  b ra s s  s u b s t r a t e  and  the  
i n t e g r a t e d  i n t e n s i t y  of t he  same  p e a k  w i t h  t h e  m a g -  
ne t ic  coa t ing  over  t he  s u b s t r a t e  w e r e  o b t a i n e d  and  
r e l a t e d  to t h e  th ickness .  A g r e e m e n t  b e t w e e n  the  two  
m e t h o d s  was  -----5%. 

Electron microscopy and x-ray diffraction.--Sam- 
ples  e x a m i n e d  w i t h  t he  e l ec t ron  mic roscope  w e r e  
r e p l i c a t e d  b y  a p p l y i n g  a c o l l o d i o n - p l a t i n u m  r e p l i c a  
fo l lowed  b y  s h a d o w i n g  w i t h  carbon .  The  magn i f i ca -  
t ion  in a l l  i n s t ances  was  20,000 d i ame te r s .  The  x - r a y  
d i f f rac t ion  p a t t e r n s  w e r e  o b t a i n e d  us ing  a Nore lco  
x - r a y  d i f f r ac tomete r .  C o p p e r  K a  r a d i a t i o n  and  i ron  
K a  r a d i a t i o n  w e r e  used  on the  n i c k e l  and  coba l t  d e -  
posi ts ,  r e spec t i ve ly .  

Errors and reproducibility.--The s t a n d a r d  d e v i a -  
t ion of t he  s t ress  m e a s u r e m e n t s  for  e l e c t r o d e p o s i t e d  
coba l t  was  c a l c u l a t e d  as 140 k g / c m  ~. A v a l u e  of 14 
k g / c m  ~ was  d e t e r m i n e d  for  n i c k e l  e l ec t rodepos i t s .  
The  a v e r a g e  s t ress  v a l u e  of n i cke l  depos i t s  was  780 
k g / c m  2, and  for  coba l t  depos i t s  the  a v e r a g e  v a l u e  
was  1,660 k g / c m  ~. The  s t ress  m e a s u r e m e n t s  in  each  
g iven  s y s t e m  w e r e  r e p r o d u c i b l e  w i t h i n  t w i c e  t he  
s t a n d a r d  dev ia t ion .  M a g n e t i c  m e a s u r e m e n t s  w e r e  r e -  
p r o d u c i b l e  w i t h i n  t h e  e r r o r  of r e a d i n g  t h e  osc i l lo-  
scope w h i c h  was  •  
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Fig. 1. Effect of cobalt chloride concentration on the residual 
stress and magnetic properties of electrodeposited cobalt; (A) 
residual stress; (B) squareness (Br/Bm); and (C) coercive force 
vs. COCI2"6H20 concentration. 

Exper imenta l  Results 

Cobalt deposits.--The i n t e r n a l  s t ress  was  d e t e r -  
m i n e d  in coba l t  depos i t s  f r o m  so lu t ions  con ta in ing  
0.084M (20 g / l ) ,  0.168M (40 g / l ) ,  0.315M (75 g / l ) ,  
0.42M (100 g / l )  and  0.525M (125 g / l )  coba l t  ch lo -  
r ide  h e x a h y d r a t e .  The  c u r r e n t  d e n s i t y  was  16 m a /  
cm ~. T h e  i n t e r n a l  s t ress  g r a d u a l l y  i nc reases  as t h e  
coba l t  ch lo r ide  c o n c e n t r a t i o n  inc reases  up  to 75 g/1. 
F u r t h e r  i nc rea se  in  t he  coba l t  ch lo r ide  c o n c e n t r a t i o n  
(100-125 g / l )  dec reases  t he  r e s i d u a l  s t ress .  Thus  a 
m a x i m u m  s t ress  occurs  at  75 g/1 coba l t  ch lo r ide  
h e x a h y d r a t e  (see Fig .  1A) .  

The  m a g n e t i c  c ha r a c t e r i s t i c s  of the  depos i t s  w e r e  
o b t a i n e d  b y  o b s e r v a t i o n  of the  h y s t e r e s i s  loop of t he  
deposi ts .  The  squa re ne s s  ( B r / B m )  of t h e  coba l t  d e -  
pos i t s  t ends  to dec rea se  (0.78-0.64) w i t h  i nc r ea s ing  
sa l t  c o n c e n t r a t i o n  (Fig .  1B) .  T h e  coe rc ive  force  
va r i e s  f r o m  38 to 68 oe r s t eds  and  inc reases  as t h e  sa l t  
c o n c e n t r a t i o n  increases .  The  coe rc ive  force  i nc reases  
r a p i d l y  w i t h  a s m a l l  i nc rea se  in m e t a l  sa l t  concen -  
t r a t ion ,  bu t  f u r t h e r  add i t i ons  r e su l t s  in  s m a l l e r  
changes  of t he  coe rc ive  force  (Fig.  1C).  The  coerc ive  
force  as a func t ion  of t he  i n t e r n a l  s t ress  is shown  
in Fig.  2A. The  coerc ive  force  a p p e a r s  to be  d i r e c t l y  
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Fig. 2. Experimental and theoretical coercive force of cobalt as 
a function of the residual stress produced by varying salt concen- 
tration: (A) experimental coercive force vs. residual stress; (B) 
theoreticaJ coercive force (Hc ~ , l~./ ls) vs. residuaJ stress. 
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proportional to the internal stress up to 75 g/1 cobalt 
chloride and then increases with a decrease in the 
internal stress. The increase in coercive force with a 
decrease in stress is similar to the results of Polu-  
karov (3). 

X- ray  diffraction patterns of the deposits prepared 
from the low salt (20 and 40 g/l)  concentrations 
have a hexagonal-cubic structure, but the other de- 
posits at high salt concentrations have only a hexag-  
onal s tructure with no discernible cubic peaks. De- 

posits which are hexagonal have the (1120) plane 
parallel to the substrate while deposits with the mix-  

tured structure have the (1120) and in addition the 
(220) cubic plane parallel to the substrate. There 
appears to be more cubic phase in the 20 g/ l  deposit 
than in the 40 g/1 deposit based on the relative 
diffraction peak areas. 

Electron micrographs (20,000X) of the cobalt de- 
posits obtained at 20, 75, and 125 g/1 of cobalt chlo- 
ride hexahydrate  were examined to determine the 
surface characteristics. A series (12 areas} of micro- 
graphs was obtained to assure a representative pic- 
ture of the surface of each deposit. The 20 g/1 deposit 
is relatively smooth with a fine texture in the range 
of 50-100 m~. Approximately 15-20% of the surface 
shows a grain or crystallite development in the size 
range of 0.3/~. The 75 g/1 deposit displays the same 
fine texture as the 20 g/1 deposit but  the surface has 
become very  rough (on the 1~ scale) with little evi- 
dence of a characteristic grain structure. The 125 
g/1 deposit is also extremely rough, but there is 
better evidence of the development of grains similar 
to those observed in the 20 g/1 deposit. 

Heat t reatment of these deposits at 440~ in ni tro-  
gen for 2 hr  resulted in a decrease in the squareness 
and an increase in the coercive force of the deposits 
(Table I).  X- r ay  diffraction patterns indicate that 
the percentage cubic phase present in the deposits 
prepared at 20 and 40 g/1 cobalt chloride hexahy-  
drate has decreased, especially in the case of the 40 
g/1 deposit. Also the diffraction peak heights increase 
and are sharper in nature, indicating an increased 
particle size and/or  stress relief. No cobalt oxide 
phase was discernible f rom the diffraction peaks 
prior to or after the heat treatment.  The deposit pre-  
pared at 20 g/1 cobalt chloride showed the ' least  in-  
crease in the coercive force after heat t reatment  and 
the 40 g/1 cobalt chloride deposit showed the greatest 
increase in the coercive force after heat treatment.  
The other deposits increased in coercive force by ap- 
proximately the same amount after heat treatment.  

The influence of saccharin (Na salt O-benzoic sul- 
fimide) on the internal stress of cobalt deposits was 

Table I. Cobalt  deposits 

Magnetic p r o p e r t i e s  
M a g n e t i c  p r o p e r t i e s  p r i o r  to heat treatment 

af te r  hea t  t r e a t m e n t ,  440~ Coe rc ive  
Coe rc ive  S q u a r e n e s s  force,  S q u a r e n e s s  

g/1 COC12 fo rce  B r / B m  oe r s t eds  B r / B m  

20 46.5 0.54 38.0 0.78 
40 76.5 0.68 53.0 0.79 
75 80.5 0.64 62.5 0.72 

100 84.5 0.64 66.0 0.68 
125 80.5 0.66 68.0 0.64 
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Fig. 3. Effect of saccharin on the residual stress and magnetic 
properties of electrodeposited cobalt: (A) residual stress; (B) 
squareness (Br/Bm); and (C) coercive force vs. saccharin concen- 
tration. 

determined by depositing cobalt from a 20 g/1 cobalt 
chloride hexahydrate  solution containing 0.2 g/1 
(0.83 x 10-~M), 0.5 g/1 (2.07 x 10-~M), and 1.5 g/1 
(6.22 x 10-~M) of saccharin. The current density was 
16 m a / c m  ~. The internal stress decreases with in- 
creasing saccharin concentration. Initial concentra-  
tions of saccharin (0 g/l, 0.2 g/l, and 0.5 g / l )  de- 
crease the stress linearily, but  the 1.5 g/1 addition 
decreases the stress less rapidly, i.e., it is less effec- 
tive in reducing the stress (Fig. 3A) 

The magnetic characteristics of the deposits were 
obtained as before by observation of the hysteresis 
loop of the deposits. The squareness of the deposits 
tends to increase slightly from approximately 0.8 
B r / B m  to approximately 0.9 B r / B m  (Fig. 3B). Since 
the magnetostriction of the cobalt deposits is nega-  
tive the increase in squareness may be partially at- 
tributed to a tensile stress relief. The coercive force 
of the deposits decreases with increasing saccharin 
concentration but not in a linear manner  (Fig. 3C). 
Additions of small amounts of saccharin (0.2 and 
0.5 g / l )  decreases the coercive force from 38 oersteds 
to 8.5 oersteds at 0.5 g/1 of saccharin. However, the 
coercive force remains constant with fur ther  addi- 
tions of saccharin up to 1.5 g/l, although the internal 
stress continues to decrease. Deposits at high sac- 
charin concentrations (0.5 and 1.5 g/ l )  have a coer- 
cive force which is the same as normal bulk deposits, 
namely, 8 oersteds (4). The coercive force of the de- 
posits as a function of the internal stress is shown 
in Fig. 4A. 

X- ray  diffraction patterns of the deposits indicate 
a mixed hexagonal-cubic structure. Saccharin alters 
the orientation of the deposits from a hexagonal 

(1120), cubic (220) planes parallel to the substrate 

to a hexagonal (1010), cubic (111). In addition sac- 
charin increases the amount of cubic phase in the de- 
posit as based on the relative peak heights. 

Electron micrographs of the surface character-  
istics of each deposit were obtained at a magnifica- 
tion of 20,000 diameters (Fig. 5A-D).  The surface 
characteristics of the 0.5 and 1.5 g/1 saccharin de- 
posits are nearly identical as far  as can be estimated 
from the electron micrographs (Fig. 5C and D).  Both 
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Fig. 4. Experimental and theoretical coercive force of cobalt 
as a function of the residual stress produced by additions of sac- 
charin: (A) experimental coercive force vs. residual stress; (B) 
theoretical coercive force (Hc ~ ~. / Is)  vs. residual stress. 

possess rounded surface projections which appear to 
be polycrystalline aggregates in the range of 3-5~. 
The remainder of the surface (background) has an 
extremely fine texture in the range of 10-50 m#. 
Similar projections or aggregates in the 0.2 g/1 sac- 
charin deposit have dimensions in the range of 0.3- 
1.0# region. The background appears fine grained, 
but is more coarse than in the case of the 0.5 and 
1.5 g/1 saccharin deposits (Fig. 5B). The deposit 
without saccharin (20 g/1 CoC12-6H~O) is relatively 
smooth with a fine texture in the range of 50-100 m# 
(Fig. 5A). A few projections or grains in the size 
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Fig. 6. Effect of nickel chloride concentration on the residual 
stress and magnetic properties of electrodeposited nickel; (A) 
residual stress; (B) squareness (Br/Bm); and (C) coercive force 
vs. NiCI2-6H20 concentration. 

range of 0.3~ appear over approximately 15-20% of 
the surface but are not shown in Fig. 5A. 

Nicke1 deposits.--The internal stress was d'eter- 
mined in nickel deposits f rom solutions containing 
the following amounts of nickel chloride hexahy-  
drate: 0.084M (20 g/ l ) ,  0.168M (40 g/ l ) ,  0.294M (70 
g/ l ) ,  0.526M (125 g/ l ) ,  and 0.702M (167 g/ l ) .  The 
current density was 16 ma /cm ~. The internal stress 
increases as the nickel chloride concentration in- 
creases. In fact the increase is linear and is approxi-  
mately 2.7 kg /cm: /g ram/ l i t e r  addition of nickel 
chloride hexahydrate  (Fig. 6A). 

The magnetic characteristics of the deposits were 
obtained by observation of the hysteresis loop of the 
deposits. The squareness of the deposits decreases 
with increasing nickel chloride concentration from 
approximately 0.9 B r / B m  to 0.57 B r / B m  (Fig. 6B). 
Thus the remanent  magnetization decreases with in- 
creasing metal salt concentration. The coercive force 
of the deposits increases from 48 oersteds at the low- 
est salt concentration to 76 oersteds at highest salt 
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Fig. 5. Electron micrograph (magnification approximately 10,- 
000 X) of the surface of cobalt deposits prepared in the presence 
of: (A) 0 g/I;  (B) 0.2 g/I;  (C) 0.5 g/I;  and (D) 1.5 g/I  of 
saccharin and 20 g/I of CoCI~.6H~O. 
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Fig. 7. Experimental and theoretical coercive force of nickel as a 
function of the residual stress: (A) experimental coercive force 
vs. stress; (B) theoretical coercive force (He = ~)~/Is) vs. residual 
stress. 
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c o n c e n t r a t i o n  (Fig .  6C) .  Thus  the  coe rc ive  fo rce  i n -  
c reases  w i t h  i nc r ea s ing  i n t e r n a l  s t ress .  This  has  also 
been  p o i n t e d  out  b y  P o l u k a r o v  (5) .  The  coe rc ive  
fo rce  as a func t ion  of the  i n t e r n a l  s t ress  is shown  in 
Fig.  7A. 

X - r a y  d i f f rac t ion  p a t t e r n s  of t he  depos i t s  i nd i ca t e  
a f a c e - c e n t e r e d  cubic  s t r u c t u r e  t y p i c a l  of n i cke l  w i t h  
a dec r ea s ing  (220) o r i e n t a t i o n  of t he  depos i t  as t he  
n i cke l  ch lo r ide  c o n c e n t r a t i o n  inc reases  f rom 20 to 
125 g/1. T h e  depos i t  a t  167 g/1 n i c k e l  ch lo r ide  con-  
c e n t r a t i o n  a p p e a r s  to be  r a n d o m  in o r i en ta t ion .  

E l ec t ron  m i c r o g r a p h s  of t h e  depos i t s  w e r e  ob -  
t a i ned  at  a magn i f i ca t ion  of 20,000 d i ame te r s .  The  
g r a i n  size d i s t r i b u t i o n  is v e r y  b r o a d  in  the  20 and  40 
g/1 depos i t s  m a k i n g  an  e s t i m a t e  of t he  g ra i  n size 
difficult .  The  t e x t u r e  or  b a c k g r o u n d  of t he  depos i t  is 
f inely  c r y s t a l l i n e  in n a t u r e  and  smooth .  I t  w o u l d  a p -  
p e a r  t h a t  t he  20 g/1 depos i t  has  a l a r g e r  g r a i n  size 
t h a n  the  40 g/1 deposi t .  The  70 g/1 depos i t  i nc ludes  
l a rge  con t inuous  masses  w h i c h  a r e  p r o b a b l y  s ingle  
c rys t a l s  or  g r a in s  w i t h  d imens ions  in t he  n e i g h b o r -  
hood  of  10#. These  l a r g e  flat  c r y s t a l s  a r e  connec t ed  
b y  s m a l l e r  c r y s t a l s  or  g r a in s  in t he  n e i g h b o r h o o d  of 
1~ (Fig .  8A) .  The  125 g/1 depos i t  d i s p l a y s  t hese  l a r g e  
g r a i n  masses ,  b u t  in m u c h  s m a l l e r  p ropo r t i ons .  These  
a r e  occas iona l ly  j o i n e d  to each  o ther ,  b u t  in mos t  i n -  
t ances  t h e y  a r e  s e p a r a t e d  b y  a r eas  con ta in ing  c r y s -  
t a l s  in the  r a n g e  of 1.0# (Fig .  8B) .  The  167 g/1 d e -  
pos i t  does  no t  con ta in  a n y  l a r g e  c r y s t a l  or  g r a i n  
masses ,  b u t  consis ts  of a r e l a t i v e l y  u n i f o r m  c r y s t a l -  
l i t e  size of 0.5-1.0# (Fig .  8C) .  

A n n e a l i n g  of t he  depos i t s  a t  440~ in n i t r o g e n  for  
2 h r  r e su l t s  in a g e n e r a l  i nc rea se  in s q u a r e n e s s  and  a 
dec rea se  in  t he  coerc ive  force  ( T a b l e  I I ) .  This  is in  

Fig. 8. Electron micrographs (magnification approximately 10,- 
000 X) of the surface of nickel deposits prepared from a solution 
containing: (A) 70 g/I; (B) 125 g/I; and (C) 167 g/I NiCI2.6H~O. 
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Table II. Nickel deposits 
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Magnetic properties Magnetic properties 
after heat treatment, 440 ~ p r i o r  to heat treatment 

Coercive Coercive 
g/1 force, Squareness force, Squa renes s  

NiC12.6H20 oersteds Br /Bm oersteds B r / B m  

20 42.0 0.93 48.0 0.89 
40 51.0 0.74 56.0 0.59 
70 51.0 0.78 60.0 0.60 

125 65.0 0.79 74.0 0.60 
167 56.0 0.81 76.0 0.57 

d i rec t  con t r a s t  w i t h  those  r e su l t s  o b t a i n e d  w i t h  t he  
coba l t  depos i t s  u n d e r  a s im i l a r  h e a t  t r e a t m e n t  
( T a b l e  I ) .  X - r a y  d i f f rac t ion  p a t t e r n s  of h e a t  t r e a t e d  
depos i t s  i nd i ca t e  s l igh t  changes  in  the  o r i e n t a t i o n  of  
t he  deposi ts .  The  depos i t  w h i c h  was  i n i t i a l l y  r a n d o m  
in o r i e n t a t i o n  (167 g / l )  showed  the  l a rge s t  dec rea se  
in  t h e  coe rc ive  force.  I t  shou ld  be  p o i n t e d  out  t h a t  
the  r e su l t s  f r o m  the  hea t  t r e a t m e n t  could  h a v e  been  
p r e d i c t e d  q u a l i t a t i v e l y  f r o m  t h e  coerc ive  force  vs.  
i n t e r n a l  s t ress  cu rves  if a s t ress  r e l i e f  shou ld  occur  
(Fig .  7A) .  

Discussion 

A source  of i n t e r n a l  s t ress  m a y  be  i m p e r f e c t i o n s  
in the  c r y s t a l  s t r u c t u r e  of t he  e l e c t r o d e p o s i t e d  m a -  
te r ia l .  A t ens i l e  s t ress  can  be  a t t r i b u t e d  to t h e  e x i s t -  
ence of a c e r t a i n  p r o p o r t i o n  of v a c a n t  s i tes  in  each  
l a t t i ce  l ayer .  A c o m p r e s s i v e  s t ress  occurs  w i t h  an  
i n t e r s t i t i a l  o c c u p a n c y  of a fo re ign  m a t e r i a l  in  t he  
c r y s t a l  s t ruc tu re .  The  m e a s u r e d  s t ress  m a y  be  d e t e r -  
m i n e d  b y  a p r e p o n d e r a n c e  of one t y p e  of i m p e r -  
fec t ion  over  the  o ther .  The  s t r e s s o m e t e r  used  in th is  
i nves t i ga t i on  m e a s u r e s  t he  a v e r a g e  s tress .  Conse -  
quen t ly ,  t h e r e  cou ld  be h i g h l y  loca l ized  s t resses  of  
bo th  a t ens i l e  and  c o m p r e s s i v e  n a t u r e  in  t he  depos i t  
w h i c h  a r e  not  d e t e c t e d  b y  s i m p l y  m e a s u r i n g  the  
a v e r a g e  stress.  H o w e v e r ,  i t  can  be  a s s u m e d  t h a t  gen -  
e r a l l y  t he  a v e r a g e  s t ress  is a r e s u l t  of loca l i zed  s t ress  
~ rad ien t s  in t h e  deposi t .  The  h i g h e r  t he  s t ress  g r a d i -  
en ts  in  the  deposi t ,  t he  h i g h e r  wi l l  be  t he  v a l u e  of t he  
a v e r a g e  s tress .  This  a s s u m p t i o n  is obv ious ly  i nva l i d  
if t he  s t ress  g r a d i e n t s  in t he  depos i t  a r e  h i g h l y  
n o n u n i f o r m  in na tu r e .  U n d e r  t he  cond i t ions  i n v e s t i -  
ga ted ,  a l l  of t he  depos i t s  e x h i b i t e d  a t ens i l e  s t ress .  

No e x t e n s i v e  effort  was  m a d e  in th i s  i nves t i ga t i on  
to e l i m i n a t e  i m p u r i t i e s  o the r  t h a n  the  use  of r e a g e n t  
g rade  chemica ls ,  and  t h e r e f o r e  t he  effect of i m p u r i -  
t ies  canno t  be  d i sa s soc i a t ed  f rom those  of s t ress .  
Thus,  even  t h o u g h  in c e r t a i n  i n s t ances  t he  s t ress  can  
be  c o r r e l a t e d  d i r e c t l y  w i t h  the  coerc ive  force,  i t  does  
not  n e c e s s a r i l y  m e a n  t h a t  t he  s t ress  is t he  cause  of 
t he  coe rc ive  force.  H o w e v e r ,  i t  is l i k e l y  t h a t  w h a t -  
eve r  inf luences  t he  i n t e r n a l  s t ress  s u b s e q u e n t l y  
causes  the  s ame  effect on the  coerc ive  force.  

Hea t  t r e a t m e n t  of the  coba l t  depos i t s  a t  440~ in 
n i t r o g e n  for  2 h r  r e s u l t e d  in a dec rea se  in squa renes s  
( B r / B m )  and  an  inc rease  in t he  coe rc ive  force  of 
a l l  deposi ts .  The  i nc rea se  in coe rc ive  fo rce  a f t e r  hea t  
t r e a t m e n t  m a y  be  a t t r i b u t e d  to a d e c r e a s e  in t he  
i n t e r n a l  s t ress  of  t he  depos i t s  p r e p a r e d  f r o m  so lu -  
t ions  con ta in ing  75, 100, and  125 g/1 coba l t  ch lo r ide  
acco rd ing  to  t he  coerc ive  force  vs.  i n t e r n a l  s t ress  
r e l a t i o n  as shown  in Fig.  2A. H o w e v e r  depos i t s  p r e -  
p a r e d  f r o m  the  low c o n c e n t r a t i o n  of sa l t  (20 and  40 
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g / l )  canno t  be exp la ined  on a stress re l ief  basis  since 
the coercive force should have  decreased wi th  a 
stress re l ief  r a t h e r  t h a n  increased  (see Fig. 2A) .  This  
anomalous  behav io r  m a y  be exp la ined  by  the  de-  
crease in  the  cubic crys ta l  s t ruc tu re  of these deposits  
on heat  t r e a t m e n t  as shown by  x - r a y  diffraction.  
Consequen t ly ,  the cubic s t ruc tu re  of cobalt  decreases 
the coercive force over  tha t  of the  hexagona l  cobal t  
s t ruc ture ,  and  as the cubic phase  decreases due to 
heat  t r e a t m e n t  the  coercive force increases.  These 
da ta  subs t an t i a t e  resul t s  shown  in  Fig. 2 wh ich  i n -  
dicate tha t  the  cubic  phase decreases  the  coercive 
force of hexagona l  cobal t  deposit  u n d e r  the  same 
stress condit ions.  

Heat  t r e a t m e n t  of the  n icke l  deposits at 440~ in  
n i t r ogen  for 2 hr  decreased the  coercive force a n d  i n -  
creased the  squareness  ( B r / B m ) .  The  decrease  in  co- 
erc ive  force could have  been  pred ic ted  qua l i t a t i ve l y  
f rom the  coercive force v s .  i n t e r n a l  stress curve  in  
Fig. 7A. The  increase  in squareness  can be exp la ined  
on a stress re l ief  basis  since it  is wel l  k n o w n  tha t  a 
tens i le  stress re l ief  on a nega t i ve  magne tos t r i c t ive  
ma te r i a l  wi l l  increase  the r e m a n e n c e  (1) .  Thus  the  
magne t i c  proper t ies  of n icke l  deposits  before  and  
af ter  hea t  t r e a t m e n t  can be exp l a ined  on a stress r e -  
lief basis  r a the r  t h a n  on a crys ta l  s t ruc tu re - s t r e s s  
basis as in  the case of the  cobal t  deposits.  

The coercive force of n icke l  deposits  is d i rec t ly  
re la ted  to the  i n t e r n a l  stress. This  suggests a model  
proposed by  Ke r s t en  re l a t ing  the  coercive force to 
stress in  the mater ia l .  K e r s t e n  (6) (neg lec t ing  the  
ene rgy  associated wi th  magne t i c  pole effects) re -  
lates the  coercive force to the  stress as follows: 
H c  ~ crk / I s ,  where  k is the magne tos t r i c t ion ,  cr the  
i n t e r n a l  stress, and  I s  the  s a tu ra t ion  magne t i za t ion .  
Thus  the coercive force at a g iven  composi t ion  and  
o r i en ta t ion  ( cons tan t  ~ and  I s )  is d i rec t ly  p ropor -  
t iona l  to the  r e s idua l  stress. Ca lcu la t ions  of the  co- 
erc ive  force of n icke l  deposits  p r epa red  at va r ious  
salt  concen t ra t ions  by  subs t i t u t i ng  the  e x p e r i m e n t a l  
va lue  of the  i n t e r n a l  stress, a magne tos t r i c t ive  va l ue  
of 34 x 10 ~, and  a s a tu ra t ion  magne t i z a t i on  of 484 
gauss resul t s  in coercive force va lues  of 41-68 
oersteds. A plot  of the  ca lcu la ted  and  e x p e r i m e n t a l  
coercive force v s .  the i n t e r n a l  stress is shown  in  
Fig. 7A and  B. The a g r e e m e n t  b e t w e e n  the  ca lcu-  
la ted  and  e x p e r i m e n t a l  resu l t s  is qu i t e  good. 

Ca lcu la t ing  the  coercive force of cobal t  deposits 
on the  same basis at v a r y i n g  salt  concen t ra t ions  by  
subs t i t u t i ng  the e x p e r i m e n t a l  stress values ,  a sa t -  
u r a t i on  magne t i za t i on  va lue  of 1422 gauss, and  a 
magne tos t r i c t ive  va lue  of 25 x 10 -~ resul ts  in  coer-  
cive force va lues  of 29-37 oersteds. The i n t e r n a l  
stress v s .  the  ca lcu la ted  coercive force is shown in  
Fig. 2B. E x p e r i m e n t a l l y  the coercive force ranges  
f rom 38 to 68 oersteds. A g r e e m e n t  b e t w e e n  t he  ca l -  
cu la ted  and  e x p e r i m e n t a l  coercive force v s .  i n t e r n a l  
stress is obvious ly  poor  due  to the  fact  t ha t  the  
e x p e r i m e n t a l  resu l t s  are  no t  l i nea r  w i th  stress. In  
the  case of cobal t  deposits in  the  presence  of v a r i -  
ous a m o u n t s  of sacchar in  s imi la r  ca lcu la t ions  of the 
coercive force r ange  f rom 15 to 34 oersteds, and  a 
plot  of the  coercive force v s .  res idua l  stress is shown 
in  Fig. 4B. Aga in  a g r e e m e n t  w i th  the  ca lcula ted  
resul ts  is poor since the  e x p e r i m e n t a l  coercive force 

v s .  res idua l  stress is not  l inear .  A l t h o u g h  the  in i t i a l  
and  final va lues  of the ca lcula ted  coercive force 
agrees wel l  w i th  the e x p e r i m e n t a l  values ,  i n t e r -  
med ia te  va lues  are  gene ra l ly  too high. Thus  the  
coercive force of cobal t  deposits  is d e p e n d e n t  on 
other  factors in  add i t ion  to the  res idua l  stress, 
e .g . ,  C u - H e x  s t ruc ture .  In  fact  the  coercive force of 
the  hexagona l  cobal t  deposits  (high salt  concen t r a -  
t ion)  is inve r se ly  p ropor t iona l  to the  res idua l  stress, 
i .e . ,  the coercive force increases  wi th  decreas ing re -  
s idual  stress. 

The  surface charac ter is t ics  of the  deposi ted co- 
bal t  is d e p e n d e n t  on the sal t  concen t r a t i on  and  on 
the  sacchar in  concen t ra t ion .  Inc reas ing  cobalt  salt  
concen t r a t i on  increases  the  surface roughness  of 
the  deposi ted cobalt .  Add i t ions  of sacchar in  resu l t  
in  a f iner b a c k g r o u n d  t e x t u r e  of the cobal t  deposit  
with the formation of large polycrystalline aggre- 
gates on the surface. Thus a stress relief can be 
associated with a grain refinement or a finer back- 
ground texture. In the case of nickel deposits in- 
creasing salt concentration results in the formation 
of small crystallites at high salt concentration, 

but large fiat crystals are formed at low salt 
concentrations. The internal stress increases with 
increasing salt concentration, and a decrease in stress 
can be associated with the formation of large fiat 
crystals. 

Summary 
It  has been  shown tha t  a mixed  c u b i c - h e x a g o n a l  

s t ruc tu re  of cobalt  occurs at  a low cobal t  chlor ide 
concen t ra t ion .  The  cubic phase  resul t s  in  a lower  
coercive force since at t he  same i n t e r n a l  stress va lue  
the c u b i c - h e x a g o n a l  s t ruc tu re  has a lower  coercive 
force t h a n  the  hexagona l  s t ruc ture .  The effect of 
the  cubic phase  m a y  be a t t r i b u t a b l e  to a l ower ing  
of the high c rys ta l l ine  an i so t ropy  of the  deposi t  
which results in lower coercive force values. It 
should also be noted that a stress relief of a hex- 
agonal cobalt deposit increases the coercive force. 
Saccharin increases the cubic phase of the cobalt 
with respect to the hexagonal phase and reduces 
the coercive force. It also reduces the residual stress 
considerably, but the reduction of the coercive force 
is more likely due to an increase in the cubic phase 
rather than a stress relief. The residual stress vs. 

the  coercive force of cobal t  deposits  is no t  l inear ,  
and  it would  appear  tha t  the  coercive force is p r i -  
m a r i l y  d e t e r m i n e d  by  the c rys ta l l ine  anisot ropy.  In  
cont ras t  to the cobal t  deposits  the  magne t i c  p rop -  
ert ies  of n icke l  deposits  appea r  to be  d i rec t ly  r e -  
la ted to the res idua l  stress. This  is shown  by  the  
l inear  re la t ion  of the  coercive force v s .  stress curve.  
In  addi t ion  the  coercive force ca lcula ted  as proposed 
by K e r s t e n  ( H c  = ~ k / I s )  agrees qu i te  wel l  w i t h  the  
e x p e r i m e n t a l  coercive force. A low stress appears  
to be associated w i th  a g r a i n  r e f inemen t  i n  the  case 
of cobal t  deposits  and  wi th  the f o r ma t i on  of l a rge  
fiat crystals in the case of nickel deposits. 
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of Chemically Deposited Cobalt for High-Density Storage 
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ABSTRACT 

Chemical ly  reduced  cobalt  coatings on a nonconduct ive  subs t ra te  (Mylar )  
have been p repa red  which are  sui table  for h igh-dens i ty  da ta  s torage appl ica-  
tions. The influence of deposi t ion pa rame te r s  such as tempera ture ,  to ta l  solu-  
tion concentra t ion of cobal t  plus hypophosphi te  ion, and pH on the hysteres is  
p roper t ies  and surface character is t ics  of chemical ly  reduced  cobal t  was in -  
vest igated.  The deposi ts  a re  isotropic in na tu re  so tha t  no p re fe r red  direct ion 
of magnet iza t ion  exists in the  p lane  of the film. The coercive force of the  de -  
posits is an inverse  funct ion of the thickness,  and the squareness  (B r /Bm)  is 
p r imar i l y  dependent  on the thickness.  The sa tura t ion  magnet iza t ion  may  va ry  
f rom 8,000 to 14,000 gauss depending  on the impur i ty  content  of the deposit.  A 
typical  deposi t  has a coercive force of 360 oersteds at  a thickness  of 13,000A. The 
deposits  are  c rys ta l l ine  as evidenced by  x - r a y  diffract ion pa t te rns  and e lec t ron 
microscopy in contras t  to chemical ly  reduced  nickel  deposits  which are  re -  
por ted  to be amorphous.  Recording character is t ics  of the deposi ts  are s imi lar  to 
those of commercia l  oxide recording  tapes. 

E l e c t r o d e p o s i t e d  c o b a l t - n i c k e l  f i lms and  i ron  o x -  
ide  (FelOn) coa t ings  h a v e  been  used  as h i g h - d e n s i t y  
d a t a  s t o r age  m a t e r i a l s  on d r u m s ,  disks,  and  tapes .  
R e q u i r e m e n t s  for  h i g h - d e n s i t y  d a t a  s to rage  a r e  
we l l  k n o w n  and  have  been  d i scussed  by  m a n y  i n -  
v e s t i g a t o r s  (1) .  In  gene ra l ,  t he  r e q u i r e m e n t s  a re :  
(a )  a m a g n e t i c  coa t ing  w i t h  a n e a r l y  r e c t a n g u l a r  
B - H  loop,  (b )  a h igh  coe rc ive  force  g e n e r a l l y  
g r e a t e r  t h a n  200 oers teds ,  and  (c)  a r e l a t i v e l y  low 
ra t i o  of r e m a n e n t  m a g n e t i z a t i o n  to coe rc ive  force.  
The  w o r k  r e p o r t e d  h e r e  was  u n d e r t a k e n  to  a s c e r -  
t a i n  w h e t h e r  c h e m i c a l l y  r e d u c e d  f i lms of  coba l t  
could  be  o b t a i n e d  w i t h  su i t ab l e  m a g n e t i c  p r o p e r t i e s  
for  h i g h - d e n s i t y  s t o r age  app l i ca t ions .  S u b s e q u e n t l y ,  
the  hys t e r e s i s  p r o p e r t i e s  of c h e m i c a l l y  r e d u c e d  co-  
ba l t  w e r e  e v a l u a t e d  w i t h  r e spec t  to th ickness ,  d e p -  
os i t ion p a r a m e t e r s ,  a n d  m i c r o s t r u c t u r e .  C h e m i c a l  
r e d u c t i o n  is e s s e n t i a l l y  a con t ro l l ed  a u t o c a t a l y t i c  
r e d u c t i o n  of coba l t  a n d / o r  n i cke l  on an  ac t ive  m e t a l  
(Pd ,  A1, Ni,  Co, and  F e )  in  t h e  p r e s e n c e  of h y p o -  
p h o s p h i t e  ion. The  m e t h o d  is a t t r i b u t e d  to  B r e n n e r  
(2) .  

Experimental Procedure 
Film preparation.--In th i s  i n v e s t i g a t i o n  M y l a r  was  
used  as a s u b s t r a t e  m a t e r i a l .  The  M y l a r  f i lm (7.16 
cm x 10 3 cm th i ck )  was  c l eaned  by :  (a )  d i p p i n g  
into  a so lu t ion  of 3N NaOH,  (b )  r i n s i n g  in d i s t i l l ed  

w a t e r ,  (c) d i p p i n g  into  a so lu t ion  of 3N HC1, and  
(d)  r ins ing  in d i s t i l l ed  w a t e r  fo l lowed  by  r in s ing  in 
acetone.  D i rec t  depos i t i on  of coba l t  onto  t he  M y l a r  
r e s u l t e d  in a depos i t  w h i c h  d id  no t  adhere .  To 
e n h a n c e  the  a d h e s i o n  an i n t e r m e d i a t e  o rgan ic  coa t -  
ing  ( an  adhes ive )  was  p l aced  b e t w e e n  the  M y l a r  
and  the  coba l t  deposi t .  The  adhes ive  was  a p p l i e d  
b y  i m m e r s i n g  the  M y l a r  in to  a 1:3 m i x t u r e  of a d -  
hes ive  1 w i t h  m e t h y l  e t h y l  k e t o n e  and  w i t h d r a w i n g  
at  a r a t e  of 0.84 c m/ se c .  The  a d h e s i v e  coa ted  M y l a r  
was  then  a i r  d r i e d  for  30 ra in  and  c u r e d  for  10 h r  
a t  80~ To a c t i v a t e  t he  M y l a r - a d h e s i v e  sur face ,  
s t annous  ch lo r ide  and  p a l l a d i u m  ch lo r ide  w e r e  used.  
The  s t annous  ch lo r ide  so lu t ion  ( sens i t i z ing  so lu-  
t ion)  con t a ined  20 g/1 of s t annous  ch lor ide ,  10 m l  
of c o n c e n t r a t e d  HC1 a c i d / l i t e r ,  and  0.0166 g/1 of 
s o d i u m  l a u r y l  sul fa te .  The  so lu t ion  w i l l  no t  w e t  
t he  M y l a r - a d h e s i v e  su r face  s a t i s f ac to r i l y  un less  
2-3 h r  has  e l a p se d  be fo re  i m m e r s i o n  of t he  sample .  
The  so lu t ion  is u sed  in a p r e c i p i t a t e d  condi t ion ,  i.e., 
a y e l l o w  co lo ra t i on  due  to t he  f o r m a t i o n  of s t a n -  
nous  oxych lo r ide .  The  p a l l a d i u m  ch lo r ide  so lu t ion  
( a c t i v a t i n g  so lu t ion)  con t a ined  0.5 g/1 of p a l l a d i u m  
ch lo r ide  and  5 m l  of c o n c e n t r a t e d  HC1 a c i d / l i t e r .  
The  t e m p e r a t u r e  of the  sens i t i z ing  and  a c t i v a t i n g  

1 A d h e s i v e  No. 200 TF supplied by the Shipley Company,  Welles- 
ley,  Massachusetts. 
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solutions was 25 ~ A s tandard  coba l t -hypophosphi te  
solution was p repa red  and contained the fol lowing 
unless otherwise  specified: 7.5 g/1 (0.031M) cobalt  
chloride hexahydra te ,  3.52 g/1 (0.033M) sodium hy-  
pophosphi te  monohydra te ,  12.5 g/1 (0.23M) am-  
monium chloride, 17.9 g/1 (0.093M) citric acid, 
0.0145 g/1 sodium lauryI  sulfate,  and sufficient so- 
d ium hydrox ide  to adjus t  the pH to 8.2. The t em-  
pe ra tu re  of the coba l t -hypophosphi te  solution was 
80~ and was control led to --0.5~ by  means  of 
a heat ing mantle .  The total  volume of the solution 
was 27.6 liters.  Al l  solutions were  p repa red  by  dis-  
solving reagent  grade chemicals in dis t i l led wa te r  
and were  used wi thout  fu r the r  t r ea tmen t  or purif i -  
cation. 
Magnetic measuremen t s . - -B -H  loop measurements  
were  made with  a low-f requency  (60 cycle) hys-  
teresis  loop t racer  s imi lar  to tha t  descr ibed by  
Howling (3).  The m a x i m u m  dr ive  field wi thout  
overheat ing was 1,030 oersteds. A Tekt ronix  536 
oscilloscope was used with  a type  53/54E p re -  
amplifier  on the ver t ica l  input  (B) and a 53/54B 
preampl i f ier  on the horizontal  input  (H) .  The m a x -  
imum ver t ica l  sensi t ivi ty  was 0.29 m a x w e l l s / c m  
deflection. 
Electron microscopy and x - ray  d i~ract ion. - -Sam- 
ples examined  wi th  the electron microscope were  
repl ica ted  by  apply ing  a co l lod ion-p la t inum repl ica  
fol lowed by  shadowing with  carbon. The mag-  
nification in all  instances was 20,000 diameters .  The 
x - r a y  diffraction pa t te rns  were  obtained using a 
Norelco x - r a y  diffractometer.  Chromium K ~ r ad i -  
ation was used on the cobalt  deposits. 
Errors and reproducibil i ty .--Coating thicknesses 
were  calculated from the coating weight  and the 
theoret ica l  densi ty  of cobal t  corrected for the  phos-  
phorous content ( approx ima te ly  4%) .  The phos-  
phorous content was de te rmined  using a s tandard  
color imetr ic  procedure  (4).  A n y  apprec iab le  po-  
rosity of the  coating will  resul t  in thickness values  
tha t  are smal ler  than  the actual  thickness.  However ,  
microscopic examinat ion  of the coatings indica ted  
tha t  the  porosi ty  e r ror  was small  since the volume 
of the pores was approx ima te ly  1-4% of the to ta l  
volume of the deposit. 

For  fixed p repara t ion  conditions the  values of 
the coercive force of the deposits are reproducib le  
wi th in  -----10% and the flux densi ty  values  (Br and 
Bm) wi th in  -----5%. The calculated flux densit ies are 
not necessar i ly  absolute as the appl ied  field was only 
two to three  t imes the coercive force of the de-  
posi ted cobalt.  

Experimental  Results 

Total concentration of cobalt plus hypophosphite.  
- - I n i t i a l l y ,  cobalt  solutions were  p repa red  accord-  
ing to Brenner  (2).  These solutions produced de-  
posits wi th  a coercive force of 20-50 oersteds de-  
pending on the exper imen ta l  conditions. The de-  
posits were  unsat is fac tory  since the coercive force 
was muc h too low for h igh-dens i ty  data  s torage 
applications.  I t  was de te rmined  ea r ly  in this  inves-  
t igat ion tha t  a high concentra t ion of cobalt  and hy -  
pophosphi te  ions ( typica l  of solutions descr ibed by  
Brenner)  genera l ly  produced deposits  wi th  a low 
coercive force. Af te r  considerable  invest igat ion a 
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Fig. 1. Coercive force, remanent and maximum flux densities of 
cobalt deposits as a function of thickness. 

s tandard  solution was formula ted  which produced 
deposits wi th  values  of coercive force grea te r  than  
200 oersteds at thicknesses less than 2~. The solu-  
t ion const i tuents  are  s imilar  to those descr ibed by  
Brenner ,  the essential  difference being tha t  the so- 
lut ion was very  di lute  (see Expe r imen ta l ) .  

The magnet ic  proper t ies  of cobalt  deposits p r e -  
pa red  f rom the s tandard  solution are  a function of 
the thickness.  The coercive force, r emanen t  (Br)  
and m a x i m u m  (Bin) flux densi ty  of deposits as a 
function of thickness are  shown in Fig. 1. Both the  
r emanen t  and m a x i m u m  flux densi ty  appear  to de -  
crease wi th  increasing thickness f rom 4,000 to 13,- 
000A2 The squareness ( B r / B m )  of the deposits de-  
creases wi th  increasing thickness f rom 90% at ap-  
p rox ima te ly  4,000A to 74% at approx ima te ly  10,- 
000A. The average  (4,000-14,000A) flux densi ty  of 
cobalt  deposits was 10,500 gauss in comparison to 
18,000 gauss for pu re  cobalt.  Analys is  of the  deposits  
indicates  an average  phosphorous content  of 4% 
with  a t race quant i ty  (less than  0.5%) of copper 
and nickel. The phosphorous content undoubted ly  
is p r imar i l y  responsible  for the loss in m a x i m u m  
flux densi ty  of the deposi ted cobalt  in comparison 
to pure  cobalt. The coercive force decreases wi th  
increasing thickness f rom 470 oersteds at  4,000A 
to 360 oersteds at  10,000A. In ex t r eme ly  thin  films 
(<2,500A) the coercive force may  be grea te r  than  
650 oersteds (Table  I) .  Under  the conditions in-  
ves t iga ted  the  coercive force was de te rmined  %o be 
an inverse function of the  thickness to the  one 
th i rd  power.  By plot t ing the logar i thm of the  co- 
ercive force vs. the logar i thm of the thickness a 

2 I n  t h e  c a s e  of  B m  t h e  d e c r e a s e  i n  f lux d e n s i t y  m a y  be  f o r t u i t o u s  
s i n c e  a n y  e r r o r  i n  t h i c k n e s s  w i l l  r e s u l t  i n  r e l a t i v e l y  l a r g e  e r r o r s  o~ 
B m  in  t h e  t h i n  f i lm  r e g i o n .  H o w e v e r ,  C r / r  a s  w e l l  as  B r / B m  def i -  
n i t e l y  d e c r e a s e s  as  e v i d e n c e d  by  h y s t e r e s i s  loops .  

Table I. Grain size and coercive force of thin films 
of chemically reduced cobalt 

Coercive force, 
T h i c k n e s s ,  A G r a i n  s ize ,  ~ o e r s t e d s  

700 0.1 >650 
1,200 0.2 >600 
2,300 0.45 500 
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Fig. 2. Electron micrographs (magnification approximately 10,- 
000X) of cobalt deposits at thicknesses of (A) 700A., (B) 1200A, 
(C) 2,300A, (D) 7,000A and (E) 14,000A. 

linear plot was obtained whose slope is one third. 
Thus the coercive force may be expressed as Hc ~- 
KT-1% 

Electron mierographs (20,000X) of the surface 
of deposits prepared at 700A (3 min),  1,200A (5 
min),  2,300A (10 rain), 7,000A (30 rain) and at 
14,000A (60 rain) were obtained to study the effect 
of thickness on the surface characteristics. The 
electron micrographs are shown in Fig. 2 A,B,C,D, 
and E. Examination of the mierographs indicated 
that initially (Fig. iA)  the deposit consists entirely 
of crystallites in the size range of 0.08-0.15~ pro-  
jeeting above the surface; as the deposit becomes 
thicker these erystallites become larger (colonies, 
aggregates, or single crystals) but  fewer in number.  
For example, at 10 rain these crystallites have a 
size of approximately 0.40-0.50~ (Fig. 2C) and at 
60 min (Fig. 2E) the size (diameter) increased to 
1.5~ to 2.0/z. The height of these crystallites above 
the surface (estimated from shadow) apppears to 
decrease slightly with increasing thickness, but  the 
number  per unit area decreases rapidly. Therefore, 
the average smoothness increases as the deposit be- 
comes thicker, but locally the surface may be quite 
rough. The surface texture or background of the 
deposit becomes apparent at a thickness of approx- 
imately 2,300A (Fig. 2C). The background growth 
becomes more well-defined as the thickness in- 
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creases, i.e., edges and facets are apparent  in the 
thicker deposits (Fig. 2E). 

X - r a y  diffraction data indicate that the deposits 
are crystalline, finely grained, and have a hexagonal 
structure typical of cobalt. The crystallinity is in 
contrast to chemically deposited nickel which is re-  
ported to be amorphous (5). The diffraction patterns 

indicate a (10-[0) preferred orientation parallel to 
the substrate. The relative peak broadening in- 
creases as the thickness decreases indicating a finer 
grain size and/or  increasing stress with a decrease 
in thickness. 

The deposition rate increases directly with an 
increase in solution concentration of cobalt plus hy-  
pophosphite ion. Therefore, to determine the effect 
of total concentration on the magnetic properties, 
deposits were compared at equal thicknesses. So- 
lutions were prepared at 1.8, 4.0 (standard solution), 
7.3, and 14.5 g / l  of cobalt plus hypophosphite con- 
centration at a fixed cobalt to hypophosphite ra-  
tio of 0.86. The magnetic properties as a function 
of thickness were determined at each concentration 
of cobalt plus hypophosphite ion. The coercive force 
vs. thickness for deposits prepared at 1.8, 4.0, and 
7.3 g/1 concentration is shown in Fig. 3 while the 
results for 14.5 g/1 are shown in Fig. 4. Increasing 
the total concentration of cobalt and hypophosphite 
ion at a fixed ratio of cobalt to hypophosphite (0.86) 
increases the coercive force from 315 oersteds (10,- 
000A) to 390 oersteds (10,000A) at a concentra- 
tion of 1.8-7.3, but at 14.5 g/1 the coercive force de- 
creases to 47 oersteds (10,000A). Thus a high con- 
centration of cobalt plus hypophosphite ion, i.e., 
between 7.3 and 14.5 g/1 at a cobalt to hypophosphite 
ratio of 0.86, produces deposits with a low coercive 
force. The remanent  flux density decreases as the 
thickness increases in all cases (1.8, 4.0, 7.3, and 
14.5 g/1 Co ++ plus H~PO2-). The desposits prepared at 
the low concentration (1.8) have the highest 
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Fig. 3. Coercive force of chemically reduced cobalt as a function 
of thickness at various total concentrations of cobalt plus hypo- 
phosphite ion: �9 Co ++ plus H2PO~- ~ 7.3 g/I; A Co +* plus H~PO2- 
= 4.0 g/I;  o Co ** plus H~PO2- ~ 1.8 g/I; cobalt ion to hypopbos- 
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r emanen t  and m a x i m u m  flux densities. The square-  
ness ( B r / B m )  of the deposits genera l ly  decreases 
wi th  increasing thickness,  but  deposits f rom the 
di lu te  solutions tend to have a s l ight ly  h igher  
squareness in comparison with  deposits p repa red  
at  the  h igher  (14.5 g / l )  concentrat ion of cobal t  
plus hypophosphi te  ion. 

In~uence o] p H . - - T h e  influence of pH on the co- 
ercive force of chemical ly  deposi ted cobalt  was de-  
t e rmined  at pH values  f rom 7.0 to 9.0 at in terva ls  
of 0.2 pH unit.  The coercive force as a function of 
thickness was de te rmined  at each ind iv idua l  pH 
value. The coercive force decreases wi th  increasing 
thickness at  all  pH values.  The magni tude  of the  
coercive force at a given thickness is nea r ly  con- 
s tant  at  pH values be tween  7.4 and 8.2. However,  an 
increase in coercive force at a given thickness oc- 
curs at  pH values f rom 8.2 to 8.6, e.g., 389 oersteds 
(8.2) to 406 oersteds (8.6). Between a pH of 8.6 to 
9.0 a drast ic  decrease in coercive force occurs f rom 
406 oersteds (8.6) to 50 oersteds. This drast ic  de-  
crease in coercive force wi th  pH is s imi lar  to tha t  
which occurs wi th  an increase in cobalt  plus hypo-  
phosphi te  ion concentration.  Below a pH of 7.4 co- 
bal t  wil l  not deposit  readi ly ,  and at  a pH of 7.0 
deposit ion ceases. 

Volume to area ra t io . - -A  few exper iments  were  
per formed  to de te rmine  if the magnet ic  proper t ies  
of the deposits from the s tandard  solution were  de -  
pendent  on the rat io  of volume of p la t ing solution 
to sample surface area. The volume to area  ra t io  
was var ied  by  a factor  of 10O by va ry ing  the sample 
area (cm ~) and solution volume (ml) .  The coercive 
force, remanent ,  and sa tura t ion  flux densit ies were  
then de te rmined  as a function of thickness ( t ime)  
at volume to area  rat ios of 8.0, 55.0 and 800. The 
coercive force does not appear  to be apprec iab ly  
dependent  on the volume to area  ratio. However,  
the lowest  max imum flux densi ty  occurs at  the  
highest  volume to area  ratio. The ra te  of deposi t ion 
increases s l ight ly  wi th  increasing volume to area  
ratio, e.g., approx ima te ly  330 A / m i n  at  a vo l um e /  
area rat io  of 800 and approx ima te ly  240 A / r a i n  at  
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Fig. 5. Magnetic properties of chemically deposited cobalt at 
various temperatures but at constant time (60 min). �9 Remanent 
flux density; A maximum flux density; o coercive force; and X 
squareness (Br/Bm). 

a v o l u m e / a r e a  rat io  of 8.0. The decrease in flux 
densi ty  may  be associated with  grea te r  occlusion of 
impur i t ies  wi th  increasing ra te  of deposition. How- 
ever, the squareness of the deposits  does not appear  
to be significantly different  at  var ious  volume to 
area  ratios. Consequently,  all  the magnet ic  p rop-  
ert ies r emain  s imilar  wi th  v o l u m e / a r e a  changes 
with the exception of the m a x i m u m  flux density.  

Influence o5 t empera ture . - -The  effect of t e m p e r a -  
ture  on cobalt  deposits p repa red  f rom the s tandard  
solution was invest igated by  deposi t ing for a con- 
stant  t ime (60 min)  at solution t empera tu res  v a r y -  
ing f rom 60 ~ to 90~ at in tervals  of 5~ The effect 
of solution t empera tu re  on the magnet ic  proper t ies  
of the  deposits  is shown in Fig. 5. The coercive 
force decreases wi th  increasing tempera ture .  The 
sa tura t ion  and remanen t  flux densit ies  increase to 
a m a x i m um  at app rox ima te ly  75~ and then de-  
crease wi th  fu r the r  increases in t empera tu re .  The 
thickness (or deposi t ion ra te )  increases d i rec t ly  
wi th  solution t empera tu re  for the 60-rain deposi-  
t ion time. The squareness of the deposits decreases 
wi th  increasing t empera tu re .  Thus the decrease in 
coercive force and squareness can be a t t r ibu ted  
p r imar i ly  to an increase in the thickness. However ,  
the var ia t ion  of flux densi ty  wi th  t empera tu re  can-  
not be expla ined  by  the change in thickness since 
the flux densi ty  decreases f rom the s tandard  so- 
lution (80~ wi thout  going through a maximum.  

Electron micrographs  (20,000X) of the surface 
of these deposits were  examined.  It can be seen 
f rom these micrographs  tha t  the deposits contain a 
fine t ex tu red  background crys ta l  growth  wi th  r e l -  
a t ive ly  large  aggregates  or colonies of crys ta l l i tes  
growing pe rpend icu la r  to the background.  These 
aggregates  or colonies increase in size as the  solu- 
tion t empera tu re  increases ( increasing th ickness) ,  
but  the number  per  uni t  area  decreases wi th  increas-  
ing tempera ture .  The surface roughness of the  de-  
posit is de te rmined  p r imar i l y  by  the height  of these 
project ions above the surface. The micrographs  ap-  
pear  s imilar  to those shown in Fig. 2 depending on 
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Table II. Recording Characteristics 

Coercive force, Pulse width,  Packing density,  Signal Saturat ion 
Tape Thickness,  mils oersteds mils bits/in, ampli tude,  My current ,  m a  

Cobalt  0.03 400 
Cobalt  0.055 330 
3M #189 >0.3 278 
3M #198 >0.3 282 
A m p e x  832 >0.3 278 

the  t e m p e r a t u r e  and  ind i ca t e  t h a t  the  p r i m a r y  e f -  
fect  of t e m p e r a t u r e  on the  m a g n e t i c  p r o p e r t i e s  is 
to v a r y  t h e  th ickness .  F o r  f u r t h e r  ve r i f i ca t ion  some 
m e a s u r e m e n t s  of t he  effect  of so lu t ion  t e m p e r a t u r e  
w e r e  m a d e  a t  ( v a r i o u s  depos i t i on  t imes )  cons t an t  
th ickness .  The  coerc ive  force  was  n e a r l y  cons t an t  
as the  t e m p e r a t u r e  i n c r e a s e d  f r o m  65 ~ to 90~ 

Heat t r e a t m e n t . - - A  coba l t  depos i t  f r o m  the  s t a n d -  
a r d  so lu t ion  was  h e a t  t r e a t e d  at  l ow  t e m p e r a t u r e  
(40~176  for  24 h r  in a i r  to d e t e r m i n e  the  e f -  
fect  of a s t ress  r e l i e f  on t h e  m a g n e t i c  p r o p e r t i e s  of 
t he  coba l t  deposi t .  I n c r e a s i n g  t e m p e r a t u r e  i nc reases  
t he  coerc ive  fo rce  of t he  depos i t  f r o m  320 oe r s t eds  
at  40~ to 354 oe r s t eds  a t  175~ The  squa re ne s s  
( B r / B m )  r e m a i n s  n e a r l y  cons t an t  a l t h o u g h  a s l igh t  
dec rease  is n o t e d  f r o m  0.80 to 0.78 B r / B m  p r i o r  to 
a n d  a f t e r  h e a t  t r e a t m e n t .  T h e r e f o r e  a s t ress  r e l i e f  
r e su l t s  in  an  i nc rea se  in  t he  coe rc ive  fo rce  of c h e m -  
i ca l ly  r e d u c e d  coba l t  s ince  at  such a l o w - t e m p e r a -  
t u r e  g r a i n  g rowth ,  d i f fus ion  or  o r i e n t a t i o n  changes  
can  h a r d l y  occur .  This  r e su l t  is  in  a g r e e m e n t  w i t h  
p r e v i o u s  r e su l t s  (6)  showing  t h a t  a s t ress  r e l i e f  of  
h e x a g o n a l  coba l t  e l ec t rodepos i t s  r e su l t s  in  an  in -  
c rease  in  coe rc ive  force.  

Recording character i s t ics . - -Pre l iminary  r e c o r d i n g  
tes t s  of c h e m i c a l l y  depos i t ed  coba l t  s a m p l e s  w e r e  
m a d e  to  d e t e r m i n e  t h e i r  r e c o r d i n g  c h a r a c t e r i s t i c s  
such as pu l se  wid th ,  p a c k i n g  dens i ty ,  s igna l  a m p l i -  
tude ,  and  s a t u r a t i o n  cur ren t .  N o n r e t u r n  to zero  s a t -  
u r a t i o n  r e c o r d i n g  was  used.  The  tes t s  w e r e  m a d e  on 
a c o n v e n t i o n a l  c lo sed - loop  t a p e  t r a n s p o r t  m e c h -  
a n i s m  u t i l i z ing  an  A m p e x  h e a d  for  r e c o r d i n g  and  
read ing .  The  t a p e  speed  was  100 ips.  The  s a t u r a t i o n  
c u r r e n t  was  d e t e r m i n e d  a t  20 kc  as t he  v a l u e  b e y o n d  
w h i c h  o u t p u t  a n d / o r  u n i f o r m i t y  no l onge r  i n -  
c reased .  The  m a x i m u m  p a c k i n g  d e n s i t y  in  b i t s / i n .  
was  d e t e r m i n e d  b y  the  pu l se  i n t e r v a l  a t  t h e  v a l u e  
of r e c o r d i n g  f r e q u e n c y  w h i c h  r e d u c e d  the  o u t p u t  
s igna l  b y  20%. T h e  r e c o r d i n g  cha rac t e r i s t i c s  of s ev -  
e r a l  coba l t  depos i t s  w e r e  c o m p a r e d  w i t h  t h r e e  c o m -  
m e r c i a l  ox ide  r e c o r d i n g  tapes ,  n a m e l y ,  M i n n e s o t a  
Min ing  and  M a n u f a c t u r i n g  T a p e s  #189  and  #198  
and  A m p e x  Tape  #832.  The  tes t s  w e r e  m a d e  u n d e r  
i den t i ca l  cond i t ions  of r e c o r d i n g  and  r ead ing .  R e -  
sul ts  a r e  shown  in T a b l e  II .  I t  is obv ious  t h a t  t h e  
coba l t  depos i t s  m a y  h a v e  a s l i gh t ly  h i g h e r  or  e q u i v -  
a l en t  p a c k i n g  d e n s i t y  to  t h a t  of ox ide  tapes .  In  a d -  
d i t ion  the  p u l s e  w i d t h  m a y  be  s l i g h t l y  h i g h e r  or  
less t h a n  t h a t  of t he  tapes .  H o w e v e r ,  t h e  s igna l  
a m p l i t u d e s  w e r e  g e n e r a l l y  less. The  s a t u r a t i o n  c u r -  
r en t  is l o w e r  desp i t e  t he  h i g h e r  coe rc ive  force  of t h e  
coba l t  depos i t s  s ince t he  coa t ing  is m u c h  t h i n n e r  
t h a n  the  ox ide  coat ings .  

Discussion 
I t  is a p p a r e n t  f r o m  the  e x p e r i m e n t a l  d a t a  tha t ,  

in o r d e r  to def ine t he  m a g n e t i c  p r o p e r t i e s  of c h e m -  

1.0 800 700 60 
1.5 550 925 70 
1.3 665 1,200 80 
1.2 770 1,100 80 
1.2 770 1,100 65 

i c a l l y  depos i t ed  cobal t ,  the  c o n c e n t r a t i o n  of co-  
ba l t  p lus  h y p o p h o s p h i t e  ion, the  pH,  the  so lu t ion  
v o l u m e  to s a m p l e  a r e a  r a t i o  and  t e m p e r a t u r e  m u s t  
be  specified.  The  effect of  t h e s e  p a r a m e t e r s  on t h e  
m a g n e t i c  p r o p e r t i e s  can  be  e x p l a i n e d  b y  t h e i r  sub -  
s equen t  effect on the  th ickness ,  c r y s t a l  g rowth ,  and  
i m p u r i t y  con ten t  of t h e  deposi t .  H o w e v e r ,  t h e r e  
does  no t  a p p e a r  to be  a n y  s ingle  fac to r  w h i c h  d e -  
t e r m i n e s  the  m a g n e t i c  p rope r t i e s .  

The  coerc ive  force  of  t he  depos i t s  is a func t ion  of 
the  th ickness .  I t  w o u l d  a p p e a r  t h a t  the  g r a i n  size in  
th in  f i lms (Fig .  2A)  is a p p r o x i m a t e l y  t he  s ame  size 
as the  b a c k g r o u n d  t e x t u r e  in t h i c k  f i lms (Fig .  2E) ,  
i.e., i f  one a s sumes  t h a t  no subd iv i s ions  of t he  b a c k -  
g r o u n d  t e x t u r e  or  g r a i n s  in  t he  t h in  f i lms occur.  A l so  
the  g ra ins  w o u l d  a p p e a r  to be  m o r e  i so l a t ed  in t h e  
th in  films. In  add i t ion ,  t h i c k  f i lms con ta in  agg rega t e s ,  
colonies,  or  l a r g e  c rys ta l s .  These  l a r g e  c rys ta l s ,  
colonies,  or  a g g r e g a t e s  m a y  be  r e s p o n s i b l e  for  t he  
l o w e r i n g  of the  coe rc ive  force  as t he  depos i t  becomes  

th icke r .  

G e n e r a l l y ,  a h igh  coerc ive  force  ( H c > 3 0 0  oe r -  
s teds)  m a y  be  a t t r i b u t e d  to a r o t a t i o n a l  m e c h a n i s m  
e i the r  cohe ren t  or  some m o d e  ( f ann ing ,  cu r l i ng )  of  
i nc ohe re n t  r o t a t i o n  of t he  m a g n e t i z a t i o n  a ga in s t  t he  
a n i s o t r o p y  ( m a g n e t o c r y s t a l l i n e ,  ma gne toe l a s t i c ,  m a g -  
ne to s t a t i c )  (7) .  In  such cases  t h e  p a r t i c l e  size d e t e r -  
mines  t he  coerc ive  force,  and  the  coerc ive  fo rce  is i n -  
d e p e n d e n t  of the  th ickness .  In  t he  case  of t h e s e  d e -  
posi ts ,  the  coerc ive  fo rce  is d e p e n d e n t  on the  t h i c k -  
ness, bu t  i t  is no t  e n t i r e l y  c l ea r  f r o m  t h e  e l e c t r o n  
m i c r o g r a p h s  w h e t h e r  t he  g r a i n  size is d e p e n d e n t  on  
the  th ickness .  Thus  i t  canno t  be  d e t e r m i n e d  w h e t h e r  
a r o t a t i o n a l  m o d e l  is app l i cab le .  

I t  is i n t e r e s t i n g  to no te  t h a t  Nee l  (8)  has  p r o p o s e d  
a r e l a t i o n s h i p  b e t w e e n  g r a i n  size of a m u l t i d o m a i n  
g r a i n  and  the  coerc ive  force  as Hc = ~,o ~/~ K ~/~ Is -~/~ D -2/~ 
w h e r e  ~/o is t he  w a l l  ene rgy ,  K is t he  a n i s o t r o p y  con-  
s tan t ,  Is t he  s a t u r a t i o n  m a g n e t i z a t i o n ,  and  D is t h e  
g r a i n  size of t h e  film. S u b s t i t u t i n g  the  fo l lowing  v a l -  
ues  of ~/o ---- 1 e r g / c m  2, K = 4.0 x 106 e r g s / c m  6, Is = 
1422 gauss  for  cobal t ,  and  D = 0.2/~, t h e  a v e r a g e  
b a c k g r o u n d  g r a i n  size in t h i c k  f i lms e s t i m a t e d  f r o m  
t h e  e l e c t r o n  m i c r o g r a p h s  ( n e g l e c t i n g  the  c l u m p s  or  
a g g r e g a t e s ) ,  a coe rc ive  fo rce  of 350 oe r s t eds  is o b -  
t a ined .  This  ag rees  w i t h  t he  e x p e r i m e n t a l  coe rc ive  
fo rce  of 360 oe r s t eds  a t  a t h i cknes s  of 13,000A. H o w -  
ever ,  th is  m o d e l  fa i l s  to e x p l a i n  t h e  h igh  coe rc iv i t y  
in t h i n  fi lms w h i c h  a p p e a r  to h a v e  a p p r o x i m a t e l y  t he  
s ame  g r a i n  size as  t h i c k  films. 

Thus,  t he  source  of t he  r e l a t i v e l y  h igh  coerc ive  
force  and  the  m e c h a n i s m  of r e v e r s a l  such as w a l l  
mo t ion  o r  r o t a t i o n  is u n k n o w n .  

Manuscr ip t  received Dec. 8, 1961; rev ised  manuscr ip t  
Feb. 20, 1962. This paper  was p repa red  for  de l ivery  be-  
fore the Det ro i t  Meeting, Oct. 1-5, 1961. 
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Any discussion of this paper  will  appear  in a Dis-  
cussion Section to be publ ished in the December  1962 
JOURNAL. 
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Effect of Binary Alloy Plating on Delayed Brittle 
Failure of Ultrahigh Strength Steel 

Walter Beck and E. J. Jankowsky 
Aeronautical Materials Laboratory, Naval Air  Material Center, Philadelphia, Pennsylvania 

ABSTRACT 

In a number  of applicat ions,  involving high s t rength  steel, t i n -cadmium 
alloy pla t ing has been subst i tuted for  cadmium plat ing.  In  this study,  notched 
specimens of high s t rength  steel were  p la ted  with  t i n -cadmium alloys, produced 
by codeposit ion of the components  f rom a f luoborate bath. The steel was also 
p la ted  separa te ly  wi th  tin f rom the s tannate  ba th  and cadmium from the cy -  
anide bath and the two layer  system subjec ted  to a thermal  t rea tment .  The 
marked  differences in de layed cracking of specimens p la ted  f rom baths wi th  
different  composit ions were discussed in the l ight  of the coverage of the steel 
surface wi th  adsorbed atomic hydrogen  in conjunct ion with  a recen t ly  advanced  
theory of the  kinet ics  of crack propagat ion  in de layed  fai lure.  

Some  y e a r s  ago the  cor ros ion  p ro t ec t i on  a f fo rded  
a s tee l  s u b s t r a t e  by  c a d m i u m ,  z i n c - c a d m i u m ,  and  
t i n - c a d m i u m  a l loy  coa t ings  was  e v a l u a t e d  at  t he  
N a v a l  A i r  M a t e r i a l  C e n t e r  ( 1 , 2 ) .  The  p r o t e c t i o n  
offered by  t i n - c a d m i u m  sys t ems  was  found  to be  
most  p romis ing ,  and  t hey  have  been  used  e x t e n s i v e l y  
on a i r c r a f t  eng ine  c o m p o n e n t s  s ince  t h a t  t ime .  

Recen t ly ,  f a i l u re s  of t i n - c a d m i u m  p la ted ,  c a r -  
bur i zed ,  and  n i t r i d e d  eng ine  p a r t s  w e r e  r epo r t ed ,  and  
h y d r o g e n  e m b r i t t l e m e n t  was  cons ide r ed  to be  a pos -  
s ib le  cause.  No i n f o r m a t i o n  was  a v a i l a b l e  r e g a r d i n g  
e m b r i t t l e m e n t  cha r ac t e r i s t i c s  of the  process ,  and  in -  
a s m u c h  as h y d r o g e n  e m b r i t t l e m e n t  cou ld  se r ious ly  
cu r t a i l  i ts  use  and  ex t ens ion  to o t h e r  h igh  s t r e n g t h  
s teel  pa r t s ,  it  was  d e e m e d  neces sa ry  to i n v e s t i g a t e  
the  p r o b l e m  t h o r o u g h l y .  

B i n a r y  a l l oy  coa t ings  a r e  f o r m e d  b y  d i r ec t  p l a t i n g  
f rom an  a l loy  b a t h  and  also m a y  be  f o r m e d  b y  t h e r -  
ma l  t r e a t m e n t  of s e p a r a t e l y  p l a t e d  l aye r s  of t h e  con-  
s t i t uen t  meta l s .  

In  e i t he r  case, t he  e m b r i t t l e m e n t  p r o b l e m  is p r o b -  
a b l y  more  c o m p l e x  t h a n  i t  is for  s ingle  m e t a l  d e -  
posi t ion,  as m a y  be  expec ted ,  p a r t i c u l a r l y  for  t he  
t w o - l a y e r  sys t em.  A s t u d y  of th i s  p r o b l e m ,  t he re fo re ,  
a p p e a r s  of g e n e r a l  in te res t .  

The  ba ths  used  in th is  i nves t i ga t i on  for  t in  and  
c a d m i u m  p l a t i ng  in p r o d u c i n g  the  t w o  l a y e r  sy s t em 
w e r e  d i f fe ren t  f rom each  o the r  and  f rom t h a t  e m -  
p l o y e d  for  p l a t i n g  the  a l l oy  d i r ec t ly ,  becaus e  t h e y  
w e r e  p a t t e r n e d  a f t e r  i n d u s t r i a l  and  g o v e r n m e n t a l  
p r ac t i ce  now e x t e n s i v e l y  used  for  p l a t i n g  i n t e r n a l  
s tee l  c o m p o n e n t s  of a i r c r a f t  engines .  The  s a m e  is 
t r ue  for  t he  coa t ing  th i cknesses  and  a l loy  c o m p o s i -  
t ions  se lec ted  for  th is  s tudy .  

The  p r i n c i p a l  ob j ec t i ve  of th is  s t u d y  was  the  d e -  
t e r m i n a t i o n  of the  d i f fe rences  in  e m b r i t t l e m e n t  r e -  

su l t ing  f rom the  p l a t i ng  of t i n - c a d m i u m  coa t ings  on 
a h igh  s t r e n g t h  s tee l  by  two  d i f fe ren t  processes ,  a n d  
if d i f fe rences  resu l t ed ,  to d e t e r m i n e  to w h a t  e x t e n t  
the  c o m p o n e n t  p a r t s  of each  process  c o n t r i b u t e d  to 
the  t o t a l  e m b r i t t l e m e n t .  

A s e c o n d a r y  ob j ec t i ve  was  to a p p l y  an  ex i s t i ng  
t h e o r y  of the  k ine t i c s  of d e l a y e d  b r i t t l e  f a i l u r e  to 
the  r e su l t s  and  to i n t e r r e l a t e  h y d r o g e n  c o v e r a g e  w i t h  
this  t he o ry .  

T h e  e m b r i t t l e m e n t  was  d e t e r m i n e d  by  sus t a ined  
load ing  d e l a y e d  f a i l u r e  m e a s u r e m e n t s  on no t ched  
spec imens  of u l t r a h i g h  s t r e n g t h  A I S I  SAE 4340 steel .  
Some  d e l a y e d  f r a c t u r e  s tud ies  w e r e  also conduc ted  
on a t y p e  H-11 hot  w o r k  d ie  s tee l  p l a t e d  w i t h  c y a -  
n ide  c a d m i u m  and  a diffused,  hea t  r e s i s t an t  n i c k e l -  
c a d m i u m  al loy,  r e spec t ive ly .  

Experimental Procedures and Results 
Specimens and testing.--Most of the  w o r k  was  

done  w i th  spec imens  f a b r i c a t e d  f rom 4340 s tee l  hea t  
t r e a t e d  to a s t r e n g t h  leve l  of 260-280 (Re 51-52) ksi .  
Some  s tud ies  we re  m a d e  on a t y p e  H-11 ho t  w o r k  
d ie  s tee l  hea t  t r e a t e d  to the  s ame  s t r e n g t h  l eve l  as 
t he  4340 steel .  Cy l ind r i ca l ,  no t ched  t ens ion  spec i -  
mens  w e r e  se lec ted  for  the  e x p e r i m e n t s  because  t h e y  
a re  k n o w n  to be v e r y  sens i t ive  to h y d r o g e n  e m -  
b r i t t l e m e n t .  Notches  w e r e  g r o u n d  a f t e r  h e a t  t r e a t -  
ment ,  to the  d imens ions  shown in Fig.  1. Notches  
w e r e  l i gh t l y  po l i shed ,  gauge  sec t ions  h i g h l y  po l i shed .  
S ta t i c  t ens ion  tes t s  w e r e  p e r f o r m e d  in a u n i v e r s a l  
t e s t ing  mach ine ,  a t  a cons t an t  cross  head  speed  of 
0.05 i n . /min .  T imes  to f r a c t u r e  u n d e r  s u s t a i n e d  l o a d -  
ing  w e r e  d e t e r m i n e d  in cons t an t  load  l e v e r  a r m  
s t ress  r u p t u r e  mach ines  a t  room t e m p e r a t u r e .  The  
load ing  dev ices  used  w e r e  des igned  to i n su re  con-  
c e n t r i c i t y  of load  app l i ca t ion .  
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Fig. 1. Hydrogen embrittlement by plating of 4340 steel with tin, 
cadmium, and tin followed by cadmium and a thermal treatment. 
I I ,  Cyanide cadmium plating; A ,  stannate tin plating; o, stan- 
nate tin, followed by cyanide-cadmium plating. All plated speci- 
mens treated for 30 min at 340~ The tin-cadmium double coating 
consisted of approximately 50% tin and remainder cadmium. UTS 
unplated steel 260-280 ksi; NTS unplated steel 360-380 ksi; K~ 

4.2. 

W h e n  no t h e r m a l  t r e a t m e n t  was  to be  app l i ed ,  
spec imens  w e r e  s t ressed  5 min  a f t e r  p la t ing .  T h e r -  
m a l l y  t r e a t e d  spec imens  w e r e  s t r e s sed  i m m e d i a t e l y  
a f t e r  cool ing d o w n  to r o o m  t e m p e r a t u r e .  T h r e a d s  
w e r e  c a r e f u l l y  m a s k e d  be fo re  i m m e r s i o n  in t he  p l a t -  
ing  b a t h  to avo id  t h r e a d  b r e a k s  d u r i n g  load  a p p l i c a -  
t ion.  

Two-layer tin-cadmium plating ~ollowed by a 
thermal treatment.--Prior to p la t ing ,  t he  spec imens  
w e r e  a n o d i c a l l y  c l eaned  in  a hot  a l k a l i n e  so lu t ion  and  
d i p p e d  in 50% HC1 so lu t ion  for  50 sec at  r o o m  t e m -  
p e r a t u r e .  This  p r e t r e a t m e n t  i n s u r e d  good a d h e s i o n  of 
the  p l a t i n g  w i t h o u t  affect ing the  no tch  d imens ions .  
The  ac id  d i p p e d  spec imens ,  s t r e s sed  i m m e d i a t e l y  
a f t e r  d i p p i n g  to 95% of the  no tch  t ens i l e  s t r e n g t h  of 
the  u n t r e a t e d  s tee l  (4340 s tee l  a v e r a g e  370 ksi ,  t y p e  
H-11 s teel  a v e r a g e  385 k s i ) ,  d id  no t  fa i l  w h e n  k e p t  
u n d e r l o a d  for  t h e  m a x i m u m  t i m e  of  1000 hr .  

Tin  was  p l a t e d  f r o m  a s t a n n a t e  b a t h  to an  a p p r o x i -  
m a t e  t h i ckness  of 0.00008 in. m e a s u r e d  on the  g a u g e  
section.  I m m e d i a t e l y  fo l lowing  t in  p l a t i n g  and  r i n s -  
ing, c a d m i u m  was  p l a t e d  to the  s ame  th i ckness  f r o m  
a c y a n i d e  ba th .  

To a l l oy  the  t in  w i t h  t he  c a d m i u m ,  a r e c o m m e n d e d  
t h e r m a l  t r e a t m e n t  (1)  a t  340~ for  a p e r i o d  of  30 
min,  was  used.  N o m i n a l  compos i t ion  of t he  a l l oy  was  
50% t in,  50% c a d m i u m .  

S p e c i m e n s  w e r e  also p l a t e d  s i ng ly  w i t h  t i n  or  
c a d m i u m  u n d e r  t he  s a m e  cond i t ions  as  those  used  
for  p l a t i n g  each  of t he  two  l aye r s ,  and  the  same  
t h e r m a l  t r e a t m e n t  was  app l ied .  

D e l a y e d  f a i l u r e  cu rves  a r e  p r e s e n t e d  in  Fig.  1 for  
t in,  c a d m i u m ,  and  t i n - c a d m i u m  p l a t e d  spec imens .  
F a i l u r e  t imes  d e t e r m i n e d  for  t i n - c a d m i u m  p l a t e d  
s tee l  and  for  those  p l a t e d  on ly  w i t h  t in  w e r e  close 
enough  to be  cove red  b y  a s ca t t e r  band ,  t y p i c a l  of 
d e l a y e d  b r i t t l e  f a i l u r e  m e a s u r e m e n t s  u n d e r  sus -  
t a i n e d  load ing .  

Tin-cadmium alloy ~ormation by codeposition o~ 
its components.--After a l k a l i n e  c l ean ing  and  ac id  
d ipp ing ,  t h e  a l loy  was  d i r e c t l y  p l a t e d  f r o m  a c o m -  
p l e x  f luobora te  b a t h  (1, 3, 4) r e c o m m e n d e d  in t he  
l i t e r a t u r e .  The  a p p r o x i m a t e  t h i cknes s  of t h e  p l a t ing ,  
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Fig. 2. Hydrogen embrittlement by plating of 4340 steel with 
tin-cadmium alloy and its components. I I ,  Fluoborate cadmium 
plating; A,, fluoborate tin plating; e, tin-cadmium alloy formed 
by codeposition of the metals from fluoborate bath; approximate 
composition of alloy 30% tin, remainder cadmium. 

m e a s u r e d  on the  g a u g e  sect ion,  was  0.0005 in. and  i ts  
compos i t ion ,  as d e t e r m i n e d  b y  c h e m i c a l  ana lys i s ,  
was  a p p r o x i m a t e l y  30% t in,  r e m a i n d e r  c a d m i u m .  Tin  
and  c a d m i u m  w e r e  also p l a t e d  s e p a r a t e l y  f r o m  
f luobora te  b a t h s  to t h i cknesses  of a p p r o x i m a t e l y  
0.00015 in. and  0.00035 in., r e spec t i ve ly ,  c o r r e s p o n d -  
ing  to t h e i r  r a t i o  in  t h e  a l loy.  

F i g u r e  2 is a p lo t  of  t h e  f a i l u r e  c u r v e s  r e c o r d e d  
w i t h  spec imens  p l a t e d  f r o m  f luobora te  ba ths .  Aga in ,  
the  va lues  for  t he  f a i l u r e  t imes  a r e  r a n d o m l y  d i s -  
t r i b u t e d  in t h e  field of a c o m p a r a t i v e l y  w i d e  sca t t e r  
band .  

Plating o~ nickel Sollowed by cadmium and a dif- 
:fusion heat treatment.--The n i c k e l - c a d m i u m  coa t ing  
s y s t e m  was  a p p l i e d  on hot  w o r k  d ie  s tee l  spec imens  
p r e t r e a t e d  in  t h e  s ame  m a n n e r  as t h e  4340 spec i -  
mens.  N icke l  was  p l a t e d  to an  a p p r o x i m a t e  t h i cknes s  
of 0.0002 in. f r o m  a W a t t - t y p e  b a t h  w i t h o u t  b r i g h t -  
ener ,  and  c a d m i u m  to an  a p p r o x i m a t e  t h i cknes s  of 
0.0001 in. f r o m  a c y a n i d e  ba th ,  acco rd ing  to ref .  (5 ) .  
The  coa t ing  sys tem,  w i t h  a n o m i n a l  compos i t i on  of 
65% nickel ,  r e m a i n d e r  c a d m i u m ,  was  d i f fus ion h e a t  
t r e a t e d  in a c i r cu l a t i ng  a i r  f u r n a c e  at  630~ for  40 
m i n  (5) .  

The  c o m p a r a t i v e l y  h igh  di f fus ion t e m p e r a t u r e  d id  
not  h a v e  a d e t r i m e n t a l  effect  on the  s t r e n g t h  of t h e  
s u b s t r a t e  w h i c h  was  an  a i r  h a r d e n i n g  s tee l  t e m p e r e d  
at  a t e m p e r a t u r e  of 1050~ This  t y p e  of s tee l  is u sed  
a t  e l e v a t e d  t e m p e r a t u r e s  and ,  the re fo re ,  no t  p l a t e d  
w i t h  t i n - c a d m i u m  b u t  hea t  and  o x i d a t i o n  r e s i s t a n t  
n i c k e l - c a d m i u m  al loy.  The  d e l a y e d  f a i l u r e  b e h a v i o r  
of th is  s teel ,  coa ted  w i t h  d i f fused  n i cke l  c a d m i u m  or  
p l a t e d  w i t h  0.0005 in. c y a n i d e  c a d m i u m  1 is d e p i c t e d  
in Fig.  3. C y a n i d e  c a d m i u m  was  p l a t e d  on th i s  s tee l  to  
a l l ow c o m p a r i s o n  w i t h  4340 steel .  

Metallographic and electrochemical evaluat ion.-  
The  w o r k  on t i n - c a d m i u m  a l loy  p l a t i n g  was  con-  
s i de r e d  i n c o m p l e t e  w i t h o u t  some i n f o r m a t i o n  abou t  
t he  m e t a l l u r g i c a l  s t r u c t u r e  of t h e  s y s t e m  o b t a i n e d  
b y  t h e r m a l  t r e a t m e n t  of  the  s e p a r a t e l y  p l a t e d  l aye r s .  

The  op in ions  conce rn ing  the  ques t ion  of w h e t h e r  
or  no t  a l loy  f o r m a t i o n  t a k e s  p l ace  u n d e r  t he  t h e r m a l  

1 Fed. Spec. QQ-P-416a (1956). 
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Fig. 3. Hydrogen embrittlement by plating of a hot work die 
steel with nickel followed by cadmium and a diffusion heat treat- 
ment, and by cyanide cadmium plating. Inverted solid triangle, 
Watts-type nickel plating followed by cyanide cadmium plating, 
diffusion heat treated for 40 min at 630~ inverted open triangle, 
cyanide cadmium plating; the nickel cadmium system consisted of 
approximately 65% nickel and remainder cadmium; UTS unplated 
steel 260-280 ksi, NTS unplated steel 380-390 ksi, KT = 4.2. 

t reatment  conditions used in this investigation are 
divided. According to Britton and de Verre Stacpoole 
(6), the coating remains in layers; however, Scott 
and Gray show evidence that  tin diffuses through the 
cadmium matr ix (7). 

In the studies made at this laboratory, steel panels 
were plated first with 0.002 in. of tin, and then with 
0.002 in. of cadmium. After plating, the panels were 
thermally treated at 340~ for 1, 2, and 24 hr, re-  
spectively. The specimens were then sectioned at a 
low angle, mounted in cold hardening epoxy, rough 
polished with emery paper of increasingly finer 
grades up to 000, final polished with diamond dust of 
3 and 0.5t~, and etched for 2 min in 30% aqueous 
NaOH solution at room temperature.  

According to the phase diagram, at 340~ under 
conditions near or approaching equilibrium, the only 
phases that can be present are a, ranging in composi- 
tion from pure tin to 1% cadmium in solid solution, 
in contact with fl, with from 4.0 to 5.5% cadmium in 
solid solution, and % ranging from pure cadmium to 
0.25% tin in solid solution, in contact with ft. The a 
solid solution can be in equilibrium only with the fl 
(4.0% t in) ;  likewise, ~, may  only be in equilibrium 
with fl (5.5% tin). Since no evidence of a eutectoid 
structure resulting from the decomposition of a fl 
phase was observed metallographically, even after 
24 hr at 340 ~ • 3~ it must be concluded that little or 
no diffusion of either tin or cadmium in other than 
the terminal solid solutions took place. 

The metallographic findings were in excellent 
agreement with the electrochemical behavior of the 
coatings. Average steady-state potentials of two 
layer, thermally treated coating systems containing 
from 1O to 75% cadmium, measured in 0.1N NaC1 
solution at room temperature, were found to be --800 
mv on the saturated calomel scale. Similar values 
were obtained on steel panels plated only with cya- 
nide cadmium. The average potential of tin plated 
panels was --500 my. 

These results are in good agreement with the 
statements by Britton and de Verre Stacpoole (6), 
but do not concur with the results obtained by Scott 
and Gray (7). There are indications that the diffu- 
sion of tin into cadmium, demonstrated microscopi- 
cally by the latter investigators, may  be due to 
overheating, because the alloy appears homogeneous 
from the edge to the base, even though the time of 
thermal  t reatment  (30 min at 350~ appears much 
too short to ensure complete diffusion. 

Because alloy formation could not be detected, the 
t in-cadmium system will now be designated a two- 
layer plating. 

With respect to alloy formation by codeposition 
of the tin and cadmium components, attention is di- 
rected to a very  recent paper by Smart  et al. (8) who 
studied alloys formed by codeposition of the two 
metals from a complex sodium stannate-cyanide 
cadmium bath. According to these investigators, the 
plated t in-cadmium alloy is a simple eutectic system 
which consists of a mixture of the two high-pur i ty  
components. 

No metallographic investigations were made of the 
nickel-cadmium system. Therefore, diffusion of cad- 
mium into nickel was only assumed to take place be- 
cause it was implied in the aeronautical specifica- 
tion (5). 

Discussion of Results 

The discussion of the curves presented in Fig. 
1-3 will be based partially on a recently advanced 
theory of the kinetics of crack initiation and propa-  
gation in delayed failure (9, 10). According to this 
theory, delayed brittle cracking can be aptly de- 
scribed by various parameters such as the incubation 
period, failure time, and the static fatigue limit. 

The incubation time is the period required for ini- 
tiation of the first crack, and the failure time is a 
measure of the crack propagation rate subsequent to 
crack initiation. The stress below which delayed 
failure cannot take place for an indefinite period and 
above which it must occur is called the static fatigue 
limit. 

The incubation period represents the t ime which is 
needed for the hydrogen atoms to accumulate in the 
region of maximal triaxial stress state until a critical 
concentration, required for crack initiation, has been 
attained. Following crack initiation, there is a period 
of crack propagation, and finally, failure takes place. 
The parameter  called "induction period" in the fol- 
lowing discussion, includes both the incubation pe- 
riod and the crack propagation period at the highest 
stress at which delayed failure occurs (see Fig. 1). 

It has been shown that immediately after cadmium 
plating (9) or cathodic charging (10) the hydrogen 
atoms remain concentrated in a thin layer under-  
neath the steel surface, and from there, they diffuse 
into the interior of the specimen. With decreasing 
surface concentration of hydrogen, incubation, frac- 
ture time, and static fatigue limit increase, progres-  
sively. 

Based on the work of Troiano and his co-workers 
(11, 12), it is inferred that a long induction time re-  
sults, at least in part, f rom a long incubation period. 

Induc t ion  t i m e . - - T o  simplify the analysis of the 
results of determinations of the induction times, they 
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Fig. 4. Effect of plating on induction time of various steels. A, 
plating of stannate tin (sodium stonnate bath operated at 160~ 
followed by thermal treatment, plating of stannate tin followed by 
cyanide cadmium and a thermal treatment; B, plating of cyanide 
cadmium layer to approximately 0.00008 in. followed by a thermal 
treatment; C, plating of cyanide cadmium layer to approximately 
0.0005 in.; D, platings from the fluoborate baths. A-D - -  4340 steel. 

are presented as bars in Fig. 4. Two interesting fea- 
tures of the results obtained with plated 4340 steel 
specimens are revealed in this figure: 1. The induc- 
tion time is increased about twentyfold by plating 
the steel f rom the fluoborate bath (bar D) instead of 
the cyanide bath (bar C). 2. On specimens thermally 
treated after plating, that  is, stannate tin plated 
specimens, and specimens plated with stannate tin 
and cyanide cadmium, respectively, the induction 
time is zero (bar A),  and in the case of cyanide 
cadmium plated specimens, it was observed that  the 
induction time was comparatively short (bar B). 

In accordance with the theory discussed above and 
the results summarized under 1, it is concluded that 
the rate of crack initiation and propagation in speci- 
mens plated from the cyanide bath exceeds that in 
fluoborate plated specimens very  appreciably. It is 
more difficult to explain the nonexistence of an in- 
duction period for the stannate tin or the stannate 
t in-cyanide cadmium plated specimens subjected to 
the same thermal  treatment.  It  may  be the result of 
homogenization (11) of the hydrogen distribution in 
the steel produced by the thermal treatment.  It may 
also be speculated that the tin coating is a better hy-  
drogen diffusion barrier  than the thin cadmium 
coating (13) and that it therefore more effectively 
prevents outgassing of the embrittl ing hydrogen 
during thermal treatment,  which would explain the 
short but finite induction time of the cyanide cad- 
mium plated specimens. In any case, it is difficult to 
make predictions, based on induction time, about 
crack propagation in specimens coated with different 
metals and subjected to a thermal treatment.  

Static Satigue limit.--The static fatigue limit 
should provide a more direct and more easily inter-  
preted measure of embrit t lement damage than the 
induction period. Figure 5 is a bar diagram of the 
static fatigue limits expressed in terms of percent of 
the breaking strength of the untreated notched speci- 
mens. 

The differences in the static fatigue limits deter-  
mined for fluoborate and cyanide cadmium plated 
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Fig. 5. Effect of plating on breaking strength of various steels, 
A,B,C,D as in Fig. 4. E, Plating of nickel followed by cadmium and 
a diffusion heat treatment; F, plating of cyanide cadmium to 
approximately 0.0005 in; E-F, hot work die steel. 

specimens without thermal  treatment,  respectively, 
(bars D and C), confirm qualitatively the conclusions 
drawn from the induction times. 

The low relative breaking strength (bar A) indi- 
cates that despite a comparat ively Short plating time 
(3.5 min for stannate tin, 2 min for cyanide cad- 
mium) and the subsequent thermal  treatment,  the 
susceptibility of the steel to brittle cracking is very  
high as a result of stannate tin plating. 

Hydrogen suriace coverage.--The foregoing dis- 
cussion clearly illustrates the usefulness of the 
theory of the kinetics of crack initiation and propa-  
gation, and particularly of the static fatigue limit, 
in accessing hydrogen embrit t lement damage. How- 
ever, the theory does not suggest a mechanism which 
determines the accumulation of hydrogen atoms in 
the metal surface. 

For a number  of years, extensive efforts have been 
made in the Aeronautical Materials Laboratory to 
obtain more information about this mechanism dur-  
ing cathodic polarization or plating. These efforts 
have been based on electrochemical and radioactive 
tracer studies on ultrahigh strength 4340 steel 
charged cathodically in sodium hydroxide solutions 
with and without sodium cyanide added, as well as 
electrochemical studies on steel plated with cad- 
mium from cyanide and fluoborate baths. A compre- 
hensive report of the results will be presented in a 
forthcoming paper (14). A few that relate to this 
paper are summarized below. 

By radioactive measurements on steel surfaces 
after cathodic polarization in a 0.1M NaOH solution 
containing NaCI'N in low concentrations, cyanide 
compounds were detected which tenaciously adhered 
to the metal. A positive heat of adsorption, in con- 
junction with increasing concentration of these cya- 
nide compounds with temperature of radioactive 
charging solution, clearly indicated the mechanism 
of layer formation to be controlled by chemisorption. 
Hydrogen overvoltage measurements on steel elec- 
trodes with chemisorbed cyanide indicated a re-  
tardation of the hydrogen recombination reaction 
and hence a rise in the coverage of the surface with 
hydrogen. By means of the hydrogen permeation 
current method of Bockris and Devanathan (15) 
important  information has been secured about this 
hydrogen coverage. 
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Addi t ion of 0.02M sodium cyanide to a 0.1M so- 
dium hydrox ide  solution ra ised the  s t eady-s t a t e  cov- 
erage of the steel surface wi th  adsorbed atomic hy -  
drogen dur ing cathodic hydrogen  evolution about  4.5 
t imes above that  in the pure  sodium hydrox ide  so- 
lution. 

In the case of cadmium pla t ing f rom the cyanide  
bath, the coverage was only 3 t imes grea te r  than  tha t  
in the pu re  sodium hydrox ide  solution. I t  d ropped 
fu r the r  when cadmium was p la ted  f rom the fluobo- 
ra te  bath,  which was ascr ibed to the absence of a 
highly capi l la ry  active anion such as cyanide.  

The ex t r ao rd ina r i l y  high suscept ibi l i ty  of the  s t an -  
nate t in p la ted  specimens to de layed  fa i lure  is be-  
l ieved to be re la ted  to chemisorpt ion accelera ted by  
the compara t ive ly  high t empe ra tu r e  of the  p la t ing  
bath. The ra te  of diffusion of the  hydrogen  atoms into 
the steel depends on the coverage of the  surface wi th  
hydrogen  (16). A high coverage wil l  ensure tha t  the  
hydrogen atoms diffusing f rom the thin l ayer  unde r -  
neath  the specimen surface into its in ter ior  wi l l  be 
replenished at  a high rate.  

It is suggested tha t  the differences in de layed 
br i t t le  fa i lure  behavior  of the specimens p la ted  wi th  
t in fol lowed by cadmium and those p la ted  d i rec t ly  
f rom an al loy ba th  be expla ined  by  combining the 
concept of hydrogen  surface coverage wi th  the 
theory  of the kinet ics  of crack propagat ion.  

In the case of the t i n - cadmium coating appl ied  by 
plat ing the  const i tuent  meta ls  separate ly ,  the  short  
stress rup tu re  life is in t imate ly  re la ted  to a high hy -  
drogen surface coverage, and it follows tha t  the  
lower  embr i t t l emen t  impar t ed  to the  al loy p la ted  
specimens is the resul t  of a compara t ive ly  low sur-  
face coverage with  adsorbed hydrogen  atoms, sur -  
face coverage being de te rmined  by  the e lec t rochemi-  
cal action of the different  ba th  anions. 

F ina l ly ,  the  effect of p la t ing  on de layed  fa i lure  of 
the hot work  die steel  wil l  be discussed briefly. 

As shown in Fig. 3, the embr i t t l emen t  response of 
this type  of steel is somewhat  different  f rom tha t  of 
the 4340 steel. As can be seen f rom the diagram,  the 
static notch tensile s t rength  of the  n i cke l - cadmium 
pla ted  steel  and its static fa t igue l imi t  are  ve ry  close 
to the notch tensi le  s t rength  (380 to 390 ksi)  of the 
un t rea ted  specimen. The cyanide cadmium pla ted  
specimens again showed severe embr i t t l ement  (bar  F 
in Fig. 5) but  they were  not as bad ly  embr i t t l ed  as 
the 4340 specimens (bar  C in Fig. 5). 

The almost  complete  absence of embr i t t l ing  hydro -  
gen in the  steel  (bar  E in Fig. 5) may  be the resul t  
of the h igh - t empera tu r e  diffusion t r ea tmen t  or the  
proven effectiveness (17) of the low embr i t t l ing  
Wat ts  n ickel  p la t ing as a hydrogen diffusion bar r ie r .  

I t  is hoped tha t  the  studies now being conducted in 
this l abora to ry  wil l  give more informat ion  about  the 
response to de layed br i t t l e  f rac tur ing  of H-11 and 
s imilar  high s t rength  hot die steels. 

Summary 
Delayed br i t t l e  cracking of u l t rah igh  s t rength 

4340 steel, p la ted  wi th  s tannate  tin, fol lowed by  cya-  
nide cadmium and a the rmal  t rea tment ,  is control led 
by the t in phase of the  p la t ing  process. 

Embr i t t l emen t  induced by  p la t ing  the meta ls  in 
two separa te  layers  f rom the above ba ths  apprec iab ly  

exceeds tha t  by codeposit ion of t in and cadmium 
from a complex f luoborate bath.  

Delayed br i t t l e  fa i lure  in an u l t rah igh  s t rength  hot 
work  die steel p la ted  wi th  nickel  f rom Wat ts  type  
bath,  fol lowed by  cyanide cadmium and a t he rma l  
t r ea tmen t  a t  a compara t ive ly  high t empera tu re ,  was 
only of a negl ig ible  order.  

The re la t ive  b reak ing  s t rength  der ived  f rom the 
static fat igue l imi t  is r ep resen ta t ive  of the  em-  
b r i t t l ement  damage impar ted  to the steel. The 
m a r k e d  differences in the stress rup tu re  behavior  of 
the p la ted  specimens were  re la ted  to differences in 
the  surface coverage wi th  adsorbed atomic hydrogen  
and discussed in the l ight  of a recen t ly  advanced 
theory  of the kinet ics  of crack propagat ion  in de layed 
fai lure.  
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Rotating Disk Electrode Techniques 
for the Study of Addition Agents 

I. Preliminary Studies with Cupric Sulfate Solutions 
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Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

The ro ta t ing  disk e lect rode is being used as a tool to s tudy the influence of 
organic addi t ion agents on the e lect rodeposi t ion of metals ;  the  ini t ia l  phases  of 
the s tudy are  r epor ted  in this paper .  Rota t ing disk e lec t rode  theory  has been 
verif ied for deposi t ion of copper f rom cupric  sulfate  solutions in the  presence of 
cer ta in  ra t ios  of iner t  e lec t ro ly te  ions. The exper imen ta l  condit ions r equ i red  
to proceed wi th  a s tudy of the role of organic addi t ives  have  been  established.  
I t  is found tha t  cu r ren t  densi ty  is d i s t r ibu ted  un i fo rmly  across the  surface 
of the  disk electrode.  

M a n y  de t a i l s  of t he  inf luence  of o rgan ic  a d d i t i o n  
agen t s  on the  e l e c t r o d e p o s i t i o n  of m e t a l s  a re  s t i l l  u n -  
r eso lved .  To a t t a c k  ce r t a i n  phases  of th i s  p r o b l e m ,  
i t  is d e s i r a b l e  to s t u d y  the  e l e c t r o d e p o s i t i o n  p rocess  
u n d e r  t he  mos t  e l e m e n t a r y  condi t ions ,  i.e., w i t h  the  
n u m b e r  of  u n c o n t r o l l e d  v a r i a b l e s  a t  a m i n i m u m .  Be-  
cause  of i ts  s impl i c i ty ,  an  e l ec t rode  s y s t e m  cons i s t ing  
of a s t a t i o n a r y  anode  and  a r o t a t i n g  d i sk  c a t h o d e  was  
chosen  for  t he  p r e s e n t  i nves t iga t ion .  This  s y s t e m  has  
been  success fu l ly  e m p l o y e d  b y  a n u m b e r  of i n v e s t i -  
g a t o r s  to s t u d y  r e d o x  r eac t i ons  ( 1 - 7 ) ,  b u t  i ts  use  for  
t he  e x a m i n a t i o n  of t he  e l e c t r o d e p o s i t i o n  of a m e t a l  
ion is r e l a t i v e l y  r ecen t ;  t he  f ew  r e p o r t s  in  t h e  l i t e r a -  
t u r e  i nd i ca t e  on ly  l i m i t e d  success (4, 8, 9) .  

The  r o t a t i n g  d i sk  ca thode  is a t t r a c t i v e  b e c a u s e  of 
the  l a r g e  v o l u m e  of r e a d i l y  a v a i l a b l e  l i t e r a t u r e  con-  
ce rn ing  i ts  f low p a t t e r n  and  the  r e l a t e d  m a t h e m a t i c a l  
a n a l y s e s  (1, 2, 5, 10-14) .  E x a m i n a t i o n  of t h e  e q u a -  
t ions  shows  t h a t  depos i t i on  m u s t  be  c a r r i e d  ou t  a t  t he  
l i m i t i n g  c u r r e n t  p l a t e a u  and  t h a t  m i g r a t i o n  due  to  
e l e c t r i c a l  f ields m u s t  be  m a d e  neg l ig ib l e ;  t he  l a t t e r  
is accomplished b y  the  u se  of a l a r g e  excess  of i n d i f -  
f e r e n t  e l ec t ro ly t e .  

The  p r i m a r y  a i m  of  the  e x p e r i m e n t a l  p r o g r a m  is 
to e s t ab l i sh  t he  cond i t ions  for  w h i c h  the  m a t h e m a t i -  
cal  d e s c r i p t i o n  can  b e  a p p l i e d  to t h e  depos i t i on  of 
copper  f r o m  an  aqueous  cupr i c  su l f a t e  solut ion.  This  
is a n e c e s s a r y  s tep  in  a p r o g r a m  to e m p l o y  t h e  r o -  
t a t i n g  d i sk  e l ec t rode  for  e x a m i n a t i o n  of t he  in f lu-  
ence of o rgan ic  a d d i t i o n  agen t s  on the  e l e c t r o d e p o s i -  
t ion  of meta l s .  

Experimental 
Description of apparatus.--Figure 1 is a b l o c k  d i a -  

g r a m  of t he  a p p a r a t u s  w h i c h  p e r m i t s  t he  r o t a t i o n  of 
a d i sk  e l ec t rode  at  a c c u r a t e l y  c o n t r o l l e d  a n g u l a r  
ve loci t ies .  The  sha f t  is d r i v e n  b y  a v a r i a b l e  speed  
motor .  The  f r e q u e n c y  of ro t a t ion ,  r e c o r d e d  as r e v o -  
lu t ions  p e r  m inu t e ,  is coun t ed  e l e c t r o n i c a l l y  b y  a 
scaler .  E l ec t r i c a l  con tac t  to t he  shaf t  is m a d e  t h r o u g h  
a t o r r o i d a l  m e r c u r y  cup.  T h e  glass  vesse l  w h i c h  
ho lds  t he  e l e c t r o l y t e  is e q u i p p e d  w i t h  a s ide  a r m  
to p e r m i t  t he  i n t r o d u c t i o n  of t h e  5 x 5 cm c o p p e r  
a n o d e  w i t h o u t  d i s t u r b i n g  the  so lu t ion  flow s y m -  

m e t r y .  The  vessel ,  12.7 cm in d i a m e t e r ,  is suff ic ient ly  
l a r g e  to p r e v e n t  t he  w a l l s  f r o m  i n t e r f e r i n g  w i t h  t he  
so lu t ion  flow a b o u t  t he  disk.  A t i g h t - f i t t i n g  L u c i t e  
cover  p e r m i t s  the  m a i n t e n a n c e  of a n i t r o g e n  a t m o s -  
p h e r e  a b o v e  the  e l ec t ro ly t e .  

The  po t en t i a l ,  w h i c h  is s u p p l i e d  b y  1.5v d r y  cel ls  
and  v a r i e d  b y  m e a n s  of a p o t e n t i o m e t e r ,  is m e a s u r e d  
w i t h  a v a c u u m  t u b e  v o l t m e t e r  w h i l e  c u r r e n t  is 
m e a s u r e d  w i t h  a m i l l i a m m e t e r .  

EIectrodes.--The ca thodes  a r e  s t a in less  s tee l  or  
sol id  coppe r  disks ,  6 m m  t h i c k  and  1.27, 1.91, a n d  
2.54 cm in d i a m e t e r ,  r e spe c t i ve ly ,  m o u n t e d  n o r m a l  
to t he  d r i v e  shaf t .  The  s ides  and  b a c k s  of t h e  d isks ,  
as w e l l  as t he  d r i v e  shaf t ,  a r e  i n s u l a t e d  f r o m  con tac t  
w i th  t he  e l ec t ro ly t e .  V e r y  c a r e fu l  po l i sh ing  a n d  
c l ean ing  p r o c e d u r e s  a r e  r e q u i r e d .  W h e n  the  s ta in less  
s tee l  d i sks  a r e  used  t h e y  m u s t  be  flash p Ia ted ,  f i rs t  
w i t h  a Wood ' s  n i c k e l  s t r ike ,  and  t h e n  w i t h  c y a n i d e  
copper .  E x p e r i e n c e  has  s h o w n  t h a t  the  d i sks  m u s t  be  
p o l i s h e d  b e t w e e n  runs  and,  if a n y  r o u g h n e s s  or  
s t a in ing  deve lops ,  the  c o m p l e t e  p l a t i n g  p r e p a r a t i o n  
m u s t  be  r e p e a t e d .  Because  t r o u b l e  w a s  e x p e r i e n c e d  
w i t h  p o r o s i t y  in t he  c y a n i d e  coppe r  depos i t ,  t h e  m o r e  
r e c e n t  w o r k  has  bee!9 done  w i t h  e l ec t rodes  m a c h i n e d  
f r o m  h i g h - p u r i t y  copper .  

Composition o~ e lectrolytes.--The e l e c t r o l y t e  used  
in  t he  m a j o r i t y  of t he  w o r k  done  thus  f a r  is  an  a q u e -  
ous so lu t ion  of cupr i c  su l f a t e  con t a in ing  p o t a s s i u m  
su l f a t e  as  i n e r t  e l ec t ro ly t e .  T h e  cupr i c  su l f a t e  con-  
c e n t r a t i o n s  r a n g e  f r o m  0.001 to 0.020M and  t h e  p o -  
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Table I. Composition of solutions used 

CuSO~ K2SO4 
c o n c e n t r a t i o n  c o n c e n t r a t i o n  

SolutiorL No.  ( m o l a r )  (mo la r )  

1A 0.001 0.1 
4A 0.004 0.1 
6A 0.006 0.1 
1B 0.001 0.2 
4B 0.004 0.2 
6B 0.006 0.2 

12B 0.012 0.2 
20B 0.020 0.2 
iC 0.001 0.3 
4C 0.004 0.3 
6C 0.006 0.3 
4D 0.004 0.05 

tassium sulfate  concentrat ions f rom 0.05 to 0.3M. The 
pH of al l  solutions was adjus ted  to 3.0 by the addi t ion 
of sulfuric  acid. The composition of the solutions is 
recorded in Table I. 

R e m o v a l  o] oxygen . - - -To  provide  an oxygen- f ree  
environment ,  the ni t rogen used for gassing is purified 
by passage through a solution containing va na dy l  
sulfate over ama lgamated  zinc as recommended  by  
Meites (15). Gassing is car r ied  out  for 30 min  before  
the s tar t  of each exper iment ,  and a n i t rogen a tmos-  
phere  is main ta ined  above the e lectrolyte  dur ing  the 
run. 

Procedure and Results 
The p la teau  voltage,  tha t  is, the  cell  vol tage r e -  

quired for the deposi t ion of cupric ions at the l imi t -  
ing current ,  is de te rmined  f rom the cu r ren t -po ten t i a l  
curve obta ined at a constant  f requency of rotat ion.  
The p la teau  for the CuSO, solutions extends  over  a 
range of 0.35-0.45v; the value  0.4v was used for all  
exper iments .  The same genera l  shape of the  curve 
and the same p la teau  vol tage is obta ined regardless  
o3 disk size or of the f requency of rotat ion.  As ex-  
pected, the magni tude  of the cur ren t  var ies  wi th  
disk size and the f requency of ro ta t ion used. 

Under  the exper imenta l  condit ions being em-  
ployed,  the  ma themat i ca l  descr ipt ion predic ts  tha t  a 
plot  of cur ren t  densi ty  vs.  the square root of the 
f requency of ro ta t ion wil l  y ie ld  a s t ra ight  l ine pass-  
ing through the origin. A fu r the r  consequence of the 
theory,  which holds tha t  the d is t r ibut ion  of cur ren t  
wil l  be un i form across the  surface of the disks i r -  
respect ive of size, was checked by using three  disks 
of different  diameters .  As shown in Fig. 2, both of 
these requ i rements  are  met. The fact  tha t  the ave r -  
age current  densi ty  is the  same for all  th ree  disk 
sizes can be assumed to indicate  tha t  the local cur rent  

4.0 

3.0-- 

2.0 

1.0 ~- / o = 1.91 cm disk 
o / J *,=?.54 cm disk 

o~ 1 1 I I I 
6 12 18 24 30 36 

~ - i n  rpm 

Fig. 2. Current density vs. root frequency for various sized disks 

densi ty  is eve rywhere  the same. An addi t ional  check 
of this point  was made  by  measur ing  the thickness of 
copper deposits along the radi i  of the 1.91- and 
2.54-cm disks using the in ter ference  microscope. 
Within  the l imit  of exper imenta l  e r ror  (--+5%) the 
deposit  thicknesses are uni form over the disk sur -  
faces. 

Since the genera l  object ive  of this  invest igat ion is 
to use the control lable  deposi t ion condit ions at the  
ro ta t ing disk electrode to examine  the role of add i -  
t ion agents in the electrodeposi t ion of metals,  it  is 
impor tan t  to de termine  a range  of cupric ion and po-  
tass ium sulfa te  concentrat ions over which the re -  
qui rements  of the ro ta t ing disk theory m a y  be met.  
When this range is once established,  it  then becomes 
possible to invest igate  the influence of organic add i -  
t ion agents. 

Using the e lectrolytes  l isted in Table I, the cur-  
rent  densi ty  vs.  root  f requency re la t ionship  is de-  
t e rmined  over  a range of solution compositions. A 
plot, typica l  of the  resul ts  obtained,  is given in Fig. 
3. I t  wi l l  be noticed that  the plots, which are  s t ra ight  
lines passing through the origin, meet  the pred ic -  
tions of ro ta t ing disk theory.  A plot  of the slope 

i / x / f ,  vs.  the  cupric sulfate  concentra t ion should 
be a s t ra ight  l ine in tersect ing the origin. F igure  4 
is a plot  of this expression for the A, B, and C solu- 
tions. The agreement  wi th  theory  is apparent .  

Inspection of Fig. 5 shows tha t  the plots of solu- 
tions 12B and 20B devia te  f rom a s t ra ight  line. The 

.~ 4.0 I -  
4B E 

3.0 

1.0 I B 

6 12 18 N 30 36 

in rpm 

Fig. 3. Current density vs. root frequency for a series typical of 
electrolytes used. 
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Fig. 4. Plot of slope, i / ~ / f ,  vs. molarity of cupric sulfate solutions 
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transfer of metal ions to the electrode is no longer 
diffusion and convection controlled. It appears safe 
to assume that ionic ratios above fifty provide elec- 
trolyte conditions which are suitable for investigat- 
ing the influence of organic additives on the electro- 
deposition of copper. 

Manuscript received Dec. 21, 1961; revised manuscript 
received Feb. 19, 1962. This paper was prepared for 
delivery before the Detroit Meeting, Oct. 1-5, 1961. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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Fig. 5. Current density vs. root frequency for some extreme values 
of electrolyte composition. 

plot for solution 6B is included for comparison. A 
similar deviation is observed for the plot of solution 
4D which is compared with solutions 4A, B, and C. 
Apparent ly  the compositions of solutions 12B, 20B, 
and 4D do not provide the electrolyte characteristics 
required to meet the predictions of rotating disk 
electrode theory. 

Discussion 
It is apparent  that  the predictions of rotating disk 

electrode theory may be met under certain very  
carefully controlled conditions. Analysis of the re-  
sults shows that plots of current density vs. root fre-  
quency are straight lines passing through the origin 
when the ionic ratio of potassium ions to cupric 
ions is f if ty or larger. Solutions with a ratio of 
fifty and up show straight lines; solutions 12B, 20B, 
and 4D, having ionic ratios of 33.3, 20, and 25, re-  
spectively, deviate from a straight line. Apparent ly  
an electrical t ransport  factor is introduced, and 

A Flow Synthesis of Gallium Phosphide and 
Some Properties of Gallium Phosphide Powder Layers 

Lewis J. Bodi 1 

General Telephone & Electronics Laboratories, Incorporated, Bayside, New York  

ABSTRACT 

A simplified synthesis of gallium phosphide powder in an open flow-system 
is described. Phosphorus vapor is carried over gallium (III) oxide by a stream 
of hydrogen. The oxide undergoes complete conversion to phosphide at about 
1000~ A thermal treatment enhances average particle size, and electroded GaP 
powder layers are fabricated. Electrical properties and electroluminescence 
characteristics of these layers are reported. 

The projected utilizations of the unique properties 
of gallium phosphide have effectively dictated ap- 
proaches to its synthesis which are directed at yields 
of single crystals. The simplest synthesis from a 
chemical standpoint is the most complicated in terms 
of implementation. Gallium is generally induction 
heated in a graphite container which is part  of a 
two or three thermal-zone,  sealed-quartz system. 
A phosphorus atmosphere is maintained by one of 

I O n  l e a v e  f r o m  D e p a r t m e n t  o f  C h e m i s t r y ,  B r o o k ] y n  Co l l ege ,  
Brooklyn ,  N e w  York. 

the heated zones which acts as a phosphorous res- 
ervoir. The at tainment of sound polycrystalline in- 
gots in such a system requires the maintenance of 
the equilibrium phosphorous pressure (,~ 20 atm) at 
the melting point of the stoichiometric material  
(~1500~ to facilitate zone refining. These con- 
ditions of pressure and temperature are stringent 
impositions on such systems, and the system of 
Frosch and Derick (1) aptly illustrates the degree 
of sophistication necessary to idealize the experi-  
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menta l  conditions. Other  syntheses have  been  pub -  
lished, however,  in which the synthesis '  react ion is 
not a direct  combinat ion of elements.  Notable  among 
these are the efforts of Ante l l  and Effer (2, 3) which, 
in addi t ion to provid ing  a va r i e ty  of approaches 
ut i l izing sealed systems, also include an open-f low- 
system procedure.  Recently,  Gershenzon and Mikul -  
y a k  (4) descr ibed a p repa ra t ion  in which a mix tu re  
of ga l l ium and gal l ium (I I I )  oxide reacted to form 
the suboxide which in tu rn  reac ted  wi th  phosphor-  
us vapor  in a sealed t w o - t h e r m a l - z o n e  system. An 
interes t ing va r i e ty  of single crys ta l  morphologies  
resulted,  but  the react ion fai led to go to completion. 

Among the  proper t ies  of gal l ium phosphide which 
suggest device appl icat ion the e lect roluminescent  
charac ter  is of pa r t i cu la r  in teres t  in these Labora -  
tories. The possibi l i ty  of employing  this ma te r i a l  in 
the p repara t ion  of a broad  area  l ight  source is es-  
pecia l ly  in t r iguing because of its fast  ( ~ l f f  8 sec) 
response to s t imula t ing  fields (5).  One broad area  
e lect roluminescent  source of s imple conception but  
of considerably  more  chal lenging execution is the 
single crys ta l  containing a p - n  junct ion which has 
been effected by impur i ty  in-diffusion. The diffi- 
cul ty  of a t ta in ing this end begins wi th  the afore-  
mentioned,  nont r iv ia l  p rob lem of producing uni -  
form-cross  section, s ing le -c rys ta l  ingots of GaP. It 
is evident  tha t  a b road  area  l ight  source consisting 
of gal l ium phosphide  powder  should have the 
double advantages  of simplified fabr ica t ion  of the  
l ight  producing layer  and of an easing of the 
s t r ingent  p r e s su re - t empe ra tu r e  conditions a t t end-  
ing synthesis.  I t  was this in teres t  in a powder  tech-  
nology of gal l ium phosphide,  promoted  to some ex-  
tent  by  occasional calamitous experiences wi th  
sealed sys tem syntheses of GaP, which provoked  
a search for a chemical ly  re l iable  powder  p r e p a r a -  
t ion which presents  no explosion hazard.  

Synthesis 

Previous  to the deve lopment  of an open-flow 
synthesis of ga l l ium phosphide,  sealed tube syn-  
theses were  successfully carr ied  out which es tab-  
l ished the method which would eventua l ly  be em-  
ployed. Phosphorus  and gal l ium (I I I )  oxide were  
sealed into a quartz  ampoule.  The ampoule  was suf-  
ficiently long to pe rmi t  heat ing in a two-zone fu r -  
nace. The vapor  pressure  control l ing end was hea ted  
to about 400~ the  react ion end containing the oxide 
to about  1000~ A brownish  g ranu la r  product  r e -  
sulted which gave a clean, GaP x - r a y  diffrac- 
t ion pat tern .  Al l  of the oxide unde rwen t  conversion. 
The react ion is p resumed to be the reduct ion of the  
oxide to the phosphide accompanied by  the fo rma-  
tion of oxides of phosphorus.  

The G a P  produced consisted of powder,  of about  
the fine state of subdivis ion of the s tar t ing oxide, 
and a surface mat  of needles. It would seem tha t  the 
la t te r  is a recrys ta l l iza t ion  of the in i t ia l ly  formed 
powder  by  a vapor  phase t ranspor t  mechanism. 

Al though the approach descr ibed was successful 
chemically,  it  did not provide  the s tab i l i ty  gua ran -  
tees which were  desired;  several  such tubes achieved 
se l f -des t ruc t ion  whi le  undergoing pos t - reac t ion  
cooling. Examina t ion  of the tube f ragments  in those 
cases revea led  the existence of an inner  surface 

l aye r  of a ga l l ium si l icate ( indicated by  x - r a y  dif -  
f ract ion analysis)  suggesting tha t  the synthesis  runs 
were  t e rmina ted  by differential  t he rmal  contract ion 
be tween the quar tz  envelope and the adher ing  si l-  
icate. Al though surface si l icate format ion could have 
been prevented  by app rop r i a t e  modification of the  
oxide posit ion wi th in  the tube, it was decided to 
a t tempt  the same synthesis  in an open system. An 
iner t  car r ie r  gas was to be used to t ranspor t  phos-  
phorus vapor  over the gal l ium oxide. To tha t  end, 
the fol lowing system was set up employing argon as 
the car r ie r  

TI % 

burn-off  

T1 ~ 400~ T2 ~ 1000~ t ~ 1 hr 

The product  was an o range -p ink  mate r ia l  which, 
under  the microscope, was seen to consist of a m i x -  
ture  of separa te  orange and whi te  granules.  X - r a y  
diffraction analysis  indicated the presence of GaP 
and GaPO, as ma jo r  phases. The incompleteness  of 
the react ion (or r e -ox ida t ion  of product )  was a t -  
t r ibu ted  to the presence of oxygen a n d / o r  mois ture  
in the system. To reduce these the  sys tem was mod-  
ified to include a copper t rap  for oxygen  which was 
main ta ined  at 500~ and a dry- ice ,  acetone mois-  
tu re  t rap.  The product  which resul ted  f rom the  mod-  
ified system was not an improvement  over  the ini t ia l  
f low-system mater ia l .  The copper turnings  exhibi ted  
no darkening  indicat ing the low oxygen content  of 
the argon. The ace tone -d ry  ice t rap  did, however ,  
pick up observable  moisture.  At  this point  i t  seemed 
evident  tha t  an addi t ional  source of oxidizing im-  
pu r i ty  must  be the phosphorus  i tself  (F isher  P. 99). 
I t  is known tha t  this grade of phosphorus contains 
moisture,  phosphoric  acid, oxides of phosphorus,  and 
wa te r  soluble salts. Because of the oxidizing na-  
ture  of the impur i t ies  a reducing car r ie r  was ut i l ized 
to resolve the difficulty. (Al though pu re r  phos-  
phorus was avai lab le  the necessi ty for b reak  seals 
for such phosphorus de t rac ted  from the over -a l l  
object ive of opera t ing  s implici ty.)  A consequent 
sys tem modification resul ted  in: 

- % 

Conditions of t ime and t empera tu re  were  those of 
the preceding synthesis  a t tempt .  Argon was used 
to flush the  system pr ior  to and fol lowing the hyd ro -  
gen flow which was main ta ined  dur ing  heat ing of 
the ga l l ium oxide. The effect of the reducing a tmos-  
phere  was decisive. The product  was a g ranu la r  
o range-b rown ma te r i a l  covered with  a mat  of 
needles (Fig. 1 and 2). A wel l -def ined x - r a y  dif-  
f ract ion pa t t e rn  verified the presence of a single 
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Fig. 1. Mat of GaP needles covering crucible resulting from reac- 
tion of phosphorus wltb gallium (l id oxide. Magnification about 
30X. 

Fig. 2. Fine grained GaP underlying the surface mat of GaP 
needles. Magnification about 30X. 

cubic phase consisting of gallium phosphide. Spec- 
troscopic examination of the starting Ga,O, (pre- 
pared in our laboratories by high- temperature  oxi- 
dation of 9 ~ gallium in a vitreosil vessel) revealed 
the presence of traces of A1, Cu, Fe, and Mg as well 
as Si at higher levels (~  200 ppm).  The resulting 
GaP contained the preceding plus additional traces 
of Ni, Mn, and Cr which had evidently been intro- 
duced when the Ga~O3 was milled. The red phos- 
phorus seems not to have been a source of addi- 
tional impurities. 

Rec~ystall~zation and Layer Preparation 
The product  obtained in the described synthesis was 

of approximately the same grain size as the parent  
gallium oxide, namely submicron to micron. In the 
applications for which the powder was intended, 
particle size is important  and growth from the 
micron range was necessary. Because of the rela-  
tively high volatility of gallium phosphide, the ap-  
preciation of particle size posed no real difficulty. 
That vapor transport  is the probable grain growth 
mechanism is indicated by our experiments in which 
appreciable crystal growth was observed on the 
upper walls of crucibles in which GaP powder 
was heated at as low as 900~ The small grained 
gallium phosphide was sealed into an evacuated 
quartz ampoule which was rotated in a furnace 

Fig. 3. Material of Fig. 2 after recrystallization. Magnification 
about 30X. 

at 1050~ for several hours. The appreciation in 
particle size can be readily observed by refer-  
ence to Fig. 2 and 3. Although it would have been 
possible to conduct experiments which would 
relate time and temperature of heating to parti-  
cle growth, granules in the desired size range 
were obtained by conventional milling and sieving 
of the recrystallized material. The usual techniques 
of layer preparation were utilized. The properties 
of such layers do, not unexpectedly, exhibit some 
dependence on the mode of construction. In these 
laboratories powder layers of gallium phosphide 
have been prepared by spraying, settling, and blade 
spreading. Each method involves the use of a binder. 
Various organics and low-melting inorganics have 
fulfilled that function. Phosphor particle size is lim- 
ited to a narrow range to eliminate the problems 
attending layer preparation when an undiscrim- 
inated milling mix is employed. The foremost of 
these problems is that of obtaining a continuous 
evaporated aluminum electrode on the exposed side 
of the powder layer. The other and transparent elec- 
trode is tin oxide coated glass. 

Current-Voltage Characteristics ol GaP 
Powder Layers 

The presence of p -n  junctions in gallium phos- 
phide is indicated by the light emission observed 
in excited crystallites at intergranular boundaries 
(6). In addition there seem to be point-like regions 
in the crystalline material with p-n junction char- 
acter judging by the roles of these sites as well- 
defined light sources in electric field (7-9). That 
preferred junction sequences seem to exist in crys- 
tallites of GaP is indicated by the rectifying prop- 
erties they exhibit when identical electrodes are used 
as anode and cathode. Because of the randomness 
of grain orientation in a powder layer it would 
not be expected that the layer exhibit rectification 
except as the possible result of differences between 
the contacts, in this case SnO~ to GaP and A1 to 
GaP. Such differences are mitigated in the present 
consideration by the intervening binder. It can- 
not be stated with certainty, however, that  all of 
the grains are completely encapsulated. A voltage- 
current plot for a gallium phosphide powder layer 
with a plastic binder is represented in Fig. 4. It can 
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Fig. 4. Current-voltage plot for a gallium phosphide powder layer 
with a plastic binder. The contacts are SnO~ and evaporated 
aluminum. 
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be read i ly  apprec ia ted  tha t  significant rectif ication 
does not take  place. (However,  below the mi l l i -  
ampere  level  there  is f requent ly  an order  of mag-  
n i tude  or so difference be tween  the conductivi t ies  
corresponding to the  two polar i t ies ) .  F igure  5 de-  
picts a log- log  plot  of cur rent  vs .  voltage. No s imple 
re la t ionship  of the  type  I = K V "  fits the data. The 
nonl inear  charac ter  of cur rent  as a function of 
vol tage is reflected in the slopes of the  plot.  A t  
low voltages,  the cur ren t  increases as roughly  the 
square of the  voltage,  whereas  at  high voltages for  
some layers  an ex t rapo la ted  n value  of 13 has been 
observed. P lo t t ing  the log of I v s .  V yields  connected 
l inear  segments.  Each segment  obeys the  diode equa-  
tion: I = I '  exp ( V / V ' - -  1), Fig. 6. The discont inu-  
ities represent  ab rup t  changes of the  pa rame te r s  I '  

and V '  as a function of the appl ied  voltage.  Ind i -  
v idual  crys ta l l i tes  exhib i t  a s imi lar  I - V  relat ionship.  

E l e c t r o l u m i n e s c e n t  C h a r a c t e r i s t i c s  

Figure  7 shows a ga l l ium phosphide  powder  l aye r  
as it appears  under  d.c. exci ta t ion and v iewed 
through the t r anspa ren t  contact. Brightness  meas-  
u rements  were  made  as functions of vol tage  and 
current .  The photo measurements  were  made  em-  
ploying a Wra t t en  No. 106 eye response compen-  
sated filter and a 1P21 photomul t ip l ie r  feeding a 
Photovol t  Model 520-M photometer .  Brightness  
measurements  were  l imi ted  in vol tage range  by  the 
sensi t ivi ty  of the measur ing  system on the low vol t -  
age side and by  excessive heat ing of the cell on the  
high vol tage side. 

A plot  of br ightness  vs .  power  is presented  in Fig. 
8. The l inear i ty  observed for powder  layers  has also 
been observed for the  emission from sintered 
pressed-pe l le t s  of ga l l ium phosphide powder.  A plot  
of the log of the  br ightness  against  V -v2 also yie lds  
a l inear  plot. The funct ional  re la t ionship  be tween  
br ightness  and vol tage for the two cases is vas t ly  
different  and the s imultaneous l inear i t ies  must  be 

LOG V 

Fig. 5. General current-voltage relationship far a layer as in 
Fig. 4 on a log-log plot. 
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Fig. 6. Log I vs. V plot far a GaP powder layer and for a small 
single crystal illustrating adherence to the diode equation. 

an accident  of the nar rowness  of the vol tage range  
encountered in these measurements .  Wolff, Hebert ,  
and Broder  (10) have prev ious ly  repor ted  the l inear  
charac ter  of a log B v s .  V -1/~ plot  over a range  of 
voltages somewhat  b roader  than  those of the au-  
thor 's  measurements .  

Microscopical ly the l aye r  looks ident ical  for r e -  
versed polari t ies.  Light  is seen to or ig inate  in po in t -  
l ike regions wi th in  the granules  (not  al l  of the  
granules  by any means) .  The l ight  emi t ted  at  these 
sites appears  to be of considerably  different  spectral  
d is t r ibut ion  than  tha t  which seems to character ize  
the layer  as a whole. The l a t t e r  is somewhat  orange 
while  the former  is ye l low-green .  The difference 
be tween  the two is due to optical  f i l tering by  the 
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Fig. 7. GaP powder layer photographed under its own emission 
while d.c. excited. 
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Fig. 8. Brightness vs. power for a gallium phosphide powder layer 

granules.  The efficiency of the powder  layer  as a 
l ight  source has been calcula ted to be of the order  
of 10-' lumens  per  wat t .  Af te r  the eye response 
character  of the measured  br ightnesses  has been 
taken  into account, as wel l  as in te rna l  absorption,  
the efficiency is of the order  of 10 -7 photons per  
electron. 

Summary 
Gal l ium phosphide can be synthesized by flow- 

ing phosphorus vapor  in a hydrogen  car r ie r  gas 
over ga l l ium (I I I )  oxide. The oxide should be ma in -  
ta ined at  about  1000~ the phosphorous reservoi r  
at about  400~ Moisture and oxygen t raps  in the 
flow t ra in  reduce the oxidant  content  of the car r ie r  
gases. The product  can undergo a subsequent  hea t -  
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ing in a sea led-evacua ted  ampoule  to effect par t ic le  
size appreciat ion.  The recrys ta l l ized  mater ia l ,  a f ter  
mechanical  sizing has been carr ied  out, may  be used 
to make powder  layers  of gal l ium phosphide.  Such 
layers  have been fabr ica ted  and exhibi t  min imal  
rectification. Light  emission f rom the layers  is s imul-  
taneously  l inear  in I x V and in exp (aV-1/~). This 
seems to be a consequence of the l imi ted  range in 
V over  which br ightness  measurements  were  made. 
As l ight  sources, the layers  have efficiencies of ap-  
p rox ima te ly  10-' lumens per  wa t t  which correspond 
to about 10 -7 photons per  electron. 
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Preparation and Properties of ZnO Phosphors 
Arnold Pfahnl 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

ZnO phosphors were prepared at a var ie ty  of firing temperatures  according 
to the reaction 2ZnO ~- ZnS -> 3Zn (excess) -~ SO~. The absolute values of the 
cathodoluminescent  intensity,  I, and the decay time, ~, were determined for the 
green emission band of these phosphors at 5 ma / c m ~ and 10 kv excitation. The 
tempera ture  dependence of I and T, the form of the decay, the dependence of 
on exciting current  density, the aging characteristics, and the spectral d is t r ibu-  
tion were also measured. 

It  was found that, at l iquid ni t rogen temperature,  I and �9 are near ly  con- 
stant  for all samples regardless of the firing temperature  used dur ing  the phos- 
phor preparation.  As the sample temperature  is raised above that  of l iquid 
nitrogen, I and T both become tempera ture  dependent,  which is a t t r ibuted to 
nonradia t ive  quenching processes that compete with the luminescent  t rans i -  
tions. At room tempera ture  a near ly  l inear  relationship exists between I and T. 
This behavior is independent  of sample preparat ion methods or commercial  
source of the phosphor. It was also observed that  the decay was nonex-  
ponential  and that  �9 is dependent  on the exciting current  density, which shows 
that the green luminescence is the result  of a second-order recombinat ion proc- 
ess. The influence of the firing tempera ture  on the s t ructure  of the lurainescent  
center is also evident  from the increased aging rate of those samples which were 
prepared at higher temperatures.  

M a n y  different  condi t ions  and  methods  of p r e p -  
a ra t ion  are repor ted  in  the l i t e r a tu r e  for l u m i n e s c e n t  
ZnO (Tab le  I ) .  The p resen t  work  describes some of 
the  proper t ies  of phosphors  ob ta ined  according  to the  
reac t ion  2ZnO + ZnS  -> 3Zn (excess) -t- SO~. 

Emphas i s  in  this  s tudy  has been  p laced  on the  
re la t ionsh ip  b e t w e e n  emiss ion i n t ens i t y  and  decay 
t ime  of the  g reen  emission,  and  no a t t emp t  was  made  
to inves t iga te  the  re la t ionsh ip  b e t w e e n  the  green  and  
the u.v. emission.  High  emiss ion in tens i t i es  and  decay 
t imes  =<250 nanosec  were  desired, in v iew of the  i n -  
t ended  use of a phosphor  of this  type  in  a special  
purpose  f ly ing-spot  s canne r  c a t h o d e - r a y  t u b e  (1 ,41) .  

Resul ts  also were  sought  which  m a y  c o n t r i b u t e  to 
a be t t e r  u n d e r s t a n d i n g  of the  basic processes i n -  
volved in  the  g reen  luminescence  of ZnO. 

Table I. Preparation conditions for ZnO phosphors 
as indicated in the literature 

Emission Prepara t ion  Reference 

Blue Zn in  O (2-5) 
Zn in N2 (6) 

Green Zn in O, incomplete (7) 
ZnS in O or air (4, 6-10) 
ZnO in CO (3) 
ZnO in  H2 (3, 6, 8, 10-13) 
Zn(OH)~ in H~ (7, 14) 
ZnCO~ in  H~ (6, 8, 10, 15) 
ZnO in vacuum (16) 
ZnO -t- ZnS in  N (6, 13) 
ZnO -p S in  N (17, 18, 26) 
ZnS -~ Pb in O (17) 
ZnO + B i i n  H~ (11, 18, 19, 27) 
ZnO + MgO + LiSO, (20, 28) 
ZnO + NH4C1 (16) 
Zn + S (25) 

Orange ZnO in O (7, 12, 21) 
ZnO in O + Ga, A1, 

Gd, C1, Br (22) 

Experimental 
For  the p r e p a r a t i o n  of the  phosphors ,  5 or 10g of 

ZnO (r.p.) ~ X weigh t  % ZnS  (X = 0,1,5,10,15) 
were  fired for 1 h r  at va r ious  t e m p e r a t u r e s  in  cov-  
ered quar tz  crucibles  and  in  an  a tmosphere  of n i -  
t rogen.  The  samples  we re  cooled r a p i d l y  af ter  
firing. 

Al l  samples  used in  the  p resen t  e x p e r i m e n t s  
were  p r epa red  f rom the  same batches  of ZnO and  
ZnS, as some va r i a t ions  in  the  emiss ion  i n t ens i t y  
were  found  among  batches  f rom dif ferent  producers .  
It  was necessa ry  tha t  the  l u m i n e s c e n t  pu re  (1.p.) 
grade of ZnS  be used, since the  use of r e a ge n t  p u r e  
(r.p.)  grade  resu l t ed  in  a cons iderab le  r educ t ion  
of the  emiss ion i n t e ns i t y  (Tab le  I I ) .  

For  the  c a t h o d e - r a y  t u b e  screen p repara t ion ,  the  
phosphor  was  suspended  in  a so lu t ion  of po ta s s ium 
sil icate us ing  u l t r ason ic  ag i ta t ion  and  was  t h e n  
set t led on microscope slides w i th  b a r i u m  n i t r a t e  as 
the  coagulant .  A series of tests on severa l  selected 
samples  showed tha t  the  u l t r ason ic  t r e a t m e n t  did 
no t  change  the i n t ens i t y  or the  decay t ime. For  each 
phosphor  sample,  the  o p t i m u m  screen weigh t  was  
d e t e r m i n e d  by  m e a s u r i n g  the  emiss ion i n t e ns i t y  as 
a f unc t i on  of the  screen weight .  

Table II. Emission Intensity of ZnO ~ 5% ZnS 
Samples prepared with combinations of base materials from 

various producers 

Firing t ime: 1 hr;  firing t empera tu re :  850~ excitation: me rcu ry  
l amp wi th  blue glass filter 

ZnO batches ZnS batches 
(all r.p.) (all 1.p. except  c) In tensi ty  

A a 29 
A b 30 
B a 30 
B b 31 
A c (r.p.) 10 
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The particle size of the phosphors increases with 
the firing temperature and reaches an average of 
about 30-40# for the samples fired at the highest 
temperatures. This is well within the limits of the 
particle size of commercial samples. On the other 
hand it was found that it is possible to change the 
particle size distribution considerably without re-  
ducing the maximum intensity if careful mechanical 
t reatment (grinding) is applied. The grain of the 
screens obtained with the present powders is com- 
parable to that of screens prepared with commercial 
samples of ZnO (Zn).  

A demountable ca thode-ray tube was used to 
measure the emission intensity and decay time. All 
data (except aging data) were taken under identical 
excitation conditions (anode voltage 10 kv; cur-  
rent density 5 ma/cm~; pulse length 5 ~sec; repeti- 
tion frequency 1000 pulses/sec).  These are the op- 
eration conditions under which the cathode-ray tube 
would be finally used (1), but they are milder than 
those of other flying-spot scanner operations where 
the product of excitation time for a screen element 
and the current  density may be increased by a fac- 
tor of ten. 

The green emission from the side opposite from 
that of excitation was detected by a photomultiplier 
with Sll response. The u.v. emission band was fil- 
tered out (Corning filter CS3-72, 2.9 mm thick).  
The photocurrent  was displayed on an oscilloscope. 
The time constant of the circuit was small enough 
to permit measurement  of decay times down to 50 
nanosec. 

The aging data, needed in practical phosphor ap- 
plications for the determination of the useful screen 
life, were obtained with sealed-off cathode-ray tubes 
having aluminized screens (seal-off pressure 10 -7 
mm Hg).  Clean vacuum conditions were required 
during aging measurements,  since burn  from positive 
ions or contamination from back-streaming pump 
fluid vapors might  otherwise have introduced major  
errors (29). To reduce the aging time, a stationary 
beam was used with the beam focused to a power 
density of 0.5 w / c m  = at the phosphor screen. This 
is low enough to avoid thermal damage. 

The spectral distribution of the fluorescent emis- 
sion was determined with a Bausch and Lomb 
"Model 250 mm" monochromator  and a photomul-  
tiplier tube. An absolute calibration of the ensemble 
was made. 

Results 

Emission intensity and decay time.--At and above 
room temperature,  the emission intensity and the 
decay time (measured at the 1/e point) depend 
strongly on the firing temperature (Fig. 1). The 
intensity increases with the firing temperature up 
to about 1100~ and then decreases monotonically. 
The decay time goes through a similar maximum, 
which is about 100~ lower than that  of the inten- 
sity. Samples fired at higher temperatures have, 
consequently, shorter decay times for equal emis- 
sion intensities. Similar curves are obtained for 
preparation with 1%, 10%, and 15% ZnS content. 

The data for the 20~ curve of Fig. 1 are replotted 
in Fig. 2 showing the decay time r as a function of 
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Fig. 1. Relative emission intensity I and decay time T of ZnO(Zn) 
phosphors as a function of the firing temperature. Base material: 
ZnO 4- 5% ZnS; atmosphere: nitrogen; firing time: 1 hr. Phosphor 
temperature varied from 20 ~ to 200~ 
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Fig, 2. Decay time ~ vs. emission intensity/ for ZnO(Zn) phos- 
phors prepared at various firing temperatures, as well as for several 
industrial samples. 

the emission intensity I. This is a convenient method 
of determining the quality of a phosphor sample 
when the shortest decay time at a given intensity is 
sought. The lower part  of this curve, corresponding 
to the higher firing temperatures,  can be continued 
through the points representing the best ZnO phos- 
phor samples obtained from various industrial 
sources. This shows that, at the present state of the 
art, most of the industrially produced ZnO phos- 
phors possess nearly the optimum combination of 
decay time and intensity, but it does no t  mean that  
this curve necessarily represents a physical limit. 
Improvements  in the quality (purity) of the base 
materials may lead to improved quality of the phos- 
phors (see Table II) .  

A comparison between the commerical samples 
and those prepared in the present experiments 
shows that most of the former have higher inten- 
sities than the latter (Fig. 2). The method used for 
the preparation has certainly a strong influence on 
the maximum intensity as  can be seen in Fig. 3 
where the results of various preparat ion methods 
and commercial samples are compared. The highest 
intensity in the present experiments was obtained 
by the oxidation of luminescent pure ZnS, but this 
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Fig. 3. Relative emission intensity I vs. decay time ~ far ZnO(Zn) 
phosphors prepared by various methods. 

is still about 20% below the maximum found for 
commercial samples. Another possible method to 
achieve higher intensities would be doping [ref. 
(17), Table I].  Fur ther  investigation would be 
necessary to elucidate this point. 

It is interesting to note that ZnO phosphors pre-  
pared according to various other methods have quite 
similar properties. This is shown in Fig. 3, where 
the emission intensities and the decay times of ZnO 
-F 5% ZnS are compared with the values measured 
on ZnS oxidized in pure O~ for 20 min, ZnO -t- 1% 
S fired in N,, and reagent-pure  ZnO fired in N,. 
ZnS oxidized at a temperature  greater than 1000~ 
rapidly loses its green luminescence and acquires 
properties similar to calcined pure ZnO. 

Data for a fixed firing temperature  of 1000~ 
and varying ZnS concentrations are given in Fig. 4. 
ZnO without a special addition of ZnS exhibits very 
low intensities but long decay times of the order 
of 1 #sec  when fired at 1000~ Addition of 1% 
ZnS causes an increase of the intensity and a de- 
crease of the decay time. Greater concentrations of 
ZnS have relatively little effect. 

The presence of larger quantities of sulfur in the 
samples fired below 1000~ (see section on Analysis 
of samples) indicated that, at these firing tempera-  
tures, a firing time of 1 hr  may not suffice to com- 
plete the reaction. A few experiments with various 
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Fig. 4. Emission intensity I and decay time �9 as a function af 
increasing ZnS content in the ZnO -t- ZnS preparation. Firing 
time, 1 hr. 

firing times, up to 6 hr, at a firing temperature  of 
850~ showed a continuous increase of I with fir- 
ing time, in which I was proportional to the log- 
ar i thm of the firing time. To reach the full intensity 
of 65 rel. units measured at room temperature,  a 
firing time of over 12 hr would be necessary as 
shown by an extrapolation. At 910~ the intensity 
reaches 90% of its saturation value after 1 hr. At  
l l00~ less than 7 rain are necessary. For the pur -  
pose of practical ZnO phosphor preparation, firing 
temperatures at or above 1000~ therefore seem ad- 
visable. 

If the temperature of the sample is lowered, the 
intensity, I, increases monotonically, the rate of in- 
crease being a function of the firing temperature.  
If the temperature is lowered from 20 to --180~ 
the intensity increases 1.8 times if the sample was 
fired at or below 1000~ 2.0 times for a firing tem-  
perature of 1250~ and 4.3 times for a firing tem- 
perature of 1400~ In the vicinity of --180~ the 
slopes level off, and a common value of the inten- 
sity is reached for all samples except those fired 
below 1000~ for which the firing time of 1 hr  was 
not long enough to give the maximum possible in- 
tensity (Fig. 5). The decay times measured at the 
37 and 5% points are also practically constant and 
independent of the firing temperature if measured 
at --180~ (Fig. 5). 

Figure 6 shows the decay time, ~, as a function of 
the sample temperature.  For the samples fired up 
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Fig. 5. Emission intensity I and decay time T of ZnO(Zn) phos- 
phors prepared from ZnO -F- 5% ZnS as a function of the firing 
temperature (measured at --180~ Firing time, 1 hr. 
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Fig. 6. Variation of the decay time as a function of tempera- 
tures. ZnO -~ 5% Zn$. Firing time, 1 hr. 
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to 1250~ t h e r e  is a s l igh t  i n c r e a s e  of  r up  to  r o o m  
t e m p e r a t u r e  and  t h e n  a r a t h e r  s h a r p  decrease .  T h e  
s a m p l e  f i red a t  1400~ exh ib i t s  a s t e a d y  dec rease  
of ~ w i t h  i nc r ea s ing  t e m p e r a t u r e .  

The  a b s o l u t e  v a l u e  of t h e  e n e r g y  conve r s ion  effi- 
c iency,  w h i c h  d e p e n d s  on the  e x p e r i m e n t a l  c o n d i -  
t ions,  w a s  d e t e r m i n e d  b y  c o m p a r i s o n  w i t h  op t i ca l  
m e a s u r e m e n t  s t a n d a r d s  d e v e l o p e d  at  th i s  l a b o r a -  
t o r y  (30) .  I t  was  found  t h a t  t he  v a l u e  of 65 rel .  
un i t s  of t he  i n t e n s i t y  sca le  as  used  in  Fig .  1-5 c o r -  
r e s p o n d s  to  an  e n e r g y  conve r s ion  eff iciency of 6% 
for  the  e x c i t a t i o n  cond i t ions  m e n t i o n e d  in  t h e  e x -  
p e r i m e n t a l  sec t ion  above .  This  is in good a g r e e m e n t  
w i t h  o t h e r  p u b l i s h e d  d a t a  (31)  t a k e n  a t  1-10 /~a/ 
cm ~ at  6-8 kv ,  w h i c h  i nd i ca t e  an  efficiency of  7.5% 
for  a ZnO ( Z n )  p h o s p h o r  h a v i n g  a p p r o x i m a t e l y  1 
~sec d e c a y  t ime .  

Other parameters.--The f o r m  of t he  d e c a y  is 
n o n e x p o n e n t i a l  r e g a r d l e s s  of t he  f i r ing t e m p e r a t u r e  
of t he  s a m p l e s  (Fig .  7) or  t he  t e m p e r a t u r e  a t  w h i c h  
the  m e a s u r e m e n t  is t a k e n  (Fig .  8) .  

The  d e c a y  t ime  is also a func t ion  of t h e  c u r r e n t  
dens i ty ,  as s h o w n  in Fig.  9. I t  dec reases  b y  a p p r o x -  
i m a t e l y  30% if the  c u r r e n t  d e n s i t y  is i n c r e a s e d  b y  
a f ac to r  10. This  has  been  found  to ho ld  ove r  a r a n g e  
of 1 /~a/cm ~ to 50 m a / c m  ~, w i t h  e i t he r  p u l s e  or  
r a s t e r  exc i t a t ion .  

F i g u r e  10 shows  the  r e l a t i v e  ag ing  c h a r a c t e r i s t i c s  
of four  ZnO p h o s p h o r s  f i red a t  d i f f e ren t  t e m p e r a -  
tures .  The  dec rease  in i n t e n s i t y  due  to e l ec t ron  bom-  
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Fig. 9. Decay time of a representative ZnO(Zn) phosphor as a 
function of the exciting current density. 
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b a r d m e n t  has  b e e n  o b s e r v e d  to be  mos t  sens i t ive  to  
the  a c c u m u l a t e d  c h a r g e  p e r  un i t  a r e a  depos i t ed  b y  
the  b e a m  and  is r e l a t i v e l y  i n d e p e n d e n t  of a c c e l e r a t -  
ing  vo l t age ;  hence  c o u l o m b s / c m  ~ is u sed  as t h e  
absc issa  of t he  ag ing  curve .  The  s a m p l e s  f i red at  a 
higher t e m p e r a t u r e  (1400~ age  s l i g h t l y  m o r e  
r a p i d l y  a t  t he  b e g i n n i n g  t h a n  those  f i red at  a l o w e r  
t e m p e r a t u r e  (1000~ This  is in  a g r e e m e n t  w i t h  
o b s e r v a t i o n s  of t he  s e n s i t i v i t y  of t h e  l u m i n e s c e n c e  
to m e c h a n i c a l  d a m a g e  (e.g., g r i n d i n g )  r e c o r d e d  b y  
o the r  a u tho r s  (32) .  The  cu rves  co inc ide  a f t e r  a d e -  
pos i t ed  cha rge  of abou t  100 c o u l o m b s / c m  2 has  been  
reached .  Some  ag ing  d a t a  o b t a i n e d  u n d e r  r a s t e r  e x -  
c i t a t ion  w e r e  also a v a i l a b l e  b u t  on ly  for  a t o t a l  d e -  
pos i t ed  cha rge  up  to 10 c o u l o m b s / c m  ~. No d i f fe r -  
ence  in the  r e su l t s  was  found .  

The  g reen  emiss ion  s p e c t r u m  of s ix  r e p r e s e n t a t i v e  
s a mp le s  f i red b e t w e e n  900 ~ a n d  1400~ w a s  d e -  
t e r m i n e d  at  v a r i o u s  t e m p e r a t u r e s  r a n g i n g  f r o m  
--180 ~ or  + 130~ The  s p e c t r a  w e r e  f o u n d  to be  
iden t ica l ,  each  h a v i n g  i ts  m a x i m u m  at  500 m/~ r e -  
ga rd l e s s  of t h e  f i r ing t e m p e r a t u r e ,  t he  m e a s u r e m e n t  
t e m p e r a t u r e ,  or  t he  a m o u n t  of ZnS  in t he  base  m a -  
t e r i a l  be fo re  fir ing.  This  is in  good a g r e e m e n t  w i t h  
d a t a  p u b l i s h e d  in  t he  l i t e r a t u r e  (40) .  

Analysis of samples.--A m a s s - s p e c t r o m e t r i c  
ana lys i s  of the  gases  l i b e r a t e d  f r o m  t h r e e  r e p r e s e n t a -  
t i ve  f i red s a mp le s  b y  r e h e a t i n g  at  650~ u n d e r  h igh  
v a c u u m  s h o w e d  t h a t  su l fu r  is s t i l l  p r e s e n t  in  q u a n -  
t i t i es  up  to a b o u t  0.01% of  t he  in i t i a l  con ten t  ( T a -  
b l e  I I I ) .  The  qua n t i t i e s  of SO and  SO~ l i b e r a t e d  
d e c r e a s e  e x p o n e n t i a l l y  fo r  a l i n e a r  i n c r e a s e  of t h e  
f i r ing t e m p e r a t u r e .  The  r e m a i n i n g  su l fu r  is p r e s -  
en t  in the  f o r m  of ZnS  w h i c h  was  shown  b y  t h e  
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Table Ill. Gas quantities (in cm~'mm) liberated from lg 
samples of ZnO phosphors heated under vacuum at 6500C, as 

determined by mass-spectrometric analysis 

Sample composition before firing: ZnO -t- 5% ZnS 

Firing temp,  ~ H2 CO H,zO CO~ SO SO2 CHI 

700 91.2 90.3 243.4 82.3 20.4 26.3 
1100 22.9 93.5 51.1 55.2 5.2 1.9 
1400 8.2 12.6 0.6 13.2 0.1 1.4 

Commercia l  
sample  57.0 11.5 14.0 68.0 - -  - -  0.63 

de t ec t i on  ( b y  m e a n s  of x - r a y  d i f f r ac t ion )  of a - Z n S  
c rys t a l s  in the  g r e e n  l u m i n e s c e n t  s a m p l e s  f ired a t  
1000 ~ and  1400~ A t  1400~ t h e  c r y s t a l l i t e s  h a v e  
g r o w n  l a rge  enough  to g ive  a r e l a t i v e l y  s t rong  d i f -  
f r ac t ion  p a t t e r n .  The  ana lys i s  of an  i n d u s t r i a l  s a m p l e  
wi th  s im i l a r  l u m i n e s c e n t  p r o p e r t i e s  r e v e a l e d  no 
su l fur .  

Discussion 
ZnO is t y p i c a l l y  an n - t y p e  semiconduc to r ,  w i t h  

donor  leve ls  a t  0.04 to 0.05 ev. T h e y  r e su l t  f r om an  
i n t e r s t i t i a l  excess  of Zn in concen t r a t i ons  r a n g i n g  
f rom 101:' to 10 TM a t o m s / c m  '~, d e p e n d i n g  on the  m o d e  
of p r e p a r a t i o n  of the  m a t e r i a l  (33) .  G r e e n  l u m i n e s -  
cence a p p e a r s  if  ZnO is p r e p a r e d  u n d e r  r e d u c i n g  
cond i t ions  (see  T a b l e  I ) ,  wh ich  p r o d u c e s  a f u r t h e r  
excess  of Zn. The  o x y g e n  vacanc ie s  c o r r e s p o n d i n g  
to the  d e v i a t i o n  f rom s t o i c h i o m e t r y  mus t  be  p r o -  
duced  d u r i n g  the  f o r m a t i o n  of t he  c ry s t a l  and  c a n -  
not  be o b t a i n e d  b y  a r e d u c i n g  agen t  ac t ing  so le ly  
on the  su r f ace  (7) .  

Based  on these  and  o the r  cons ide ra t ions ,  i t  has  
been  p r o p o s e d  b y  va r i ous  a u t h o r s  t ha t  t he  g reen  
l uminescence  c o r r e s p o n d s  to a t r a n s i t i o n  f r o m  Zn* 
to Zn ~' in t he  excess  Zn ions (23) or  to a t r a n s i t i o n  
in an o x y g e n  v a c a n c y  (7, 42b) .  

As an a l t e r n a t i v e  e x p l a n a t i o n ,  i t  has  been  a d -  
v a n c e d  t h a t  the  g reen  b a n d  could  be t he  r e su l t  of 
a smal l  a m o u n t  of ZnS  (0.1% or  less)  p r e s e n t  in 
sol id  so lu t ion  in the  ZnO (26) .  

On the  bas is  of the  e x p e r i m e n t s  p r e v i o u s l y  r e -  
po r t ed ,  i t  is not  poss ib l e  to dec ide  b e t w e e n  these  
two  i n t e r p r e t a t i o n s ,  even  t h o u g h  the  mass  spec -  
t r o m e t r i c  ana lys i s  of t he  g reen  l u m i n e s c e n t  i n d u s -  
t r i a l  s a m p l e  d id  no t  r e v e a l  any  su l fu r  con ten t  (see  
the  E x p e r i m e n t a l  sec t ion  a b o v e ) .  T h e r e f o r e  h i g h -  
p u r i t y  Zn 99.9998% was  oxid ized ,  and  i t  was  found ,  
in a g r e e m e n t  w i t h  o the r  au tho r s  (22) ,  t h a t  a 
g reen  l u m i n e s c e n t  ZnO w a s  fo rmed .  The  r e d u c i n g  
agen t  (ZnS,  S, etc. ,)  c o n s e q u e n t l y  w o u l d  se rve  on ly  
to c r ea t e  o x y g e n  vacanc ie s  in t he  ZnO la t t ice .  Con-  
s ide r ing  the  h igh  s ens i t i v i t y  of the  l u m i n e s c e n t  m a -  
t e r i a l s  to sma l l  a m o u n t s  of i m p u r i t i e s  f u r t h e r  i n -  
ves t iga t ions  w o u l d  be  neces sa ry  to a sce r t a in  the  
absence  of su l fu r  in these  e x p e r i m e n t s .  

A t  a g iven  f i r ing t e m p e r a t u r e  c e r t a i n l y  on ly  a 
l imi t ed  n u m b e r  of excess  Zn ions and  o x y g e n  v a c a n -  
cies can be  i n c o r p o r a t e d  in the  c rys ta l .  This  e x p l a i n s  
the  l eve l ing -o f f  of t he  i n t e n s i t y  even  w h e n  i n c r e a s -  
ing quan t i t i e s  of r e d u c i n g  a g e n t  a r e  a d d e d  to the  
base  m a t e r i a l  (Fig.  4) .  (The  fo rm of t he  cu rves  is 
s imi l a r  for  f i r ing t e m p e r a t u r e s  up  to 1400~ w h e r e  

the  r eac t i on  is c o m p l e t e d  be fo re  one hou r  of f i r ing 
t ime . )  

A t  low concen t r a t i ons  of the  r educ ing  agen t  (e.g., 
in t he  r.p. ZnO con ta in ing  less than  0.001% S used  
in the  p r e s e n t  s a m p l e  p r e p a r a t i o n )  on ly  a few 
l u m i n e s c e n t  cen te r s  a r e  f o r m e d  and  the  i n t ens i t y  is 
low. I t  is also poss ib le  in th is  case t ha t  a sma l l  
a m o u n t  of o x y g e n  l eaves  the  l a t t i ce  w i t h o u t  r e -  
qu i r i ng  the  ac t ion  of a r educe r .  This  also ag rees  
wi th  the  o b s e r v a t i o n  of the  a p p e a r a n c e  of a n e w  
b a n d  of d i p o l a r  D e b y e  a bso rp t i on  a b o v e  1000~ 
c o r r e s p o n d i n g  to an  a c t i va t i on  e n e r g y  of 0.25 ev  
(35) .  

F r o m  the  d a t a  shown  in Fig.  5 and  f rom the  e x -  
p e r i m e n t s  r e l a t i n g  the  i n t ens i t y  to t he  f i r ing t i m e  
it can  be  conc luded  tha t ,  for  the  p r e s e n t  p r e p a r a t i o n  
me thod ,  t he  n u m b e r  of l u m i n e s c e n t  cen t e r s  p r o -  
d u c e d  in the  c r y s t a l  is i n d e p e n d e n t  of the  f i r ing 
t e m p e r a t u r e .  Fo r  f i r ing t e m p e r a t u r e s  b e l o w  1000~ 
longer  f i r ing t i m e s  t h a n  1 h r  a re  n e c e s s a r y  to  i n -  
c o r p o r a t e  the  m a x i m u m  poss ib le  n u m b e r  of l u m i n e s -  
cent  centers ,  b u t  an inc rease  of the  f i r ing t e m p e r a -  
tu re  f rom 1000 ~ to 1400~ inc reases  on ly  t he  n u m -  
be r  of q u e n c h i n g  processes  wh ich  m a y  be  assoc ia ted  
w i th  some l a t t i ce  defects .  

The  n u m b e r  of these  quench ing  processes  is 
s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t  and  seems  to d i s -  
a p p e a r  c o m p l e t e l y  b e l o w  --180~ O t h e r  l i m i t a t i o n s  
on the  m a x i m u m  a t t a i n a b l e  efficiency m u s t  n e v e r -  
the less  s t i l l  be p resen t ,  due  p r o b a b l y  to t he  bas ic  
a b s o r p t i o n  processes  of ca thode  r ays  in t he  p h o s -  
phor ,  as the  bes t  eff iciency at  - -180~ is on ly  10% 
(Fig .  5) .  

The  fo rm of the  I vs. T cu rves  can be r e p r e s e n t e d  
by  the  equa t ion :  ~ = L / ( L §  w h e r e  ~? is t he  
l u m i n e s c e n t  efficiency,  L the  n u m b e r  of r a d i a t i v e ,  
and  N the  n u m b e r  of r a d i a t i on l e s s  t r ans i t ions .  I t  is 
g e n e r a l l y  a s sumed ,  t h a t  L is n e a r l y  i n d e p e n d e n t  of 
T and  t ha t  N inc reases  r a p i d l y  w i th  t he  a m b i e n t  
t e m p e r a t u r e  of the  phosphor .  F u r t h e r  m e a s u r e m e n t s  
e x t e n d i n g  t h e  r a n g e  to l i qu id  h e l i u m  t e m p e r a t u r e  
wou ld  he re  be  va luab l e .  

The  n o n e x p o n e n t i a l  d e c a y  (Fig .  7, 8) i nd ica t e s  
a s e c o n d - o r d e r  r e c o m b i n a t i o n  process  b e t w e e n  
holes  and  e lec t rons .  As  g reen  l u m i n e s c e n t  ZnO has  
a h igh  d a r k  c o n d u c t i v i t y  (23, 42) t h e r e  shou ld  no t  
be a g r e a t  change  of the  e l ec t ron  concen t r a t i on  in 
the  conduc t ion  b a n d  d u r i n g  the  exc i t a t ion .  I t  cou ld  
t h e r e f o r e  be  a s sume d  t h a t  the  r a t e - d e t e r m i n i n g  
process  is the  t r a p p i n g  of holes  in the  cen te r .  The  
g r e e n  emiss ion  t hen  t a k e s  p l ace  i m m e d i a t e l y  a f t e r  
t he  ho le  has  been  t r a p p e d .  This  w o u l d  be  in  a g r e e -  
m e n t  wi th  the  d i f fe ren t  t e m p e r a t u r e  d e p e n d e n c e  of 
decay  t ime  as c o m p a r e d  to t h a t  of in t ens i ty ,  t h e  
l a t t e r  be ing  d e t e r m i n e d  b y  the  ac t ion  of t he  q u e n c h -  
ing process  on the  l u m i n e s c e n t  t r ans i t i on ,  t he  fo r -  
mer  b y  the  t h e r m a l  ac t ion  on the  h o l e - c a p t u r e  
process .  

The  inc rease  of  t he  d e c a y  t i m e  a t  low excess  Zn 
concen t r a t i ons  (Fig .  4) could  be e x p l a i n e d  b y  t h e  
s ens i t i v i t y  of the  l i f e t ime  of the  holes  to l a t t i c e  i m -  
pe r f ec t ions  (43) ,  wh ich  p r o b a b l y  inc rease  w i th  i n -  
c r eas ing  a m o u n t s  of excess  Zn. P o s s i b l y  no i m p u r -  
i ty  conduc t ion  b a n d  has  y e t  been  fo rmed ,  and  the  
l u m i n e s c e n t  cen t e r s  a r e  i n d e p e n d e n t  of one ano the r .  
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A t  high exc i t a t i on  dens i t i e s  and  low cen te r  concen -  
t r a t ion ,  two  effects shou ld  c o n s e q u e n t l y  be o b s e r v e d :  
(a )  a r e l a t i v e  inc rease  of the  i n t ens i t y  of t he  u.v.  
emiss ion  as a consequence  of the  r e d u c e d  poss ib i l i t y  
for  r e c o m b i n a t i o n  v i a  a c t i v a t o r  centers ,  and  (b )  an  
e x p o n e n t i a l  fo rm of t he  decay  of t h e  g reen  b a n d  
due  to t he  fac t  t ha t  the  n u m b e r  of holes  is m u c h  
g r e a t e r  t h a n  the  n u m b e r  of cen t e r s  (a t  l eas t  a t  t he  
beg inn ing  of the  d e c a y ) .  U n f o r t u n a t e l y  the  decay  
fo rm of these  s amp le s  could  no t  be  m e a s u r e d ,  b u t  
an inc rease  in u.v. emiss ion  was  o b s e r v e d  in t he  
p r e s e n t  e x p e r i m e n t s .  The  hypo the s i s  could  also e x -  
p la in  tha t  e x p o n e n t i a l  d e c a y  fo rms  h a v e  r e p e a t e d l y  
been  i n d i c a t e d  in the  l i t e r a t u r e  (8, 42) .  

The  d e c r e a s e  of the  l u m i n e s c e n t  eff iciency wi th  
e l ec t ron  b o m b a r d m e n t  m a y  r e su l t  f rom d a m a g e  to 
the  l u m i n e s c e n t  cen t e r s  (37)  or  f rom an  inc rease  in 
the  n u m b e r  of r a d i a t i o n l e s s  t r a n s i t i o n s  by  f o r m a -  
t ion of l a t t i ce  de fec t s  (38) .  If  the  l u m i n e s c e n t  p r o c -  
ess t a k e s  p lace  in a c en t e r  f o r m e d  b y  one or  s e ve ra l  
ions and the  e l ec t ron  does not  l eave  this  c e n t e r  d u r -  
ing the  exc i t a t ion ,  d e s t r u c t i o n  of a cen te r  dec reases  
on ly  the  i n t ens i t y  and  the  decay  t ime  r e m a i n s  p r a c -  
t i c a l l y  cons tan t .  This  is the  case, for  e x a m p l e ,  w i t h  
CaWO,  (29) .  M e a s u r e m e n t s  on s eve ra l  s amp le s  of 
ZnO showed  (29) t ha t  the  decay  t ime  dec reases  
a b o u t  30% a f t e r  a b o m b a r d m e n t  w i t h  i00 c o u l o m b s /  
cm ~. This  w o u l d  ind ica t e  an inc rease  of t he  pos -  
s ib i l i ty  for  r a d i a t i o n l e s s  t r ans i t ions .  The  d i f fe ren t  
ag ing  b e h a v i o r  of c ry s t a l s  p r e p a r e d  at  va r i ou s  t e m -  
p e r a t u r e s  ind ica tes  a lso  t ha t  the  ag ing  process  is 
sens i t ive  to s t r u c t u r a l  d i f fe rences  in t he  la t t ice .  
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Dissolution of Germanium in Aqueous 
Hydrogen Peroxide Solution 

N. Cerniglia and P. Wang 
Semiconductor Division, Sylvania Electric Products Inc., Woburn, Massachusetts 

ABSTRACT 

The dissolution of germanium in aqueous hydrogen peroxide of from 3 to 
90% H~O~ and pH from 1 to 9 has been studied at temperatures varying from 
25 ~ to 90~ It has been found that dissolution rate remains constant in solu- 
tions of 3-30% by weight of H~O~ at low pH, then decreases with increasing 
H~O._. content. The reaction is highly pH dependent above pH 4, and this pH 
dependence varies as a function of H~O.~ concentration. This indicates that the 
rate-controll ing step in low and high H.~O~ concentration solutions at pH 5 and 
above may be different. Reaction mechanism to explain this situation is pro- 
posed. 

The use of hydrogen  peroxide  solution as a final 
c lean-up  etch for ge rmanium is an establ ished 
pract ice in the semiconductor  industry .  The use of 
di lute  aqueous hydrogen  peroxide  solutions as an 
etch for ge rmanium was first suggested by  Camp 
(1).  Mil ler  (2) de te rmined  the dissolution ra te  of 
ge rmanium at var ious  t empera tu res  in 3.4% by 
volume hydrogen  peroxide  solutions of pH 5. The 
present  s tudy has been carr ied out in order  to ob-  
tain a be t te r  unders tanding  of the mechanism of 
the dissolution react ion and to de te rmine  its de-  
pendence on the hydrogen  peroxide  concentrat ion,  
t empera ture ,  and p H  of solution. The effects of the 
resist ivi ty,  res is t iv i ty  type, and crys ta l l ine  per fec-  
t ion of the ge rmanium on the dissolution ra te  also 
have been studied. 

Experimental 
The samples used were  1 x 1.5 x 0.010 in. single 

crys ta l  n -  and p - t y p e  ge rmanium of 2 to 6 ohm-cm 
resist ivi ty.  1 Samples  were  or iented with  the ma jo r  
surfaces in the ~111~  p lane  wi th in  one degree and 
were  p repa red  with  an a luminum oxide lapped 
finish. Random area  measurements  on the slices 
showed less than  2% var ia t ion  in apparen t  surface 
area. Resis t ivi ty  measurements  on ind iv idua l  
samples showed var ia t ions  less than  5%. Pr ior  to 
etching, each sample was degreased in t r ich loro-  
ethylene,  chloroform, and methanol ,  dried, cleaned 
in hydrofluoric acid, and r insed in disti l led,  de-  
ionized wate r  of be t te r  than 15 megohm resis t ivi ty.  
After  drying,  samples were  weighed to the  neares t  
hundred th  of a mi l l ig ram and thickness was meas-  
ured wi th  a dial  micrometer  to the  neares t  ten th  
of a mil. 

Samples  were  placed in small  pass iva ted  stainless 
steel wire  baskets  and were  etched ind iv idua l ly  in 
separa te  beakers  containing 150 ml of solution, 
each main ta ined  wi th in  • 1 7 6  of t empera ture .  No 
agi ta t ion of the etchant  was used. The heat  of r e -  
action was low and quickly  diss ipated through the 
beaker  so tha t  the react ion was effectively car r ied  
out at  constant  t empera tu re  in all  cases. At  the end 
of each etch period, the ge rman ium samples were  

1 Spec i f ic  e x p e r i m e n t s  w e r e  carried out w i t h  g e r m a n i u m  spec imens  
of  other resist ivity ranges. 

quickly  removed  and quenched in a la rge  volume 
of deionized water .  Af te r  r insing and drying,  the 
samples were  measured  and weighed again. 

Samples  were  etched a number  of t imes in the 
same solution in order  to establ ish a constant  etch 
rate.  The assumption was made that  the constant  etch 
ra te  reached af ter  the  work  damaged  layer  had  been 
removed  was close to the t rue  etch rate.  Since 
the decrease in thickness per  etch per iod was below 
the sensi t iv i ty  of the dial  micrometer  for the slow 
etching in ve ry  high concentrat ion hydrogen  pe r -  
oxide, the ma jo r i ty  of data  for etch ra te  is presented  
in units  of mi l l ig rams per  square cen t imeter -hour ,  
in order  to be consistent f rom low to high hydrogen  
peroxide  concentrations.  

The etching solutions were  p repa red  by  di lu t ing 
Becco reagent  grade 90% hydrogen  peroxide  (in 
some cases, electronic grade 30% hydrogen  peroxide  
from Solvay was used to p repa re  the solutions) .  
Dilut ions were  vo lumet r ica l ly  measured  f rom a 
bure t te  to the neares t  0.1 ml. Control  of the compo- 
sition for any  etch run  was establ ished by  analyzing 
for hydrogen  peroxide  composition using potass ium 
pe rmangana te  t i t rat ion.  For  di lute  solutions in the 
neu t ra l  and a lkal ine  pH regions, the  perox ide  solu-  
tions were  neut ra l ized  with  10% reagent  grade 
NH,OH. S tab i l i ty  of high pH solutions at  e levated 
t empera tu res  was accomplished by  addi t ion of a 
small  amount  of h y d r a t e d  sodium stannate.  The 
higher  pH samples taken  for analysis  were  acidified 
wi th  d i lu te  sulfuric acid immedia te ly  af ter  quench-  
ing in order  to minimize hydrogen  peroxide  decom- 
position. Precaut ions  to main ta in  hydrogen  peroxide  
s tab i l i ty  dur ing etching made  it possible to control  
the H~O~ composition to •  This var ia t ion  in 
hydrogen peroxide  concentrat ion was less at lower  
pH and tempera tures .  During the etching per iod 
pH measurements  were  taken  per iodica l ly  and ad-  
jus tment  was made whenever  necessary to control  
var ia t ions  wi th in  • pH unit.  

Results 
Dependence of germanium dissolution rate on 

H~O~ concentration.--A plot  of dissolution ra te  of 
nondegenera te  ge rmanium wi th  respect  to H~O~ con- 

508 
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Fig. 2. Dependence of etch rate on H~O2 concentration, pH 3, 7, 9 

centration is given in Fig. 1. In H~O~ solutions of 3- 
30% H~O~ by weight, the dissolution rates at each 
temperature are essentially constant. Above 30% 
concentration, they decrease linearly with increas- 
ing H~O~ concentration. All th~ solutions were pre-  
pared by diluting 90% H~O~ with water, and no 
attempt was made to control the pH. 

In Fig. 2, germanium dissolution rate is plotted 
as a function of H~O~ concentration at three pH 
values. At pH 3 the rate is independent of H~O.~ 
concentration in the range 3-30%. At pH values 
of 7 and 9, there is a linear relationship between 
dissolution rate and H~O~ concentration. 

Dependence of dissolution rate on solution t em-  
perature . - -The  relation between germanium dis- 
solution rate and solution temperature was studied 
for n- type  and p- type  nondegenerate germanium 
and for degenerate n - type  germanium. Etching ex- 
periments were performed at several I-I~O~ concen- 
trations ranging from 15 to 90% H~O~ by weight, 
at several pH values ranging from 1.0 to 9.0, and at 
four temperatures,  25 ~ 50 ~ 70 ~ and 90~ In gen- 
eral a 50% increase in dissolution rate is obtained 
with each 10~ temperature  rise. Figure 3 is a 
plot of dissolution rate as a function of 1/T x 10 ~ 
for n-  and p- type  germanium of 10 ~ a tom/cm ' 
impurity level etched in 30% H~O~ solution at 

pH 4.0. The activation energy E is estimated at 
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Fig. 3, Dissolution vs. temperature for n and p type germanium in 
30% H20~ aqueous solutions pH 4. 
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Fig. 4. Dissolution rate vs. temperature for high and low resistivity 
n type germanium in 30% H20~ aqueous solutions at pH 4. 

6.6 kcal /mole by application of the Arrhenius equa- 
tion. 

Figure 4 plots dissolution rate as a function of 
temperature for n- type  germanium samples of 10 ~6 
and 101~ a tom/cm ~ impuri ty levels in 30% I-I~O2 
solutions at pH 4.0. The activation energy is esti- 
mated at 6.3 kcal/mole.  

Table I gives values of estimated activation en- 
ergy for the dissolution of n- type  germanium in 
aqueous H~O~ solutions determined by these investi- 
gations at various solution pH and % composition 
by weight. Values determined for p- type  germanium 
are quite similar. From these data it is seen that 
at pH 5 and above the activation energy is about 
10.5 kcal/mole and at pH 4 and below the value 

Table I. Activation energy for various H~O~ etching compositions 
using n-type germanium (2-6) ohm-cm 

C o m p o s i t i o n ,  % A c t i v a t i o n  e n e r g y ,  
b y  w e i g h t  I-I202 p H  k c a l / m o l e  

90 1.0 6.4 
70 2.1 6.8 
50 3.0 7.9 
30 4.0 6.6 
30 5.1 11.0 
30 7.1 11.0 
15 4.9 10.0 
15 7.0 10.5 
15 9.1 10.3 
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is a p p r o x i m a t e l y  6.5 k c a l / m o l e .  The  a c t i v a t i o n  en -  
e r g y  is t he  s a m e  for  g e r m a n i u m  of b o t h  n - t y p e  and  
p - t y p e  c o n d u c t i v i t y  and  for  low and  h igh  i m p u r i t y  
l eve l s  up  to 10 ~ a t o m / c m  ~. 

Dependence of dissolution rate on pH o S solution. 
- - I n  Fig.  5, g e r m a n i u m  d i s so lu t ion  r a t e s  a r e  p l o t t e d  
aga ins t  p H  of so lu t ion  for  e t ch ing  e x p e r i m e n t s  
c a r r i e d  ou t  w i t h  n - t y p e  n o n d e g e n e r a t e  g e r m a n i u m  
in 15, 30, and  50% H~O~ so lu t ions  a t  50~ A t  each  
H~O~ concen t r a t i on  the  d i s so lu t ion  r a t e  s tays  
r e l a t i v e l y  cons t an t  u n t i l  a c r i t i ca l  p H  is r e a c h e d  
and  inc reases  r a p i d l y  t h e r e a f t e r .  The  c r i t i ca l  p H  
is a f u n c t i o n  of H~O~ concen t r a t ion .  A t  50% H~O~ 
it  is 4.5, a t  30% H,O~ i t  is 5.5, and  a t  15% H=O~ it  
is 6.0. In  Fig .  6 and  7, s im i l a r  p lo t s  a r e  g iven  for  
d i s so lu t ion  r a t e s  in 15 a n d  30% H~O~ so lu t ions  at  
25 ~ 50 ~ and  70~ The  d e p e n d e n c e  of d i s so lu t ion  
r a t e  on p H  inc reases  at  h i g h e r  t e m p e r a t u r e s .  

Effect of impuri ty  concentration and crystal per- 
fectio~ on germanium dissolution rate . - -Etching 
e x p e r i m e n t s  w e r e  c a r r i e d  out  us ing  n - t y p e  g e r -  
m a n i u m  spec imens  w i t h  r e s i s t i v i t i e s  f rom a b o u t  
30 d o w n  to 0.007 o h m - c m ,  c o r r e s p o n d i n g  to an  i ra -  
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Fig. 5. Dependence of germanium dissolution rate on pH of  solu- 
tion for three H20= concentrations. 
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aqueous solution. 

p u r i t y  c o n c e n t r a t i o n  r a n g e  f r o m  101~ to 10 TM a t o m /  
cm ~. The  h igh  i m p u r i t y  g e r m a n i u m  has  a d i s so lu -  
t ion  r a t e  abou t  30% h i g h e r  t h a n  n e a r  i n t r i n s i c  
g e r m a n i u m .  T y p i c a l  r e su l t s  a r e  g iven  in Tab le  II .  

D i s loca t ion  d e n s i t y  v a r i a t i o n  in t h e  1 x 10 ~ to  
1 x 10 ' / cm  ~ r a n g e  does no t  change  the  d i s so lu t ion  
r a t e  a p p r e c i a b l y ,  a l t h o u g h  macroscop ic  c r y s t a l  i m -  
pe r f ec t i ons  such as  l i ne a ge  a p p e a r  to i nc rea se  t h e  
d i s so lu t ion  ra te .  

Discussion 

F r o m  the  e x p e r i m e n t a l  r e su l t s  i t  is c l ea r  t ha t :  
( a )  t h e  g e r m a n i u m  d i s so lu t ion  r a t e  r e m a i n s  e s sen -  
t i a l l y  cons t an t  in  aqueous  H~O~ so lu t ions  of f rom 3 
to 30% b y  w e i g h t  H~O.~ in the  p H  1 to 5 range ,  even  
at  e l e v a t e d  t e m p e r a t u r e s ;  (b )  in the  c o n c e n t r a t i o n  
r a n g e  above  30% H~O~ and  at  l ow  p H  the  r a t e  d e -  
c reases  l i n e a r l y  w i t h  i nc rea s ing  H~O.~ con ten t ;  (c)  
in p H  r a n g e  a b o v e  5, t h e r e  is a c e r t a i n  c r i t i ca l  p H  
v a l u e  a b o v e  w h i c h  the  r a t e  i nc reases  l i n e a r l y  w i th  
i nc rea s ing  p H  as seen in Fig .  2. This  c r i t i ca l  p H  
va r i e s  w i t h  H~O.~ concen t r a t ion ,  as seen  in Fig .  5 
and  6; (d )  in so lu t ions  of p H  4 a n d  b e l o w  the  ac t i -  
v a t i o n  e n e r g y  of t he  r e a c t i o n  is a p p r o x i m a t e l y  6.5 
k c a l / m o l e  and  at  p H  5 and  a b o v e  i t  is a p p r o x i m a t e l y  
10.5 k c a l / m o l e .  A c t i v a t i o n  e n e r g y  g iven  b y  M i l l e r  

Table II. Dissolution rate vs. impurity concentration 
for n-type germanium at 70'~__+1 ~ 

I m p u r i t y  level,  H202 w e i g h t  Dissolut ion ra te ,  
a t o m / c m  ~ pe r cen t age  p H  a t  70~ mg /cm~-h r  

10 TM 30 4.0 • 0.1 6.60 
10 "5 30 4.0 --• 0.1 7.38 
10 lg 30 4.0 +__ 0.1 8.64 
10 ~ 32-33 3.9 • 0.1 7.50 
I0 TM 32-33 3.9 +__ O.l 8.82 
10 ~* 32-33 3.9 ___ 0.1 10.68 
101~* * 32-33 3.9 • 0.1 10.14 
10 TM 33-35 7.0 _ 0.1 25.2 
101~ 33-35 7.0 +_ 0.1 25.8 
10 lg 33-35 7.0 • 0.1 27.6 

* H e a v y  l ineage.  
** Lineage .  
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(2) is 11 kca l /mole  in a solution of 3% H~O~ of pH 5; 
(e) p - t y p e  ge rmanium e tches  at  a s l ight ly  faster  
ra te  than n - t y p e  germanium;  (f) ge rmanium with  
gross imperfect ions  and high impur i ty  concentra-  
t ion has a h igher  dissolution ra te  than  nondegen-  
era te  ge rmanium of be t te r  crys ta l l ine  perfection.  

On the basis of. the above exper imenta l  results,  
the  following two-s tep  mechanism for germanium 
dissolution in H~O.. is proposed. 

In aqueous solutions of H~O2, a s s u g g e s t e d  by 
Schumb et  al. (3),  the dissociation of H~O~ occurs 
as in react ion Eq. [ 1] 

2H~O~-----> H,O~ § + O.~H- [ 1 ] 

When the O,H- ions diffuse to the g~ermanium sur-  
face, they  at tach ins tan t ly  to surface ge rmanium 
atoms forming surface complex > Ge(OH)~, or 
Ge(OH)~ §247 by react ion shown in Eq. [2] 

Ge + O.~H- + H~O + 2e § > G e ( O H ) / §  + OH- [2] 
surface 

The chemical  bonds be tween the surface ger-  
manium atom and under ly ing  atoms remain  un-  
broken. The ra te  of this react ion is de te rmined  by 
the supply  of O~H- ions and supply  of holes, and 
the number  of ava i lab le  surface germanium atoms. 
If the supply  of holes is more abundant  than O~H- 
ions at the interface,  the react ion ra te  wil l  be 
l imited by the diffusion of O~H- ions to the in te r -  
face. In this aqueous system it is proposed tha t  holes 
are suppl ied by the react ion be tween H § ions and 
H.~O:, as shown in Eq. [3] 

H~O~ + 2H + > 2H_~O + 2e + [3] 

The supply  of holes is abundant  and not ra te  de te r -  
mining. In p - t y p e  Ge, the ava i lab i l i ty  of holes in 
the  ge rmanium bulk  may  aid this supply,  resul t ing  
in s l ight ly  faster  dissolution rates  in p - t y p e  Ge 
under  s imilar  exper imenta l  conditions. 

The format ion of the  final dissolution products,  
me tage rmana te  ions or metagermanic  acid, can pro-  
ceed by one of the following two reactions,  Eq. [4] 
and [5] 

Ge(OH)~ ++ + H~O > H.~GeO~(aq) + 2H § [4] 
surface 

Ge(OH)_~ ++ + 2OH- > H=GeO.~(aq) + H_.O [5] 
surface 

Ei ther  react ion wil l  occur ins tant ly  as soon as the 
reactants  are brought  together.  In solutions of low 
pH, the final dissolution react ion is bel ieved to 
proceed p r imar i l y  according to Eq. [4]. In the pH 
range of 1 to 5 where  the dissolution ra te  remains  
essent ia l ly  constant, the O~H- ion ava i lab i l i ty  at 
the interface is p robab ly  quite constant. This occurs 
because the variation in H~O~ concentration and pH 
does not change the (O~H-) gradient in the diffusion 
layer and the layer thickness. At higher tempera- 
tures, the availability of O.~H- ion will improve and 
give faster dissolution rates. 

In Fig. 1 it is seen that at 30% hydrogen peroxide 
the dissolution rate begins to decrease linearly with 
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increasing H20.~ concentrat ion or decreasing H_~O 
concentrat ion.  The format ion of metagermanic  acid 
involves a Ge(OIII). :  + ion and a H~O molecule as 
evidenced by the l inear  re la t ion indicat ing tha t  
under  these conditions react ion [4] becomes ra te  
l imit ing.  The ra te  for a cer ta in  Ge(OH).~ ++ surface 
concentrat ion is l imi ted  p r imar i l y  by the avai l -  
abi l i ty  of H~O molecules at the interface,  i.e., a 
diffusion mechanism. The act ivat ion energy for all  
these cases is app rox ima te ly  6.5 kca l /mole .  

According to Greischer  (4) ge rmanium reacts  
p re fe ren t ia l ly  wi th  h y d r o x y l  ions in aqueous solu-  
tions. When OH ~ ions are  consumed as fast  as they  
reach the surface by Eq. [5],  dissolution takes place 
wi th  H~O molecules as shown in Eq. [4]. With  in-  
creasing pH, the react ion with OH ions becomes 
more important .  Since OH- ions react  much faster  
than H~O molecules in the format ion of H~GeO~, the 
dissolution steps become very  fast in neu t ra l  and 
basic solutions where  react ion [5] predominates .  
In a basic solution, the s i tuat ion is fu r the r  com- 
pl icated by another  mechanism in forming the 
Ge(OH).~ ++ surface complex, as shown in Eq. [6] 

Ge + 2 OH- + 4e + ~ Ge(OH)2 ++ [6] 

This react ion may  become compet i t ive  wi th  Eq. [2], 
involving a different  act ivat ion energy. The exper i -  
menta l  value here  is 10.5 kca l /mole .  Since each 
ge rmanium surface atom requires  two OH- ions to 
form the surface complex Ge(OH)_~ § and requires  
two addi t ional  OH- ions for the final dissolution 
product ,  the dependence of the ra te  on OH- ion con- 
centra t ion is ve ry  strong. Because the react ion can 
proceed by Eq. [2] and [4] jus t  as well,  there  is no 
simple re la t ionship  establ ished be tween ra te  and pH. 
It is in teres t ing to note in Fig. 5 tha t  af ter  reach-  
ing the cri t ical  pH, the ge rmanium dissolution rates  
in 50, 30, and 15% H~O, solutions increase in the 
same fashion with  increasing pH, indicat ing the same 
mechanism where  OH- ion ava i lab i l i ty  p lays  an im- 
por tan t  role. Since react ions [2] and [6] proceed 
s imul taneous ly  in the more concentra ted H~O, solu- 
tions the  effect of increasing OH- ion concentrat ion 
becomes more not iceable  at lower  pH. 

For  very  impure  ge rmanium (i.e., 10 TM a toms /cm ~) 
and germanium with  macroscopic imperfect ions such 
as gross lineage, the dissolution rates  are  higher.  
This may  be due to the electr ic field bu i l t - i n  wi th  
these imperfect ions  or by  pos tu la t ing  that  the 
chemical  bond be tween Ge surface atoms and the 
bulk  can be broken more read i ly  by  tI~O~ when the 
presence of these defects weakens  the  bond. At  the 
present  t ime we have no quant i t a t ive  explanat ion  
of the dependence of the dissolution ra te  on the de-  
gree of crys ta l  perfect ion in germanium.  

This proposed mechanism can only expla in  the 
exper imenta l  facts qual i ta t ively .  Exper imen ta l  d i f -  
ficulties l imi t  the condit ions where  control led dis-  
solution can be obtained.  For  instance, exper iments  
in a 30% H=O,_ solution of pH grea te r  than  9 at high 
t empera tu res  or in a 90% I-I~O~ concentrat ion solu-  
t ion of pH grea te r  than 9 cannot be carr ied  out. Ex-  
t reme ins tabi l i ty  of the I-I~O~ solution makes  it im-  
possible to main ta in  constant  t empe ra tu r e  and com- 
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posi t ion .  H o w e v e r ,  i t  is f ea s ib l e  to  c a r r y  ou t  e x p e r i -  
m e n t s  a t  t e m p e r a t u r e s  b e l o w  25~ F o r  m o r e  q u a n -  
t i t a t i v e  resu l t s ,  f u r t h e r  e x p e r i m e n t a l  w o r k  a t  l o w e r  
t e m p e r a t u r e  is r e q u i r e d .  
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Batch Evaporation or Crystallization at Constant 
Composition by a Two-Container Method 

W. G. Pfann, J. R. Patel, and H. C. Theuerer 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A two-con ta ine r  method is descr ibed for producing  a vapor  or pul l ing  a 
c rys ta l  of constant  composit ion f rom a b ina ry  or mut t icomponent  l iquid solu-  
tion. As the  l iquid level  falls  in the first conta iner  due to evapora t ion  or crys ta l  
growth,  l iquid enters  f rom the second container .  The cross section and l iquid 
composit ion of the second conta iner  are  selected in a manner  such that  the  
composit ion in the first conta iner  remains  constant.  

In  a c o m p a n i o n  p a p e r  (1)  a m e t h o d  is d e s c r i b e d  
for  e v a p o r a t i n g  e s s e n t i a l l y  a l l  of a b a t c h  of l i qu id  
so lu t ion  at  cons t an t  v a p o r  compos i t ion .  In  th i s  p a -  
p e r  w e  desc r ibe  a d i f fe ren t  m e t h o d  of ach iev ing  the  
s ame  resu l t ,  w h i c h  is also a p p l i c a b l e  to  c r y s t a l l i z a -  
t ion.  Our  m e t h o d  is less  g e n e r a l l y  useful ,  as i t  r e -  
qu i r e s  a k n o w l e d g e  of t h e  vo l a t i l i t i e s  of t he  c o m p o -  
n e n t s  of so lu t ion  and  v a p o r  a n d  is less f lex ib le  in  
o the r  respec ts .  Neve r the l e s s ,  i t  a p p e a r s  to  b e  a u s e -  
fu l  a l t e r n a t i v e .  

The  bas is  of t he  m e t h o d  is as fo l lows.  Because  
the  v a p o r  dif fers  in  compos i t ion  f r o m  the  l iqu id ,  
c o n t i n u e d  e v a p o r a t i o n  changes  t he  compos i t i on  of 
the  r e m a i n i n g  l iquid .  Th is  change  is a u t o m a t i c a l l y  
nu l l i f ied  b y  i n t r o d u c i n g  feed  l i qu id  of a p p r o p r i a t e  
compos i t ion .  

T 1,a 

A 2 

~Z/// / / / / / /~' / / /__/// / /~ 

x 2 

A1 

xi 

P, 

Lo,Xo,Po 

Fig. 1. Schematic illustrating quantities involved in the two-con- 
tainer method. 

The  a p p a r a t u s  consis ts  e s sen t i a l l y  of two  co lumns  
or  r e s e rvo i r s  of l i qu id  connec t ed  b y  a o n e - w a y  p a s -  
sage  t h a t  p e r m i t s  flow on ly  f r o m  the  second  to t h e  
first, as shown  in Fig.  1. The  l iqu id  heads  a r e  t h e  
s ame  in the  t w o  co lumns ,  b o t h  be ing  m a i n t a i n e d  at  
the  s ame  a t m o s p h e r i c  p re s su re .  As  l i qu id  is r e m o v e d  
f rom co lumn  1 b y  e v a p o r a t i o n  ( e i t he r  b y  h e a t i n g  
i t  or  b y  a h y d r o g e n  b u b b l e r ,  for  e x a m p l e ) ,  t he  l eve l  
fa l l s  and  l iqu id  flows into  co lumn  1 f r o m  co lumn  2 
so as to equa l i ze  t he  heads .  

If  t he  c ro s s - s ec t i ona l  a rea ,  A~, of c o l u m n  2 is 
chosen  c o r r e c t l y  w i t h  r e spe c t  to t he  area ,  A1, of co l -  
u m n  1, t he  v a p o r  l e a v i n g  1 wi l l  be  of cons t an t  c o m -  
posi t ion.  (We  a s sume  r a p i d  m i x i n g  in  1, w h i c h  a 
b u b b l e r  w o u l d  p r o v i d e . )  

The  r e q u i r e d  a r e a  ra t io ,  (A1/A~) is g iven  by :  

A1 Mo(1 - -  xJxl )  
- 1 [1]  

A~ M~(1 - -  xo/xl) 

w h e r e  subsc r ip t s  0, 1, and  2 r e f e r  to  t he  p r o d u c t  
vapor ,  the  l i qu id  in 1, and  in  2, r e spe c t i ve ly ,  M d e -  
notes  a v e r a g e  m o l e c u l a r  w e i g h t  of t he  solu t ion ,  and  
x deno tes  m o l e - f r a c t i o n  of h e a v y  ( less  v o l a t i l e )  
componen t .  E q u a t i o n  [ 1 ] is d e r i v e d  in t h e  A p p e n d i x .  
The  r a t i o  (xJxl)  m a y  be  ca l l ed  a d i s t r i b u t i o n  co-  
efficient,  k. 

In  t e r m s  of MH and  ML, t he  m o l e c u l a r  w e i g h t s  of 
h e a v y  and  l i gh t  componen t s ,  r e spe c t i ve ly ,  [1]  m a y  
be w r i t t e n :  

A, [xoMH + (1 - -  xo)ML] (1 - -  xJx l )  
------- 1 [ 2 ]  
A~ [z~.MH + (1 - -  x,)ML] (1 - -  k)  
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In  genera l ,  i t  wi l l  be p re fe rab l e  to have  p u r e  
l ight  componen t  in  c o l u m n  2, i.e., x~ = O, i n  which  
case 2 reduces  to 

k + x o  = - - i  
A~ M~ 

- -  [ 3 ]  
As 1 --  k 

If the  l iquids  in  1 and  2 differ in  densi ty ,  t hey  
wi l l  be at d i f ferent  levels.  Bu t  if they  do not  (as 
w h e n  Xo is v e r y  sma l l ) ,  t hey  wi l l  be  at  the  same  
level.  Equa t i on  [3] shows tha t  the  ra t io  (A1/A~) 
depends  on ly  on k at smal l  Xo, bu t  on Xo as well ,  at 
l a rger  xo, because  of the  dens i ty  difference which  
large x0 in t roduces .  

The appa ra tu s  can be adap ted  for solut ions of 
different  k - v a l u e s  by  des ign ing  for smal l  k ( tha t  
is, AI/A~ smal l ) ,  and  e i ther  p rov id ing  i ne r t  glass 
rods to reduce  A~ to the  p rope r  value,  or ad j u s t i ng  
the composi t ion of co lumn  2 as descr ibed  in  the  n e x t  
section. 

Extens ion  to Ternary  or Higher  Order Solut ions  

The me thod  can be genera l ized  to accommodate  
a h i g h e r - o r d e r  sys tem hav ing  solutes, a, b, c . . . 
( n - - 1 ) ,  and  "solvent ,"  n. I t  is m e r e l y  necessa ry  to 
choose the p roper  mole  fract ion,  x~, x~b, etc., of these  
solutes in  co lumn  2. This  is done by  select ing 
(A~/AO to ma tch  the  solute of lowest  k (call  it  
solute " s  wi th  x~~ ----- 0. I t  is t hen  possible  to choose 
va lues  of x~, x~o, etc., for  which  this same  area  ra t io  
wil l  be correct.  

Let  R des ignate  ( x J x O ,  then ,  in  accord w i t h  Eq. 
[ 1], and  since M~ and  M~ p e r t a i n  to the  solut ions  as 
a whole,  we m a y  wr i t e  

[ 

1 --  R. 1 --  Rb 1 --  R,_~ 

1 - -  k ~  - -  1 - -  k~-~- - -"  . . . . .  1 - -  k . _ ,  [ 4 ]  

It  is ev iden t  f rom [4] tha t  as k increases  ( f rom com-  
ponen t  to c o m p o n e n t ) ,  R m u s t  also increase.  

The genera l ized  express ion  for Mo is 

Mo = xo, M~ + xo~Mb + xooM . . . .  +Xo~_~M~_~ 

+ (1 - -  xo.~ - -  Xob --  x . . . . .  --x0(,,-~)) M, [5] 

A n  analogous  express ion  holds for M... 
The va lue  of (AJA~)  for R~ = 0 is 

A, Mo 1 
- -  = - -  1 [ 6 ]  
A .  M_. 1 - -  k .  

T h e  v a l u e  o f  x=., f o r  R .  = 0, is 

i --  k . / kb  
x ~  = Xo~ �9 [ 7 ] 

1 - - k ,  
The va lue  of x~ is 

x~, = X~,/kb [8] 

Equa t ions  ana logous  to [7] and  [8] hold for each 
of the other  solutes. 

Relat ionship  to Crystal l izat ion 

These cons idera t ions  apply  to the  w i t h d r a w a l  of 
a solid, r a t h e r  t h a n  a vapor ,  f rom c o l u m n  1, as by  
c rys ta l  pul l ing .  In  fact, Pa t e l  and  M u l l e n  (2) have  
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descr ibed the appl ica t ion  of the  t w o - c o n t a i n e r  t ech-  
n i q u e  to the  pu l l i ng  of g e r m a n i u m  crys ta ls  l igh t ly  
doped wi th  ga l l ium.  The equa t ions  de r ived  in  the  
p r e s e n t p a p e r  r ep resen t  a genera l i za t ion  which  ac-  
counts  for dens i ty  differences and  for the  presence  
of two or more  solutes.  

There  is a zone l eve l ing  t echn ique  (3) which  ac-  
complishes for solids the  same resu l t  descr ibed 
here.  This is the  me thod  in  wh ich  a zone con ta in ing  
solute  advances  in to  a charge  of p u r e  solid so lven t ,  
and  in  which  the  zone - l eng th ,  l, decreases l i n e a r l y  
wi th  dis tance,  s, at a rate,  duds ,  given  by  

dl 
. . . .  k [9] 

ds 

where  k now refers  to the  solid r a t h e r  t h a n  the  
vapor.  The zone l eng th  fal ls  to zero at s ---- lo/k, 
where  lo is the  in i t i a l  length .  As described,  the  
me thod  was res t r ic ted  to va lues  of k less t h a n  un i ty .  
By ana logy  wi th  the  t w o - c o n t a i n e r  t echn ique ,  it  
can be seen tha t  this  zone l eve l ing  t e c h n i q u e  can 
be ex tended  to k 's  g rea te r  t h a n  u n i t y  by  h a v i n g  
a u n i f o r m  concen t r a t i on  x~ in  the  charge,  in  which  
case the r equ i r ed  ra te  of change  of zone l eng th  is: 

dl 1 -- XJXo 
- -  = - -  k �9 [ 1 0 ]  
dx 1 -- k 

For  k 's  > 1, Eq. [10] pe rmi t s  opera t ion  at  inc reas -  
ing zone l eng th  (for X J X o > k ) .  However ,  this  
leaves one at the end of the  opera t ion  wi th  a l a rge  
zone of concen t r a t i on  xo/k.  

Manuscript  received Jan. 4, 1962. 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1962 
JOURNAL. 
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APPENDIX 

Derivation of Eq. [1] 

Assume the l iquid heads in columns 1 and 2 of Fig. 1 
to be ini t ia l ly  equal. Imagine a length lo of the liquid in 
1 to be made to have composition x~ < x~ (where x de-  
notes mole fraction of heavy component)  by a segrega- 
tion process occurring wi th in  column 1, where Xo is the 
desired vapor composition. Remove length lo of this 
l iquid whose composition is Xo and density is po. 

Then allow the pressure heads to equalize by flow of 
volume LA2 of l iquid from 2 into 1. The net  changes in  
head as a result  of these two operations must  be equal. 
Therefore: 

--l~p.~ = --Lp~ + 1,p~ = --10po + l~ (~__~__2)p~ [A- l ]  

From which: 
/2 po AI 

= - -  [A-2] 
lo p~ A1 + As 

If the composition of the l iquid in column 1 is to be 
unchanged by these operations (and we assume com- 
plete mixing in 1), then the composition of the net  ma-  
terial  leaving 1 must  equal xl. We therefore obtain an 
expression for the mole fraction of heavy component,  
H, leaving 1, using the relation: 

total moles 
mole H ---- mole fraction H x x volume 

uni t  volume 
[A-3] 
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Let B denote total moles per un i t  volume of solution. 
Then: 

Moles H leaving in vapor = xoBoloA, 
Moles L leaving in vapor ---- (1 --  x0) Bol~A~ 
Moles H enter ing from 2 -~ x.~Bsl~A~ 
Moles L enter ing from 2 ----- (1 - -  x~) B~l~A~ 

xoBoloA~ - -  xsBst2A~ 

xoBoloA~ - -  xsBsl~As q- (1--Xo) BoloA~ - -  (1--xs)  B~l~A 
[A-4] 

which reduces to 
A~ l~B~ (x l  - -  x~) 

- -  - -  [ A - 5 ]  

As loBo (x~ - -  xo) 

Subst i tut ing for ( l#lo)  from [A-2], we obtain 

A~ B~po ( x ~ -  x~) 
1 + = [A-6] 

As Bops (x~ - -  xo) 

which can be used to solve for area ratio (A1/A~) .  How- 
ever, a more useful form of [A-6] can be obtained using 
the relat ion 

B ~ p / M  [A-7] 

where M denotes average molecular  weight of the solu- 
tion, and for solutions 2 and 0 is given by 

M~ = x~/~ + (1 - -xs)  ML 

Mo = XoMH + ( 1 -  x0) ML [A-8] 

where subscripts H and L refer to heavy and light com- 
ponents. Equat ion [A-6] then reduces to 

A1 Mo (xl --  x~) 

As M~ (xl - -  x0) 

A1 Mo (1 - -  x # x , )  
1 -~ -- [A-9] 

A~ Ms (1 - -  k) 

Epitaxial Deposition of Silicon in a Hot-Tube Furnace 

Bruce E. Deal 
R a y t h e o n  C o m p a n y ,  M o u n t a i n  V i e w ,  Ca l i f o rn ia  

ABSTRACT 

A method has been developed for depositing single crystal silicon epitaxially 
in a conventional  hot - tube  furnace. Silicon is deposited on a silicon substrate by 
the reduction of a silicon halide at temperatures  in excess of 1200~ A modifi- 
cation of the gas inlet  system prevents  decomposition of the silicon halide before 
contacting the silicon substrate. Several  silicon slices can be treated s imul tane-  
ously with good reproducibil i ty of deposit thicknesses and resistivities. 

The a n n o u n c e m e n t  of the successful  f abr ica t ion  of 
an  ep i tax ia l  t r ans i s to r  was  made  a l i t t le  over  a 
yea r  ago (1) .  There  has been  m u c h  in te res t  in  the  
subjec t  since then,  as is demons t r a t ed  by  the  la rge  
n u m b e r  of papers  conce rn ing  ep i tax ia l  d e p o s i t i o n  
p resen ted  at t echnica l  societies and  in  the  l i t e r a -  
tu re  (2 -8) .  There  appear  to be m a n y  possibi l i t ies  
for improved  semiconduc tor  devices us ing  ep i tax ia l  
mater ia l .  At  the same t ime, m a n y  p rob lems  exist  
r ega rd ing  the ac tua l  deposi t ion of an ep i tax ia l  Iayer  
su i tab le  for a p a r t i c u l a r  device. Repor ted  here  are 
the  resul t s  of a pa r t i cu l a r  p r o g r a m  in  wh ich  it  was  
d e m o n s t r a t e d  tha t  s ingle  c rys ta l  s i l icon can be suc-  
cessful ly  deposi ted us ing  a conven t iona l  diffusion 
furnace .  The p r o g r a m  was u n d e r t a k e n  to d e t e r m i n e  
if the  more  expensive ,  less common  types  of appa -  
r a tus  us ing  res i s tance  hea ted  or i nduc t ion  hea ted  
subs t ra tes  are  necessary  for si l icon ep i tax ia l  depo-  
sition. These methods  invo lve  the use of a r e l a t i ve ly  
cool reac t ion  tube  or chamber ,  as con t ras ted  to a 
diffusion appa ra tu s  where  the t ube  is as hot as the  
spec imen be ing  t rea ted .  

A p p a r a t u s  a n d  M a t e r i a l s  

The fu rnace  used in  our  expe r imen t s  was  a H e v i -  
Du ty  Globa r  furnace ,  26 in. long, wi th  th ree  hea t  
zones. A l l  th ree  zones were  cont ro l led  to  +--1~ w i t h  
a L&N Speedomax  H recorder  wi th  C.A.T. control ler .  
React ion  tubes,  45 m m  ID, cons t ruc ted  of e i ther  
Mul l i t e  or quar tz  were  used in  the exper imen t s .  The  
sil icon used for the  subs t ra te  m a t e r i a l  was s ingle  
crystal ,  (111) or iented ,  n - t ype ,  a n t i m o n y - d o p e d  
wi th  res is t ivi t ies  r a n g i n g  f rom 0.01 to 0.05 ohm-cm.  
The slices were  p repa red  s imi l a r ly  to those used for 

conven t iona l  t ransis tors .  Af t e r  be ing  sliced and  
coarse - lapped  to 9 -mi l s  thickness ,  they  were  pol -  
ished wi th  L inde  A on one side to 8 mils. They  were  
g iven  a hot acetone r inse,  two r inses  in  hot  t r i ch lo ro-  
e thylene ,  one r inse  in  w a r m  isopropyl  alcohol (wi th  
the appropr i a t e  deionized wa te r  r inses ) ,  and  dried.  
They  were  t h e n  oxidized 1 h r  in  s team at 1250~ 
and  the oxide r emoved  by  a s t anda rd  oxide etch 
solut ion.  The purpose  of the ox ida t ion  p rocedure  was 
to r emove  a ny  lapp ing  damage  as wel l  as to p rov ide  
a c leaner  surface. 

The  method  of si l icon deposi t ion chosen for this  
p r o g r a m  was tha t  of hyd rogen  r educ t ion  of sil icon 
te t rach lor ide  

SiCL + 2H~ ~ Si + 4}IC1 

Var ious  sources of si l icon t e t r ach lo r ide  were  used  in  
this p rogram,  i nc lud ing  some p repa red  in  our  own 
labora tory .  For  most  of the e xpe r i me n t s  descr ibed 
here, however ,  u l t r a p u r e  SIC1, was ob ta ined  f rom 
Matheson  Co leman  and  Bell  Co. wi th  boron  speci-  
fied as be ing  less t h a n  10 ppb  and  phosphorus  less 
t han  50 ppb. 

E x p e r i m e n t a l - - S i n g l e  S l i c e  D e p o s i t i o n  

In i t ia l ly ,  hyd rogen  gas was passed t h r ough  a b u b -  
b le r  of SiCL m a i n t a i n e d  at - -25~ and  d i rec t ly  in to  
the reac t ion  tube  as in  a diffusion process. The sil icon 
subs t ra te  was placed flat on a quar tz  s lab at about  
1200~ Some slices were  first sub jec ted  to a h y d r o -  
gen t r ea tmen t ,  others were  not. However ,  resul ts  
were  all  unsa t i s fac tory .  Reduc t ion  of the  si l icon 
te t rach lor ide  was occur r ing  wel l  ahead  of the  si l i-  
con subs t ra te  or at  too low a t empe ra tu r e .  N u m e r o u s  
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react ion products  were  be ing car r ied  to the  subs t ra te ,  
tube  wall ,  and  elsewhere.  No su i tab le  deposits were  
obta ined.  

These resul t s  suggested tha t  r educ t ion  of the  si l i-  
con te t rach lor ide  should be p r e v e n t e d  u n t i l  i t  
reached the  subst ra te .  This  would  have  to be accom- 
p l i shed by  cooling the reac t ing  gas m i x t u r e  of h y -  
drogen  and  silicon t e t rach lor ide  as i t  flowed in to  the  
furnace .  Therefore ,  the  sys tem shown in  Fig. 1 was  
des igned and  const ructed.  A 4 m m  ID qua r t z  inser t  
tube,  s u r r o u n d e d  by  a cooling jacket ,  ex t ended  into 
the f u r n a c e  tube.  Ni t rogen  gas was found  to be the  
most  efficient coolant.  The o p t i m u m  ra te  of n i t r o g e n  
flow, d e t e r m i n e d  expe r imen ta l ly ,  was 25 l i t e r s / m i n .  
The fu rnace  t e m p e r a t u r e  profile w i th  and  wi thou t  a 
flow of cooling gas is shown in  Fig. 2. I t  is ev iden t  
f rom this profile tha t  the  r eac t ing  gases are m a i n -  
t a ined  be low 1000~ u n t i l  contac t ing  the  si l icon 
substrate. The use of a cooled inser t  t ube  resu l t ed  in  
smooth si l icon deposits,  l a te r  shown  to be s ingle  
crystal .  As is shown in  Fig. 1, the reac t ion  gases were  
directed ve r t i ca l ly  and  p e r p e n d i c u l a r  to the sub -  
s t ra te  t h rough  a nozzle. The la t te r  had  an  open ing  
d i ame te r  of a p p r o x i m a t e l y  15 mm.  The  sil icon sub -  
s t ra te  was about  10 m m  benea th  the nozzle opening.  
By v a r y i n g  the flow ra te  and  the deposi t ion  t ime,  op-  
t i m u m  process condi t ions  were  d e t e r m i n e d  for u n i -  
form deposit  formatiorf. A sil icon deposit  abou t  
10-20F th ick  could be p roduced  in  f rom 5 to 15 rain. 
F low rates  of be tween  1 and  2 l i t e r s / m i n  were  found  
to be the  most  sat isfactory.  Resis t ivi t ies  were  in  the  
ne ighborhood  of 2 ohm-cm,  n - t ype .  The deposi ts  ap-  
peared  u n i f o r m  across the surface except  for a s l ight  

H2~ H2 

7 ~ J A r  ~ r 

D#yAICBEEwI~ATCE N 2 ~ QUARTZ BOAT -J L-SILICON SLICE 

Fig. 1. Apparatus for epitaxial deposition of silicon in a hot-tube 
furnace. 
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Fig. 3. Modified apparatus for epitaxial deposition on more than 
one silicon slice. 

t ape r ing  at the edges. No deposit  was  observed on the 
unde r s ide  of the  subst ra te .  

For  a typical  run ,  si l icon t e t rach lor ide  was m a i n -  
t a ined  at - -25~ p rov id ing  a mole f rac t ion  of abou t  
0.025 in  hydrogen.  The sys tem was first p u r g e d  wi th  
argon.  The subs t ra te  was placed in  posi t ion on a flat 
quar tz  boat  and  was  exposed to hyd rogen  for 15 rain 
at 1250~ Deposi t ion was t h e n  car r ied  out  u n d e r  
condi t ions  necessary  to ob ta in  a des i red deposit  
thickness.  For  ins tance,  if the flow ra te  was  1.5 l i t e r s /  
min,  a deposi t  th ickness  of abou t  18~ could be ob-  
t a ined  in  6 rain. Af te r  pu r g i ng  aga in  w i th  argon,  the  
slice was  r emoved  f rom the fu rnace  and  eva lua ted .  
The total  t ime  tha t  the slice r e m a i n e d  in  the  fu rnace  
was  abou t  30 min.  

It  was d e m o n s t r a t e d  tha t  the  process is e x t r eme ly  
sens i t ive  to a ny  w a t e r  vapor  or air  admi t t ed  to the  
sys tem th rough  leaks in  the appara tus .  Thus  a ve ry  
t ight  sys tem is requi red .  

Deposition o~ Several Slices 

Afte r  successful  deposi t ion on a single slice, th ree  
slices were  t r ea ted  s i m u l t a n e o u s l y  us ing  the  modif i-  
ca t ion of the sys tem shown in Fig. 3. As can be ob-  
served, the s t ream of reac t ing  gases was d i rec ted  
s t ra igh t  out  f rom the  inser t  t ube  into a covered qua r t z  
boat. The l a t t e r  was re fe r red  to as a "covered w a g -  
on." It  was a p p r o x i m a t e l y  10 cm long, 2.8 cm high, 
and  2.5 cm wide at the  bot tom. The d is tance  be tween  
the  covered boat  a nd  the  nozzle open ing  was  about  
5 cm. The nozzle open ing  was  10 m m  in d iameter .  The 
covered boat  was used o r ig ina l ly  to p r e v e n t  reac t ion  
products  f rom dropp ing  f rom the  top of the  fu rnace  
t ube  onto the substra tes .  In  addi t ion,  deposi ted s i l i -  
con could be r emoved  f rom the  sides of the  boat  be -  
t w e e n  runs .  Bu t  it  was soon found  tha t  by  se lect ing 
the correct  size of hole in  the end  .of the  boat  and  the  
correct  flow rate,  the covered boat  wou ld  pe rmi t  
be t t e r  control  of the reac t ing  gas mix tu re .  A hole 
d i a m e t e r  of 10 m m  and  flow rates  of 2-4 l i t e r s / m i n  
p rov ided  sa t is factory  results .  As was the  case for the  
s ingle  slice system,  the mole  f rac t ion  of SIC1, in  
h y d r o g e n  was 0.025, and  the subs t ra te  t e m p e r a t u r e  
was m a i n t a i n e d  in  the r a nge  of 1230~176 The  
15-min  h y d r o g e n  p r e t r e a t m e n t  was  also used for the  
mul t i s l i ce  deposit ions.  Deposi t ion t imes  were  longer  
t han  for the s ingle  slice deposit ions,  about  10-15 rain. 

By us ing  this  system, u n i f o r m  deposits could be 
p roduced  on severa l  slices. Deposit  th icknesses  were  
equa l  among  the  slices and  f rom r u n  to r u n  for 
g iven  set of ope ra t ing  condit ions.  Resis t ivi t ies  were  
also r ep roduc ib le  among  runs ,  p rov ided  the  same 
source of SiCL was used. No t ape r ing  at the  edges 
of the  deposits  was  observed as was the  case in  the  
prev ious  one-s l ice  system. This  was  u n d o u b t e d l y  due  
to the  more  u n i f o r m  gas concen t r a t i on  above the  
subs t ra tes  in  the  covered boa t  system. 
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Table I. Thickness and resistivity profile of silicon epitaxial 
deposits produced in hot-tube furnace 

S l i c e  D e p o s i t  Resistivity, 
No. P o s i t i o n  t h i c k n e s s ,  ~ o h m - e r a  

1 21.6 
2 27.8 
3 22.5 
4 23.0 

Average 23.5 

Standard deviation 2.4 

1.4 
1.6, 1.3 
1.2, 1.3 
1.4 

1.4 

0.1 

58R 

M 

m 

1 23.0 
2 27.1 

70R 3 28.6, 26.1 
4 25.8 

Average 26.1 

Standard deviation 1.8 

To be t t e r  u n d e r s t a n d  the  deposi t ion process, a 
smoke c h a m b e r  was  assembled  which  dup l ica ted  the  
geomet ry  of the mul t i s l i ce  system. Ni t rogen  flowing 
th rough  hydrochlor ic  acid and  a m m o n i u m  hydrox ide  
r ep resen ted  the hyd rogen - s i l i con  t e t rach lor ide  flow 
pa t te rn .  By obse rv ing  these pa t te rns ,  process v a r i -  
ables could be opt imized for u n i f o r m  deposi t ion on 
severa l  slices. The smoke c h a m b e r  expe r imen t s  also 
ind ica ted  where  ce r ta in  beneficial  changes  in  the  
geomet ry  of the sys tem could be made.  One proposed 
modif icat ion was  the  fo rma t ion  of a grid of qua r t z  
fibers across the open ing  of the  covered boat, thus  
p rov id ing  be t t e r  d ispers ion  of the  gas mix tu re .  The 
smoke c h a m b e r  also pe rmi t t ed  the eva lua t i on  of 
other  sizes and  shapes of boats,  i nc lud ing  some wi th  
more  t h a n  one shelf�9 

D u r i n g  c o n t i n u i n g  deposi t ion exper imen t s ,  i t  was  
found  the  quar tz  inser t  t ube  would  last  severa l  weeks  
if used u n d e r  p roper  condit ions.  If the  out le t  of the  
tube  became  p lugged  or broken,  the  en t i re  in se r t  as- 
s embly  was r emoved  f rom the fu rnace  and  the  tube  
end replaced  by  the  glassblower.  Thus,  the m a i n  por -  
t ion of the inser t  a s sembly  had  a r e l a t ive ly  long life. 

Eva lua t ion  of  Deposi ts  

Deposits were  eva lua t ed  in  the  fo l lowing m a n n e r .  
Al l  slices were  weighed  before  and  af ter  deposit ion.  
In  addi t ion,  deposi t  th ickness  va lues  were  ob ta ined  
by  angle  l app ing  and  s ta in ing.  As m e n t i o n e d  above,  
deposit  th icknesses  across a sample  p repa red  in  the  
mul t i s l ice  sys tem were  qui te  un i fo rm.  Profiles of 
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th icknesses  for two typical ,  deposi ted slices are l is ted 
in Tab le  I. These va lues  were  ob ta ined  at va r ious  
locat ions on the  slice. I t  was  soon found  tha t  a defi- 
n i te  re la t ionsh ip  existed b e t w e e n  deposit  we igh t  per  
u n i t  area and  thickness,  a p p r o x i m a t i n g  the  dens i ty  of 
silicon. A plot of we igh t - t h i cknes s  da ta  is p re sen ted  
in  Fig. 4. Weights  are  expressed as we igh t  ga in  
per  to ta l  slice, the  slices be ing  20.6 m m  in  d i ame te r  
and  0.2 m m  thick.  We were  able,  therefore ,  to es t i -  
ma te  the th ickness  va lues  to --+10% f rom the weight  
measu remen t s .  This  would  n o t  have  been  possible if 
deposi t ion occurred  to any  ex ten t  on the unde r s ide  of 
the  subst ra te .  

Resis t ivi t ies  were  d e t e r m i n e d  f rom capac i tance-  
vol tage  m e a s u r e m e n t s  (9) and  were  gene ra l l y  found  
to be qui te  u n i f o r m  across the  deposit  and  th rough  
the deposit. A n  example  of a res i s t iv i ty  profile is 
g iven  in  Tab le  I. Ea r l y  in  our  e xpe r i me n t s  it was  ob-  
vious tha t  the res i s t iv i ty  of the  deposits was  d e p e n d -  
en t  on the specific supp ly  of sil icon te t rachlor ide .  
Later ,  it was observed tha t  the hyd rogen  source is 
also a factor. For  a g iven source of these reac tants ,  
we could ob ta in  good rep roduc ib i l i t y  of resist ivi t ies .  
Special  expe r imen t s  were  conducted  in  which  boron  
t r i b romide  was  added to the si l icon te t rachlor ide .  
P red ic ted  increases  in  deposi t  n - t y p e  res is t iv i t ies  
were  ob ta ined  ini t ia l ly .  However ,  if the  doped si l icon 
t e t rach lor ide  was  a l lowed to s tand  for 24 hr, r e -  
s is t ivi t ies  dropped back  down  to close to the  or ig ina l  
value.  It  was concluded,  therefore ,  tha t  bo ron  t r i -  
b romide  was p r o b a b l y  u n s t a b l e  in  si l icon t e t r ach lo -  
r ide and  tha t  doping should be car r ied  out  at the t ime  
of deposit ion.  

A series of r u n s  was made  us ing  the s ingle  slice 
system. The  same supp ly  of si l icon t e t r ach lo r ide  was  
used for all  r u n s  of this  series. Deposi t ion condi t ions  
were  as follows: SIC1, was m a i n t a i n e d  at - -24~ 
subs t ra te  t e m p e r a t u r e  was 1200~ flow ra te  was  1.5 
l i t e r s / ra in ,  and  deposi t ion  t ime  was  6 min .  Deposi t  
weight  and  res i s t iv i ty  resul ts  as wel l  as ca lcu la ted  
th ickness  va lues  are t a b u l a t e d  in  Table  II. Al l  de-  
posits were  n - t ype .  These resul t s  ind ica te  reasonab le  
r ep roduc ib i l i t y  of deposi t  character is t ics .  

S imi la r  da ta  are  l i s ted in  Tables  III  and  IV for 
the  mul t i s l i ce  system. The r ep roduc ib i l i t y  among  

Table II. Results of a series of silicon vapor depositions in a 
hot-tube furnace using the single slice system 

W e i g h t  D e p o s i t  R e s i s t i v i t y ,  
S l i c e  No.  g a i n ,  m g  t h i c k n e s s ,  ~* o h m - c m  

B-9B 14.0 17.5 2.2 
B-10B 13.5 17.0 2.6 
B-11B 13.2 16.5 1.8 
B-12B 14.5 18.2 2.7 
B-13B 14.1 17.6 3.6 
B-14B 18.3 22.8 2.3 
B-15B 15.8 19.8 3.0 
B-16B 11.5 14.5 2.3 
B-17B 18.7 23.0" 2.6 
B-19B 12.0 15.0 2.5 
B-20B 12.4 15.5 2.3 

Average 14.4 17.9 2.5 

Standard 
deviation 2.3 2.7 0.4 

* D e p o s i t  t h i c k n e s s e s  w e r e  c a l c u l a t e d  f r o m  w e i g h t  m e a s u r e m e n t s .  
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Table III. Reproducibility of deposit properties among slices 
in individual runs using multislice system 

EXPITAXIAL DEPOSITION OF SILICON 

Depos i t  Rests-  
R u n  D e p o s i t i o n  W e i g h t  t h i c k -  t i v i t y ,  
No. c o n d i t i o n s  ga in ,  m g  ness,  ~.* o h m - c m  

88 Deposition t ime: 
10 rain 10.9 13.6 - -  

F low rate:  3 l / ra in  11.8 14.7 - -  
SiCL temp: --24~ 10.5 13.1 - -  
Si temp: 1255~ 

91 Deposition t ime: 
15 rain 17.7 22.2 0.5 

Flow rate:  3 1/min 19.1 23.9 1.0 
SiCL temp: --22~ 14.5 18.1 0.9 
Si temp: 1255~ 

89 Deposition t ime: 
12 rain 15.7 19.7 1.4 

Flow rate: 3.5 1/min 14.1 17.6 1.4 
SiCL temp~ --24~ 13.5 16.9 1.1 
Si temp: 1255~ 

97 Deposition t ime:  
15 rain 16.7 20.9 - -  

F low rate: 3.5 1/min 17.5 21.9 - -  
SiCL temp: --25~ 14.4 18.0 - -  
Si temp: 1255~ 

* Depos i t  t h i c k n e s s e s  we re  c a l c u l a t e d  f r o m  w e i g h t  m e a s u r e m e n t s .  

Table IV. Results of a series of silicon vapor depositions in a 
hot-tube furnace using the multislice system 

R u n  W e i g h t  Depos i t  Res i s t i v i t y ,  
No.* ga in ,  m g  th ickness ,  ~ o h m - c m  

138 17.0 23.6 2.0 
17.2 24.0 1.9 

139 15.8 19.5 3.3 
16.2 20.7 1.3 

140 ll.O 14.6 2.6 
11.5 9.1 1.3 

141 17.2 22.4 1.3 
18.4 18.4 1.5 

Average  ~ 1.9 

Std. deviat ion : 0.7 

142 17.2 18.4 0.2 
17.5 19.1 1.3 

144 17.7 21.9 0.8 
15.9 15.7 0.8 

145 16.6 17.4 0.8 
16.9 21.9 1.5 

Average  ~ 0.9 

Std. deviat ion : 0.4 

Average  16.2 19.1 

Standard  
deviat ion 2.1 3.8 

* R u n s  138-141 used  S i C h  B a t c h  A. 
R u n s  142o145 used  SIC14 B a t c h  B. 

slices in each of four runs is indicated in Table I!I. 
Runs 88 and 91 are both for depositions using a flow 
rate of 3 liters/rain but for different times. A slightly 
higher flow rate was used for runs 89 and 97. The 
deposit weights are reasonably reproducible among 
the three slices of each run, as are resistivities. 
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Table  IV d e m o n s t r a t e s  r e p r o d u c i b i l i t y  of deposi t  
weights ,  th icknesses ,  and res i s t iv i t i es  for  a ser ies  of 
runs  in the  mul t i s l i ce  system. On ly  two  slices w e r e  
depos i ted  per  run.  S u b s t r a t e  t e m p e r a t u r e  was  
1270~ flow ra t e  was  4 l i t e r s / r a in ,  depos i t ion  t i m e  
was  12 min,  and SiCL was  m a i n t a i n e d  at - -25~  for  
this  series of runs.  I t  should  be no ted  tha t  the  s i l icon 
t e t r a c h l o r i d e  was  changed  b e t w e e n  runs  141 and  142. 
This  change  affected the  r e s i s t iv i ty  va lues ,  as is in -  
d ica ted  in the  table.  Wi th  one or two  except ions ,  al l  
va lues  are  f a i r ly  consis tent .  

Var ious  depos i ted  slices w e r e  t u r n e d  ove r  to our  
d e v e l o p m e n t  pi lot  l ine  for  f ab r i ca t ion  of t rans is tors .  
A n u m b e r  of mesa  swi tch ing  t rans i s to r s  w e r e  com-  
p le t ed  and tes ted  for  e l ec t r i ca l  proper t ies .  As  e x -  
pected,  c o l l e c t o r - e m i t t e r  s a tu ra t i on  vo l t ages  as w e l l  
as s to rage  t imes  w e r e  cons ide rab ly  l o w e r  t h a n  those  
of s imi la r  n o n e p i t a x i a l  t rans is tors .  

Conclusions 

The  resul t s  of this  p r o g r a m  h a v e  d e m o n s t r a t e d  
tha t  si l icon can be depos i ted  e p i t a x i a l l y  on a si l icon 
subs t ra te  in a conven t iona l  h o t - t u b e  diffusion f u r -  
nace. S e v e r a l  slices can be t r e a t e d  s imul t aneous ly .  
Deposi ts  p roduced  are  u n i f o r m  in th ickness  and r e -  
s i s t iv i ty  and h a v e  v e r y  f e w  sur face  i r regu la r i t i e s .  Fo r  
a g iven  source  of s i l icon t e t r a c h l o r i d e  and hydrogen ,  
resu l t s  a re  r ep roduc ib l e  f r o m  r u n  to run.  As is the  
case w i t h  any  si l icon v a p o r  depos i t ion  process,  the  
process  is h igh ly  sens i t ive  to the  p re sence  of w a t e r  
v a p o r  or air. Res i s t iv i t i es  of deposi t  can be  con-  
t ro l l ed  by doping  the  r eac t ing  m a t e r i a l s  at  the  t i m e  
of deposi t ion.  It  is p robab l e  tha t  this  sys tem can be 
used for  the  v a p o r  depos i t ion  of o ther  ma te r i a l s ,  bo th  
e l e m e n t s  and compounds ,  r e q u i r e d  in t he  va r ious  
phases  of e lec t ron ic  dev ice  fabr ica t ions .  
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ABSTRACT 

The polarography of 2-mercaptoethylguanidine (RSH), 2-mercaptopropyl-  
guanidine (R~SH), 2-mercaptoethylamine (R~SH), and 2-mercaptoethanol  
(RmSH) and their disulfides (RSSR, R~SSR~, RHSSR~ and R~SSRnD has been 
studied. The mercaptans behave in the same way as other mercaptans described 
previously in the l i terature.  RSSR gives well-defined reduction waves. The 
characteristics of the RSSR waves in the absence and presence of RSH are the 
same as those of oxidized glutathione and can be accounted for by the sequence 
of the two reactions: RSSR ~ e + H + ~ R S  + RSH, R S  ~ e ~ H +--> RSH in 
which the first reaction is the rate and potential  de termining step. R~SSR~, 
RnSSR~, and RI~SSR~,~ are reduced i rreversibly at the dropping mercury  elec- 
trode. 

In  recen t  years  a la rge  n u m b e r  of me rcap t oa l ky l  
compounds  have  been  s tudied w i th  r ega rd  to the i r  
proper t ies  as r ad ia t ion  pro tec t ive  drugs  for an imals .  
In  the  course of sys temat ic  inves t iga t ions  of r eac -  
t ions of these compounds  wi th  me ta l  ions and  p ro -  
te ins  it appeared  to be usefu l  to s tudy  the  po la ro-  
graphic  behav io r  of a few typ ica l  me rcap t oa l ky l  
compounds  u n d e r  var ious  e x p e r i m e n t a l  condit ions.  

This paper  deals wi th  a po la rographic  s tudy  of 
2 - m e r c a p t o e t h y l g u a n i d i n e  (deno ted  as RSH) ,  2- 
m e r c a p t o p r o p y l g u a n i d i n e  (R~SH), 2 - m e r c a p t o e -  
t h y l a m i n e  (R~SH) ,  and  2 -mercap toe thano l  (R~HSH) 
and  the i r  disulfides which  for the sake of b r e v i t y  
wi l l  be r e fe r r ed  to as RSSR, R~SSR~, R~SSRH, and  
R~I~SSR,m respect ively .  The resul ts  ob ta ined  for these  
compounds  are compared  wi th  each other  and  wi th  
those ob ta ined  for o ther  m e r c a p t a n s  and  disulfides 
descr ibed in  the  l i t e r a tu r e  (1-3) .  

Experimental 
Materials.--Solutions of me rcap toa lky l  g u a n i d i n e  

were  p r epa red  f rom S , 2 - a m i n o a l k y l i s o t h i o u r o n i u m  
bromide  h y d r o b r o m i d e  which  undergoes  r e a r r a n g e -  
m e n t  in  n e u t r a l  so lu t ion  to fo rm m e r c a p t o a l k y l -  
g u a n i d i n e  (4) .  Stock solut ions  of 10-~I m e r c a p t a n  
were  p r e p a r e d  by  we igh ing  an  appropr i a t e  a m o u n t  
of the i so th iou ron ium compound  in  a glass cap 
which  toge ther  wi th  the  compound  was  in t roduced  
into a bot t le  p rov ided  wi th  meta l  screw cap in to  
which  a few holes were  bored.  In  order  to ob ta in  an  
a i r t igh t  seal the  cap was  fitted w i th  a self seal ing 
B u n a  N r u b b e r  gasket.  Now a g iven vo lume  of air  
free sodium hydrox ide  so lu t ion  con ta in ing  an  
a m o u n t  of sod ium hydrox ide  exac t ly  equ imo la r  to 
the  i s o t h i o u r o n i u m  salt  was  added in order  to n e u -  
t ra l ize  the l i be ra t ed  hyd rob romic  acid. The bot t le  
was sealed i m m e d i a t e l y  and  af ter  d issolu t ion  of the  
sample  the  solut ion was pu rged  t h o r o u g h l y  w i th  n i -  
t rogen  in t roduced  by  means  of a hypodermic  need le  
which  p ierced  the  cap of the bott le .  Samples  were  
w i t h d r a w n  f rom the  bot t le  by  means  of a 2 ml  cal i -  
b ra t ed  syr inge.  W h e n  not  in  use the  so lu t ion  was 
stored in  a ref r igera tor .  The m e r c a p t a n  solut ions  
were  found  to be  s table  for a week.  Stock solut ions  

of m e r c a p t o e t h y l a m i n e  and  me r c a p t oe t ha no l  were  
p repa red  in  the  same w a y  as descr ibed for RSH 
and  R~SH except  tha t  no sod ium hydrox ide  was 
added to the  solution.  

The i so th iou ron ium compounds  were  ob ta ined  
f rom Dr. D. G. Doher ty  of the  Biology Division,  Oak 
Ridge Na t iona l  Labora tory .  The m e r c a p t o e t h y l a m i n e  
hydroch lor ide  was ob ta ined  f rom the  Wal t e r  Reed 
A r m y  Medical  Center ,  and  the  mercap toe thano l  was 
an  E a s t m a n  K oda k  whi te  labe l  product .  The  m e r -  
cap tan  solut ions  were  ana lyzed  by  amperome t r i c  t i -  
t r a t i on  wi th  e t h y l m e r c u r y  chlor ide at the ro ta ted  
d ropp ing  m e r c u r y  ind ica tor  e lectrode (5) .  

The  disulfide solut ions  were  ob ta ined  by  air  ox-  
ida t ion  of the mercap tans .  A slow s t r eam of ca rbon  
dioxide and  dust  f ree air  was  passed t h r ough  50 ml  
of 0.01M m e r c a p t a n  solut ion.  The  progress  of the  
oxida t ion  was fol lowed polarographica l ly .  The  air  
b u b b l i n g  was con t inued  u n t i l  the  anodic  wave  of 
the m e r c a p t a n  had  disappeared.  The  ox ida t ion  of 
RSH and  R~SH was pe r fo rmed  in  n e u t r a l  m e d i u m  
and  found  to be comple te  af ter  15-20 hr.  The  oxida-  
t ion  of R , S H  and  RmSH was s luggish in  n e u t r a l  
m e d i u m  and  faster  in  a lka l ine  solutions.  The  solu-  
t ions  of these compounds  were  therefore  made  0.1M 
in a m m o n i a  which  was  d r i v e n  out  f rom the  solut ion 
wi th  air  t oward  the end  of the  react ion.  The oxida-  
t ion  of R,~,SH was slow even  in  a lka l ine  m e d i u m  and  
a t race  of copper  (10~M) was  added as a ca ta lys t  
in  order  to accelera te  the  oxidat ion.  The  r e su l t i ng  
stock solut ions  were  5 x 10-~M in disulfide. 

Al l  the  o ther  chemicals  used  were  commerc ia l  
C.P. r eagen t  grade  products .  

Methods.--Current-voltage curves  were  ob ta ined  
at 25.0 ~ • 0.1 ~ wi th  a F i sher  Electropode,  Model  65, 
the m a n u a l  appa ra tu s  and  circui t  descr ibed  by  L i n -  
gane and  Kolthoff  (6) and  wi th  a se l f - r ecord ing  
Sa rgen t  Po la rograph ,  Model  XXI.  Al l  po ten t ia l s  
were  measu red  aga ins t  the sa tu ra t ed  calomel  elec-  
t rode  (S.C.E.).  Oxygen  was r emoved  f rom the  solu-  
t ion  wi th  a s t r eam of n i t r o g e n  (L inde  n i t rogen ,  
99.996% pure ) .  D u r i n g  an  e x p e r i m e n t  an  a tmos-  
phere  of n i t r ogen  was  m a i n t a i n e d  over  the  solut ion.  
Correct ions  were  made  for the  res idua l  cur ren t .  
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Two c a p i l l a r i e s  w e r e  used:  c a p i l l a r y  I: m ~ 1.76 
mg sec-~; t = 4.4 sec ( in  0.10N KC1, open c i r c u i t ) ;  
h = 75.5 cm; c a p i l l a r y  I I :  ~n = 1.98 m g  sec-~; t 
4.1 sec (open  c i r c u i t ) ;  h = 67.4 cm. 

The  p H  of t he  so lu t ions  was  m e a s u r e d  w i t h  a 
B e c k m a n  ze roma t i c  pH mete r .  A B e c k m a n  " G e n -  
e ra l  P u r p o s e "  glass  e l ec t rode  was  used.  

The  ionic  s t r e n g t h  of t he  s u p p o r t i n g  e l e c t r o l y t e  
was  a d j u s t e d  b y  the  a d d i t i o n  of a p p r o p r i a t e  q u a n -  
t i t ies  of p o t a s s i u m  ch lo r ide  or  s o d i u m  n i t r a t e .  

Results and  Discussion 

Mercaptans 

Some 100 p o l a r o g r a m s  w e r e  t a k e n  w i t h  so lu t ions  
of va r ious  c o n c e n t r a t i o n s  in m e r c a p t a n  in  buffers  
a t  p H  1-12.1. The  p o l a r o g r a p h i c  b e h a v i o r  of the  
m e r c a p t a n s  is s im i l a r  to those  of o t h e r  m e r c a p t a n s  
such as cys t e ine  (1) ,  g l u t a t h i o n e  (3) ,  and  t h i o g l y -  
colic ac id  (7)  d e s c r i b e d  p r e v i o u s l y  in  the  l i t e r a t u r e  
a n d  the  equa t ions  for  t he  e l e c t r o d e  r eac t i ons  a r e  
t h e r e f o r e  no t  d e r i v e d  in th is  pape r .  In  c o n t r a s t  to 
eys t e ine  t he  m e r e a p t a n s  i n v e s t i g a t e d  in th is  w o r k  
g ive  a we l l  def ined  anodie  wave ,  t he  shape  and  
the  he igh t  of the  w a v e  be ing  s o m e w h a t  af fec ted  
b y  the  p H  of t he  solu t ion .  R S H  g ives  s teep  w a v e s  a t  
p H  h i g h e r  t h a n  4.6 ( c u r v e  B of Fig.  1) wh i l e  a t  p H  
e q u a l  to or  s m a l l e r  t h a n  4.6 t h e  w a v e  becomes  
d r a w n  out  ( cu rve  A, Fig.  1). The  d i f fus ion c u r r e n t  
is m a r k e d l y  s m a l l e r  a t  the  l o w e r  pH. R, ,SH and  
R,, ,SH g ive  d r a w n  out  w a v e s  in so lu t ions  of p H  
s m a l l e r  t h a n  2. In  c o n t r a s t  w i t h  g l u t a t h i o n e  no  spe -  
cific buf fe r  effect was  o b s e r v e d  w i t h  t he  m e r e a p t a n s  
i n v e s t i g a t e d  and  r e v e r s i b l e  w a v e s  w e r e  o b t a i n e d  in 
ace ta te ,  phospha te ,  and  a m m o n i a  buffers  and  in d i -  
lu te  s o d i u m  h y d r o x i d e .  

S u r f a c e  ac t ive  subs t ances  l i ke  ge l a t i n  (0 .01%)  
or  p o l y a c r y l a m i d e  (0 .01%)  h a v e  no effect on the  
shape  of t he  anodic  wave .  The  m e r c a p t a n s  m a r k e d l y  
r e d u c e  the  su r face  t ens ion  of m e r c u r y  as is e v i d e n t  
f r o m  the  e l e c t r o c a p i l l a r y  curves  w h i c h  a r e  s im i l a r  
in shape  to  those  o b t a i n e d  w i t h  g l u t a t h i o n e  (3) .  

The  w a v e s  o b t a i n e d  w i t h  so lu t ions  at  p H  5.4-11.6 
at  ionic s t r e n g t h  one and  0.1 w e r e  a n a l y z e d  as d e -  
s c r ibed  p r e v i o u s l y  (3)  and  found  to c o r r e s p o n d  to 
t he  r e v e r s i b l e  f o r m a t i o n  of m e r c u r o u s  m e r c a p t i d e  
( R S H g ) .  

The  h a l f - w a v e  p o t e n t i a /  can  b e  e x p r e s s e d  b y  

E~/2 = E' q- 0.059 log {[H +] q- K} [1]  

I , , , 

-2 y /' 

-4  -0i.1 -0.2 -61.3 -1~.4 -0.5 
VOLT vs.S.( E. 

Fig. 1. Polarogroms of I 0~M RSH in various buffers (~ ~ 1). 
A, acetate, pH 4.67; B, phosphate, pH 7.4. 

- . 6  , , , 

- .5  

- .4  

-.3 

-.2 

- 3  

1~0 ' 12 
i 
4 

pH 

Fig. 2. Half-wave potential of RSH vs. pH (t~ ~ 1). 

w h e r e  t he  cons t an t  E' is E ~ q- 0.059 log kl/k2 at  25~ 
K is the  d i s soc ia t ion  cons t an t  of the  s u l f h y d r y l  
g roup ,  kl and  k~ a re  cons tan t s  w h i c h  a r e  p r o p o r -  
t iona l  to t he  squa re  roo ts  of t he  d i f fus ion coefficients 
of R S H  and  RSHg,  r e spe c t i ve ly ,  and  E ~ is t he  s t a n d -  
a r d  p o t e n t i a l  of the  e l ec t rode  reac t ion .  

The  h a l f - w a v e  p o t e n t i a l s  of R S H  w h i c h  w e r e  
t a k e n  f rom the  p lo t s  log (i~--i)/i vs. t he  p o t e n t i a l  
a re  p lo t t e d  in Fig.  2. By  e x t r a p o l a t i o n  of t he  c u r v e  
of Fig.  2 the  v a l u e  of E" w h i c h  c o r r e s p o n d s  to the  
h a l f - w a v e  p o t e n t i a l  a t  a p H  of zero is ob ta ined .  
Va lues  of E', t he  h a l f - w a v e  p o t e n t i a l s  a t  p H  11.5 
c o r r e s p o n d i n g  to the  h o r i z o n t a l  po r t i on  of t he  E1/~ 
- -  p H  plot ,  and  the  a p p a r e n t  d i s soc ia t ion  cons tan t s  of 
the  s u l f h y d r y l  g roup  of the  m e r c a p t a n s  a r e  l i s t ed  
in Tab le  I. The  a p p a r e n t  d i ssoc ia t ion  cons tan t s  K 
of the  s u l f h y d r y l  g roup  w e r e  o b t a i n e d  f r o m  t i t r a -  
t ions  of t he  m e r c a p t a n s  w i t h  sod ium h y d r o x i d e ,  
us ing  a glass  e lec t rode .  W i t h  the  e x c e p t i o n  of  cys -  
t e ine  w h i c h  fo rms  a f i lm a t  t he  e l e c t r o d e  (1)  the  
h a l f - w a v e  p o t e n t i a l s  in ac id  m e d i u m  a re  a p p r o x -  
i m a t e l y  of the  s ame  o r d e r  of m a g n i t u d e ,  w h i l e  t he  

Table I. Polarographic data of mercaptans and disulfides. 
pK of the sulfhydryl groups of mercaptans 

E '  • 1 0 0 ,  E1/e at  p H  
v o l t  v s .  11.5 v o l t  D • 10~, 

C o m p o u n d  S.C.E. v s .  S.C.E. ioK cm 2 sec i 

RSH 
R,SH 
R,,SH 
R,,,SH 
Thioglyco]ic 

acid (8) 
Cysteine (1) 
Gluta th ione  (3) 
RSSR 
R,SSRz 
R,,SSR,, 
R,.SSRI,. 
Dithiodiglycolic 

acid (7) 
Cystine (2) 
Oxidized gluta- 

thione (3) 

1.4 --0.508 8.8 7.1 (G) 
4.1 --0.534 9.4 4.4 (G) 
6.0 --0.560 10.75 8.9 (G) 
3.0 --0.537 9.6 13.0 (G) 

0.62 --0.580 10.68 
10.6 --0.580 10.28 
3.0 --0.480 9.12 

8.6 (A) 
7.0 (B) 
4.7 (C) 
8.8 (G) 
6.7 (D) 

11.0 (G) 
37.0 (D) 

6.0 (E) 
5.3 (F)  

4.5 (G) 

(A) pH no t  g i v e n  in  l i t e r a t u r e ;  {B) in  0.1M HC10~; (C) a t  p H  
10.82; (n)  a t  p H  9.2; (E) a t  IoH 3.0; (F) in  0.1M HCI; (G) a t  
p H  10.3. 
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Fig. 3. Reduction waves of 2.5 x 10-4M RSSR in (A) acetate buffer 
(pH 2.8), (B) some as (A) with 5 x 10-~% gelatin, (C) borax 
buffer (pH 9.2). 

h a l f - w a v e  po t en t i a l s  in  the  a l k a l i n e  p H  r eg ion  v a r y  
accord ing  to t h e  v a r i a t i o n  of t he  p K  va lues  of t he  
s u l f h y d r y l  g r o u p  as r e q u i r e d  b y  Eq. [1] .  

Diffusion c u r r e n t s  of t he  anod ic  w a v e  of t h e  m e r -  
c ap t ans  w e r e  m e a s u r e d  in  the  c o n c e n t r a t i o n  r a n g e  
b e t w e e n  2.6 x 10 -~ to 1.4 x 10-~M. The  di f fus ion c u r -  
r en t  is i n d e p e n d e n t  of t he  p H  in t he  p H  reg ion  f r o m  
5 to 12. A t  p H  s m a l l e r  t h a n  5 t h e  d i f fus ion c u r r e n t  
decreases .  Thus  the  d i f fus ion c u r r e n t  of a 10~M 
R S H  so lu t ion  was  f o u n d  to be  3.30 a n d  2.36 ~a a t  
p H  11.6 and  4.7, r e spec t i ve ly .  P o l a r o g r a p h i c  d i f -  
fus ion  coefficients of t he  v a r i o u s  m e r c a p t a n s  a n d  
disul f ides  a r e  c o m p a r e d  in  T a b l e  I. 

Disul f ides  

G u a n i d i n o e t h y l d i s u l f i d e  ( R S S R )  g ives  a s ing le  
r e d u c t i o n  w a v e  ove r  t he  en t i r e  p H  r a n g e  i n v e s t i -  
ga ted .  In  2.5 x 10-'M R S S R  so lu t ions  a p r o n o u n c e d  
m a x i m u m  occurs  at  p H  2.8 ( c u r v e  A of Fig .  3) .  
As  the  p H  of t h e  so lu t ion  is i nc r ea sed  the  m a x i m u m  
becomes  c o n s i d e r a b l y  f la t ter .  A t  p H  equa l  to  or  
h ighe r  t h a n  7 t he  m a x i m u m  d i s a p p e a r s  ( c u r v e  C 
of Fig.  3) .  G e l a t i n  at  concen t r a t i ons  of 0.001-0.003% 
suppres ses  t he  m a x i m u m  at  low p H  and  has  h a r d l y  
a n y  effect on the  h a l f - w a v e  p o t e n t i a l  and  on t h e  
di f fus ion cu r ren t .  I n c r e a s i n g  a m o u n t s  of ge l a t i n  g ive  
r i se  to w a v e s  w h i c h  a r e  d r a w n  out,  t h e  effect  b e -  
coming  m o r e  p r o n o u n c e d  w i t h  dec r ea s ing  p H  
( c u r v e  B, Fig.  3) .  

E l e c t r o c a p i l l a r y  cu rves  t a k e n  w i t h  R S S R  so lu t ions  
have  e x a c t l y  the  s ame  shape  as those  o b t a i n e d  w i t h  
RSH. 

A n a l y s i s  of  c u r r e n t  v o l t a g e  cu rves  o b t a i n e d  w i t h  
R S S R  so lu t ions  of v a r i o u s  concen t r a t i ons  (1 lo  3.8 
x 10-'M) at  p H  11.6 to 5.82 a t  ionic  s t r e n g t h  1 and  
0.1 in t he  absence  and  p r e s e n c e  of 1.23 to  6.17 x 
10-'M R S H  r e v e a l e d  t h a t  t he  c h a r a c t e r i s t i c s  of t he  
w a v e  is e x a c t l y  t he  s ame  as t h a t  of ox id i zed  g l u t a -  
t h ione  (3 ) .  The  e q u a t i o n  of t he  w a v e  a t  25~ is 
t h e r e f o r e  g iven  b y  

E ~ E' + 0.059 log {[H § + K} + 0.059 log (i~---i)/i  ~ 
[2]  

w h e r e  E' is a cons tan t .  The  r e a c t i o n  m e c h a n i s m  sug -  
ges t ed  for  t he  r e d u c t i o n  of ox id i zed  g l u t a t h i o n e  also 
e x p l a i n s  the  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  w i t h  
R S S R  ( R S S R  + e + H + ~ RS" + RSH,  RS" + e + 
H + -+ RSH, the  first  r e a c t i o n  b e i n g  the  r a t e  and  p o -  
t e n t i a l  d e t e r m i n i n g  s t ep ) .  
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The  di f fus ion c u r r e n t  of R S S R  h a r d l y  changes  
w i t h  p H  in  so lu t ions  a t  p H  l o w e r  t h a n  10 (iJc----6.0) 
bu t  is h i g h e r  a t  p H  a b o v e  10 ( i J c = 6 . 8 ) .  A t  a con-  
c e n t r a t i o n  r a n g e  b e t w e e n  6.7 x 10 ~ to 3.2 x 10-'M 
the  d i f fus ion c u r r e n t  was  f o u n d  to be  p r o p o r t i o n a l  
to t he  concen t ra t ion .  

T h e  e x p e r i m e n t s  p e r f o r m e d  w i t h  g u a n i -  
d ino  p r o p y l d i s u l f i d e  (R~SSRI),  a m i n o e t h y l d i s u l f i d e  
(R~ISSR~,), a n d  h y d r o x y e t h y l d i s u l f i d e  ( R ~ S S R m )  
w e r e  e s s e n t i a l l y  of t he  s ame  k i n d  as those  m e n t i o n e d  
for  RSSR.  

T h e  c u r r e n t  v o l t a g e  cu rves  of R~SSRz a n d  RHSSRH 
have  the  a p p e a r a n c e  of r e v e r s i b l e  waves .  H o w e v e r ,  
t he  ana lys i s  of t he  R~SSRi -wave  gave  a p l o t  log  
( i~ - - i ) / i  ~ vs. p o t e n t i a l  w h i c h  was  a c u r v e d  l ine.  In  
the  p re sence  of an  excess  of R~SH (2.5 x 10-'M 
R~SSR,, 5 x 10-' to 4 x 10-2Vl R~SH) the  p lo t s  log  
( i~ - - i ) / i  gave  s t r a i g h t  l ines  of s lopes  0.052 to 0.062 
as  r e q u i r e d  b y  Eq. 2. The  p lo t  log  C~sH (C~sH is m o l a r  
c o n c e n t r a t i o n  of  R S H )  vs.  E ~  g a v e  a s t r a i g h t  l ine  of 
s lope  0.071 i n s t e a d  of t h e  t h e o r e t i c a l  v a l u e  of 0.059. 
The  w a v e  of RHSSR,~ a n a l y z e d  to  g ive  a p lo t  log  
( i ~ - - i ) / i  ~ vs.  ~E w h i c h  was  a s t r a i g h t  l ine  of t he  t h e -  
o re t i ca l  s lope  of 0.059. The  p lo t  log i J 2  vs.  EI~2 w a s  
a s t r a i g h t  l ine  of  s lope  0.076 i n s t e a d  of t h e  t h e -  
o r e t i ca l  v a l u e  of 0.059. M i x t u r e s  of 2.5 x 10~M 
R,,SSR,~ w i t h  v a r y i n g  c o n c e n t r a t i o n s  of R~SH (2.5 
x 10 - '  to 1.2 x 10-~M) g a v e  p lo t s  log  ( i ~ i ) / i  vs.  E 
w h i c h  w e r e  s t r a i g h t  l ines  of t h e o r e t i c a l  s lopes  of 
abou t  0.060 s i m i l a r  to t h e  w a v e s  o b t a i n e d  w i t h  
R~SSR~. The  p lo t  log C~Hs~ vs.  E~I~ was  f o u n d  to  b e  a 
c u r v e d  l ine  and  t h e r e f o r e  does  no t  c on fo rm to t h e  
r e q u i r e m e n t s  of Eq. 2. 

The  o b s e r v a t i o n s  w i th  R,SSR,  and  RHSSRH i n -  
d ica te  t ha t  t he  r e d u c t i o n  of t h e s e  two  c o m p o u n d s  
at  t h e  d r o p p i n g  m e r c u r y  e l e c t r o d e  is no t  r e v e r s i b l e  
s ince t he  e x p e r i m e n t a l  r e su l t s  do n e i t h e r  sa t i s fy  t h e  
cond i t ions  for  a two  e l ec t ron  r e d u c t i o n  no r  do t h e y  
a g r e e  w i t h  the  cond i t ions  fo r  a f ree  r a d i c a l  m e c h a n -  
i sm (Eq. [ 2 ] ) .  

P o l a r o g r a m s  of RH,SSRm w e r e  t a k e n  w i t h  so lu -  
t ions  at  va r i ous  p H  (12 to 4) in  the  absence  and  
p re sence  of ge la t in .  A l l  w a v e s  o b t a i n e d  w i t h  
RH,SSR~,, w e r e  d i s t o r t e d  and  d r a w n  out,  i n d i c a t i n g  
an  i r r e v e r s i b l e  e l ec t rode  process .  T h e r e f o r e  an  a n a l -  
ysis  of these  w a v e s  was  no t  a t t e m p t e d .  

I t  is of i n t e r e s t  to no te  tha t ,  w h i l e  t h e  p o l a r o -  
g r a p h i c  b e h a v i o r  of a l l  m e r c a p t a n s  r e p o r t e d  in  t h e  
l i t e r a t u r e  is e s s e n t i a l l y  t he  same,  t h e  d isu l f ides  d i f -  
fe r  r a t h e r  m a r k e d l y  as f a r  as t h e i r  p o l a r o g r a p h y  is 
concerned .  The  d i f fe rence  b e t w e e n  R S S R  on one 
h a n d  and  R~SSR~, RHSSR~,, and  R~,~SSRH~ on the  
o t h e r  h a n d  is r e m a r k a b l e ,  cons ide r ing  t h a t  a l l  t he se  
c o m p o u n d s  a r e  of a s im i l a r  s t ruc tu re .  In  c o n t r a s t  to 
th is  i t  is n o t e w o r t h y  t h a t  c o m p o u n d s  as  d i f f e ren t  as  
ox id i zed  g l u t a t h i o n e  and  R S S R  show the  s ame  po l -  
a r o g r a p h i c  behav io r .  
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Equilibrium Studies in the Reduction 
of Thorium Oxide by Aluminum 

Douglas O. Raleigh 

Atomics International, Canoga Park, California 

ABSTRACT 

When meta l lo thermic  reduct ions are car r ied  out  wi th  an excess of the  r e -  
ducing metal ,  fo rmat ion  of an in te rmeta l l ic  compound be tween  the reac tan t  
and product  meta ls  can make reduct ion energe t ica l ly  more  favorable .  Thor ium 
oxide can be reduced  by  an excess of a luminum despi te  unfavorab le  s t anda rd -  
state energetics.  The in te rmeta l l i c  compound involved is shown to be THAI,. 
F rom equi l ib r ium exper iments ,  i ts  s t andard  f ree  energy of fo rmat ion  is es t i -  
ma ted  to be --36 kcal.  

Recen t  i n t e r e s t  in  ou r  l a b o r a t o r y  in a l loys  of  
t h o r i u m  and  t h e i r  p r e p a r a t i o n  l ed  us to e x p e r i m e n t a l  
w o r k  on the  r e d u c t i o n  of t h o r i u m  ox ide  b y  m e t a l s  
less r e a c t i v e  t h a n  ca lc ium.  The  r e d u c t i o n  of t h o r i u m  
ox ide  b y  a l u m i n u m  as a p rocess  for  p r e p a r i n g  
t h o r i u m - a l u m i n u m  a l loys  was  ach ieved ;  s tud ies  on 
the  o p t i m u m  cond i t ions  for  r e d u c t i o n  a re  r e p o r t e d  
e l s e w h e r e  (1) .  The  occu r r ence  of t he  r e d u c t i o n  d e -  
sp i te  n o m i n a l l y  u n f a v o r a b l e  ene rge t i c s  was  of in -  
t e r e s t  to us. The  s t a n d a r d - s t a t e  r e a c t i o n  

4 2 
ThO.~(s) + - ~ - A l ( 1 )  --> ~-Al~O~(s)  + T h ( s )  [1]  

is a s soc ia ted  w i t h  a pos i t i ve  f ree  e n e r g y  of r e a c t i o n  
at  a l l  t e m p e r a t u r e s  o f  in te res t .  A t  1050~ the  
t e m p e r a t u r e  chosen  for  our  work ,  •  = + 3 8  kca l  
f rom the  r e p o r t e d  (2)  s t a n d a r d  f ree  ene rg i e s  of 
f o r m a t i o n  of ThO~(s) and  Al~O,(s) .  In  the  process  
d e v e l o p e d  b y  us, h o w e v e r ,  t he  t h o r i a  is s u s p e n d e d  
or  d i s so lved  in  a m o l t e n  f luor ide  m i x  in con tac t  w i th  
l i qu id  a l u m i n u m  and,  s ince  t he  p r o d u c t  t h o r i u m  is 
d i s so lved  in  t he  a l u m i n u m ,  the  a c t u a l  r e a c t i o n  is 

4 
ThO..,(sol. f luor ide)  + -~- A l ( so l .  A1-Th)  --> 

2 
- -  Al~O, (sol. f luor ide)  + Th( so l .  A1-Th)  [2]  
3 

I t  was  suspec t ed  t h a t  t he  r e q u i r e d  c h e m i c a l  p o -  
t e n t i a l  for  t he  r e a c t i o n  was  d e r i v e d  p r i m a r i l y  f rom 
the  f o r m a t i o n  of one or  m o r e  i n t e r m e t a l l i c  Th-A1 
c o m p o u n d s  and  t h e i r  so lu t ion  in t he  m e t a l l i c  mel t .  
The  poss ib i l i ty ,  howeve r ,  of s t rong  s o l u t e - s o l v e n t  
i n t e r a c t i o n  b e t w e e n  the  a l u m i n a  a n d  the  f luor ide  
m e l t  cou ld  no t  be  e l im ina t ed .  To c l a r i f y  the  s i t u a -  
t ion,  t h e  ser ies  of e x p e r i m e n t s  r e p o r t e d  h e r e  was  

c a r r i e d  out. T h o r i u m - a l u m i n u m  me l t s  w e r e  e q u i l i -  
b r a t e d  w i t h  a m o l t e n  f luor ide  sa l t  t ha t  was  s a t u r a t e d  
w i t h  t h o r i a  and  a l u m i n a  a n d  con t a ined  a sol id  
excess  of both.  U n d e r  these  condi t ions ,  t he  d i s so lved  
and  sol id  ox ides  a r e  in e q u i l i b r i u m ,  so t ha t  t he  r e -  
ac t ion  occu r r ing  m a y  be w r i t t e n  

4 2 
ThO,,(s) + - ~ - A l ( s o l .  AI-Th)~-Al~O~(s) + 

Th (sol. A1-Th) [3] 

By determining the equilibrium concentration of 
thorium in aluminum in this system and carrying 
out the necessary supplemental work, it was shown 
that the primary driving force for the reaction is the 
free energy of formation of ThA13, and an estimate 
of its value was made. The results indicate that 
intermetallic compound formation may play a use- 
ful role in promoting metallothermic reductions in 
a number of systems. 

Experimental 
Appara tus . - -The  e x p e r i m e n t a l  w o r k  r e q u i r e d  a 

h i g h - t e m p e r a t u r e  i n e r t  a t m o s p h e r e  f u r n a c e  sy s t em 
w i t h  p r o v i s i o n  for  ou tgass ing ,  s t i r r ing ,  and  w i t h -  
d r a w i n g  s a mp le s  f rom tl~e r e a c t i o n  mix .  The  a p -  
p a r a t u s  is shown  in Fig.  1. The  c h e m i c a l  sys t ems  of 
i n t e r e s t  w e r e  h e a t e d  in c y l i n d r i c a l  g r a p h i t e  c ruc ib le s  
set  ins ide  a V y c o r  t u b e  v a c u u m  f u r n a c e  as shown.  
H e a t i n g  was  p r o v i d e d  b y  an  i nduc t i on  coil  con-  
nec t ed  to a 21/2 k v - a m p  L e p e l  i nduc t i on  uni t .  T e m -  
p e r a t u r e  was  m e a s u r e d  w i t h  a n i c k e l - s h e a t h e d  
c h r o m e l - a l u m e l  t h e r m o c o u p l e  set  in to  the  c ruc ib l e  
as shown  and  connec ted ,  t h r o u g h  sea led  copper  
leads ,  to a t y p e  8662 L & N Mi l l i vo l t  I nd i ca to r .  The  
t h e r m o c o u p l e  shea th  was  c a r e f u l l y  g r o u n d e d  to 
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Fig. 1. Apparatus 

i n su l a t e  t he  t h e r m o c o u p l e  f r o m  induc t i on  cu r ren t s .  
The  t e m p e r a t u r e  m e a s u r e d  w i t h  th is  a r r a n g e m e n t  
checked  t h a t  of a tes t  q u a n t i t y  of m o l t e n  a l u m i n u m  
in the  c ruc ib l e  as m e a s u r e d  w i t h  a c a l i b r a t e d  op -  
t i ca l  p y r o m e t e r  to w i t h i n  s eve ra l  deg rees  a t  1050~ 
The  t e m p e r a t u r e  was  con t ro l l ed  to - -5~  b y  a 
Whee lco  C a p a c i t r o l  con t ro l l e r .  

V a c u u m  and  a r g o n  l ines  a l l owed  ou tgass ing  and  
p rov i s ion  of t he  r e q u i r e d  i n e r t  a t m o s p h e r e .  The  
a rgon  used  was  pur i f i ed  b y  pas s ing  i t  ove r  u r a n i u m  
t u r n i n g s  a t  500~ T h e  v a c u u m  l ine  was  connec t ed  
to a K i n n e y  K C - 5  v a c u u m  p u m p  and  the  v a c u u m  
p r e s s u r e  m e a s u r e d  w i t h  a s t a n d a r d  t h e r m o c o u p l e  
gauge.  B y  use  of a g r ea sed  r u b b e r  s topper ,  t h e  
f u r n a c e  top  was  e q u i p p e d  for  g a s t i g h t  o p e r a t i o n  of 
e i t he r  a m o t o r - d r i v e n  s t i r r i n g  rod  or  a s a m p l i n g  
tube .  

The  m e t a l s  u sed  in  th is  w o r k  w e r e  r e a c t o r  g r a d e  
t h o r i u m  and  99.99% ingo t  a l u m i n u m .  The  chemica l s  
e m p l o y e d  w e r e  r e a g e n t  g r a d e  l i t h i u m  f luoride,  
a l u m i n u m  oxide ,  a n d  t h o r i u m  oxide .  No f u r t h e r  
pur i f i ca t ions  w e r e  c a r r i e d  out.  

Selection of salt phase.--To c a r r y  ou t  t h e  e q u i l i -  
b r a t i o n  s tud ies  b e t w e e n  A1-Th a l loy  and  the  ox ides  
of a l u m i n u m  and  t h o r i u m  w i t h  f a v o r a b l e  k ine t ics ,  
a su i t ab l e  m o l t e n  sa l t  f lux was  r e q u i r e d .  S ince  t h e  
sa l t  m i x  was  to b e  s a t u r a t e d  w i t h  bo th  oxides ,  the  
ox ide  so lub i l i t i e s  in  t he  m i x  n e e d e d  to be  m o d e r a t e ,  
b u t  no t  h igh ,  to ach ieve  s a t u r a t i o n  c o n v e n i e n t l y  
and  avo id  u n f a v o r a b l e  inc reases  in  t h e  v i scos i ty  of 
t he  mel t .  F u r t h e r ,  no r e a c t i o n  or  c o m p o u n d  f o r m a -  
t ion is a l l o w a b l e  b e t w e e n  the  sa l t  m e l t  a n d  e i t he r  
t he  ox ides  o r  t h e  m o l t e n  m e t a l  phase .  F l u o r i d e  sa l ts  
w e r e  f a v o r e d  because  of t h e i r  so lub i l i t i e s  for  m e t a l -  
l ic  oxides ,  bu t  c r y o l i t e  m i x e s  w e r e  found  to be  u n -  
su i t ab l e  b e c a u s e  of r e a c t i o n  w i t h  t he  a l u m i n u m  1 and 
excess ive  a l u m i n a  so lub i l i ty .  The  fo l lowing  e x p e r i -  
m e n t s  showed  l i t h i u m  f luor ide  to be  i ne r t  t o w a r d  a l u -  

1 NasA1FG + A1-> 3Nat" + 2A1Fa. 

m i n u m  u n d e r  the  p l a n n e d  e q u i l i b r a t i o n  condi t ions .  
I den t i ca l  m i x t u r e s  of l i t h i u m  f luor ide  and  a l u m -  

i n u m  w e r e  h e a t e d  for  1 a n d  2 h r ,  r e spe c t i ve ly ,  a t  
1050~ u n d e r  1 a t m  of a r g o n  in the  d e s c r i b e d  a p -  
pa ra tu s .  A n a l y s i s  of bo th  m e t a l  phases  b y  f lame 
p h o t o m e t r y  showed  less  t h a n  0.03 w / o  ( w e i g h t  p e r  
cen t )  Li  p resen t .  The  a l u m i n u m  con ten t  in the  m o l -  
t en  L i F  was  f o u n d  to be  2.28 w / o  in  bo th  runs  as 
d e t e r m i n e d  b y  E D T A  t i t r a t i on ,  b u t  t he  absence  of 
t he  c o r r e s p o n d i n g  a m o u n t  of Li  in t he  m e t a l  p h a s e  
and  the  cons t ancy  of the  A1 con ten t  i n d i c a t e d  t h a t  
th is  r e p r e s e n t e d  the  so lub i l i t y  of a l u m i n u m  in m o l -  
t en  L i F  at  1050~ 

Tha t  no s o l u t e - s o l v e n t  r eac t i ons  o c c u r r e d  b e t w e e n  
the  ox ides  and  L i F  was  shown  la te r ,  in  t he  equ i l i -  
b r i u m  r e d u c t i o n  runs ,  w h e r e  x - r a y  d i f f rac t ion  
a n a l y s e s  on the  sa l t  p h a s e  showed  p a t t e r n s  on ly  fo r  
ThO~, AI~O~, and  LiF .  

As  wi l l  be  seen l a t e r ,  so lu t ion  of t he  t h o r i u m  in 
a l u m i n u m  r e duc e s  i ts  a c t i v i t y  suff ic ient ly  t h a t  i t  
could  not  be  e x p e c t e d  to r eac t  w i th  the  L iF .  

Solubilities oJ oxides.--To ob ta in  use fu l  b a c k -  
g r o u n d  i n f o r m a t i o n  for  t he  equ i l ib#a t ion  s tudies ,  t he  
so lub i l i t i e s  of AI~O~ and  ThO= in m o l t e n  L i F  a t  
1050~ w e r e  d e t e r m i n e d  s e p a r a t e l y  a n d  in  c o m m o n  
solut ion.  In  s e v e r a l  p r e l i m i n a r y  runs ,  l imi t s  of so lu -  
b i l i t y  and  r e l a t i v e  s u p e r n a t a n t  and  p r e c i p i t a t e  
vo lume s  w e r e  d e t e r m i n e d  b y  h e a t i n g  L iF-ThO~ and  
LiF-ALO3 m i x t u r e s  for  ~ h r  a t  1050~ in our  a p -  
p a r a t u s  and  e x a m i n i n g  the  f rozen  mel t s .  In  each  
case, s h a r p  s e p a r a t i o n  in to  p r e c i p i t a t e  and  s u p e r -  
n a t a n t  r eg ions  was  ev iden t .  

To d e t e r m i n e  the  so lubi l i t i es ,  two  e x p e r i m e n t a l  
p r o c e d u r e s  w e r e  used.  In  t h e  f i r s t ,  a m i x t u r e  of 0.4g 
of AI~O~ and  7.1g L i F  was  p l a c e d  in  t he  f u r n a c e  
se tup,  ou tgassed ,  and  h e a t e d  a t  1050~ u n d e r  a rgon.  
A f t e r  h e a t i n g  for  1/2 h r  a t  th i s  t e m p e r a t u r e ,  a q u a r t z  
t u b e  in the  a p p a r a t u s  was  l o w e r e d  into  t he  c ruc ib l e  
to j u s t  a b o v e  t h e  me l t  sur face .  A f t e r  s e v e r a l  m i n -  
u tes  to  a l l ow the  t u b e  end  to come to t he  m e l t  t e m -  
p e r a t u r e ,  t he  t ube  was  l o w e r e d  into  the  s u p e r n a t a n t  
zone and  a m e l t  s a m p l e  w i t h d r a w n  b y  m e a n s  of a 
suc t ion  gun. The  t u b e  w a s  t h e n  r e m o v e d  f rom the  
fu rnace ,  the  s a m p l e  r ecove red ,  and  the  t u b e  r e -  
p laced .  A c c e l e r a t i o n  of t he  a r g o n  flow d u r i n g  t ube  
r e m o v a l  m i n i m i z e d  e n t r y  of a i r  in to  t he  sys tem.  
F o l l o w i n g  r e p l a c e m e n t  of the  tube ,  t he  c r u c i b l e  t e m -  
p e r a t u r e  was  r a i s e d  to l l 0 0 ~  he ld  a t  th is  t e m p e r -  
a t u r e  for  1/2 h r  ~o h a s t e n  s a tu r a t i on ,  l o w e r e d  to  
1050~ he ld  at  1050~ for  ~ hr ,  and  the  n e x t  
s a m p l e  t aken .  This  p r o c e d u r e  was  t hen  r e p e a t e d  
t w i c e  m o r e  for  a t o t a l  of fou r  sampl ings .  S a m p l e s  
w e r e  a n a l y z e d  for  A1 b y  E D T A  t i t r a t ion .  The  p r o -  
c e d u r e  was  r e p e a t e d  in a second  r u n  w i t h  a m i x t u r e  
of ThO2, AI~O~, a n d  L i F  to d e t e r m i n e  t h e  so lub i l i t i e s  
of the  ox ides  in c o m m o n  solut ion.  

In  t h e  second  p rocedure ,  used  as a p a r t i a l  check,  
t he  a p p a r a t u s  was  e q u i p p e d  w i t h  a m o t o r - d r i v e n ,  
g r a p h i t e - t i p p e d  s t i r r i n g  rod.  A ThO~-LiF m i x t u r e  
was  ou tgassed ,  h e a t e d  to 1050~ and  he ld  at  th is  
t e m p e r a t u r e .  T h r e e  cycles  w e r e  t hen  c a r r i e d  out  i n  
w h i c h  t h e  m i x t u r e  was  s t i r r e d  fo r  3 rain,  a l l o w e d  to 
se t t l e  for  25 min ,  and  s a m p l e d  as before .  The  f u r n a c e  
was  t hen  shu t  down,  a p o r t i o n  of AI~O.~ a d d e d  a top  
the  cooled mix ,  t he  c ruc ib l e  r e h e a t e d  to 1050~ a n d  
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Table I. Solubilities of AI~03 and TSO2 in LiF at 1050~ 

w / o  S o l u t e  in  s a m p l e  

R u n  P r o c e d u r e  S o l u t e  1 2 3 
Assumed 

4 solubility 

1 1st Al~O3 0.26 0.26 0.28 0.32 0.30 ( ? ) 
2 1st AI~O;, 0.28 0.32 0.38 0.38 0.38 

ThO~ 0.05 0.05 0.08 0.06 0.06 
3 2nd ThO,~ <0.04 <0.03 <0.04 - -  <0.04 
4 2nd A]~O~ 0.41 0.43 0.38 - -  0.41 

ThO~ 0.05 0.09 0.06 - -  0.07 

th ree  more  cycles of s t i r r ing,  set t l ing,  and  sampl ing  
car r ied  out. 

The resul t s  of all  so lubi l i ty  d e t e r m i n a t i o n s  ap-  
pea r  in  Tab le  I. Accuracies  of i nd iv idua l  sample  
ana lyses  were  about  0.01 w / o  for the  ThO2 conten ts  
and  0.02 w / o  for the  AI~O, analyses .  Of p r i m a r y  i n -  
te res t  in  our  work  were  the  solubi l i t ies  of the oxides 
in  common  solut ion,  which  agree wel l  in  the  two 
procedures ,  despi te  the  nea rness  to the l imi t s  of 
ana lys i s  for the thor ia  content .  In  i n t e r p r e t i n g  
sample  ana lyses  f rom the  r u n s  car r ied  out  by  the 
t e m p e r a t u r e  cycl ing (first) procedure ,  cons tan t  so- 
lu te  conten ts  in  the last  few samples  are t a k e n  to 
ind ica te  sa tura t ion .  Thus,  the choice of 0.38 w / o  as 
the  a l u m i n a  so lubi l i ty  in  r u n  2 seems reasonable ,  
and  the  absence  of a n y  signif icant  progress ion  in the  
ThO~ con ten t  in  this r u n  a l lows us to take  a s imple  
average.  Results ,  however ,  are  no t  as c l ea r -cu t  in  
r u n  1. One bel ieves  tha t  the  r u n s  wi th  s t i r r ing  
(second p rocedure )  are more  re l i ab le  in tha t  the 
cons tancy  of a l u m i n a  conten ts  in  the  samples  ind i -  
cate a r ap id  a t t a i n m e n t  of sa tu ra t ion .  The  thor ia  
so lubi l i ty  in  r u n  3 is seen to be be low the l imi t  of 
anaIysis,  bu t  the genera l  p ic tu re  indica tes  some-  
w h a t  of an  increase  of the  solubi l i t ies  of bo th  ThO~ 
and  AI~O~ w h e n  p re sen t  in  c o m m o n  solu t ion  in  LiF. 

Equilibration experiments.--Several p r e l i m i n a r y  
runs ,  in  which  LiF-ThO~-AI~O~ mixes  were  hea ted  in  
contact  w i th  Th-A1 al loy mel ts  for severa l  hours  at 
1050~ ind ica ted  tha t  g rea t  care was  needed  to 
achieve equ i l ib r ium.  Con t inuous  s t i r r ing  was  r e -  
quired,  so the  m o t o r - d r i v e n  g r aph i t e - t i pped  s t i r r ing  
rod was ins ta l l ed  in  the appara tus .  The a r r a n g e m e n t ,  
however ,  led to poor phase separa t ion  and  ex tens ive  
a l u m i n u m  carb ide  fo rma t ion  f rom the meta l l i c  
a l u m i n u m ,  so the  g raph i te  c ruc ib le  was  fitted wi th  
a l i ne r  of recrys ta l l i zed  a l u m i n a  and  a s t i r r i ng  rod 
t ip of the  same m a t e r i a l  was used. Pa r t i a l  so lut ion 
or d i s in t eg ra t ion  of the  s t i r r ing  rod t ip occurred 
d u r i n g  runs ,  despi te  the  presence  of more  t h a n  the 
s a tu ra t ion  l imi t  of A1~O3 in the in i t i a l  sal t  mix.  How-  
ever,  s ince the  r u n s  w e r e  to be car r ied  out  at any  
ra te  w i th  the  sal t  flux sa tu ra t ed  wi th  both  oxides, 
this cons t i tu ted  no problem.  

The series of equ i l i b r a t i on  r u n s  was car r ied  out  
as follows. P r e l i m i n a r y  r u n s  showed an  ach ievable  
t h o r i u m  b u i l d - u p  of at  least  10 w / o  in  the  me ta l  
phase,  so a q u a n t i t y  of A1 10 w / o  Th  al loy was  p re -  
pa red  by  hea t ing  the  al loy componen t s  for severa l  
hours  at 1050~ in  an  a rgon  a tmosphere .  A m i x t u r e  
of L iF  and  enough  ThO~ and  AI~O~ to wel l  exceed 
the i r  so lub i l i ty  l imi ts  was  t hen  outgassed and  hea ted  
for 15 m i n  at 1050~ u n d e r  a rgon  to provide  a su i t -  
able  salt  phase.  The  me ta l  and  salt  phases were  t h e n  

hea ted  toge ther  to 1050~ u n d e r  argon,  the  mo to r -  
d r i v e n  s t i r r ing  rod g r a dua l l y  lowered  into the  melt ,  
and  the m i x t u r e  hea ted  for 2 hr, w i th  con t inuous  
s t i r r ing ,  at  1050~ The s t i r r e r  was  then  w i t h d r a w n ,  
the mix  cooled quickly,  and  the  me ta l  phase  f rom 
the r u n  recovered  and  ana lyzed  in toto. The analys is  
showed a cons iderab le  increase  in  the me ta l  phase  
t h o r i u m  content ,  so a me ta l  phase  of the approx i -  
ma te  ne w  al loy composi t ion was  p r epa red  and  a n -  
other  r u n  car r ied  out  wi th  a salt  phase  of the same 
composit ion.  This was repea ted  un t i l  the  me ta l  phase  
showed on ly  a smal l  f u r t h e r  increase  in  t h o r i u m  
content ,  w h e r e u p o n  a me ta l  phase  w i th  a much  
h igher  t h o r i u m  con ten t  was p r epa red  and  a s imi lar  
r u n  car r ied  out. This  r u n  showed a decrease in  tho r -  
i u m  con ten t  of the  me ta l  phase,  so the  p rocedure  
was  repea ted  w i th  in i t i a l  me t a l  phases  of success- 
ive ly  smal le r  t h o r i u m  content .  

The resul t s  of the  e xpe r i me n t s  are  shown in 
Table  II. It  is seen tha t  the  p rocedure  re su l t ed  in  a 
n e a r - a p p r o a c h  to equ i l i b r ium.  The assumed equi l i -  
b r i u m  concen t ra t ion  of Th in  the  me ta l  phase  is 
28.1 _--. 0.2 w / o  thor ium.  

Metal phase studies.--As seen later ,  the  above 
e q u i l i b r i u m  concen t r a t i on  can be used wi th  the 
k n o w n  free ene rgy  of reac t ion  of Eq. [1] to est i -  
ma te  the  s t anda rd  free ene rgy  of fo rma t ion  of the 
i n t e rme ta l l i c  compound  invo lved  in  Eq. [3]. To do 
this, however ,  r equ i res  k n o w i n g  the exact  i den t i t y  
of this  compound  and  the  so lubi l i ty  of t h o r i u m  in  
a l u m i n u m  at the t e m p e r a t u r e  of in teres t .  I n  both 
cases, repor ted  work  is in  some d i sagreement .  For  
our  work,  the  i n t e rme ta l l i c  compound  of in te res t  
was  the  one which  is in  e q u i l i b r i u m  wi th  a sa tu ra t ed  
so lu t ion  of t h o r i u m  in  a l u m i n u m  at  1050~ A l u m -  
i n u m - t h o r i u m  phase d iagrams  by  different  worke r s  
(3-5)  however ,  va r ious ly  ind ica te  this  compound  to 
be THAI, ThAI~, and  ThA13. Work  by Leber  (3) 
ind ica ted  the  so lubi l i ty  of Th in  A1 at 1050~ to be 
55 w/o ,  bu t  other  w o r k  (4) was  in  d i sagreement .  

The so lubi l i ty  of t h o r i u m  in  l iqu id  a l u m i n u m  at 
1050~ was d e t e r m i n e d  by  the first p rocedure  used 
for oxide solubil i t ies .  A m i x t u r e  of 10g a l u m i n u m  
and  26.5g thor ium,  the  la t te r  in smal l  pieces, was  
hea ted  to 1050~ in  argon,  u n d e r  0.5g LiF  to serve 

Table II. Weight per cent Th in equilibration run metal phases 

R u n  I n i t i a l  F i n a l  

1 10,0 20.3 
2 18.9 26.2 
3 25.0 27.9 
4 40.0 35.2 
5 35.0 28.3 
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as a flux. T h e  m i x t u r e  was  h e a t e d  a t  1050~ fo r  Y2 
h r  and  a s a m p l e  of the  m e l t  w i t h d r a w n .  Then,  as  in  
p r e v i o u s  runs ,  t h e  m e l t  was  h e a t e d  at  1100~ for  

hr,  cooled  and  he ld  at  1050~ for  Y2 hr,  a n d  the  
second  s a m p l e  t aken .  The  p rocess  was  r e p e a t e d  to 
o b t a i n  a t h i r d  sample ,  us ing,  as  be fore ,  a q u a r t z  t u b e  
a n d  suc t ion  gun. The  t h o r i u m  a n a l y s e s  on the  t h r e e  
s amp le s  w e r e  52.4, 54.6, and  54.6 w / o ,  r e spec t i ve ly .  
S ince  t h e  p r e v i o u s  s o l u b i l i t y  d a t a  of L e b e r  w e r e  ob -  
t a i n e d  b y  cool ing  c u r v e  ana lys i s ,  i t  was  fe l t  t h a t  a n  
a d e q u a t e  check  was  o b t a i n e d  and  t h a t  55 w / o  is t he  
co r r ec t  so lub i l i t y  of t h o r i u m  in a l u m i n u m  a t  1050~ 

The  i d e n t i t y  of t he  i n t e r m e t a l l i c  c o m p o u n d  in 
e q u i l i b r i u m  wi th  a s a t u r a t e d  so lu t ion  of t h o r i u m  
in a l u m i n u m  a t  1050~ was  e s t a b l i s h e d  as  fo l lows.  
A m i x t u r e  of Th and  A1 c o r r e s p o n d i n g  to a 55 w / o  
t h o r i u m  a l loy  was  h e a t e d  a t  1060~ for  2 h r  to d i s -  
so lve  a l l  of t he  t h o r i u m .  The  m e l t  was  t h e n  cooled  
to 925~ ove r  a p e r i o d  of Y2 hr,  and  the  t e m p e r a t u r e  
h e l d  a t  925~ for  a n o t h e r  h a l f - h o u r .  The  b u l k  of 
t h e  m e l t  l i qu id  was  t hen  r e m o v e d  f r o m  t h e  c ruc ib l e  
a t  925~ b y  m e a n s  of a q u a r t z  t u b e  a n d  suc t ion  gun.  
The  m a t e r i a l  r e m a i n i n g  in t he  c r u c i b l e  was  a m a t  
of w e l l - d e f i n e d  n e e d l e l i k e  c rys ta l s .  The  c ruc ib l e  was  
q u i c k l y  cooled  to r o o m  t e m p e r a t u r e  and  t h e  c r y s -  
t a l s  s e p a r a t e d  f r o m  an  a d h e r i n g  r e s i d u e  of so l id i f ied  
m e l t  l i qu id  b y  d i s so lv ing  a w a y  the  l a t t e r  w i t h  10% 
aqueous  NaOH.  C h e m i c a l  ana lys i s  and  x - r a y  d i f -  
f r a c t i o n  iden t i f i ed  t h e  c rys t a l s  as ThAL.  S ince  n o n e  
of t h e  p h a s e  d i a g r a m s  r e p o r t e d  s h o w e d  a n y  p h a s e  
changes  or  t h e r m a l  a r r e s t s  b e t w e e n  1060 ~ and  
925~ a n d  s ince  m e l t  l i qu id  was  no t  a v a i l a b l e  for  
r eac t i ons  b e l o w  925~ i t  was  a s s u m e d  t h a t  t he  
c rys t a l s  r e c o v e r e d  a r e  t hose  of t he  s t ab le  a l u m i n i d e  
a t  1050~ The  r e s u l t  is in a g r e e m e n t  w i t h  t he  w o r k  
of M u r r a y  (5 ) ,  w h i c h  is t h e  mos t  r e c e n t  w o r k  on th is  
p o r t i o n  of t h e  Th-A1 p h a s e  d i a g r a m .  

Discussion 
The  r e su l t s  of t h e  p r e c e d i n g  e x p e r i m e n t a l  w o r k  

can  be  used  to e s t i m a t e  t he  s t a n d a r d  f r ee  e n e r g y  of 
f o r m a t i o n  of ThAh.  The  r e d u c t i o n  of t h o r i u m  ox ide  
to p r o d u c e  t h o r i u m - a l u m i n u m  a l loy  can  be cons id -  
e r ed  in  t e r m s  of t he  v i r t u a l  f o r m a t i o n  of ThAL and  
i ts  so lu t ion  in  a suff icient  excess  of a l u m i n u m  to 
r e s u l t  in  t he  m e t a l  p h a s e  of e q u i l i b r i u m  c o m p o s i -  
t ion.  A c c o r d i n g l y ,  Eq. [3] ,  for  t he  r e a c t i o n  at  
1050~ can  be  w r i t t e n  in t e r m s  of t he  e q u i v a l e n t  
ser ies  

4 2 
WhO~(s) + -~- AI(1) --> -~-ALO~(s) + Wh(s) 

AF, : +38 k c a l  
Th(s) + 3Al(1) --> ThAL(s) 

AF~ = hFt  ~ (ThA1)~ 

T h A L ( s )  -~ T h ( l i q u i d u s  sol.)  + 3 A l ( l i q u i d u s  sol.)  
AFt: 0 

Th ( l i qu idus  sol.)  ~ Th (sol.  A I - T h )  
a~l,rh 

AF, -~ - -RT In - -  
aTh 

3A1 ( l i qu idus  sol.)  --> 3Al(1)  
AF~ = - -RT In (a~'~,) ~ 

4 4 
- - A l ( s o l .  A1-Th)  --> - -  AI(1)  
3 3 

AF, = - -RT In (ax , ) ' / '  

w h e r e  A F /  ( T h A h )  is t h e  s t a n d a r d  f r ee  e n e r g y  of 
f o r m a t i o n  of ThAL, a r r e f e r s  to ac t iv i t i e s  in t he  
l i q u i d u s  Th-A1 m e l t  (i.e., s a t u r a t e d  so lu t ion  of Th 
in A1),  and  aA, and  a~h to ac t iv i t i e s  in t he  m e l t  of 
e q u i l i b r i u m  compos i t ion .  S ince  the  o v e r - a l l  r e a c t i o n  
is a n  e q u i l i b r i u m  reac t ion ,  ~AF = 0, and  thus  

--AF~ o ( T h A L )  = 38--RTln(a~'Al)~(a~,)~l~< a~lTh ) 
aTh 

W e  reca l l  t h a t  t he  c o n c e n t r a t i o n s  of t h o r i u m  in 
the  e q u i l i b r i u m  and  l i q u i d u s  m e l t s  a t  1050~ w e r e  
28 w / o  and  55 w / o ,  r e spe c t i ve ly .  In  t e r m s  of mo le  
f rac t ions ,  h o w e v e r ,  t he  so lu t ions  a r e  c o n s i d e r a b l y  
m o r e  d i lu te ,  the  mo le  f r ac t ions  b e i n g  0.043 and  
0.125. Thus,  t h e r e  is some bas is  for  e v a l u a t i n g  the  
a b o v e  ac t iv i t i e s  b y  t h e  use  of R a o u l t ' s  a n d  H e n r y ' s  
laws .  W h i l e  t he  concen t r a t i ons  i n v o l v e d  a r e  a d m i t -  
t e d l y  m a r g i n a l  for  th is  app roach ,  no specific d a t a  
on a c t i v i t y  coefficients  exis t .  F u r t h e r ,  i t  w i l l  be  seen 
t h a t  t he  a c t i v i t y  f ac to r  t e r m  in t he  a b o v e  e x p r e s s i o n  
p r o v i d e s  on ly  a s m a l l  c o n t r i b u t i o n  to the  c a l c u l a t e d  
f r ee  e n e r g y  of fo rma t ion ,  so t h a t  even  l a r g e  i n a c c u r -  
acies  in  e v a l u a t i n g  the  t e r m  wi l l  h a v e  a sma l l  effect  
on the  f inal  resu l t .  The  a s s u m p t i o n  of R a o u l t ' s  and  
H e n r y ' s  l aws ,  then ,  a l l ow the  fo l lowing  s u b s t i t u -  
t ions:  aA, = N~, and  a%h/aTh = N%h/NTh, and  a cco rd -  
ingly ,  

N~ITh 
- - A F f  ~ (ThAL)  = 3 8 -  RT ln(N~'A1) ~ (NA,) 'j~ (-=------) 

IVT,, 

Us ing  the  s t a t ed  va lue s  for  t he  i n d i c a t e d  mo le  f r a c -  
t ions,  one obta ins ,  for  t he  s t a n d a r d  f r ee  e n e r g y  of 
f o r m a t i o n  of T h A L  a t  1050~ an  e s t i m a t e  of 36 kcal .  

I t  is seen t ha t  t he  p r e d o m i n a n t  d r i v i n g  force  for  
t he  n o m i n a l l y  u n f a v o r e d  r e d u c t i o n  of t h o r i u m  ox ide  
b y  a l u m i n u m  is the  f ree  e n e r g y  of f o r m a t i o n  of t h e  
i n t e r m e t a l l i c  c o m p o u n d  ThAL;  a s soc ia t ed  d i l u t i on  
effects p l a y  an  e n e r g e t i c a l l y  s m a l l  role.  Even  l a rge  
e r r o r s  in  t he  ac t iv i t ies ,  w h i c h  m a y  be  i n v o l v e d  in 
a s s u m i n g  the  a p p l i c a b i l i t y  of R a o u l t ' s  and  H e n r y ' s  
laws ,  w i l l  no t  s ign i f i can t ly  affect  the  c a l c u l a t e d  f ree  
e n e r g y  of fo rma t ion .  W h a t  is m o r e  i m p o r t a n t  in th is  
respec t ,  h o w e v e r ,  is the  a c c u r a c y  to w h i c h  the  r e l a -  
t ive  f ree  ene rg ie s  of f o r m a t i o n  of t h o r i a  a n d  a l u m -  
ina  at  1050~ a re  known.  E s t i m a t e d  l imi t s  of e r r o r  
f r o m  K u b a s c h e w s k i  (2)  and  v a r i o u s  o r ig ina l  r epo r t s  
of t he se  m e a s u r e m e n t s  i nd i ca t e  t h a t  the  38 kca l  
f igure  m a y  be  in e r r o r  b y  as m u c h  as 5 kcal .  A c c o r d -  
ingly ,  u n t i l  m o r e  a c c u r a t e  d a t a  become  ava i l ab le ,  
t h e  - -36 k c a l  f ree  e n e r g y  of f o r m a t i o n  of ThAL at  
1050~ m u s t  be  r e g a r d e d  as sub j e c t  to t he  s ame  u n -  
c e r t a i n ty .  I t  is felt ,  h o w e v e r ,  t h a t  th is  v a l u e  at  l eas t  
g ives  some i nd i c a t i on  of t h e  s t a b i l i t y  of such c o m -  
pounds .  I t  w o u l d  be  of i n t e r e s t  if th is  q u a n t i t y  could  
be d e t e r m i n e d  e x p e r i m e n t a l l y  b y  an  i n d e p e n d e n t  
me thod .  
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cussion Section to be publ ished in the December  1962 
J O U R N A L .  

REFERENCES 
1. D. O. Raleigh, Ind. Eng. Chem., 53, 445 (1961). 
2. O. Kubaschewski  and E. L. Evans,  "Meta l lurgica l  

Thermochemis t ry ,"  John Wiley  & Sons, Inc., New 
York  (1956). 

3. A. Leber,  Z. anorg, u. allgem. Chem., 166, 16 (1927). 
4. F. A. Rough and A. A. Bauer,  U. S. Atomic  Energy  

Commission Repor t  BMI-1300 (1958). 
5. J. R. Murray ,  J. Inst. Metals, 87, 349 (1959). 

Diagrammatic Representation of the 
Thermodynamics of Metal-Fused Chloride Systems 

R. Litt lewood 1 

Tube Investments  Research Laboratories, Hinxton Hall, Saf]ron Walden, Essex, England 

ABSTRACT 

Previously ,  d iagrammat ic  methods  of presenta t ion  have been used to s tudy 
the the rmodynamics  of meta l l ic  corrosion in fused chlorides,  and the method 
has now been ex tended  to me ta l -w inn ing  reactions.  Diagrams in which the 
equi l ib r ium poten t ia l  E ( re la t ive  to the  s tandard  chlor ine  e lect rode)  in the  
sys tem is p lot ted  agains t  the  ac t iv i ty  of oxide ion in the  chlor ide  mel t  ( ex-  
pressed as its negat ive  logar i thm,  pO 2-) are  p resen ted  for the meta ls  Mg, Ni, 
Zr, and Ti in contact  wi th  one or more  of the chlorides LiC1, KC1, NaC1, and 
MgC12 at  800~ As an example  of the  use of E-pO 2- diagrams,  i t  is shown how 
they  can be appl ied  to meta l  ex t rac t ion  processes involving chlorides.  The main  
advance here  is tha t  the method  offers an approach  to the  predic t ion  of impur i ty  
levels  and is appl icable  equa l ly  wel l  to e lec t rowinning  f rom fused chlorides and 
to reduct ion of chlorides by  base metals .  Levels  of impur i ty ,  pa r t i cu l a r ly  of 
oxygen,  in the meta l  p roduc t  are  obta inable  d i rec t ly  f rom the diagrams.  

The  t h e r m o d y n a m i c s  of m e t a l - f u s e d  ch lo r ide  sys -  
t ems  is m o r e  c o m p l i c a t e d  t h a n  a p p e a r s  a t  f irst  s ight  
e spec i a l l y  w h e n  r eac t ions  i n v o l v i n g  i m p u r i t i e s ,  
p a r t i c u l a r l y  anions,  a r e  t a k e n  in to  cons ide ra t ion .  The  
success  of g r a p h i c a l  m e t h o d s  of p r e s e n t i n g  t h e r m o -  
d y n a m i c  d a t a  for  aqueous  sys t ems  led  us to de ve lop  
s i m i l a r  w a y s  of p r e s e n t a t i o n  for  fused  sal t  sys tems ,  
and  w e  h a v e  a l r e a d y  a p p l i e d  some of these  to s t u d y  
the  t h e r m o d y n a m i c s  of m e t a l l i c  co r ros ion  in fused  
ch lo r ides  (1, 2) .  

The  p r e s e n t a t i o n  of t h e r m o d y n a m i c  d a t a  in  a d i a -  
g r a m  has  ce r t a i n  a d v a n t a g e s  w h i c h  have  no t  a l w a y s  
been  f u l l y  a p p r e c i a t e d .  W h e n  cons ide r ing  a s y s t e m  of 
a n u m b e r  of componen t s ,  one m e t h o d  invo lves  con-  
ve r s i on  of the  d a t a  in to  l i n e a r  equa t i ons  l i n k i n g  f r ee  
e n e r g y  w i t h  l o g a r i t h m i c  func t ions  of  compos i t ion .  
T h e r e  is one such e q u a t i o n  for  each  poss ib le  r e a c t i o n  
of a l l  the  va r i ous  cons t i t uen t s  p resen t .  The  r e l a t i ons  
a r e  p l o t t e d  g r a p h i c a l l y ,  and  the  r e s u l t i n g  d i a g r a m  
s u m m a r i z e s  t he  t h e r m o d y n a m i c  p r o p e r t i e s  of t he  
s y s t e m  a t  a g iven  t e m p e r a t u r e .  This  s imp l i c i t y  of 
p r e s e n t a t i o n  is to be  c o m p a r e d  w i t h  t he  a p p l i c a t i o n  
of a s i m i l a r  ser ies  of equa t ions  to each  p a r t i c u l a r  set  
of condi t ions ,  f r o m  w h i c h  the  b e h a v i o r  of t he  s y s t e m  
u n d e r  t h a t  p a r t i c u l a r  set  of cond i t ions  is i n f e r r ed .  In  
th is  case,  if t he  p r o p e r t i e s  of t he  s y s t e m  u n d e r  s e v -  
e r a l  d i f fe ren t  cond i t ions  a r e  r e q u i r e d ,  t he  w h o l e  p r o -  
c e d u r e  u s u a l l y  has  to b e  r e p e a t e d .  W h e r e  a g e n e r a l  
a p p r e c i a t i o n  of t he  effect  on t h e  s y s t e m  of a v a r i e t y  
of d i f fe ren t  cond i t ions  is r e q u i r e d ,  p r e s e n t a t i o n  of t he  
p r o p e r t i e s  of the  s y s t e m  in a d i a g r a m  has  obv ious  
a d v a n t a g e s .  

The  t h e r m o d y n a m i c  d i a g r a m s  of P o u r b a i x  (3)  
have  been  p a r t i c u l a r l y  use fu l  in u n d e r s t a n d i n g  the  

1 P r e s e n t  a d d r e s s :  The  Brit i sh  Iron and Stee l  Research Associat ion,  
L o n d o n ,  E n g l a n d .  

b e h a v i o r  of m e t a l s  in con tac t  w i t h  aqueous  solut ions .  
P o u r b a i x  p lo t s  e q u i l i b r i u m  p o t e n t i a l  a ga in s t  pH,  and  
the  d i a g r a m s  d i v i d e  t h e m s e l v e s  in to  r eg ions  of s t a -  
b i l i t y  of d i f fe ren t  sol id  phase s  ( c o m p o u n d s  of t h e  
m e t a l  in q u e s t i o n ) .  

In  t he  fused  sa l t s  also, f r ee  ene rg i e s  can  be  e x -  
p r e s s e d  as e q u i l i b r i u m  po ten t i a l s ,  and  t h e r e  a r e  a 
n u m b e r  of func t ions  of composi t ion w h i c h  m i g h t  be  
used  as the  o t h e r  va r i ab l e .  In  t h e  p r e s e n t  p a p e r ,  t he  
compos i t i on  v a r i a b l e  chosen  is t he  a c t i v i t y  of ox ide  
ion in  t he  mel t ,  e x p r e s s e d  in  t e r m s  of i ts  n e g a t i v e  
l o g a r i t h m ,  pO ~-. The  r e s u l t i n g  E-pO ~- d i a g r a m s  a r e  
p a r t i c u l a r l y  u se fu l  w h e n  cons ide r ing  sys t ems  in -  
vo lv ing  oxides ,  or  oxygen ,  in con tac t  w i t h  fu sed  
chlor ides ,  and  in p r ac t i ce  th is  covers  a l l  cond i t ions  
u n d e r  wh ich  fused  ch lo r ides  a r e  n o r m a l l y  used.  As  
an  e x a m p l e ,  t he  p a p e r  shows  in p a r t i c u l a r  h o w  
E-pO ~- d i a g r a m s  a r e  a p p l i c a b l e  to m e t a l  e x t r a c t i o n  
processes  i n v o l v i n g  ch lor ides .  

Conven t ions . - - In  aqueous  sys tems ,  t he  c o n v e n -  
t ions  used  in a t h e r m o d y n a m i c  t r e a t m e n t  a r e  w e l l  
e s t ab l i shed .  W i t h  r eac t ions  in  fused  sal ts ,  t he  con-  
ven t ions  a d o p t e d  in  a p a r t i c u l a r  t r e a t m e n t  need  to 
be  def ined  a t  t he  outset .  The  conven t ions  chosen  for  
the  p r e s e n t  p a p e r  a r e  i den t i ca l  w i t h  those  used  p r e -  
v ious ly  b y  the  a u t h o r  (1, 2) .  F r e e  ene rg ie s  a r e  con-  
v e r t e d  to an  emf  scale  us ing  the  e xp re s s ion  

E ~ = - -AG~ [ 1 ] 

and  t h e  p o t e n t i a l  zero is t a k e n  as t h e  p o t e n t i a l  of a 
c h l o r i n e  e l ec t rode  (1 a rm p r e s s u r e )  in con tac t  w i t h  
a ch lo r ide  m e l t  a t  un i t  ch lo r ide  ac t iv i ty .  A c t i v i t i e s  in  
condensed  phases  a r e  b a s e d  on the  p u r e  c o m p o n e n t  
as t he  s t a n d a r d  s ta te ,  or  in  the  case of gases,  t h e  gas  
at  un i t  fugac i ty ,  a p p r o x i m a t e l y  1 a t m  p re s su re .  
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Principles 

A fused chloride mel t  is s table  over  a r ange  of po-  
tent ial ,  which  at one a tmosphere  p ressure  ex tends  
f rom zero on the  chlor ine  electrode scale, whe r e  the  
mel t  wi l l  be in  e q u i l i b r i u m  wi th  ch lor ine  at  1 a rm 
pressure,  to a nega t ive  va lue  of po ten t i a l  equa l  to 
the  decomposi t ion  po ten t i a l  of the melt .  The  l a t t e r  
is re la ted  to the free ene rgy  of fo rma t ion  of the 
chloride by  Eq. [ 1 ], and  the  decomposi t ion  po ten t i a l  
wil l  be more  nega t ive  the more  s table  the chloride.  
Be tween  these  two potent ia ls ,  the  chlor ide  wi l l  a l -  
ways  be pa r t i a l l y  dissociated and  the  act ivi t ies  of 
me ta l  and  ch lor ine  in  the  mel t  wi l l  v a r y  wi th  po-  
t e n t i a l ,  whi le  confo rming  to the  e q u i l i b r i u m  con-  
s tan t  (pa ren theses  denote  act iv i t ies) .  

(Cl~) I'2 (M) 
K = [2] 

(MCI) 
of the reaction 

MC1 = M + 1/zCl~ [3] 

This e q u i l i b r i u m  cons tan t  is ob t a inab le  f rom the  e x -  
press ion 

log K = --AG~ RT [4] 

where  AG~ is the free ene rgy  of dissociat ion of the  
chlor ide MC1. The ac t iv i ty  of f ree me ta l  and  of f ree 
chlor ine  p resen t  in  the mel t  at a n y  g iven  po ten t i a l  
E can be ca lcula ted  f rom the Nerns t  equa t ions  for the  
two ha l f - reac t ions .  

~/2CL + e- = Cl- [5] 

M ~ - ~ - e ~ = M  [6] 

Thus,  w h e n  MC1 is p resen t  at un i t  ac t iv i ty ,  

E = E~ (2.303 R T / F )  log (CI~) ~/~ [7] 

for h a l f - r e a c t i o n  [5] ,  and  

E = E'~ --  (2.303 R T / F )  log (M) [8] 

for ha l f - r eac t i on  [6] ,  where  E~ can be ca lcu la ted  
f rom re la t ion  [ 1 ]. 

The two express ions  for E (Eq. [7] and  [8])  are 
ident i t ies ,  since the e q u i l i b r i u m  po ten t i a l  in the  sys-  
t em has a u n i q u e  value ,  and  in  fact Eq. [7] and  [8] 
are i n t e r r e l a t ed  by  Eq. [2]. 

To deal  w i th  a sys tem con ta in ing  oxygen  and  
oxides, it is necessary  to define a s t anda rd  s ta te  for 
the oxide ion, and  in  accordance w i th  the c onve n -  
t ions adopted,  we have  chosen the  pure  oxide of the 
cat ion of the chloride mel t  u n d e r  cons idera t ion  as 
un i t  ac t iv i ty  of oxide ion. For  example ,  in  the  case 
of a KC1 mel t  the s t anda rd  state for oxide ion wou ld  
be pure  K~O and  the  s t a n d a r d  free ene rgy  of f o r m a -  
t ion  of O ~- ion would  be ca lcula ted  as follows: 

K + § e- = K; t~"~ = + 78.83kcal [9] 

1 
2K + ~ 0 ~  = 2K + + O~-; ~~ . . . .  53.71 kcal  [10] 

therefore  
1 

2e + -~O2 ---- OZ-; tFo~- = + 103.95 kcal  [11] 

A s t anda rd  free ene rgy  of fo rma t ion  of the  oxide 
ion defined in  this way  wi l l  differ in  va lue  accord-  

' l  

.r 
p o  ~- 

Fig. 1. Relationship between oxygen pressure, oxide activity, and 
potential for KCI at 800~ E is electrode potential relative to the 
standard chlorine electrode. For point A, see text. 
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Fig. 2. Relationship between oxygen pressure, oxide activity, and 
potential for LiCI at 800~ 

ing to the  pa r t i cu l a r  mel t  chosen. In  mixed  chlo-  
r ides,  the  ac t iv i ty  of O ~- wi l l  be expressed  in  t e rms  
of one pa r t i cu l a r  oxide, bu t  p rov ided  a s ingle  defi- 
n i t i on  is adhered  to t h r o u g h o u t  the t r ea tmen t ,  the  
final resul t s  wi l l  be the  same wh icheve r  oxide is 
chosen, although oxides of cations other than the 
standard one might have either extremely large or 
extremely small activity coefficients. 

The standard free energy of formation for the 
oxide ion can now be used to express the relation- 
ship between potential, oxygen pressure, and oxide 
ac t iv i ty  

E = E~ + (2 .303RT/2F log [ (O~)1/V (O 3-) ] [12] 

This r e la t ionsh ip  is shown g raph ica l ly  for KC1 at 
800~ in  Fig. 1 and  for LiC1 at  800 ~ in  Fig. 2. For  a 
g iven  oxygen  pressure ,  Eq. [12] gives rise to a 
s t ra ight  l ine  dependence  of E on pO ~- and  in  the  
figures, oxygen  pressures  at i n t e rva l s  of 104 apar t  
are shown,  g iv ing  a gr id  of pa ra l l e l  lines. The posi-  
t ion  of these l ines  corresponds  wi th  the two oxygen  
pressure  scales e x t e r n a l  to the  d i ag rams  ( the l ine  
for a g iven  oxygen  p ressure  is found  by  l ay ing  a 
ru l e r  on the d i a g r a m jo in ing  the  appropr i a t e  po in ts  
on the  two scales) .  The uppe r  and  lower  l imi ts  to 
the  d iagrams  are set by  the  po ten t i a l s  at which  the  
mel t  is oxidized to chlor ine  or reduced  to metal ,  
respect ively .  The  o ther  two e x t e r n a l  scales on the  
l e f t - h a n d  side give the ac t iv i ty  of ch lor ine  o r  meta l  
p resen t  at a g iven  potent ia l ,  according to Eq. [7] 
and  [8].  
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F i g u r e s  1 and  2 i l l u s t r a t e  t he  m a r k e d  d i f fe rences  
in p r o p e r t i e s  b e t w e e n  m e l t s  of LiC1 and  KC1, w h i c h  
w i l l  be d i scussed  in m o r e  d e t a i l  l a t e r .  Note,  h o w -  
ever ,  t ha t  t he  ox ide  ac t iv i t i e s  in  m e l t s  of LiC1 and  
KC1 p r e p a r e d  u n d e r  a t m o s p h e r e s  of i den t i ca l  c o m -  
pos i t i on  wi l l  be  v e r y  d i f ferent .  F o r  e x a m p l e ,  t he  
e q u i l i b r i u m  cond i t ions  in  m e l t s  p r e p a r e d  u n d e r  an  
a t m o s p h e r e  of e q u a l  p a r t s  of  o x y g e n  and  ch lo r ine  
at  a t o t a l  p r e s s u r e  of 2 a t m  w o u l d  be  r e p r e s e n t e d  
b y  t h e  po in t s  m a r k e d  A in Fig .  1 and  2. These  cor -  
r e s p o n d  to ox ide  ac t iv i t i e s  of 10 - ' ' '  in LiC1 and  10 . . . .  
in KC1, i l l u s t r a t i n g  the  effect of t he  h i g h e r  aff ini ty  
for  o x y g e n  of Li  r e l a t i v e  to  K.  

T h e r e  is p r o v i s i o n  in t he  d i a g r a m  for  o x y g e n  
p r e s s u r e s  d o w n  to e x t r e m e l y  low va lues .  These  p r e s -  
sures  a r e  s t i l l  m e a n i n g f u l  and  a r e  p a r t i c u l a r l y  i m -  
p o r t a n t  w h e n  d e a l i n g  w i th  s y s t e m s  u n d e r  r e d u c i n g  
condi t ions ,  such as in t he  p re sence  of m e t a l s  w h i c h  
a r e  s t rong  o x y g e n  ge t t e r s ,  or  in h y d r o g e n  a t m o s -  
pheres .  F o r  e x a m p l e ,  h y d r o g e n  gas  at  1 a t m  p r e s -  
su re  con ta in ing  1 v o l u m e  p e r  m i l l i on  of w a t e r  v a -  
po r  w o u l d  be  in e q u i l i b r i u m  w i t h  an  o x y g e n  p a r t i a l  
p r e s s u r e  of abou t  10 -~ a tm,  and  these  cond i t ions  
cou ld  t h e r e f o r e  in  p r i n c i p l e  be  r e p r e s e n t e d  on the  
E - - p O  ~- d i a g r a m  b y  the  l ine  c o r r e s p o n d i n g  to  an  
o x y g e n  p r e s s u r e  of  10 -~ arm. 

The  so lub i l i t y  p r o d u c t  of a n y  ox ide  in a g iven  
ch lo r ide  MC1 can  also b e  ca lcu la ted ,  r e l a t i v e  to t h e  
ox ide  M~O. F o r  e x a m p l e ,  the  so lub i l i t y  p r o d u c t  of 
n i cke l  o x i d e  in a KC1 m e l t  a t  800~ is o b t a i n e d  as 
fol lows.  W h e n  the  m e l t  is s a t u r a t e d  w i t h  NiO, e x -  
cess sol id  ox ide  w i l l  be  p r e s e n t  a t  un i t  ac t iv i ty ,  and  
s ince  t he  s y s t e m  is a t  e q u i l i b r i u m ,  t h e  f ree  e n e r g y  
change  for  t he  d i s so lu t ion  r e a c t i o n  

NiO = Ni 2+ q-O ~- [13]  

wi l l  be  zero,  so t h a t  

log S = log (Ni  ~*) (O ~-) = 

(~~ - -  o _ ~%~_) /2 .303RT  [14] 

Tab le  I g ives  t he  v a l u e s  of a c t i v i t y  so lub i l i t y  
p r o d u c t s  of some ox ides  in  m e l t s  of LiC1 a n d  in  KC1 
c a l c u l a t e d  in th is  way .  These  i l l u s t r a t e  t he  g r e a t e r  
s o lub i l i t y  of ox ides  in LiC1 t h a n  in KC1, as ob -  
s e rved  e x p e r i m e n t a l l y  (4) .  In  add i t ion ,  t h e  r e l -  
a t ive  m a g n i t u d e s  of so lub i l i t y  p r o d u c t  of t h e  ox ides  
in e i t he r  ch lo r ide  a r e  in t he  o r d e r  

CaO > NiO ~ ZnO ~ MgO > ZrO_~ 

w h i c h  c o r r e s p o n d s  w e l l  w i t h  e x p e r i m e n t a l  o b s e r v a -  
t ions  of ox ide  so lub i l i t i e s  in  LiC1 (4) ,  KC1 (4) ,  and  
LiC1-KC1 eu tec t i c  (5) .  

E x p e r i m e n t a l  d a t a  on ox ide  so lub i l i t i e s  in fu sed  
ch lo r ides  a r e  v e r y  scan ty ,  and  no a t t e m p t s  to d e -  

Table I. Calculated solubility products of oxides in fused 
chlorides at 800~ 

O x i d e  log  S i n  LiC1 log  S i n  KC1 

NiO --7.8 --19.7 
CaO --3.8 --15.8 
ZnO --8.2 --20.0 
MgO --9.9 --21.8 
ZrO~ --26.8 --50.6 

t e r m i n e  so lub i l i t y  p r o d u c t s  a p p e a r  to h a v e  been  
made .  S o l u b i l i t y  p r o d u c t s  cannot ,  of course ,  be  o b -  
t a i n e d  d i r e c t l y  f r o m  s imple  so lub i l i t y  m e a s u r e m e n t s  
of  the  o x i d e  in t h e  c h l o r i d e  a lone ,  b u t  th i s  p o i n t  w i l l  
be c o m m e n t e d  on l a te r .  I t  w i l l  on ly  be  poss ib le  to 
assess  fu l ly  t he  s igni f icance  of t he  c a l c u l a t e d  va lue s  
w h e n  e x p e r i m e n t a l  va lue s  of a c t i v i t y  so lub i l i t y  
p r o d u c t s  become  ava i l ab l e ,  b u t  i t  a p p e a r s  jus t i f i ab le  
at  t he  m o m e n t  to accep t  so lub i l i t y  p r o d u c t s  c a l cu -  
l a t e d  in th is  way .  

The  gr id  showing  e q u i l i b r i a  in t he  s y s t e m  KC1 
- -  O~-- 08- (Fig .  1) can  n o w  be  used  as a r e f e r e n c e  
f r a m e  on w h i c h  to s u p e r i m p o s e  d o m a i n s  of t h e r m o -  
d y n a m i c  s t a b i l i t y  of  c o m p o u n d s  f o r m e d  b e t w e e n  
c ompone n t s  of th is  s y s t e m  and  a n o t h e r  me ta l ,  such 
as in Fig.  3, w h i c h  is for  t he  Mg--KC1 sys tem.  F o r  
c la r i ty ,  the  r e f e r e n c e  g r id  of  o x y g e n  p r e s s u r e  l ines  
has  been  omi t t ed ,  b u t  any  l ine  m a y  be  found  s i m p l y  
b y  l a y i n g  a r u l e r  on the  d i a g r a m  j o i n i n g  the  a p p r o -  
p r i a t e  po in t s  on the  two  e x t e r n a l  o x y g e n  p r e s s u r e  
scales.  Sca les  show ing  the  a c t i v i t y  of ch lo r ine  and  
of p o t a s s i u m  in t he  m e l t  a r e  also g iven  on the  l e f t  
as before .  KC1 is s t ab l e  at  800~ down  to a p o t e n t i a l  
of --3.42v.  T h e  r eg ion  of s t a b i l i t y  of  KC1 d iv ides  
up  in to  t h r e e  d o m a i n s  (as  shown  b y  the  h e a v y  l ines  
in Fig.  3) in each  of w h i c h  one and  on ly  one com-  
p o u n d  of N/g can  be p r e s e n t  a t  un i t  ac t iv i ty .  In  t he  
d o m a i n  m a r k e d  MgO, MgO (sol id ,  un i t  a c t i v i t y )  
is in e q u i l i b r i u m  w i t h  a m e l t  of KC1 con ta in ing  
MgCL.  and  O ~- ions. The  a c t i v i t y  of Mg ~+ in t h e  m e l t  
can  be  found  f r o m  the  v e r t i c a l  i soac t i v i t y  l ines  con-  
nec t ing  w i th  t he  log (Mg ~+) sca le  d i r e c t l y  a b o v e  the  
d i a g r a m .  I t  can  be  seen  t h a t  as t he  a c t i v i t y  of O ~§ 
ion in the  m e l t  fa l ls ,  t he  a c t i v i t y  of Mg ~+ r i ses  u n t i l  
a t  a v a l u e  of pO ~- of 21.83 ( a n d  p r o v i d e d  E is a b o v e  
- -2 .47v) ,  sol id  MgO at  un i t  a c t i v i t y  can  coex i s t  w i t h  
MgCl~ at  un i t  ac t iv i ty .  A t  v a l u e s  of p O  ~- g r e a t e r  t h a n  
21.83, MgO can on ly  ex is t  a t  an  a c t i v i t y  less  t h a n  
u n i t y  ( i .e . ,  in so lu t ion)  and  w e  pass  in to  t he  d o -  
m a i n  m a r k e d  MgCl~. A t  v a l u e s  of pO ~- g r e a t e r  t h a n  
21.83, Eq. [19] ,  in w h i c h  the  a c t i v i t y  of MgO is 
t a k e n  to be  un i ty ,  t e l l s  us  t ha t  (Mg ~§ m u s t  be  
g r e a t e r  t han  un i ty .  This  is p h y s i c a l l y  mean ing le s s ,  
s ince ac t iv i t i e s  can  n e v e r  exceed  u n i t y  us ing  the  
p r e s e n t  conven t ions .  Hence  the  a c t i v i t y  of MgO 
m u s t  be  less t h a n  un i ty .  

In  the  d o m a i n  MgCI~, the  m e l t  m a y  con ta in  Mg ~*, 
O "-, and  Mg in so lu t ion  in KC1, b u t  t he  on ly  c o m -  
p o u n d  of Mg w h i c h  can  be  p r e s e n t  a t  un i t  a c t i v i t y  
is MgC1,. I ts  a c t i v i t y  is not  n e c e s s a r i l y  un i ty ,  and  i t  
can  have  a n y  v a l u e  b e t w e e n  u n i t y  and  v a l u e s  a p -  
p r o a c h i n g  zero.  This  is because  t he  v a l u e  of E d e -  
fines on ly  the  v a l u e  of the  r a t i o  (Mg~+) / (Mg)  and  
not  the  abso lu t e  v a l u e s  of (Mg ~*) or  (Mg)  w h i c h  
a c c o r d i n g l y  can  v a r y  ove r  a w i d e  r a n g e  w h i l e  k e e p -  
ing  the  r a t i o  of t h e i r  ac t iv i t i e s  cons tan t .  The  s ame  
c ompone n t s  Mg ~§ O ~-, and  Mg a re  p r e s e n t  in t he  
m e l t  in the  d o m a i n  m a r k e d  Mg meta l ,  w h i c h  is d i -  
v i d e d  f rom the  MgCI~ d o m a i n  b y  a h o r i z o n t a l  l ine  
a t  a v a l u e  of E of --2.47v,  b u t  in  th is  domain ,  i t  is 
poss ib l e  for  Mg m e t a l  to be  p r e s e n t  a t  un i t  ac t iv i ty .  
The  p o t e n t i a l  of - -2 .47v is s i m p l y  t ha t  p o t e n t i a l  a t  
w h i c h  Mg m e t a l  a t  un i t  a c t i v i t y  can  coex i s t  w i th  un i t  
a c t i v i t y  of MgCl~. The  h o r i z o n t a l  i soac t i v i t y  l ines ,  
w h i c h  connec t  w i t h  the  log (Mg ~*) scale  to t he  
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r i gh t  of the  d i a g r a m ,  can be  used  to f ind the  a c t i v i t y  
of Mg 2+ in t h e  m e l t  w h i c h  w o u l d  be  in  e q u i l i b r i u m  
w i t h  Mg m e t a l  a t  a n y  g iven  po ten t i a l .  The  b o u n d a r y  
b e t w e e n  the  Mg m e t a l  a n d  MgO d o m a i n s  is a l ine  
r e p r e s e n t i n g  the  cond i t ions  u n d e r  w h i c h  Mg m e t a l  
a n d  MgO can  coexis t ,  each  a t  un i t  ac t iv i ty ,  a n d  cor -  
r e s p o n d s  to a v a l u e  of log (02) of --47.72, t he  d i s so -  
c ia t ion  p r e s s u r e  of MgO. 

F i g u r e  3 shows  t h a t  so lub i l i t y  of an  ox ide  in  a 
fused  ch lo r ide  at  a g iven  t e m p e r a t u r e  d e p e n d s  on 
s e v e r a l  fac tors ,  an  u n d e r s t a n d i n g  of w h i c h  is n e e d e d  
to ob t a in  va lue s  of so lub i l i t y  p r o d u c t s  f rom so lub i l -  
i ty  m e a s u r e m e n t s .  The  so lub i l i t y  of MgO in KC1 
w o u l d  be  e s t i m a t e d  b y  m e a s u r i n g  the  concen t r a t i on  
of Mg ~+ ions in  t h e  KC1 mel t ,  b u t  th i s  w i l l  d e p e n d  
on the  v a l u e  of pO ~- in t he  m e l t  as in  the  case  of an  
ox ide  in  con tac t  w i t h  an  aqueous  solut ion.  F o r  
e x a m p l e ,  a t  a v a l u e  of pO ~- of 21.83, the  Mg ~§ ac -  
t i v i t y  in t he  m e l t  w o u l d  be  un i t y ;  a t  a v a l u e  of pO ~- 
of 15.83, i t  w o u l d  be  104 (Fig .  3) .  The  r e su l t s  of 
s o lub i l i t y  m e a s u r e m e n t s  wi l l  t h e r e f o r e  d e p e n d  v e r y  
m a r k e d l y  on the  v a l u e  of pO ~- in t he  m e l t  and  th is  
w i l l  need  to be  c lose ly  con t ro l l ed .  S o l u b i l i t y  e x p e r i -  
m e n t s  d e s c r i b e d  in  t he  l i t e r a t u r e  (4, 5) h a v e  no t  
been  d e l i b e r a t e l y  con t ro l l ed  in  th is  way ,  a l t h o u g h  
con tac t  w i t h  a g lass  or  c e r amic  c o n t a i n e r  w o u l d  fix 
pO ~- a t  a v a l u e  d e p e n d e n t  on t h e  n a t u r e  of t he  ox ides  
p r e s e n t  in t h e  c o n t a i n e r  m a t e r i a l  (1, 6, 7) ( con tac t  
w i t h  an  a i r  a t m o s p h e r e  w o u l d  not  fix the  v a l u e  of 
pO ~-, Fig .  1 and  2).  The  e x p e r i m e n t a l  so lub i l i t i e s  
o b t a i n e d  in a p a r t i c u l a r  case, can  in  fact ,  be  used  
to e s t i m a t e  t he  cond i t ions  in the  m e l t  d u r i n g  the  
e x p e r i m e n t .  V o s k r e s e n s k a y a  and  K a s h c h e e v  (4)  
o b t a i n e d  a v a l u e  for  t he  so lub i l i t y  of MgO in KC1 at  
900~ of abou t  0.002%: for  the  p u r p o s e  of th is  e x -  
a m p l e  at  800~ le t  us s ay  a mo le  f r ac t i on  of Mg ~+ 
in the  mel t ,  of 10 ~. The  m e a s u r e m e n t s  w e r e  m a d e  in 
an a i r  a t m o s p h e r e  ( o x y g e n  at  0.2 a t m  p r e s s u r e ) ,  so 
t h a t  w r i t i n g  mo le  f r ac t i on  of Mg ~+ as a c t i v i t y  of 
Mg ~+, a f t e r  T e m k i n  (8 ) ,  w e  can  p lo t  a po in t  r e p r e -  
s en t ing  th i s  r e s u l t  on Fig .  3 ( p o i n t  A ) .  The  c o n d i -  
t ions  in the  m e l t  d u r i n g  these  e x p e r i m e n t s  m u s t  
t h e r e f o r e  h a v e  been  as fo l lows  

p o t e n t i a l  --0.5v,  pO ~- 16.83 

D i a g r a m s  s im i l a r  to Fig.  3 can  be  cons t ruc t ed  for  
a n y  m e t a l  and  those  for  n i cke l  in KC1 and  in LiC1 
at  800~ a r e  shown in Fig.  4 and  5. F o r  m e t a l s  h a v -  
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Fig. 3. E-pO 2- diagram for the system Mg-KCI at 800~ For 

point A, see text. 
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Fig. 4. E-pO ~- diagram for the system Ni-KCI at 800~ 
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Fig. 5. E-pO ~- diagram for the system Ni-LiCI at 800~ 

ing m o r e  t h a n  one s t ab le  ch lo r ide  (Figs .  6, 7, 9, 10),  
t h e  s i tua t ion  is m o r e  c o m p l e x  be c a use  t h e r e  is m o r e  
t h a n  one w a y  of p r e s e n t i n g  the  da ta .  F o r  e x a m p l e ,  
a set  of i soac t i v i t y  l ines  c o r r e s p o n d i n g  to  t he  e q u i -  
l i b r i u m  of each  ch lo r ide  could  be  p lo t t ed ,  and  at  
some p o t e n t i a l  t he  s u m  of t h e  ac t iv i t i e s  w o u l d  b e -  
come equa l  to un i ty .  A t  po t e n t i a l s  a b o v e  this  va lue ,  
the  on ly  s igni f icance  of t he  scales  w o u l d  be  to in -  
d ica te  t he  ra t ios  of t he  ion ac t iv i t i e s  to t ha t  of t h e  
m e t a l  in  the  mel t ,  and  s ince t he  l a t t e r  w o u l d  be  u n -  
def ined,  th is  w o u l d  be  a s o m e w h a t  indef in i te  w a y  of 
p r e s e n t i n g  the  da ta .  I t  is m o r e  c o n v e n i e n t  not  to 
a t t e m p t  to show s e p a r a t e l y  the  a c t i v i t y  of e v e r y  pos -  
s ib le  m e t a l  ion, bu t  i n s t e a d  to e x p r e s s  m e l t  c o m p o -  
s i t ions  in  t e r m s  of o t h e r  va r i ab l e s .  In  t he  d i a g r a m s  
p r e s e n t e d  here ,  the  v a r i a b l e s  chosen  w e r e  t he  s u m  
of t h e  ac t iv i t i e s  of a l l  ions of t h e  me ta l ,  (M +) § 
(M ~+) -~ (M s+) ~- etc., and  t h e  ra t ios  of t he  ac t iv i t i e s  
of ions  w i t h  a v a l e n c y  d i f fe rence  of one,  (MS+)/ 
(MS*), etc. The  l a t t e r  a r e  p l o t t e d  as scales  e x t e r n a l  
to the  d i a g r a m  in Fig.  6 and  7, w h i l e  t he  sum of 
t he  m e t a l  ion ac t iv i t i e s  is p l o t t e d  as i s o a c t i v i t y  l ines  
on the  d i a g r a m .  Changes  in r e d o x  e q u i l i b r i a  in t he  
m e l t  cause  these  l ines  to curve ,  b u t  neve r the l e s s ,  
th is  t y p e  of d i a g r a m  is much  s i m p l e r  t h a n  one  s h o w -  
ing s e p a r a t e l y  t he  ac t iv i t i e s  of a l l  poss ib le  ch lor ides .  
A d i a g r a m  for  Zr  in  con tac t  w i t h  a KC1 m e l t  a t  
800~ is shown  in Fig .  6. The  d o m a i n s  a r e  e x a c t l y  
ana logous  to the  m a g n e s i u m  case, b u t  a r e  d i s t o r t e d  
in shape  a t  p o t e n t i a l s  w h e r e  changes  in  r e d o x  e q u i -  
l i b r i a  occur.  The  two  scales  a t  t he  r i g h t - h a n d  side 
of the  d i a g r a m  i n d i c a t e  t he  pos i t ion  of r e d o x  e q u i -  
l i b r i a  of z i r con ium ions in t he  mel t .  These ,  in  con-  
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Fig. 6, E-pO ~- diagram for the system Zr-KCI at 800~ 
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Fig. 7. E-pO 2- combined diagram for the systems Ti-MgCI~, Ti- 
NaCI, Ti-LiCI, and Ti-KCI at 800~ 

junct ion wi th  the isoact ivi ty  lines on the d iagram 
showing the sum of the  activi t ies of Zr ions, al low 
the exact  composit ion of the mel t  in terms of KCi, 
ZrCL, ZrCL, and ZrCL to be found. 

For  meta ls  wi th  more  than  one oxide, there  are 
fu r the r  domains, one for each stable oxide, as in the 
case of t i t an ium (Fig. 7). In addi t ion to domains 
showing the conditions under  which each of the 
oxides is t he rmodynamica l ly  stable, domains can 
also be de l inea ted  in which one of two solid sub-  
stances is s table wi th  respect  to the  other. For  ex-  
ample,  the dot ted l ine shows where  Tio~ becomes 
stable wi th  respect  to Ti metal .  (The corresponding 
lines for the  other  oxides are  not shown, as they  
would increase the complexi ty  of the d iagram wi th -  
out ma t e r i a l l y  increasing its usefulness) .  I t  should 
be c lear ly  unders tood tha t  TiO2 is s table only in the  
region wi thin  the TiO~ domain,  but  in view of the 
sluggishness of so l id-s ta te  t ransformat ions ,  it might  
be k ine t ica l ly  favored over a wider  range  of condi-  
tions than  indicated by  the s tabi l i ty  region of the 
diagram.  The posit ion of the dot ted l ine gives an 
indicat ion of this extension of the range of condi-  
t ions under  which TiO2 might  exist,  for reactions 
involving meta l l ic  t i tanium. 

In Fig. 7, a fu r ther  modification has been in t ro-  
duced which makes  the d i ag ram appl icable  to t i t a -  
n ium in LiC1, NaC1, or MgCI~ as wel l  as in KC1. The 
scales to the  left  of the d iagram show the l imits  of 
s tabi l i ty  of these melts,  and the par t s  of the d ia-  
g ram extending  below these l imits  in each pa r t i cu -  
lar  case have, of course, no physical  significance. 
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pO ~- scales for each chlor ide are given on the lower  
edge of the d iag ram and again, par t s  of the d iagram 
to the left  of the  zero value  of pO *- for each p a r -  
t icular  chloride have no meaning.  The O~ pressure  
scales and isoact iv i ty  lines re fe r r ing  to t i t an ium 
ions are common to al l  the four chlorides, LiC1, NaC1, 
KCI, and 1V~gCI~. 

Details  of the construct ion of these d iagrams are 
given in the appendix.  

Applications of the Diagrams 

The present  d iagrams  have  much in common with  
E - p H  diagrams for aqueous systems, which have 
become w e l l - know n  la rge ly  through the work  of 
Pourba ix  and his col laborators  (3).  I t  is expected  
that  E-pO ~- diagrams for fused salts wi l l  prove  at  
least  as useful  as these and if anything,  they  should 
be more d i rec t ly  appl icable  because at the  h igher  
t empera tu res  common in sal t  melts,  react ions have  a 
grea ter  chance of reaching equ i l ib r ium than  in aque-  
ous solutions at  room tempera ture .  In  other words,  
predict ions made about  me ta l - fused  salt  systems 
from E-pO ~- diagrams are l ike ly  to be as exact  as the  
the rmodynamic  da ta  on which they  are  based, since 
most react ions in melts  at high t empera tu res  are 
reversible.  

The condit ion of any  sys tem is represen ted  on the 
d iagrams by a point, and the equi l ib r ium positions 
of all  the  react ions which the const i tuents  can un-  
dergo is de te rmined  by pro jec t ing  this point  on to 
the appropr ia te  scales, or by  not ing its posi t ion r e l -  
a t ive to appropr ia t e  isoact ivi ty  lines. The posit ion 
of the sys tem-poin t  can be found if any two in-  
dependent  var iables  in the sys tem are known. For  
example,  if besides potential ,  we know e i ther  the  
act ivi ty  of oxide ion in the mel t  or the pa r t i a l  p res -  
sure of oxygen at equi l ibr ium, the posit ion of the  
sys tem-poin t  is defined. 

Some general  conclusions regard ing  the possible 
appl icat ions of E-pO ~- diagrams in fused chlorides 
can be reached wi thout  recourse to deta i led  p rac -  
t ical  examples,  and it is fel t  tha t  the fol lowing are  
some of the main  fields in which they  might  be used. 
The list  is not considered to be exhaust ive  and simple 
cases are  chosen to make  the pr inciples  clear. 

Aggress iveness  of me l t s . - -Cons idera t ion  of the 
factors affecting corrosion of meta ls  in fused chlo- 
r ides has shown (1,2) tha t  the  s tab i l i ty  of the  chlo- 
r ide  is of p r i m a r y  importance.  Since the  decompo-  
sition potent ia ls  of LiCI and KC1 have s imi lar  values,  
it might  be expected tha t  the i r  aggressiveness would  
be s imilar  under  comparable  conditions. I t  is wel l  
known, however,  that  this is not so and under  the  
same conditions of t empera tu re ,  a tmosphere  compo- 
sition, dry ing  procedure  etc. LiC1 is the  more aggres-  
sive towards  metals.  This is often loosely ascr ibed to 
the grea te r  ease of hydrolys is  of LiC1 dur ing  dry ing  
or mel t ing which leads to a g rea te r  amount  of oxide 
or oxychlor ide  in the LiC1 melts,  bu t  it  is fel t  tha t  
this idea is incomplete  and inexact .  While  there  wi l l  
no doubt  be different  amounts  of oxide in LiC1 and 
KC1 melts  p repared  by  ident ical  procedures,  the 
grea te r  the amount  of oxide in the melt,  the lower  
wi l l  be the redox potent ia l  of the  mel t  at any given 
oxygen pressure  (Fig. 1) and therefore  the  lower  
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its in i t i a l  aggress iveness  should be. This is the  re -  
verse  of wha t  is found  in  pract ice,  and  hence  this  
effect mus t  in  pract ice  be offset in  the  opposi te  d i -  
rec t ion  by  some other  essent ia l  difference b e t w e e n  
mel ts  of LiC1 and  KC1. Compar i son  of Fig. 1 and  2 
shows tha t  at any  g iven  oxygen  pressure  and  va lue  
of pO ~- the  redox  po ten t i a l  of a LiC1 me l t  is abou t  
1.2v h igher  t h a n  tha t  of a KC1 melt .  In  other  words,  
even  if the  two mel t s  have  the  same oxide ac t iv i ty  
and  are u n d e r  a tmospheres  of iden t ica l  composi t ion,  
a LiC1 me l t  wi l l  st i l l  be more  oxidiz ing t h a n  a 
KC1 mel t  and  wi l l  t hus  be more  aggressive.  This  i n -  
t r ins ic  difference in  redox po ten t i a l  is due to d i f -  
ferences  b e t w e e n  the free energies  of fo rma t ion  for 
oxides and  chlorides of l i t h i u m  and  po tass ium and  
is l ike ly  to have  a f a r - r e a c h i n g  effect on m a n y  
chemical  reac t ions  in  mel t s  besides corrosion reac-  
tions. 

I t  should  be po in ted  out  tha t  the  effect of w a t e r  
on the reac t iv i ty  of chloride mel ts  m a y  be more  
complicated,  since hydro lys i s  leads to the  fo rma-  
t ion  of H § ions as we l l  as O ~- ions and  the  w a t e r  wi l l  
also dissociate to H~ and  O3. These effects have  been  
discussed at  l eng th  e l sewhere  (1, 2),  and  the  effects 
of wa te r  on redox po t en t i a l  of chloride mel t s  are 
sti l l  i ncomple te ly  unde r s tood  e x p e r i m e n t a l l y  (6) .  
However ,  w h e n  compar ing  redox  po ten t i a l  behav io r  
in  mel ts  so di f ferent  in  proper t ies  as KC1 and  LiC1, 
such compl ica t ions  wi l l  p r o b a b l y  be secondary  to 
the  differences due to r e l a t ive  oxide s tab i l i ty  de-  
scr ibed above.  

General application to corrosion in fused chlo- 
r ides . - -As  a l ready  po in ted  out, the  proper t ies  of 
E -pO 3- d iagrams  are s imi la r  in  m a n y  respects  to 
those of E-pH d iagrams  for aqueous  solutions.  For  
aqueous  systems, P o u r b a i x  (3) has defined domains  
in which  the  corrosion of meta l s  is t h e r m o d y n a m -  
ical ly  possible or imposs ib le  by  a s suming  tha t  a 
me ta l  wi l l  on ly  corrode w h e n  the  subs tance  f o r m-  
ing its surface  has a so lubi l i ty  in  excess of an  a r -  
b i t r a r y  va lue  of 10-3M. He d is t inguishes  b e t w e e n  two 
types of "domains  of noncor ros ion ,"  one where  the  
surface  is ac tua l ly  ba re  me t a l  ( i m m u n i t y  d o m a i n )  
and  the  o ther  where  the  me ta l  is covered wi th  a de-  
posit  of oxide or salt  (pass iv i ty  d o m a i n ) ,  and  in  the  
l a t t e r  case, on ly  if the  subs tance  cover ing  the  me ta l  
forms a comple te ly  perfect  and  nonporous  screen 
wi l l  corrosion be p reven ted .  

The E-pO ~- d iagrams  for fused chlorides m a y  be 
d iv ided  in to  ana logous  domains ,  bu t  effective pas-  
s iv i ty  is less l ike ly  to occur in  fused chlorides t h a n  
in  aqueous  solut ion and  a n y  conclus ions  made  f rom 
such d iagrams  rega rd ing  "pass ive"  behav io r  should  
be t rea ted  w i th  reserve.  It  appears  safer  to des igna te  
s imply  as "ox ide -covered"  the reg ion  e q u i v a l e n t  to 
the  passive domain ,  as in  Fig. 8. These regions  r ep re -  
sent  the condi t ions  u n d e r  which  the  corrosion p rod-  
uct  is inso lub le  in  the  melt ,  and  w h e t h e r  these con-  
di t ions  do in  fact lead to pass iv i ty  wi l l  depend  on 
detai ls  such as the morpho logy  of the oxide a nd  its 
t enac i ty  to the  me ta l  surface.  F igu re  8 shows the  
n ickel -KC1 d i ag ram div ided into domains  of corro-  
sion and  noncor ros ion  on the a s sumpt ion  tha t  no 
corrosion occurs if the so lubi l i ty  of the  me ta l  in  
the me l t  (as ions)  is less t h a n  10 -~ act iv i ty .  Such  d ia -  

pO'" 

Fig. 8. Application of E-pO 2~ diagram to corrosion of nickel in 
KCI melt at 800~ 

grams  predic t  whe the r  the corrosion products  of a 
g iven  me ta l  in  a g iven  fused chloride m e d i u m  wi l l  
be soluble  meta l  ions or solid oxide, which  m a y  be 
an  i m p o r t a n t  cons idera t ion  in  some types  of opera -  
t ion us ing  fused chlorides. 

It  is not  proposed to consider  here  in  deta i l  the  
appl ica t ion  of E-pO ~- d iagrams  to corrosion in  fused 
salts, as a genera l ized  t r e a t m e n t  is ava i l ab le  else-  
w he r e  (1, 2). 

Electrowinning of metals f rom fused sal ts . - -One 
of the most  p romis ing  appl ica t ions  of E-pO ~ dia-  
g rams  appears  to be to e l ec t rowinn ing  of meta l s  
f rom fused chlorides where  in  pa r t i cu l a r  the d ia -  
g rams  give some gu idance  on the  effect of va r i ab le s  
on product  pur i ty .  

Let  us consider  as an  example  the ex t rac t ion  of 
n ickel  by  electrolysis  of a ba th  of mo l t en  KC1 con-  
t a i n i ng  10 -~ ac t iv i ty  of Ni 3+ ions. This is no t  at p res -  
ent  a commerc ia l  process and  is used only  to i l lus -  
t ra te  the  pr inc ip les  involved.  F igure  4 shows that ,  
p rov ided  the v a l u e  of pO ~-- exceeded 17.7, the  Ni ~+ 
ions would  r e m a i n  in  solut ion as NiCI~, bu t  if the 
va lue  of pO ~- was less t h a n  17.7, a p ropor t ion  of the 
Ni ~+ ions would  be p rec ip i t a ted  as NiO. The  ac t iv i ty  
of Ni 3+ r e m a i n i n g  in  solut ion in  the  chloride mel t  
at  a ny  pO 2- va l ue  less t h a n  17.7 could be found  by  
re fe rence  to the ver t ica l  i soact iv i ty  l ines  or to the  
scale of Nff + act iv i t ies  a long the  top of the  d iagram.  
A n  a l t e r na t i ve  po in t  of v iew is tha t  if the  oxygen  
ac t iv i ty  (pa r t i a l  p ressure )  in  the  sys tem exceeded 
the dissociat ion p ressure  of NiO (about  10 -13~ a tm) ,  
NiO wou ld  be prec ip i ta ted ,  b u t  if the  pa r t i a l  p re s -  
sure  of oxygen  were  less t h a n  10 ..... a tm,  the  Ni ~+ 
ions would  s tay in  solut ion (Fig. 4). 

Deposi t ion of n ickel  me ta l  f rom a KC1 mel t  con-  
t a i n i ng  a Ni ~+ ac t iv i ty  of 10 -3, according to Fig.  4, 
would  not  beg in  to occur un t i l  the  po ten t i a l  of the  
cathode had  fa l l en  be low --1.09v. [The  po ten t i a l  is 
g iven  by  the  log (Ni ~+) scale to the r ight  of the  d ia -  
g ram.]  As regards  the  impur i t i e s  in  the  product ,  
the  po tass ium con ten t  of the n icke l  e lect rodeposi ted 
at a ny  g iven  po ten t i a l  can be found  f rom the log 
(K)  scale on the  lef t  h a n d  side of the  d i a g r a m (ex-  
t r apo la t ion  would  be necessa ry  in  this pa r t i cu l a r  
e x a m p l e ) ,  and  the chlor ine  con ten t  can be found  in  
a s imi la r  m a n n e r .  The oxygen  con ten t  of the  p roduc t  
e lect rodeposi ted at a g iven  po ten t ia l  f rom a mel t  
of g iven  O ~- ion ac t iv i ty  can be es t imated  b y  f inding 
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f r o m  the  e x t e r n a l  o x y g e n  scales  t he  v a l u e  of o x y g e n  
p r e s s u r e  ( a c t i v i t y )  c o r r e s p o n d i n g  to t he  pos i t i on  of 
t he  s y s t e m - p o i n t .  T h e  o x y g e n  con ten t  of t he  m e t a l  
p r o d u c t  w i l l  be  less,  t h e  l o w e r  t he  ox ide  ion a c t i v i t y  
in the  me l t  and  the  l o w e r  t he  p o t e n t i a l  a t  w h i c h  the  
p r o d u c t  is depos i t ed ,  b u t  low p o t e n t i a l s  l e ad  also to 
excess ive  c o n t a m i n a t i o n  b y  p o t a s s i u m  meta l .  

Bes ides  g iv ing  q u a n t i t a t i v e  g u i d a n c e  to the  e x -  
t en t  of p r o d u c t  c o n t a m i n a t i o n  in  a g iven  process  u n -  
de r  v a r i o u s  o p e r a t i n g  condi t ions ,  E - p O  ~- d i a g r a m s  
can  be  used  as a gu ide  to poss ib le  w a y s  of i m p r o v -  
ing p r o d u c t  p u r i t y  b y  a l t e r i n g  the  p rocess  i tself .  
One  poss ib l e  w a y  of o b t a i n i n g  a p r o d u c t  w i t h  a 
l o w e r  o x y g e n  con ten t  w o u l d  be  to use  a so lven t  w i t h  
a h i g h e r  aff ini ty  for  oxygen ,  i.e., w i t h  a m o r e  s t ab le  
oxide .  F o r  e x a m p l e ,  LiC1 m i g h t  be  s u b s t i t u t e d  for  
KC1. F i g u r e s  4 and  5 show t h a t  e l ec t ro lys i s  of a 
m e l t  of g iven  NiCI~ con t en t  u n d e r  i den t i ca l  c o n d i -  
t ions  of  p o t e n t i a l  and  pO ~- wi l l  l e a d  to a p r o d u c t  
con ta in ing  less  o x y g e n  if LiC1 is used  as so lven t  
r a t h e r  t h a n  KC1. F o r  e x a m p l e ,  n i cke l  m e t a l  w i t h  an  
o x y g e n  a c t i v i t y  of 10 -~ w o u l d  be  o b t a i n e d  b y  e l ec -  
t ro lys i s  of a KC1 m e l t  w i t h  a pO ~ v a l u e  of 20 at  a 
p o t e n t i a l  of --1.0v,  w h e r e a s  t he  p r o d u c t  f r o m  an 
LiC1 m e l t  u n d e r  t he  s ame  cond i t ions  w o u l d  con ta in  
an o x y g e n  a c t i v i t y  of on ly  10-% In  p rac t i ce ,  of 
course ,  the  p r e p a r a t i o n  of a m e l t  w i t h  a low ox ide  
con ten t  m i g h t  be  m o r e  diff icult  for  LiC1 t h a n  for  
KC1, b u t  these  diff icul t ies  could  in any  case be  o v e r -  
come b y  use  of an ox ide  "ge t t e r , "  w h i c h  w i l l  be  d i s -  
cussed  now.  

The  p u r p o s e  of a d d i n g  a ge t t e r  to t he  m e l t  is to  
ra i se  the  p O  ~- v a l u e  a n d / o r  l o w e r  t he  o x y g e n  ac -  
t i v i t y  in t he  sys tem.  F o r  e x a m p l e ,  m a g n e s i u m  m e t a l  
or  m a g n e s i u m  ch lo r ide  m i g h t  be  a d d e d  to t he  b a t h  
to p r e c i p i t a t e  o x y g e n  as MgO, and  the  va lues  of 
pO 2- and  O~ a c t i v i t y  o b t a i n a b l e  in th is  w a y  in KC1 
could  be  o b t a i n e d  f r o m  Fig.  3. F o r  e x a m p l e ,  if Mg 
w e r e  g r a d u a l l y  a d d e d  so t h a t  MgO was  p r e c i p i t a t e d  
at  a cons t an t  Mg ~§ a c t i v i t y  of 10 -2, the  p o t e n t i a l  of 
the  s y s t e m  w o u l d  f a l l  a long  t h e  v e r t i c a l  i s o a c t i v i t y  
l ine  for  10 -~ (Mg ~§ u n t i l  a p o t e n t i a l  of - -2 .68v was  
reached ,  a f t e r  w h i c h  f u r t h e r  a d d i t i o n s  of Mg w o u l d  
p r o d u c e  no f u r t h e r  ge t t e r i ng .  The  a d d i t i o n  of Mg 
m i g h t  also l e ad  to r e d u c t i o n  of t he  NiCL in t he  m e l t  
a t  a p o t e n t i a l  h i g h e r  t h a n  --2.68v,  l e ad ing  to p r e c i p -  
i t a t i on  of me ta l l i c  n ickel ,  and  the  p o t e n t i a l s  a t  
w h i c h  p r e c i p i t a t i o n  w o u l d  b e g i n  to occur  a t  a g iven  
a c t i v i t y  of NiC12 could  be  o b t a i n e d  f r o m  Fig.  4. I f  
e l e c t ro ly t i c  s e p a r a t i o n  of n i cke l  was  the  r e q u i r e -  
ment ,  t he  g e t t e r i n g  process  would ,  of course ,  be  
h a l t e d  at  a p o t e n t i a l  h i g h e r  t h a n  t ha t  a t  w h i c h  p r e -  
c ip i t a t i on  of me ta l l i c  Ni  b e g a n  to occur  in t he  body  
of t he  mel t .  

These  s imp le  p r i nc ip l e s  a re  e q u a l l y  a p p l i c a b l e  to 
more  c o m p l i c a t e d  cases  such as t he  w i n n i n g  of Ti 
or  Zr  f rom ch lo r ide  mel ts ,  w h e r e  the  m e t a l  has  
more  t h a n  one ox ide  or  ch lor ide .  In  such cases, the  
i soac t i v i t y  l ines  a r e  no t  a l w a y s  s t r a igh t ,  and  i n t e r -  
po l a t i on  or  e x t r a p o l a t i o n  of a c t i v i t y  va lue s  is s o m e -  
t imes  less  s t r a i g h t f o r w a r d  t h a n  in  t he  s imp le  case. 

Reduc t ion  of  chlorides  by  reac t i ve  m e t a l s . - - P a r t  
of the  p r e v i o u s  sec t ion  was  conce rned  w i t h  the  a p -  
p l i ca t ion  of  E-pO ~- d i a g r a m s  to ch lo r ide  r e d u c t i o n  
b y  r e a c t i v e  m e t a l s  in t he  p re sence  of a ch lo r ide  so l -  
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v e n t  t a k i n g  no d i r ec t  p a r t  in t he  reac t ion .  M a n y  t e c h -  
no log i ca l l y  i m p o r t a n t  m e t a l s  such as Ti  or  Zr  a r e  
p r o d u c e d  on a c o m m e r c i a l  scale  b y  c h l o r i d e  r e d u c -  
t ion,  b u t  u s u a l l y  t h e r e  is no " i n e r t "  ch lo r ide  m e l t  
p r e s e n t  in these  p rocesses  and  in i ts  i n i t i a l  s t a t e  t he  
s y s t e m  base  m e t a l / c h l o r i d e  is h i g h l y  r eac t ive .  H o w -  
ever ,  w h e n  r e d u c t i o n  is comple te ,  t he  f inal  p r o d u c t s  
wi l l  be  at,  o r  nea r ,  e q u i l i b r i u m  at  a p o t e n t i a l  wh ich  
d e t e r m i n e s  t he  compos i t ion  of a l l  the  phases  t h e n  
p resen t .  E-pO ~- d i a g r a m s  can  t h e r e f o r e  be  used  to 
d e s c r i b e  the  f inal  s t a t e  of  t he  sys tem,  t he  base  m e t a l  
c h l o r i d e  b y - p r o d u c t  f i l l ing the  ro le  of t he  " i n e r t "  
c h l o r i d e  in  p r e v i o u s  e x a m p l e s ,  and  th is  is p a r t i c u -  
l a r l y  use fu l  because  the  p u r i t y  e s p e c i a l l y  the  o x y g e n  
conten t ,  of t he  p r o d u c t  is o f ten  an  i m p o r t a n t  f ac to r  
in d e t e r m i n i n g  i ts  m e t a l l u r g i c a l  p rope r t i e s .  

As  an  e x a m p l e ,  t he  E-pO ~- d i a g r a m  for  Ni  in KC1 
(Fig .  4) cou ld  be  a p p l i e d  to t he  r e d u c t i o n  of NiCL 
to n i cke l  b y  p o t a s s i u m  meta l ,  and  to p r e d i c t  i m p u r -  
i ty  leve ls  in t h e  p roduc t .  If  excess  p o t a s s i u m  w e r e  
used,  t he  f inal  e q u i l i b r i u m  p o t e n t i a l  in the  s y s t e m  
w o u l d  be  - -3 .42v and  the  n i cke l  m e t a l  p r o d u c t  w o u l d  
be  c o n t a m i n a t e d  w i t h  p o t a s s i u m  ( the  e x t e n t  of 
c o n t a m i n a t i o n  w o u l d  be  d e t e r m i n e d  b y  the  so lu-  
b i l i t y  of K m e t a l  in Ni m e t a l  at  800~ I f  less  p o -  
t a s s i u m  were  used,  t he  e q u i l i b r i u m  p o t e n t i a l  in 
t he  s y s t e m  could  be  m e a s u r e d  e i the r  d i r e c t l y  or  
b y  ana lys i s  of t he  KC1 s lag for  NiCl~ [ w h i c h  is con-  
nec t ed  w i t h  t he  e q u i l i b r i u m  p o t e n t i a l  b y  the  log 
(Ni  ~§ scale  to t he  r i g h t  of t h e  d i a g r a m ] .  M e a s u r e -  
m e n t  of t he  ox ide  con ten t  of the  s lag w o u l d  g ive  
the  v a l u e  of pO ~-. F r o m  these  da ta ,  t he  con ten t  of 
o x y g e n  and  o the r  i m p u r i t i e s  in t he  m e t a l l i c  p r o d u c t  
cou ld  be  e s t i m a t e d  as a l r e a d y  desc r ibed .  

Reason ing  b a s e d  on these  p r i nc ip l e s  can  g ive  con-  
s i d e r a b l e  g u i d a n c e  when  a choice  of  p rocess  is  to  
be  made ,  and  for  e x a m p l e ,  c o m p a r i s o n  of Fig.  4 
and  5 l eads  to t he  conclus ion  tha t ,  p r o v i d e d  the  two  
sys t ems  can be o p e r a t e d  at  the  same  leve ls  of  ox ide  
c o n t a m i n a t i o n ,  r e d u c t i o n  of NiCI~ b y  L i  m e t a l  is 
l i k e l y  to l e ad  to a m e t a l  p r o d u c t  con t a in ing  less  o x -  
y g e n  t h a n  r e d u c t i o n  b y  K meta l .  The  e x t e n t  of con-  
t a m i n a t i o n  b y  a lka l i  m e t a l  w o u l d  p r o b a b l y  be  
r o u g h l y  the  s ame  in t he  two  cases. 

As  a n o t h e r  e x a m p l e ,  le t  us  cons ide r  t he  p r o d u c -  
t ion of t i t a n i u m  b y  the  r e d u c t i o n  of TiCL. Bo th  Mg 
and  Na  h a v e  been  used  as r e d u c i n g  agen t s  on an in -  
d u s t r i a l  scale,  and  f r o m  Fig.  7 the  r e l a t i v e  p u r i t i e s  
of  p r o d u c t  f r o m  t h e  t w o  processes  can  be  e s t i m a t e d  
for  r e d u c t i o n s  at  800~ F o r  c la r i ty ,  s impl i f ied ,  a p -  
p r o x i m a t e  d i a g r a m s  for  Ti  in NaC1 and  Ti in MgCL 
h a v e  been  r e d r a w n  in Fig .  9 and  10. C o m p a r i s o n  
of t he se  two  d i a g r a m s  shows  i m m e d i a t e l y  t ha t  fo r  
a g iven  v a l u e  of pO ~- t he  o x y g e n  a c t i v i t y  in  t he  Ti  
m e t a l  p r o d u c t  w o u l d  be  m u c h  l o w e r  for  m a g n e s i u m  
r e d u c t i o n  t h a n  for  sod ium reduc t ion .  F o r  e x a m p l e ,  
le t  us suppose  t ha t  t he  ox ide  c o n t a m i n a t i o n  p r e s e n t  
in the  two  cases  has  been  sufficient to  p r o d u c e  a pO ~- 
v a l u e  of 20 in  t he  slag,  and  t h a t  in b o t h  cases  excess  
of r e d u c t a n t  has  been  used.  The  e q u i l i b r i u m  p o t e n -  
t i a l s  a f t e r  r e a c t i o n  has  gone to c o m p l e t i o n  w i l l  be  
- -3 .20v in t he  case  of s o d i u m  and  - -2 .47v in t h e  case  
of m a g n e s i u m .  F i g u r e  9 shows  t h a t  u n d e r  t hese  
condi t ions ,  the  o x y g e n  a c t i v i t y  in  the  t i t a n i u m  m e t a l  
p r o d u c e d  by  s o d i u m  r e d u c t i o n  w o u l d  be  abou t  10 4 , 
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Fig. 9. E-pO ~- diagram for Ti-NaCI system at 800~ (approximate) 
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Fig. 10. E-pO ~ diagram for Ti-MgCI2 system at 800~ (approx~- 
mate). 

while  tha t  in t i t an ium produced by  magnes ium re -  
duction would  be about  10 -~. The amount  of con- 
tamina t ion  by  Mg or Na would depend on the i r  
solubi l i ty  in t i t an ium at 800~ which would need 
to be de te rmined  exper imenta l ly .  Any  a t t empt  to 
reduce Na or Mg contaminat ion  by  car ry ing  out 
reduct ion under  condit ions of a deficiency of re -  
ductant  would produce t i t an ium wi th  a h igher  oxy-  
gen content,  besides increasing the amount  of un-  
reacted t i t an ium chlorides lef t  in the MgCF melt .  
The in t e rp lay  of the  three  factors, t i t an ium chloride 
content of MgCL melt ,  Mg or Na content,  and oxy-  
gen content  of product ,  can be read i ly  inves t iga ted  
by deta i led  comparison of Fig. 9 and 10. The more 
deta i led  Ti d i ag ram (Fig.  7) would  also give the  
actual  composition of the mel t  in te rms of TiCL, 
TiCL, and TIC1, if this were  required.  

In exact ly  the  same way,  factors  affecting the  pu r -  
i ty  of other  metals  produced by  chloride reduct ion 
can be invest igated,  and s imilar  t rends  are apparent .  

Discussion 

No a t t empt  has been made  to discuss in de ta i l  al l  
possible appl icat ions of the present  method, but  it  
can be seen f rom the examples  given tha t  E - p O  ~- 

diagrams are appl icable  to a wide  va r i e ty  of phys -  
icochemical  processes in me ta l - fused  chloride sys-  
tems. The ideas presented  are  st i l l  at the  develop-  
ment  stage, and the approach a ten ta t ive  one, but  
the present  t r ea tmen t  makes  an impor tan t  contr i -  
but ion to thought  in at least  one ma jo r  technology, 
the winning of metals  from fused salts. The main 

advance here is tha t  the method offers an approach 
to the predic t ion  of impur i ty  levels in the  products  
of such processes. Impur i t y  levels are calculated as 
act ivi t ies  of the impur i t y  under  equi l ib r ium condi-  
t ions and thus represent  the highest  product  pu r i ty  
tha t  could be obtained f rom the  process under  ideal  
conditions. Oxygen is one of the most impor tan t  
impur i t ies  encountered in re f rac tory  meta ls  such as 
Ti or Zr, and the t r ea tmen t  is especial ly sui ted to 
deal  wi th  this  impur i ty .  I t  has also been shown how 
the levels of contaminat ion by  other meta ls  involved 
in fused-sa l t  reduct ions can be es t imated and the 
t r ea tmen t  could easi ly be extended to include any 
impur i ty  present  in feed mater ia l s  e i ther  as chlo- 
r ide  or as metal .  The t r e a t m e n t  is appl icable  to elec-  
t rolyt ic  reduct ion processes in fused chlorides and 
to chloride reduct ion by  base metals ,  but  i t  obviously 
cannot  take account of addi t ional  impur i t ies  in t ro -  
duced dur ing subsequent  operations,  such as leach-  
ing-out  of the product .  In many  cases, oxide con- 
tamina t ion  dur ing  leaching far  exceeds the oxygen 
or ig inal ly  present  in the meta l  product ,  but  as non-  
aqueous methods  become avai lab le  for  ex t rac t ing  
the meta l  product ,  the pu r i t y  of the or iginal  product  
wil l  become more important .  Unfor tuna te ly  at  the 
present  t ime the pu r i ty  of the or iginal  product  can-  
not be main ta ined  through the subsequent  recovery  
operations.  

Besides giving genera l  guidance on the re la t ive  
impur i ty  levels to be expected in products  f rom 
different  types of processes or f rom a single process 
opera ted  in different  ways,  the data  may  be appl ied  
to predic t  impur i ty  levels in specific prac t ica l  cases, 
when any deviat ion in the expected pu r i t y  could 
be taken  to indicate  depa r tu re  from ideal  processing 
conditions. To make  pur i ty  predic t ions  f rom the 
E - p O  ~- diagrams,  values of only two independent  
var iables  need be known at the complet ion of re -  
duction, which then fix the posit ion of the sys tem-  
point  on the diagrams.  I t  is re la t ive ly  easy to meas-  
ure  the redox potent ia l  of a chloride melt ,  e i ther  
d i rec t ly  (6, 7), or by  chemical  analysis  for the  com- 
ponents  of any  sui table  redox system present .  Oxide 
ac t iv i ty  could also be measured  by  a sui table  elec-  
trode, or a l t e rna t ive ly  the oxygen pressure  in the 
sys tem could be measured  ei ther  d i rec t ly  or in some 
cases calcula ted f rom the pressures  of two other  
sui table  const i tuents  of the  a tmosphere  (I-I~ and 
H20, for  example ) .  The measurement  of redox  po-  
ten t ia l  and pO ~- in fused salts may  u l t ima te ly  be-  
come as rout ine as potent ia l  and pH measurement  
in aqueous systems. 

Impur i ty  levels in the products  are given by  the 
d iagrams as act ivi t ies  and these could be t r ans la t ed  
into, say, percentages  where  oxygen solubil i t ies in 
the product  meta l  are ava i lab le  or in the case of a 
metal l ic  impur i ty ,  where  ac t iv i ty  data  in the ap-  
p ropr ia te  a l loy are available.  

Besides making  this contr ibut ion to an unde r -  
s tanding of me ta l -w inn ing  processes, the present  
t r ea tmen t  seems also appl icable  to a wider  field of 
fused-sa l t  chemistry,  and some examples  involving 
react ion of fused chlorides wi th  m e t a l s - - t h e  reverse  
of e lec t rowinning p roces ses - -have  been given. The 
calculat ion of solubi l i ty  products  wil l  p robab ly  be 
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of pa r t i cu l a r  impor t ance .  The  t r e a t m e n t  can be e x -  
t e n d e d  to o the r  ha l ides  w h e r e  sufficient t h e r m o d y -  
namic  da ta  are  ava i l ab le ;  t he  mos t  u r g e n t  e x t e n s i o n  
now is p r o b a b l y  to f luorides  because  of c u r r e n t  i n -  
t e res t  in m e t a l  w i n n i n g  f r o m  fluorides.  I t  is sugges ted  
tha t  the  gene ra l  f ea tu re s  of the  p resen t  m e t h o d  m a y  
p r o v e  of v a l u e  over  a w i d e r  field t h a n  fused  ha l ides ;  
in fact,  a t t emp t s  h a v e  a l r eady  been  m a d e  to u n d e r -  
s tand  ce r t a in  m e t a l l u r g i c a l  p r o b l e m s  by  p lo t t ing  
t h e r m o d y n a m i c  da ta  in a s o m e w h a t  s imi la r  m a n n e r  
(9) .  

The  t r e a t m e n t  desc r ibed  in this  pape r  is t h e r m o -  
d y n a m i c  and has the  l imi ta t ions  c o m m o n  to al l  t h e r -  
m o d y n a m i c  t r ea tmen t s .  The  a d v a n t a g e  of  a d i a g r a m -  
ma t i c  m e t h o d  ove r  s imple  cons ide ra t ion  in t e r m s  of 
equa t ions  is t ha t  i t  a l lows  the  r e l a t i v e  i m p o r t a n c e  
of all  the  possible  reac t ions  of t he  cons t i tuen t s  of 
the  sys tem to be assessed at a glance.  
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A P P E N D I X  
Sources of thermodynamic  data.--In  equi l ibr ium cal-  

culations, i t  is essential to use a self-consistent  set of 
basic data. Standard  f ree  energies of format ion were  
calculated f rom the equations given by Kubaschewski  
and Evans (10) where  possible. Where  no data was 
avai lable in re ference  (10), the chloride data of Hamer  
et al. (11) and the oxide data of Glassner (12) were  
used. Where  data f rom more  than one reference  was 
avai lable for a par t icular  compound, these invar iably  
agreed with  each other  to wi thin  a few kilocalories. In a 
f ew  cases (e.g., ZrCL, ZrCL), ext rapola t ion of data to 
800~ was necessary. 

Table II. Standard free energies of formation at 800~ 

Compounds  ca l /mole  Refe rence  

LiC1 --77,580 (12) 
L~O --109,660 (12) 
KC1 --78,830 (10) 
K20 --53,710 (10) 
NaC1 --73,680 (10) 
Na~O --65,350 (10) 
MgCL --113,940 (10) 
MgO --117,210 (10) 
NiCL --40,350 (11) 
NiO --33,180 (10) 
ZrCL --112,300 (11)* 
ZrCL --165,300 (11)* 
ZrCL --170,000 (11)* 
ZrO: --210,590 (10) 
TiCL --81,560 (11) * 
TiCE --120,300 (11) * 
TiCL --152,370 (10) 
TiO --99,440 (10) 
Ti~O~ --292,590 (10) 
T50~ --472,560 (10) 
TiO~ --173,630 (10) 

* Ext rapola ted  value.  

The standard free energies used in all the calculations 
are given in Table II. The standard free energies of 
format ion of oxide ion in LiC1, KC1, NaC1, and MgCL at 
800~ calculated as in relat ions [9], [10], and [11], 
were  as follows 

inLiC1 : 4- 45,500 ca l /mole  
in KC1 : 4- 103,950 ca l /mole  
in NaC1 : 4- 82,010 ca l /mole  
in MgCL : --  3,270 ca l /mole  

Construction of the  d iagrams. - -The condition for equi-  
l ibr ium of the electrochemical  react ion 

~vM 4- he- ~ 0 [15] 
is given by (3) 

--Ev~ 4- 23,060nE = 0 [16] 

where  the constituents M have  free energies of fo rma-  
tion of ~ (ca l /mole)  and E is expressed in volts. Rela-  
tion [16] enables equi l ibr ium relat ions to be set up in 
terms of the two variables  of interest,  E and pO 2-. The 
basic equations used in constructing the diagrams are 
given below; Fig. 5, 8, 9, and i0 were  constructed 
graphical ly  f rom the other  diagrams. 

Figure 1 
1/202 4- 2e- --  O ~- = 0 (in KC1) 

E = --2.255 4- 0.1065 log (O2)1/~ 4- 0.1065 pO '~- [17] 
Figure 2 
1/zO~ 4- 2e- --  O: ~ 0 (in LiC1) 

E ~ --0.9865 4- 0.1065 log (O~) lj2 4- 0.1065pO :- [18] 

Figure 3 
M g O - -  Mg ~ * -  0 ~- ~ 0 

log (Mg ~+) = --21.83 4- pO ~- [19] 

Mg 2 . -  Mg 4- 2e- = 0 
E = --2.469 4- 0.1065 log (Mg ~§ [20] 

M g O - -  M g - -  O ~-- 4- 2e- ~ 0 
E = --4.796 4- 0.1065 pO "- [21] 

Figure 4 
NiO --  Ni ~+ - -  0 ~- = 0 

log (NP +) = --19.71 4- pO 2- [22] 

NP + -  Ni 4- 2e- = 0 
E = --0.875 4- 0.1065 log (NP +) [23] 

NiO --  Ni --  O "- 4- 2e- ~ 0 
E = --2.973 4- 0.1065 pO ~- [24] 

Figure 6 
Zr ~§  Zr ~+ 4- e- = 0 

E = --0.204 4- 0.213 log (Zr 4+) / (Zr 8+) [25] 

Zr ~§ --  Zr ~+ 4- e- = 0 
E = --2.299 4- 0.213 log (Zr~§ -~*) [26] 
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ZrOz - -  Z r  ~+ - -  2 0  ~- = 0 
log  (Zr  ~+) = - - 5 0 . 6 +  2 p O  ~- [27] 

Z r  ~+ - -  Z r  d- 2e- = 0 
E = --2.436 -4- 0.1065 log  (Zr  2+) [28] 

Z r  ~ + -  Z r  + 3e- = 0 
E = --2.390 + 0.071 log  (Zr  ~+) [29] 

Z r  4 + - Z r  ~ - 4 e - = 0  
E ---- --1.843 -~ 0.05325 log  (Zr  '+) [30] 

ZrO~ - -  Z r  '~+ - -  2 0  ~- + 2e- = 0 
E = --6.639 - -  0.1065 log  (Zr  2+) ~- 0.213 pO'-'- [31] 

Z r O ~ - -  Z r  ~ + -  2 0  ~ + e----- 0 
E = --10.98 - -  0.213 log  (Zr  ~+) -}- 0.426 p O  2- [32] 

Z r O 2 - -  Z r - -  2 0  ~- + 4e- ---- 0 
E = --4.537 + 0 .1065pO -~- [33] 

Figure 7 
TP+ - -  Ti  ~+ -4- e- ---- 0 

E = --1.391 -4- 0.213 log  (TP  +) / (TP  +) [34] 

Ti~+ - -  TP+ d- e- = 0 
E = --1.681 + 0.213 log (TP  +) / (Ti  2+) [35] 

TiO~ - -  TP + - -  2 0  ~- = 0 
log  (TP +) ~ --46.67 -}- 2 p O  ~- [36] 

TirOs - -  2TP + - -  3 0  ~- - -  0 
log  (Ti  ~+) ~ --37.04 -}- 3 / 2  pO ~- [37] 

TiO - -  TP  + - -  O ~- = 0 
log  (Ti  =+) = --24.79 + pO ~- [38] 

Ti  ~+ - -  Ti  -}- 2e- ---- 0 
E = --1.769 + 0.1065 log (Ti  ~+) [39] 

Ti ~ + -  Ti  + 3e- = 0 
E = --1.740 + 0.071 log  ( T i  ~+) [40] 

TP + -  Ti  + 4e----- 0 
E = --1.652 + 0.053 log (TP +) [41] 

TiO~ - -  T P  + - -  2 02- -~ e- = 0 
E ---- - -11.32 - -  0.213 log  (Ti a+) + 0.426 p O  ~ [42] 

TiO~ - -  Ti ~+ - -  2 0  -~- + 2e- = 0 
E ---- --6.504 - -  0.1065 log  (Ti ~+) + 0.213 p O  ~- [43] 

TirOs - -  3TP + - -  5 0  ~- + e- = 0 
E ---- --27.38 - -  0.639 log  (TP +) + 1.065 p O  ~- [44] 

TirOs - -  3TP + -  5 0  ~- -d- 4e- = O 
E = --16.21 - -  0.160 log  (Ti  ~+) -d- 0.266 pO ~- [45] 

Ti20~ - -  2Ti ~+ - -  3 0  ~- + 2e- ---- 0 
E = --9.568 - -  0.213 log  (TP  +) -d- 0.3195 pO ~- [46] 

Ti.~O0 - -  3Ti '+ - -  5 0  ~- - -  2e- = 0 
E = 11.61 d- 0.320 log  (TP  +) - -  0.532 pO ~- [47] 

Ti~O~ - -  2TP + - -  3 ~ - -  2e- ---- 0 
E = 6.498 A- 0.213 log  (Ti  '+) ~ 0.3195 pO ~- [48] 

TiO - -  TP + - -  O ~ - -  e- ----- 0 
E ~ 3 . 6 0 4 + 0 . 2 1 3 1 o g  (TP * ) - 0 . 2 1 3 p O  ~- [49] 

TiO - -  Ti '+ - -  O ~- - -  2e- = 0 
E = 1.106 + 0.1065 log  (Ti ~+) - -  0.1065 p O  ~- [50] 

TiO~ - -  Ti - -  2 0  ~- ~- 4e- = 0 
E = --4.127 -~ 0 . 1 0 6 5 p O  ~- [51] 

Ti~O~ - -  3Ti - -  5 0  ~- -}- 10e- = 0 
E = --4.303 -}- 0.1065 p O  2- [52] 

Ti~O~ - -  2Ti - -  3 02- ~- 6e- ~ 0 
E ~ --4.366 + 0.1065 p O  ~- [53] 

T i O - -  T i - -  O ~ ~- 2e- ~ 0 
E = --4.410 -~ 0 .1065pO ~- [54] 

Ti203 - -  2TiO - -  O ~- -}- 2e- = 0 
E ~ --4.287 -~ 0 . 1 0 6 5 p O  ~- [55] 

2Ti~O~ - -  3Ti2Oa - -  O ~- + 2e- = 0 
E = - -3 .714 + 0 . 1 0 6 5 p O  ~- [56] 

2TiO~ - -  Ti~O~ - -  O ~- + 2e- = 0 
E = --3.301 + 0.1065 p O  ~ [57] 
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M e a s u r e m e n t s  of  t h e  s p a c e  c h a r g e  c a p a c i t y  of  a 
s e m i c o n d u c t o r  s u r f a c e  i n  c o n t a c t  w i t h  a n  e l e c t r o -  
l y t i c  e n v i r o n m e n t  h a v e  b e e n  m a d e  r e c e n t l y  b y  
B o h n e n k a m p  a n d  E n g e l l  ( 1 ) ,  H u r d  a n d  W r o t e n b e r y  
( 2 ) ,  E f i m o v  a n d  E r u s a l i m c h i k  ( 3 ) ,  a n d  Z v i a g i n  a n d  
L i u t o v i c h  ( 4 ) .  A l l  of  t h e s e  m e a s u r e m e n t s  w e r e  
m a d e  u s i n g  s t a n d a r d  b r i d g e  t e c h n i q u e s .  I n  t h e s e  
p r e v i o u s l y  r e p o r t e d  m e a s u r e m e n t s  t h e  m a g n i t u d e  
of  t h e  m e a s u r e d  c a p a c i t y  a t  1 - 1 0  k c  m e a s u r i n g  
f r e q u e n c y  h a s  b e e n  a t  l e a s t  a n  o r d e r  of  m a g n i t u d e  
h i g h e r  t h a n  v a l u e s  e x p e c t e d  o n  t h e  b a s i s  of  t h e o r e t -  
i c a l  s p a c e  c h a r g e  c a l c u l a t i o n s .  T h i s  d e v i a t i o n  h a s  
b e e n  a s s u m e d  to  b e  a t  l e a s t  p a r t i a l l y  d u e  to  t h e  
p r e s e n c e  of  s u r f a c e  s t a t e s  w i t h  t i m e  c o n s t a n t s  s m a l l  

r e l a t i v e  to  t h e  p e r i o d  of  t h e  m e a s u r i n g  f r e q u e n c y  
u s e d  i n  t h e s e  b r i d g e  m e a s u r e m e n t s .  H u r d  a n d  
W r o t e n b e r y  h a v e  u t i l i z e d  a r a d i o - f r e q u e n c y  b r i d g e  
s y s t e m  a n d  e x t e n d e d  t h e  r a n g e  of  m e a s u r i n g  f r e -  
q u e n c y  to  a m e g a c y c l e  i n  a n  a t t e m p t  to  e l i m i n a t e  
t h e  d i s c r e p a n c y  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t ;  
h o w e v e r ,  d u e  to  t h e  l o w  v a l u e  of  t h e  r e a c t i v e  c o m -  
p o n e n t  of  t h e  m e a s u r e d  i m p e d a n c e ,  s i g n i f i c a n t  r e -  
s u l t s  c o u l d  b e  o b t a i n e d  o n l y  u p  to  a b o u t  200 k c  ( 2 ) .  
I t  w a s  w i t h  t h i s  p r o b l e m  of  o b t a i n i n g  a m e a s u r e -  
m e n t  of  t h e  c a p a c i t y  of  t h e  s p a c e  c h a r g e  i n d e -  
p e n d e n t  of s u r f a c e  s t a t e s  t h a t  t h e  w r i t e r s  c o n c e i v e d  
t h e  i d e a  of  u t i l i z i n g  a c u r r e n t  p u l s e  m e t h o d .  P u l s e  
t e c h n i q u e s  h a v e  b e e n  u s e d  p r e v i o u s l y  i n  m e t a l -  
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e l e c t r o l y t e  c a p a c i t y  m e a s u r e m e n t s  b y  H a c k e r m a n  
and  c o - w o r k e r s  (5) .  In  th is  p a p e r  t he  in i t i a l  r e su l t s  
of a p p l i c a t i o n  of th i s  m e t h o d  to s i l icon and  g e r -  
m a n i u m  in bas ic  e n v i r o n m e n t s  a r e  r e p o r t e d  and  
c o m p a r e d  to s im i l a r  r e su l t s  o b t a i n e d  p r e v i o u s l y  b y  
the  b r i d g e  m e t h o d  (2) .  

The  m e t h o d  used  consis ts  of a p p l y i n g  a cons t an t  
c u r r e n t  pu l se  w i t h  r i se  t ime  of less t h a n  0.2 ~sec to 
the  s i l icon su r f ace  t h r o u g h  a p l a t i n u m  e l e c t r o d e  in 
the  e l ec t ro ly te .  The  p l a t i n u m  e l ec t rode  is also 
u t i l i zed  to a p p l y  a con t ro l l ed  p o l a r i z i n g  p o t e n t i a l  
to the  su r f ace  so t h a t  the  space  c h a r g e  d i s t r i b u t i o n  
can  be  a l t e red .  Changes  in t he  e l ec t rode  p o t e n t i a l  
a r e  m e a s u r e d  r e l a t i v e  to a s a t u r a t e d  ca lomel  ha l f  
cell .  I n i t i a l l y ,  the  cons t an t  c u r r e n t  pu l se  was  o b t a i n e d  
by  use of a m e r c u r y  swi tch  and  a cons t an t  c u r r e n t  
source.  H o w e v e r ,  t he  r e su l t s  r e p o r t e d  he re  w e r e  
o b t a i n e d  b y  use of t he  pu l se  g e n e r a t o r  de sc r ibed  
by  Riney ,  Schmid ,  and  H a c k e r m a n  (5) .  The  v o l t a g e -  
t ime  r e l a t i o n s h i p  b e t w e e n  the  p l a t i n u m  e l ec t rode  
and the  b u l k  of  the  s e m i c o n d u c t o r  is r e c o r d e d  p h o t o -  
g r a p h i c a l l y  b y  m e a n s  of an  osc i l loscope  w h i c h  is 
t r i g g e r e d  as t he  c u r r e n t  pu l se  is app l ied .  F r o m  th is  
r e c o r d e d  response ,  t he  capac i ty ,  C, of .the su r face  
at  the  t ime  the  pu l se  is app l ied ,  i.e., at  t ~ 0, can  
be computed .  The  ca l cu l a t i on  is va l id  even  t h o u g h  
C m a y  be  t i m e  d e p e n d e n t .  1 The  p r e s e n c e  of su r face  
s t a tes  would ,  a f t e r  some f in i te  t i m e  of t he  o r d e r  of 
the  r e sponse  t i m e  of the  s ta te ,  t e n d  to cause  a d e v i a -  
t ion  of t he  o b s e r v e d  r e sponse  f rom tha t  e x p e c t e d  
w i t h o u t  su r face  s ta tes .  The  de t ec t ion  of th is  d e -  
v i a t i on  is i n t e r p r e t e d  as ev idence  for  the  p re sence  
of  su r f ace  s ta tes .  The  e x p e r i m e n t a l  s y s t e m  used  in 
th is  w o r k  is shown  in Fig .  1. The  induc to r ,  L,  in t he  
d - c  b ias  c i r cu i t  is u sed  to p r e v e n t  sho r t i ng  of 
the  c u r r e n t  pu l se  t h r o u g h  the  b ias  supp ly .  I t  can  
be  r e p l a c e d  b y  a l a rge  r e s i s to r ;  h o w e v e r ,  th is  
m a k e s  n e c e s s a r y  a much  l a r g e r  b ias  s u p p l y  vo l t a ge  
source.  I n  t he  R i n e y  a p p a r a t u s  used  to ob t a in  a l l  
r e su l t s  r e p o r t e d  in th is  p a p e r  w i t h  t he  excep t ion  
of the  r e su l t s  shown in Fig .  3, a r e s i s t ance  is u sed  
in p l ace  of L. The  R i n e y  pu l se  g e n e r a t o r  con-  
t a ins  i n t e r n a l l y  the  bias  s u p p l y  and  the  rec t i f i ca t ion  
r e p r e s e n t e d  b y  the  diode,  D, w h i c h  is n e c e s s a r y  
to p r e v e n t  t he  p u l s e  g e n e r a t o r  f rom sho r t i ng  the  
bias  s u p p l y  on a p p l i c a t i o n  of t he  pulse .  The  r e -  
s is tor ,  R~, was  used  to a l l ow m e a s u r e m e n t  of t he  
a m p l i t u d e  of the  c u r r e n t  pulse .  P r i o r  to e l e c t r o -  

z W h e r e  w e  f ind  t h a t  dE~dr d e c r e a s e s  w i t h  t i m e  f o r  t < '< "  RpC~, w e  
s h a l l  a r b i t r a r i l y  d e s c r i b e  t h e  s y s t e m  as  h a v i n g  a t i m e  v a r y i n g  e f fec -  
t i v e  c a p a c i t a n c e .  
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Fig. 1. Circuit diagram for putse measurements, including semi- 
conductor surface equivalent circuit. 

chemica l  m e a s u r e m e n t s ,  t he  s y s t e m  was  checked  b y  
use of s t a n d a r d  c o m p o n e n t s  of a p p r o p r i a t e  m a g n i -  
t ude  w h i c h  w e r e  i n s e r t e d  in  p l ace  of t he  cell.  
The  pu l se  r i se  t ime  was  checked  b y  use of a r e s i s to r  
in p lace  of the  cell .  The  n o r m a l l y  a s s u m e d  s e m i -  
conduc to r  su r f ace  e q u i v a l e n t  c i rcui t ,  i g n o r i n g  for  
the  m o m e n t  a n y  poss ib le  su r f ace  s ta tes ,  is enc losed  
in d o t t e d  l ines.  If  su r f ace  s ta tes  exis t ,  a d d i t i o n a l  
c o m p o n e n t s  m u s t  be  i n t r o d u c e d  in to  t he  e q u i v a l e n t  
c i r cu i t  so as to m a k e  Cp e f fec t ive ly  a t i m e  v a r y i n g  
capac i t ance .  In  Fig .  1, Cp r e p r e s e n t s  t he  t r u e  space  
cha rge  c a p a c i t y  and  R~ r e p r e s e n t s  an  effect ive  s h u n t -  
ing res i s t ance ,  n e c e s s a r y  s ince d - c  c u r r e n t  flow occurs  
across  the  in te r face .  The  res i s t ance ,  R~, is t he  e q u i v a -  
l en t  ser ies  r e s i s t ance  of t he  s e m i c o n d u c t o r  c rys ta l ,  
e l ec t ro ly t e ,  a n d  contact .  I f  the  r e sponse  of th is  c i r -  
cui t  to a cons t an t  c u r r e n t  pu l se  of m a g n i t u d e ,  Io, is 
ana lyzed ,  i t  is f o u n d  t ha t  t he  capac i ty ,  C~, is g iven  b y  

C, = Io dt t_-o [1]  

In  the  absence  of su r face  s ta tes ,  E w o u l d  be  an  e x -  
p o n e n t i a l  func t ion  of t ime ,  and  the  vo l t a ge  r eponse  
w o u l d  be  l i n e a r  ove r  a t ime  < <  R~C~; and  u n d e r  
these  condi t ions ,  t he  s lope is eas i ly  and  q u i t e  ac -  
c u r a t e l y  o b t a i n e d  and  the  c a p a c i t y  at  t ~ 0 conse-  
q u e n t l y  d e t e r m i n e d .  The  on ly  effect of R~ in d e t e r -  
m i n a t i o n  of  t he  in i t i a l  s lope  is in the  l e n g t h  of t i m e  
over  w h i c h  the  r e sponse  is l inea r .  I t  is not  n e c e s s a r y  
for  C~ to be  t ime  i n d e p e n d e n t  ( a n d  t hus  t h e  r e -  
sponse  e x p o n e n t i a l )  for  th is  e q u a t i o n  to hold .  If  
su r face  s ta tes  or  o the r  poss ib le  cha rge  t r a n s f e r  s i tes  
exis t ,  the  m e a s u r e d  c a p a c i t y  wi l l  in  effect be  f r e -  
quency  d e p e n d e n t ,  s ince i t  w i l l  d e p e n d  on the  su r -  
f a c e - s t a t e  d i s t r i bu t i on .  H o w e v e r ,  in a p u l s e  m e a s -  
u r e m e n t  th is  f r e q u e n c y  d e p e n d e n c e  w i l l  be  o b s e r v e d  
as a t i m e  dependence .  F o r  e x a m p l e ,  if one a s sumes  
tha t  the  f r e q u e n c y  d e p e n d e n c e  is b r o u g h t  abou t  b e -  
cause  of a set  of su r face  s ta tes  of some r e sponse  
t ime,  say,  I /~sec, t h e n  the  m e a s u r e d  c a p a c i t y  wi l l  
be f r e q u e n c y  d e p e n d e n t  in t he  v i c i n i t y  of a m e g a -  
cycle.  A t  f r e q u e n c i e s  w i t h  pe r i ods  s m a l l  c o m p a r e d  
to a mic rosecond ,  these  su r f ace  s ta tes  a r e  i n c a p a b l e  
of e q u i l i b r a t i n g ,  w h i l e  a t  f r equenc ie s  w i t h  pe r i ods  
of the  o r d e r  of a m ic rosecond  or  g r ea t e r ,  t hese  s t a tes  
wi l l  e q u i l i b r a t e  and  thus  c o n t r i b u t e  to t he  capac i ty .  
W h e n  the  cons t an t  c u r r e n t  pu l se  is app l i ed ,  t he  s u r -  
face  s ta tes  wi l l  accep t  a p p r e c i a b l e  cha rge  a f t e r  a 
t ime  of the  o r d e r  of a m ic rosecond  has  e l apsed ;  thus ,  
the  capac i ty ,  as m e a s u r e d  b y  the  s lope  of t he  r e -  
co rded  response ,  w i l l  i n i t i a l l y  r e p r e s e n t  t he  t r u e  space  
cha rge  c a p a c i t y  and  wi l l  change  w i t h  t he  p r e s e n c e  
of n e w  cha rge  t r a n s f e r  si tes.  A s s u m i n g  t h a t  th is  
change  occurs  a t  t < <  R~C~, i.e., ove r  t he  l i n e a r  r e -  
gion, the  v o l t a g e  r e sponse  as a func t ion  of t ime  can 
thus  be  u t i l i zed  to de tec t  t he  p re sence  of su r face  
s t a tes  b y  obse rv ing  the  c h a n g e  of s lope  of the  r e -  
co rded  r e sponse  f rom t h a t  a t  t imes  less  t h a n  the  
t ime  cons t an t  of t he  su r face  s ta te  to t h a t  a t  t imes  
g r e a t e r  t h a n  the  t ime  cons t an t  of the  s ta te .  I f  i t  is 
a s s u m e d  tha t  t h e  c a p a c i t y  changes  f r o m  some v a l u e  
C,, to some v a l u e  Cp + C , ,  t h e n  the  second  s lope  
w o u l d  a l low c o m p u t a t i o n  of C~ § C , .  On t h e  bas is  
of th is  s impl i f ied  model ,  some v e r y  i n t e r e s t i n g  and  
i n f o r m a t i v e  r e su l t s  h a v e  been  ob ta ined .  
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The basis  for  e s t i m a t i n g  the  ef fec t ive  v a l u e  of R~ 
was  the  B r i d g e  r e s u l t  of B o h n e n k a m p  a n d  Enge l l  
on g e r m a n i u m  and  H u r d  and  W r o t e n b e r y  on s i l icon 
(1, 2) .  In  the  v i c i n i t y  of t he  c a p a c i t y  m i n i m u m ,  
w h e r e  t he  m e a s u r e m e n t s  be ing  r e p o r t e d  w e r e  m a d e ,  
and  a t  the  h ighes t  m e a s u r i n g  f r e q u e n c y  of 160 kc,  
R~ fo r  g e r m a n i u m  in 1N K O H  (1) is in  t he  r a n g e  
of 200-1000 o h m / c m  ~. A s  the  f r e q u e n c y  is dec reased ,  
R,  a p p r o a c h e s  10,000 o h m / c m  ~ at  1 kc. In  t r a n s f o r m -  
ing to t he  t ime  d o m a i n  n e c e s s a r y  in  t i m e  d e p e n d e n t  
m e a s u r e m e n t s ,  t he  a p p r o x i m a t e  c o r r e s p o n d i n g  t i m e  
d e p e n d e n c e  of R,  w o u l d  be  o b t a i n e d  b y  cons ide r ing  
the  R,  va lue s  a s soc ia t ed  w i t h  t h e  r e c i p r o c a l  of t he  
f r equency ,  t hus  y i e l d i n g  f r o m  t h e  a b o v e  s t a t ed  
va lue s  a v a l u e  of R~ at  5 ~sec of 200-1000 o h m / c m  ~ 
and  i n c r e a s i n g l y  l a r g e r  va lue s  a t  g r e a t e r  t imes .  The  
exac t  t i m e  d e p e n d e n c e  w o u l d  h a v e  to be  o b t a i n e d  
f r o m  the  F o u r i e r  T r a n s f o r m  of t he  p o w e r  s p e c t r u m  
of R~. The  re su l t s  on s i l icon a re  e s s e n t i a l l y  iden t i ca l ,  
w i t h  s l i g h t l y  h i g h e r  va lue s  t h r o u g h o u t  t he  f r e -  
q u e n c y  r a n g e  of 1-200 kc (2) .  As  p r e v i o u s l y  p o i n t e d  
out, t he  on ly  effect of Rp in t he  l i n e a r  r e sponse  r e -  
g ion  is in  the  d e t e r m i n a t i o n  of t he  l e n g t h  of t i m e  
ove r  w h i c h  the  r e sponse  is l inea r .  B a s e d  on these  
va lue s  of R~ and  t h e o r e t i c a l l y  c o m p u t e d  v a l u e s  of 
C~, the  c o r r e s p o n d i n g  va lue s  of R~,C~ at  t imes  of t he  
o r d e r  of a m ic rosecond  and  at  t h e  p o t e n t i a l s  u sed  
in  th is  w o r k  a r e  g r e a t e r  t h a n  50 ~sec in  t he  v i c i n i t y  
of t h e  m i n i m u m  w h e r e  good a g r e e m e n t  w i t h  t h e o r y  
was  ob ta ined .  A t  t he  mos t  n e g a t i v e  p o t e n t i a l  u sed  
in t he  case  of g e r m a n i u m ,  e.g., - -0 .925v r e l a t i v e  
SCE, t he  v a l u e  of R,,Cp is in  t he  v i c i n i t y  of 20-30 
~sec. F o r  th is  s m a l l e s t  v a l u e  of RpC~, t h e  n o n l i n e a r i t y  
at  2 ~sec w o u l d  be  on ly  a few p e r  cent ,  and  for  t he  
m a j o r i t y  of t he  m e a s u r e m e n t s  r e p o r t e d ,  R~C~ is 
suff ic ient ly  g r e a t  t h a t  neg l i g ib l e  n o n l i n e a r i t y  w o u l d  
occur  a t  1-10 ~,sec. 

E v i d e n c e  of fas t  su r face  s ta tes  w i t h  r e sponse  t imes  
of the  o r d e r  of a f ew  mic roseconds  h a v e  been  ob-  
s e r v e d  in g e r m a n i u m ;  howeve r ,  in the  case  of s i l -  
icon, no s im i l a r  s ta tes  w e r e  ind ica t ed .  This  imp l i e s  
t ha t  in  t he  case of s i l icon,  fas t  s ta tes ,  i f  ex i s t en t ,  
have  t i m e  cons tan t s  of less  t h a n  a mic rosecond ,  
w h e r e a s  in  g e r m a n i u m ,  at  l eas t  some of t he  fas t  
su r face  s ta tes  h a v e  t i m e  cons t an t s  g r e a t e r  t h a n  a 
mic rosecond .  I t  is p o i n t e d  out  t ha t  t he  pu l se  r i se  
t ime  of 0.2 ~sec sets  t he  l ower  l i m i t  on o b s e r v a t i o n  
of t he  v o l t a g e  response .  

T y p i c a l  t r aces  r e c o r d e d  for  10 o h m - c m  n - t y p e  s i l -  
icon a n d  for  10 o h m - c m  n - t y p e  g e r m a n i u m  in 1N 
K O H  a re  shown  in Fig .  2a and  2b, r e spec t i ve ly .  The  
change  in  s lope  no ted ,  in  t he  case  of g e r m a n i u m ,  
d u r i n g  the  f irst  2 or  3 #sec is a s s u m e d  to be  t h e  r e -  
su l t  of fas t  su r f ace  s ta tes  w i t h  t i m e  cons t an t s  of 
t he  o r d e r  of th is  t ime .  I t  was  f o u n d  t ha t  th is  s lope  
change  occurs  p r i m a r i l y  on the  2-4 ~sec r a n g e  a n d  
t h a t  a second  r a t h e r  w e l l - d e f i n e d  l i n e a r  r eg ion  fo l -  
lows.  This  r a t h e r  d i s t i nc t  change  in  s lope  w o u l d  be  
e x p e c t e d  if  t he  su r f ace  s ta tes  r e s p o n s i b l e  fo r  i t  
w e r e  of a d i s t i nc t  t ime  cons t an t  of t h e  o r d e r  of 2-4 
~sec. The  r e sponse  on s i l icon is l i n e a r  to less  t h a n  
a mic rosecond ,  thus ,  l e a d i n g  to t he  t e n t a t i v e  con-  
c lus ion  t ha t  fas t  s ta tes  on si l icon,  if  ex i s t en t ,  h a v e  
t i m e  cons t an t s  of less  t h a n  a mic rosecond .  I t  is 
e v i d e n t  f r o m  the  va lue s  of R~C~, discussed  p r e v i o u s l y  
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Fig. 2b. Typical voltage-time response for 10 ohm-cm n-type Ge 

for  g e r m a n i u m  t h a t  th is  r e l a t i v e l y  l a r g e  change  in 
s lope  is no t  a s soc ia t ed  w i t h  t he  R~,C~ t ime  cons tan t .  

In  Fig.  3 and  4 a r e  shown  some  r e su l t s  of 
c a p a c i t y  m e a s u r e m e n t s  m a d e  b y  this  m e t h o d  on 
s i l icon and  g e r m a n i u m  in 1N KOH.  In  Fig .  3, a 
c a p a c i t y  m e a s u r e m e n t  on s i l icon m a d e  b y  H u r d  
and  W r o t e n b e r y  (2)  b y  the  b r i d g e  m e t h o d  is i n -  
c luded  for  compar i son .  The  b r i d g e  m e a s u r e m e n t s  
w e r e  m a d e  at  10 kc, and  the  s lope  o b t a i n e d  f r o m  
the  pu l se  m e t h o d  was  t a k e n  a f t e r  an  e l a pse d  t i m e  
of 10 ~sec. I t  is no t ed  t ha t  t he  m e a s u r e d  c a p a c i t y  on 
s i l icon b y  the  p u l s e  m e t h o d  c o r r e s p o n d s  c lose ly  to 
the  va lue s  o b t a i n e d  b y  the  b r i d g e  t e c h n i q u e  at  10 
kc, w h i c h  w o u l d  inc lude  the  effect of fas t  su r face  
s ta tes .  The  d e v i a t i o n  b e t w e e n  the  two  curves  is 
p r o b a b l y  d u e  to s l i gh t ly  d i f fe ren t  p r e m e a s u r e m e n t  
condi t ions ,  s ince  the  two  m e a s u r e m e n t s  w e r e  no t  
m a d e  on the  s ame  sample ,  and  d i f fe rence  in t r u e  
su r face  a r e a  a lone  can  c o n t r i b u t e  s ign i f i can t ly  to 
th is  dev ia t ion .  In  t he  case  of g e r m a n i u m  (see  Fig.  
4) ,  the  v a l u e s  of c a p a c i t y  c o m p u t e d  for  t he  two  
s lopes  o b s e r v e d  in Fig.  2b show the  r e d u c t i o n  in  
c a p a c i t y  w h i c h  w o u l d  be  e x p e c t e d  as t he  effect  of 
e q u i l i b r a t i n g  s ta tes  is e l i m i n a t e d .  I t  is e m p h a s i z e d  
t ha t  the  d i f fe rence  in c a p a c i t y  va lue s  b e t w e e n  the  
two  cu rves  in Fig.  4 is i n d e p e n d e n t  of d i r ec t ion  of 
t he  c u r r e n t  pu lse ,  i.e., w h e t h e r  or  no t  i t  is anodic  
or  ca thodic ,  and  also t ha t  the  va lue s  a r e  o b t a i n e d  
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s i m u l t a n e o u s l y  in t i m e  on the  s ame  surface .  The  
m e a s u r e d  va lue s  on g e r m a n i u m  at  t he  m i n i m u m  is 
0.08 F f / c m  ", w h e r e a s  t he  t h e o r e t i c a l l y  p r e d i c t e d  
v a l u e  for  the  space  cha rge  of th i s  s a m p l e  is 0.027 
~ f / c m  S. The  m e a s u r e d  c a p a c i t y  of t he  g e r m a n i u m  
su r f ace  o b t a i n e d  b y  the  above  d e s c r i b e d  t e c h n i q u e  

is on ly  a f ac to r  of abou t  t h r e e  g r e a t e r  t h a n  va lue s  
p r e d i c t e d  on the  bas is  of p r e v i o u s  space  c h a r g e  ca l -  
cu la t ions  (1, 2).  Dev ia t i ons  b e t w e e n  the  t r ue  and  
p r o j e c t e d  su r f ace  a r eas  cou ld  r e a s o n a b l y  account  
for  some or  a l l  of th is  d i f ference .  In  Fig .  5, t he  
m e a s u r e d  c a p a c i t y  for  10 o h m - c m  n - t y p e  g e r m a -  
n i u m  for  t imes  less  t h a n  3 Fsec is c o m p a r e d  w i t h  
v a l u e s  t h e o r e t i c a l l y  c a l c u l a t e d  f r o m  t h e  w e l l - k n o w n  
P o i s s o n - B o l t z m a n  a p p r o a c h ?  T h e  u p p e r  c u r v e  in  
Fig.  5 g ives  t he  m e a s u r e d  v a l u e s  w h i l e  t he  l o w e r  
d o t t e d  cu rve  g ives  t he  m e a s u r e d  v a l u e  c o r r e c t e d  for  
a su r f ace  r o u g h n e s s  f ac to r  of 3. The  good a g r e e m e n t  
in  t he  v i c i n i t y  of the  m i n i m u m  is noted .  This  a g r e e -  
m e n t  on 10 o h m - c m  g e r m a n i u m  is s o m e w h a t  b e t t e r  
t h a n  t h a t  o b t a i n e d  b y  B o h n e n k a m p  a n d  Enge l l  (1)  
a t  160 kc b r i d g e  m e a s u r e m e n t  on in t r i n s i c  g e r -  
m a n i u m .  

The  i n t e r p r e t a t i o n  of l a r g e r  de v i a t i ons  f r o m  the  
t h e o r e t i c a l  va lues ,  o b t a i n e d  in  a l l  p r e v i o u s  m e a s u r e -  
m e n t s  (1 -4 ) ,  as be ing  at  l e a s t  p a r t i a l l y  due  to  t h e  
fas t  su r f ace  s ta tes ,  is s u p p o r t e d  b y  these  resul t s .  
Closer  a g r e e m e n t  to t h e o r e t i c a l  space  cha rge  c a p a c -  
i t ies  a r e  o b t a i n e d  t h a n  have  p r e v i o u s l y  been  r e -  
po r t ed .  F u r t h e r  a p p l i c a t i o n  of  th is  t e c h n i q u e  to 
s e m i c o n d u c t o r  e l e c t r o l y t e  sys t ems  a p p e a r s  a p r o m -  
is ing a p p r o a c h  to t h e  so lu t ion  of m a n y  of t h e  u n -  
r e s o l v e d  p r o b l e m s  in these  sys tems .  
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Electrolytic Etching of Germanium in Water 
W.  Rindner and R. C. Ellis, Jr. 

Research Division, Raytheon Company, Waltham, Massachusetts 

C h e m i c a l  e t ch ing  w i t h  w a t e r  (1)  has  s e v e r a l  a d -  
v a n t a g e s  w e r e  i t  no t  for  t he  i m p r a c t i c a l l y  s low r a t e  
at  w h i c h  w a t e r  a t t a cks  Ge.  I t  is the  p u r p o s e  of th i s  
p a p e r  to d iscuss  e l e c t ro ly t i c  e t ch ing  w i t h  w a t e r  
w h i c h  has  been  f o u n d  to a t t a c k  Ge at  a u se fu l  ra te .  
In  a d d i t i o n  to Ge  the  I I I - V  s e m i c o n d u c t i n g  com-  
p o u n d s  G a A s  and  G a P  h a v e  been  e t ched  b y  the  
same  me thod .  

Mos t  of the  w o r k  r e p o r t e d  was  done  w i t h  Ge 
sl ices abou t  15 mi l s  th ick .  These  s l ices w e r e  h e l d  
h o r i z o n t a l l y  e i t he r  b y  c l ip  l eads  or  m e t a l l i c  bases  
on w h i c h  t h e y  w e r e  m o u n t e d  b y  go ld  bond ing .  A 
pos i t i ve  p o t e n t i a l  was  a p p l i e d  to t h e  sl ice in  a c t u a l  
con tac t  w i t h  or  in close p r o x i m i t y  to a t h in  w i r e  
used  as t he  n e g a t i v e  e lec t rode .  E tch ing  was  p e r -  
f o r m e d  by  p l a c i n g  on the  s u b s t r a t e  a d rop  of  w a t e r  
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Fig. I .  Experimental arrangement for electrolytic etching in water 

Fig. 2. Etching of a hole in Ge with a thin Au cathode. Magnifi- 
cation approx. 40X. 

a r o u n d  the  w i r e  and  pas s ing  c u r r e n t s  of a few 
m i l l i a m p e r e s  t h r o u g h  the  sys tem.  Tap  w a t e r  a n d  
d i s t i l l ed  gave  the  s ame  resul t s .  F i g u r e  1 shows  the  
e x p e r i m e n t a l  a r r a n g e m e n t  and  Fig.  2 a cross sec t ion  
of a s l ice e t ched  t h r o u g h  in t h e  m a n n e r  desc r ibed .  

Va r ious  m a t e r i a l s  such as Au,  W, Cu, steel ,  and  
Ge were  used  as  ca thodes  w i t h o u t  v e r y  s igni f icant  
d i f fe rences  be ing  o b s e r v e d  a m o n g  them.  S i m i l a r l y ,  
Ge s u b s t r a t e s  cove r ing  the  r e s i s t i v i t y  r a n g e  f r o m  
d e g e n e r a t e  to n e a r - i n t r i n s i c ,  bo th  n -  and  p - t y p e ,  
w e r e  found  to be  e q u a l l y  a t t a c k e d  w i t h i n  e x p e r i -  
m e n t a l  e r ro r .  F o r  good r e so lu t i on  the  ca thode  had  
to be v e r y  close to t he  subs t r a t e .  W i t h  h igh  r e -  
s i s t iv i ty  s e m i c o n d u c t o r s  and  a s h a r p l y  po in t ed  
ca thode  the  r e s o l u t i o n  could  be  i m p r o v e d  b y  ac -  
t u a l l y  m a k i n g  l igh t  con tac t  b e t w e e n  the  s u b s t r a t e  
and  the  ca thode .  As  the  p r e s s u r e  was  i n c r e a s e d  
the  r e so lu t i on  d e t e r i o r a t e d  and  the  e t ch ing  r a t e  
e v e n t u a l l y  d e c r e a s e d  b y  a b o u t  two  o rde r s  of m a g -  
n i tude .  In  the  case of low r e s i s t i v i t y  m a t e r i a l  a c t u a l  
con tac t  had  to be  avo ided  to a l low e tch ing  to t a k e  
place.  

U s u a l l y  c u r r e n t  dens i t i e s  a t  t he  c a thode  w e r e  of 
the  o r d e r  of 100 a m p / c m  =. W i t h  a 2 ra i l  d i a m e t e r  
ca thode ,  abou t  5 x 10 -7 cm ~ Ge was  r e m o v e d  p e r  
hour .  To i m p r o v e  r e so lu t i on  the  c u r r e n t  p a t h  was  
conf ined as n e a r l y  as poss ib le  to t he  d i r ec t ion  of 
t h e  ca thode  axis  b y  i m m e r s i n g  on ly  t he  v e r y  t ip  in 
wa te r .  A l t e r n a t i v e l y ,  good r e su l t s  w e r e  o b t a i n e d  
us ing  a w i r e  i n s u l a t e d  e v e r y w h e r e  excep t  on the  
p a r t  f ac ing  the  subs t r a t e .  

S u r r o u n d i n g  the  p o i n t  f ac ing  the  ca thode  a con-  
cen t r i c  s t r u c t u r e  of t he  su r f ace  was  o b s e r v e d  as  
shown  in Fig.  3. A r o u n d  the  s t r o n g l y  e tched  r eg ion  

Fig. 3. Appearance of the Ge surface around the area facing 
the cathode. 

( c e n t r a l  w h i t e  s p o t ) " t h e r e  is a flat, sha l low,  d i sh -  
s h a p e d  dep re s s ion  a b o u t  3/16 in. in d i a m e t e r .  The  
en t i r e  a r ea  u n d e r  the  d rop  of w a t e r  is s l i gh t ly  
s t a ined  and  is b o r d e r e d  b y  a c i r cu l a r  w h i t e  deposi t .  
The  l a t t e r  was  ident i f ied  as h e x a g o n a l  g e r m a n i u m  
ox ide  b y  its e l ec t ron  d i f f r ac t ion  p a t t e r n .  R e m o v a l  
of the  ox ide  r i n g  w i t h  t a r t a r i c  ac id  so lu t ion  r e -  
v e a l e d  t ha t  some con tac t  e t ch ing  h a d  t a k e n  p l ace  
u n d e r n e a t h .  The  d i s h - s h a p e d  dep re s s ion  is su r -  
r o u n d e d  b y  a h a l o - s h a p e d  s t a i ned  or  e t ched  r eg ion  
w h i c h  c o r r e s p o n d s  in size to t he  e x t e n t  of g r e a t  
t u r b u l e n c e  d u r i n g  e tching.  The  s t r i a t i ons  v i s ib le  
a r o u n d  the  c e n t r a l  spot  w e r e  b r o u g h t  out  b y  the  
e t ch ing  and  a re  due  to d i s t u r b a n c e s  i n t r o d u c e d  in 
t he  p rocess  of s l ic ing  the  s emiconduc to r .  E t ch ing  
l eaves  u n d a m a g e d  m a t e r i a l  w i t h  a smooth  surface .  

One e x p e r i m e n t  was  p e r f o r m e d  in the  fo l lowing  
m a n n e r .  A g e r m a n i u m  sl ice was  cut  in half .  The  
two  ha lves  w e r e  connec t ed  to a d - c  p o w e r  s u p p l y  
and  b r o u g h t  in con tac t  w i t h  t he i r  edges  a t  r i g h t  
angles ,  and  i m m e r s e d  in wa t e r .  In  th is  w a y  the  
effect of c u r r e n t  p o l a r i t y  on e t ch ing  r a t e  was  d e -  
t e r m i n e d  u n d e r  o t h e r w i s e  equa l  condi t ions .  I t  was  
found  t h a t  e t ch ing  took  p l ace  on bo th  slices,  bu t  a t  
d i f fe ren t  ra tes .  The  v o l u m e  r e m o v e d  f r o m  the  sl ice 
u n d e r  pos i t ive  p o t e n t i a l  was  a b o u t  five t i m e s  l a r g e r  
t han  t h a t  r e m o v e d  f rom the  o t h e r  slice.  

W h e n  no c u r r e n t  was  passed  t h r o u g h  t h e  sy s t em 
bu t  con tac t  was  e s t a b l i s h e d  b e t w e e n  ca thode  and  
s u b s t r a t e  in t he  p re sence  of w a t e r ,  p r e f e r e n t i a l  
e t ch ing  at  the  p o i n t  of con tac t  was  o b s e r v e d  a f t e r  
a b o u t  12 hr.  This  a p p e a r s  to be the  p r e v i o u s l y  d e -  
s c r ibed  effect  of con tac t  e t ch ing  (2)  w i t h  w a t e r  as 
the  e tchan t .  

E t ch ing  of G a A s  and  G a P  was  p e r f o r m e d  in a 
m a n n e r  s imi l a r  to t h a t  d e s c r i b e d  for  Ge. 

The  two  cond i t ions  r e q u i r e d  for  e t ch ing  a re  me t  
in th is  p rocess :  the  i m p e t u s  ~or o x i d a t i o n  is sup -  
p l i ed  b y  the  p o t e n t i a l  b e t w e e n  anode  and  ca thode  
and  the  r e m o v a l  of ox id ized  g e r m a n i u m  is a ccom-  
p l i shed  b y  t h e  s l igh t  so lub i l i t y  of g e r m a n i u m  ox ide  
in wa t e r .  Excess  ox ide  p r e c i p i t a t e s  and  col lec ts  in 
those  vo lumes  of t he  so lu t ion  w i th  the  l eas t  t u r b u -  
lence.  

Def in i t ion  is o b t a i n e d  b y  the  g r e a t e s t  c u r r e n t  
d e n s i t y  be ing  s u p p o r t e d  t h r o u g h  the  sho r t e s t  d i s -  
tance .  The  g r e a t e r  e t ch ing  r a t e  of th is  r eg ion  is 
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abetted by local heating and a subsequent increase 
in the solubility of GeO~. The increased solubility 
facilitates the germanium removal  and results in 
a greater conductance in the solution. 

The reason for the improved resolution obtained 
with high resistivity substrates and light contact 
between the cathode and the semiconductor is prob-  
ably due to the confinement of current flow being 
more effective than the current flow lost due to 
direct passage from cathode to substrate. 

Hydrogen gas is formed at the cathode as ex- 
pected, while little observed gas is given off at the 
anode. Germanium is therefore probably being 
oxidized to Ge § directly, unlike the case of silicon 
where hydrogen is found escaping from both anode 
and cathode in a slightly conducting solution. It  has 
been postulated that  this is due to the silicon being 
oxidized to Si +~ electrolytically with a subsequent 
decomposition of water  by this active species (3). 

Superimposed on the germanium etching is the 
straight electrolysis of water which in addition 
introduces oxygen into the water. This oxygenation 

by electrolysis and air solubility can account for the 
various contact etching phenomena observed on 
germanium. 
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Photoluminescent Effects in Contact 
Electroluminescence 

B. Morosin and F. A. Haak (pp. 477-478, Vol. 108, No. 5) 

W. Lehmann~: The emission of visible radia t ion  
from a mechanical  mix tu re  of an ord inar i ly  non-  
e lect roluminescent  phosphor  powder  and a meta l  (or 
wel l -conduct ing  semiconductor)  powder,  suspended 
in castor oil and subjected to an a l te rna t ing  electr ic  
field, was descr ibed by  Lehmann  in 1957 /The  effect 
was qua l i ta t ive ly  expla ined  as e lectroluminescence 
of the phosphor  par t ic les  in the ex t r eme ly  high elec-  
tr ic field s t rength  near  sharp edges of the  meta l  
par t ic les  and, because of the necessary close contact  
be tween  the phosphor  and the metal ,  was t e rmed  
"Contact  Electroluminescence."  These exper iments  
recent ly  were  repea ted  by Morosin and Haak.  They 
expla in  the l ight  emission as due to the glow of local 
discharges which pa r t ly  can be seen di rec t ly  by  eye 
(violet  in air)  or which may  exci te  adjacent  phos-  
phor  par t ic les  to photoluminescent  emission, which is 
character is t ic  of the par t i cu la r  phosphor.  They sup-  
por ted  thei r  view by the observat ion tha t  emission 
could even be obtained wi th  cells containing meta l  
powder  but  no phosphor.  

Morosin and Haak ' s  explana t ion  is ident ical  to 
that  p resented  by Herwel ly  ~ who t r ied  to unders tand  
the Dest r iau  Effect, i.e., the " intr insic"  e lec t ro lumi-  
nescence of ZnS- type  phosphors,  as photo lumines-  
cence exci ted by  the u l t rav io le t  genera ted  in glow 
discharges near  the phosphor  part icles.  I t  has been 
shown fa i r ly  convincingly by  Des t r iau  ~ tha t  this  ex -  
p lanat ion  does not hold in the case of " intr insic"  
electroluminescence,  and it wil l  be shown here  tha t  
it  does not hold ei ther  in the case of contact e lect ro-  
luminescence. The arguments  to be used are  almost  
ident ical  to those used by Destr iau to oppose Her -  
wel ly ' s  view. 

A glow discharge can, indeed, be observed in many  
cases under  improper  opera t ing  conditions. I t  may  
occur in air  bubbles  accidenta l ly  present  in the cell 
or in bubbles  caused by gaseous decomposit ion p rod -  
ucts of the oil and, in e i ther  case, is favored  by  the 
presence of meta l  or o ther  conducting part icles.  Such 
glow can also vis ib ly  photoexci te  ad jacent  phosphor 
part icles.  However,  it is fa i r ly  easy to dis t inguish this 
photoluminescence f rom rea l  e lect ro-  or contact-  
electroluminescence.  The fol lowing facts may  be 
mentioned.  

1. Many, but  not all, phosphors respond with  di f -  
ferent  emission colors to photo-  and e lec t ro lumines-  
cence. ~ The color of contact  e lectroluminescence also 

1 Resea rch  Dept . ,  W e s t i n g h o u s e  E l e c t r i c  Corp.,  Bloomfie ld ,  N. J.  
W. L e h m a n n ,  This Journal, 104, 45 (1957). 

8 A. H e r w e l l y ,  Acta  Physica Austriaca, 5, 30 (1951). 
G. Des t r i au ,  J. phys.  radium, 14, 307 (1953). 

s T h e  t a b l e  in  F o o t n o t e  2 l i s ts  s ix  e x a m p l e s  i n s t ea d  of on ly  one as 
s t a t e d  b y  NIorosin  a n d  Haak .  

may va ry  with var ia t ion  of the f requency of the ex-  
cit ing field in the same fashion as for intr insic  elec-  
t ro luminescence (e.g., blue at high and green at low 
frequencies) .  The color of photoluminescence is in-  
dependent  of the  exci t ing f requency of the  glow dis-  

charge. 
2. If contact  e lectroluminescence were  ac tual ly  

photoluminescence,  then all  efficient photo lumines-  
cent phosphors should respond about  equal ly  well.  
This is by far  not the case. As an example,  green-  
emi t t ing  zinc sil icate ac t iva ted  by  manganese  r e -  
sponds very  well  to an a l te rna t ing  electr ic field if 
mixed with  a meta l  powder  while  r ed -emi t t i ng  mag-  
nesium fluorogermanate,  also ac t iva ted  by  manga -  
nese, does not respond at  all. One may  even mix 
equal  par t s  of these two phosphors wi th  a meta l  
powder.  The ge rmana te  can well  be exci ted by u l t r a -  
violet  of wave length  2537A or 3650A, the  si l icate 
prac t ica l ly  only by 2537A. Hence, the photo lumines-  
cent emission spec t rum consists of the green band of 
the  si l icate and of the red of the germana te  s imul ta -  
neously if exci ted by  2537A, and prac t ica l ly  only of 
the red germana te  emission if exci ted by  3650A. 
However ,  if subjected to contact  electroluminescence,  
the spect rum of the blend shows only the green emis-  
sion of the si l icate phosphor  whi le  the germana te  r e -  
mains complete ly  dead. 

3. Morosin and Haak  expla in  the color differences 
be tween contact  e lectroluminescence and photo lumi-  
nescence, which can sometimes be observed, by  a 
superposi t ion of the violet  color of the glow wi th  the 
emission of the phosphor  exci ted by this glow. If so, 
then the color shift  should be observed with  all  phos-  
phors, not only wi th  a few as ac tua l ly  is the case. 
Fur ther ,  Morosin and Haak  obviously do not real ize 
that  a superposi t ion of the color of photo lumines-  
cence with  the  violet  of the glow discharge in air  
does not a lways  agree  wi th  the observed color of 
contact electroluminescence.  As an example ,  the  ye l -  
low photoemission of the ( Z n , C d ) S : A g  phosphor  
ment ioned in the tab le  in Footnote  2 super imposed 
to the violet  of a glow in air  should resul t  in a p ink  to 
reddish purp le  color, whi le  ye l low-green  ac tua l ly  

A 
CON DUCT I NG G ~ S  S 

(,~p,) 
~""'\\" ~ HETAL POWDER IN AIR (60}u) 

5 
" CONDUCTING GLASS 

~ ~ b l y L A R  FILM (I2)U) 
'PH05PHOR AND METAL pOWDER 

Fig. 1. The experimental arrangement used, A--Metal (or semi- 
conductor) powder in air producing glow discharge. B--Phosphor 
and metal (or semiconductor) powder in castor oil producing contact 
electroluminescence. 
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Fig. 2. A--Spectrum of o glow discharge in air (arrangement of 
Fig. 1A). B~Spectrum of contact electroluminescence of a ZnS:Mn 
phosphor and aluminum powder in castor oil (arrangement of Fig. 
I B). Both spectra are uncorrected, as recorded. The background in 
spectrum B is due to stray light from room illumination. 
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4. The emission of contact electroluminescence 
normally is confined to many  small "spots" scattered 
over the area of the cell. If such spots were due to 
photoexcitation, the exciting glow discharge would 
also have to be concentrated in very small spots and, 
hence, to be very intense within each spot (other-  
wise, the intense but very localized emission of the 
phosphor could not be understood).  However, micro- 
scopic examination of contact electroluminescence 
reveals no visible glow discharge in the vicinity of 
emitting spots. On the other hand, glow discharges 
require dimensions of many times the mean free path 
of the gas molecules, which in air at atmospheric 
pressure is about 104 cm, i.e., just slightly below the 
limit of resolution of a good microscope (2 to 3 x 10 -~ 
cm). Hence, an intense glow discharge in submicro- 
scopically small dimensions is most unlikely. 

5. The t ime-average of the light emittted by a 
phosphor excited by contact electroluminescence is 
fairly stable. Its dependence on the exciting voltage 
can well be described by the same equations which 
hold in the case of intrinsic electroluminescence, e.g., 
by L = Lo exp [--(Vo/V)~/~], where Lo and Vo are 
constants. An example of a green ZnS:Cu,C1 phos- 
phor (originally nonelectroluminescent) in contact 
with Cu.~S (arrangement  of Fig. 1B) is shown in Fig. 
3. The emission created by a glow discharge in air 
(arrangement  of Fig. 1A) ordinarily is much less 
stable and tends to strong fluctuations in intensity. 
The time average of its emission does not approach 
straight lines in Fig. 3 and, hence, cannot be de- 
scribed by the above equation. 

Fig. 3. Brightness-voltage dependences of a glow discharge 
(aluminum powder in air, arrangement of Fig. 1A) and of contact 
electroluminescence (green ZnS:Cu,CI phosphor in contact with 
Cu~S, arrangement of Fig. 1B. 

was observed. Finally, the characteristic line spec- 
trum of a glow discharge should be easily detectable 
in the spectrum of contact electroluminescence if it 
were present. The examples of Fig. 2 of this discus- 
sion (using the experimental arrangement  of Fig. 1) 
show that this is not the case and that the emission of 
contact electroluminescence under  proper conditions 
consists only of the spectrum emitted by the phos- 
phor. 

Fig. 4. Light waves of a glow discharge in air (A--arrangement of 
Fig. 1A, aluminum powder) and of contact electrofaminescence 
(B---arrangement of Fig. 1B, blue-green ZnS:Cu,CI phosphor in 
contact with CusS), both excited by a sinusoidal voltage of 100 cps. 
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6. The  b r igh tnes s  waves  of contac t  e l e c t ro lumi ne s -  
cence exci ted by  a s inusoida l  vol tage  r e semble  those 
observed  in  " in t r ins ic"  e l ec t ro luminescence  an d  f re -  
q u e n t l y  show, as do the  la t ter ,  a m a i n  and  a sec- 
o n d a r y  peak  for each hal f  cycle of the  exc i t ing  vo l t -  
age. A n  e x a m p l e  is shown  in  Fig. 4B. The  b r igh tness  
waves  of a glow discharge  in  air  are  qu i t e  d i f ferent  
(Fig. 4A) and  neve r  show secondary  peaks.  

These effects p rove  tha t  contact  e l ec t ro lumines -  
cence can v e r y  eas i ly  be d i s t ingu ished  f rom photo-  
l uminescence  exci ted by  local  g low discharges  and  
tha t  i ts  m e c h a n i s m  in  al l  l ike l ihood is iden t ica l  to 
tha t  of i n t r in s i c  e lec t ro luminescence .  I n  all  cases, a 
w e l l - c o n d u c t i n g  second phase  mus t  be p re sen t  and  in  
i n t i m a t e  contact  wi th  the phosphor .  This m a y  be 
me ta l  part icles ,  etc., in  case of contac t  e l ec t ro lumi -  
nescence,  or  t h i n  coats of copper  sulfide or me ta l l i c  
copper  on the surfaces,  6 or inc lus ions  of Cu~S ins ide  of 
the  phosphor  p a r t i c l e s / I n c l u s i o n s  of Cu~S segregate  
p r e d o m i n a n t l y  in  la t t ice  faul ts ,  e.g., i n  s tacking  
faults ,  r a t h e r  t h a n  in  the  o therwise  u n d i s t u r b e d  ZnS  
lattice.  A cor re la t ion  b e t w e e n  the  occur rence  of e lec-  
t ro luminescence  and  of s tacking  fau l t s  thus  can 
read i ly  be unders tood ,  

B. Morosin  ~ and  F. A. Haak~: Our  Technica l  Note 
gave e x p e r i m e n t a l  ev idence  of the  gene ra t ion  of 
u l t r av io le t  l ight  in  these  so-cal led  contact  EL cells. 
To state t ha t  cells in  which  this  u.v. l igh t  is observed 
are  opera t ing  u n d e r  " imprope r  opera t ing  condi t ions"  
is just i f ied on ly  if one defines w h a t  the  "proper"  con-  
di t ions  are. The occasional  a p p a r e n t  absence of u.v. 
emiss ion  f rom cer ta in  cells m a y  wel l  be due to the  
h igh efficiency of absorp t ion  of shor t  w a v e - l e n g t h  
r ad ia t ion  by  the  phosphor  and  by  the  e x p e r i m e n t a l  
cell, and  is d e t e r m i n e d  by  the  th ickness  and  pack ing  
dens i ty  of the  cell. Also: the  p resence  of on ly  a smal l  
a m o u n t  of u.v. wi th  respect  to v is ib le  l ight  in  the  ou t -  
pu t  of such cells does not  m e a n  tha t  on ly  a smal l  
a m o u n t  of u.v. is i n t e r n a l l y  produced.  P r o b a b l y  it 
should  be po in ted  out  tha t  we observed  the u.v. ba nds  
on ly  on photographs  of severa l  hours '  exposure .  Let  
us keep in  m i n d  the  w e l l - k n o w n  w a v e - l e n g t h  de-  
pendence  of i n t e n s i t y  as far  as our  eye is concerned  
in  the  e v a l u a t i o n  of commen t s  b y  L e h m a n n  r e g a r d -  
ing the  add i t ion  of colors. 

Conclus ion:  We have  shown tha t  u.v. l ight  is gen -  
e ra ted  in  contact  EL cells which,  to the  best  of our  
knowledge ,  are  opera t ing  proper ly .  We obvious ly  
w e r e  a w a r e  of He rwe l ly ' s  pape r  (our  r e fe rence  3) 
and  Des t r i au ' s  response  to it ( L e h m a n n ' s  Foo tno te  
4 ) ;  however ,  i n  o u r  no te  we  did  no t  ques t ion  the  
exis tence  of " in t r ins i c"  e lec t ro luminescence .  The  
only  p e r t i n e n t  cr i t ic ism of our  pape r  would  be to 
show u n a m b i g u o u s l y  tha t  in  ce r t a in  cases no u.v.  
r ad ia t ion  is gene ra t ed  i n t e r n a l l y  (which  is no t  the  
same as emi t t ed  f rom the  cel l) .  In t e re s t ed  scientific 
inves t iga tors  m a y  eas i ly  quench  the i r  in te l l ec tua l  
curiosi t ies  by  p e r f o r m i n g  a few s imple  expe r i me n t s  
which  wi l l  e luc ida te  for t hem the  so-cal led p h e n o m -  
enon  of "contac t"  e lec t ro luminescence .  

8 p. Zalm, G. Diemer, and H. A. Klasens. Philips Research l~epte., 
9, 81 (1954). 

7 W. Lehmann, This Journal, 107, 657 (1960). 
s Kassel-Harleshausen, Niederfeldstr. 38 E/O, Western Germany. 
9 K. Heldmaier, "Leitf~ihigkeitsmessungen und Verlustfaktormes- 

sungen an Isolier61, abh~ingig yon Spannung, Temperatur und rela- 
tiver Feuehtigkeit," Diploma paper, Institute for High Tension Tech- 
niques, Technical University Friderieiana, Karlsruhe (1959/1960). 

The Conductivity of Undehydrated Insulating Liquids 

R. Guizonnier (pp. 519-522, Vol. 108, No. 6) 

E .  B a u m a n n ~ :  Professor  Gu izonn ie r  has shown tha t  
the  conduc t iv i ty  of i n su l a t i ng  l iquids  a nd  waxes  m u s t  
be due to the  moi s tu re  con ten t  in  these mater ia l s .  We 
m e a s u r e d  .... the  conduc t iv i ty  of paraff in oil w i th  a 
mois tu re  con ten t  of less t h a n  50%. Thus  we  found  
the  ac t iva t ion  energies  and  the g r a m  molecules  p ro -  
duced per  u n i t  of v o l u m e  and  t ime of dissociated 
l ight  and  he a vy  water ,  respect ively.  The t r a n s f o r m e r  
i n s u l a t i n g  oil e x a m i n e d  con ta ined  13.3% a romat ic  
bond  parts,  22.3% naph then ic ,  and  64.4% paraffinic 
bond  parts.  I ts  m e a n  molecu la r  we igh t  was 267. At  
20~ the  oil w a t e r - s a t u r a t i o n  con ten t  was  50 p p m  11 
H~O. The  resu l t s  descr ibed in  this  paper  were  ob-  
t a ined  at  a w a t e r  con ten t  of 12 ppm.  Consequen t ly ,  
at 20~ our  oil had  a r e l a t ive  h u m i d i t y  of 24%. The 
re la t ive  h u m i d i t y  decreases at s teady wa te r  con ten t  
wi th  inc reas ing  t empera tu re .  So the  m e a s u r e m e n t s  
were  car r ied  out  far  f rom the  s a tu r a t i on  po in t  of 
w a t e r  so lubi l i ty  and  there  could be no d i s t u rb ing  
m i n i m u m  of the  conduc t iv i ty  (see Fig. 5 of the  dis-  
cussed pa pe r ) .  

Measuring se t . - -F i r s t ,  the e x a m i n e d  oil was  moi s t -  
ened  wi th  dis t i l led l ight  w a t e r  (H~O) and  t h e n  wi th  
he a vy  w a t e r  (DsO) hav ing  a p u r i t y  of 96.7 mole  %. 
We m e a s u r e d  the  conduc t ion  c u r r e n t  in  th ree  oil s a m -  
ples of l ight  a nd  he a vy  water ,  respect ively ,  at t e m -  
pe ra tu re s  f rom 20 ~ to 70~ wi th  the  appl ied  vol tage  
inc reas ing  and  decreasing.  Out  of these six m e a s u r -  
ing points ,  the  average  was calculated.  The vol tage  
of the  power  supp ly  was  h igh ly  s table  h a v i n g  an  
a l t e r n a t i n g  c u r r e n t  r ipp le  of less t h a n  0.01%. 

Be t w e e n  150v and  800v, the  vol tage  could be ad-  
ju s t ed  to a ce r ta in  va lue  wi th  an  accuracy  of --+0.25 %. 
The average  field s t r eng th  d u r i n g  m e a s u r e m e n t s  
could be va r i ed  f rom 400 v / c m  to 2300. v / c m  at  a 
gap d is tance  of 0.376 cm -----0.5% b e t w e e n  the  cy l in -  
dr ical  m e a s u r i n g  electrodes.  We m e a s u r e d  the  cu r -  
r en t  wi th  the  sens ib i l i ty  of 10-~A and  an  accuracy  of 
abou t  -+3% in  a m e a s u r i n g  r a nge  up to 7.10-11A. The 
tes t ing  cell had  sh ie ld ing  electrodes and  was a i r -  
t ight.  

Measuring procedure . - -As  soon as the  t e m p e r a t u r e  
ba lance  was reached  a 50-cycle  a -c  vol tage  was  ap-  
pl ied up  to 9 kv  and  the  loss factors  were  measured .  
Then  we appl ied  a con t inuous  vol tage  of 400v for 6 
min.  The  des i red test  d-c  vol tage  was fixed and  we 
wai ted  1.5 to 2 ra in  un t i l  we read  the cu r ren t ,  such 
tha t  it had  been  s table  for 30 sec. T h e n  we m e a s u r e d  
the c u r r e n t  as a func t ion  of the  vol tage  at  different  
t e m p e r a t u r e s  be t w e e n  20 ~ and  70~ In  all  the  cases, 
the  c u r r e n t  dens i ty  first increased  l i n e a r l y  wi th  the  
appl ied  field s t r eng th  reach ing  a s a tu ra t ion  po in t  
n e a r  a field s t r eng th  Es (see Fig. 1 of this  d iscuss ion) .  

Evaluation of the resu l t s . - -As  we can see f rom Fig. 
1, there  are two componen t s  of the  c u r r e n t  dens i ty  
j~ a nd  j.  wh ich  are  p ropor t iona l  to the  tes t  field 
s t rength .  In  the  case of jl, this is on ly  t rue  "for E < Es. 
If the  field s t r eng th  is h igher  (E > E~) jl t u r n s  into 

lo My thanks are due to Professor H. Lau, director of the Institute 
of High Tension Techniques, Technical University of Karlsruhe; un- 
der his guidance,  the tests  (Footnote 9) could be completed success- 
fully 

11 ppm = parts per  million and means a weight ratio. 
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the sa tura t ion  current  densi ty  j2 which does not  de-  
pend on the electr ic field. 

Here  we are  going to t rea t  exclus ively  the t em-  
pe ra tu re  dependence of this f i e ld- independent  sa tu-  
ra t ion cur ren t  dens i ty  j2 : j,. In  our paraffin oil, we 
measured  the sa tura t ion  cur ren t  and  the so-cal led  
sa tura t ion  field s t rength  E, at a humid i ty  content  of 
12 ppm heavy  and 12 ppm l ight  water ,  respect ively.  
While  the values  for E, are ve ry  nea r ly  independent  
f rom the tempera ture ,  the sa tura t ion  cur ren t  densi ty  
j,  increases exponent ia l ly  wi th  the  negat ive  rec ipro-  
cal va lue  of the absolute  t empe ra tu r e  (in degrees 
Ke lv in ) .  Fig. 2 of this  discussion shows how the 
sa tura t ion  currents  depend on the reciprocal  value  of 
the absolute  t empe ra tu r e  at  a humid i ty  content  of 
12 ppm H20 and 12 ppm D~O, respect ively.  

F rom the  rise of the line 

In j,/)o : w / k .  T (see Fig. 2) 

we can calculate  an act ivat ion energy w (k ~- Boltz-  
mann constant,  T : absolute  t empera tu re  in degrees  
Ke lv in ) .  Above the sa tura t ion  field s t rength  E,, we 
found tha t  the viscosity var ia t ion  of the oil wi th  t em-  
pe ra tu re  did not influence the motion of the charge 
carr iers .  

Therefore,  w represents  an act ivat ion energy  re -  
quired to produce dis integrat ion.  The sa tura t ion  field 
s t rength  E, is the  same at  al l  t empera tu re s  be tween  
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20 ~ and 70~ For  l ight  wa te r  (H20), E, is 0.8 kv /cm,  
and, for  heavy  wa te r  (D~O), E, is 1.1 kv /cm.  

F rom the field independent  components  of the sa tu-  
ra t ion cur ren t  which were  measured  at  field s t rength  
E > E,, we calcula ted the energies requ i red  to p ro -  
duce dis in tegra t ion for the essent ia l ly  cur ren t  con- 
t r ibu t ing  components  of l ight  and heavy  wa te r  in the  
insula t ing  oil. 

F rom Fig. 2 (12 ppm H~O in oil) follows: 

WH~o = 0.4 eV • 3% 

and for 12 ppm D..O in the paraffin oil: 

w,~o = 0.27 eV ----- 9% 

The act ivat ion energy w is approx ima te ly  1.4 t imes 
grea te r  in oil wi th  l ight  wa te r  than  in oil wi th  heavy  
water .  Thereby  it is p roved  t rue  tha t  the protons and 
deuterons,  respect ively,  influence the  conduct iv i ty  in 
mois tened oil  decisively.  Our fo rmer  opinions about  
the  wa te r  influence on the dielectr ic  qual i t ies  of in-  
sulat ing oils ~' ~ are herewi th  wel l  confirmed. 

Conclusion.--By means of many  measurements ,  
Professor  Guizonnier  has shown that  the  conduc-  
t iv i ty  in insula t ing oils and waxes  must  be due to 
thei r  wa te r  content.  We measured  and examined  the 
sa tura t ion  cur ren t  of paraffin oil which was moistened 
with  l ight  and heavy  water ,  respect ively.  We found 
tha t  the  act ivat ion energy is 1.4 t imes grea ter  in l ight  
w a t e r  than in heavy  water .  This pronounced isotope 
effect means tha t  protons and deuterons,  respect ively,  
influence the conduct iv i ty  in paraffin oil decisively.  

F rom the character is t ic  of the sa tura t ion  current  
dependent  on the absolute t e m p e r a t u r e  [ in degrees 
Ke lv in  (see Fig. 2) ], we see tha t  the t he rma l  motion 
of the par t ic les  causes conduct iv i ty  when the field 
s t rength  is smal ler  than  3 kv /cm.  According to 
Eigen and De Maeyer ,  1' it  is possible to calcula te  a dis-  
sociation veloci ty  f rom the field independent  sa tu-  
ra t ion  current ,  at  a given wa te r  concentrat ion.  The 
dissociation veloci ty  is shown in the r ight  scale of 
Fig. 2. At  the  same wa te r  concentrat ion,  more dis-  
sociation processes take  place  pe r  uni t  of t ime and 
volume wi th  heavy  wa te r  in the oil than  wi th  l ight  
wa te r  in it. 

In this  t he rma l  process, the  format ion of free ions 
may  take  place in severa l  phases successively. The 
phase  which de termines  the speed of the whole proc-  
ess needs most ac t ivat ion energy,  and i t  is this  energy 
which we measured.  F rom the ve ry  clear  isotope 
effect, we see tha t  it can only be  a proton transi t ion.  

The absolute  values of the act ivat ion energies 
alone are not  sufficient to design the  correct  model  of 
the react ion as to where  the proton t rans i t ion  takes  
place. I t  is necessary  to examine  also fu r the r  test  r e -  
sults concerning the dependence of the  cur ren t  on 
the  wa te r  concentrat ion and on the field strength.  
Supp lemen ta ry  measurements ,  also in other  oil sam-  
ples, must  be made  in order  to invest igate  more ex -  

~ E .  Baumann ,  "Measurements  of the Breakdown  in Insulat ing 
Otis," Pap e r  No. 12, Symposium on Liquid Dielectrics of The  Elec- 
t rochemical  Society, May 5, 1959, Philadelphia,  Pa.  

E. Batunann,  "Messung der  Durchschlagsspannung in Isolier- 
~len," Bull. schweiz,  e lektrotech.  Vet., 51, No. 6, 254 (1960). 

1~ M. Eigen and L. De Maeyer ,  "Ein  stationiires Fe ldver fahren  zur 
Unte r suchung  yon Dissoziationsprozessen in Flfissigkeiten und  Fest-  
k6rpern , "  Z. Elektrochern.,  repor ts  of the Bunsen Society for  Physi-  
cal Chemistry,  60, H. 9/10, 1037 (1956), 
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ac t ly  t h e  p r o t o n  t r a n s i t i o n  w e  f o u n d  in m o i s t e n e d  
paraff in  oil. 

R. Guizonnier: In  cond i t ions  s l i g h t l y  d i f f e ren t  f r o m  
ours ,  Dr.  B a u m a n n  f o u n d  the  r e l a t i o n  b e t w e e n  c u r -  
r e n t  and  t e m p e r a t u r e  t h a t  we  a l r e a d y  men t ione d .  

Whi le ,  t h o u g h  a p p r o x i m a t e l y ,  w e  sought  the  in i -  
t i a l  c u r r e n t  io a f t e r  the  a p p l i c a t i o n  of the  tens ion ,  Dr.  
B a u m a n n  appl ies ,  f irst  of all,  an a l t e r n a t i n g  c u r r e n t  
of 50 Her tz ,  t hen  400v d u r i n g  6 min,  and,  a t  last ,  ~he 
con t inuous  t ens ion  V in e x p e r i m e n t  d u r i n g  1.5 to 2 
min,  t h e  c u r r e n t  be ing  r e a d  as  soon as i t  seems  to be  
s t ab le  for  30 sec. 

I n s t e a d  of cons ide r ing  the  v a l u e  thus  m e a s u r e d ,  he  
d r a w s  the  cu rb  i ---- f ( V )  a n d  the  size he  t h i n k s  of is 
w h a t  w e  m u s t  cal l  t h e  c u r r e n t  of s a t u r a t i o n  is. W h e n  
the  l i qu id  is d r y  e n o u g h - - a n d  t h a t  is t he  c a s e - - t h e  
d i f fe rence  b e t w e e n  io, t ha t  we  m e a s u r e d ,  and  is, con-  
s ide red  b y  Dr.  B a u m a n n ,  is not  v e r y  i m p o r t a n t .  

U n d e r  such condi t ions ,  the  v a l u e  W---- 0.4 ev  t h a t  
we  found,  is r e a c h e d  w h e n  the  field is s u p e r i o r  to E~. 
W e  m a d e  e v i d e n t  r e c e n t l y  TM tha t ,  w h e n  the  a p p l i e d  
field is v e r y  low ( some  v o l t s / c m ) ,  t he  e x p o n e n t i a l  
f o rm  of the  r e l a t i o n  b e t w e e n  i~ and  T is p r e s e r v e d ,  
bu t  t hen  W ---- 0.27 ev.  

I t  is i n t e r e s t i n g  to  see t h a t  th i s  v a l u e  is f o u n d  b y  
Dr. B a u m a n n ,  w h e n  h e a v y  w a t e r  is a d d e d  to oil. As  
w e  p o i n t e d  out,  t h a t  is t he  v a l u e  o b t a i n e d  w h e n  us ing  
de ion ized  w a t e r  w i t h  low fields, or  on ly  d i s t i l l ed  
w a t e r .  

Desensitization of Zirconium Powder, Especially 
Zirconium Powder Used in Primers 

Peter Karlowicz, George Norwitz, and Joseph Cohen (pp. 659-663, 
Vol. 108, No. 7) 

D. R. Zaremski~O: This  ar t ic le ,  w h i c h  a p p e a r s  in the  
J u l y  1961 JOURNAL, has  been  r e v i e w e d  w i t h  g r e a t  
i n t e r e s t  in v i e w  of i ts  close r e l a t i o n s h i p  to w o r k  
p e r f o r m e d  b y  our  l a b o r a t o r y  in  t h e  y e a r  1956. S p e -  
cif ical ly,  t he  ob j ec t i ve s  of our  e x p e r i m e n t a l  w o r k  at  
t h a t  t i m e  w e r e  to i n v e s t i g a t e  the  p y r o p h o r i c  p r o p -  
e r t i e s  of p o t e n t i a l l y  h a z a r d o u s  sc rap  ma te r i a l s ,  such 
as t i t a n i u m  and  z i r c o n i u m  g r ind ings ,  and  to d e t e r -  
m i n e  w a y s  and  m e a n s  for  our  p r o d u c t i o n  p l a n t s  to 
d i spose  of these  m a t e r i a l s  safe ly .  As  an a p p r o a c h  $o 
the  l a t t e r  ob jec t ive ,  t r e a t m e n t  in ac id  so lu t ions  was  
one of the  m e t h o d s  e v a l u a t e d  w i t h  t he  t h o u g h t  in  
m i n d  tha t ,  if  p r o v e n  successful ,  i t  w o u l d  r e a d i l y  l e n d  
i t se l f  to mi l l  ope r a t i ons  w h e r e  spen t  n i t r i c - h y d r o -  
f luoric p i ck l e  l iquors ,  a v a i l a b l e  in l a r g e  q u a n t i t y ,  
could  be used  as the  t r e a t i n g  m e d i u m .  

Brief ly ,  t h e  r e su l t s  of ou r  w o r k  i n d i c a t e d  t h a t  d i s -  
pos i t ion  t h r o u g h  ac id  t r e a t i n g  was  h i g h l y  s a t i s f a c t o r y  
a l t h o u g h  the  t y p e  of ac id  m e d i u m  used  a p p e a r e d  to 
be  an  i m p o r t a n t  fac tor .  G r e a t e s t  success  was  m e t  in 
u s ing  so lu t ions  con t a in ing  1/2 % to 1% hydro f luo r i c  
acid. Good  r e su l t s  also w e r e  o b t a i n e d  in  n i t r i c - h y -  
drof luor ic  ac id  so lu t ions  and  aqua  r eg i a  (3 HCh  1 
HNO~). S u l f u r i c  ac id  solut ions ,  on the  o the r  hand ,  
w e r e  not  too effect ive.  

16 R. G u i z o n n i e r ,  Cornptes rendu~ Acadd~nic des Sciences, J u l y  24, 
1961. 

le Resea rch  & D e v e l o p m e n t  Labs. ,  A l l e g h e n y  L u d l u m  Stee l  Corp., 
B r a c k e n r i d g e ,  Pa.  

Our  m e t h o d s  for  e v a l u a t i n g  t h e  effects of a g iven  
ac id  t r e a t m e n t  w e r e  no t  too i n v o l v e d  and  cons i s ted  
s i m p l y  of d i s p e r s i n g  t r e a t e d  a n d  u n t r e a t e d  g r i n d i n g s  
ove r  a open f lame and  o b s e r v i n g  the  r e l a t i v e  t e n -  
denc ies  for  t he  m a t e r i a l s  to igni te .  In  fo l lowing  th i s  
p roc e du re ,  u n t r e a t e d  z i r c o n i u m  sa mp le s  and  those  
t r e a t e d  in su l fu r i c  ac id  so lu t ions  w e r e  f o u n d  to emi t  
a r a d i a n t  w h i t e  spa rk .  In  cont ras t ,  s a m p l e s  t r e a t e d  
in aqua  r e g i a  and  in so lu t ions  con ta in ing  h y d r o -  
f luoric ac id  w e r e  f o u n d  iner t ,  e x h i b i t i n g  no ign i t ion  
t endenc ies .  S p e n t  p i c k l e  l iquors ,  as d i s c ove red  in  
subse que n t  s tudies ,  also p r o d u c e d  the  de s i r e d  effect  
p r o v i d e d  the  so lu t ions  con ta ined  a t  l eas t  u % h y d r o -  
f luoric acid. 

In  conc lud ing  this  d iscuss ion,  w e  w o u l d  l i ke  to 
e m p h a s i z e  t he  fac t  t ha t  the  t r e a t m e n t s  d e s c r i b e d  
above  and  used  b y  A l l e g h e n y  L u d l u m  w e r e  for  t he  
sole p u r p o s e  of desens i t i z ing  m a t e r i a l  w h i c h  was  to 
be d i sposed  of. In  no i n s t ance  w e r e  ou r  i n t en t i ons  
r e l a t e d  to r e c l a i m i n g  m a t e r i a l  or  p r e p a r i n g  i t  for  a n -  
o t h e r  app l i ca t ion .  

Anodic Polarization of Stainless Steel in Chloride 
Solutions 

G. M. Schmid and Norman Hackerman (pp. 741-744, Vol. 108, 
No. 8) 

U. R. Evansl~: T h e  a u t h o r s  k i n d l y  quo te  a v e r y  
e a r l y  p a p e r  b y  myse l f .  This,  h o w e v e r ,  c o n c e r n e d  u n -  
a l l oye d  i ron,  not  s t a in less  steel .  Some  l a t e r  p a p e r s  
f r o m  m y  l a b o r a t o r y  desc r ibe  w o r k  on s ta in less  s tee l  
and  seem to p r o v i d e  ev idence  of the  ex i s t ence  of a 
film. F o r  ins tance ,  a d e t a i l e d  s t u d y  c a r r i e d  out  b y  
B e r w i c k  18 a i m e d  e x p r e s s l y  at  d e c i d i n g  w h e t h e r  t h e  
r e s i s t ance  of s ta in less  s tee l  to d i l u t e  su l fu r i c  ac id  
shou ld  be  r e l a t e d  to a d s o r b e d  o x y g e n  or  to an ox ide  
film; B e r w i c k ' s  m e a s u r e m e n t s  w e r e  c a p a b l e  of be ing  
e x p l a i n e d  on the  a s s u m p t i o n  of a f i lm t h i c k e n i n g  b y  
the  l o g a r i t h m i c  l aw,  b u t  a p p e a r e d  i n c a p a b l e  of e x -  
p l a n a t i o n  by  a s s u m i n g  a d s o r b e d  oxygen .  S t i l l  l a t e r ,  
S te rn ,  TM us ing  a d i f fe ren t  me thod ,  r e a c h e d  t h e  con-  
c lus ion  t ha t  t h e r e  was  a f i lm g r o w i n g  b y  the  l o g a r i t h -  
mic  l aw;  as he  a p p e a r s  to h a v e  b e e n  u n a w a r e  of B e r -  
w ick ' s  work ,  th is  p r o b a b l y  can  be  r e g a r d e d  as e n -  
t i r e l y  i n d e p e n d e n t  ev idence .  

I t  is t h o u g h t  t ha t  a s a t i s f a c t o r y  t h e o r y  shou ld  e x -  
p l a i n  no t  on ly  t he  n e w  e x p e r i m e n t a l  d a t a  p u t  f o r -  
w a r d  in the  p a p e r  p r o p o u n d i n g  the  t heo ry ,  b u t  also 
t he  m e a s u r e m e n t s  of o t h e r s - - p r o v i d i n g  t h a t  t hose  
m e a s u r e m e n t s  a r e  r e g a r d e d  as  e x p e r i m e n t a l l y  ac -  
cura te .  I t  w o u l d  be  i n t e r e s t i n g  to k n o w  h o w  the  a u -  
thor s  of the  p a p e r  u n d e r  d i scuss ion  a r e  i nc l i ned  to 
i n t e r p r e t  the  r e su l t s  of S t e r n  and  of B e r w i c k .  

G. M. Schmid and Norman Hackerman: W e  t h a n k  
Dr. E v a n s  for  his  r e m a r k s  and  the  i n t e r e s t  he  has  
shown  in th is  w o r k .  

W e  a g r e e  t ha t  t he  w o r k  c i ted  b y  Dr. E v a n s  p r o -  
v ides  e x p e r i m e n t a l  ev idence  for  t he  g r o w t h  of a n  
ox ide  f i lm acco rd ing  to a l o g a r i t h m i c  law.  W e  also 
a g r e e  t h a t  p a s s i v i t y  of i ron  and  s ta in less  s tee l  is no t  
caused  b y  p h y s i c a l l y  a d s o r b e d  oxygen .  

1~ C a m b r i d g e  U n i v e r s i t y ,  G r a n g e  Rd.,  C a m b r i d g e ,  E n g l a n d .  
is I. D. G. B e r w i c k  a n d  U. 1~. Evans ,  J. AppL Chem.., 2, 576 (1952). 
lo M. S te rn ,  This Journal, 106, 376 (1959). 
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I t  has  to be  p o i n t e d  out,  h o w e v e r ,  t ha t  the  f irst  s tep  
in the  f o r m a t i o n  of, as we l l  as  t he  l as t  s t ep  in t h e  r e -  
duc t ion  of, an  ox ide  f i lm m u s t  i nvo lve  a c h e m i s o r b e d  
l a y e r  of o x y g e n  or  some o x y g e n - c o n t a i n i n g  species.  
Our  con ten t ion  is t h a t  th is  l a y e r  of c h e m i s o r b e d  o x -  
y g e n  causes  t he  r a p i d  e l e c t r o c h e m i c a l  changes  a s -  
soc ia ted  w i t h  pas s iv i ty ,  p e r m a n e n t  p a s s i v i t y  b e i n g  
effected b y  s u b s e q u e n t  g r o w t h  of an  ox ide  film, t h e  
s t r u c t u r e  of w h i c h  d e p e n d s  on the  n a t u r e  of t h e  
e a r l i e r  s tep2  ~ In  th is  l a b o r a t o r y ,  s t r i p p i n g  e x p e r i -  
m e n t s  on i ron  h a v e  s h o w n  t h a t  cove rages  of m u c h  
less  t han  one  m o n o l a y e r  a r e  suff icient  to cause  t h e  
m e t a l  to show p a s s i v e  cha rac te r i s t i c s .  = Bo th  the  w o r k  
of B e r w i c k  and  E v a n s  a n d  t h a t  of S t e r n  is e n t i r e l y  
c o m p a t i b l e  w i t h  th is  p o i n t  of v iew.  

Porosity Measurements on Gold Plated Copper 

M. S. Frant (pp. 774-778, Vol. 108, No. 8) 

Win.  H. F i scher= :  The  use of t he  a m m o n i a - a m m o -  
n i u m  p e r s u l f a t e  so lu t ion  as a tes t  for  p o r o s i t y  in  go ld  
p l a t e s  on copper  is qu i t e  i n t e re s t ing .  A b o u t  five y e a r s  
ago, a s o m e w h a t  s im i l a r  m e t h o d  was  e m p l o y e d  to 
e v a l u a t e  t he  p o r o s i t y  of I n c o n e l - c l a d  copper .  

The  tes t  so lu t ion  cons i s ted  of 400g of a m m o n i u m  
p e r s u l f a t e  p e r  l i t e r  of d i s t i l l ed  w a t e r  p lu s  2 l i t e r s  of 
c o n c e n t r a t e d  a m m o n i u m  h y d r o x i d e ,  t hus  b e i n g  
s o m e w h a t  s t r o n g e r  t h a n  t h a t  u sed  b y  F r a n t .  

The  tes t  was  p e r f o r m e d  b y  i m m e r s i n g  a cons t an t  
su r f ace  a r e a  of t h e  I n c o n e l - c l a d  coppe r  in  a f ixed  vo l -  
u m e  of t es t  so lu t ion  in  a tes t  t u b e  a t  r o o m  t e m p e r a -  
t u r e  w i t h o u t  ag i t a t ion .  A t  1/4, 1/2, 1 hr,  and  each  suc -  
ceed ing  hour ,  up  to 8 hours ,  a c u v e t t e f u l  of so lu t ion  
was  r e m o v e d  and  i ts  c o p p e r  con t en t  d e t e r m i n e d  w i th  
a F i s h e r  E l e c t r o p h o t o m e t e r  us ing  a 650A r e d  fi l ter ,  
a ga in s t  a d i s t i l l ed  w a t e r  b l ank .  C o m p a r i s o n  tes t s  e m -  
p l oy ing  a B e c k m a n  D K - 2  Ra t io  R e c o r d i n g  S p e c t r o -  
p h o t o m e t e r  w e r e  in  good a g r e e m e n t  w i t h  t h e  f i l te r  
p h o t o m e t e r  tes ts .  The  so lu t ion  was  r e t u r n e d  to  t he  
t es t  t u b e  a f t e r  each  r ead ing .  The  d a t a  w e r e  p l o t t e d  as 
p p m  coppe r  vs. t i m e  as shown  in Fig .  1 of th i s  d i s -  
cuss ion w h i c h  p o r t r a y s  t he  fou r  m a i n  t y p e s  of cu rves  
ob ta ined .  

T y p e  1 cu rves  a r e  o b t a i n e d  f rom s a m p l e s  h a v i n g  
l a rge  holes  in t h e  c ladd ing .  The  b lue  color  a p p e a r s  

~o N o r m a n  I-Iackerman,  Z. Elektrochent. ,  62, 632 (1958) ; K.  Schwabe ,  
E~ectrochim. Acta,  ~, 186 (1960). 

m W. H. W a d e  a n d  N o r m a n  Hacke r r aan ,  Trans. Faraday Soc., 53, 
420 (1957). 

~ G e n e r a l  E n g i n e e r i n g  Lab. ,  G e n e r a l  E lec t r i c  Co., Sc henec t ady ,  
N . Y .  
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a lmos t  i m m e d i a t e l y  upon  i m m e r s i o n  of t he  s a m p l e  
and  r a p i d l y  inc reases  in dens i ty .  The  tes t  so lu t ion  
m a y  ge t  hot  and  evo lve  gas so v i g o r o u s l y  as 'to a p -  
p e a r  to be  boi l ing .  

T y p e  2 cu rves  a r e  o b t a i n e d  f rom s a m p l e s  h a v i n g  
one or  bo th  of two  t y p e s  of de fec t s  in t he  c l add ing :  
1 - - c o p p e r  on the  su r face  or  2 - - s m a l l  ho les  or  t h in  
spots  in the  c l add ing .  The  tes t  so lu t ion  m a y  e n l a r g e  
the  s m a l l  holes  or  p e r f o r a t e  t he  th in  spots.  Hole  e n -  
l a r g e m e n t  m a y  be  due  to gas  evo lu t ion  r a t h e r  t h a n  to 
d i r ec t  a t t a c k  on  the  Inconel ,  a l t h o u g h  the  t e s t  so lu-  
t ion does  a t t a c k  Incone l  s lowly .  I n d e p e n d e n t  e x p e r i -  
m e n t s  have  shown  t h a t  e t ch ing  a c c o m p a n i e d  by  p r e -  
f e r e n t i a l  r e m o v a l  of n i cke l  f rom t h e  a l loy  occurs.  
H o w e v e r ,  w h e n  sol id  Incone l  is i m m e r s e d  in t h e  t e s t  
so lu t ion  for  p e r i o d s  up  to 8 hr, a r e a d i n g  e q u i v a l e n t  
to less  t h a n  5 p p m  copper  is ob ta ined .  Emiss ion  
s p e c t r o g r a p h y  of  used  so lu t ion  i n d i c a t e d  no s ignif i -  
can t  a m o u n t s  of a n y  of t he  t h r e e  m a i n  c ons t i t uen t s  of 
Incone l :  n ickel ,  c h r o m i u m ,  or  i ron.  R o u g h  c a l c u l a -  
t ions  showed  t h a t  n i cke l  is a b o u t  60 t imes  less  sens i -  
t i ve  in th is  tes t  t h a n  is copper .  This  m e a n s  t h a t  if  
60 p p m  n i c k e l  w e r e  r e m o v e d  f r o m  the  a l l oy  b y  the  
tes t  so lu t ion ,  i t  w o u l d  be  rea}i as  1 p p m  copper .  

T y p e  3 cu rves  a r e  o b t a i n e d  f r o m  sa mp le s  whose  
Incone l  su r face  is c o n t a m i n a t e d  b y  coppe r  bu t  w h i c h  
has  no holes  or  t h in  spots.  

T y p e  4 cu rves  a r e  g iven  b y  c l a d d e d  spec imens  f r ee  
of a l l  defects .  The  color  d e v e l o p e d  is y e l l o w  in hue,  
no t  b lue .  I t  is due  m a i n l y  to r e a g e n t  d e t e r i o r a t i o n .  

Occas iona l ly ,  an a n o m a l o u s  g reen  color  is d e v e l -  
oped.  This  is no t  due  to n i cke l  or  v e r y  s m a l l  a m o u n t s  
of copper .  I ts  cause  r e m a i n s  u n k n o w n .  H o w e v e r ,  i t  
does  no t  i n t e r f e r e  w i th  i n t e r p r e t a t i o n  of t he  resu l t s .  

This  tes t  was  des igned  as an  incoming  inspec t ion  
m e t h o d  for  c l a d d e d  m a t e r i a l  to w e e d  out  u n s u i t a b l e  
m a t e r i a l .  A n  u n e x p e c t e d  bonus  was  t h a t  t h e  shapes  
of the  cu rves  o b t a i n e d  a l l o w e d  the  iden t i f i ca t ion  of 
t he  causes  of t h e  re jec t ions ,  t hus  a id ing  in  p r e v e n t i n g  
t h e i r  r eoccu r rence .  Thus,  b y  us ing  no t  on ly  t h e  
a m o u n t  of coppe r  r e m o v e d  bu t  also i ts  r a t e  of r e -  
mova l ,  a d d i t i o n a l  u se fu l  i n f o r m a t i o n  was  ga ined .  

M. S. Frant:  F i s c h e r ' s  e x p e r i e n c e  w i t h  t he  use  of 
the  a m m o n i a - a m m o n i u m  p e r s u l f a t e  so lu t ion  as a 
p o r o s i t y  t es t  for  I n c o n e l - c l a d  copper  is mos t  e n l i g h t -  
ening,  p a r t i c u l a r l y  his  c o m m e n t s  on b e i n g  ab l e  to use  
the  tes t  d e s p i t e  a v e r y  s l igh t  a t t a c k  of n i c k e l  b y  t h e  
r eagen t ,  and  his  use  of t he  t es t  to d i s t i n g u i s h  d i f fe r -  
en t  causes  of fa i lu re .  

A b o u t  fou r  y e a r s  ago, w e  used  the  same  r e a g e n t  
as a m e a n s  of q u a n t i t a t i v e l y  m e a s u r i n g  corrosion 
r a t e s  for  n i c k e l - p l a t e d  coppe r  in sa l t  sp ray .  The  bas i c  
concep t  is t ha t  t h e  o b s e r v e d  " p o r o s i t y "  wi l l  m e a s u r e  
the  d i scon t inu i t i e s  p r o d u c e d  in t h e  p l a t i n g  as co r -  
ros ion  proceeds .  The  tes t  is r e g a r d e d  as de s t ruc t i ve ,  
and  the  c o r r o d e d  s a m p l e s  a r e  d i s c a r d e d  a f t e r  t h e  
p o r o s i t y  test .  The  tes t  was  r u n  b y  e x p o s i n g  i d e n t i c a l  
p ieces  f r o m  a s u l f a m a t e  b a t h  ~ ( p r e p a r e d  in a s ingle  
b a r r e l  l o a d - - a v e r a g e  t h i cknes s  15~) to v a r y i n g  

3 l eng ths  of t ime  in sa l t  sp ray ,  and  then  m e a s u r i n g  t h e  
a m o u n t  of coppe r  d i s so lved  b y  the  r e a g e n t  u n d e r  4 

7 8 s t a n d a r d  cond i t ions  ( t he  s ame  as those  de-scribed on 
page  775 of t h e  d i scussed  p a p e r ) .  W h e n  the  log of t h e  

~aR. C. Ba r r e t t ,  Tech. Proc. A m .  ElectropZaters" Soc., 41, 169 
(1954). 

Fig. 1. Typical absorbance vs. time curves obtained in persulfate 
test for copper. 



546 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  June 1962 

,00 II ! 

_ ,oo xl  .lrlj,,, I 

. ^  I I I I I  J I LH.LLLI-~L~. 
6 "~ I I i l l  / ) ,fZ,:l I~LLLi~_ 

,o Iif l l  j I !~:P I l l l l l  "- Illll /;' 

I Zllll t 
4 IIIII . 

':.~ 4 t_~,~t~LM~_ ~ _ '  ,5'_' ;.; 
"i i i 2 " M I I I I  i i i-t-it 
,~ . I I I I I  I I I I I I  

" ~ 1 " , / (  I(11 I I l l i l  

i IIIIII 

. o u R s  OF EXPOSURE 

Fig. I .  Salt spray corrosion rates for sulfamate nickel, porosity 
index vs. time of exposure. Log-lot plot: 4% NaCI solution, solid 
triangles; 5% NaCI solution, solid circles; 20% NaCI solution, solid 
squares. 

amount  of copper dissolved is p lo t ted  against  the log 
of the t ime of salt  sp ray  exposure,  an ini t ia l  per iod 
is observed wi th  a slope of 1.3 to 1.4 (See Fig. 1 
publ i shed  here.)  Af ter  about  150 hr  the  slope be -  
comes almost  exac t ly  propor t iona l  to the  cube of the  
t ime of exposure.  As can be seen f rom the graph,  i t  
is independent  of the salt  sp ray  concentrat ion.  

S imi la r  exper iments  on two sets of n ickel  samples  
f rom the Wat ts  bath  gave the fol lowing slopes: 5% 
NAC1---1.85, 2.10; 20% NaCl--2.45, 1.99. For  Wat t s  
nickel,  the amount  of copper dissolved by the reagent  
is app rox ima te ly  propor t iona l  to the  square of the 
exposure  time. 

A port ion of the sul famate  nickel  samples used 
above were  chrome pla ted  and the test  repeated.  
Three  dist inct  slopes were  observed:  a zero slope 
(a t  0.6 ppm copper)  for the  first 60 hr;  f rom 60 to 150 
hr  the slope was about  0.7; the rea f t e r  the  slope was  
2.0. 

In  our previous  work  in which this same reagen t  
was used to follow the corrosion r a t e  of t i n - p l a t e d  
copper in salt  spray, ~ the amount  of copper dissolved 
was found to va ry  as the square of the t ime of ex-  
posure. Results  f rom the persul fa te  reagent  tech-  
nique agree wi th  the  corrosion ra te  for  t in measured  
b y  fol lowing the corrosion of th in  t in films by  l ight  
t ransmission.  ~ The square ra te  was a t t r ibu ted  to a 
rad ia l  (or 2-dimensional )  growth  of pits;  whi le  i t  
can be visual ized in te rms of a single pit, the average  
of many  pi ts  would  have  the  same ra t e  of change of 
area. 

If  this  l ine of reasoning holds for n ickel  and 
chrome plate,  then a slope of 2 is bel ieved to indicate  
tha t  it  is the  Wat ts  nickel  or chrome which is a t -  
tacked even af ter  basis me ta l  is exposed. The slope of 
3 obtained with  su l famate  nickel  af ter  a var iab le  in i -  
t ia l  slope would  indicate  that ,  once the  corrosion 

M. S. Frant ,  Plating, 45, 157 (1958). 
M. S. Frant ,  Science, 1 ~ ,  288 (1958). 

Fig. 2. Crass sectional view of a pit in sulfamate-plated nickel 
as seen under the microscope. Magnification of original photo- 
graph: 280X. 

process has proceeded to the  exposure  of copper,  the  
copper is p re fe ren t i a l ly  a t tacked.  If a t tack  is v isu-  
alized as the growth  of the  segment  of the sphere  out  
f rom an exposed point  in the nickel  coating, a cubic 
t e rm would be expected.  

Microscopic cross sections of the corroded samples 
have  confirmed this hypothesis.  For  the  Wat ts  nickel  
samples,  no a t tack  of the copper  was observed.  Fig. 2 
publ i shed  here  shows a d rawing  made f rom a micro-  
section of a corroded su l famate  n ickel  specimen 
which was not exposed to the persul fa te  reagent .  

Fischer ' s  results,  l ike ours, indicate  the  range  of 
informat ion  on coating condit ion and behav ior  which 
can be achieved th rough  in te rp re ta t ion  of resul ts  
f rom a genera l ly  neglected technique.  

Some Observations of Copper Deposits on Single 
Crystals of Copper 

Isaac Giron and Fielding Ogburn (pp. 842-846, Vol. 108, No. 9) 

S. C. Barnes~: I was pa r t i cu l a r ly  in teres ted  to note 
tha t  the  work  repor ted  by Giron and Ogburn com- 
p le te ly  confirmed tha t  of the  B i rmingham Univers i ty  
team. That  s imilar  s t ructures  have  been obtained in 
two independent  studies is of pa r t i cu la r  impor tance  
in view of the  known suscept ibi l i ty  of the  acid copper 
sulfate  bath  to t race impuri t ies .  I t  seems fa i r ly  cer-  
ta in  tha t  the  crys ta l lographic  fea tures  formed on 
single crys ta l  electrodes develop by a bunching 
mechans im and, in this  respect,  the  work  of Poli  and 
Bicelli  ~ is also of relevance.  

I t  st i l l  remains  to be decided, however ,  whe the r  the 
pa r t i cu la r  growth  forms evident  on crysta ls  of a p a r -  

se J o s e p h  L u c a s  L t d . ,  G r o u p  R e s e a r c h  C e n t r e ,  Marston Green,  Bir- 
m i n g h a m  33, England.  

~ 'G,  poll  and L. Y. Bicellt, Metallurgia ItaL, 51, 548 (1959). 
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to a [110] direct ion to r idges at  r ight  angles to this 
direct ion (Fig. 1 and 2 of this  discussion).  This 
change is also accompanied by a large  reduct ion in 
cathodic overvoltage.  

I t  would appear ,  therefore,  that  since the habi t  
change can be produced by  ei ther  a reduct ion in c.d., 
or by  the use of an addi t ion agent  which lowers 
polarizat ion,  the s t ruc ture  of the  deposit  is control led 
by  the electrode potent ia l  r a the r  than  by  the appl ied 
c.d. Fu r t he r  work  on the exact  re la t ionships  be tween  
deposit  s t ruc ture  and electrode kinet ics  seems w a r -  
ranted,  and perhaps  the recent ly  developed r e l axa -  
t ion techniques wi l l  be of use in this  connection. 

Fig. 1. Surface structure of copper deposit farmed on a (110) 
copper single crystal cathode after plating for 20 min at 30 mA/cm 2 
from an N.H2 SO~ -f- N. Cu SO~ bath at 35~ Magnification 575X. 
[110] direction parallel to long edge. 

Fig. 2. Deposit obtained under the same conditions in the presence 
of 10 -5 M/I  thioacetamide. Magnification 575X. [100] direction 
parallel to long edge. 

t icular  or ienta t ion are ra te  or potent ia l  dependent .  
Al though the informat ion  in the  paper  by Giron and 
Ogburn  does not shed any l ight  on this topic by  itself, 
it does when considered in conjunct ion with  obser -  
vat ions on the effects of addi t ion agents on the 
growth habi t  of copper  deposits. 

Giron and Ogburn repor t  tha t  at low c.d.'s the de-  
posit  surface on (110) crystals  is composed of r idges  
al igned at r ight  angles to a close packed [110] d i rec-  
tion (i.e., pa ra l l e l  to a [100] di rect ion) .  At  h igher  
c.d.'s, the r idges extend pa ra l l e l  to the  [110] d i rec-  
tion. Prev ious ly  unpubl ished  resul ts  obta ined by  m y -  
self dur ing  an invest igat ion into the effects of thio 
compounds on the s t ruc ture  of copper electrodeposi ts  
indicate tha t  addi t ions of th ioace tamide  (at  a con- 
cent ra t ion  of the order  104 i9I/1) cause the  deposit  
form on (11 O) crysta ls  to change f rom ridges para l l e l  

Cathodic Behavior of Iron Single Crystals and the 
Oxides Fe304, Gamma-Fe203, and Alpha-Fe203 

C. D. Stockbrldge, P. B. Sewell, and M. Cohen 
(pp. 928-933, Vol. 108, No. 10) 

An Electrometric and Electron Diffraction Study 
of Air-Formed Oxide Films on Iron 

P. B. Sewell, C. D. Stockbridge, and M. Cohen 
(pp. 933-941, Vol. 108, No. 10) 

U. R. Evans~: The second paper  ends wi th  the  
words,  "S t r ipp ing  the film for identification, as was 
done by  Davies and Evans, would give an erroneous 
resul t  because exposure  of the under ly ing  thin mag-  
net i te  l ayer  to air  would oxidize it to T-FelOn." 

These words m a y  leave the reader  wi th  the idea 
tha t  all  our work  is held to be invalid.  I t  is, therefore,  
impor tan t  to point  out that,  even if the three  authors  
are  r ight  in condemning resul ts  based on f i lm-s t r ip -  
ping, our main  conclusions remain  unaffected, since 
the quant i ta t ive  da ta  in our two papers  rest  on me th -  
ods independent  of f i lm-str ipping.  In our first paper ,  ~ 
the curves showing logar i thmic  growth  at  low t em-  
pera tures ,  and parabol ic  at high t empera tu res  (in 
general  confirmation of Vernon and his colleagues~~ 
were  obtained by  quite different  techniques.  In our 
second paper ,  ~1 s t r ipped films cer ta in ly  were  s tudied 
in two out of the th ree  sections; the method was not  
fel t  to be ideal, and any a t t empt  to fix exact ly  the  
composit ion of the  film would have  been unjustif ied;  
the  concIusions, however,  only  c la imed to show ap-  
p rox ima te  va lues- -e .g . ,  tha t  cubic oxide contained 
more or less than  80% FelOn. 

Despite the authors '  s ta tement  at the end of thei r  
second paper ,  tha t  the oxidat ion of magnet i te  is so 
rapid  as to r ender  measurements  based on s t r ipped 
films inaccurate,  thei r  own measurements  recorded 
in Tables II  and III  of the first paper  suggest tha t  the 
oxidat ion is quite a slow process. This cer ta in ly  ac-  
cords wi th  our experience.  We genera l ly  have found 
tha t  magnet i te  films, in absence of l iquid water ,  are 
fa i r ly  stable. If it  were  a fact  tha t  magnet i te  was 
oxidized too r ap id ly  for the use of the s t r ipped-f i lm 
techniques,  then any film rap id ly  s tr ipped,  or t r ans -  

C a m b r i d g e  Univers i ty ,  G r a n g e  Rd., Cambr idge ,  England.  
D. E. Davies ,  U. R. Evans ,  and J.  N. Agar ,  Proc. Roy. Soc., 

A ~ 5 ,  443 (1954). 
so W. H. J .  Vernon.  E. A. Calnan, C. J.  B. Clews, and T. J .  Nurse ,  

Proe. Roy.  ~qoe., A~16, 375 (1953). 
m D, E. D a v i e s  a n d  U. R. Evans ,  J. Chem. Soc., 1956, 4373. 
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f e r r e d  to glass ,  shou ld  be  f o u n d  to be  w h o l l y  f e r r i c  
ox ide  on tes t ing.  T h r o u g h o u t  our  work ,  h o w e v e r ,  we  
have  f o u n d  f e r rous  i ron  in t he  s t r i p p e d  or  t r a n s f e r r e d  
fi lm in cases  w h e r e  t h e r e  was  r eason  to t h i n k  t ha t  i t  
had  been  p r e s e n t  in t he  f i lm be fo re  s t r i p p i n g  or  
t r ans fe r .  I n  p a r t i c u l a r ,  w e  w o u l d  r eca l l  an op t ica l  
d i f fe rence  b e t w e e n  d u p l e x  fi lms ( a - f e r r i c  ox ide  ove r  
m a g n e t i t e )  and  s i m p l e x  fi lms ( f e r r i c  ox ide  on ly )  
a f t e r  t r a n s f e r  to g lass ;  t he  s i m p l e x  fi lms showed  the  
same  color  b y  t r a n s m i t t e d  l ight ,  w h e t h e r  t he  glass  or 
the  ox ide  was  n e a r e s t  to t he  eye,  w h e r e a s  t he  d u p l e x  
film showed  two  d i f fe ren t  colors.  If  the  m a g n e t i t e  
l a y e r  ox id i zed  so q u i c k l y  as to i n v a l i d a t e  m e t h o d s  
based  on s t r ipp ing ,  t he  d u p l e x  s p e c i m e n  w o u l d  
s u r e l y  acqu i r e  the  op t i ca l  p r o p e r t i e s  of a s i m p l e x  f i lm 
on s t o r a g e  in a i r ;  th is  was  not  found  to be  the  case. 
No doubt ,  m e t h o d s  b a s e d  on f i l m - s t r i p p i n g  a re  less  
s a t i s f a c t o r y  t h a n  the  m o r e  d i r ec t  s t u d y  of t he  fi lms 
a t t a c h e d  to the  me ta l ,  b u t  t h e y  need  not  be r u l e d  out  
for  a l l  pu rposes .  

The  au tho r s  shou ld  be  c o n g r a t u l a t e d  on much  
ca re fu l  work .  I t  is s a t i s f a c t o r y  t ha t  t he  t h i cknesses  
o b t a i n e d  b y  t h e m  ag ree  f a i r l y  w e l l  w i t h  those  of 
o the r  a u t h o r s  but ,  as t h e y  po in t  out,  such e s t i m a t e s  
"do no t  s e rve  to i d e n t i f y  t he  f i lm." F r e s h  i n f o r m a t i o n  
r e g a r d i n g  compos i t ion  is, t he re fo re ,  p a r t i c u l a r l y  w e l -  
come,  b u t  t h e i r  conc lus ions  a r e  s o m e w h a t  c o n t r a -  
d ic to ry .  On page  940 i t  is s t a t ed  tha t ,  "The  t w o  p h a s e  
n a t u r e  of the  th in  ox ide  f i lm is c l e a r l y  e s t ab l i shed , "  
bu t  l o w e r  d o w n  w e  read ,  " i t  seems  u n l i k e l y  t ha t  two  
d i sc re t e  s t r u c t u r e s  ex i s t . "  W h i c h  r e p r e s e n t s  t he  a u -  
thors '  f inal  op in ion?  

M. Cohen:  I w o u l d  l i ke  to t h a n k  Dr. Evans  for  his  
d iscuss ion.  As  he  po in t s  out,  t h e  t h i cknes se s  of o x i d e  
r e p o r t e d  a g r e e  qu i t e  w e l l  w i t h  those  r e p o r t e d  b y  
h i mse l f  and  o the r s  a t  c o m p a r a b l e  t e m p e r a t u r e s .  The  
m a i n  d i s a g r e e m e n t s  b e t w e e n  Dr.  E v a n s '  p a p e r s  ~-"'~ 
and  those  p u b l i s h e d  f r o m  th is  l a b o r a t o r y  ~-~ conce rn  
the  compos i t i on  of t he  f i lms and  the  s t a b i l i t y  of Fe~O, 
in the  p r e s e n c e  of air .  

A l t h o u g h  Dr. E v a n s  d id  not  obse rve  Fe~O~ a t  a n y  
t e m p e r a t u r e  b e l o w  250~ on S w e d i s h  i ron  and  ob -  
s e rved  Fe~O, a t  h i g h e r  t e m p e r a t u r e s  on ly  a f t e r  some  
t ime  of ox ida t ion ,  w e  o b s e r v e d  Fe,O4 at  a l l  t e m p e r a -  
tu res  and  f rom the  beg inn ing .  Th is  l a ck  of iden t i f i ca -  
t ion of m a g n e t i t e  is r a t h e r  s u r p r i s i n g  in v i e w  of t he  
r e su l t s  o b t a i n e d  b y  a n n e a l i n g  in v a c u u m  b y  bo th  Dr.  
E v a n s  ( F o o t n o t e  32, p. 454) a n d  ou r se lve s  w h i c h  
show t h a t  t he  u n d e r l y i n g  i ron  r educes  Fe~O~ to Fe~O, 
v e r y  r a p i d l y  ( ~ 2  h r )  even  at  200~ This  w o u l d  i n -  
d i ca t e  t h a t  n u c l e a t i o n  of Fe ,  O~ is no t  a p r o b l e m .  

I be l i eve  t h a t  t he  r ea son  for  the  a b o v e  d i f fe rence  
l ies  in the  m e t h o d s  of ca thod ic  r educ t ion .  In  a p r e -  
v ious  s t u d y  f r o m  th i s  l a b o r a t o r y ,  ~ i t  was  s h o w n  t h a t  
ca thod ic  r e d u c t i o n  in t he  a m m o n i u m  ch lo r ide  so lu-  
t ion used  in R e f e r e n c e  32 gave  h i g h l y  v a r i a b l e  r e su l t s  
such t h a t  i t  was  not  poss ib le  to c o r r e l a t e  c o u l o m e t r i c  
w e i g h t  loss and  i ron  ana lys i s  m e a s u r e m e n t s .  I t  was  

~2 D.  E. D a v i e s ,  U.  R. E v a n s ,  a n d  J .  N.  A g a r ,  P roc .  Roy. Soc., A225,  
443 (1954). 

s8 D.  E. D a v i e s  a n d  U.  R.  E v a n s ,  J. Chem. Soc., 1956, 4373. 
34 C. D.  S t o e k b r i d g e ,  P.  B. Sewe l l ,  a n d  M. C o h e n ,  This Journal, 

108, 928 (1961). 
a6 p .  B.  S e w e l l ,  C. D.  S t o c k b r i d g e ,  a n d  M. Cohen ,  This Journal, 

108, 933 (1961). 
E. J .  Cau le ,  K .  H.  B u o b ,  a n d  M. Cohen ,  This Journal, 108, 829 

(1961). 
~7 E. J .  Cau l e  a n d  M. C o h e n ,  This Journal, 108, 834 (1961). 

H.  G.  O s w i n  a n d  M. Cohen ,  This Journal, 104, 9 (1957). 

for  th is  r ea son  t ha t  the  buf fe r  so lu t ion  was  d e v e l -  
oped.  Use of the  d e a e r a t e d  buf fe r  so lu t ions  a l lows  
bo th  iden t i f i ca t ion  and  m e a s u r e m e n t  of t h e  q u a n t i -  
t ies  of ox ides  invo lved .  I t  also m a k e s  qu i t e  c l ea r  t h e  
p re sence  of m a g n e t i t e  in  a l l  the  cases s tud ied .  The  
l a rge  d i f fe rence  b e t w e e n  bo th  the  i m m e r s i o n  and  r e -  
duc t ion  po t e n t i a l s  of ~,-Fe_~O~ and  Fe~O4 is e v i d e n t  in  
bo th  pa pe r s2  '' = I t  should  be no ted  t ha t  Dr. E v a n s  ob -  
s e rved  Fe~O4 f rom the  b e g i n n i n g  w i t h  p u r e  i ron  
( R e f e r e n c e  32, pp .  455-456) .  

R e g a r d i n g  the  r e m a r k s  p e r t a i n i n g  to t h e  color  of 
d u p l e x  films, t h e  low t e m p e r a t u r e  o x i d a t i o n  of m a g -  
ne t i t e  to :~-Fe~O~ w o u l d  s t i l l  l e ave  a d u p l e x  fi lm of 
7-Fe~O~ and  a-FelOn. :t-Fe~O3 is a good e l ec t ron ic  con -  
duc to r  in c o m p a r i s o n  to a-Fe20~ and  p r o b a b l y  has  
qu i t e  d i f fe ren t  op t i ca l  p rope r t i e s .  

The  o x i d a t i o n  of m a g n e t i t e  to ~-Fe20~ b y  a i r  a t  
r oom t e m p e r a t u r e  p r e s e n t s  a r ea l  p r o b l e m .  W i t h  
t h i c k  c ompa c t  films, the  p e r c e n t a g e  change  in c o m -  
pos i t ion  on e x p o s u r e  to a i r  for  shor t  t i m e s  can be  
qu i t e  smal l .  H o w e v e r  a f i lm of Fe30~, 40A th ick ,  e x -  
posed  to a i r  on bo th  s ides  w o u l d  ox id ize  c o m p l e t e l y  
to ~,-Fe~O~ in a b o u t  30 h r  and  w o u l d  c onve r t  over  ha l f  
i ts t h i ckness  to ~/-Fe~O~ w i t h i n  2 hr .  A s t r i p p e d  a i r -  
f o r m e d  fi lm 25A t h i c k  w o u l d  ox id ize  to ~,-Fe~O~ 
w i t h i n  1/2 h r  on e x p o s u r e  to oxygen .  A l t h o u g h  th is  is 
not  r a p i d  o x i d a t i o n  in t he  o r d i n a r y  sense,  i t  is suffi- 
c i en t ly  r a p i d  to cause  e r r o r s  in  a n a l y s e s  for  f e r r o u s -  
f e r r i c  ion r a t io s  and  to change  e l ec t ron  d i f f rac t ion  
pa t t e rn s .  

The  po in t s  b r o u g h t  up  in  t he  l as t  p a r a g r a p h  r e l a t e  
to the  w o r d  th in  and  the  two  quo ta t i ons  r e f e r  to an  
80A fi lm f o r m e d  at  200~ and  a 25A fi lm f o r m e d  at  
r oom t e m p e r a t u r e  on a (112) s ingle  c ry s t a l  p u r e  i ron.  
In  bo th  cases, a l l  t he  ox ides  a r e  cubic  and  the  ca -  
thod ic  r e d u c t i o n  cu rves  show ev idence  of a d u p l e x  
film. W i t h  the  80A fi lm t h e r e  is an  a p p r e c i a b l e  
a m o u n t  of bo th  Fe~O~ and  7-Fe.oO~. A t  t hese  t h i c k -  
nesses,  i t  is p r o b a b l y  p e r m i s s i b l e  to w r i t e  in t e r m s  of 
two  d i s t inc t  phases .  W i t h  t he  t h i n n e r  a i r - f o r m e d  
film, a l t h o u g h  the  o u t e r  p a r t  of t he  f i lm is ~-Fe~O~ 
and  the  i n n e r  p a r t  of the  fihn is FelOn, the  p h a s e  
b o u n d a r y  p r o b a b l y  occupies  such a l a r g e  p o r t i o n  of 
the  t h i ckness  t ha t  i t  m a y  n o t  be  p e r m i s s i b l e  to i n -  
s is t  on two  d i sc re t e  s t r u c t u r e s  in the  t o t a l  t h i c k n e s s  
of 25A. One shou ld  keep  in m i n d  t ha t  the  s t r u c t u r e s  
of 7-Fe_~O~ and  Fe~O, a re  v e r y  s im i l a r  so t h a t  one 
m i g h t  e x p e c t  a t h i c k  p h a s e  b o u n d a r y  b e t w e e n  them.  

D. G i l r o y  a n d  J. E. O. Mayhem~ In the  second  p a p e r ,  
the  a u tho r s  c l a im  t h a t  i t  is poss ib le  to d i f f e r en t i a t e  
b e t w e e n  Fe~O~ and  ~/-Fe~O3 owing  to d i f fe ren t  effi- 
c iencies  of ca thod ic  r e d u c t i o n  at  c o n s t a n t  c u r r e n t  
dens i ty .  In  v i ew of t he  s i m i l a r i t y  in s t r u c t u r e  of these  
two  oxides ,  i t  seems  v e r y  r e m a r k a b l e  t h a t  t h e r e  
should  be such a s h a r p  change  in r e d u c t i v e  eff iciency 
as sugges t ed  b y  the  a u tho r s  in t h e i r  i n t e r p r e t a t i o n  of 
C u r v e  1, Fig.  4. The  a i r - f o r m e d  fi lm is v e r y  th in  and  
i t  m a y  no t  b e h a v e  on r e d u c t i o n  in a s i m i l a r  w a y  to 
the  m u c h  t h i c k e r  d u p l e x  fi lm f o r m e d  a t  h i g h e r  t e m -  
p e r a t u r e s .  

H a n c o c k  '~ e x a m i n e d  the  ca thodic  r e d u c t i o n  of t he  
a i r - f o r m e d  fi lm in 0.2N p o t a s s i u m  ch lo r ide  and  0.1N 

~9 Dep t .  o f  M e t a l l u r g y ,  U n i v e r s i t y  of  C a m b r i d g e ,  C a m b r i d g e ,  E n g -  
land.  

40 H a n c o c k ,  J. Chem. Soc., 1958, 4167. 
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sodium hydroxide .  V i r t u a l l y  no i ron  passed in to  so lu-  
t ion  and  the coulombs  passed at  the poin ts  of i n -  
f lexion were  ident ical .  These expe r imen t s  have  been  
repea ted  wi th  n e u t r a l  0.1N sodium sulfa te  and  b e n -  
zoate; again,  v i r t u a l l y  no i ron passed into solut ion.  
However ,  wi th  the bo ra t e / ch lo r i de  buffer,  used by  
the authors ,  fe r rous  ions passed in to  solut ion,  bu t  no t  
in  sufficient q u a n t i t y  to account  for the  en t i re  film. 
It  appears  tha t  in n e u t r a l  unbu f f e r ed  or a lka l ine  
solut ions  the  cathodic process is the  r educ t ion  of 
oxide to i ron;  whereas ,  in  buffered solutions,  this  is 
accompanied  by  the r educ t ion  of ferr ic  to fe r rous  
ions, which  pass into solution.  A p robab le  e x p l a n a -  
t ion  is tha t  upon  cathodic r educ t ion  the  l iqu id  in  con-  
tact  wi th  the surface  of the  spec imen  becomes a l ka -  
l ine;  in  the presence  of a buffer  the  rise in  pH wi l l  be 
delayed,  bu t  no t  indef ini te ly .  I t  is suggested tha t  in  
Curve  1, Fig. 4, on Sect ion E~,-E~ the process is es-  
sen t ia l ly  a one -e l ec t ron  reduct ion ,  whereas  on Sec-  
t ion  E~-Ec a t h r e e - e l e c t r o n  process is involved.  

If these suggest ions  are accepted, t hen  it fol lows 
tha t  the va lues  g iven  for the  film th ickness  in  the  
Tables  should be recalcula ted ,  and  h igher  va lues  wil l  
be ob ta ined ;  fu r the rmore ,  the  di f ference in  the  effi- 
c iency of r educ t ion  of the  two oxides is not  a char -  
acteris t ic  of the oxides, bu t  arises owing  to the  buff -  
e r ing  act ion of the  solut ion.  

Hancock ' s  va lue  of 26 • 3A for  the  th ickness  of the  
a i r - f o r m e d  film on iron,  r educed  in  hydrogen ,  has 
been  cri t icized because  he assumed  tha t  the  film 
was composed of 7-FelOn. Had he assumed tha t  it was  
composed e n t i r e l y  of FelOn, the  va lue  would  be 
grea te r  by  less t h a n  9%. It is gene ra l l y  agreed  tha t  
the  film is of i n t e r m e d i a t e  composi t ion;  the  correc ted  
va lue  would,  therefore ,  be w i t h i n  the  l imi ts  of his 
measu remen t s .  

M. Cohen: With  r ega rd  to the r e m a r k s  of D. Gi l -  
roy and  J. E. O. Mayne,  the work  in  the  two papers  
d i f ferent ia tes  b e t w e e n  ~/-Fe~O~ and  Fe~O, by i m m e r -  
sion po ten t i a l  and  r educ t ion  po ten t i a l  as wel l  as cu r -  
r e n t  efficiency of reduct ion .  In  some thousands  of 
cathodic r educ t ion  r u n s  made  in  e i ther  the  b o r a t e /  
chloride buffer  or a b o r a t e / b o r i c  acid buffer  at a pH 
of 8.4, we a lways  h a v e  found  tha t  the  ou te r  l a y e r  r e -  
duces to fo rm fer rous  ion in  so lu t ion  w i th  h igh  c u r -  
r en t  efficiency. Tha t  the  buffer  appears  to be qu i t e  
effective for long per iods of t ime  is shown in  Curves  
1 and  2, Fig. 11, whe re  the  t ime  to reach the  m a g n e -  
t i te  po t en t i a l  obvious ly  is d e p e n d e n t  on the  t h i ck -  
ness of the ou te r  7-Fe~O~ layer .  

I agree tha t  wi th  the  t h in  films some of the  m a g n e -  
t i te  is r educed  to iron.  This  a s sumpt ion  was m a d e  to 
ob ta in  the th icknesses  shown in  Tab le  IX. As can be 
seen in  this  table ,  the  th ickness  and  composi t ion of a 
film on po lyc rys ta l l ine  i ron wi l l  depend  on the  d is -  
t r i b u t i o n  of o r i en ta t ions  of the i n d i v i d u a l  grains,  and  
p r o b a b l y  on the ox ida t ion  charac ter is t ics  of g ra in  
bounda r i e s  as well.  We also have  some ev idence  of 
the fo rma t ion  of i ron  f rom reduced  m a g n e t i t e  b y  
e lec t ron  diffraction.  F r o m  the  po in t  of v iew of i den t i -  
fication and  m e a s u r e m e n t  of the  t h in  films on i ron,  
the  difference in  behav io r  of ~/-Fe~O~ and  Fe~O, on 
cathodic t r e a t m e n t  in  the  buffered solut ion is v e r y  
useful.  

The Application of an X-Y Pulsed Measuring System 
to Polarization Studies, I. The Hydrogen Reaction 

on Platinum 

C. H. Presbrey, Jr., and Sigmund Schuldiner (pp. 985-99S, 
Vol. 108, No. 10) 

M. W. Bre i te r" :  P r e s b r e y  and  Schu ld ine r  repor t  
e x p e r i m e n t a l  resul ts  which  are in  a g r e e m e n t  wi th  
the resul t s  on h y d r o g e n  evo lu t ion  pub l i shed  by  the  
late Professor  Knor r ,  by  me, or our  co -worke r s  in  r e -  
cent  years.  However ,  the  i n t e r p r e t a t i o n  of the  meas -  
u r e m e n t s  by  the two schools differs great ly.  The  re -  
sults  of P r e s b r e y  and  Schu ld ine r  can be exp la ined  
sa t i s fac tor i ly  by  the  i n t e r p r e t a t i o n  of h y d r o g e n  over -  
vol tage  p h e n o m e n a  on ac t iva ted  p l a t i n u m  meta l s  
which  has been  g iven  by  us w i t hou t  dras t ic  changes  
in the  years  since 1954: 

(A) M a s s - t r a n s p o r t  processes are ra te  d e t e r m i n i n g  
for s t a t i ona ry  c u r r e n t  po ten t i a l  curves  over a wide  
po ten t i a l  range.  

(B) The  exchange  c u r r e n t  densi t ies  of the  two 
discharge reac t ions  

r 
(i)  H + + e- ~ H .... 

402 

(i i)  H + - t - H . d + e -  ~ H,_, 

are  la rge  at n = 0 (iol ~ io.~ 0.3 A/cm~).  
(C) The e q u i l i b r i u m  of the  r e c ombi na t i on  reac-  

t ion  
*03 

(i i i)  H,,,, -t- H~,d ~ H,_, 

is es tabl ished for n < § It does not  exist  for 

n > +0.08v.  

The e x p e r i m e n t s  which  lead to the  above conc lu-  
sions were  discussed and  s u m m a r i z e d  by  me re -  
cen t lyY Our  i n t e r p r e t a t i o n  is in qua l i t a t i ve  agree-  
m e n t  w i th  the  i m p o r t a n t  con t r ibu t ions  to the u n d e r -  
s t and ing  of h y d r o g e n  overvol tage  by  F r u m k i n ' s  

school. 

Schu ld ine r ' s  i n t e r p r e t a t i o n  (i~,1 > >  i~, > >  i0o) is 
based to a large ex ten t  on the occurrence  of cathodic 
Tafe l  l ines  w i th  b ~ 30 my.  These curves  are meas -  
u r ed  at a h igh flow ra te  of the s t i r r i ng  gas. A fu r t he r  
increase  of the flow ra te  does not  inf luence  the cu r -  
r e n t  po ten t i a l  curves  a n y  more.  So S c h u l d i n e r  con-  
e ludes tha t  r eac t ion  (i i i)  is ra te  de t e rmin ing .  How-  
ever,  his obse rva t ion  does not  necessa r i ly  imp ly  tha t  
diffusion is e l imina ted .  I t  me a ns  tha t  the  th ickness  of 
the diffusion l ayer  does no t  change  to a m e a s u r a b l e  
ex t en t  any  more  if the flow ra te  is increased  above a 
ce r ta in  value .  A n  anodic  l imi t ing  c u r r e n t  dens i ty  io,, 
of diffusion ( and  convec t ion)  of molecu la r  h y d r o g e n  
of 15 m a / c m  ~ is r equ i r ed  to reduce  the  inf luence  of the  
t r anspor t  processes to 10% if io~ is 1.5 m a / c m  ~. Such 
a h igh /od-value has no t  been  repor ted  in  l i t e r a tu re  
even  u n d e r  the  most  e x t r e me  s t i r r ing  condi t ions  
(flow of e lec t ro ly te  or ro ta t ing  disk)  at p..~ ~ 1 atm. 

I t  is felt  tha t  the  Tafel  re la t ions  in Fig. 7 and  Fig. 
8 of Schu ld ine r ' s  p resen t  paper  and  in  m a n y  of his 
former  pub l i ca t ions  are va l id  for a ve ry  smal l  r ange  
of c u r r e n t  densi t ies  only. The r a nge  is too smal l  to 

a R e s e a r c h  Lab . ,  G e n e r a l  Elec tr ic  Co., S c h e n e c t a d y ,  N.  Y. 
*~M. B r e i t e r  in  " T r a n s a c t i o n s  of  the  S y m p o s i u m  on  E l e c t r o d e  

P r o c e s s e s , "  E d i t e d  b y  E. Y c a g e r ,  pp .  307-324, J o h n  W i l e y  & Sons ,  
Inc . ,  N e w  Y o r k  (1961).  
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d r a w  r e l i a b l e  conclus ions .  The  a s u m p t i o n  of a s low 
c o m b i n a t i o n  s tep  r e q u i r e s  t h a t  the  c o n c e n t r a t i o n  of 
a tomic  h y d r o g e n  w h i c h  is i n v o l v e d  in the  r eac t i on  is 
v e r y  sma l l  a t  ~ ~ +0.06v.  T h e r e f o r e  i t  canno t  be  
l a rge  at  ~ = 0 e i ther .  This  forces  S c h u l d i n e r  to p o s t u -  
l a te  the  f o r m a t i o n  of a second  m o n o l a y e r  of h y d r o -  
gen a t o m s  w h i c h  is c o m p l e t e d  at  n e g a t i v e  po ten t i a l s .  
H o w e v e r ,  t he  a - c  i m p e d a n c e  m e a s u r e m e n t s  a t  ca -  
thod ic  o v e r v o l t a g e s  in 8N HfSO, show conc lus ive ly  
t h a t  a second  m o n o l a y e r  of h y d r o g e n  a toms  is no t  
f o r m e d  up  to ca thod ic  c u r r e n t  dens i t i e s  of 0.3 A / c m  ~. 
The  h igh  c a p a c i t y  of t he  p l a t i n u m  e l ec t rode  d u r i n g  
the  ca thod ic  pu l se  is due  to the  a c c u m u l a t i o n  of 
m o l e c u l a r  h y d r o g e n  in t he  d i f fus ion l aye r ,  not  to t he  
f o r m a t i o n  of a second mono laye r .  The  anodic  c h a r g -  
ing cu rves  in Fig.  10, l ike  our  c h a r g i n g  curves ,  do 
not  g ive  e v i d e n c e  fo r  a t h i r d  " p l a t e a u "  due  to  t h e  
anod ic  r e m o v a l  of a second m o n o l a y e r .  A b e t t e r  p i c -  
t u r e  of t he  anod ic  o x i d a t i o n  of h y d r o g e n  a toms  is ob -  
t a i n e d  b y  the  po t en t i o s t a t i c  a p p l i c a t i o n  of a s a w -  
too th . '  . . . .  The  s o - c a l l e d  p l a t e a u s  of the  c h a r g i n g  
curves  a r e  no t  we l l  enough  d i s t i n g u i s h a b l e  to d e t e r -  
m i n e  t h e i r  length .  O n l y  p a r t  of t he  h y d r o g e n  asso-  
c ia ted  w i t h  t he  su r f ace  a t  e q u i l i b r i u m  is ionized  n e a r  
the  e q u i l i b r i u m  p o t e n t i a l  because  the  a d s o r p t i o n  i so-  
t h e r m  is v e r y  flat  in t he  v i c in i t y  of ~ = 0. 

The  " r e v e r s i b l e "  h y d r o g e n  a d s o r p t i o n  on p l a t i n u m  
in t he  gaseous  p h a s e  occurs  at  p r e s s u r e  p ~  < 1 a tm.  
As  h y d r o g e n  a d s o r p t i o n  in  e l e c t r o l y t e s  w i t h o u t  spe -  
c i f ical ly  a d s o r b a b l e  ions  s t a r t s  a t  a b o u t  t h e  s ame  low 
p r e s s u r e  as in the  gaseous  phase ,  the  " r e v e r s i b l e "  h y -  
d r o g e n  a d s o r p t i o n  was  a t t r i b u t e d  b y  m e  ~ to t he  r e -  
g ion  of the  le f t  p e a k  '~' ~' of t he  p o t e n t i o s t a t i c  i - U -  
curves .  

S. S c h u l d i n e r :  U n f o r t u n a t e l y ,  Dr.  B r e i t e r  has  m i s -  
cons t rued  s e v e r a l  i m p o r t a n t  po in t s  in  our  p a p e r .  His  
s t a t e m e n t  t h a t  w e  a re  " fo rced  to p o s t u l a t d  t h e  f o r m a -  
t ion  of a second  m o n o l a y e r  of h y d r o g e n  a toms  w h i c h  
is c o m p l e t e d  at  n e g a t i v e  po t en t i a l s , "  is no t  correct .  
W h a t  w e  do p o s t u l a t e  is tha t ,  s ince  a doub le  a tomic  
l a y e r  is un feas ib l e ,  a q u a n t i t y  of H a toms,  w h i c h  
c o u l o m e t r i c a l l y  m a y  a m o u n t  to a second l aye r ,  f o rms  
P t - H  a l loy  on the  su r f ace  l a y e r  of p l a t i n u m .  

Conce rn ing  t h e  d i f fus ion vs. s low c o m b i n a t i o n  
r a t e - c o n t r o l l i n g  mechan i sms ,  I sha l l  no t  r e i t e r a t e  
h e r e  d e t a i l e d  a r g u m e n t s  in  f a v o r  of t h e  c o m b i n a t i o n  
m e c h a n i s m  s ince  this  t y p e  of r e d u n d a n c y  is an  u n -  
n e c e s s a r y  r e h a s h i n g  of t he  l i t e r a t u r e .  A c o m p a r i s o n  
of a s t e a d y - s t a t e  h y d r o g e n  o v e r v o l t a g e  c u r v e  ~ (Fig .  
2) w i th  the  t r a n s i e n t  o v e r v o l t a g e  cu rves  s h o w n  in 
Fig.  8 of t h e  p a p e r  u n d e r  d i scuss ion  shows  a con-  
v e r g e n c e  at  i nc rea s ing  c u r r e n t  dens i t ies .  If  mass  
t r a n s p o r t  w e r e  r a t e  con t ro l l ing ,  t h e n  the  s t e a d y - s t a t e  
o v e r v o l t a g e  shou ld  d i v e r g e  f rom the  t r a n s i e n t  o v e r -  
vo l t age  c u r v e  as t he  c u r r e n t  d e n s i t y  increases .  

I n  add i t ion ,  in Fig .  2, ~ Tafe l  cu rves  w h i c h  e x t e n d  
ove r  two  and  one h a l f  o rde r s  of m a g n i t u d e  of c u r r e n t  
d e n s i t y  a r e  shown.  Fig.  8 ~ of t he  s ame  r e f e r e n c e  
shows  H a m m e t t  r e l a t i o n s  for  t h r e e  o r d e r s  of m a g -  
n i t u d e  of c u r r e n t  dens i ty .  These  a r e  long e n o u g h  
r anges  of c u r r e n t  d e n s i t y  to be  h i g h l y  s ignif icant .  

F. G. Will  and  C. A. Knor r ,  Z. E~ektrochem.,  64, 258, 270 (1960). 
~ W. BSld and  M. Brei ter ,  Z. Elek trochem. ,  64, 897 (1960). 

M. Brei ter ,  Eleetroehimica Acta,  In press .  
S. Schuldiner ,  'This Journal,  106, 891 (1959). 

Since  bo th  t he  X - Y  and  s a w t o o t h  m e t h o d s  use  
m e a s u r i n g  i n s t r u m e n t s  of e s s e n t i a l l y  t h e  s ame  p r e -  
cision and  r e so lu t i on  ( c o m m e r c i a l  osci l loscopes ,  
etc.) ,  n e i t h e r  has  an  a d v a n t a g e  ove r  the  o t h e r  in  th i s  
respect .  The  d i s a d v a n t a g e  of t he  s a w t o o t h  m e t h o d  is 
t h a t  a t  f as t  sweep  r a t e s  a d i s p l a c e m e n t  cu r ren t ,  
w h i c h  canno t  be  co r r ec t ed  for,  is i n c l u d e d  in  t h e  
osc i l loscope t race .  The  X - Y  m e t h o d  avo ids  th i s  
diff iculty.  

Rhenium-Tungsten-Carbon Interactions 

R. F. Havell and Y. Baskin (pp. 1068-1069, Vol. 108, No. 11) 

Char le s  P.  K e m p t e r ' h  The  a u tho r s  s t a t e  t h a t  " I n -  
t e r a c t i ons  b e t w e e n  r h e n i u m  and  ca rbon  a re  l i m i t e d  
to a b s o r p t i o n  of a b o u t  1% ca rbon  in the  r h e n i u m  
l a t t i ce  p r o d u c i n g  s l igh t  changes  in the  l a t t i ce  con-  
s t an t s  and  a r e d u c t i o n  of the  c / a  r a t io  f rom 1.615 to 
1.600," quo t ing  on ly  t he  e a r l y  w o r k  of T r z e b i a t o w -  
ski/~ T h e y  d id  no t  quote  t he  r e c e n t  a r t i c l e s  b y  
Hughes  '9 ( " A  S u r v e y  of t he  R h e n i u m - C a r b o n  S y s -  
t e m " )  or  N a d l e r  a n d  K e ~ p t e r  ~~ ( " S o m e  So l idus  
T e m p e r a t u r e s  in S e v e r a l  M e t a l - C a r b o n  S y s t e m s " ) .  
H u g h e s  r e v i e w e d  w o r k  on the  R e - C  s y s t e m  p r i o r  to 
t h a t  of T r z e b i a t o w s k i ,  and  p u b l i s h e d  the  R e - C  p h a s e  
d i a g r a m  a b o v e  1500~ f rom 0 to ~ 3 0  a t o m i c  p e r  cen t  
( a / o )  carbon.  He  r e p o r t e d  a s imple  eu tec t ic  sy s t em 
at  16.9 a / o  ca rbon  and  2480 •176  w i t h  t he  so l id  
so lub i l i t y  of c a rbon  in r h e n i u m  v a r y i n g  f r o m  11.7 
a / o  at  the  eu tec t ic  t e m p e r a t u r e  to 4.2 a / o  at  1800~ 
In  an  a l loy  of 20 a / o  carbon ,  the  "a"  p a r a m e t e r  i n -  
c r ea sed  f r o m  2.7605- to 2.792A a n d  the  "c"  p a r a m e t e r  
i n c r e a s e d  f rom 4.458A to 4 .471A--- thus  t he  a x i a l  r a t i o  
d e c r e a s e d  f r o m  1.615 to 1.601. In  a g r e e m e n t  w i t h  
Hughes ,  N a d l e r  and  K e m p t e r  r e p o r t e d  t h e  m i n i m u m  
so l idus  t e m p e r a t u r e  in t he  r h e n i u m - c a r b o n  s y s t e m  to 
be 2486 •176  In  add i t ion ,  a l t h o u g h  H a v e l l  a n d  
B a s k i n  quo ted  a r ecen t  r e f e r e n c e  ~1 for  t he  R e - W  
p h a s e  d i a g r a m ,  t h e y  quo ted  no r e f e r e n c e s  p e r t a i n i n g  
to t he  W - C  sys tem,  bu t  d id  s t a t e  a 2600~ m e l t i n g  
po in t  for  WC and  a 2475~176 r a n g e  for  m e l t i n g  
po in t s  of t u n g s t e n  c a r b i d e s  a n d / o r  eu tec t i c s  in  t h e  
W - C  sys tem.  N a d l e r  and  K e m p t e r  ~~ h a v e  r e v i e w e d  
w o r k  on the  W - W f C  eu tec t ic  and  t h e  W C  m e l t i n g  
poin t ,  and  h a v e  d e t e r m i n e d  v a l u e s  of 2732 • 1 7 6  
and  2720 • 1 7 6  for  these,  r e spec t i ve ly .  (A  f inal  p e r -  
t i nen t  r e f e r ence ,  w h i c h  a p p e a r e d  a f t e r  t h e  s u b m i s -  
s ion of the  H a v e l l  and  B a s k i n  note ,  is a p a p e r  b y  
S a r a  '~ e n t i t l e d  " P h a s e  E q u i l i b r i a  in the  S y s t e m  T u n g -  
s t e n - C a r b o n . "  S a r a  f o u n d  the  m i n i m u m  so l idus  t e m -  
p e r a t u r e  in the  W - C  s y s t e m  to be  the  W-W~C eu tec t i c  
t e m p e r a t u r e  and  ag reed  w e l l  w i t h  t h e  a b o v e  N. and  
K. va lue . )  

The  Mi l l e r  ind ices  t a b u l a t e d  for  the  " r h e n i u m - W C  
sol id so lu t ion"  in Tab le  I I I  a r e  cons i s t en t  w i t h  space  
g roup  D'~h-P63/mmc, w h i c h  occurs  for  Re ( S t r u k t u r -  
be r i c h t  t y p e  A3)  and  WfC ( t y p e  L ' , ) .  Bo th  t y p e s  s~ 

~ Los Alamos  Scientif ic Lab.,  Un ive r s i t y  of California,  Los Alamos,  
N. Mex. 

48 W. Trzebia towski ,  Z. anorg. Chem.,  233, 376 (1937). 
49 j .  E. Hughes,  J. Less -Comm.  Met. ,  1, 377 (1959). 
~~ R. N a d l e r  a n d  C. P. Kempte r ,  J. Phys.  Chem.,  64, 1468 (1960). 

J. M. Dickinson and  L. S. Richardson,  Trans. A m .  Soc. Metals, 
51, 758 (1959). 

~2 R. V. Sara, 14th Regional  Meet ing,  Amer i can  Ceramic  Society, 
Oct. 26, 1961, San Francisco,  Calif. 

53 W. B. Pearson~ " A  Handbook  of La t t ice  Spacings  and  S t ruc tures  
of Metals and  Alloys,"  P e r g a m o n  Press,  N e w  York  (1958). 
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have two metal atoms per unit cell in set (c) at 
1/3, 2/3, 1/4, and 2/3, 1/3, 3/4, and W~C also has a 
carbon atom in an octahedral hole. Thus, it seems 
reasonable that Re would form solid solutions with 
W.~C, and, therefore, the use of "(Re, WC)ss" in 
Table I and in reference to Table III  might be mis- 
leading. Although WC has a hexagonal lattice, the 

space group s  ̀ is D%~.-P6m2 and the assignment of 
Miller indices is different from the case of Re or W~C. 
Even though the initial tungsten to carbon molar 
ratio was unity, this does not preclude the existence 
of W-C structures other than WC in the observed 
solid solution. Until fur ther  characterization of the 
solid solution is carried out, it seems appropriate to 
refer to it as the Re-W-C solid solution as Havell and 
Baskin did in Table II. 

R. F. Havel l  and Y. Baskin:  We are thankful  to Mr. 
Kempter  for citing the recent work on the binary 
systems Ee-C and W-C which bear directly on our 
study. We agree that  the expression (Re, WC)ss is 
somewhat misleading, as it implies that the structure 
WC exists in the solid solution. We prefer either 
(Re-W-C)ss  or Re-W,-C~ solid solutions. The 
Re-W~-C~ solid solution is structurally similar to that  
of W~C despite the fact that  the W/C mole ratio is 
a unity. As discussed in the article, rhenium and 
tungsten powders with a W/C mole ratio of 2 were 
not reacted, since contact of these samples with the 
graphite plate at 2300~ would have resulted in car- 
bon absorption, thus shifting the ratio toward unity. 

We feel that  Mr. Kempter 's  implication that the 
W/C mole ratio of our powders changed on firing 
is not justified. Accurate weighings showed negligible 
weight change and, consequently, no shift in this 
ratio. Actually~ it is not necessary to alter the W/C 
mole ratio f rom unity to obtain solid solutions having 
a close-packed hexagonal structure. The solid solu- 
tion composition (Re~, W, C) possesses this structure 
and, except for a different metal constitution, has 
the same metal to carbon ratio as the composition 
(Re, W~, C), which would be intermediate between 
Re and W~C. Moreover, the lattice constants of (Re~, 
W, C) (a = 2.877, c ~ 4.561, c /a  ~ 1.585) are very  
close to those calculated for Re, W~C on the basis of 
Vegard's Law (a ~ 2.88, c = 4.59, c /a  = 1.59). The 
small  difference in atomic radius between rhenium 
and tungsten might account for some of the above 
difference. 

On the Electrodeposition of Arsenic and Its Role 
in Corrosion Prevention 

G6sta Wrangi~n (pp. I069-1070, Vol. 108, No. 11) �9 

R. Piontel l i  and G. Poli~: According to Dr. Wrang-  
l~n's opinion, the insulating properties of the amor-  
phous arsenic layers, obtainable by plating or dis- 
placement, involve the following consequences: 

(A) The intervening of an ohmic drop contribu- 
tion in the overvoltages, concerning both arsenic and 
hydrogen reduction as given by the direct method, 

J. Leciejewicz,  Acta  Cryst . ,  14, 200 (1961). 
Lab.  of Electrochemistry ,  Physical  Chemistry,  Metallurgy,  Poly-  

technic of Milan, Milan, I taly.  
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Fig. 1. Arsenic deposited in crystalline form (chloride bath); 
example of growth spiral. Magnification 400X. 

Fig. Z. Arsenic deposited in crystalline form (chloride bath). 
Magnification 270)(. 

so as to render meaningless the results thus obtain- 
able; 

(B) High voltages and a very poor current effi- 
ciency in the arsenic electrowinning; 

(C) A very efficient inhibitive influence of ar-  
senic with respect to the corrosion of iron materials, 
formerly explained ~ by considering the hydrogen 
overvoltages. 

1. We agree on the point that the "cumulative 
overvoltages" given by the direct methods in a 
quasi-steady condition, although representing the 
item to be considered in the cell voltage-balance, 
are affected in this case by a quite significant ohmic 
contribution, which may become largely predomi- 
nating for thick arsenic layers. 

2. The "true overvoltages" (that is, corrected from 
any ohmic contribution), in the arsenic separation 
on arsenic layers, are definitely high (in the order of 
several tenths of a volt),  however, also at low c.d27 

3. Arsenic may be plated, at least partially, also in 
crystalline form (see Fig. 1 and 2 of this discussion), 

O. P. Watts, Trans. A m .  Elec trochem.  Soc., 21, 339 (1912). 
57 In  the  succession,  Bi, Sb, As, a strong increase  of these  " t rue  

ovcrvol tages"  corresponds to the  increase of the  metal lo idic  charac-  
ter (see R. Piontelll, Z. Elek trochem. ,  65, 126 (1951)). 
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the  c o r r e s p o n d i n g  " t r u e  o v e r v o l t a g e "  aga in  be ing  
qu i t e  h igh?  ~ 

4. In  a n y  case, t he  low and  d e c r e a s i n g  c u r r e n t  effi- 
c i ency  e n c o u n t e r e d  b y  W r a n g l ~ n  could  no t  be  ac -  
coun ted  for  on the  bas is  of t he  a s s u m e d  i n su l a t i ng  
p o w e r  of t he  a r sen ic  l ayer ,  w h i c h  w o u l d  inf luence  
bo th  of t he  c o n c u r r e n t  ca thod ic  processes .  The  c u r -  
r en t  eff iciency in t he  As  depos i t i on  is low,  due  to t he  
h igh  t r ue  o v e r v o l t a g e  i n v o l v e d  b y  th i s  process ,  w h i l e  
i ts  dec rea se  in t ime ,  in W r a n g l ~ n ' s  e x p e r i m e n t s ,  is 
due  p e r h a p s :  (a )  to compos i t i on  changes  in t h e  ba th ;  
(b)  to t he  s t r u c t u r e  changes  of t he  ca thodes .  As  a 
m a t t e r  of fact ,  w e  f o u n d  ev idence  t h a t  these  las t ,  a l -  
t h o u g h  no t  i nvo lv ing  a n y  a p p r e c i a b l e  d e c r e a s e  in 
the  ( t r u e )  o v e r v o l t a g e  in  the  As  depos i t ion ,  m a y  
a p p r e c i a b l y  dec rease  t he  h y d r o g e n  ove rvo l t age .  

5. The  conclus ion  t h a t  t h e  s t rong  inh ib i t i on  t h a t  
As m a y  e x e r t  on the  cor ros ion  of F e  canno t  be  e x -  
p l a i n e d  so le ly  on t h e  bas i s  of t he  h y d r o g e n  o v e r v o l t -  
age  has  been  l a r g e l y  s u b s t a n t i a t e d  b y  p r e v i o u s  e x -  
p e r i m e n t s  f r o m  th is  l a b o r a t o r y .  ~ 

In our  opinion,  h o w e v e r ,  th is  v e r y  efficient p r o -  
t ec t ion  is due  l a r g e l y  to the  s t r u c t u r e  and,  in  p a r -  
t icular ,  to the  v e r y  p e c u l i a r  p e r f e c t i o n  of the  s e p a -  
r a t e d  l a y e r s  ( w h i c h  e l i m i n a t e  a n y  p o t e n t i a l l y  anodic  
a r e a ) ,  in sp i te  of t h e i r  o r ig in  b y  a d i s p l a c e m e n t  r e -  
act ion,  and  t h a n k s  to t he  v e r y  h igh  t h r o w i n g  p o w e r  
w h i c h  cha rac te r i zes ,  u n d e r  f a v o r a b l e  condi t ions ,  a r -  
senic  depos i t i on  on some fo re ign  meta l s .  

The  op in ion  t h a t  th is  p r o t e c t i v e  inf luence  canno t  
m e r e l y  be  a t t r i b u t e d  to t he  i n s u l a t i n g  p o w e r  of t h e  
As  l aye r ,  as W r a n g l ~ n  seems  to cons ider ,  m a y  be  d i -  
r e c t l y  conf i rmed  as fo l lows.  A n  i ron  spec imen ,  a f t e r  
a d e q u a t e  t r e a t m e n t  in  an  i nh ib i t i ng  a r s en i ca l  so lu-  
t ion,  does no t  d i sp l ace  h y d r o g e n  f r o m  s t r o n g  acids,  
nor  copper  f r o m  copper  su l fa te .  

Le t  us e l i m i n a t e  the  a r sen ic  l a y e r  f r o m  the  con tou r  
or  f rom some o the r  loca l ized  area ,  b y  sc rap ing .  

The  spec imen  wi l l  now d i sp l ace  h y d r o g e n , - o r  r e -  
s p e c t i v e l y  copper ,  b u t  t he  ca thod ic  process  wi l l  t hen  
occur  not  on ly  on the  n e w l y  exposed  a r e a  but ,  m o r e -  
over ,  on a r a t h e r  l a rge  f r ac t i on  of the  s t i l l  cove red  
one. 

The  v e r y  p r e s e n c e  of the  a r sen ic  l a y e r  w o u l d  be  
unab le ,  t he re fo re ,  to p r e v e n t  t he  occu r r ence  of ca -  
thodic  p rocesses  c o m p l e m e n t a r y  to t he  anodic  ones 
w h e n  these  l as t  a r e  m a d e  poss ib le  b y  t h e  a v a i l a b i l i t y  
of anod ic  areas .  

G. Wrangl~n: The  d iscuss ion  b y  P ro fe s so r s  P i o n -  
te l l i  and  Poll ,  c o m p l e m e n t i n g  t h e i r  p r e v i o u s  e x t e n -  
s ive w o r k  in th is  field, is mos t  we lcome .  T h e y  h a v e  
c o r r e c t l y  i n t e r p r e t e d  and  s u m m a r i z e d  the  conc lu -  
sions of t he  p r e s e n t  w r i t e r .  I t  s eems  n e c e s s a r y  to  e m -  
phas ize ,  howeve r ,  t h a t  t he  n o n c o n d u c t i v i t y  of t he  a r -  
senic  e l e c t r o d e p o s i t e d  b y  the  a u t h o r  was  no t  "a s -  
s u m e d "  b u t  e x p e r i m e n t a l l y  es tab l i shed .  

I t  is n o w  v e r y  i n t e r e s t i n g  to l e a r n  t h a t  a r sen ic  can  
be depos i ted ,  "a t  l eas t  p a r t i a l l y , "  also in c r y s t a l l i n e  
form,  as the  m i c r o g r a p h s  1 and  2 show. I t  also w o u l d  

as For  f u r t h e r  details, see  R. Piontel l i  and G. Poll, I n  pr int .  
59 S e e  for  this  purpose the  fol lowing papers  (concerning the  inhibi-  

t ion by As,  Sb of the  corrosion of Fe, Ni, Co, and s imilar  phenom-  
ena) :  R. Piontell i ,  et  al., Chivn4ca Indus t r ia ,  24, 122 (1942); ibid. ,  25, 
203 (1943); Gazz .  ch im.  ital.,  77, 45 (1947); ibid.,  79, 279, 293, 297, 
533, 722 (1949). 

have  been  of g r e a t  i n t e r e s t  to l e a r n  t he  cond i t ions  of 
depos i t ion ,  h o w e v e r ,  s ince  i t  w o u l d  seem as if  c r y s -  
t a l l i ne  e l ec t rodepos i t s  of a r sen ic  a r e  e x c e p t i o n a l  a t  
low t e m p e r a t u r e s  and  n o r m a l l y  to be  e x p e c t e d  on ly  
in fused  sa l t  e lec t ro lys i s .  A m o r p h o u s  depos i t s  ( ac -  
co rd ing  to x - r a y  d i f f r ac t ion  ana ly s i s )  w e r e  o b t a i n e d  
no t  on ly  b y  the  p r e s e n t  w r i t e r  bu t  also b y  S t i l l w e l l  
and  A u d r i e t h  6~ f r o m  so lu t ions  of AsCL in g lac ia l  
acet ic  acid,  and  b y  F inch ,  Qua r r e l ,  and  W i l m a n  "~ 
f rom aqueous  c y a n i d e  ba ths .  Depos i t s  f r om the  
A s C L - H A c  b a t h  w e r e  used  b y  S a l z b e r g  a n d  G o l d -  
s c hmid t  ~ in t h e i r  s tud ies  of h y d r o g e n  o v e r v o l t a g e  on 
arsenic .  I t  is a lso k n o w n  tha t  a r sen ic  p r e c i p i t a t e d  
c h e m i c a l l y  f r o m  aqueous  so lu t ions  b y  r e d u c i n g  
agen t s  is o b t a i n e d  in va r i ous  a m o r p h o u s  f o r m s ?  ~ 
These  a r e  cons ide red  to be  t r a n s i t i o n  fo rms  b e t w e e n  
the  n o n m e t a l l i c  ye l low,  cubic ,  and  the  m e t a l l i c  g ray ,  
r h o m b o h e d r a l  modi f i ca t ion  of e l e m e n t a r y  arsenic .  
T h e y  a re  t r a n s f o r m e d  to t he  m e t a l l i c  modi f i ca t ion  on 
hea t ing .  A c c o r d i n g  to or igin ,  the  t r a n s f o r m a t i o n  t e m -  
p e r a t u r e  va r i e s  f r o m  100 ~ to  377~ ~' T h e i r  n o n c o n -  
d u c t i v i t y  seems  to be  a d i r ec t  consequence  of t h e i r  
a m o r p h o u s  s t r uc tu r e .  This  connec t ion  of ten  seems  to 
h a v e  been  ove r looked ,  h o w e v e r ,  p a r t i c u l a r l y  in e l ec -  
t r o c h e m i c a l  s tudies .  

P ion te l l i  and  Pol l  m a i n t a i n  t ha t  t h e  i n s u l a t i n g  
p r o p e r t i e s  of e l e c t r o d e p o s i t e d  a r sen ic  w o u l d  affect  
the  two  c o n c u r r e n t  ca thod ic  p rocesses  e q u a l l y  and  
thus  no t  inf luence  the  c u r r e n t  eff iciency of a r sen ic  
depos i t ion .  I t  m u s t  be obse rved ,  h o w e v e r ,  t ha t  t he  
a r sen ic  is depos i t ed  in a n o n c o h e r e n t  cond i t ion  
(porous  f rom the  ac id  ch lo r ide  ba th ,  f l aky  f r o m  the  
a l k a l i n e  a r sen i t e  b a t h )  l e a v i n g  sma l l  a r e a s  of t he  
bas is  m e t a l  unc ove re d .  On these  the  c u r r e n t  d e n s i t y  
wil l  be v e r y  high,  much  h i g h e r  t h a n  the  l i m i t i n g  
c.d. for  a r sen ic  depos i t ion .  This  is p a r t i c u l a r l y  t r u e  
for  a r s en i t e  so lu t ions  w h e r e  t h e  AsOL~-ions m i g r a t e  
a w a y  f rom the  ca thode ,  r e s u l t i n g  in a low l imi t i ng  
c.d. Hence,  copious  h y d r o g e n  evo lu t ion  f r o m  w a t e r  
w i l l  t a k e  p lace  r e s u l t i n g  in a low c u r r e n t  eff iciency 
of a r sen i c  depos i t ion .  I t  seems  n a t u r a l  t h a t  th i s  effect  
is a c c e n t u a t e d  d u r i n g  the  course  of an  e l e c t ro ly s i s  
e x p e r i m e n t .  

The  h igh  t h r o w i n g  p o w e r  in  the  e l e c t rode po s i t i on  
of arsenic ,  r e f e r r e d  to b y  P i o n t e l l i  and  Poll ,  is also a 
n a t u r a l  consequence  of t he  low c o n d u c t i v i t y  of the  
depos i t ,  t r a n s f e r r i n g  the  e l e c t r o d e p o s i t i o n  r e a c t i o n  to 
s t i l l  u n c o v e r e d  areas .  In  th is  respec t ,  the  e l e c t r o -  
depos i t i on  of a r sen i c  r e s e m b l e s  c e r t a i n  anod ic  p r o c -  
esses, such as anod iz ing  of a l u m i n u m .  

The  cor ros ion  e x p e r i m e n t  d e s c r i b e d  b y  P i o n t e l l i  
and  Pol l  and  i n v o l v i n g  the  loca l  r e m o v a l  of t he  n o n -  
conduc t ing  a r sen ic  f i lm v e r y  m u c h  r e s e m b l e s  loca l -  
ized Corrosion, such as p i t t ing ,  on m e t a l s  p a s s i v a t e d  
b y  an ox ide  film, e.g., a l u m i n u m  and  s ta in less  steel .  
T h e r e  the  ca thode  r e a c t i o n  also occurs  a l l  ove r  the  
p a s s i v a t i n g  f i lm or  on ac t ive  p a r t s  of it. 
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ABSTRACT 

Porous  meta l  e lectrodes incorpora t ing  Raney catalysts  are p repa red  by  pow-  
der  techniques f rom t ransi t ion meta ls  of the first and eighth groups. Hal f -ce l l  
and fuel  cell measurements  are  taken  in var ious  aqueous e lect rolytes  at t em-  
pera tu res  f rom 20 ~ to 100~ At  80~ in e i ther  5N KOH or 5N H~SO, e lectrolyte ,  
both hydrogen  and methanol  y ie ld  cur ren t  densi t ies  beyond 300 m a / c m  ~. In  5N 
K~CO3 electrolyte ,  there  are l imi t ing cur ren t  densi t ies  of the o rder  of 10 m a / c m  2. 
Nei ther  hexane  nor methy lcyc lohexane  d isp lay  apprec iab le  e lect rochemical  
oxidat ion under  the condit ions of this report .  The methanol  react ion appears  to 
approach  complete  oxidat ion;  this conclusion applies  in both acid (CO~-forma- 
tion) and a lkal ine  (carbonate  format ion)  e lec t ro ly te  as well  as for both ha l f -  
cell and fuel  cell operat ion.  

T h e r e  is so fa r  no s a t i s f ac to ry  l o w - t e m p e r a t u r e  
h y d r o c a r b o n  fue l  e l ec t rode .  On the  o the r  hand ,  e l ec -  
t r o c h e m i c a l  conve r s ion  a t  an  a p p r e c i a b l e  r a t e  of p a r -  
t i a l l y  ox id i zed  h y d r o c a r b o n s  such as m e t h a n o l  and  
g lyco l  seems  to be  poss ib le ,  bu t  on ly  in  the  case  of 
m e t h a n o l  was  c o m p l e t e  o x i d a t i o n  r e p o r t e d  (1) .  A t  
l eas t  some of the  r eac t i ons  i n v o l v e d  in the  s t epwise  
o x i d a t i o n  a t  the  anode  m u s t  be a c c e l e r a t e d  c a t a -  
l y t i c a l l y  in o r d e r  to ach ieve  a sufficient r e a c t i o n  r a t e  
a t  low t e m p e r a t u r e s  ( b e l o w  200~ The  e l ec t rode  
must ,  t he re fo re ,  con ta in  ca t a ly s t s  acce le ra t ing ,  a b o v e  
all,  the  accep t ance  of e l ec t rons  f r o m  the  fue l  b y  
t h e  anode.  

The  a c t i v i t y  of a c a t a l y s t  seems  to be  r e l a t e d  to t he  
n u m b e r  of c r y s t a l l o g r a p h i c a l l y  d i s o r i e n t e d  su r face  
a toms.  Defec t  s t r uc tu r e s  a re  a t t a i n e d  b y  s e ve ra l  
p rocesses  w h i c h  a re  no t  d i scussed  here .  In  t he  p r e s -  
en t  i nves t i ga t i ons  i t  was  dec ided  to use  R a n e y  c a t a -  
lys t s  because ,  on the  one hand ,  t h e y  can  be p r o -  
duced  a t  r o o m  t e m p e r a t u r e  so t h a t  r e c r y s t a l l i z a t i o n  
e n h a n c e d  b y  e l e v a t e d  t e m p e r a t u r e s  is avo ided ,  and  
because ,  on the  o the r  hand ,  a r e l a t i v e l y  s imple  
m e t h o d  of R a n e y  e l ec t rode  p r e p a r a t i o n  was  d e -  
sc r ibed  b y  J u s t i  ( 2 -4 ) .  R a n e y  ca t a ly s t s  a re  m a d e  b y  
a l l oy ing  the  c a t a l y s t  m a t e r i a l  w i t h  a base  me ta l ,  for  
i n s t ance  a l u m i n u m ,  w h i c h  is s u b s e q u e n t l y  d i s so lved  
f rom th is  a l loy  l e a v i n g  the  c a t a l y s t  m e t a l  in a h i g h l y  
ac t ive  s ta te .  

J u s t i  has  used  R a n e y  n i c k e l  e lec t rodes ,  e spe c i a l l y  
as h y d r o g e n  e lec t rodes ,  w i t h  o u t s t a n d i n g  success.  He  
also m e n t i o n e d  w o r k  w i t h  R a n e y  e l ec t rodes  b a s e d  on 
copper ,  t ungs ten ,  m o l y b d e n u m  ( for  c a rbon  m o n -  
ox ide  o x i d a t i o n ) ,  and  p a l l a d i u m  (as  a p H  e l e c t r o d e ) ,  
bu t  he d id  not  d iscuss  his  r e su l t s  w i t h  these  m e t a l s  in 
de ta i l .  The  p r e s e n t  w o r k  m u s t  be r e g a r d e d  as an  a p -  
p l i ca t ion ,  a n d  p o s s i b l y  an  ex tens ion ,  of J u s t i ' s  t e c h -  
n ique .  

T h e  p r e p a r a t i o n  of fue l  e l ec t rodes  f rom R a n e y  
copper ,  cobal t ,  n ickel ,  r h o d i u m ,  p a l l a d i u m ,  and  p l a t i -  
n u m  is d e s c r i b e d  in the  fo l lowing  a long  w i t h  t he  r e -  

sul ts  o b t a i n e d  f rom tes ts  w i t h  hyd rogen ,  m e t h a n o l ,  
and  h y d r o c a r b o n  fuels .  

Experimental Procedure 
Al l  e l ec t rode  spec imens  w e r e  p r e p a r e d  in  the  f o r m  

of porous  d i sks  b y  c o m p r e s s i n g  a m i x t u r e  of ske l e ton  
m e t a l  p o w d e r  w i t h  p o w d e r e d  R a n e y  a l loy  and  sub -  
s equen t  d i s so lu t ion  of  t h e  base  m e t a l  of t he  R a n e y  
al loy.  In  a l l  cases t he  ske l e ton  m a t e r i a l  and  the  c a t a -  
ly t ic  subs tance  of the  R a n e y  a l loy  w e r e  iden t ica l .  The  
d i a m e t e r  of t he  d i sks  was  1.2 cm. T h e y  w e r e  g lued  
a r o u n d  the  c i r c u m f e r e n c e  in to  an e l ec t rode  s u p p o r t  
r i ng  m a d e  of P lex ig las .  The  p r o j e c t e d  su r f ace  a r e a  of 
the  ac t ive  p a r t  of the  d i sk  was  0.65 cm ~. 

The  R a n e y  a l loys  w e r e  p r e p a r e d  b y  a l l oy ing  the  
c a t a l y s t  m e t a l  w i t h  a l u m i n u m .  In  o r d e r  to ach ieve  a 
h igh  a l l oy ing  r a t e  w i t h o u t  m e l t i n g  the  c ompo nen t s  
b e f o r e h a n d ,  t he  two  m e t a l s  w e r e  m i x e d  in the  fo rm 
of p o w d e r s  and  c ompre s se d  into disks.  The  d i sks  
con t a ined  in i n d i v i d u a l  c ruc ib le s  w e r e  h e a t e d  in an  
e lec t r i c  f u r n a c e  u n t i l  t he  a l l oy ing  r e a c t i o n  s t a r t e d  
w i t h  conf lagra t ion  at  a b o u t  700~ Owing  to t he  h e a t  
of reac t ion ,  t he  t e m p e r a t u r e  inc reased ,  caus ing  the  
m i x t u r e  to m e l t  and  to f o r m  a h o m o g e n e o u s  al loy.  
I m m e d i a t e l y  a f t e r  th is  r e a c t i o n  was  comple t ed ,  t he  
a l loy  sol idif ied;  i t  was  t h e n  r e m o v e d  f r o m  the  f u r -  
nace.  I t  w o u l d  no t  be  poss ib le ,  a t  l eas t  u n d e r  
m i l d  condi t ions ,  to e l i m i n a t e  t he  a l u m i n u m  f rom,  
in p a r t i c u l a r ,  t h e  XA1 c o m p o u n d  w h e r e  t h e  c a t a -  
lys t  m e t a l  X is c o m p o u n d e d  w i t h  a l u m i n u m  a t  
an  a tomic  r a t i o  of 1:1. The  p e r c e n t a g e  of t h e  c a t a -  
l y t i c a l l y  ac t ive  m e t a l  in t he  a l loy,  t he re fo re ,  m u s t  
be  l o w e r  t han  the  s to i ch iome t r i c  r a t i o  of 1: 1. I t  mus t ,  
h o w e v e r ,  be above ,  say,  20 at.  % because  the  a l l oy  
becomes  too duc t i l e  for  p o w d e r i n g  b e l o w  th is  l imi t .  

F o r  t he  p r e p a r a t i o n  of t he  e l e c t r o d e  disks ,  one 
p a r t  b y  v o l u m e  of a p u r e  m e t a l  p o w d e r ,  t he  s k e l e t o n  
m a t e r i a l ,  was  m i x e d  w i t h  one p a r t  b y  v o l u m e  of 
p o w d e r e d  R a n e y  a l loy.  The  m i x t u r e  was  subse -  
q u e n t l y  c o m p a c t e d  b y  p r e s s i n g  i t  in to  disks .  J u s t i ' s  
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t e c h n i q u e  to ach ieve  h o m o p o r o s i t y  b y  f r a c t i o n a t i o n  
of the  p o w d e r s  was  no t  a p p l i e d  at  th is  r e s e a r c h  s tage.  

The  copper ,  cobal t ,  and  n i c k e l  e l ec t rodes  w e r e  p r e -  
p a r e d  b y  c o m p a c t i n g  the  p o w d e r s  at  a p r e s s u r e  of 
3,000 k g / c m  ~, and  s in t e r i ng  t h e m  at  400~ (Cu)  and  
600~ (Co, Ni) .  The  p l a t i n u m ,  p a l l a d i u m ,  and  r h o -  
d i u m  e l ec t rodes  w e r e  l e f t  u n s i n t e r e d  in o r d e r  to p r e -  
ven t  the  f o r m a t i o n  of t he  s t ab le  c o m p o u n d  XA1 f rom 
the  R a n e y  a l loy  a n d  the  s k e l e t o n  m e t a l  d u r i n g  
the  hea t  t r e a t m e n t .  The  u n s i n t e r e d  e l ec t rodes  w e r e  
c o m p a c t e d  a t  a p r e s s u r e  of 10,000 k g / c m  ~, and  at  the  
same  t ime  two  p l a t i n u m  screens  w e r e  i n c l u d e d  w i t h  
a v i ew  to inc rease  the  m e c h a n i c a l  s t ab i l i ty .  

A f t e r  c e m e n t a t i o n  of t he  d i sks  in to  a P l e x i g l a s  
r ing,  the  a l u m i n u m  of t he  R a n e y  a l loy  was  d i s so lved  
b y  t r e a t i n g  the  e l ec t rode  first  w i t h  a d i lu t e  and  t h e n  
w i th  a c o n c e n t r a t e d  K O H  solut ion,  f ina l ly  at  a t e m -  
p e r a t u r e  of 80~ The  a l u m i n u m  is not  c o m p l e t e l y  
e l i m i n a t e d  b y  th is  process .  F u r t h e r  a l u m i n u m  was  
d i s so lved  anod ica l ly .  A K O H  so lu t ion  was  e m p l o y e d  
i r r e s p e c t i v e  of w h e t h e r  the  d i sks  w e r e  used  in a l k a -  
l ine  or  ac id  e l e c t ro ly t e s  because  the  d i s so lu t ion  r a t e  
of a l u m i n u m  in ac ids  is too la rge .  

The  e l ec t rodes  w e r e  t e s t ed  b y  t a k i n g  c u r r e n t -  
p o t e n t i a l  p lo t s  us ing  the  h a l f - c e l l  sy s t em d e p i c t e d  
in Fig.  1. 

The  tes t  e l ec t rodes  (porous  d i sk  c e m e n t e d  in to  a 
P l e x i g l a s  r i n g )  w e r e  f ixed in a P l e x i g l a s  h o l d e r  p r o -  
v id ing  a gas  inlet .  The  e l ec t r i ca l  con tac t  w i t h  t he  
d i sk  was  e s t a b l i s h e d  b y  two  s p r i n g - t y p e  p l a t i n u m  
wi re s  to i n su re  good contact .  A p l a t i n u m  w i r e  s e r v e d  
as coun te r  e lec t rode .  The  e l ec t rode  p o t e n t i a l  was  
m e a s u r e d  aga in s t  a ca lome l  e l ec t rode  us ing  a L u g -  
g in  c a p i l l a r y  p l aced  at  a d i s t ance  of 5 m m  f rom the  
e l ec t rode  sur face ,  w h i c h  gave  a m a x i m u m  m e a s u r i n g  
e r r o r  of 50 my.  The  ohmic  p o l a r i z a t i o n  due  to the  
ohmic  r e s i s t ances  in  t he  e l ec t rode  and  the  e l e c t r o l y t e  
was  no t  m e a s u r e d  and  c o n s e q u e n t l y  is s t i l l  i n c l u d e d  
in the  p o t e n t i a l  va lue s  as r e p o r t e d .  The  m e a s u r e d  
po t en t i a l s  w e r e  not  co r r ec t ed  for  t he  di f fus ion p o -  
t en t i a l  b e t w e e n  the  e l e c t r o l y t e  con t a ined  in the  l i qu id  
j u n c t i o n  (5N) and  t ha t  a t  the  r e f e r e n c e  e l e c t r o d e  
(0.1N) ; the  i nvo lved  e r r o r  w o u l d  no t  exceed  30 mv.  
The  c u r r e n t  was  a d j u s t e d  b y  m e a n s  of a g a l v a n o -  
s ta t .  The  m e a s u r e d  a m p e r a g e s  w e r e  c o n v e r t e d  into  
c u r r e n t  dens i t i e s  b y  t a k i n g  the  p r o j e c t e d  su r face  a r ea  
of the  e l ec t rode  to be  0.65 cm ~. 

A l l  e l ec t rodes  w e r e  t e s t ed  w i t h  gaseous  h y d r o g e n  
a n d  m e t h a n o l  and  some,  in  addi t ion ,  w i t h  m e t h y l -  
c y c l o h e x a n e  and  hexane .  The  l a t t e r  t h r e e  fuels  w e r e  

~ - ~ / f  ecorrJer 

I ~ ~ ~  diluterl electrolyte \ die~ohragm 
counter electrode 

I/quid junct~n 

/ \ . 
test electrode Luggin c~olltory 

\ resistor ammG~r 9alvanostat 

Fig. 1. Diagram of test stand for measuring current-potential 
plots. 

a d m i t t e d  to t he  e l ec t rodes  us ing  n i t r o g e n  as a c a r r i e r  
gas.  The  e l ec t rode  gas  excess  p r e s s u r e s  t o t a l l e d  
0.5-1 a tm.  R e f e r e n c e  r u n s  w e r e  m a d e  u s i n g  p u r e  
n i t rogen .  

In  a d d i t i o n  to the  gaseous  fuels ,  the  tes t s  i n c l u d e d  
f o r m a l d e h y d e ,  fo rmic  acid,  and  me thano l ,  d i s so lved  
in the  e l ec t ro ly te .  

A l k a l i n e ,  acid,  and  c a r b o n a t e  e l e c t r o l y t e s  h a v e  
been  e m p l o y e d  as  5N so lu t ions  in w a t e r .  The  m a -  
j o r i t y  of the  tes t s  p e r f o r m e d  to da t e  h a v e  been  r u n  
at  80~ 

A f t e r  the  d e s c r i b e d  c h e m i c a l  d i s so lu t ion  of a l u m i -  
num,  f u r t h e r  a l u m i n u m  was  d i s so lved  in  the  h a l f -  
cel l  anod ica l ly .  To this  end  the  e l ec t rode  was  used  
as a h y d r o g e n  e lec t rode .  The  e l ec t rode  p o t e n t i a l  was  
i nc r ea sed  s t epwise  to abou t  200 m v  b e l o w  t h e  r e -  
ve r s ib l e  o x y g e n  po ten t i a l .  A l t h o u g h  m a i n l y  h y d r o -  
gen  is ox id i zed  d u r i n g  this  process ,  p a r t  of the  c u r r e n t  
is due  to d i s so lv ing  a l u m i n u m .  

In  the  case of n ickel ,  t he  e l ec t rode  a c t i v i t y  was  
m u c h  g r e a t e r  w h e n  e l e c t r o c h e m i c a l  a c t i va t i on  was  
used.  F o r  e x a m p l e  a R a n e y  n i cke l  e l ec t rode  us ing  
h y d r o g e n  in a ha l f  cel l  a t  --650 m v  y i e l d e d  c u r r e n t  
dens i t i e s  of 12 and  80 m a / c m  ~, r e spec t i ve ly ,  w h e n  
the  e l ec t rode  was  a c t i v a t e d  c h e m i c a l l y  in  5N K O H  
at  40~ for  24 h r  or  a c t i v a t e d  e l e c t r o c h e m i c a l l y  for  
1/2 h r  in 5N K O H  at  40~ w i t h  an  e l ec t rode  p o t e n -  
t i a l  of +150  my.  E l e c t r o c h e m i c a l  a c t i va t i on  was  no t  
n e c e s s a r y  w i th  the  o the r  m e t a l s  of the  e igh th  g roup  
tes ted .  

The  a m o u n t  of h y d r o g e n  d i s so lved  in  t he  e l e c t r o d e  
was  r e d u c e d  s u b s t a n t i a l l y  p r i o r  to t es t s  w i t h  m e t h -  
anol  or  h e x a n e  b y  pass ing  a n i t r o g e n  s t r e a m  t h r o u g h  
the  e lec t rode .  To a c c e l e r a t e  th is  process ,  a p o t e n t i a l  
was  a pp l i e d  w h i c h  was  a b o u t  200 m v  b e l o w  the  
s t a n d a r d  r e v e r s i b l e  o x i d a t i o n  p o t e n t i a l  of the  cor -  
r e s p o n d i n g  e l ec t rode  m e t a l :  

Current Density-Potential  Plots 
Most  of the  r e su l t s  a r e  p l o t t e d  in the  f o r m  of c u r -  

r en t  d e n s i t y - p o t e n t i a l  cha rac te r i s t i c s .  
A l l  r e p o r t e d  p o t e n t i a l  va lue s  w e r e  o b t a i n e d  w i t h i n  

a few m i n u t e s  a f t e r  a d j u s t m e n t  of t he  c u r r e n t  and  
r e m a i n e d  cons t an t  d u r i n g  the  m e a s u r i n g  p e r i o d  up  
to s e v e r a l  hours .  F i g u r e  2 dep ic t s  the  r e su l t s  w i t h  
h y d r o g e n  in K O H  solut ion .  

W i t h  a l l  e l ec t rodes  the  o p e n - c i r c u i t  p o t e n t i a l  
r e a c he d  the  r e v e r s i b l e  h y d r o g e n  po ten t i a l .  D e v i a -  
t ions  w i t h i n  •  m v  a re  due  to v a r i a t i o n s  of t he  
p o t e n t i a l  of t he  ca lomel  r e f e r e n c e  e lec t rode .  The  
n i cke l  e l ec t rode  shows  a d i s t inc t  l i m i t i n g  c u r r e n t  
d e n s i t y  b e y o n d  w h i c h  the  p o l a r i z a t i o n  as a f u n c -  
t ion  of t he  c u r r e n t  d e v i a t e s  s t r o n g l y  f r o m  l i nea r i t y .  
As the  d i a g r a m  shows,  t he  p l a t i n u m  e l ec t rode  has  
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Fig. 2. Current density-potential plots of Raney electrodes with 
H~ in 5N KOH at 80~ 
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Fig. 3. Current density-potential plots of Raney electrodes with 
CHsOH in 5N KOH at 80~ 
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Fig. 4. Current density-potential plots of Raney palladium elec- 
trode with H2 and CH3OH in 5N K2CO3 at 80~ 

the  sma l l e s t  po la r i za t ion .  W i t h  p a l l a d i u m ,  p l a t i n u m ,  
and  r h o d i u m  as h y d r o g e n  and  m e t h a n o l  e lec t rodes ,  
the  tes t s  w e r e  not  e x t e n d e d  b e y o n d  c u r r e n t  d e n -  
s i t ies  of abou t  500 m a / c m  ~ and  300 ma/cm" ,  r e -  
spec t ive ly ,  so t ha t  t he  r e s p e c t i v e  l i m i t i n g  c u r r e n t  
dens i t i es  w e r e  not  a sce r t a ined .  

The  r e su l t s  o b t a i n e d  w i t h  the  s i n t e r e d  n i cke l  e l ec -  
t rode,  us ing  h y d r o g e n  as fue l  w e r e  i n f e r io r  to those  
r e p o r t e d  b y  Jus t i ,  p r e s u m a b l y  because  of t he  m u c h  
s m a l l e r  n u m b e r  of ac t ive  pores .  I t  is t hus  a s s u m e d  
tha t  a l l  e l e c t rodes  i n v e s t i g a t e d  m a y  be  i m p r o v e d  
b y  e m p l o y m e n t  of b e t t e r  t e chn iques  of  p o w d e r  
m e t a l l u r g y .  

F i g u r e  3 shows  the  r e su l t s  w i t h  m e t h a n o l  fue l  in  
K O H  solut ion.  

A g a i n  the  p o l a r i z a t i o n  i nc r ea sed  l i n e a r l y  w i t h  t he  
cu r r en t .  The  o p e n - c i r c u i t  p o t e n t i a l  was  a b o u t  100- 
150 m y  s m a l l e r  t h a n  t h a t  w i t h  h y d r o g e n .  H e r e  p a l -  
l a d i u m  f u r n i s h e d  the  bes t  resu l t s .  

I f  the  K O H  e l e c t r o l y t e  is r e p l a c e d  b y  K~CO3, v e r y  
l a rge  po l a r i za t i ons  a r e  o b t a i n e d  bo th  w i t h  h y d r o g e n  
and  m e t h a n o l  as fue ls  ( see  Fig .  4) .  

L a r g e  c u r r e n t  dens i t i e s  w e r e  o b t a i n e d  no t  on ly  

800, I -  

, ~ / | 
ilO0 

[H,z/H'] 0 0 50 I00 150 200 250 
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Fig. 5. Current density-potential plots of Raney electrodes in 
5N H~SO4 at 100~ 
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Fig. 6 .  Current density-potential plots of a Raney platinum 
electrode with CH3OH in 5N H2SO~ as a function of temperature. 

in K O H  so lu t ion  b u t  also in H=SO, so lu t ion  w i t h  h y -  
d r o g e n  and  m e t h a n o l  as fue l  ( see  Fig .  5 and  6).  

W i t h  m e t h a n o l ,  t he  p o l a r i z a t i o n  shows  a p e c u l i a r  
n o n l i n e a r i t y  a t  sma l l  c u r r e n t  dens i t ies .  W i t h  m e -  
t h a n o l  in an  ac id  solu t ion ,  p l a t i n u m  p roves  to be  
s u p e r i o r  to p a l l a d i u m  as a ca t a ly s t .  The  open-Ci rcu i t  
p o t e n t i a l  exceeds  t h a t  of h y d r o g e n  by  a b o u t  100 my.  

F i g u r e  6 shows  the  t e m p e r a t u r e  d e p e n d e n c e  of 
m e t h a n o l  o x i d a t i o n  as  a func t ion  of t he  t e m p e r a t u r e  
b e t w e e n  25 ~ and  100~ 

The  above  re su l t s  a r e  s u m m a r i z e d  in T a b l e  I t o -  
g e t h e r  w i t h  r e su l t s  no t  i l l u s t r a t e d  so far .  "Specif ic  
p o l a r i z a t i o n "  is def ined  as t he  s lope  of t he  cu rve  p o -  
t e n t i a l  v s .  c u r r e n t  dens i ty .  F o r  m e t h a n o l  in ac id  e lec -  
t r o l y t e ,  the  s lope  is t a k e n  f r o m  the  l i n e a r  p o r t i o n  of 
t he  c u r v e  at  l a r g e  cu r r en t s ;  in  t hese  cases  t he  v a l u e  
of t he  o p e n - c i r c u i t  p o t e n t i a l  is c o m p l e m e n t e d  b y  the  
i n t e r c e p t i o n  of t h e  e x t r a p o l a t e d  l i n e a r  p a r t  of t he  
p o l a r i z a t i o n  c u r v e  w i t h  t he  o rd ina te .  C o p p e r  and  
coba l t  t u r n e d  out  to be  u n s a t i s f a c t o r y  ca t a ly s t s  for  
m e t h a n o l  or  h y d r o g e n  e lec t rodes .  

Table I. Open-circuit potential, specific polarization, and limiting current density with 
hydrogen and methanol, respectively, at 80~ 

C a t a l y s t  E l ec t ro ly t e  

I-X2 

Open-  Spec. L i m i t .  
circ. pot . ,  polar . ,  curr .  den. ,  

m v  ohm-  cm 2 ma/cm= 

CH~OH 

Open-  Spec. L i m i t .  
circ. pot . ,  polar . ,  curr .  den. ,  

m v  o h m  -cm ~ m a / c m ~  

Cu K 0 H  
Cu H.S0 ,  
Co K 0 H  
Ni K 0 H  
Pd KOH 
Pd K~C0. 
Pd  H~S0, 

Rh KOH 
Pt  KOH 
Pt  H2SO, 

--780 3 10 
-520 24 10 

--850 4 50 
--820 0.9 240 
--820 0.8 >500 
--640 5 15 

-510 1.1 >300 

--860 1.0 >500 
--840 0.6 >500 
-5 10 1.2 >300 

__ - -  zero 
not tested 

__ - -  zero 
- -  - -  small  

--710 1.8 >300 
--550 55 10 
-I- 100 2.3 >300 

(-5380) * 
--700 2.3 >300 
--670 2.0 >300 
-5}-80 1.5 >300 

(-5320) * 

* Bas i s  :for c a l c u l a t i o n  o f  t h e  specif ic  po la r i za t ion .  
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Fig. 7. Current-voltage plots of a fuel cell in 5N KOH as a 
function of temperature with methanol fuel (electrode area 12 cm~). 

In  addi t ion,  the  fo l lowing r e m a r k s  m a y  be made :  
(A) There  was no apprec iab le  e lec t rochemical  oxi-  
da t ion  of hexane  or m e t h y l c y c l o h e x a n e  wi th  the  de-  
scr ibed types  of electrodes and  u n d e r  the  descr ibed 
condit ions.  (B) S in t e r ing  of the  nob le  me ta l  e lec-  
t rodes des t roys  the i r  ac t iv i ty  w i th  m e t h a n o l  and  
ser iously  affects the i r  ac t iv i ty  w i th  hydrogen.  (C) 
The  c u r r e n t - p o t e n t i a l  plots  wi th  m e t h a n o l  are i n -  
d e p e n d e n t  of w h e t h e r  the  fuel  is admi t t ed  as a 
vapor  or dissolved in  the  e lec t ro ly te  in  excess con-  
cent ra t ions .  (D) In  both  KOH and  H~SO, solutions,  
f o rma ldehyde  and  formic  acid, dissolved in  the  elec-  
t rolyte ,  are  conver ted  w i th  c u r r e n t  densi t ies  s imi la r  
to those achieved wi th  methanol .  

Experiments with a Laboratory-Stage Alkaline Methanol 
Fuel Cell 

A l a b o r a t o r y - s t a g e  m e t h a n o l  fuel  cell  was  set up,  
us ing  a p a l l a d i u m  fuel  e lectrode and  a s i lver  oxygen  
e lect rode of a pro jec ted  surface  area  of 12 cm ~ each. 
The  electrodes were  spaced at 1 cm in  an  aqueous  5N 
KOH elec t ro ly te  to which  m e t h a n o l  was added in  
amoun t s  of 1 mole/1 as a l iqu id  admix tu re .  

The c u r r e n t - v o l t a g e  character is t ic  of the cell was 
plot ted  at  20 ~ 40 ~ and  80~ (Fig. 7). 

I t  is a p p a r e n t  that ,  at the same voltage,  the cell 
ou tpu t  rises about  fourfo ld  on inc reas ing  the t e m -  
p e r a t u r e  f rom 20 ~ to 80~ The charac ter i s t ic  does 
not  change  even  af ter  con t inuous  opera t ion  for sev-  
eral  weeks ;  the eIectrolyte  had  to be replaced  severa l  
t imes  d u r i n g  this  per iod owing  to the  KOH c o n s u m p -  
tion. The  cell was  used to e x a m i n e  the  degree  of 
convers ion  of, a l t e rna t ive ly ,  me thano l ,  f o rma l de -  
hyde,  and  formic  acid. 

Tests were  r u n  which  showed tha t  there  was neg l i -  
gible ac t iv i ty  of the m e t h a n o l  at the  oxygen  elec- 
trode.  

A k n o w n  a m o u n t  of m e t h a n o l  was  added to a 
cell, and  the  cell was  opera ted  u n t i l  comple te ly  dis-  
charged.  The tota l  a m o u n t  of c u r r e n t  w i t h d r a w n  was 
measu red  and  compared  to the ca lcula ted  tota l  cu r -  
r en t  for complete  ox ida t ion  to carbonate .  The meas -  
u red  c u r r e n t  cor responded to about  95% of the  cal-  
cu la ted  cur ren t .  

M e t h a n o l  Ox idat ion  Reactions 

Various  e x p e r i m e n t e r s  (1, 5-9)  have  found  di f -  
f e ren t  reac t ion  end  products  in m e t h a n o l  fuel  cells. 
D u r i n g  the  p resen t  p rogram,  severa l  avenues  have  
been  fol lowed in  an  a t t emp t  to inves t iga te  the  course 
and  the  comple teness  of the  m e t h a n o l  convers ion .  

July 1962 

In  order  to test  the i r  e lec t rochemica l  act iv i ty ,  the  
supposed i n t e r me d i a t e s  of the  m e t h a n o l  ox ida t ion  
were  anodica l ly  oxidized in  a ha l f -ce l l  a r r a n g e m e n t .  
Wi th  f o r m a l d e h y d e  as wel l  as wi th  formic  acid la rge  
c u r r e n t  densi t ies  were  ob ta ined  at polar iza t ions  com-  
pa rab le  to those observed wi th  methanol .  This  holds 
for both  an a lka l ine  and  an  acid med ium.  

Ano the r  approach  to the  p r o b l e m  of the degree  of 
ox ida t ion  is the  chemical  ana lys i s  of the e lec t ro ly te  
af ter  ex tended  operat ion.  Therefore ,  the  a moun t s  of 
f o rma ldehyde  and  formic acid were  d e t e r m i n e d  tha t  
were  fo rmed  af ter  a cell had  been  opera ted  for 2 hr  
at, a l t e rna t ive ly ,  20 ~ and  80~ f rom m e t h a n o l  owing  
to incomple te  oxidat ion.  The appl ied  ana ly t i ca l  p ro-  
cedure  was  based on the  f o r ma t i on  of an  in t ense ly  
colored complex  of f o r m a l d e h y d e  and  chromotropic  
acid which  was  d e t e r m i n e d  color imetr ica l ly .  Formic  
acid is r educed  to fo rma ldehyde  by  m a g n e s i u m  and  
su l fur ic  acid before  its de t e rmina t ion .  Such a p ro -  
cedure  was car r ied  out for ha l f -ce l l s  a f ter  5000 
coulombs had been  w i t h d r a w n .  In  the case of a lka -  
l ine  e lec t ro ly te  wi th  a p a l l a d i u m  electrode,  the  
a m o u n t s  of f o rma ldehyde  and  formic  acid to ta l led  
5% of the conver ted  electr ici ty.  Wi th  a r hod ium 
electrode, they  were  about  10% thereof.  In  the case 
of an  acid electrolyte ,  us ing  a p l a t i n u m  electrode,  
the  a m o u n t  of f o rma ldehyde  was about  1%, a nd  tha t  
of formic  acid smal le r  t h a n  0.1% of the  conver ted  
electr ici ty.  The re  was  no apprec iab le  t e m p e r a t u r e  
effect. 

The same ana lyses  were  conducted  for the  a lka l ine  
m e t h a n o l  fuel  cell w i th  a p a l l a d i u m  electrode af ter  
8000 coulombs had  been  w i t h d r a w n .  The a moun t s  of 
f o r m a l d e h y d e  and  formic  acid cor responded  to 1 and  
3 %, respect ively ,  of the  conver ted  electr ici ty.  

F ina l ly ,  at 20~ the l abo ra to ry  stage a lka l ine  fuel  
cell was opera ted  on defined a moun t s  of fo rma lde -  
hyde  and  formic  acid in  separa te  runs .  Tota l  cu r r en t  
w i t h d r a w a l  was m e a s u r e d  for each fuel  and  was  
found  to be abou t  95% of the ca lcu la ted  c u r r en t  for 
complete  oxida t ion  in  each case. This  was  in  agree-  
m e n t  wi th  the  tests r u n  to d e t e r m i n e  fuel  ac t iv i ty  
wi th  m e t h a n o l  as the fuel.  

These var ious  f indings lead to the conc lus ion  t ha t  
even  at room t e m p e r a t u r e s  m e t h a n o l  ox ida t ion  p ro -  
ceeds a lmost  comple te ly  to ca rbona te  or ca rbon  di -  
oxide on the R a n e y  electrodes of the  p re sen t  s tudy.  
This resu l t  appears  to be  i n d e p e n d e n t  of the  e lec t ro-  
ly te  and  of the ha l f -ce l l  v s .  fuel  cell operat ion.  
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Determination of the Internal Resistance of Leclanche Cells 
by Square-Wave Method 

Aladar Tvarusko 
The Carl F. Norberg Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 

ABSTRACT 

The in te rna l  resis tance of Leclanch~ dry  cells was s tudied on shelf and d u r -  
ing discharge by means  of a squa re -wave  technique.  A cons tan t -cur ren t  square -  
wave  signal was passed th rough  the cell on test, and the potent ia l  var ia t ion  
across the  cell d i sp layed  on a h igh-sens i t iv i ty  oscilloscope wi th  different ia l  
input.  The ins tantaneous  vol tage drop in the oscilloscope pat tern ,  caused by  the 
leading  edge of the constant  cur ren t  square  wave, indica ted  the in te rna l  r e -  
sistance of the Leclanch~ cells. The in te rna l  resis tance is independent  of the  
ampl i tude  and f requency  of the appl ied  squa re -wave  cur ren t  and of the mo-  
men ta ry  d-c  current .  The type  of manganese  dioxide  used in the cathode mix  
and the composit ion of the e lec t ro ly te  influenced the in te rna l  res is tance of 
D-size Leclanch6 cells, both undischarged  and dur ing  4-ohm continuous dis-  
charge. 

In  the  pas t ,  bo th  s t e a d y - s t a t e  and  t r a n s i e n t  m e a s -  
u r i n g  m e t h o d s  us ing  e i t he r  a l t e r n a t i n g  or  d i r ec t  c u r -  
r en t  w e r e  i n v e s t i g a t e d  for  d e t e r m i n i n g  t h e  i n t e r n a l  
r e s i s t ance  of d r y  cells .  Resu l t s  o b t a i n e d  by  these  
m e thods  w e r e  incons is ten t .  One of t h e  s imp le s t  and  
leas t  a c c u r a t e  m e t h o d s  is t he  d - c  s t e a d y - s t a t e  m e t h o d  
in w h i c h  the  r e s i s t ance  is c a l c u l a t e d  f rom the  p o t e n -  
t i a l  d r o p  at  a c e r t a i n  c u r r e n t  d r a i n  (1 -4 ) .  S e v e r a l  
d - c  t r a n s i e n t  m e t h o d s  w e r e  d e v e l o p e d  (5 -8 ) .  G e n -  
e r a l l y ,  t he  a - c  s t e a d y - s t a t e  m e t h o d s  use  v a r i o u s  
t y p e s  of i m p e d a n c e  b r i dges  to s e p a r a t e  t he  r e s i s t i ve  
( r e a l )  and  r e a c t i v e  ( i m a g i n a r y )  p a r t  of t he  i m -  
pedance .  Va r ious  a r r a n g e m e n t s  w e r e  used  b y  the  
s eve ra l  a u t h o r s  (9 -18 ) .  The  a - c  t r a n s i e n t  m e t h o d  is 
r e p r e s e n t e d  b y  B r o d d ' s  (19) c u r r e n t  pu l se  me thod .  

I m p e d a n c e  of an  e l ec t r i c a l  c i rcu i t  consis ts  of two  
pa r t s :  r e s i s t ive  and  reac t ive .  The  r e s i s t ive  p a r t  is 
f r e q u e n c y  i n d e p e n d e n t  w h i l e  t he  r e a c t i v e  p a r t  va r i e s  
w i th  t he  f r equency .  The  r e a c t i v e  p a r t  can  inc lude  
i n d u c t a n c e  or  c apac i t ance  or  both .  In  the  case  of 
Lec lanch~  cells  w i t h  r e l a t i v e l y  shor t  leads ,  t he  i n -  
d u c t a n c e  is neg l ig ib le ,  and  on ly  t he  capac i t i ve  r e a c -  
t ance  and the  p u r e  r e s i s t i ve  c o m p o n e n t  h a v e  a ro le  in 
the  impedance .  

In  genera l ,  the  s e p a r a t i o n  of t he  r e s i s t i ve  and  r e -  
ac t ive  componen t s  of t he  i m p e d a n c e  b y  t h e  a - c  
b r i d g e  m e t h o d s  is a f a i r l y  l e n g t h y  o p e r a t i o n  or  c o m -  
p l i ca t ed  i n s t r u m e n t a t i o n  is i nvo lved ,  e.g., t he  use  of 
d o u b l e - s e r v o - c o n t r o l l e d  a - c  b r i d g e  (20) .  D u r i n g  the  
changes  t a k i n g  p l ace  in t h e  d i s c h a r g e  and  s to rage  of 
cells,  not  on ly  t he  r e s i s t i ve  p a r t  can  c h a n g e  b u t  also 
the  r e a c t i v e  pa r t .  B r o d d ' s  pu l se  m e t h o d  (19) y i e l d e d  

on ly  t he  r e s i s t ive  p a r t  of the  impe da nc e ,  w h e r e a s  t he  
s q u a r e - w a v e  c u r r e n t  m e t h o d  g ives  i n f o r m a t i o n  con-  
ce rn ing  the  r e a c t i v e  p a r t  of the  i m p e d a n c e  as w e l l  as 
the  r e s i s t i ve  par t .  V e r y  r e c e n t l y  h o w e v e r ,  a p u l s e  
m e t h o d  was  d e s c r i b e d  (21) to m e a s u r e  p a r a m e t e r s  of 
the  e l ec t r i ca l  d o u b l e  l aye r ,  n a m e l y ,  the  r e a c t i v e  p a r t  
of t he  impedance .  V a r ious  s q u a r e - w a v e  t e c hn iques  
h a v e  been  u t i l i zed  p r e v i o u s l y  for  e l e c t r o c h e m i c a l  
s tud ies  (22-25) .  

In  th is  modi f i ca t ion  of t he  m e t h o d  d e v e l o p e d  at  
this l a b o r a t o r y  (25) ,  a c o n s t a n t - c u r r e n t  s q u a r e -  
w a v e  s igna l  was  passed  t h r o u g h  t h e  t es t  cel l  and  t h e  
p o t e n t i a l  v a r i a t i o n  across  t he  cel l  d i s p l a y e d  on an  
osci l loscope.  The  i n s t a n t a n e o u s  v o l t a g e  d rop  in t he  
osc i l loscope p a t t e r n ,  caused  b y  the  l e a d ing  edge  of 
t he  c o n s t a n t - c u r r e n t  s q u a r e  wave ,  r e p r e s e n t s  t h e  
i n t e r n a l  r e s i s t ance  of t he  Lec lanch~  cell .  Resu l t s  con-  
c e rn ing  the  r e a c t i v e  p a r t  of t he  i m p e d a n c e  wi l l  be  
de sc r ibed  in a l a t e r  a r t ic le .  

Experimental 
The  b lock  d i a g r a m  of t he  c i rcu i t  u sed  to m e a s u r e  

the  i n t e r n a l  r e s i s t ance  of Lec lanch~  cel ls  is shown 
in Fig.  1. The  Lec lanch~  cel l  A, was  connec t ed  in 
ser ies  w i t h  a n o n i n d u c t i v e  r e s i s to r  B. Thins c o n v e r t e d  
the  c o n s t a n t - v o l t a g e  o u t p u t  of t he  s q u a r e - w a v e  g e n -  
e r a t o r  C, to cons t an t  c u r r e n t ,  s ince  t he  v a l u e  of 
r e s i s to r  B is m u c h  l a r g e r  t h a n  the  s u m  of t h e  i m -  
p e d a n c e s  in t h e  c o n s t a n t - c u r r e n t  c i r cu i t  loop 
( C - A - G - F ) .  The  v o l t a g e  r e sponse  of t he  s q u a r e -  
w a v e  c u r r e n t  across  t he  Lec lanch~  cel l  w a s  m e a s u r e d  
t h r o u g h  osc i l loscope  p r o b e s  ( 5 X ) D ,  w i t h  a h i g h -  
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C 
Fig. 1. Block diagram of the circuit: A, Leclanch6 cell; B, re- 

sistor; C, square-wave generator; D, oscilloscope probe (SX); E, 
oscilloscope; F, blocking capacitor; G, discharging resistor. 

sens i t i v i t y  d i f f e ren t i a l  i n p u t  osc i l loscope E, e q u i p p e d  
w i t h  a Robo t  r e c o r d e r  camera .  A capac i t o r  F was  
used  in ser ies  w i th  t h e  d r y  cel l  to p r e v e n t  t he  d i s -  
cha rge  of t he  d r y  cel l  t h r o u g h  the  s q u a r e = w a v e  gen= 
e ra to r .  Res i s to r  G, in p a r a l l e l  w i t h  t he  cell ,  was  used  
for d i s c h a r g i n g  the  Lec l anch8  cell .  

The  use of m a t c h e d  osc i l loscope p robes  and  
sh i e lded  cab les  t o g e t h e r  w i t h  t he  d i f f e ren t i a l  i n p u t  
of t he  osc i l loscope  m i n i m i z e d  s t r a y  p i c k - u p  and  
noise.  G r o u n d  loops w e r e  a v o i d e d  b y  g r o u n d i n g  the  
m e a s u r i n g  c i r c u i t r y  on ly  at  one  poin t .  The  sh i e ld ing  
of the  osc i l loscope p robes  was  g r o u n d e d  t h r o u g h  the  
osci l loscope.  

A H i c k o k  Mode l  710 s i n e - s q u a r e = w a v e  g e n e r a t o r  
was  used  w i t h  a r ise  t ime  of less t h a n  0.1 ~sec for  a 
r a n g e  of 20 cycles  to 1 Mc f r equency .  The  square= 
w a v e  c u r r e n t  l im i t i ng  r e s i s to r  was  4200 o h m  e x c e p t  
for  the  s t u d y  of i n t e r n a l  r e s i s t ance  as a func t ion  of 
the  s q u a r e = w a v e  cu r ren t .  The  vo l t age  used  was  42.0v 
peak=to=peak .  The  b l o c k i n g  capac i t o r  was  16 ~F. The  
osc i l loscope was  a T e k t r o n i x  Mode l  502 w i t h  a p a s s -  
b a n d  of d.c. to 100 kc at  t he  mos t  f r e q u e n t l y  used  
sens i t iv i t i e s  and  a r i se  t ime  of 3.5 ~sec. 

S q u a r e  w a v e s  of a c e r t a i n  base  f r e q u e n c y  can  be  
r e p r e s e n t e d  b y  the  F o u r i e r  ser ies  of s ine  w a v e s  of i ts  
f u n d a m e n t a l  and  odd  n u m b e r e d  ha rmon ic s .  The  
l e a d i n g  edge  of the  s q u a r e  w a v e  r e p r e s e n t s  the  high= 
f r e q u e n c y  ha rmon ics .  If  the  i n d u c t a n c e  of t he  s a m p l e  
and  l eads  is neg l ig ib le ,  t he  i n s t a n t a n e o u s  vo l t a ge  
d rop  of the  s igna l  c o r r e s p o n d s  to the  r e s i s t i ve  p a r t  of 
the  i m p e d a n c e  only.  K n o w i n g  the  s q u a r e = w a v e  c u r -  
r en t  a m p l i t u d e  and  the  m e a s u r e d  i n s t a n t a n e o u s  
v o l t a g e  d rop  ( t imes  osc i l loscope  p r o b e s '  a t t e n u a t o r  
f ac to r  5X) the  R is s i m p l y  c a l c u l a t e d  f r o m  Ohm' s  
law.  W h e n  d i s c h a r g i n g  the  Lec l anch6  cell ,  t he  r e -  
s i s tor  G is in p a r a l l e l  w i t h  the  cell ,  and  R is c a l cu -  
l a t e d  w i t h  t he  he lp  of K i rchof f ' s  law.  

A l l  t he  Lec lanch~  cells  i n v e s t i g a t e d  w e r e  pas ted= 
t y p e  D-s ize  d r y  cells.  In  o r d e r  to s t u d y  the  effect  of 
the  t y p e  of MnO, on the  course  of t he  i n t e r n a l  r e -  
s i s tance  curves ,  MnO.~ of d i f fe ren t  o r ig ins  w a s  used.  
A f r i c a n  ore  ( G h a n a )  r e p r e s e n t e d  t h e  n a t u r a l l y  oc-  
c u r r i n g  m a n g a n e s e  d iox ide .  The  A f r i c a n  ore  was  also 
b l e n d e d  w i t h  a s y n t h e t i c  h y d r o u s  MnO,  (4% a l k a l i  
and  10% w a t e r  c o n t e n t ) .  The  x - r a y  d i f f rac t ion  p a t -  
t e rn  of th is  s y n t h e t i c  MnO~ had  w e a k  i n t e n s i t y  

7=MnO~ and  v e r y  w e a k  p y r o l u s i t e  and  c r y p t o m e l a n e  
peaks .  The  two  e l e c t ro ly t i c  MnO~ sa mp le s  ( sources  
A and  B)  w e r e  7-MnO~. The  MnO~: c a r b o n  b l a c k  
r a t i o  was  8:1 for  a l l  cells.  The  e l e c t r o l y t e  in t he  core  
was  the  same  for  a l l  compos i t ions  w i t h  the  e x c e p t i o n  
of t he  A f r i c a n  ore, s y n t h e t i c  MnO_~ m i x  w h i c h  con-  
t a i n e d  20% less ZnCL and  10% less NH4C1 t h a n  the  
o thers .  The  s a m e  p a s t e  compos i t ion  was  used  for  a l l  
Lec lanch~  cel ls  excep t  for  t he  e l e c t ro ly t i c  MnO.o f rom 
source  B. The  pas t e  for  th is  cel l  con ta ined  120% m o r e  
ZnCL and  25% m o r e  NH4C1 t h a n  the  o the r  one. 

Results and Discussion 

T h e  i n t e r n a l  r e s i s t a nc e  of t he  Lec l anch~  cel ls  was  
m e a s u r e d  b y  a cons t an t  s q u a r e - w a v e  cu r ren t .  I t  was  
of i n t e r e s t  to i n v e s t i g a t e  t he  i n t e r n a l  r e s i s t ance  as a 
func t ion  of the  a p p l i e d  s q u a r e = w a v e  c u r r e n t  ampli= 
tude .  The  c u r r e n t  was  v a r i e d  f r o m  1 to 20 m a  peak= 
to=peak,  and  no change  was  o b s e r v e d  in the  i n t e rna l  
r e s i s t ance  of the  cell .  The  i n t e r n a l  r e s i s t ance  is thus  
i n d e p e n d e n t  of t he  s q u a r e - w a v e  c u r r e n t  a m p l i t u d e ,  
i.e., it  obeys  O h m ' s  law.  A c u r r e n t  of 10 m a  was  sub= 
s e q u e n t l y  chosen  to ob t a in  a c onve n i e n t  v o l t a g e  drop.  

The  f r e q u e n c y  d e p e n d e n c e  of the  i n t e r n a l  resist= 
ance w a s  i n v e s t i g a t e d  in t h e  f r e q u e n c y  r a n g e  of 20- 
10,000 cps. The  i n t e r n a l  r e s i s t ance  of Lec lanch~  cells,  
R, was  thus  found  to be  i n d e p e n d e n t  of the  f r e q u e n c y  
as s h o w n  in Fig.  2. This  f r e q u e n c y  i n d e p e n d e n c e  of 
the  R, was  f o u n d  for  a l l  the  Lec lanch~  cel l  compost= 
t ions  i nves t iga t ed .  

The  v e r y  s l igh t  d e v i a t i o n  at  low f r equenc i e s  is due  
to the  diff icult  r e a d a b i l i t y  of the  vo l t a ge  d rop  ( w h e r e  
l a rge  v e r t i c a l  def lec t ion  fac to rs  a r e  n e e d e d ) ,  wh i l e  
a t  h igh  f r equenc i e s  i t  is due  to the  d i s to r t i on  of t h e  
l e a d i n g  edge.  The  i n t e r n a l  r e s i s t ance  of D=size L e -  
c lanch~ ceils  is in t he  r a n g e  0.1=0.4 ohm, acco rd ing  to  
the  compos i t ion .  These  low va lues  n e c e s s i t a t e d  the  
use of t he  mos t  sens i t ive  r a n g e  of the  osc i l loscope ' s  
v e r t i c a l  ampl i f i e r  (200 ~ v / c m ) .  A t  th i s  r a n g e  the  
p a s s b a n d  of t he  ampl i f i e r  is d.c. to 100 kc.  The  fif th 
odd h a r m o n i c  c o m p o n e n t  of the  10 kc s q u a r e = w a v e  
s igna l  is cu t  out  b y  the  ampl i f ie r ,  w h e r e a s  t he  for ty= 
n i n t h  odd h a r m o n i c  c o m p o n e n t  of t he  1 kc square= 
w a v e  s igna l  is c a r r i e d  over .  The  r e a d a b i l i t y  of t he  
i n s t a n t a n e o u s  vo l t a ge  d rop  is good at  1 kc  also. A l l  
t he  m e a s u r e m e n t s  w e r e  done  at  1 kc. 

D r y  cel ls  a r e  m a d e  as u n i f o r m l y  as is p r a c t i c a l l y  
poss ib le .  A c e r t a i n  d e v i a t i o n  in t he  compos i t ion ,  as= 
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Fig. 2. Internal resistance of Leclanch6 cells as a function of 
frequency. Curve 1, African ore; curve 2, African ore, synthetic 
MnO~; curve 3, electrolytic MnO_~, source B; curve 4, electrolytic 
MnOf, source A. 
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Table I. internal resistance of undischarged Leclanch~ i i 

cells (D-size) and its deviation 

N u m -  
b e r  RMean, AMax, 

T y p e  of  MnO~ of  cells  o h m  o h m  

A f r i c a n o r e  15 0 � 9  +0.03 --0.01 

Electrolyt ic  MnO_o, source A 12 0.21 +0.06 --0.04 

Electrolyt ic  MnO2, source B 12 0.16 +0.02 --0.01 

sembly ,  etc.,  is u n a v o i d a b l e .  This  n a t u r a l l y  shows 
up  in the  i n t e r n a l  r e s i s t ance  va lue s  also. The  a r i t h -  
m e t i c a l  m e a n  of a t  l eas t  12 u n d i s c h a r g e d  D-s i ze  Le-  
c lanch~ cel ls  pe r  lot,  and  t h e  m a x i m u m  d e v i a t i o n  
f rom it  can  be  seen in Tab le  I. The  r e p r o d u c i b i l i t y  
of t h e i n t e r n a l  r e s i s t ance  va lue s  for  i n d i v i d u a l  cel ls  
is good (_0 .01  o h m ) .  

On r e p l a c i n g  p a r t  of the  A f r i c a n  ore  in t he  core  
w i th  a syn the t i c  h y d r o u s  MnO.~, t h e  i n t e r n a l  r e s i s t -  
ance of the  u n d i s c h a r g e d  Lec lanch~  cel l  was  m a r k -  
ed ly  i nc r ea sed  ( c u r v e  2 v s .  cu rve  1, Fig.  2) .  The  
s l i gh t ly  l o w e r  sa l t  concen t r a t i on  in the  m i x  e l e c t r o -  
l y t e  canno t  be  r e spons ib l e  a lone  for  th is  m a r k e d  r e -  
s i s tance  increase .  The re fo re ,  i t  is safe  to a s sume  t h a t  
the  syn the t i c  MnO~ in the  core  c o n t r i b u t e d  l a r g e l y  to 
t he  i n t e r n a l  r e s i s t ance  increase .  Lec l anch~  cel ls  m a d e  
w i t h  e l e c t ro ly t i c  MnO,, source  B, h a d  a pas t e  of s ig-  
n i f ican t ly  h ighe r  sa l t  concen t r a t i on  w h i c h  was  
m a i n l y  r e spons ib l e  for  t he  i n t e r n a l  r e s i s t ance  d e -  
c rease  of these  cel ls  ( c u r v e  3) .  

The  i n t e r n a l  r e s i s t ance  of Lec lanch~  cells  of v a r i -  
ous compos i t ions  was  i n v e s t i g a t e d  also d u r i n g  d i s -  
charge .  T h r e e  cel ls  or  m o r e  w e r e  d i s c h a r g e d  for  each  
compos i t ion  to in su re  p r o p e r  v a l i d i t y  of resu l t s .  
M o m e n t a r y  c u r r e n t  d r a i n s  d id  no t  affect  t he  i n t e r n a l  
r e s i s t ance  of cel ls  excep t  a t  v e r y  h igh  c u r r e n t  d r a i n s  
w h e r e  i t  i nc r ea sed  due  to changes  t a k i n g  p lace  w h i c h  
canno t  be  a s c e r t a i n e d  at  th is  t ime .  This  conf i rms the  
r e su l t s  of B r o d d  (19) ,  F u k u d a  e t  al .  (14) ,  and  P a n -  
zer  e t  al .  (8)  and  is c o n t r a r y  to the  s tud ies  r e p o r t i n g  
the  d e p e n d e n c e  of the  " i n t e r n a l  r e s i s t ance"  of L e -  
c lanch~ cel ls  on c u r r e n t  d r a i n  (1, 4, 6, 14, 15). In  t he  
l a t t e r  cases,  the  " i n t e r n a l  r e s i s t ance"  inc ludes  no t  
on ly  the  p u r e  res i s tance ,  R,, of Lec lanch~  cel ls  b u t  
also o the r  t y p e s  of po la r i za t ion .  

The  i n t e r n a l  r e s i s t ance  of Lec lanch~  cel ls  changes  
d u r i n g  d i s cha rge  due  to t he  c u r r e n t  p r o d u c i n g  and  
s e c o n d a r y  reac t ions .  The  i n t e r n a l  r e s i s t ance  change  
for  Lec lanch~  cells  con ta in ing  A f r i c a n  ore  d u r i n g  4 
ohm con t inuous  d i s c h a r g e  can  be  seen  in Fig.  3. The  
i n t e r n a l  r e s i s t ance  of the  cel ls  h a v i n g  A f r i c a n  ore  
on ly  i nc r ea sed  cons tan t ly ,  and  the  cu rve  (No. 1) can  
be s e p a r a t e d  into two  p a r t s  h a v i n g  s l i gh t ly  d i f fe ren t  
slopes.  Cel ls  w i t h  s y n t h e t i c  h y d r o u s  MnO_, a n d  A f r i -  
can ore  p r o d u c e d  a cu rve  of an  e n t i r e l y  d i f fe ren t  
cha rac t e r .  This  c u r v e  was  d u p l i c a t e d  s eve ra l  t imes .  
The  r a p i d  i n t e r n a l  r e s i s t ance  i nc rea se  in t he  v e r y  
b e g i n n i n g  of the  d i s c h a r g e  and  the  n e a r l y  ho r i z on t a l  
po r t i on  of the  c u r v e  can  be  a t t r i b u t e d  to t he  p r e s -  
ence of the  syn the t i c  MnO~. In  the  second  ha l f  of t he  
d i s cha rge  the  syn the t i c  MnO~ h a d  los t  i ts  inf luence,  
and  the  cu rve  r e s e m b l e s  t ha t  of cel ls  w i t h  n a t u r a l  
o re  mixes .  The  v o l t a g e  v a l u e s  on the  i n d i v i d u a l  
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Fig. 4. Internal resistance of Leclanch6 cells having electrolytic 
MnO2 discharged contlnuously through 4 ohm. Curye i, electrolytic 
MnO~, source B; curve 2, electrolytic MnO2, source A. 

curves  r e p r e s e n t  the  c l o s e d - c i r c u i t  vo l t ages  a t  t h e  
cut -of f  t ime.  

In  the  m a n g a n e s e  d iox ides  of the  a b o v e  cel ls  the  
a m o u n t  of ~,-MnO2 was  m u c h  less  t h a n  in e l ec t ro ly t i c  
MnO~, as j u d g e d  b y  the  i n t e n s i t y  of t he  ~,-MnO2 p e a k s  
in the  x - r a y  d i f f rac t ion  pa t t e rn s .  The  a m o u n t  of 
~-MnO_~ seems to inf luence  the  f irst  p o r t i o n  of t he  in -  
t e r n a l  r e s i s t ance  curve�9 A f r i c a n  ore  has  a f a i r  a m o u n t  
of y-MnO~, a n d  i ts  i n t e r n a l  r e s i s t ance  c u r v e  for  cel ls  
can be  c h a r a c t e r i z e d  by  two  s l i g h t l y  d e v i a t i n g  slopes�9 
The  i n t e r n a l  r e s i s t ance  cu rves  of e l e c t ro ly t i c  MnO~ 
( d o m i n a n t l y  ~/-MnO2) can  be  s e p a r a t e d  in to  t w o  
p a r t s  w i t h  d i s t i n c t l y  d i f fe ren t  s lopes  (Fig .  4) .  This  
is m o r e  e v i d e n t  in  Lec lanch~  cel ls  (MnO~, source  B, 
cu rve  1) w i t h  a p a s t e  of m u c h  h i g h e r  zinc ch lo r ide  
con ten t  ( l o w e r  p H ) .  

The  two  d i s t i nc t  s lopes  and  the  i n i t i a l  po r t i on  of 
the  cu rves  for  t he  l a t t e r  and  o t h e r  Lec l anch~  cel ls  
r e p r e s e n t  v a r i o u s  r eac t ions  t a k i n g  p l a c e  in t he  cells .  
W i t h  a pas t e  of h i g h e r  pH, t h e  course  of t he  i n t e r n a l  
r e s i s t ance  c u r v e  (No. 2) d e v i a t e s  f rom t h a t  p r e -  
v ious ly  d e s c r i b e d  (No. 1) m a i n l y  in t he  250-450 m i n  
range�9 

The  p r e v i o u s l y  d e s c r i b e d  s q u a r e - w a v e  c u r r e n t  
m e t h o d  to d e t e r m i n e  t h e  i n t e r n a l  r e s i s t ance  n a t u -  
r a l l y  is not  l i m i t e d  to Lec lanch~  cells  b u t  can  be  a p -  
p l i ed  to o the r  e l e c t r o c h e m i c a l  sys t ems  and  t h e i r  
ha l f - ce l l s .  
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Oxidation Studies on 304 Stainless Steel 

E. A. Gulbransen and K. F. Andrew 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The kinetics of oxidation of 304 stainless steel are studied between 500 ~ 
and 1150~ at 0.1 atm for reaction times up to 6 hr. At 500~ about 2.3 ~g/cm ~ 
of oxide are formed in a t ime period of 6 hr. The rate of increase after 6 hr  is 
0.1 ~g/cm~/hr. At 800~ a t ransi t ion is observed in the rate of oxidation with 
the kinetics changing from the parabolic rate law to the l inear  rate law. This 
t ransi t ion occurred for a weight gain of 9 ~g/cm ~. At 900~ and for weight gains 
above 90 ~g/cm '~ the parabolic rate law again was found to hold. A second 
transi t ion is found in the kinetics of oxidation at 1150~ This t ransi t ion we 
relate to the vapor pressure of iron and chromium which acts to speed up the 
transfer  of metal  atoms through the oxide scale. A comparison of the kinetics 
of oxidation is made with the heat- res is tant  Kanthal  alloys and with pure 
chromium. 

This paper  p resen t s  a sys temat ic  s tudy  of the  
kinet ics  of ox ida t ion  of 304 s ta inless  steel b e t w e e n  
500 ~ and  1150~ at  0.1 a t m  and  for reac t ion  t imes  up  
to 6 hr. Since 304 s tainless  steel is be ing  used as a 
h i g h - t e m p e r a t u r e  mate r ia l ,  one of the  object ives  of 
this work  is to s tudy  the condi t ions  u n d e r  which  the  
al loy fails in  oxidat ion.  Fa i l u r e  occurs w h e n  a rap id  
oxida t ion  reac t ion  develops  in  which  diffusion proc-  
esses are no longer  ra te  cont ro l l ing .  For  some meta l s  
and  alloys fa i lu re  is due to poor adhes ion  of the  
oxide. Wi th  other  meta l s  the  oxide m a y  volati l ize.  
For  those meta l s  which  fo rm nonvo la t i l e  and  ad-  
he ren t  oxide films, f a i lu re  m a y  resu l t  f rom vapor iza -  
t ion of the me ta l  t h rough  the  oxide film. This type  of 
fa i lure  has been  observed in  the ox ida t ion  of chro-  
m i u m  (1) and  severa l  hea t  res i s tan t  al loys (2-3) .  

F r o m  a t h e r m o d y n a m i c  po in t  of v iew oxida t ion  

and  corrosion are func t ions  of the  chemica l  po ten t ia l s  
of the  componen ts  in  the  e n v i r o n m e n t  and  the  chemi -  
cal po ten t ia l s  of the  meta l l i c  componen t s  in  the  alloy. 
The chemical  po ten t i a l  of an  a l loy ing  componen t  is 
a func t ion  of the ac t iv i ty  of the  me ta l  in  the  alloy. 
F r o m  a k ine t ic  po in t  of v iew the  ra te  of ox ida t ion  
or corrosion depends  in  par t  on the  n a t u r e  and  p rop -  
ert ies of the oxide or corrosion film formed  on the  
alloy. 

Since both  gaseous ox ida t ion  and  corrosion ~in 
h i g h - t e m p e r a t u r e  w a t e r  a tmospheres  depends  on the  
same me ta l lu rg i ca l  factors in  the  alloy, a s tudy  of 
the  k ine t ics  of ox ida t ion  m a y  help  our  i n t e rp re t a t i on  
of corrosion in  w a t e r  a tmospheres .  

Since the chemical  ac t iv i ty  of meta l  a toms in  an  
al loy and  the charac ter is t ics  of the  oxide film can be 
cont ro l led  by  a l loy ing  addi t ions  (4) ,  it is possible to 
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predic t  the oxida t ion  and  corrosion behav io r  of 5 i 
alloys. 

4 Exper imenta l  

A p p a r a t u s . - - T h e  v a c u u m  mic roba lance  reac t ion  sys-  ~ 3 
t em was used (5-6)  for all  of the measu remen t s .  The ~ 
sens i t iv i ty  of the mic roba lance  was  0.83/~g per  0.001 = 2 
cm. Weight  changes  of 0.3/~g could be es t imated.  

A mul l i t e  fu rnace  t ube  was  used to s u r r o u n d  the  ~ 
specimen.  This t ube  was sealed d i rec t ly  to the  a l l -  o I 
P y r e x  glass v a c u u m  system. Af te r  i n t roduc ing  the  40 
specimen into the reac t ion  sys tem and  closing off, 
the sys tem was evacua ted  for 16 hr  at a p ressure  of 
10 -~ m m  Hg or less. To avoid evapora t ion  of me t a l  
at 1000~ and higher, the specimen and reaction tube 
were heated rapidly to the reaction temperature. 

50 
After thermal equilibrium was established, purified 
oxygen  was added to 0.1 a tm pressure .  ~ 4 o 

For  the  same surface t r e a t m e n t  the r ep roduc ib i l i ty  o 
of the ox ida t ion  expe r imen t s  was about  10-20%. ~ 3o 

The fu rnace  t e m p e r a t u r e  was m a i n t a i n e d  cons tan t  
.E 20 to _1 .5~  by  the  use of a ca l ib ra ted  h i g h - s e n s i t i v i t y  

r eco rde r -con t ro l l e r  and  a ca l ib ra ted  P t - P t  10% Rh ~ ,o 
thermocouple .  
S a m p l e s . - - T h e  304, s ta inless  steel ana lyzed  17.7 Cr, o 
8.34 Ni, 1.11 Mn, 0.02 P, 0.16 N, 0.11 C, and  ba lance  
iron. S t r ips  of 5 mi l  sheet  were  ab r aded  t h rough  4 /0  
pol ishing paper  u n d e r  purif ied kerosene.  They  were  
carefu l ly  c leaned before us ing  (7) .  Depend ing  on the  
a m o u n t  of reac t ion ,  four  spec imen sizes and  weights  
were  used. The larges t  was 11.25 cm ~ in area and  
weighed 0.6831g wh i l e  the  smal les t  was 1.36 cm ~ in  
area and  weighed  0.0820g. 

Results 

The resul ts  are p resen ted  in weight  gain  vs. t ime  
graphs.  The weight  gain  is in  mic rog rams  per  square  
cen t ime te r  and  the t ime  is in  minu tes .  A l though  the  
oxide film is a m i x t u r e  of oxides (8) ,  we  can es t imate  
the th ickness  of the  oxide by  a s suming  the  oxide to 
be Cr~O~ and  by  a s suming  a sur face  roughness  ra t io  
of uni ty .  A factor  of 60 is ca lcula ted  to re la te  the  
weigh t  ga in  to th ickness  in  angs t roms.  A n  oxygen  
pressure  of 0.1 a tm is used for all  of the exper imen t s .  

Both a n n e a l e d  and  u n a n n e a l e d  spec imens  were  
used. The annea l ed  specimens  were  p r e p a r e d  by  
hea t ing  in  a high v a c u u m  sys tem at a p ressure  of 
9 x 10 -~ m m  Hg at 843~ for 2 hr  and  quenching .  This 
t r e a t m e n t  prec ip i ta tes  carbides  and  n i t r ides  which  
could occur d u r i n g  n o r m a l  ox ida t ion  at this  t e m p e r a -  
ture.  Unarmealed 

Thickness ,*  
Oxidat ion at 500 ~ and 600~  speci-  Wemp, ~ /zg/cm ~ 

m e n s . - - F i g u r e s  1 and  2 show the  t ime  courses of the  
expe r imen t s  at 500 ~ and  600~ The  oxide th i ck -  500 2.33 
nesses and  colors are g iven  in  Tab le  I. No spal l ing  of 600 3.91 

700 8.01 
the oxide occurred on cooling the  oxidized al loy to 750 12.33 
room t empera tu re .  Af te r  6 hr  of ox ida t ion  at  500~ 800 24.6 
about  2.3 /zg/cm ~ of oxide were  formed.  Since the  850 39.3 
room t e m p e r a t u r e  oxide was  not  removed,  the  to ta l  900 46.6 

950 90.0 
oxide  mus t  i nc lude  an add i t iona l  0 .3-0.5/~g/cm =. The  1000 
reac t ion  ra te  af ter  6 hr  of reac t ion  was  of the  order  of 1050 
0.1/~g/cm ~ of oxide per  hour  at 500~ 1100 

A plot  of the  weigh t  ga in  squa red  aga ins t  t ime  1150 
shows a s t ra igh t  l ine  b e t w e e n  2 and  6 h r  of reac t ion  
t ime. A va lue  of 1.67 x 10 -~ (g/cm~)~/sec is ca lcu-  
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Fig. 1. Effect of temperature on oxidation of unannealed 304 
stainless steel, abraded through 4/0, 7.6 cm of Hcj of 0.4 curve A, 
500~ curve B, 600~ 
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Fig. 2. Effect of temperature on oxidation of annealed stainless 
304, abraded through 4/0, 7.6 cm of Hg of O~; curve A, 700~ 
curve B, 800~ curve C, 8S0~ curve D, 900~ 

lated. No ev idence  was found  for a t r ans i t i on  in  the  
k inet ics  of the react ion.  We conclude  tha t  the  reac -  
t ion  of 304 s ta inless  steel wi th  oxygen  at 500~ is a 
s l owreac t ion .  

E lec t ron  microscope observa t ions  on the .edges  of 
the spec imens  showed no ev idence  for oxide whiskers  
or platelets .  

Oxidat ion at 700 ~ and 1150~ 2 and  3 
show the  t ime  courses for the  ox ida t ion  e x p e r i m e n t s  
over the t e m p e r a t u r e  r a nge  of 700~176 Oxide 
th icknesses  and  colors are shown in Table  I. None  of 
the oxide films or scales spal led a w a y  f rom the me ta l  
on cooling to room t empera tu r e .  

In  this  s tudy  we are p a r t i c u l a r l y  in te res ted  in  
t r ans i t ions  in  the r a t e  of ox ida t ion  and  " b r e a k a w a y "  
type  of ox ida t ion  react ions.  For  this  pu rpose  we use 

Table I. Thickness and color of oxide films on 304 
stainless steels 

A n n e a l e d  
Th ickness ,*  

Color  # g / c m  -~ Color  

Straw 
Purple  
Blue 
S t raw-p ink  
Blue-green 
Gray 
Gray 
Gray 

3.95 Blue 

13.1 
30.2 
40.5 
56.8 

136.0 
254.0 
490.0 
905.05 

Light purple 
Gray-green  
Gray-p ink  
Gray 
Gray 
Gray 
Gray 
Gray 

* 6-hr  expe r imen t s ,  
$ 7 -h r  e x p e r i m e n t .  
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the  pa rabo l i c  ra te  l aw to i n t e r p r e t  the  r a t e  data.  This  ~ ~ooc 
l aw s ta tes  t ha t  the  w e i g h t  gain,  W, depends  on the  �9 

~ooc 
t ime,  t, by  the  equa t i on  W ~ ~- A t  + C.  H e r e  A is the  �9 
pa rabo l ic  r a t e  l aw  cons tan t  and  C is a constant .  The  ~aooc 
parabo l ic  ra te  l aw  based  on the  p r inc ip les  of f o r m a -  

0 IOOC t ion and diffusion of ions or l a t t i ce  defects  has  been  
the  most  successful  ra te  l aw  for  exp l a in ing  oxida t ion .  ~ o 
Pa rabo l i c  ra te  l aw  plots  a re  used  to tes t  for  changes  
in the  m e c h a n i s m  of react ion .  F igu res  4-8 show p a r a -  
bolic  r a t e  l a w  plots  of the  800 ~ , 850 ~ , 950 ~ , 1050 ~ , 
and 1150~ expe r imen t s .  The  first  ev idence  for  a 
t r ans i t ion  in the  ra te  of ox ida t ion  was  found  in the  

8000C 
800~ pa rabo l i c  plot  shown in Fig. 4. A f t e r  the  in i -  
t ia l  pe r iod  of react ion ,  a good fit was  ob ta ined  w i t h  �9 6000C 

the  pa rabo l i c  r a t e  l aw  for  the  th ickness  r a n g e  of 5-9 �9 
# g / c m  ~. A n  increase  in slope was  obse rved  in the  ~4oooc 

e~ 
parabo l ic  r a t e  l aw  plot  above  this  th ickness .  A v a l u e  

~ 2000(: 
of 5.83 x 10 -~ (g/cm~)~/sec  was  ca lcu la ted  for  the  
p r e t r a n s i t i o n  th ickness  r ange  pa rabo l i c  ra te  l aw  con-  
stant.  

Dev ia t i ons  f r o m  the  pa rabo l i c  r a t e  l a w  are  also 
obse rved  in the  850~ plot  as shown in Fig. 5. This  
dev i a t i on  occurs  a f t e r  70 m i n  of r eac t ion  or at an 
oxide  th ickness  of 9 # g / c m t  A s imi la r  t r ans i t ion  

500 

4oc 

~ 30C 

5 
20C 

lOC 

40 80 120 I(~0 200 240 280 320 360 
Time (rain,) 

Fig. 3. Effect of temperature on oxidation of annealed stainless 
304, abraded through 4/0, 7.6 cm of Hg of O2; curve A, 950~ 
curve B, 1000~ curve C, 1050~ curve D, 1100~ 
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Fig. 4. Oxidation af stainless steel, 800~ 7.6 cm of Hg of 0~; 
parabolic plot, abraded through 4/0; A = 5.83 x 10 -~ (g/cm~)2/sec. 
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Fig. 5. Oxidation of stainless steel, 850~ 7.6 cm of Hg of O=; 
parabolic plot, abraded through 4/0; A = 1.79 x 10-" (g/em~)~/sec. 
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Fig. 6. Oxidation of stainless steel, 950~ 7.6 cm of Hg of O:; 
parabolic plot, abraded through 4/0; A = 2.78 x 10 ~ (g/cm~)e/sec. 
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Fig. 7. Oxidation of stainless steel, 1050~ 7.6 cm of Hg of 02; 
parabolic plot, abraded through 4/0; A ~ 1.72 x 10 -~ (g/cm2)2/sec. 

th ickness  is found  for the  900~ e x p e r i m e n t .  We con-  
c lude a t r ans i t ion  occurs  in the  k ine t ics  of the  r e -  
act ion for  an oxide  th ickness  of about  9 ~ g / c m t  This  
t r ans i t ion  th ickness  is the  lowes t  we  h a v e  obse rved  
for  any  me ta l  or alloy. For  the  ox ida t ion  of ch ro -  
m i u m  the  first t r ans i t ion  occur red  at  a th ickness  of 

80 ~ g / c m  ~. 
A b o v e  900~ it is not  poss ible  to obse rve  the  p r e -  

t r ans i t ion  per iod  of oxidat ion .  The  parabo l ic  r a t e  
l aw plot  of the  950~ e x p e r i m e n t  in Fig. 6 shows a 
con t inuous ly  inc reas ing  slope. The  in i t ia l  v a l u e  for  
the  r a t e  l aw cons tan t  is g iven  in Fig.  6 and Tab le  II. 
We i n t e r p r e t  t he  chang ing  v a l u e  for  the  pa rabo l i c  
r a t e  l aw  cons tant  as due  to a change  in oxide  c o m -  
posit ion.  The  pa rabo l i c  ra te  l a w  of ox ida t ion  does not  
app ly  for  the  oxide  compos i t ion  r ange  of 9-90 ~ g / c m  ~. 
Ins t ead  the  r a t e  of ox ida t ion  fo l lows  the  l inea r  r a t e  

law.  
F i g u r e  7 shows a parabo l ic  r a t e  l aw  plot  for  t he  

1050~ e x p e r i m e n t .  A s t ra igh t  l ine  is found  a f te r  t he  

first hour  of react ion .  
A second t r ans i t ion  is found  to occur  in the  1150~ 

pa rabo l i c  ra te  l aw  plot  shown in Fig. 8. The  ra te  l aw 
is obse rved  to hold for  the  i n t e r m e d i a t e  sect ion of 
the  plot .  Af t e r  330 ra in  of ox ida t ion  t h e  r a t e  l aw  con-  

Table II. Summary of parabolic rate law constants 

A. U n a n n e a l e d  B. A n n e a l e d  
Temp,  (g / cm ~) ~/sec (g / cm ~) '~/sec 

~ P re t r ans i t i on  Pos t t r ans i t ion  P r e t r a n s i t i o n  Pos t t r ans i t ion  

500 1.67X10 -16 
600 3.33X10 -1~ 
700 1.08X 10 -15 3.61X 10 -16 
750 2.64X 10 -1~ 8.34X 10 -1~ 
800 9.16X 10 -1~ 3.92X 10 -1' 5.83 X 10 -1~ 8.89 X 10 -15 
850 1.11 X 10 -~" 1.055X 10 -13 1.79X 10 -1~ 6.34• 10 -14 
900 2.36X 10 -1' 1.583 X 10 -~8 2.38X 10 -" 1.33X 10 -~ 
950 1.193 • 10 -1~ 5.69X 10 -13 7.22X 10 -~ 2.78X 10 -1~ 

1000 5.0 • 10 -1~ 5.91 X 10 -1~ 
1050 1.728 X 10 -~-~ 
1100 6.11 X 10 -= 
1150 1.67 • 10 -~ 
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Fig. 8. Oxidation of stainless steel, 1150~ 7.6 cm of Hg of 03; 
parabolic plot, abraded through 4/0; A = 1.67 x 10 -~ (g/cm2)=/sec. 

s lants  increase.  This increase  is p robab ly  due to a 
vapor  p ressure  effect which  is discussed in a l a t e r  
section. 

Tempera ture  dependence . - -To  i n t e rp r e t  the  t e m -  
pe ra tu r e  dependence  of the pa rabo l i c  ra te  law con-  
s tants  A we use the  s imple  fo rm of the  A r r h e n i u s  
express ion  

A = Be -~/Rr 

Here  AH is the  heat  of ac t iva t ion  of the  r a t e - c o n t r o l -  
l ing mechan i sm,  B is a constant ,  and  R is the gas 
constant .  AH is d e t e r m i n e d  f rom the  slope of a log 
A vs. 1 /T  plot. More e labora te  equa t ions  m a y  be used  
if the en t ropy  t e rms  are eva lua t ed  (9) .  

Table  II shows a s u m m a r y  of the  parabol ic  ra te  
law cons tants  for the a n n e a l e d  and  u n a n n e a l e d  s am-  
ples. P r e -  and  pos t t r ans i t ion  va lues  are g iven  w he r e  
possible. F igu re  9 shows a log A vs. 1 /T  plot  of the  
data.  

Three  s t ra igh t  l ines are observed  in  Fig. 9. Curve  
DE gives the cons tan ts  for the p r e t r ans i t i on  region.  
A va lue  of 33,200 c a l / m o l e  for AH is calculated.  The  
pos t t r ans i t ion  va lues  are g iven  by  the  l ine  ABC. L ine  
BC has abou t  the  same va lue  for AH as l ine  DE. 

Po in t  B shows a m a j o r  change  in  the  m e c h a n i s m  of 
oxidat ion.  A hea t  of ac t iva t ion  of 88,000 ca l /mo le  is 
calculated.  

We in t e rp r e t  the  change  in  ra te  be tween  l ine  DE 
and  l ine BC as due to a c rys ta l  s t ruc tu re  t r a n s f o r -  

Temp. ~ 
i0-i0 tlOO IOO0 900 800 700 

I ~ I I I I I I I 

O Annealed Post-Transition 
�9 Annealed Pre-Tronsition 

Unanneoled Poet -Transihon 
IO'" �9 Unonneoled Pre-Tronsdlon 

~ I~ ~ B  a 

~ \% 

�9 \ o 

X 103 

Fig. 9. Oxidation of 304 stainless steel. Log ,4 vs. 1 /T .  Curves 
A,B,C, posttronsition; curves D,E, pretransition. AHAB = 88,000 
cal/mole. 
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m a t i o n  in  the oxide system. E lec t ron  diffract ion 
s tudies  on a s imi la r  al loy by  H i c k m a n  and  G u l b r a n -  
sen (8) shows a crys ta l  s t ruc tu re  t r a n s f o r m a t i o n  
occur r ing  for this  t e m p e r a t u r e  r a nge  of oxidat ion.  

Vapor" pressure e f fec t . - -Figure  9 shows a drast ic  
change  Occurs in  the m e c h a n i s m  of oxida t ion  at  po in t  
B. We suggest  tha t  this change  is due to the vapor  
p ressure  of the meta l s  in  the  304 stainless  steel. We 
exp la ined  a s imi la r  change  in  the  ra te  ox ida t ion  of 
c h r o m i u m  (1) at 900~ as due to the vapor  p ressure  
of ch romium.  At  some t e m p e r a t u r e  for all  meta l s  the 
ra te  of evapora t ion  of me ta l  in to  and  th rough  the 
oxide film acts to aid n o r m a l  ion fo rma t ion  and  
t r ans f e r  processes. Since all sides of the  oxide crys-  
tals m a y  be exposed in  pa r t  to the me ta l  vapor ,  a 
short  c i rcui t  of the  n o r m a l  diffusion process is pos-  
sible. However ,  if the  oxide film is imperv ious  to 
me ta l  vapor ,  the  me ta l  t r ans f e r  process m a y  be 
l imited.  This occurs for oxide films on a l u m i n u m -  
i ron al loys (4).  Much smal le r  effects were  observed 
for oxide films on s imple  c h r o m i u m - i r o n  al loys (4).  

To test  for the vapor  p ressure  effect on 304 s t a in -  
less steel we compare  the ra te  of evapora t ion  of 
me ta l  f rom a c lean surface of a 21.9 C r - F e  al loy wi th  
the  ra te  of ox ida t ion  ca lcula ted  on the  basis  of chro-  
m i u m  react ing.  Due to the  poss ibi l i ty  of side reac-  
t ions, such as decarbur iza t ion ,  effecting the  vapor  
p ressure  me a su r e me n t s ,  special  al loys mus t  be used. 
We have  s tudied  r ecen t ly  the vapor  pressure  of a 
c lean 21.9 C r - F e  al loy (4) both  in  the ox ide- f ree  
condi t ion  and  in  the  presence  of an  oxide film. At -  
t hough  this al loy differs in  composi t ion f rom the 8 
Ni-18 Cr-74 Fe alloy, we feel tha t  the two alloys do 
not  differ apprec iab ly  in  the i r  vapor  p ressure  curves  
since c h r o m i u m  is the  me ta l  vapor iz ing  in  each alloy. 

F igu re  10 shows a compar i son  of the  ra te  of evap-  
ora t ion  f rom an  ox ide- f ree  surface  of the 21.9 C r - F e  
a l loy wi th  the  ra te  of ox ida t ion  of the  304 s tainless  
steel. Below 1O00~ the  ra te  of ox ida t ion  is h igher  
t h a n  the  ra te  of evapora t ion .  The two ra tes  become 
equa l  at  10O0~ and  above 1000~ the ra te  of oxi-  
da t ion  is less t h a n  the  ra te  of evapora t ion .  

Since the  oxide film is thick,  the  t r ans i t i on  is no t  
sharp.  The effect of oxide films on the vapor  p res -  
sure  wou ld  act to lower  curve  A slightly.  

Tamp, ~ 
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IO -z I I I I 4 , 
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~,o-,, ' !74 ~ !82 !86 ' .66 .70 78 .90 .94 
--~ X I03 

Fig. 10. Comparison rate of evaporation from clean 21.9 Cr-Fe 
alloy (curve A) with rate of oxidation of 304 stainless steel (curve 
B), log rate vs. 1 /T.  
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Fig. 11. Oxidation of stainless steel (A), chromium (B), Kanthal 
A] (C). log A vs. l I T .  

Comparison wi th  Kanthal  Al loy . - -Figure  11 shows 
a compar i son  of the parabol ic  ra te  l aw cons tan ts  for 
K a n t h a l  A1 and  c h r o m i u m  wi th  the  pos t t r ans i t ion  
va lues  for 304 s ta inless  steel. K a n t h a l  A1 shows a 
t r ans i t i on  in the r a t e  of ox ida t ion  at  1050~ 304 
s tainless  s tee l  at 1000~ and  c h r o m i u m  at  950~ 
We have  re la ted  all  of these t r ans i t ions  to vapor  
p ressure  effects. 

Since the  a l u m i n u m  oxide film is n e a r l y  i m p e r -  
vious to the  me ta l  a toms the t r ans i t i on  t e m p e r a t u r e  
is h igher  for K a n t h a l  A1. The effect of the AI~O, fi lm 
is shown by the n e a r l y  cons tan t  va lues  for the  p a r a -  
bolic ra te  law cons tants  be tween  900 ~ and  1050~ 

A l u m i n u m  has ano the r  f avorab le  inf luence on the  
ox ida t ion  process. A l u m i n u m  in combina t ion  wi th  
i ron  and  c h r o m i u m  forms oxides which  are closely 
ma tched  to the me ta l  latt ice.  Thus,  ~,-AI~O~ and  
FeAI~O, are both  spinels  which  ma tch  closely the  
i r o n - i r o n  spacings in  the me ta l  latt ice.  

Discussion 
The effect of a l u m i n u m  and  n icke l  in  c h r o m i u m  

i ron al loys can be cons idered  f rom the e lec t ron  con-  
f igurat ion poin t  of view. A l u m i n u m  can con t r i bu t e  
one 3p e lec t ron to the  unf i l led 3d bands  of i ron  and  
c h r o m i u m  wi th  the  resu l t  tha t  a l u m i n u m  is s t rong ly  
bonded  in  the alloy. This  is conf i rmed e x p e r i m e n t a l l y  

J u l y  1962 

by the  lowered  chemical  po ten t i a l  of i ron  and  chro-  
m i u m  in the a l loy (4) .  Since n icke l  has a f rac t ion  of 
a 3d level  unfil led,  the  bond i ng  b e t w e e n  n icke l  and  
i ron and  c h r o m i u m  is not  as s t rong as w h e n  a l u m i -  
n u m  is added. Nickel  is no t  expected  to lower  the  
chemical  ac t iv i ty  of i ron and  c h r o m i u m  to the same 
ex ten t  as a l u m i n u m ,  

Nickel  forms a less s table  oxide t h a n  a l u m i n u m .  
Therefore ,  solid phase  reac t ions  can occur in  the  
oxide (10) which  can lower  the  pro tec t ive  charac-  
ter  of the oxide film. A l t h o u g h  the in i t i a l  ra tes  of 
ox ida t ion  of s ta inless  steel  are  low it wou ld  be ex -  
pected tha t  the oxide composi t ion  changes  wi th  t ime.  
Nickel  oxide is also m u c h  more  r ead i ly  a t tacked by  
chlorides or acid vapors  t h a n  a l u m i n u m  oxide. 

We conclude tha t  both  n ickel  and  a l u m i n u m  are 
good a l loy ing  e lements  to add in  the c h r o m i u m - i r o n  
series of al loys f rom a pro tec t ion  and  corrosion po in t  
of view. The low p e r m e a b i l i t y  of the  a l u m i n u m  oxide 
film to i ron and  c h r o m i u m  atoms gives an al loy of 
high heat  resis tance.  Nickel,  on the o ther  hand,  gives 
an aus ten i t ic  al loy of high s t r eng th  wi th  modera t e  
oxida t ion  resis tance.  

Manuscript  received Oct. 27, 1961; revised manuscr ipt  
received Feb. 26, 1962. This paper was prepared for 
delivery before the Los Angeles Meeting, May 6-10, 
1962. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the ~June 1963 JOURNAL. 
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ABSTRACT 

St ruc tures  and or ientat ions  of cuprous hal ides  formed on copper (111), 
(110), and (100) faces by  react ion wi th  ha logen vapors  at room t empera tu r e  

have been s tudied and the crys ta l  g rowth  process discussed. 

P r e v i o u s  e l ec t ron  d i f f rac t ion  s tud ies  (1 -3 )  on the  
g r o w t h  of o x i d e  or  sulf ide  f i lms on coppe r  s ing le  
c rys t a l s  in a i r  or  su l fu r  v a p o r  a t  v a r i o u s  t e m p e r a -  
t u r e s  s h o w e d  t h a t  these  f i lms w e r e  c r y s t a l l i n e  a n d  
had  t w o - d e g r e e  o r i e n t a t i o n  w i t h  r e s p e c t  to  s u b -  
s t r a t e  if  t he  s u b s t r a t e  t e m p e r a t u r e  was  h igh  enough ,  
b u t  w e r e  a m o r p h o u s  w h e n  f o r m e d  at  r o o m  t e m p e r a -  
tu re .  Dur in~  the  i n i t i a l  s t age  of t h e i r  g rowth ,  t h e  
f i lms cons i s ted  of cup rous  c o m p o u n d s  alone.  If  t h e  
g r o w t h  c o n t i n u e d  for  a suff ic ient ly  long t ime  and  the  
t e m p e r a t u r e  was  f avo rab l e ,  the  top  l a y e r s  cons i s t ed  
e n t i r e l y  of cupr i c  c o m p o u n d s  e i t he r  w i t h  t w o - d e g r e e  
o r i e n t a t i o n  or  in p o l y c r y s t a l l i n e  s t a t e  w i t h  or  w i t h -  
out  a p r e f e r r e d  o r i en ta t ion .  S i m i l a r  reac t ions ,  h o w -  
ever ,  a t  r oom t e m p e r a t u r e  w i t h  h a l o g e n  v a p o r s  or  b y  
anodic  t r e a t m e n t  in h a l i d e  solu t ions ,  p roduced ,  on 
the  o t h e r  hand ,  c r y s t a l l i n e  cup rous  h a l i d e s  even  
w h e n  the  t i m e  of r eac t i ons  was  suff ic ient ly  p r o -  
longed  (4 -6 ) .  S ince  t h e r e  has  b e e n  l i t t l e  w o r k  on 
the  g r o w t h  of cup rous  h a l i d e  f i lms or  on t h e i r  e p i -  
t a x i a l  r e l a t i o n s h i p  to the  s u b s t r a t e  a s t u d y  has  been  
m a d e  on s ingle  c rys t a l s  of copper  and  t h e  r e su l t s  
c o m p a r e d  w i t h  those  o b t a i n e d  b y  anod ic  t r e a t m e n t s .  

Experimental 
S a m p l e s  of coppe r  w i t h  (111) ,  (110) ,  and  (100) 

faces  w e r e  p r e p a r e d  b y  cu t t i ng  p ieces  f r o m  a s ing le  
c r y s t a l  rod,  g r ind ing ,  su r f ac ing  w i th  d i f fe ren t  g r a d e s  
of emery ,  e t ch ing  in n i t r i c  acid,  and  f ina l ly  e l e c t r o -  
po l i sh ing  in phospho r i c  ac id  in a m a n n e r  a l r e a d y  d e -  
s c r ibed  in p r e v i o u s  p a p e r s  (1, 7).  The  d i f f rac t ion  
p a t t e r n s  (no t  shown)  f r o m  these  faces  r e v e a l e d  t h a t  
t h e y  w e r e  e x t r e m e l y  smooth  and  n e a r l y  p a r a l l e l  to 
(111),  (110) ,  and  (100) p l anes  of t he  coppe r  la t t ice .  
The  s amp le s  w e r e  t hen  exposed  to v a p o r s  of iod ine  or  
b r o m i n e  for  a few seconds  and  i m m e d i a t e l y  t r a n s -  
f e r r e d  to an  e l ec t ron  d i f f rac t ion  c a m e r a  (cold  c a t h -  
ode type ,  60 k v )  and  e x a m i n e d  b y  the  ref lec t ion  
me thod ,  in m o r e  t h a n  one az imuth .  The  c rys t a l s  w e r e  
aga in  t r e a t e d  in h a l o g e n  v a p o r  and  r e - e x a m i n e d .  
S i m i l a r  s tud ies  w e r e  a lso  m a d e  on p o l y c r y s t a l l i n e  
copper  (spec.  p u r e )  disks .  

F o r  compar i son ,  these  c rys t a l s  a f t e r  e t ch ing  and  
r e e l e c t r o p o l i s h i n g  w e r e  t r e a t e d  a n o d i c a l l y  (4 -6 )  in 
K I  or  K B r  so lu t ion  in t he  p r e s e n c e  of H~SO, for  a f ew  
seconds  to ha l f  a m i n u t e  and  the  su r f ace  l a y e r s  e x -  
a m i n e d  b y  the  d i f f rac t ion  t e c h n i q u e  in a s im i l a r  way .  

Results 
H a l i d e  l a y e r s  f o r m e d  on coppe r  c rys t a l s  b y  p r o -  

g re s s ive  r eac t ions  w i t h  ha logen  v a p o r s  showed  v a r i -  

ous i n t e r f e r e n c e  colors,  viz., b r o w n i s h  o range ,  p ink ,  
go lden  ye l low,  etc.,  d e p e n d i n g  on the  t h i cknes s  of 
the  l aye r s ;  t h e y  f ina l ly  b e c a m e  pa l e  y e l l o w  accom-  
p a n i e d  b y  c o n s i d e r a b l e  r o u g h e n i n g  of t h e  sur face .  

The  d i f f rac t ion  p a t t e r n s  f rom the  h a l i d e  f i lms gen -  
e r a l l y  cons i s ted  of spots  and  f a in t  r i ngs  pass ing  
t h r o u g h  these  spots.  W i t h  the  r o t a t i o n  of t he  copper  
c r y s t a l s  a r o u n d  an  axis  n o r m a l  to t he  e l ec t ron  b e a m  
d i rec t ion ,  the  spot  p a t t e r n s  changed ,  t hus  i nd i ca t i ng  
t ha t  t he  h a l i d e  c rys t a l s  g r e w  e p i t a x i a l l y  on the  s u b -  
s t ra tes .  In  o the r  words ,  t h e y  d e v e l o p e d  t w o - d e g r e e  
o r i e n t a t i o n s  such t h a t  c e r t a i n  p l a n e s  and  a x i a l  d i r e c -  
t ions  of t he  h a l i d e  c rys t a l s  w e r e  pa ra l l e l ,  r e s p e c -  
t i ve ly ,  to t he  s u b s t r a t e  face  and  to an  i m p o r t a n t  d i -  
r ec t ion  l y i n g  in  t h a t  face. The  r i n g  p a t t e r n s  w e r e  due  
to the  f o r m a t i o n  of p o l y c r y s t a l l i n e  m a t e r i a l .  A r c  
pa t t e rn s ,  w h i c h  d id  no t  change  even  w i t h  t he  r o t a -  
t ion  of copper  c rys ta l s ,  showed  the  p re sence  of one -  
d e g r e e  o r i e n t a t e d  ha l i de  c ry s t a l l i t e s  w h i c h  had  a 
c o m m o n  axis  p a r a l l e l  to one a n o t h e r  or  h a d  a c o m -  
m o n  p lane ,  b u t  o t h e r w i s e  w e r e  r a n d o m l y  d i sposed  
in space.  C l a r i t y  or  sha rpnes s  of p a t t e r n s  d e p e n d e d  
to a l a r g e  e x t e n t  on the  c r y s t a l  size. Hence  w i t h  i n -  
c rease  in c r y s t a l  size t he  c l a r i t y  was  be t t e r .  I t  was  
also no t i ced  t h a t  some t imes  w i t h  p r o g r e s s i v e  r e a c t i o n  
the  spot  p a t t e r n  changed  and  u l t i m a t e l y  b e c a m e  con-  
fused  b y  the  a p p e a r a n c e  of m a n y  n e w  spots,  no d o u b t  
due  to t he  f o r m a t i o n  of n e w  c r sy t a l s  w i th  d i f fe ren t  
o r i en ta t ions .  

M e a s u r e m e n t s  of d~ki v a l u e s  f r o m  r ings  as  we l l  as 
spots  and  also of t h e i r  r e l a t i v e  i n t ens i t i e s  ag ree  w i t h  
those  of ~ - f o r m s  of ha l i de s  a lone.  

On Cu(111) face.--Cuprous iod ide  f o r m e d  on th is  
face  y i e l d e d  d i f f rac t ion  p a t t e r n s  (Fig .  1 and  2) con-  
s i s t ing  of spots  and  fa in t  r ings ,  w h e n  the  e l ec t ron  
b e a m  was  g raz ing  a long  the  < 1 1 0 >  and  < 1 1 2 >  axes  
of t he  c rys ta l ,  r e spec t i ve ly .  The  a p p e a r a n c e  of 111 

Fig. 1.2-d {111) orientation of Cul; beam along ~110> 
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Fig. 2. 2-d {111) orientation of Cul; beam along ~211~  
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Fig. 3. Theoretical pattern For parallel and antiparollel (111) 
orientation of Cul; beam along ~110~  direction. 

reflection and its higher orders in the plane of in- 
cidence for all azimuthal rotation of the crystal with 
respect to the beam, together with the fact that  the 
spot patterns changed with the rotation of the crys- 
tal but repeated themselves after every rotation of 
60 ~ , clearly showed that  the halide crystals grew 
epitaxially with a { 111 } orientation. The disposition 
of spots was such that ~112~ of cuprous iodide was 
parallel to ~110~ of C u ( l l l ) .  Normally electron 
diffraction patterns f rom two-degree {111} oriented 
crystals would be symmetrical  with the beam along 
~112~ axis, and asymmetrical  along ~110~.  The 
symmetrical  nature of the diffraction patterns (Fig. 
1 and 2) in both of the azimuths suggested that  the 
deposit crystals consisted of parallel and antiparallel 
{111} orientations such that the electron beam was 

grazing along [1]-0] and []'10] directions of the crys- 
tals, giving rise to symmetrical  patterns. Figure 3 
shows the patterns expected from such orientations. 

A detailed consideration of the position of spots 
(Fig. 1), however, shows that  a number  of reflections 
(spots), viz., t l l  appearing approximately at 40 ~ 
200 at 15 ~ , 220 at 75 ~ , 311 at 10 ~ and 40 ~ , and 422 at 
52 ~ from the plane of incidence, cannot be accounted 
for from Fig. 3. If, on the other hand, the halide 
crystals developed a two-degree {115} orientation, 
the positions of the spots are well explained, and 
also 115 spots would coincide with 333 reflection 
(spots) in the plane of incidence with the electron 
beam along ~110> of the crystals (Fig. 4). Thus 
all these spots are well accounted for by the forma-  
tion of crystals having both {111} and {115} orienta- 
tions (Fig. 5). 

It would seem unlikely, as pointed out before (8), 
that  crystals would grow with an odd plane such as 
{115} parallel to a simple face such as (111). This 
orientation, however, could result from a single or 
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Fig. 4. Theoretical pattern for (115) orientation of Cul, beam 
along ~110~  direction. 
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Fig. 5. Fig. 3 and 4 together 

multiple twinning process (8-10). Thus if an (111) 

orientated crystal twinned on its (111) plane, it 

would bring the (115) plane of twinned crystals par-  
allel to the initial (111) plane. In a similar way  other 
orientation would result by mult i - twinning proc- 
ess. This also explains the simultaneous presence of 
{111} and {115} orientated crystals. The faint spots 
at 1/3 or 2/3 of unit distance along a ~111~ direc- 
tion are due to double diffraction as observed in 
many other cases (1, 10, 11). 

Generally {111} oriented halide crystals had their 
~112~ direction parallel to ~110~ of C u ( l l l ) ,  but  
sometimes they were azimuthally rotated by 30 ,~ 
i.e., the crystals grew with parallel orientations such 
that CuI ~ l l 0 ~ / / C u  ~110~. 

Cuprous bromide also grew epitaxially in the same 
way as iodide, but the rate of reaction was much 
more rapid. The reaction with moist bromine vapor 
was similar to that for iodine or bromine. 

On Cu(110) face.--On a C u ( l l 0 )  face, dry iodine 
and bromine vapors formed halides which again 
developed a two-degree  {111} orientation, but with 
their ~110> axes parallel to <100~ of C u ( l l 0 ) .  Dif- 
fraction patterns were similar to Fig. 1 and 2. 

In the presence of moist bromine vapor, however, 
halide crystals developed two-degree mixed {100} ~- 

{211} orientations such that [071] and [01~] of each 

were parallel to [110] of copper (similar to Fig. 6). 
On Cu(lO0) face.--On a Cu(100) face, surface 

layers formed by reacting with iodine vapor  yielded 
patterns consisting of spots and rings which became 
more distinct with increased time of reaction. The 

centered ~/2 type of rectangular patterns (Fig. 6) 
with 200 and higher orders of reflection in the plane 
of incidence, obtained when the electron beam was 
along the cube axis of the copper crystal, showed 
that the halide crystals grew epitaxially with {100) 
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Fig. 6. 2-d (100) orientation of Cul; beam along ~ 1 1 0 ~  direction Fig. 8. Needles and flaky nature of Cul. Magnification 3500X 

Fig. 7. 1-d (110) orientation of Cul 

or i en ta t ion ,  bu t  w i th  t h e i r  axes  a z i m u t h a l l y  r o t a t e d  
b y  45 ~ w i t h  r e spec t  to  t he  s u b s t r a t e  c rys ta l .  The  
s l igh t  a r c i n g  of spots  i n d i c a t e d  t h a t  the  c rys t a l s  d e -  
v i a t e d  f rom the i r  m e a n  pos i t ion  b y  a few degrees .  
T h e r e  a r e  i nd i ca t ions  t ha t  c ry s t a l s  had  also d e v e l -  
oped a { 111 } t w i n n e d  s t ruc tu re .  E x p o s u r e  to bo th  d r y  
and  mois t  b r o m i n e  v a p o r s  p r o d u c e d  s imi l a r  c r y s t a l  
o r i en ta t ions .  

On polycrystalline copper.--The r e a c t i o n  p r o d u c t s  
on p o l y c r y s t a l l i n e  copper  w e r e  p o l y c r y s t a l l i n e  in n a -  
ture ,  b u t  t h e y  some t imes  e x h i b i t e d  a s t rong  one -  
degree  {110} o r i e n t a t i o n  (Fig .  7) d e p e n d i n g  on the  
t ime  of reac t ion .  The  f o r m a t i o n  of p o l y c r y s t a l l i n e  
films, even  on s ingle  c rys ta l s ,  was  f a c i l i t a t e d  w i t h  
longe r  t i m e  of reac t ion ,  and  u l t i m a t e l y  t h e y  d e v e l -  
oped aga in  a o n e - d e g r e e  {110} o r i en ta t ion .  

The  t e x t u r e  of these  c rys t a l s  was  also s t ud i ed  b y  
the  e l ec t ron  microscope .  The  t e c h n i q u e  used  was  to 
expose  coppe r  g r ids  ( ~ 4 0 0  m e s h )  to iod ine  v a p o r  
( v e r y  low c o n c e n t r a t i o n )  for  10-16 h r  a f t e r  w h i c h  
t ime  mos t  of these  gr ids  w e r e  cove red  w i t h  iod ide  
c rys ta l s .  The  g r o w t h  was  h e a v y  and  of ten  a l l  t he  
holes  in t he  g r ids  w e r e  filled. U n d e r  a s t rong  e l e c t r o n  
beam,  t he  c rys t a l s  m e l t e d  qu ick ly ,  and  hence  i t  was  
of ten  diff icult  to  p h o t o g r a p h  t h e m  in t h e i r  o r ig ina l  
shape.  The  c rys t a l s  a p p e a r e d  to be  f laky,  a l t h o u g h  
some t imes  need les  w e r e  also o b s e r v e d  (Fig .  8 a n d  
9).  By  b r e a k i n g  the  c r y s t a l s  in a Micke l  m i c r o s h a k e r  
i t  was  poss ib le  to ob t a in  good m i c r o g r a p h s  (Fig .  10). 

Anodic treatment.--Copper s amp le s  t r e a t e d  a n o d -  
i ca l ly  in b r o m i d e  or  iod ide  so lu t ion  also f o r m e d  cu -  
p rous  h a l i d e  c rys t a l s  w i t h  s im i l a r  o r i en ta t ions ,  a l -  
t h o u g h  some t imes  the  h a l i d e  c r y s t a l s  w e r e  m i x e d  
w i t h  Cu~O c rys t a l s  as  r e p o r t e d  e a r l i e r  (5 ) .  

The  c r y s t a l  o r i en t a t i ons  o b t a i n e d  on d i f fe ren t  faces  
of coppe r  t o g e t h e r  w i t h  t he  p e r c e n t a g e  l a t t i ce  m i s -  
fit a r e  shown  in Tab le  I. 

Fig. 9. Needles and flaky nature of Cul. Magnification 3500)( 

Fig. 10. Flakes of Cul. Magnification 7600X 

Discussion 
The  h a l i d e  l a y e r s  f o r m e d  w e r e  a l w a y s  cup rous  in 

type ,  and  no t r ace  of cupr ic  h a l i d e  was  obse rved .  The  
in t ens i t i e s  of a l l  ref lect ions ,  spot  or  o the rwise ,  w e r e  
cons i s t en t  w i t h  t he  zinc b l e n d e  t y p e  of s t r u c t u r e s  
(T%). 

I t  is, h o w e v e r ,  k n o w n  t h a t  cup rous  iod ide  and  
b r o m i d e  exh ib i t  p o l y m o r p h i s m  (12) .  The  n o r m a l  
7 - f o r m s  (cubic  ao = 6.051A and  5.6905A, r e s p e c -  
t ive ly ,  for  CuI  and  C u B r )  change  to fl v a r i e t i e s  
(h.c.p.  ao ~ 4.31A, co ~ 7.09A, Co/ao = 1.646 for  CuI  
a t  369~ and  4.06A, 6.66A, 1.625 for  CuBr  a t  430~ 
and  f ina l ly  to  a modi f i ca t ions  (ao ~ 6.15A f.c.c, a t  
407~ for  CuI  and  4.56A b.c.c, a t  480~ for  C u B r ) .  
In  t he  p r e s e n t  e x p e r i m e n t s  on ly  :~ phases  w e r e  d e -  
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Table I. Orientations of halide films on copper single crystals 

O r i e n t a t i o n s  of 
C o p p e r  s u b s t r a t e  c u p r o u s  h a l i d e s  % Misf i t s  on  c o p p e r  

P l a n e  A x i s  T y p e  P l a n e  A x i s  C u I  C u B r  

(ill) <110> I (ill)<2ii> +3 +9 
2 (111) <110>  +68 +57 

(effec- (effec- 
t ive-16) t ive-21) 

+19 +11 (110) <100> 1 
(ii0) <II0> 2 

3 
(100) 100 
(111),(110),(100) and } 

Polycrys ta l l ine  
copper  

(111) <110>  
(115) <110>  
(100) <100> 
(100) <110> 

1-d {110y 

+19 +11 
+19 +11 

* 1-d  = o n e - d e g r e e  o r i e n t a t i o n .  

t e c t ed  in the  top su r f ace  l ayers ,  a l t h o u g h  t h e i r  f o r -  
m a t i o n  l o w e r  d o w n  could  no t  be  r u l e d  out. 

I t  is t hus  seen  t h a t  a t  r oom t e m p e r a t u r e  t he  h a l -  
ides f o r m e d  on s ingle  c rys t a l s  of copper  w e r e  c r y s t a l -  
l ine  even  in v e r y  t h in  l aye r s ,  w h e r e a s  c u p r o u s  ox ide  
and  sulf ide w e r e  no t  in  t ha t  s t a t e  (1 -3 ) .  This  d i f -  
f e rence  a p p e a r s  to  be  r e l a t e d  to t he  h igh  m o b i l i t y  of 
ha l ides  w h i c h  f ac i l i t a t e s  t he  e p i t a x i a l  g r o w t h  even  
a t  r o o m  t e m p e r a t u r e  c o m p a r e d  to ox ide  or  sulf ide 
(m.p.  of CuI,  CuBr ,  Cu~O, and  CusS a re  605 ~ 500 ~ 
1232 ~ a n d  1100~ r e s p e c t i v e l y ) ,  s ince  m o b i l i t y  at  a 
p a r t i c u l a r  t e m p e r a t u r e  be low the  m e l t i n g  p o i n t  is 
g rea t e r ,  t h e  l o w e r  t he  m e l t i n g  p o i n t  (13).  

E p i t a x i a l l y  g r o w n  ha l ides  o f ten  d e v e l o p e d  m o r e  
t h a n  one a z i m u t h a l  o r i e n t a t i o n  on the  same  face  of 
a copper  c r y s t a l  ( T a b l e  I ) ,  and  hence  the  t o l e r a b l e  
l a t t i c e  m i s m a t c h  va r i ed .  I t  is seen t ha t  t he  l a t t i ce  
misfit ,  w h i c h  m a y  be def ined  b y  lO0(b-a) /a ,  w h e r e  
a and  b a r e  the  c o r r e s p o n d i n g  l a t t i ce  spac ings  in t he  
s u b s t r a t e  a n d  deposi t ,  r e spec t i ve ly ,  could  be as  h igh  
as + 6 8 %  w i t h o u t  af fec t ing  the  e p i t a x i a l  g rowth .  I t  
has  o f ten  been  sugges t ed  in the  l i t e r a t u r e  t h a t  a 
good fit is an  a priori cond i t ion  for  e p i t a x i a l  g r o w t h  
of c rys ta l s .  Our  w o r k  a n d  also t h a t  of o the r  (14)  
c l e a r l y  shows t ha t  c ry s t a l s  can  g r o w  e p i t a x i a l l y  on 
the  s u b s t r a t e  even  w h e n  t h e r e  is a cons ide r ab l e  misf i t  
and  even  in cases  w h e r e  the  d i s t r i b u t i o n  of a t o m s  in 
t he  con tac t  p l a n e s  is v e r y  d i s s imi l a r ,  viz., in  t h e  d e -  
v e l o p m e n t  of t w o - d e g r e e  {103} and  {203} o r i e n t a -  
t ions  of Cd or  {205} and  {101} of Zn on C u ( l l 0 )  and  
(100) faces  (4)  and  {100}, {203}, etc., of Zn on (100) 
of NaC1 (15) .  I t  m a y  on ly  be  sa id  t h a t  the  l o w e r  t he  
l a t t i ce  misfit ,  t he  g r e a t e r  is the  p r o b a b i l i t y  t ha t  t he  

depos i t  wi l l  g r o w  t h i c k e r  w h i l e  r e m a i n i n g  e p i t ax i a l .  
I t  m a y  be  p o i n t e d  ou t  h e r e  t h a t  w h e n  t h e  l a t t i ce  m i s -  
fit is m o r e  t h a n  50%, the  ef fec t ive  m i s m a t c h  is m u c h  
less  s ince  t he  spac ing  b e t w e e n  2 or  3 a t o m s  of one is 
o f t en  n e a r l y  e q u a l  to t h a t  of 3 and  4 of t h e  o ther .  
Thus  a misf i t  of + 6 8 %  of CuI  on C u ( l l l )  is n e a r l y  
equa l  to - -16% (ef fec t ive)  ( T a b l e  I ) .  

The  change  of c ry s t a l s  f r o m  a t w o - d e g r e e  o r i e n t a -  
t ion t y p e  to p o l y c r y s t a l l i n e  b u t  r a n d o m ,  and  f ina l ly  
to a o n e - d e g r e e  o r i e n t a t e d  t y p e  showed  t h a t  the  o r i -  
e n t a t i o n  of the  su r f ace  l a y e r s  w a s  g r a d u a l l y  chang ing  
w i t h  t he  r e a c t i o n  t ime.  This  a p p e a r s  to be  r e l a t e d  to 
t he  m i g r a t i o n  of coppe r  ions f r o m  ins ide  in an  o u t -  
w a r d  d i r ec t ion  to r eac t  w i t h  h a l o g e n  ions ( a tomic  
r a d i u s  of Cu 1+ = 0.96A, Br  1- = 1.96A),  as in  t he  case 
of t he  g r o w t h  of Cu20 and  CuO l a y e r s  (1) .  A n  a l t e r -  
n a t e  sugges t ion  t h a t  t he  h a l i d e s  g r o w  b y  t h e  d i f fus ion 
of h a l o g e n  ions i n w a r d  to t he  coppe r  su r f ace  m a y  no t  
be r u l e d  out  comple t e ly ,  a l t h o u g h  t h e i r  ionic sizes 
a r e  u n f a v o r a b l e .  P r e f e r e n t i a l  g r a i n  b o u n d a r y  d i f -  
fus ion  m a y  h o w e v e r  f ac i l i t a t e  a p rocess  of th i s  k ind .  
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A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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ABSTRACT 

The effects of preparat ion on absorption and excitation properties have 
demonstrated that  Cd,P~OT:Mn is a host-sensitized phosphor whose efficiency 
to 2537A becomes appreciable only when a step involving retiring in a reducing 
atmosphere is employed. The exper imental  data allow an insight into the na tu re  
of the luminescent  center  in Cd,P~O~:Mn. 

The  combina t i on  of m a n g a n e s e  w i th  c a d m i u m  
phosphates  to fo rm l u m i n e s c e n t  sys tems is by  no  
means  new,  and  m a n y  au thors  have  repor ted  on such 
phosphors.  Cd~P~O~:Mn was descr ibed  by  Wi l l i ams  
(1) as an  efficient c a t h o d e - r a y  exc i tab le  phosphor .  
Fonda  (2) descr ibed t r ibas ic  c a d m i u m  or thophos-  
pha te  phosphors  ac t iva ted  by  manganese ,  Other  i n -  
vest igators  have  d e s c r i b e d  var ious  modif icat ions of 
the  c a d m i u m  phospha te  phosphors  i nc lud ing  t iuoro-  
phosphate  doub ly  ac t iva ted  b y  Pb  and  Mn (3, 4).  
Smi th  and  Power  (5) ,  as wel l  as Ze l insk i i  et al. (6) ,  
descr ibed t r ibas ic  c a d m i u m  and  zinc or thophos-  
phates.  The references  to c a d m i u m  chlorophosphate  
phosphors  are too n u m e r o u s  to men t ion .  However ,  
none  of these au thors  recognized the effect of r e -  
duc t ion  on exc i ta t ion  proper t ies ,  p a r t i c u l a r l y  for 
Cd:.P_~O~: Mn. 

The p resen t  work  wi l l  descr ibe a p h e n o m e n o n  
w h e r e b y  r educ t ion  of the  m a t r i x  produces  hos t - s e n -  
s i t izat ion in  Cd~P,O~: Mn. A model  wi l l  be pos tu la ted  
to show the n a t u r e  of the  l u m i n e s c e n t  cen te r  and  the  
absorp t ion  proper t ies  as a func t ion  of p repa ra t ion .  

Method of Preparation and Measurement 
The phosphors  were  easi ly p r epa red  according to 

the fo l lowing react ions:  

1. 2CdNH,PO~ �9 H,O + 0.04 MnNH,PO,  �9 H_.O 
A 

Cd~(P,O~),.o~:Mno.o, + 2.04NH, + 3.06 H~O 
2. 2CdNH,PO, �9 H~O + CdO, +0.04 MnNH,PO, .  H..O 

A 
Cd,(PO4),.o~:Mn .... + 2.04 NH, 

+ 3.06 H~O + 0.49 O.~ 

One could p repa re  Cd,P~O~: Mn and  Cd, (PO,) ~: Mn 
and  ret ire  wi th  a vola t i le  chloride to form c a d m i u m  
chloroapat i te :  

A 
3. 3 C d , ( P O , ) , : M n  + CdCI, o 2 CdsCI (PO, ) , :Mn  
4. 3Cd~P,O~:Mn + xCdCl~ 

A 
--> 2Cd ...... CI (PO, )~ :Mn + ( X - -  1)Cl,  

The use of HC1 gas as a f ir ing a tmosphere  enab led  
a f u r t he r  clar if icat ion of the  gross react ions:  

5. Cd, (PO~)~: Mn  + 2HC1 -~ Cd~P,O~: Mn 
+ CdCI,. + H.~O 

A 
6. Cd.~P~O~: Mn + HC1 ~ no change  
7. 3CdNH,PO~ �9 H~O + 2CdO, + HC1 

A 
-> Cd~CI(PO,),  + 3NH, + O~ + 5H_~O 

Thus,  Cd~P,.O7 was  the s table  s t ruc tu re  once the 
m a t r i x  was fo rmed  in  the  absence  of halogen.  The 
apat i te  was s table  otherwise.  

Cons ide rab le  effort was m a d e  to ob ta in  CdNH4PO4 
�9 H_~O and  not  CdsH~(PO4)~(H~O)~ (7) .  The fo rmer  
gave a n e a r l y  s to ichiometr ic  Cd~P~OT, whereas  the  
l a t t e r  gave Cd3(PO,)~.Cd~P~O~, a p roduc t  con ta in ing  
1.25 Cd atoms per  1.00 P atom. The s imi la r i ty  in  
x - r a y  diffract ion pa t t e rn s  m a y  lead to m i s t a k e n  
ident i ty ,  p a r t i c u l a r l y  for m i x t u r e s  con ta in ing  smal l  
a m o u n t s  of Cd~H~ (PO~)~ (H~O) ~. 

Manganese  m a y  be added to the phosphor  mix  in  
severa l  forms, bu t  was  best  added as MnNH~PO,. H~O. 
CdO~ (8) was p re fe r red  because  of the  ease in ob-  
t a i n i ng  a purif ied m a t e r i a l  of h igh reac t iv i ty  which  
gave a p roduc t  of specific composi t ion (CdO) w h e n  
heated. 

M e a s u r e m e n t s  fol lowed those descr ibed in  a p r e -  
vious paper  (9) .  

Experimental Results 
Phosphors  efficient to 2537/k i r r ad ia t ion  were  p ro -  

duced by  pref i r ing  in  air  to fo rm the m a t r i x  and  re -  
f ir ing in  a r educ ing  a tmosphere .  These resul t s  are 
shown in  Tab le  I. Note tha t  re t i r ing  in  a r educ ing  
a tmosphere  m a r k e d l y  improved  the  p l aque  response,  
bu t  tha t  re t i r ing  in  air  or N~ did not. Thus,  the effect 
could no t  be a t t r i b u t e d  to re t i r ing  alone, bu t  to the  
combina t ion .  Pref i r ing  in  N~-H~ (40%)  gave a b lack  
ine r t  mass. The effect of f i r ing a tmosphere  was  pro-  
nounced ,  p a r t i c u l a r l y  for  the  pyrophosphate .  If 
Cd2P~O~:Mn was ret i red in  HC1, b r igh t  phosphors  
were  obta ined,  bu t  in  the  case of Cd~(PO,)_~: Mn, HCI 
conver ted  it to Cd~P~O~:Mn according to reac t ion  5. 
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Fig. 1. Spectral properties of some cadmium phosphate phosphors 
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Table I. Effect of refiring 

July  1962 

Nomina l  
phosphor composition 

A t m o s p h e r e  
X - r a y  Lum.  color 

Pref i r ing  Ret i r ing s t ruc tu re  (2537A excit .)  

% Red 
plaque (vs. 
Cd borate 

std.) 

Cd~ (PO,),.,D: Mno.o, 

Cd~ (P,O,) ~.~: Mn0.~ 

Ai r  - -  Cd~ (POD 
N~ - -  Cd~ (PO,) 
Ai r  Ai r  Cd~ (POD 
HC1 - -  Apat i t e  
A i r  N, C ~  (POD 
Ai r  HC1 C d ~ O ~  
Ai r  N~-H~ (40 % ) C ~  (POD 
Ai r  - -  Cd~P~O~ 
Ns ~ Cd~P~O, 
HC1 - -  Apat i t e  
A i r  A i r  Cd~P~O~ 
Ai r  HC1 Cd~P~O, 
Ai r  N~ Cd~P~O~ 
Ai r  N~-H~ (40%) C d ~ O ~  

The emiss ion  p r o p e r t i e s  of these  phospho r s  w e r e  
i den t i ca l  to those  p r e s e n t e d  b y  p r e v i o u s  a u tho r s  
(1, 4) for  c a t h o d e - r a y  exc i t a t i on  (see  Fig.  1).  I t  was  
in the  e x c i t a t i o n  and  a b s o r p t i o n  spec t r a  t h a t  d i f f e r -  
ences w e r e  obse rved .  S ince  Cd~P~O~:Mn was  b y  f a r  
t he  m o r e  efficient,  t he  p r e s e n t  d i scuss ion  w i l l  be 
l i m i t e d  to th is  phosphor .  

Effect of firing atmosphere.--Measurement of t he  
exc i t a t i on  b a n d s  as a func t ion  of p r e p a r a t i o n  is g i v e n  
in Fig.  2 for  the  Cd~P~O~:Mn p h o s p h o r s  shown  in 
T a b l e  I. (The  d i s c o n t i n u i t y  in the  cu rves  is t h e  r e -  
su l t  of i nc reas ing  t h e  i n s t r u m e n t  ga in  at  34.0 x 10 ~ 
cm -~ be fo re  p r o c e e d i n g  to the  l o w e r  e n e r g y  a b s o r p -  
t ion peaks . )  W h e n  p re f i r ed  u n d e r  ox id iz ing  or  n e u -  
t r a l  cond i t ions  ( a i r  or  N~), t he  exc i t a t i on  b a n d  
p e a k e d  a t  2370A and  was  r e l a t i v e l y  n a r r o w ,  w h e r e a s  
on re t i r ing  u n d e r  r e d u c i n g  cond i t ions  (N~-20% HE), 
t he  p e a k  w a v e l e n g t h  sh i f t ed  to 2460A and  the  2537A 
re sponse  i nc r ea sed  m a r k e d l y .  The  effect was  not  due  
to r e t i r ing  a lone  s ince  t h e  p h o s p h o r  r e t i r ed  in N~ on ly  
d id  no t  c h a n g e  in i ts  e x c i t a t i o n  spec t rum.  A l l  spec t ra ,  

0 
IO0 FIRED IN N2 , ~  

ssg M~. 

i 

I0 0 0 REFIRE O IN NE-H , {EO %'.1 4 ~ M F  

50 zs4 N~ 

IO0 REFIRED IN N~ 2~e ./~ 

OEO 22 E4 2~ ER 30 1E 34 3S Ee 40 42 44 

x tO-~ Cr* -t 

Fig. 2. Effect of .firing atmosphere on excitation spectra of 
Cd~P=OT:Mno~ phosphor. 

Dull  p ink  10 
Dull  p ink  19 
Dull  p ink  18 
Br igh t  orange 83 
Dull  p ink  15 
Br ight  red  67 
Dull  p ink  35 
Dull  p ink  15 
Dull  p ink  9 
Orange 70 
Dull  p ink  20 
Br ight  r ed  52 
Dull  p ink  22 
Br ight  red  51 

and  p a r t i c u l a r l y  t he  r e d u c e d  p h o s p h o r  s p e c t r u m ,  
showed  ev idence  of low leve l  e xc i t a t i on  spe c t r a  com-  
posed  of s e v e r a l  n a r r o w  b a n d s  in  the  n e a r - u l t r a v i o l e t  
and  v i s ib le  r eg ions  in a d d i t i o n  to t h e  b r o a d  e x c i t a t i o n  
b a n d  in t he  h i g h e r  e n e r g y  reg ion .  The  f o r m e r  have  
been  t e r m e d  e d g e - a b s o r p t i o n  b a n d s  (10) ,  due  to 
Mn +2. 

F i g u r e  3 shows  the  s p e c t r a l  p r o p e r t i e s  of 
Ca.~P~O~:Mn and  Sr~P~O~:Mn. A l t h o u g h  t h e s e  p h o s -  
pho r s  w e r e  p r e v i o u s l y  sa id  to be  e xc i t e d  on ly  b y  
ca thode  r a y s  (11) ,  f u r t h e r  r e d u c t i o n  p r o d u c e d  some 
e xc i t a t i on  b a n d s  in the  n e a r - u l t r a v i o l e t .  Zn~PEOT, 
Mg~P~OT, and  Ba~P2OT, b y  con t ras t ,  w e r e  no t  f o u n d  
to fo rm u l t r a v i o l e t  exc i t ab l e  p h o s p h o r s  even  w h e n  
the  m a t r i x  was  r e t i r ed  r e p e a t e d l y  in a r e d u c i n g  a t -  
mosphe re .  The  e xc i t a t i on  b a n d s  in Ca~PEO~:Mn and  
Sr.~P.~O~: M n  p h o s p h o r s  a r e  due  d i r e c t l y  to  e n e r g y  a b -  
so rp t ion  in t he  Mn +~ a c t i v a t o r  c en t e r  a n d  m a y  be  
c o m p a r e d  to t he  Mn +~ a b s o r p t i o n  b a n d s  in k n o w n  
p h o s p h o r s  such as ZnESiO4: Mn +~ (10) .  

EJ~ect o] ~nanganese.--Variation of m a n g a n e s e  
c h a n g e d  t h e  r e l a t i v e  r e sponse  to 2537A r a d i a t i on ,  b u t  
d id  no t  sh i f t  the  emiss ion  p e a k  w a v e l e n g t h  of 
Cd~P~O~: Mn f r o m  6180A. 

The  r e l a t i v e  p l a q u e  b r i g h t n e s s  as a func t ion  of Mn 
con ten t  and  f i r ing is g iven  in Fig .  4. Note  t h e  l a r g e  
c h a n g e  in r e sponse  on r e d u c t i o n  of t he  p r e f o r m e d  
m a t r i x .  The  p l a q u e  r e sponse  to 2537A i r r a d i a t i o n  in -  
c reases  to 8 mole  % Mn, r e m a i n s  e s s e n t i a l l y  con-  
s t an t  to 20 mo le  % Mn and  dec reases  b e y o n d  t ha t  

loo 6o~ .~. 4oz M~. /~ -Coz P2 07:Mn 

' ~ 1 7 6  [ A  05 ~ . . . . . .  O ?  Mr~ 

~ ~49u~ 

5o 

~ 14 0 22 24 26 28 30 32 34 36 38 4D 42 44 

~" x 10-Ecru -I 

Fig. 3. Spectral properties of manganese-activated alkaline-earth 
pyrophosphates. 
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Fig. 5. Excitation spectra as a function of preparation conditions 

concen t ra t ion .  I t  was  f u r t h e r  i n s t ruc t ive  to de t e r -  
m ine  the  effect of p r epa ra t i on  a tmosphere  as a f unc -  
t ion  of m a n g a n e s e  on exc i ta t ion  spectra  (see Fig. 5). 
In  all  cases, the exc i ta t ion  peaks  are  shif ted toward  
lower  ene rgy  by  the  r educ t ion  step and,  in  addi t ion,  
these peaks  shift  w i th  Mn content .  However ,  w h e n  
a concen t r a t i on  of 0.32 mole Mn is reached,  a de-  
cided decrease in  b r igh tness  was  no ted  as reflected 
in the change  in  exc i ta t ion  spectra.  The shift  of 
peak  wave  n u m b e r  due  to r educ t ion  was  approx i -  
m a t e l y  cons tan t  i r respec t ive  of Mn content .  

In  order  to es tabl ish  tha t  Mn  was the p r i m a r y  ac-  
t iva tor ,  an  ana lys i s  was made  of the componen t s  and  
phosphor  (see Tab le  I I ) .  No other  e l emen t s  were  
present .  

Reversibility.--The effect of r educ t ion  on response  
to 2537A was revers ible ,  and  a phosphor  which  was  
efficiently exci ted lost b r igh tness  w h e n  rehea ted  in  
air. This  effect was a func t i on  of Mn  content .  One 
could heat  and  rehea t  the  phosphor  Cd~,P~O~:Mn a l -  
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Table II. Spectrographic analysis of components 

Impurities i n p p m  (Spec. Qua].) 
Mn Ca Mg Cu Fe Ni Sn Sr A1 Si 

29,600 5 0 0 -  0.5 5 5 50 50 ~ - - *  
0.5 500 50 0.5 5 5 5 
0.5 500 50 0.5 5 5 50* 

Cd~P20~: Mn 
CdNH~PO,. H~O 
Cd~P,O~ 

* Fired in a silica crucible, 

t e r n a t e l y  in  an  oxidiz ing or r educ ing  a tmosphere  and  
change  the response  to 2537A rad ia t ion  p rov id ing  the  
s in t e r ing  point  was not  reached  wi th  consequen t  
degrada t ion  of the  s t ruc ture .  

Unactivated Cd~P~O~.--If Cd~P~O~ was fo rmed  f rom 
CdNH,PO,.H~O by  pref i r ing  at 1800~ in  air  and  then  
sub jec ted  to re t i r ing  in  a 40% H~-60% N~ a tmos -  
phere,  a phosphor  was  p roduced  as shown in  Fig. 6. 
Al though  the b r igh tness  was  low u n d e r  2537A ex-  
ci tat ion,  the  phosphor  r e sponded  to the  h igher  e n -  
ergy wave leng ths .  Chemica l  ana lys i s  of the  Mn pres -  
ent  in  this  phosphor  gave a va lue  of <0.0001% or 1 
ppm. Note tha t  the  absorp t ion  b a n d  is s imi la r  to the  
exc i ta t ion  band.  

The mat r ix ,  Cd~P~O~, exc lus ive  of Mn  +~, possessed a 
h i g h - e n e r g y  exc i ta t ion  band .  This  is the  f u n d a m e n t a l  
absorp t ion  b a n d  for the  mat r ix .  The incorpora t ion  
of Mn  *~ into Cd~P~O~ to fo rm Cd~P~O~:Mn did no t  
change  the f u n d a m e n t a l  absorp t ion  band ,  as shown 
in  Fig. 7. The absorp t ion  or exc i ta t ion  b a n d  shif ted 
wi th  reduct ion ,  w h e n  Mn was present ,  to a grea te r  
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Fig. 6. Spectral properties of unaetivated Cd2P207 

~ 50 

~ ,o~ 

50 

6506O0550  500  =*50 400  350  ~00  Z50  

30~000 ppm M n  OXYD~ZEO / 
PHASE " 

R t ~ U C E O  
P.ASE 

f 
I ppm Mn  

/ i  

~ oxymz r  

aEOUCE~ PHASE 
P.ASE 

b 
o I i [ i i i i i f i i ~ , i i f 

14 16 18 20  22  Z4 Z6 28 30  32 34  36  38 40  '$2 44  

~ "  X |O -3Cm - I  

Fig. 7. Spectral absorption of Cd;P=OT:Mn phosphor 



572 

ex ten t  t h a n  in  its absence.  The  posi t ion  of the  ex-  
c i ta t ion  b a n d  also changed  as a f unc t i on  of the  Mn 
con ten t  and  the shift  was  accen tua ted  by r educ t ion  
of the m a t r i x  (see Fig. 5). Reduc t ion  of the  m a t r i x  
increased  the  2537A absorp t ion  m a r k e d l y  in  the  
phosphor  con ta in ing  30,000 ppm Mn, bu t  l i t t le  in  t ha t  
con ta in ing  1 ppm Mn. In  contrast ,  the matr ices ,  
Ca_~P20~ and  Sr~P~O~, did not  possess the  broad  e x -  
c i ta t ion  b a n d  (Fig.  3) at  the h igher  energies  
( - -2250A),  and  therefore  incorpora t ion  of Mn +~ did 
not  p roduce  2537A exci tab le  phosphors.  

Mn +~ as a l u m i n e s c e n t  c e n t e r . - - T h e  spectroscopic 
func t ions  of Mn +~ are wel l  known .  The g round  state  
is ~S~ and  the four  exci ted  states are ~G~, ~D~, 'P~z~, 
' F ~ ,  in  order  of ascending  energy,  for the  free ion. 
In  the  presence  of a c rys ta l  field, a d ~ ion such as Mn +~ 
has the  s y m m e t r y  ~A,~ in  a weak  oc tahedra l  field. The 
conf igura t ion  d ~ is excep t iona l  in  tha t  no s p i n - a l -  
lowed t r ans i t i ons  are to be  expected,  since the  ~S 
g round  state  is no t  spli t  s igni f icant ly  by  the field 
(12),  whereas  the  exci ted states are split,  d epe nd i ng  
on the  s t r eng th  of the  field. W e a k  absorpt ions  are 
expected co r r e spond ing  to the  s e x t e t - q u a r t e t  t r a n s i -  
tions. It  is gene ra l l y  accepted tha t  ye l low to red 
emiss ion is i nd ica t ive  of Mn  § in  an  oc tahedra l  site, 
whereas  g reen  emiss ion is associated w i th  Mn +~ in  a 
t e t r ahed ra l  site. However ,  in  the  absence of specific 
s t ruc tu re  da ta  for Cd~P~O~, such an  a s sumpt ion  wou ld  
be i l lusory  since the  d e t e r m i n a t i o n  of the  effect of 
c rys ta l l ine  field on the l u m i n e s c e n t  processes of Mn  +~ 
presupposes  a knowledge  of site symmet ry .  

A long decay  is charac ter i s t ic  of Mn  +~ emiss ion and  
p r o b a b l y  arises f rom the  spectroscopical ly  fo rb idden  
t rans i t ion ,  'G ~ ~S. Since Cd~P~O~:Mn also possesses 
a long decay, it  is logical  to assume tha t  the  ene rgy  
t r ans i t i on  is iden t ica l  since the  emiss ion  is typ ica l  of 
Mn  +~ as an  act ivator .  Coupled wi th  the  m a r k e d  s imi-  
l a r i ty  in  diffract ion p a t t e r n  b e t w e e n  Mn~P~O~ and  
Cd~P~O~ (of which  the re  is bu t  one s t ruc tu re  each) ,  
the  data  ind ica te  tha t  the  l u m i n e s c e n t  cen te r  is com-  
posed of Mn +~ in a cat ionic  site. 

Discussion 
The specific effect of r educ t ion  is difficult to assess 

since the re  are severa l  e n d - r e s u l t s  which  could be 
a t t r i bu t ed  to reduc t ion .  Before discuss ing these, it 
would  be wel l  to s u m m a r i z e  the observa t ions  made:  

1. The  m a t r i x  Cd~P~O~, exc lus ive  of M n  +~, possessed 
a h i g h - e n e r g y ,  s t imu lab le  exc i ta t ion  band .  This  is 
the  f u n d a m e n t a l  absorp t ion  b a n d  for the mat r ix .  
The  incorpora t ion  of Mn  +~ into Cd~P~O~ to fo rm 
Cd~P~O~: M n  did no t  change  the f u n d a m e n t a l  absorp -  
t ion band ,  a l though  a shift  was observed wi th  Mn 
content .  

2. The equ iva lence  b e t w e e n  the  abso rp t i on -exc i -  
t a t ion  b a n d  of Cd~P~O~ and  the h i g h - e n e r g y  exc i ta -  
t ion b a n d  of Cd~P~O~: Mn leads to the conc lus ion  t ha t  
Cd~P~OT:Mn is a hos t - sens i t i zed  phosphor  in  which  
ma t r ix  absorp t ion  of r ad i an t  ene rgy  precedes  fluo- 
rescence. 

3. Ca~P~O~:Mn and  Sr~P~O~:Mn are not  hos t - sens i -  
tized. The exc i ta t ion  peaks  are due to t r ans i t i ons  in  
the  Mn +~ act ivator .  

4. Reduc t ion  of the m a t r i x  fo l lowing  fo rma t ion  
shifts the exc i ta t ion  peak  w a v e  n u m b e r  to lower  
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energy.  Abso rp t ion  bands  due to Mn +~ are also ob-  
served. 

5. The shift  in  peak  wave  n u m b e r  due to r educ -  
t ion  is ob ta ined  on ly  in  the presence  of m a n g a n e s e  
and  is cons tan t  at each Mn +~ content .  

6. The posi t ion  of the  exc i t a t ion  b a n d  is d e p e n d e n t  
both  on Mn +-~ con ten t  and  reduct ion .  

The logical conclus ion to be d r a w n  is tha t  r educ -  
t ion  s imply  increases  the  m a n g a n o u s  ion concen t r a -  
t ion  which  causes a shift  of the host la t t ice absorp-  
t ion  edge. This e x p l a n a t i o n  was  first d e m o n s t r a t e d  
for wi l l emi te  by  K r oe ge r  (10).  The  data  in  Fig. 4 and  
Fig. 5 and  observa t ions  5 a nd  6 are thus  exp la ined .  
A r e l evan t  ex t ens ion  of this  conclus ion would  i n -  
clude the  role of the mat r ix ,  p a r t i c u l a r l y  since the  
hos t - l a t t i ce  absorp t ion  edge is invo lved  and  since the  
e x p e r i m e n t a l  da ta  ind ica te  tha t  host  sens i t iza t ion  
takes  place. I t  is u n l i k e l y  tha t  the broad  absorp t ion  
b a n d  can be a t t r i bu t ed  to the  m a n g a n e s e  cen te r  
alone. 

If the effect were  due en t i r e ly  to the  presence  and  
n u m b e r  of Mn  += ac t iva tor  centers,  t hen  one would  
expect  the  b road  absorp t ion  b a n d  to be due  to (a)  
the m a n g a n e s e  center ,  or (b)  the m a n g a n e s e  cen te r  
as affected by  the latt ice,  tha t  is, a m a n g a n e s e - l a t t i c e  
in te rac t ion .  However ,  the  b road  absorp t ion  b a n d  
canno t  be due to t r ans i t ions  in  the Mn +~ a tom itself  
because  of the  edge absorp t ion  bands  observed in  the  
same spectra  (Fig. 2), which  are comparab le  to those 
of Mn +~ in  Ca~P~OT:Mn a nd  Sr~P~O~:Mn. Therefore ,  
the poss ibi l i ty  r e m a i n e d  tha t  the effect could be 
caused by  an increase  in  the  n u m b e r  of Mn  +~ centers  
as wel l  as an  increase  in  the  hos t - l a t t i ce  coupling.  
This would  give r ise to a b a n d  whose w i d t h  wou ld  
increase  or decrease wi th  t empe ra tu r e .  

One  would  t h e n  expect  in  the  case of the  com- 
pa rab le  Ca_~P,_.OT: Mn and  Sr~P~O~: Mn phosphors  tha t  
r educ t ion  should cause the  appea rance  of a b road  
h i g h - e n e r g y  exci table  b a n d  deno t ing  tha t  the  effect 
of r educ t ion  was  to increase  the  l a t t i ce -coup l ing  of 
the Mn +~ cente r  wi th  its la t t ice  su r round ing .  A l -  
though  the posi t ion  of this  b road  absorp t ion  peak  
wou ld  not  be expec ted  to be exac t ly  at  the  same e n -  
e rgy  in  Ca~P~O7 or Sr~P~OT, it should be close if the  
broad  absorp t ion  b a n d  did ar ise on ly  f rom the  Mn +~ 
center ,  and  no t  f rom the  ma t r ix ,  as in  Cd~P2OT: Mn. 

Since it  has been  d e m o n s t r a t e d  tha t  r educ t ion  does 
not  resu l t  in  b road  absorp t ion  bands  in  these other  
phosphors,  bu t  on ly  n a r r o w  bands  d i rec t ly  a t t r i b u t -  
able  to Mn +~, one can conclude  tha t  absorp t ion  is a 
func t ion  of bo th  Mn con ten t  a nd  reduct ion ,  bu t  on ly  
in  the  presence  of cadmium.  Thus,  it is p robab le  tha t  
absorp t ion  by  the m a t r i x  is invo lved  r a the r  t han  
absorp t ion  in  the  m a n g a n e s e  centers  alone,  and  tha t  
hos t - sens i t i za t ion  occurs (observa t ions  1 and  2). 

One is t h e n  left  w i th  the  conclus ion tha t  r educ t ion  
affects bo th  the  m a t r i x  and  the  act ivator ,  Mn  +~. The  
effect canno t  be chemical  in  n a t u r e  since on ly  
changes  in  opt ical  spectra  are observed and  no chem-  
ical changes  were  no ted  in the  ma te r i a l s  so t reated,  
as d e t e r m i n e d  by  x - r a y  and  i n f r a r ed  analysis .  

Since r educ t ion  has an effect on the la t t ice  as de-  
t e r m i n e d  by  absorp t ion  me a su r e me n t s ,  it  is, perhaps,  
more  logical  to assume tha t  the  effect is e lectronic  in  
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Table Ill. Spectroscopic levels for various ions 
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A t o m i c  No.  of  S t a t e  
species E l e c t r o n s  T r a n s i t i o n  G r o u n d  E x c i t e d  

Mn III 23 3d ~ +-> 3d'3d* ~S~/2 <--> 'G~/2 
Cd III  46 4d 1~ <--> 4d94d * ~So +-> 8D~ 
Cd II 47 4d ~~ +-> 4d~~ ~S,z ++ sP~/~ 
Sb IV 48 4dl~ ~ <--> 4d'~ * ~So <--> ~P, 
Sn III  48 4d~~ s +-> 4d~~ ~So +-> ~P~ 
Pb III 80 5d~~ ~ <---> 5d'~ * ~So <--> ~P~ 
T1 II 80 5d~~ 2 <--> 5d~~ * ~So <-> 3p~ 

* E x c i t e d  s ta te .  

na tu re .  Since hos t - sens i t i za t ion  requ i res  t r a n s p o r t  of 
ene rgy  by  o ther  t h a n  m o v e m e n t  of charge,  a s tudy  of 
ene rgy  t r an spo r t  processes w i t h i n  the crys ta l  is ap -  
plicable.  

The theory  of i m p u r i t y - s e n s i t i z e d  luminescence  
as developed by  Dexte r  (13),  and  i n d e p e n d e n t l y  by  
Botden  (14),  is appl icable  to the  p resen t  case. I m -  
pu r i t y - s ens i t i z ed  luminescence  refers  to the  l u m i -  
nescence  m e c h a n i s m  w h e r e b y  ene rgy  is absorbed  in  
one type  of cen te r  ( the sensi t izer)  and  emiss ion oc- 
curs in  a different  type  of cen te r  ( the  ac t iva to r ) .  
The mechan i sms  invo lved  in  the  t r a n s p o r t  and  t r a n s -  
fer of exc i ta t ion  ene rgy  f rom the  absorb ing  to the  
emi t t i ng  cen te r  are of pa r t i cu l a r  concern.  

For  the  Cd~P~O~:Mn system, it  is i n t e r e s t i ng  to 
compare  the  e lectronic  spectroscopic t r ans i t i ons  
which m a y  be involved.  These da ta  are g iven in  
Table  III, t a k e n  f rom ref. (15). 

The last  four  species in  Tab le  I I I  r ep resen t  m e r -  
c u r y - l i k e  ions which  are k n o w n  sensi t izers  as 
shown by  Wi l l i ams  (16) and  Seitz (17).  In  regard  to 
the  Cd I I I  species, no te  tha t  the  t r a n s i t i o n  to the  e x -  
cited s tate  is a spin fo rb idden  t r ans i t i on  m u c h  l ike 
tha t  of the  ac t iva tor  cen te r  (Mn I I I ) .  The  electronic  
dl~ conf igura t ion  of the  c a d m i u m  II  species is s imi la r  
to tha t  of k n o w n  sensi t izers  and  involves  a spectro-  
scopical ly a l lowed t rans i t ion .  Thus,  the  effect of r e -  
duc t ion  could be ass igned to the  local izat ion of an  
e lec t ron  in  the  v i c in i ty  of a Cd *~ a tom to fo rm the  
spectroscopic species, Cd II :  

Cd +" + e- -> (Cd) § 

This equation is meant to imply that an electronic 
defect exists which utilizes the modified energy 
levels of the ion. Thus, the presence of Cd + could lead 
to sensitization as proposed in Table IV. The reso- 
nance-exchange mechanism is applicable for the Cd + 
(If) species, but exchange would not be expected 
to occur between Cd +~ sites, since it is recognized 
that the strength of an electric quadrupole (qq) 
transition is weaker by a factor of I0 -~ than that of 
an electric dipole (dd) transition (12). Thus, for the 

propaga t ion  of ene rgy  in  bo th  the oxidized and  re -  
duced phosphors ,  the  fo l lowing m e c h a n i s m  is possi-  
ble as shown in  Table  IV. (The  d o u b l e - h e a d e d  a r -  
rows denote  the  r e sonance  exchange  mechan i sm. )  

Theoret ica l ly ,  one would  expect,  for Cd § a v e r y  
weak  in te rac t ion  only  at  n e a r e s t - n e i g h b o r  sites be -  
tween  c a d m i u m  and  m a n g a n e s e  atoms, and  the  cor-  
r e spond ing  l u m i n e s c e n t  efficiency should be ve ry  low 
as is observed expe r imen ta l ly .  In  the  reduced  form, 
Cd§ the  t r ans i t ions  are  a l lowed ( S ~  P ) ,  and  
therefore  the response  to exc i ta t ion  should  be m u c h  
higher .  

The  fo rma t ion  of such a species is no t  en t i r e ly  
w i t hou t  basis since it is wel l  k n o w n  tha t  x - r a y  i r -  
r ad ia t ion  of a lka l i  ha l ide  crysta ls  con t a in ing  Ca *+ , 
Sr §247 or Ba ++ d i s t r ibu ted  in  the  cat ionic sites wi l l  fo rm 
so-cal led Z centers ,  which,  according to Seitz (18),  
i nvo lve  e lec t rons  t r apped  by  the  a l k a l i n e - e a r t h  ions 
at the  cat ionic sites. The spectra l  character is t ics  of 
t hese  centers  are comparab le  to the  free Ca +, Sr § or 
Ba + ions. F u r t h e r m o r e ,  Lushch ik  and  Lushch ik  (19) 
have  s tudied  the absorp t ion  exc i ta t ion  and  emiss ion  
spectra  of var ious  homologous  ions in a lka l i  hal ides  
which  inc luded  Cd § 

The shift  in  absorp t ion  peak  due  to r educ t ion  is 
a t t r i b u t e d  to fo rma t ion  of the  Cd+(II) species, and  
the dependence  of peak  absorp t ion  ene rgy  on m a n -  
ganese  con ten t  is a t t r i b u t e d  to fo rma t ion  of Cd + ( I I ) -  
Mn § pairs.  I t  is u n f o r t u n a t e  tha t  specific s t ruc tu re  
data  are no t  ava i l ab le  so tha t  a more  q u a n t i t a t i v e  
es t imate  could be ob ta ined  of the  l u m i n e s c e n t  center .  

I t  is a p p a r e n t  tha t  r educ t ion  has an  effect on the  
ene rgy  gap of Cd:P_~O~, a nd  a possible e xp l ana t i on  
would  be the in jec t ion  of car r ie rs  in  the  va lence  
b a n d  wi th  consequen t  effects on res is t iv i t ies  as wel l  
as exc i ta t ion  energies .  Pe rhaps  pho toconduc t ive  or 
Hall-coeff icient  m e a s u r e m e n t s  migh t  c lar i fy  this  
mat te r .  
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The Interface between Germanium and a 
Purified Neutral Electrolyte 

W. H. Brattain and P. J. Boddy 
Bell Telephone Laboratories, Murray Hill, New Jersey 

ABSTRACT 

Measurement  of the different ia l  capaci ty  of the in ter face  be tween  ge rman ium 
(100) and M/10 K2SO~, phosphate  buffered to pH 7.4, yields  da ta  indica t ing  tha t  
only the capaci ty  of the semiconductor  space charge region is observed.  A n a l -  
ysis of the da ta  yields  the s imple re la t ionship  for d is t r ibut ion  of potent ia l  

kT 
~8 - -  In ~. ~ VE ~- K 

e ~ 

where  K is a constant  for a given condit ion at the interface.  Surface recombi -  
nat ion veloci ty  is found to be close to zero. This, coupled wi th  the absence 
of capaci ty  addi t ional  to the  space charge region,  indicates  the absence of 
fast  surface states under  these conditions. Measurement  of the surface con- 
duct iv i ty  of ge rman ium as a funct ion of surface potent ia l  does not agree  wi th  
theory  but  is reproducible .  

M e a s u r e m e n t s  of t he  e l ec t r i ca l  p r o p e r t i e s  of g e r -  
m a n i u m  sur faces  in gaseous  a m b i e n t s  h a v e  shown  a 
m a r k e d  d e p e n d e n c e  of these  p r o p e r t i e s  on the  i m -  
m e d i a t e  h i s t o r y  of the  s a m p l e  and  the  n a t u r e  of t he  
ambien t .  I t  is i n f e r r e d  t ha t  t he  v a r i a t i o n s  a r e  due  
e i t he r  to t r a c e  i m p u r i t i e s  depos i t ed  on the  su r f ace  
d u r i n g  e t ch ing  (1)  or  o the r  c l ean ing  and  h a n d l i n g  
p rocedu re s ,  i n t e r a c t i o n  w i t h  t he  a m b i e n t  (2) ,  or  to 
p h y s i c a l  de fec t s  in t he  su r face  (e.g., e m e r g i n g  d i s -  
locat ions ,  steps,  etc.)  d e v e l o p e d  in d i f fe ren t  w a y s  
b y  d i f fe ren t  chemica l  e n v i r o n m e n t s .  The  v a r i a t i o n  in 
the  o b s e r v a t i o n s  p r e c l u d e s  t h e  i n t e r p r e t a t i o n  t h a t  
the  p r o p e r t i e s  a r e  e n t i r e l y  those  of the  su r f ace  of a 
s ingle  c r y s t a l  of g e r m a n i u m  per se. 

The ob jec t  of the  p r e s e n t  w o r k  was  to seek  r e l a -  
t i onsh ips  b e t w e e n  the  c h e m i c a l  and  e l ec t r i ca l  p r o p -  
e r t i e s  of such  sur faces .  

Recen t  i nves t i ga t i ons  of the  s e m i c o n d u c t o r  so lu-  
t ion i n t e r f a c e  have  y i e l d e d  d e t a i l e d  i n f o r m a t i o n  on 
the  e l e c t r i c a l  p r o p e r t i e s  of bo th  zinc ox ide  (3)  and  
s i l icon (4 ) .  To the  p r e s e n t  t ime ,  w i t h  the  e x c e p t i o n  
of the  w o r k  of B o h n e n k a m p  and  Enge l l  (5) ,  t h e  
p o t e n t i a l l y  f r u i t f u l  a r e a  of t h e  g e r m a n i u m - e l e c t r o -  
l y t e  i n t e r f ace  has  been  l i t t l e  s t ud i ed  f rom th is  p o i n t  
of v iew,  a l t h o u g h  the  bas ic  e l e c t r o c h e m i s t r y  of g e r -  
m a n i u m  is f a i r l y  we l l  u n d e r s t o o d  (6) .  

This  p a p e r  desc r ibes  some in i t i a l  e x p e r i m e n t s  on 
the  e l ec t r i ca l  p r o p e r t i e s  of g e r m a n i u m  su r faces  in 

contact with aqueous solutions. It has been found 
that in a properly purified solution of K.~SO, a ger- 
manium surface can be obtained free of fast surface 
states, i.e., having no additional capacity over that 
of the space charge layer and no measurable decay 
of added carriers over and above body recombina- 

tion. 
Experimental 

General . - -The e x p e r i m e n t s  w e r e  conduc t ed  in a 
P y r e x  glass  cel l  ( s h o w n  s c h e m a t i c a l l y  in Fig .  1) 
cons is t ing  of two  c o m p a r t m e n t s  s e p a r a t e d  b y  a sa l t  
b r i d g e  con ta in ing  a porous  p lug .  The  l a r g e r  c o m -  
p a r t m e n t  con t a ined  the  g e r m a n i u m  e lec t rode ,  w h i c h  
was  connec ted  to g round ,  and  two  l a r g e  a r e a  p l a t i -  

I sYNC~ , 

• 

Fig. 1. Experimental arrangement: A, high impedance millivolt- 
meter; B, calomel electrode; C, germanium electrode; D, high im- 
pedance current source; E, pulsed voltage source; F, preamplifier; 
G, oscilloscope; H, exponential generator; J, ammeter; K, switch. 
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n u m  gauze electrodes  connec ted  to e x t e r n a l  c i rcui ts  
t h rough  0.47 ~fd capacitors.  A ca lomel  e lectrode was  
connected  th rough  a second salt  b r idge  and  the  ger-  
m a n i u m  electrode po ten t i a l  m e a s u r e d  on a h igh 
impedance  (2 x 10 ~ ohm)  mi l l ivo l tme te r .  S t i r r ing  
was  achieved e i ther  by  ro ta t ing  the  g e r m a n i u m  
electrode,  or by  means  of a magne t i ca l l y  operated,  
Teflon enclosed s t i r r ing  ba r  in  the  solut ion.  ~rhe 
other  c o m p a r t m e n t  con ta ined  a th i rd  l a rge  area  
p l a t i n u m  gauze electrode connec ted  d i rec t ly  t h rough  
a h i g h - i m p e d a n c e  c u r r e n t  source to ground.  The 
a tmosphere  above the  solut ion was  purif ied n i t r ogen  
or he l ium.  P rov i s ion  was  made  for i l l u m i n a t i n g  the  
g e r m a n i u m  electrodes t h rough  w indows  set in to  the  
bo t tom and  side of the cell, bu t  un less  o therwise  
s ta ted the  expe r imen t s  were  car r ied  out  in the  dark.  
The t e m p e r a t u r e  t h r o u g h o u t  was close to 25~ 

E l e c t r o d e s . - - G e r m a n i u m  electrodes were  of two 
types. The s impler  ones were  e i ther  square  (1-2.5 
cm on a side) or c i rcu la r  (1 cm d i ame te r )  in  cross 
section and  1-2 cm thick.  Elect r ical  contact  was  
made  e i ther  by  r h o d i u m  p la t ing  one face and  ho ld -  
ing the e lect rode by  v a c u u m  onto a s ta inless  steel 
chuck or by  a t t ach ing  a p l a t i n u m  wire  wi th  a solder 
con ta in ing  ind ium.  In  the  la t te r  case the  p l a t i n u m  
wi re  was  pu l l ed  t h r o u g h  a glass t u b e  un t i l  the  back  
of the e lect rode was  f i rmly  agains t  the  end  of the  
tube,  which  was  t h e n  filled wi th  paraff in wax  which  
had  been  boi led for severa l  days in  1M H~SO~, 1M 
KOH, and  f inal ly  severa l  changes  of d is t i l led  water .  
The electrodes were  no t  masked.  To ensure  a con-  
s tan t  superficial  a rea  exposed to the  so lu t ion  for a 
g iven  electrode in di f ferent  expe r imen t s  the  fol low- 
ing p rocedure  was  used. The ad jus t ab l e  e lect rode 
holder  was  lowered  into the so lu t ion  u n t i l  contact  
was  made,  and  by  v isua l  inspec t ion  the  lower  sur face  
of the electrode was a l igned  wi th  the  so lu t ion  su r -  
face. The  electrode was  t h e n  lowered  an  a r b i t r a r y  
0.19 cm f u r t h e r  in to  the solut ion.  

The second type  of e lectrode was more  complex 
and  requ i res  special  descript ion.  I t  takes  the  fo rm 

Fig. 2a. Germanium bridge. The scale is in centimeters 
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Fig. 2b. Electrical schematic of germanium bridge 
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of a br idge  cut  f rom a slice of s ingle  c rys ta l  ge r -  
m a n i u m  and  is i l lus t ra ted  in  Fig. 2a and  shown 
schemat ica l ly  in Fig. 2b. The br idge  had  five con-  
tacts, the  act ive a r m  be ing  b e t w e e n  1 and  5. The 
other  arms,  which  were  m u c h  thicker ,  were  no t  
etched, the i r  surfaces be i ng  left  in a l apped  or s and-  
b las ted  condi t ion  m a k i n g  them insens i t ive  to a m -  
b i en t  changes.  Contac t  to the b r idge  was by  means  of 
soldered p l a t i n u m  wires.  D u r i n g  an  e x p e r i m e n t  the  
t h in  por t ion  of a r m  1-5 was comple te ly  immersed ,  
contacts  1 and  5, however ,  be ing  kept  out  of the 
solut ion.  The  ma jo r  a dva n t a ge  of the  b r idge  is tha t  
it is i n t e r n a l l y  t e m p e r a t u r e  compensa ted  p rov ided  
there  are  no t e m p e r a t u r e  differences in  the br idge  
itself. 

The a rms  were  des igned so tha t  if e i ther  d -c  or a-c 
power  was appl ied  b e t w e e n  1 and  3 a detec tor  wou ld  
read  n u l l  b e t w e e n  2 and  some poin t  (x)  b e t w e e n  4 
and  5. This po in t  was d e t e r m i n e d  by  a d j u s t m e n t  of 
a ca l ib ra ted  10,000 ohm Hel ipot  connected  b e t w e e n  
4 and  5. 

The condi t ion  for ba lance  is 

RI~R~_.~ -1 : R ~ R ~  -1 : fl [1] 

whereR1._, is the  res i s tance  b e t w e e n  contacts  1 and  2, 

etc. The added surface  conduct iv i ty ,  • in the  t h in  
a rm as defined by  B r a t t a i n  and  G a r r e t t  (14) is 

AG = (1 + f l ) w t ( X , , , -  X ) R 4 ~ ( 2 e # ~ p ~ m ( w  + t )Rl~)  -~ 
[2] 

where  X,,~ is the  f rac t iona l  hel ipot  r ead ing  for m i n i -  
m u m  conduct iv i ty ,  X is the f rac t iona l  r ead ing  at a 

po in t  where  AG is to be eva lua ted ,  ~ is hole mobi l i ty ,  
p specific resis tance,  e e lectronic  charge,  ~ the  Debye  
length ,  n, the concen t r a t i on  of holes and  e lect rons  in  
in t r ins ic  g e r m a n i u m ,  w and  t the  w i d t h  a nd  th ick-  
ness of the t h in  pa r t  of a r m  15. Due correct ion was  
made  for those par t s  of 15 out  of the  solut ion.  Ap-  
p ropr ia t e  m e a s u r e m e n t s  gave two i n d e p e n d e n t  es-  
t imates  of the va lues  of the  res is tances  of each of the  
five arms,  exc lus ive  of contact  res is tance,  which  
could also be eva lua ted .  Since the d imens ions  of the  
a rms  were  known,  the specific res i s tance  and  its u n i -  
fo rmi ty  t h r o u g h o u t  the br idge  could be de te rmined .  
Once the  br idge  had been  measured ,  a ny  changes  in 
the  d imens ions  of a r m  15 due to e tching  could be 
s imply  d e t e r m i n e d  f rom the change  in  ba lance  po in t  
at  the  conduc t iv i ty  m i n i m u m .  

In  the e xpe r i me n t s  contact  2 was at  g r o u n d  and  so 
placed tha t  R,~ was  equa l  to R~ + R~ + R,~, so t ha t  
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the  m i d p o i n t  of a r m  15 h a d  e q u a l  r e s i s t ance  to 
g r o u n d  e i t he r  w a y  a r o u n d  the  b r idge .  W h e n  c a p a c i t y  
m e a s u r e m e n t s  w e r e  m a d e  on th is  a rm,  con tac t s  1 
and  5 w e r e  g r o u n d e d  to e l i m i n a t e  the  p o t e n t i a l  d rop  
to g r o u n d  t h r o u g h  the  o the r  a rms .  

Materials and purification.--The so lu t ions  w e r e  
M/10  KfSO~ buf fe red  to a p p r o p r i a t e  p H  va lues .  A l l  
so lu t ions  w e r e  g e t t e r e d  b y  s t i r r i n g  w i t h  f inely  
c r u shed  g e r m a n i u m  for  s e v e r a l  hours  be fo re  use.  
This  was  p r o d u c e d  in situ b y  r a p i d l y  s t i r r i n g  a so lu-  
t ion con ta in ing  a f ew  s m a l l  p ieces  of h i g h - p u r i t y  
g e r m a n i u m  w i t h  a m a g n e t i c a l l y  ope ra t ed ,  Teflon e n -  
c losed s t i r r i n g  bar .  O v e r  the  course  of s e v e r a l  hours  
col l i s ions  b e t w e e n  the  p ieces  p r o d u c e d  a dense  c loud 
of fine pa r t i c l e s .  I n  some cases  t h e  so lu t ions  w e r e  
also p r e - e l e c t r o l y z e d  at  a g e r m a n i u m  ca thode  for  
up  to 72 hr ,  bu t  t he  d a t a  w e r e  i den t i ca l  in so lu t ions  
w h i c h  had  been  s i m p l y  ge t t e red .  G e n e r a l l y ,  t he  g e r -  
m a n i u m  p o w d e r  was  le f t  in the  so lu t ion  t h r o u g h o u t  
the  e x p e r i m e n t .  The  so lu t ions  w e r e  m a d e  up  e i t h e r  
w i th  d e - i o n i z e d  w a t e r  or  d e - i o n i z e d  w a t e r  t h a t  h a d  
been  d i s t i l l ed  f r o m  p e r m a n g a n a t e  solu t ion .  In  bo th  
cases  t he  d a t a  w e r e  iden t ica l ,  f r om w h i c h  i t  m a y  
be conc luded  t ha t  the  g e t t e r i n g  p rocess  e f fec t ive ly  
r e m o v e s  a n y  t r ace  i m p u r i t i e s  o r i g i n a l l y  p r e s e n t  in 
the  e l e c t r o l y t e  or  t he  D.I. w a t e r  ac t ive  w i t h  r e s p e c t  
to a g e r m a n i u m  surface .  A n a l y t i c a l  g r a d e  K~SO, was  
used.  In  some e x p e r i m e n t s  not  d e s c r i b e d  here ,  K_~SO~ 
was  r e c r y s t a l l i z e d  t h r e e  t imes  f r o m  d i s t i l l ed  w a t e r  
and  the  buf fe r  omi t ted .  The  d a t a  w e r e  e x a c t l y  s i m i -  
l a r  in bo th  sets  of e x p e r i m e n t s .  

N i t r o g e n  was  pa s sed  ove r  ho t  copper  gauze.  H e -  
l i um was  passed  t h r o u g h  a n h y d r i t e ,  Hopca l i t e ,  soda -  
l ime,  ac t ive  coppe r  on k i e s e l g u h r  at  200~ (8) ,  c h a r -  
coal  a t  - - 196~  and  t h r o u g h  a f i t ted  d i sk  in to  d i s -  
t i l l ed  w a t e r ,  t he  gas t r a i n  be ing  a l l  glass.  I d e n t i c a l  
r e su l t s  w e r e  o b t a i n e d  w i t h  e i t he r  gas. The  e l ec t rodes  
w h i c h  w e r e  a l l  o r i e n t e d  to t he  (100) face  w e r e  
e t ched  in CP4 and  r i n s e d  in  d i s t i l l ed  w a t e r  (or  
g e t t e r e d  D.I. w a t e r )  b e f o r e  each  e x p e r i m e n t .  In  a 
few cases  t h e y  w e r e  e t ched  in M/10  p o t a s s i u m  f e r r i -  
c yan ide  so lu t ion  a f t e r  t he  CP4. A n o d i c  c u r r e n t s  of 
100-200 t t a / c m  ~ ( n - t y p e  e l ec t rodes  i l l u m i n a t e d )  
w e r e  a p p l i e d  for  a r o u n d  5 m i n  b e f o r e  d a t a  w e r e  
t aken .  F e r r i c y a n i d e  a p p e a r e d  to p r o d u c e  a su r face  
s imi l a r  to t h a t  o b t a i n e d  a f t e r  anodic  e t ch ing  w h e r e a s  
the  CP4 su r f ace  ( b e f o r e  anod ic  e t ch ing )  w a s  m o r e  
v a r i a b l e  w i t h  r e spec t  to t he  in i t i a l  v a l u e  of t he  su r -  
face  p o t e n t i a l  and  the  b e h a v i o r  of t he  capac i ty .  

Measurements.--The c a p a c i t y  of t he  g e r m a n i u m  
e l ec t rode  so lu t ion  i n t e r f a c e  was  m e a s u r e d  b y  m e a n s  
of a c u r r e n t  pu l se  t echn ique .  S h o r t  d u r a t i o n  squa re  
c u r r e n t  pu l ses  (up  to a m a x i m u m  v a l u e  of 100 t,a 
and  of 1 ~sec to 50 ~sec du ra t ion ,  b u t  mos t  f r e q u e n t l y  
5 #sec)  w e r e  a p p l i e d  f r o m  a p u l s e d  cons t an t  v o l t a ge  
source,  t h r o u g h  a 10 ~ ohm re s i s t ance  and  0.47 tdd  
c a p a c i t y  in ser ies ,  to one of t he  p l a t i n u m  e l ec t rodes  
in the  l a r g e r  c o m p a r t m e n t .  The  change  of p o t e n t i a l  
b e t w e e n  the  b u l k  of t he  g e r m a n i u m  e l ec t rode  and  
the  so lu t ion  was  d e t e c t e d  a t  t he  o t h e r  p l a t i n u m  e lec-  
t r o d e  in  th i s  c o m p a r t m e n t ,  ampl i f ied ,  and  p r e s e n t e d  
on an osci l loscope.  

The  f o r m  of t he  response ,  w h i c h  was  i n d e p e n d e n t  
of the  s ign of the  c u r r e n t  pulse ,  is shown  in Fig.  3. 
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Fig. 3. Response of the interface to a short duration square 
current pulse. 

W h e n  the  pu lse  was  t u r n e d  on  t h e r e  was  an  i n i t i a l  
p o t e n t i a l  change  V"~(A to B) w h i c h  was  g e n e r a l l y  
v e r t i c a l  at  the  h ighes t  t r ace  speed  of our  osc i l loscope 
(0.1 t, sec cm-1). The  p o t e n t i a l  i nc r ea sed  w i t h  t i m e  
f rom B to C w h e r e  the  pu l se  was  t u r n e d  off r e su l t i ng  
in an  i n s t a n t a n e o u s  dec rease  (C to D) e q u a l  to V"~. 
The  r e s i d u a l  p o t e n t i a l  V'~ at  D d e c a y e d  to t he  o r ig i -  
na l  p o t e n t i a l  in an e x p o n e n t i a l  m a n n e r .  In  a t y p i c a l  
e x p e r i m e n t  V'~, V"~ and  the  t ime  cons t an t  (T) for  
d e c a y  of V'~ w e r e  m e a s u r e d ,  a l t h o u g h  in some cases  
on ly  V'~ w a s  m e a s u r e d .  Ca re  w a s  t a k e n  to  k e e p  t h e  
d i f f e ren t i a l  pu l se  suff ic ient ly  sma l l  t h a t  the  r e sponse  
was  less t h a n  25 inv. D u r i n g  an  e x p e r i m e n t  the  d i f -  
f e r e n t i a l  pu l se  was  a p p l i e d  r e p e t i t i v e l y  t h r o u g h  the  
i n t e r f a c e  abou t  20 t imes  p e r  second,  and  the  vo l t age  
r e sponse  was  c o n t i n u o u s l y  d i sp l a ye d .  

The  pho tovo l t a i c  r e sponse  of the  e l ec t rodes  was  
m e a s u r e d  w i t h  a 40 cps  s q u a r e  w a v e  t u n g s t e n  f i la-  
m e n t  l igh t  source,  the  p o t e n t i a l  w i t h  r e spe c t  to a 
p l a t i n u m  e l ec t rode  in the  so lu t ion  be ing  p r e s e n t e d  
on an  osci l loscope.  The  m a j o r  po in t  of i n t e r e s t  he r e  
was  to d e t e r m i n e ,  as a func t ion  of doping ,  t he  e l ec -  
t r o d e  p o t e n t i a l  a t  w h i c h  the  " fas t "  r e sponse  c h a n g e d  
sign. 

Bo th  the  i n t e r r a c i a l  c a p a c i t y  and  the  pho tovo l t a i c  
r e sponse  w e r e  m e a s u r e d  as a func t ion  of e l ec t rode  
po ten t i a l ,  t he  b ias  be ing  a p p l i e d  t h r o u g h  the  p l a t i -  
n u m  e l ec t rode  in t he  s m a l l e r  c o m p a r t m e n t  b y  m e a n s  
of a d i r ec t  c u r r e n t  source  (D in Fig .  1) .  Two  m e t h o d s  
of v a r y i n g  the  e l ec t rode  p o t e n t i a l  w e r e  used.  The  
first  ( m e t h o d  I)  was  s i m p l y  to set  a c e r t a i n  c u r r e n t  
t h r o u g h  the  e lec t rode ,  w a i t  for  t he  e l e c t r o d e  p o t e n -  
t i a l  (V . )  to come to a s t e a d y  v a l u e  and  t hen  m e a s -  
u re  i t  and  the  qua n t i t i e s  V"~, V'~ and  7. A l t e r n a -  
t i v e l y  ( m e t h o d  I I a )  b y  m a n i p u l a t i o n  of swi t ch  S 
the  d e s i r e d  c u r r e n t  cou ld  be  set  t h r o u g h  t h e  10K ohm 
a u x i l i a r y  r e s i s to r  and  t hen  s w i t c h e d  into  t he  sy s t em 
for a b r i e f  p e r i o d  of t i m e  ( a p p r o x i m a t e l y  1 sec) 
d u r i n g  w h i c h  i n s t a n t a n e o u s  va lue s  of V~ and  V%, 
w e r e  m e a s u r e d .  The  c u r r e n t s  w e r e  such as to m a k e  
the  g e r m a n i u m  anodic  and  w e r e  suff ic ient ly  sma l l  
not  to upse t  s ign i f i can t ly  t he  ho le  e l ec t ron  e q u i l i b -  
r i u m  in the  e lec t rodes .  In  an  e x t e n s i o n  of the  second  
m e t h o d  ( m e t h o d  I Ib )  an  a d d i t i o n a l  c u r r e n t  source,  
in p a r a l l e l  w i t h  D, was  used  to p r o v i d e  a con t inuous  
c u r r e n t  ( g e r m a n i u m  anod ic )  s u p e r i m p o s e d  on w h i c h  
was  the  m a n u a l l y  p u l s e d  c u r r e n t  f r o m  D w h i c h  could  
now be  of e i t he r  sign, b u t  no t  suff ic ient ly  g r e a t  in  
t he  n e g a t i v e  sense  to r e v e r s e  t he  s ign of the  ne t  c u r -  
ren t .  
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Fig. 5. Tafel curve for 1.1 cm ~ germanium electrode in - -  K=SO4, 

10 
phosphate buffered to pH 7.4. 

Exper imenta l  Results 

The  r e sponse  shown  in Fig .  3 does no t  u n i q u e l y  
d e t e r m i n e  an  e q u i v a l e n t  c i rcui t .  I t  does,  h o w e v e r ,  
sugges t  a s i m p l e  c o m b i n a t i o n  of r e s i s t ance  and  ca -  
p a c i t y  such as shown  in Fig .  4, w h i c h  is b a s i c a l l y  
s i m i l a r  to a p r e v i o u s l y  p r o p o s e d  m o d e l  (5)  w i th  the  
a d d i t i o n  of R',  A s s u m i n g  a n y  model ,  one can, f r o m  
pu l se  da ta ,  c a l cu l a t e  a d i f f e ren t i a l  r es i s t ance .  If  t he  
m e t h o d  and  ana lys i s  a r e  va l id ,  th is  d i f f e ren t i a l  r e -  
s i s t ance  shou ld  ag ree  w i t h  the  d i f f e r en t i a l  r e s i s t ance  
d e t e r m i n e d  f r o m  the  c u r r e n t - v o l t a g e  c u r v e  t a k e n  at  
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Fig. 6. Differential resistance vs. electrode potential, derived 
from Fig. 5 (e) and from pulse data (o). 

zero f r equency .  The  d - c  d a t a  a r e  shown  in Fig.  5, and  
in Fig.  6 is shown  the  c o m p a r i s o n  of d i f f e ren t i a l  r e -  
s i s tance  d e t e r m i n e d  g r a p h i c a l l y  f rom Fig.  5 and  
f rom the  pu l se  d a t a  in Tab le  I. The  a g r e e m e n t  is e x -  
ce l l en t  excep t  a t  the  m o r e  n e g a t i v e  po ten t i a l s .  This  
d e v i a t i o n  is due  to t he  fac t  t h a t  in o r d e r  to m e a s u r e  
the  d i f f e r en t i a l  r e s i s t ance  c o r r e c t l y  he re  b y  the  pu l se  
m e t h o d  the  l o w - f r e q u e n c y  r e sponse  of ou r  m e a s u r -  
ing  s y s t e m  shou ld  be  good d o w n  to 0.2 sec or 
be t t e r ,  w h e r e a s  i t  a c t u a l l y  fa l l s  off a t  a b o u t  0.05 sec. 
The  a g r e e m e n t  is i n d e p e n d e n t  of t he  e q u i v a l e n t  
c i r cu i t  chosen  p r o v i d e d  on ly  t h a t  the  c i rcu i t  is con-  
s i s ten t  w i t h  t he  r e sponse  shown  in Fig.  3 and  t h a t  
i t  has  a con t inuous  r e s i s t i ve  p a t h  f rom one t e r m i n a l  
to the  o ther .  

I t  has  been  found  in th is  case  and  in p r e v i o u s  
w o r k  (7)  t ha t  a t  m o d e r a t e  c u r r e n t  dens i t i e s  in t he  
anod ic  d i r ec t i on  the  Tafe l  r e l a t i o n  b e t w e e n  d - c  c u r -  
r en t  and  vo l t a ge  is obeyed ,  sub jec t  to co r rec t ion  for  a 
cons t an t  ser ies  r e s i s t a nc e  R, ( due  to t he  g e r m a n i u m ,  

Table I. Analysis of a 25.5 ohm-cm p-type germanium electrode in terms of the equivalent circuit of Fig. 4 

V ~  v o l t s  Rp + R, ,  AVB/AI, C 1 0  - s ,  R's ,  R * ~ ,  C *  10  -8 ,  
I ,  m a  v s .  S . C . E .  V " M ,  m v  V % ,  m y  r , / ~ s e e  R's/R,, R~, o h m s  R p ,  o h m s  o h m s  o h m s  f a r a d s  o h m s  o h m s  f a r a d s  

0.400 --0.189 12.5 1.18 15 1.27 103 81 161 167 11.5 125 36 42 
0.200 --0.238 12.5 2.8 18 0.446 65 146 226 285 8.3 125 I00 18 
0.i00 --0.277 13.7 4.8 22 0.27 76 281 361 440 6.5 137 224 10.4 
0.050 --0.307 15.0 7.1 35 0.14 80 570 650 670 5.4 150 500 7.1 
0.020 --0.345 17.3 10.7 69 0.063 98 1,560 1,640 1,600 4.2 173 1,570 4.6 
0.010 --0.375 18.2 12.7 107 0.037 104 2,820 2,900 3,600 3.65 182 2,720 3.9 
0.005 --0.403 17.7 14.1 231 0.015 99 6,580 6,660 6,700 3.45 177 6,520 3.5 
0.002 --0.444 16.8 15.0 660 98 19,000 19,000 18,000 3.3 168 18,800 3.3 
0.001 --0.480 16.8 13.6 1,360 98 37,000 37,000 46,000 3.7 168 37,000 3.7 
0.0005 --0.521 15.0 10.2 2,700 80 55,000 55,000 97,000 4.9 150 55,000 4.9 
0.0002 --0.586 11.4 5.0 7,200 44 72,000 72,000 260,000 I0.0 114 72,000 10.0 
0.0001 --0.619 9.8 3.45 8,500 28 59,000 59,000 360,000 14.5 98 59,000 14.5 
0 --0.665 8.0 1.78 11,500 10 41,000 41,000 440,000 20.0 80 41,000 20.0 
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electrolyte ,  and  leads)  and  p rov ided  the data  are 
t a k e n  u n d e r  condi t ions  whe re  the  e lec t ron  or hole 
concen t ra t ion  does no t  depa r t  essen t ia l ly  f rom the  
e q u i l i b r i u m  value.  The d e p a r t u r e  of the  cu r r en t  vo l t -  
age curve  in  this  reg ion  (as shown  in  Fig. 5) serves 
to de t e rmine  R ,  This  series res i s tance  is found  to be 
about  o n e - h a l f  of the  res is tance  necessary  to exp la in  
the in i t i a l  r ise in  V"= in  Fig. 3. This  is the  reason 
for i nc lud ing  the res i s tance  R'~ in  Fig. 4. It  should be 
emphas ized  tha t  over most  of the  range  of in te res t  
R~ and  R'~ are smal l  compared  w i t h  R~, and  the  exact  
va lues  used f rom R~ equa l  to zero to R'~ equal  to 
zero ( the i r  sum be ing  k n o w n  f rom V"=) have  ve ry  
l i t t le  effect on the ca lcula ted  va lues  of C and  Rp. As-  
suming  the c i rcui t  in Fig. 4, the fo l lowing re la t ions  
m a y  be ob ta ined  

V"~ = i[R~ + R'~(1 + R~/R~) -~] [3] 

Y'~, = C -~ i t (1  + R'~/Rp) -~ [4] 

and  

whence  
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= R~(1 + R'JRp) -~ i t (V '~ , )  -~ [5] 

R's/Rp - ~  t (V"~ - -  R8 i)  (V',,r) -~ [ 6 ]  

where  i is the m a g n i t u d e  of the  cu r r en t  pulse,  t is 
the pulse  dura t ion ,  and  �9 is the decay cons tan t  for 
the vol tage  af ter  the  pulse  is t u r n e d  off. In  these  
equa t ions  it  has been  assumed tha t  t /~ is v e r y  smal l  
so t ha t  e x p ( - - t / ~ )  is equal  to ( 1 -  t / r ) .  For  cases 
where  this  is not  so, the  appropr ia te  correct ion has 
been  made.  

Typica l  da ta  t a k e n  on a p - t y p e  electrode are 
shown in  Table  I. The  m a g n i t u d e  of the c u r r e n t  pulse  
was 0.1 ma and  its d u r a t i o n  was  5/~sec. R~ was  t a k e n  
as 80 ohms f rom Fig. 5. The s ta r red  va lues  R~*, R~*, 
and  C~* are the resul t s  one wou ld  ob ta in  if one as- 
sumed  R'~ to be equa l  to zero, a s suming  V"~ and  not  
Fig. 5 gives the correct  va lue  for R~. The  correct  c i r -  
cuit  is b e t w e e n  these l imi ts  wi th  the  one for R, = 80 
ohms be ing  the more  l ikely.  It  is to be no ted  tha t  for 
V~ more  anodic  t h a n  --0.300v the capaci ty  va lues  
are cons ide rab ly  d i f ferent  in  the  two cases. In  m e t h -  
ods I Ia  and  IIb,  where  we did not  have  t ime  to take  
all the  da ta  shown in  this  table,  we could no t  correct  
V ' .  for t / r  being  too large, and  we could on ly  ca lcu-  
late C on the basis  of R'~ = O. These two er rors  for 
ve ry  anodic  po ten t ia l s  t end  to compensa te  each 
other.  For  less anodic  po ten t ia l s  it  ma t t e r s  l i t t le  
which  equ iva l en t  c i rcui t  one chooses. 

Charge  m a y  be d i s t r ibu ted  over  t h ree  d is t inc t  
regions of the interface,  the  space charge l ayer  in  
the g e r m a n i u m  and  its associated surface states 
(Csc + C~) ,  the He lmhol tz  region  encompass ing  the  
geomet r ica l  interface,  and  the space charge (Gouy  
layer )  in  the solution.  At  the e lect rolyte  c o n c e n t r a -  
t ions  used in  this  w o r k  the  Gouy  l ayer  was essen-  
t i a l ly  nonex i s t en t ,  and  all excess charge  on the  so lu-  
t ion  side of the  in te r face  can be considered to be i n  
the Helmhol tz  layer.  Typica l  va lues  for the  capaci ty  
of the Helmhol tz  l ayer  (CR) at  a me ta l  e lectrode 
(ca. 20 # f d / c m  =) are two to th ree  orders  of m a g n i -  
tude  grea te r  t h a n  ca lcula ted  va lues  for the  m i n i m u m  
space charge capaci tance  in the  semiconductor ,  so 
tha t  since these  capacit ies  are in  series the  ob-  
served capaci ty  at  the  in te r face  is (Csc + Css)C~ 

( C s c + C ~ s + C ~ )  -1 and  since C ~ > 1 0 0 C s c  the ob-  
served capaci ty  should be Csc to w i t h i n  about  1% in  
the absence of fast  surface states. R'~ and  R~ are the  
res is tances  to the  flow of capac i ta t ive  or faradaic  
cur ren t ,  respect ively ,  f rom the b u l k  of the  electrode 
to the  b u l k  of the  solut ion.  

F igu re  7 shows a typ ica l  curve  of capaci ty  vs. 
s t eady- s t a t e  electrode po ten t i a l  at pH 7.4 m e a s u r e d  
on a s imple  electrode. A n  inves t iga t ion  of these 
curves  as a func t ion  of pH ind ica ted  tha t  over  the  
r ange  pH 5-12 they  were  s imi la r  in  shape, bu t  dis-  
p laced a long the electrode po ten t i a l  axis  by  an 
a m o u n t  depend ing  on the change  in  pH. Beyond  pH 
5 and  12, the  curves  changed  shape and  the  m i n i m u m  
va lue  increased  by about  a factor  of 2. These data  
wi l l  be deal t  wi th  in  deta i l  at a l a te r  date. Al l  the  
data  con ta ined  in  this  paper  were  ob ta ined  at pH 7.4. 

F igu re  7 is in  gene ra l  a g r e e m e n t  wi th  B o h n e n k a m p  
and  Engel l  (5) tha t  a cons iderable  pa r t  of the  p o t e n -  
t ia l  change  occurs across the  space charge region.  
The i r  da ta  were  t a ke n  at  pH 0 and  14 and  the  m i n i -  
m u m  capacit ies  were  about  a factor  of 2 l a rger  t h a n  
we find at pH 7.4, bu t  in  a g r e e me n t  wi th  our  va lues  
at ex t remes  of pH. It  is of pa r t i cu l a r  in te res t  tha t  our  
m i n i m u m  capaci ty  agrees closely wi th  the theore t i -  
cal va lue  if the  e x p e r i m e n t a l l y  measu red  roughness  
factor  of 1.3 is assumed (9). 

S imi l a r  da ta  t a k e n  i n s t a n t a n e o u s l y  on the  appl i -  
cat ion of a c u r r e n t  t h rough  the interface,  method  
IIa  as descr ibed previous ly ,  are  shown in  Fig. 8. F u r -  
ther  data  t a ke n  by  me thod  I Ib  are also shown in 
Fig. 8. 
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Addi t iona l  exper iments  were  conducted with  the 
br idge electrodes.  The capaci ty  of the in terface  was 
measured  exact ly  as for the s imple electrodes,  and 
good agreement  was found for s imi la r ly  doped m a -  
terial .  The apparen t  var ia t ion  in conduct ivi ty  of the  
thin arm of the br idge was measured  (Eq. [2] )  as 
a function of electrode potent ia l  var ied  by method 
IIa. 

The decay of photoconduct iv i ty  in the thin arm 
was de te rmined  in two ways.  The decay was com- 
pared  di rec t ly  w i t h  the signal f rom an exponent ia l  
genera tor  while  the electrode potent ia l  was changed 
by method I. Method II does not allow sufficient t ime 
to adjus t  the exponent ia l  genera tor  to an accurate  
reading  so the procedure  adopted in this case was to 
measure  the increase in conduct ivi ty  due to the 40 
cps square  l ight  pulse, d i rected onto the thin arm 
only, the dura t ion  of which was long compared wi th  
the photoconduct iv i ty  lifetime. Once the conduc- 
t iv i ty  increase (observed as a square vol tage re -  
sponse on the oscilloscope) was ca l ibra ted  against  
the photoconduct iv i ty  l i fe t ime at one point  (con- 
venien t ly  zero current  densi ty  across the in ter face) ,  
the la t te r  could be der ived  from the former  by  s im- 
ple propor t ional i ty ,  the longer the l i fe t ime the l a rge r  
the photoconduct ive response. The resul ts  by ei ther  
method yie ld  the same result ,  namely,  that  over the 
accessible range of electrode potent ia l  the l i fe t ime 
was essent ial ly  constant  and equal  to the body l i fe-  
t ime of the electrode mater ia l ,  e.g., for the p - t y p e  
br idge 640 +---40/~sec. 

Discussion 

Dewald (6) has discussed the dis t r ibut ion of po-  
tent ia l  and charge at  the semiconductor-aqueous  so- 
lut ion interface and has pointed out tha t  when the 
solution is sufficiently concentrated the Gouy layer  
is suppressed, and in the absence of a considerable  
number  of surface states near  the semicQnductor 
Fe rmi  level  or changes in surface dipole almost all of 
any potent ia l  change at the interface occurs across 
the space charge region in the semiconductor.  Hence, 
in the absence of these effects, or of concentrat ion 
polar izat ion in the solution, changes in e lectrode 
potent ia l  should correspond to changes in the  ger -  
manium surface potential .  

I t  is an t ic ipa ted  tha t  the observed capaci ty  is due 
to the space charge layer  plus surface states suffi- 
ciently fast  to respond to the differential  current  
pulse  (3).  If the assumption is made tha t  the measured  
capaci ty  is solely tha t  of the space charge layer,  then 
the surface potent ia l  (@~) may  be deduced by com- 
par ing  the exper imenta l  capaci ty  values  (d ivided by 
the roughness factor)  wi th  the theoret ica l  curve 
calculated f rom (10) 

Csc = dQse/d~ = A ( d r / d Y ) d Y / d ~ ,  [7] 

where  Q~c is the charge in the space charge layer ,  A 
is the e lec t rode-solut ion in terfacia l  area, and 

F---- --+[X(e - ~ -  1) + X-~(e Y -  1) + (X-- X-~)Y] '/~ [8] 

where  X = p/n, ,  p is hole concentrat ion,  and Y = e~,/  
kT, q,, being the electrostat ic  potent ia l  (in volts)  
across the space charge region. The assumption is 
made  in the above form of F tha t  the car r ie r  densi ty  

Ge  & A N  E L E C T R O L Y T E  579 

does not depar t  apprec iab ly  from equi l ibr ium under  
the condit ions of our exper iments .  

Theory indicates tha t  for the  same s teady-s ta te  
condit ions in ident ical  solutions, the surface po ten-  
t ia l  wil l  va ry  with  the doping of the electrode by an 
amount  k T / e  in ~, compared  with intr insic  (6, 11). 
If the capaci ty  we observe is tha t  of the space charge 
layer  and there  are no potent ia l  changes in the sys-  
tem except  across the space charge layer ,  then for 
all  electrodes the plots of @, --  k T / e  in X vs. electrode 
potent ia l  should coincide and should be s t ra ight  lines 
with a slope of unity.  The da ta  for var ious ly  doped 
electrodes is shown in Fig. 9. I t  is seen tha t  only the 
first r equ i rement  is satisfied. There are two possible 
explanat ions  for  this behavior.  Ei ther  the capaci ty  
values and, hence, the values of @, are incorrect  due 
to the existence of a sufficient number  of fast  sur -  
face states wi th in  the exper imenta l  range of 
@~ - -  kT / e  In X or there  is a potent ia l  change in some 
other region of the interface.  

In taking the above da ta  it was observed tha t  the 
behavior  of the electrode potential ,  pa r t i cu la r ly  at 
low current  densities, was dependent  on the im-  
med ia t e ly  previous condition of the electrode, i.e., 
was a pa r t i cu la r  current  densi ty  establ ished from a 
higher  or lower value,  the data  in Fig. 9 being the 
final s t eady-s ta te  values. An analysis  of the data 
taken  by  method IIa, in which the long t ime effects 
are disregarded,  is shown in Fig. 10. In this case, 
over a range of potential ,  the electrodes behave in 
an ideal  fashion and obey the simple re la t ion 
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k T  

e 
In I : V~ t -  cons t an t  [9]  

w h i c h  has  been  p r e d i c t e d  (6, 11).  In  Fig .  10 t h e  
po in t s  a t  t he  mos t  n e g a t i v e  p o t e n t i a l s  r e p r e s e n t  zero 
ne t  cu r r en t ,  w h i l e  less n e g a t i v e  po t en t i a l s  r e p r e s e n t  
i n c r e a s i n g l y  anod ic  po la r i za t ion .  Da t a  t a k e n  b y  
m e t h o d  I Ib  t h r o w  l igh t  on the  r ea son  for  t h e  d e p a r -  
t u r e  f rom Eq. [9]  a t  h i g h e r  anod ic  c u r r e n t  dens i t ies .  
I t  can be c l ea r l y  o b s e r v e d  f r o m  Fig.  11 t ha t  the  con-  
s t an t  in Eq. [9]  v a r i e s  w i t h  c u r r e n t  d e n s i t y  up  to 
abou t  10 /~a /cm ~, bu t  a t  a suff ic ient ly  s low r a t e  t ha t  
for  not  too l a rge  changes  in c u r r e n t  i t  r e m a i n s  es -  
s e n t i a l l y  cons t an t  d u r i n g  the  t i m e  t h a t  the  e l ec t rode  
p o t e n t i a l  and  V'~, i.e., capac i ty ,  a re  read .  The  d i s -  
pos i t ion  of these  l ines  is i n d e p e n d e n t  of the  s t i r r i n g  
ra te ,  i nd i ca t i ng  t ha t  the  p o t e n t i a l  sh i f t  is not  due  to 
c o n c e n t r a t i o n  p o l a r i z a t i o n  in  t he  solut ion.  Conc e n -  
t r a t i o n  p o l a r i z a t i o n  may ,  howeve r ,  be  o b s e r v e d  in 
u n b u f f e r e d  so lu t ions  of t he  s ame  p H  as shown  in 
Fig.  12, w h e r e  the  c a p a c i t y - e l e c t r o d e  p o t e n t i a l  
cu rves  e x h i b i t  a s im i l a r  sh i f t  ove r  the  r a n g e  of c u r -  
r en t  d e n s i t y  f rom zero  to a p p r o x i m a t e l y  10 /~a/cm ~ 
and  then ,  u n l i k e  the  s i tua t ion  in Fig.  8, u n d e r g o  a 
f u r t h e r  s h i f t  a t  h i g h e r  c u r r e n t  dens i t ies .  

The  on ly  r e m a i n i n g  r eg ion  w h e r e  t he  p o t e n t i a l  
shi f t  m a y  occur  in buf fe red  so lu t ions  is the  H e l m -  
ho l tz  l aye r .  The  p o t e n t i a l  m a y  change  a p p r e c i a b l y  in 
th is  r eg ion  due  e i the r  to a change  in t he  a d s o r b e d  d i -  
poles  or  to a change  in the  occupa t ion  of s low su r f ace  
s ta tes .  (The  su r f ace  s ta tes  m u s t  n e c e s s a r i l y  be  s low 
since t h e y  do no t  r e s p o n d  to t he  c a p a c i t y  m e a s u r e -  
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ment s . )  The  p r e s e n t  d a t a  a r e  no t  suff icient  to d i s t i n -  
gu ish  b e t w e e n  these  two  poss ib i l i t i es .  F i g u r e  13 
shows  an  ana lys i s  of some d a t a  t a k e n  b y  m e t h o d  I 
a t  low c u r r e n t  dens i t ies .  The  su r face  p o t e n t i a l s  h a v e  
been  c o m p u t e d  f r o m  the  c a p a c i t y  and  hence,  k n o w -  
ing the  su r face  po ten t i a l ,  i t  is poss ib le  to deduce  how 
changes  in the  e l e c t r o d e  p o t e n t i a l  due  to sma l l  
anodic  c u r r e n t  a r e  d i s t r i b u t e d  b e t w e e n  t h e  space  
cha rge  and  H e l m h o l t z  l ayers .  The  space  cha rge  p o -  
t e n t i a l  is k n o w n  abso lu te ly ,  wh i l e  on ly  changes  in  
H e l m h o l t z  p o t e n t i a l  f r om the  zero  c u r r e n t  v a l u e  a r e  
ob t a ined .  T h e  cu rves  for  n -  a n d  p - t y p e  e l ec t rodes  
show a s h a r p  s tep  in t he  H e l m h o l t z  p o t e n t i a l  ove r  a 
f a i r l y  n a r r o w  r a n g e  of su r f ace  po ten t i a l .  The  v a l u e  
of ( ~ - - k T / e  In I )  a t  w h i c h  this  p o t e n t i a l  change  
occurs  is a p p r o x i m a t e l y  the  s ame  for  bo th  n -  and  
p - t y p e  e l ec t rodes  w h i c h  w o u l d  be  e x p e c t e d  for  a 
su r f ace  s t a t e  loca l ized  in  ene rgy .  U n f o r t u n a t e l y ,  
equa l  va lue s  of ( ~  - -  k T / e  in  ~) r e p r e s e n t  also e q u a l  
c u r r e n t  dens i t i es  across  the  in te r face ,  and  the  r e su l t s  
do not  c l e a r l y  d i s t i n g u i s h  b e t w e e n  a p u r e l y  e l e c t r i c a l  
effect d e p e n d e n t  on su r f ace  p o t e n t i a l  and  a chemica l  
effect d e p e n d e n t  on c u r r e n t  dens i ty .  S low  su r face  
s ta tes ,  howeve r ,  a r e  u s u a l l y  cons ide red  to be asso-  
c i a t ed  w i t h  t h i c k  ox ide  f i lms a n d  d i s a p p e a r  w h e n  
such fi lms a re  r e d u c e d  in t h i ckness  (12) .  U n d e r  t he  
cond i t ions  of our  e x p e r i m e n t s ,  t h i c k  fi lms a r e  u n -  
l i k e l y  to be  p r e s e n t  (13) .  F o r  th is  reason ,  i t  w o u l d  
seem m o r e  l i k e l y  t ha t  w e  a r e  obse rv ing  a change  in 
su r f ace  d ipo le  due  to a d s o r b e d  mo lecu l e s  or  ions  
o r i e n t e d  at  t he  surface .  The  s t r u c t u r e  of the  a d -  
so rbed  l a y e r  could  be  s t r o n g l y  af fec ted b y  anodic  
c u r r e n t  s ince th is  a c t u a l l y  r e m o v e s  t he  su r f ace  a toms  
of t he  e lec t rode .  The  va r i ous  l ines  in. Fig .  11 m i g h t  
t hen  r e p r e s e n t  a s t e a d y  s t a t e  a t t a i n e d  b e t w e e n  t h e  
f o r m a t i o n  of an  o r i e n t e d  a d s o r b e d  l aye r ,  p r o b a b l y  of 
w a t e r  molecules ,  and  i ts  d i s r u p t i o n  b y  anod ic  e t c h -  
ing. 

The  cons t ancy  of t h e  d e c a y  l i f e t ime  for  excess  
c a r r i e r s  d e d u c e d  f rom the  b r i d g e  e l ec t rode  and  i ts  
close c o r r e s p o n d e n c e  w i t h  t he  b o d y  l i f e t i m e  i n d i -  
ca tes  the  absence  of  su r f a c e  r e c o m b i n a t i o n  cen te r s  
ove r  t he  i n v e s t i g a t e d  r a n g e  of su r face  p o t e n t i a l  ( a p -  
p r o x i m a t e l y  0.2v on each  s ide  of t he  cen t e r  of t he  
g a p ) .  

A d d i t i o n a l  i n f o r m a t i o n  is p r o v i d e d  b y  fas t  p h o t o -  
vo l ta ic  response .  In  t he  absence  of fas t  su r f ace  s ta tes ,  
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this  q u a n t i t y  shou ld  change  s ign  at  flat  b a n d  (10) ,  
i.e., Os = 0. E x p e r i m e n t a l l y ,  t he  r a n g e  is +0 .03  to 
--0.02v for  the  v a r i o u s l y  d o p e d  e lec t rodes .  

I t  m a y  be  conc luded  on the  a b o v e  ev idence  of t he  
d i s t r i b u t i o n  of cha rge  and  p o t e n t i a l  and  k ine t i c  r e -  
c o m b i n a t i o n  effects t h a t  a g e r m a n i u m  su r f ace  
w h i c h  has  been  r e c e n t l y  a n o d i c a l l y  e t ched  in n e a r l y  
n e u t r a l  so lu t ion  is f ree  f r o m  m e a s u r a b l e  dens i t i e s  of 
fas t  su r f ace  s ta tes .  I t  shou ld  be  e m p h a s i z e d  h e r e  t h a t  
th is  conc lus ion  on ly  app l i e s  to t he  case  of t he  p u r i -  
fied e l ec t ro ly t e .  A s im i l a r  conc lus ion  w i t h  r e g a r d  to 
t he  absence  of fas t  s t a t es  has  r e c e n t l y  been  r e a c h e d  
in the  case of t he  zinc ox ide  e l ec t rode  (3) .  

A n  a t t e m p t  was  m a d e  to ca l cu l a t e  ~,~ f r o m  the  
b r i d g e  c o n d u c t i v i t y  da ta .  H e r e  two  ques t ions  ar ise .  
F i r s t ,  do the  va lues  of % ca l cu l a t ed  f rom the  c a p a c i t y  
changes  in t he  th in  a r m  of the  b r i d g e  a g r e e  w i t h  r e -  
sul ts  for  t he  s imp le  e lec t rodes .  These  r e su l t s  a r e  
c o m p a r e d  in Fig.  14. The  a g r e e m e n t  is r e a s o n a b l y  
good, cons ide r ing  t ha t  in t he  case  of the  b r i d g e  t h e r e  
is n e c e s s a r i l y  a d i s t r i b u t i o n  of p o t e n t i a l  a l o n g  the  
th in  a r m  and  bo th  t h e  p o t e n t i a l  V~ and  the  c a p a c i t y  
a r e  some k i n d  of a v e r a g e  over  th is  a rm.  The  second 
ques t ion ,  how do the  va lue s  of ~ c a l c u l a t e d  f r o m  
c o n d u c t i v i t y  ag ree  w i t h  the  c a p a c i t y  da ta ,  is i l l u s -  
t r a t e d  in Fig.  15. O v e r  a r a n g e  of p o t e n t i a l  t h e  a g r e e -  
m e n t  is f a i r l y  good, b u t  a t  h i g h e r  anod ic  po t e n t i a l s  
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the  two  m e t h o d s  do no t  agree .  The  l a c k  of success  
e n c o u n t e r e d  in th is  a t t e m p t  m a y  be  a s c r i b e d  to two  
p o t e n t i a l  sources  of e r ro r .  T h e r e  is a p o s s i b i l i t y  of 
conduc t ion  t h r o u g h  the  so lu t ion  b y  v i r t u e  of t he  fac t  
t ha t  a p o t e n t i a l  d i f fe rence  m u s t  be  a p p l i e d  across  t he  
e l ec t rode  to m e a s u r e  the  conduc t iv i ty .  In  mos t  cases 
th is  p o t e n t i a l  was  qu i t e  smal l ,  abou t  10 m v  b e t w e e n  
the  ends  of an  a r m  2 cm long,  and  the  f r e q u e n c y  of 
the  a p p l i e d  s igna l  k e p t  l o w  (17 cps)  to r e d u c e  c a -  
p a c i t a t i v e  coup l ing  t h r o u g h  the  solut ion.  I t  is felt ,  
howeve r ,  t ha t  the  m a j o r  d i s c r e p a n c y  a r i ses  f r o m  
a n o t h e r  source  w h i c h  is the  fac t  tha t ,  due  to t h e  
g e o m e t r y  of t he  b r idge ,  a t  a n y  i n t e r r a c i a l  c u r r e n t  
t h e r e  w i l l  be  a d i s t r i b u t i o n  of p o t e n t i a l  a long  the  
t h in  a r m  be c a use  of c u r r e n t  f low a long  i ts  l eng th .  
Ca lcu la t ions  i nd i ca t e  t ha t  a t  our  m a x i m u m  o v e r -  
vo l t a ge  of abou t  0.450v t h e r e  is a p o t e n t i a l  d i f fe r -  
ence b e t w e e n  the  ends  and  c e n t e r  of t he  t h in  a r m  of  
some 0.045v, b e c o m i n g  r a p i d l y  less  a t  l o w e r  c u r r e n t  
dens i t ies .  In  th is  e v e n t  t h e r e  w i l l  be  a f a i r l y  c o m p l i -  
ca ted  a v e r a g i n g  of su r f ace  c o n d u c t i v i t y  a long  t h e  
l e n g t h  of t he  a r m  w h i c h  could  g ive  d e v i a t i o n s  in t he  
d i r ec t i on  obse rved .  

A l t h o u g h  the  c o n d u c t i v i t y  e x p e r i m e n t  does  no t  
e x h i b i t  idea l  behav io r ,  t he  o b s e r v e d  conduc t i v i t i e s  
a re  a cons t an t  func t ion  of po t en t i a l .  This  m a y  be  in -  
f e r r e d  f rom Fig.  16, w h e r e  t he  b r i d g e  b a l a n c e  r e a d -  
ing, b e i n g  p r o p o r t i o n a l  to c o n d u c t i v i t y  ( see  Eq. [ 2 ] ) ,  
is p lo t t e d  as a func t ion  of t he  e l ec t rode  po ten t i a l .  
These  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  ove r  an  e x -  
t e n d e d  p e r i o d  of t i m e  in so lu t ions  of p H  7.4, a n d  in -  
c lude  a co r r ec t i on  for  t he  r e d u c t i o n  in  t h i cknes s  of 
t he  ac t ive  a r m  each  t ime  i t  is e tched ,  d e d u c e d  f r o m  
the  ba l a nc e  r e a d i n g  for  m i n i m u m  conduc t iv i t y .  I n -  
so fa r  as  c a p a c i t y  m e a s u r e m e n t s  c a r r i e d  ou t  a t  t h e  
same  t ime  i n d i c a t e  a cons t an t  r e l a t i o n s h i p  b e t w e e n  
V,~ and  ( 4 J , - - k T / e  i n k ) ,  the  V~ axis  cou ld  be  r e -  
p l aced  b y  s u i t a b l y  n o r m a l i z e d  va lue s  of ( ~ - - k T / e  

120 

I 0 0  

8 0  

6 0  

.0_ 
x 

40 o 

2 0  e ~ 

12.5~.-CM n-TYPE BRIDGE 

x 

x 

0 

m 

o 

a o 

o 

,o0 

0oo o2~ x 

00r go-?, ~ i i 
-o.z -o.3 . . . . .  o.s -oe -o.:, -o.8 -0.9 -,.o 

ELECTRODE POTENTIAL IN VOLTS VS CALOMEL 

Fig. 16. Balance point (arbitrary units) of 12.5 ohm-cm n-type 
bridge vs .  electrode potential (method Ila). The various symbols 
represent experiments carried out at different times. The thickness 
of the active arm is different in each case due to etching. 



582 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1962 

I n ~ ) ,  and  c o n d u c t i v i t y  m e a s u r e m e n t s  could  be used  
to d e d u c e  th is  q u a n t i t y  f r o m  Fig .  16. 

Conclusion 
The c a p a c i t y  of t he  i n t e r f ace  b e t w e e n  a g e r m a -  

n i u m  s ingle  c r y s t a l  e l ec t rode  and  an  aqueous  so lu t ion  
of K~SO4 buf fe red  to p H  7.4 w h e n  m e a s u r e d  b y  a 
h i g h - f r e q u e n c y  pu l se  m e t h o d  is e x p l i c a b l e  so le ly  in 
t e r m s  of t he  space  cha rge  c a p a c i t y  in t he  e l e c t r o d e  
a n d  r e v e a l s  no fas t  su r face  s ta tes  ( less  t h a n  ca. 10 ~~ 
cm -~) w i t h i n  --+8 k T / e  m e a s u r e d  f r o m  m i d - g a p .  The  
conclus ion  of no fas t  su r f ace  s t a tes  is s u p p o r t e d  b y  
the  absence  of s igni f icant  su r f ace  r e c o m b i n a t i o n  
p h e n o m e n a .  The  d i s t r i b u t i o n  of p o t e n t i a l  across  the  
i n t e r f ace  in r e sponse  to anod ic  b ias  is e x p r e s s e d  b y  

kT  
qJ~ - - - - l n  ~, = V~ + K 

e 

w h e r e  t h e  q u a n t i t y  K is a r b i t r a r y  a n d  d e p e n d s  on 
s t e a d y - s t a t e  c u r r e n t  d e n s i t y  up  to 10 #a cm -'~, b u t  
o t h e r w i s e  at  a g iven  pH and  for  a g iven  r e f e r e n c e  
e l ec t rode  is a cons tan t .  

S u r f a c e  c o n d u c t i v i t y  d a t a  y i e l d  i nco r r ec t  va lues  
of the  su r f ace  p o t e n t i a l  excep t  a t  sma l l  po l a r i z i ng  
cur ren t s ,  b u t  a r e  qu i t e  r e p r o d u c i b l e  and  could  be  
used  to p r e d i c t  su r face  p o t e n t i a l  if p r o p e r l y  ca l i -  
b r a t e d  in t e r m s  of the  capac i ty .  I t  is the  a u t h o r s '  
conv ic t ion  t h a t  va lue s  of su r f ace  p o t e n t i a l  d e d u c e d  
f rom t h e  c a p a c i t y  a r e  mos t  l i k e l y  t he  co r r ec t  ones.  

In  o t h e r  words ,  i t  is poss ib le  u n d e r  these  cond i -  
t ions  to ob t a in  an  a lmos t  " p e r f e c t "  g e r m a n i u m  s u r -  
face, i.e., no fas t  s ta tes .  
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ABSTRACT 

Severa l  surface t rea tments  have been appl ied  to ge rman ium and cha rac t e r -  
ized wi th  respect  to the surface energy level  configurat ion and the sens i t iv i ty  
to var ia t ions  in ambien t  a tmosphere.  The charac te r iza t ion  was accomplished by  
making  s imul taneous  measurements  of the a-c  field-effect conduct iv i ty  change 
and the surface recombina t ion  velocity,  both as functions of surface potent ial .  
Expe r imen ta l  resul ts  suggest  cer ta in  re la t ionships  be tween  etched ge rmanium 
surface proper t ies  and those proper t ies  resul t ing  f rom a subsequent  surface 
t rea tment ,  which m a y  be explo i ted  to yie ld  a surface condit ion tha t  is r e l a t ive ly  
passive to ambien t  a tmosphere  var ia t ions .  

A t t e m p t s  to s t ab i l i ze  a n d / o r  p a s s i v a t e  s e m i c o n -  
d u c t o r  su r f aces  for  t h e  p u r p o s e  of i m p r o v i n g  m a n u -  
f a c t u r e d  s e m i c o n d u c t o r  dev ice  u n i f o r m i t y  and  r e -  
l i a b i l i t y  o f ten  i n v o l v e  a sequence  of s e v e r a l  d i s t i nc t  
ope ra t ions .  I t  is we l l  k n o w n  tha t  each  s tep  of such a 
sequence  can  c o n t r i b u t e  to the  u l t i m a t e  e l e c t r i c a l  
p r o p e r t i e s  of t he  r e s u l t a n t  surface .  I t  is not  g e n e r a l l y  
unde r s tood ,  h o w e v e r ,  j u s t  h o w  these  s teps  c o n t r i b -  

* P re sen t  address :  G e n e r a l  Motors  Resea rch  Labora to r i e s ,  War r en ,  
Mich igan .  

ute,  in a q u a n t i t a t i v e  sense,  to t he  r e s u l t a n t  su r f ace  
p rope r t i e s .  The  p u r p o s e  of th i s  p a p e r  is to r e p o r t  
some p r e l i m i n a r y  s tud ies  of the  effect of t w o  succes-  
s ive su r f ace  ope ra t i ons  on the  e l e c t r i c a l  p r o p e r t i e s  of 
t he  s e m i c o n d u c t o r  surface .  T h e  two  s teps  chosen  for  
i nve s t i ga t i on  a r e  ( i )  an  e t ch ing  o p e r a t i o n  and  ( i i )  
a su r f ace  t r e a t m e n t  a p p l i e d  to t he  e t ched  surface .  
The  su r f a c e  t r e a t m e n t s  i n v e s t i g a t e d  a r e  " u n c o m -  
m o n "  in t h e  sense  t h a t  t h e y  h a v e  not  been  r e p o r t e d  
e x t e n s i v e l y  in t he  l i t e r a t u r e .  
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The  r e su l t s  of the  m e a s u r e m e n t s  to be r e p o r t e d  
sugges t  a m e t h o d  of c h a r a c t e r i z a t i o n  of a g iven  s u r -  
face  cond i t i on  t ha t  af fords  a f i r s t - o r d e r  a p p r o a c h  to 
t h e  " e n g i n e e r i n g "  of su r faces  in to  devices .  The  e x -  
p e r i m e n t a l  d a t a  also y i e l d  some i n f o r m a t i o n  abou t  
the  i n t e r a c t i o n  of t h e  two  ope ra t i ons  on the  su r f ace  
t h a t  sugges t s  poss ib le  a p p r o a c h e s  for  o b t a i n i n g  r e l a -  
t i v e l y  h igh  deg ree s  of su r f ace  pas s iva t ion .  Bo th  of 
these  aspec t s  of t he  e x p e r i m e n t a l  r e su l t s  a r e  d i s -  
cussed  in some  de ta i l .  

Experimental Approach 
R e c t a n g u l a r  s a m p l e  w i t h  t h e i r  l a r g e - a r e a  su r faces  

o r i e n t e d  in e i t he r  t h e  (100) or  t he  (111) c r y s t a l l o -  
g r aph i c  p l a n e s  w e r e  cut  f rom 35 o h m - c m  n - t y p e  
s ing le  c r y s t a l s  of g e r m a n i u m .  The  r e c t a n g l e s  w e r e  
s u b s e q u e n t l y  l a p p e d  to a t h i cknes s  of  10.5 to 11.5 
mi l s  and  t h e n  e t ched  to a f inal  t h i cknes s  of 5.0 • 0.1 
mi l s  in  e i t h e r  C P 4 A  or  a 1 : 1: 1 r a t io  of H~O~, HF ,  and  
H~O. 1 A specific s a m p l e  was  t hen  s u b j e c t e d  to one of 
s e v e r a l  s u r f a c e  t r e a t m e n t s ,  t he  n a t u r e  of w h i c h  w i l l  
be  d e t a i l e d  l a t e r .  F i n a l l y  l eads  w e r e  a t t ached ,  s and  
t h e  s a m p l e  was  p l a c e d  in t he  e x p e r i m e n t a l  a p -  
pa ra tu s .  

The  m e t h o d  e m p l o y e d  for  t he  c h a r a c t e r i z a t i o n  of 
a g iven  su r f ace  t r e a t m e n t  was  to observe ,  s i m u l t a n e -  
ously,  t h e  l a r g e - s i g n a l  a - c  field effect and  the  su r -  
face  r e c o m b i n a t i o n  ve loc i t y  (s . r .v . )  as a func t ion  of 
su r face  p o t e n t i a l  in v a r i o u s  a m b i e n t  a tmosphe re s .  
The  d a t a  w e r e  t h e n  a n a l y z e d  in  t he  m a n n e r  e m -  
p l o y e d  b y  M a n y  et al. (1)  to ob t a in  su r f ace  t r a p  
dens i t i e s  and  energ ies .  In  add i t ion ,  t he  s e n s i t i v i t y  of 
t he  e l ec t r i ca l  p r o p e r t i e s  of  t h e  e x p e r i m e n t a l  s a m p l e  
to changes  in  the  a m b i e n t  a t m o s p h e r e  was  also 
m on i to r ed .  The  s u r f a c e  t r e a t m e n t  d a t a  w e r e  t h e n  
c o m p a r e d  to s im i l a r  d a t a  o b t a i n e d  on t h e  e tched,  u n -  
t r e a t e d  su r faces  p r e v i o u s l y  desc r ibed ,  w h i c h  w e r e  
e m p l o y e d  as controls .  

The  a p p a r a t u s  for  m o u n t i n g  the  s amp le s  in  o r d e r  
to a c c o m m o d a t e  the  s i m u l t a n e o u s  m e a s u r e m e n t  of 

Z The  C P 4 A  e t c h  cons is t s  of  a 5 : 3 : 3  r a t i o  of  n i t r i c ,  hydro f luo r i c ,  
a n d  g l ac i a l  acet ic  acids.  The  chemica l s  e m p l o y e d  were  a l l  r e a g e n t  
g r a d e  o r  be t t e r ,  t h e  HNO8 was  70% by  w e i g h t ,  t h e  H F  48% by  
w e igh t ,  a n d  t he  H~O2 ( tmstab i l i zed)  30% by  w e i g h t .  The  HeO was  
d i s t i l l ed  a n d  de ion ized .  

I n  o rde r  to  a v o i d  c o n t a m i n a t i n g  t he  p r e v i o u s l y  p r e p a r e d  surface ,  
t h e  s amp le s  w e r e  m a d e  m u c h  l o n g e r  t h a n  t he  a c t i v e  su r face  r e g i o n  
u n d e r  i n v e s t i g a t i o n ;  t he  a t t a c h m e n t  of l eads  wa s  t h u s  a c c o m p l i s h e d  
a t  a d i s t a n c e  s o m e w h a t  r e m o v e d  f r o m  the  s u r f ac e  a rea  of in te res t .  
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Fig. 1. Detail of sample mounting for field effect and photocon- 
ductivity measurements: A, brass field effect electrode; B, mica 
spacers; C, germanium sample; D, germanium filter and field effect 
electrode; E, quartz microscope slide mount for germanium filter; 
F, wall of enclosing box. 

the  f ie ld-ef fec t  c o n d u c t i v i t y  and  the  s.r.v, is d r a w n  
s c h e m a t i c a l l y  in  Fig.  1. The  e x p e r i m e n t a l  t e c h n i q u e  
is s im i l a r  to those  e m p l o y e d  b y  W a n g  and  Wal l i s  (2 ) ,  
Ba th  and  C u t l e r  (3) ,  and  R z h a n o v  et al. (4) ,  w i t h  
some modif ica t ion .  The  a b o v e  a u t h o r s  a l l  p e r f o r m e d  
s i m u l t a n e o u s  m e a s u r e m e n t s  of t h e  f ie ld-ef fec t  con-  
d u c t i v i t y  and  the  c o n d u c t i v i t y  change  on i l l u m i n a -  
t ion.  The  p h o t o c o n d u c t i v i t y  was  then  r e l a t e d  to  t h e  
s.r.v, t h r o u g h  su i t ab l e  t h e o r e t i c a l  exp res s s ions  [see,  
for  e x a m p l e ,  ref .  ( 3 ) ] .  These  w o r k e r s  used,  for  the  
mos t  pa r t ,  n o n p e n e t r a t i n g  i l l u m i n a t i o n  and,  in some 
cases, f ie ld-ef fec t  e l ec t rodes  w e r e  coup led  to on ly  
one of t he  two  l a r g e  a r e a  su r f aces  of t h e i r  e x p e r i -  
m e n t a l  samples .  The  a p p a r a t u s  in  Fig.  1 e m p l o y s  a 
g e r m a n i u m  fi l ter  D w h i c h  is t h i c k  c o m p a r e d  to t he  
s a m p l e  th ickness .  The  r a d i a t i o n  t ha t  r e a c hes  t he  
s a m p l e  C is t hus  p e n e t r a t i n g .  I f  t he  f i l ter  is suffi- 
c i e n t l y  t h i c k e r  t h a n  the  sample ,  t he  g e n e r a t e d  ca r -  
r i e r  d e n s i t y  due  to i l l u m i n a t i o n  is n e a r l y  cons t an t  
t h r o u g h o u t  t h e  v o l u m e  of t he  i l l u m i n a t e d  p o r t i o n  of 
t he  sample .  The  g e r m a n i u m  f i l ter  also se rves  as one 
of t he  two  f ie ld-ef fec t  e lec t rodes ,  t he  o t h e r  be ing  an  
o r d i n a r y  b ra s s  p l a t e  A. The  e x p e r i m e n t a l  s p e c i m e n  is 
s a n d w i c h e d  b e t w e e n  these  two  e l ec t rodes  and  "in- 
s u l a t e d  f r o m  t h e m  b y  the  mica  space r s  B. The  g e r -  
m a n i u m  fi l ter  t hus  se rves  bo th  as a f ie ld-ef fec t  p r o b e  
and  as a m e a n s  of o b t a i n i n g  a l o w - l e v e l ,  ~ u n i f o r m  
g e n e r a t i o n  of c a r r i e r s  in t he  spec imen .  

The  c i r c u i t r y  for  t he  f ie ld-ef fec t  o b s e r v a t i o n s  was  
p a t t e r n e d  a f t e r  t ha t  of L o w  (5) .  A 200-v  peak ,  70 
cps, a l t e r n a t i n g  v o l t a g e  was  a p p l i e d  to the  field effect  
p robes ,  and  the  r e s u l t i n g  change  of s a m p l e  c o nduc -  
t i v i t y  vs. i nduc e d  su r f ace  cha rge  was  d i s p l a y e d  on an 
oscilloscope. A n  o r d i n a r y  t u n g s t e n  f i l amen t  p r o -  
j ec to r  l a m p  was  used  as a source  of i l l umina t ion .  The  
l igh t  was  c hoppe d  at  a r a t e  of 120 cps so tha t ,  u p o n  
i l l umina t ion ,  t h e  p h o t o c o n d u c t i v i t y  pu l se  a p p e a r e d  
s u p e r i m p o s e d  on the  o r d i n a r y  f ie ld-ef fec t  curve .  
S ince  the  chopp ing  r a t e  was  out  of sync  w i t h  t he  
f ie ld-ef fec t  vo l tage ,  the  p h o t o c o n d u c t i v i t y  pu l se  r a n  
b a c k  and  fo r th  on the  f ie ld-ef fec t  p a t t e r n  on t h e  
osci l loscope.  By e m p l o y i n g  a h igh  p e r s i s t e n c y  p h o s -  
phor ,  a doub le  f ie ld-ef fec t  t r a c e  is ob ta ined ,  t he  v e r -  
t i ca l  s e p a r a t i o n  b e i n g  p r o p o r t i o n a l  to t he  p h o t o c o n -  
d u c t i v i t y  voltage.* T h e  neces s i t y  of c a l i b r a t i n g  the  
i n t e n s i t y  of i l l u m i n a t i o n  is e l i m i n a t e d  b y  o b t a i n i n g  a 
v a l u e  of t h e  s.r.v, b y  the  p h o t o c o n d u c t i v i t y  d e c a y  
m e t h o d  a t  t h e  e q u i l i b r i u m  su r f ace  p o t e n t i a l  ( the  
v a l u e  of t he  su r f ace  p o t e n t i a l  for  zero i n d u c e d  s u r -  
face  c h a r g e ) .  This  v a l u e  of the  s.r.v, s e rves  to ca l i -  
b r a t e  t he  p h o t o c o n d u c t i v i t y  vo l t ages  o b t a i n e d  w i t h  
t h e  field effect. 

The  t y p e  of d a t a  t h a t  r e su l t s  f r o m  t h e  m e t h o d s  of 
o b s e r v a t i o n  d e s c r i b e d  above  is p r e s e n t e d  in Fig.  2 
and  3 for  some t y p i c a l  su r face  t r e a t m e n t s  ~ ( the  su r -  
face  t r e a t m e n t s  wi l l  be  r e f e r r e d  to on ly  b y  a b b r e v i -  
a t ed  n a m e s  in t he  t ex t ;  t he  p h y s i c a l  a n d  c h e m i c a l  
de ta i l s  a r e  p r e s e n t e d  in an  A p p e n d i x ) .  In  Fig.  2 is 
p l o t t e d  the  c h a r g e  in  " f a s t "  su r f ace  s ta tes ,  Q , ,  as a 

a The  l ow  g e n e r a t i o n  l e v e l  is  a necessa ry  c o n d i t i o n  fo r  t h e  a p p l i -  
cab i l i ty  of t h e  exp res s ions  r e l a t i n g  s.r.v, and  p h o t o c o n d u c t a n c e  (3).  

* P h o t o g r a p h s  of  osc i l loscope  t r aces  l i k e  those  d i scussed  h a v e  been  
p u b l i s h e d  b y  l~zhanov  (4). 

s F o r  t h e  pu rposes  o f  t h i s  paper ,  a " s u r f a c e  t r e a t m e n t "  is  def ined  
as a n  o p e r a t i o n  o n  t he  su r face  w h i c h  does no t  i n v o l v e  t h e  r e m o v a l  
of g e r m a n i u m  m a t e ~ a l ,  as opposed  to a n  " e t c h , "  w h i c h  does  i n v o l v e  
t h e  r e m o v a l  o f  m a t e r i a l .  
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Fig. 2. Charge in fast surface states, Q , ,  as a function of surface 
potential, u~, in units of kT/q for several surface treatments on an 
H~O~:HF:H~O etched surface. Solid curves represent best theoretical 
fit for the control surface and the silica treatment. 
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Fig. 3. Normalized surface recombination velocity, s/sm,~, as a 
function of surface potential, u~, in units of kT/q for the same 
samples as Fig. 2. Solid curves represent the best theoretical fit 
to the experimental points. 

func t ion  of sur face  potent ia l ,  u,,  in  un i t s  of k T / q .  ~ 
The cor responding  curves  of the  no rma l i zed  s.r.v., 
s / s ~  vs.  u~ are p lo t ted  in  Fig. 3. The  poin ts  r ep r e se n t  
data  ob ta ined  e x p e r i m e n t a l l y  whi le  the  solid curves  
are the  theore t ica l  curves  which  are the  best  fit w i th  
the e x p e r i m e n t a l  points.  The resu l t  is tha t  the d e n -  
sities and  energies  of the  fast  surface  states can be 
deduced,  thus  pa r t i a l l y  charac te r iz ing  each surface  
t r ea tmen t .  

The  data  of Fig. 2 and  3 were  all  ob ta ined  in  a d ry  
O~ a m b i e n t  a tmosphere ,  af ter  sufficient t i m e  was  a l -  
lowed for the  sample  surface  to come to e q u i l i b r i u m  
wi th  this  a tmosphere .  The  reason  for choosing a re f -  
e rence  a tmosphere  is due to the  fact tha t  the  fast  
surface  s ta te  conf igura t ion  changes  w i th  v a r y i n g  
a m b i e n t  a tmosphere .  This  effect is i l lus t ra ted  in  Fig. 
4. The  da ta  p resen ted  he re  are the  resu l t  of v a r y i n g  
the a m b i e n t  a tmosphere  abou t  a typ ica l  H~O~:HF: 
H_.O-etched surface.  

It  wi l l  be no ted  tha t  t he re  is an  apprec iab le  va r i -  
a t ion  in  some of the  r e combina t i on  t r ap  pa ramete r s .  

e T h e  q u a n t i t y  u s  i s  d e f i n e d  a s  

us  
k T  

w h e r e  ~bs i s  t h e  s u r f a c e  po ten t i a l .  The  s y m b o l s  e m p l o y e d  fo r  a l l  
o t h e r  q u a n t i t i e s  t h r o u g h o u t  t h i s  p a p e r  f o l l o w  those  of ref .  (1) .  

u~ ~ Nt x 10~11Smax / ~ ~  

o 18 ss 36.s 2.3 32o ]~o.~ \ \k. 

~ l'Oi 4'3 74 0"7 370 / ~ ! 1 8 7  S~.x ~ ~  
�9 2.0 i S.0 54.4 -- 370 - -D.8 S 

is r 2 

8 ~ 0  xlx 10 "940 - -(1.6 

120 x 10 91 

Fig. 4. Effect of varying ambient atmosphere on the surface 
state parameters. H202:HF:H,_,O etched surface in a (100) plane 
of 35 ohm-cm n-type germanium. 

The va lues  of c~/c.~, the ra t io  of h o l e - t o - e l e c t r o n  cap-  
t u r e  p robab i l i t i e s  (which  is p ropor t iona l  to I n (Uo), 
uo be ing  the va lue  of u~ abou t  which  the  s.r.v, curves  
are symme t r i c a l ) ,  and  the s tate  densi ty ,  N,, appear  
to v a r y  cons iderably .  On  the  o ther  hand ,  the  ene rgy  
of the state (as m e a s u r e d  f rom the  cen te r  of the  e n -  
e rgy  gap E~) a nd  the  m a x i m u m  va lue  of the  s.r.v., 
do not  exhib i t  such drast ic  changes.  This behav io r  is 
typica l  of most  of the  surfaces  tha t  we  have  inves t i -  
gated. It  was found  tha t  a d ry  oxygen  a tmosphere  
y ie lded  the most  r ep roduc ib le  resul ts ,  a nd  thus,  this  
a tmosphere  was chosen for the  s tandard .  

I t  fol lows tha t  the  va r i a t i on  of the  sur face  p rop -  
ert ies  wi th  a m b i e n t  a tmosphe re  changes  should be 
an  essent ia l  pa r t  of charac te r iz ing  a n y  surface  con-  
dit ion.  We chose to do this  b y  n o t i n g  the  va lue  of the  
e q u i l i b r i u m  surface po t en t i a l  in  the  field effect for 
two ambients ,  n a m e l y  d ry  O, and  wet  O~. ~ The differ-  
ence in  surface potent ia l ,  A u ,  a nd  the  m i d - p o i n t  of 
the range  of Aus were  thus  ob ta ined  for these two 
ambien t s ,  the va lues  of which  are  ind ica t ive  of the  
sens i t iv i ty  of the surface to a m b i e n t  a tmosphere  
changes.  These data,  a long w i t h  da ta  conce rn ing  s u r -  
face state densi t ies  and  energies  are t a k e n  as a char -  
ac te r iza t ion  of a g iven  surface  t r ea tmen t .  The  da ta  
ob ta ined  on a to ta l  of 43 samples  are  s u m m a r i z e d  in  
the fo l lowing section. 

Results and  Discussion 

Some r ep re sen t a t i ve  resul ts ,  on (100) surfaces,  are  
summar i zed  in  Tab le  I. All  of the  da ta  we re  ob ta ined  
in a d ry  oxygen  a tmosphe re  at 295~ S imi la r  da ta  
were  ob ta ined  on (111) surfaces,  and,  w i t h i n  ex -  
p e r i m e n t a l  error,  the  da ta  were  subs t a n t i a l l y  the  
same as those p resen ted  in  Tab le  I for the  (100) 
surface. A l though  a tota l  of 43 samples  were  i nves t i -  

7 Dry  Of, in  o u r  case, was  o b t a i n e d  b y  p a s s i n g  o r d i n a r y  low d e w -  
p o i n t  compres sed  c y l i n d e r  o x y g e n  t h r o u g h  a D r i e r i t e  co lumn.  We t  
Oe was  o b t a i n e d  by  b u b b l i n g  d ry  O~ t h r o u g h  d i s t i l l ed ,  de ion ized  
w a t e r  a n d  f i l t e r i ng  t h r o u g h  P y r e x  wool .  T h e  s a m p l e  c o n d u c t i v i t y  
w o u l d  s tabi l ize ,  t yp i ca l ly ,  a b o u t  3 m i n  a f t e r  a d m i s s i o n  of  w e t  O~. 
A l t h o u g h  the re  was  a s low. l ong  t e rm  d r i f t  e v i d e n t  for  s eve ra l  hou r s  
in  e i t h e r  a m b i e n t  a t m o s p h e r e  t he  m e a s u r e m e n t s  we re  p e r f o r m e d  in  
a t i m e  i n t e r v a l  suf f ic ien t ly  s m a l l  t h a t  t h i s  d r i f t  was  ins ign i f i can t .  
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Table I, Summary of experimentally determined surface energy level parameters and sensltivity 
to ambient atmosphere variations for several surface treatments 

Dry O2 atmosphere Surfaces in (100) plane T = 295~ 

(a) H~C)2: H F :  H ~ )  e tch  

R e c o m b i n a t i o n  l eve l s  T r a p p i n g  leve l s  

Surface -- - -  NJtx -- - -  N,~• - -  /VFX - -  N,'• - -  Nt"x 
t r e a t m e n t  Uo Col K T  10 -xt S m t z  C , I  X 10s C , 1 •  l 0  s U .  C~2 k T  10 -I t  Smax  C , * X  los  C ~ •  10 s K T  10 - u  K T  1 0 - u  k T  10 - i t  A~* 

C o n t r o l  2.50 148 4.8 4.4 290 2 .43 0.016 . . . . . .  1.0 3 .0  - -  - -  ~ - f i . 0  ~ N * I  ( I , 8 )  
5.3 

l o d a t e  0.55 3,0 3.8 ~ I 0  420 ~ 0 . 2 1  ~ 0 . 0 7  . . . . . . .  ( - - 0 , 4 )  
3 A  

H2(~ -b ak e  3.20 600 3.3 3.5 200 1.82 0.003 0.50 3 .7  ~ I . 0  0.0 104 0.030 0.011 . . . . . .  (1 .6)  
4.3 

T h e r m a l  o x i d e  4 .00  ~ 3 0 0 0  - 4 . 0  ~ 1 0  210 ~ I . 0  ~ 1 0  ~ ~ 1 , 0  ~ 7 . 3  ~ 1 . 5  ~ 3 . 0  120 ~ 1 . 0  ~ 0 , I  ~ - I . 0  ~ 3 . 0  . . . .  (3 .1)  
1.0 

Si l i ca  1.30 20 5 .0  0 .0  313 2.07 0.103 . . . .  1.0 3.5 ~ 7 . 0  ~ N t ~  ~ - - 6 . 0  ~ N , t  (2 .0)  
5 .0  

H.~.qO4-ehro- ( - - O . I O )  
m a t e  0.05 1.1 1.0 ~ 1 0  450 ~ 0 . 5 9  ,~0 .54  . . . .  1.5 ~ 1 5  . . . .  2.0 

(b) CP4A etch 

C o n t r o l  2.30 100 4,5 4 .0  146 L 0 1  0.01 - -  - -  - -  l . l  2.5 ~ 7 , 0  ~ N ~  - ~ - -  6 .0  ~ N ~ I  (2~2) 
. 5 .0  

l o d a t e  0.50 2 . ?  3.3 ~ 1 0  200 ~ 0 . 2 f i  ~ 0 . 0 9  . . . . .  ( - - 0 . 3 )  
- -  - -  2 .0  

H s O ~ b a k e  3.00 400  3.2 5 .0  130 0,33 0.001 0.6 3,3 ~ I , 0  3.0 50 0.33 0,002 _ _ (1.8) 
- -  - -  4 .P 

T h e r m a l  o x i d e  2.40 132 4.7 4.1 I 1 5  0.93 0.01 . . . .  1.0 1.3 ) 7 . 0  ) N * I  - -  - -  (1.8) 
3 ,2  

B r o m i n e  3.00 400 6.2 ~ 1 0  100 ~ 1 . 3 4  ~ 0 . 0 0 3  - -  - -  -- 1.3 3.2 ~ 7 . 0  ~ N , I  - -  ( I . 0 )  
- -  3.0 

gated, the da ta  for each surface condi t ion  in Table  I 
r ep resen t  resul t s  typica l  of, at most, th ree  samples  
per  surface t r ea tmen t .  In  severa l  cases, on ly  two 
samples  per  surface  t r e a t m e n t  were  prepared .  Con-  
sequent ly ,  the  resul ts  m a y  be i n t e rp re t ed  on ly  in  
t e rms  of t rends ,  s ince the  s ta t is t ical  sample  sizes for 
each surface t r e a t m e n t  were  too smal l  to es tabl ish  
any  degree of confidence. 

The data in Table I are organized into three pri- 
mary groups. The first of these includes the param- 
eters associated with energy levels which are active 
in recombination. The second group lists parameters 
of energy levels which are not active in recombina- 
tion, referred to as trapping levels. The third group 

of data constitutes a measure of the sensitivity of a 
given surface condition to a variation of the ambient 
atmosphere. This appears in the column headed 
"Au/' in Table I. The quantity Au,, the total swing 
in surface potential, in units of kT/q, in going from 
a dry O5 to a wet O2 atmosphere, is listed along with 
the value of u, at the midpoint of this swing. The 
midpoint values are the quantities in parentheses. 

The data for each set of levels are broken up into 
several columns according to the following param- 
eters: the value of the surface potential u,, about 
which the s.r.v, curves are symmetrical, the ratio of 
the capture cross sections for holes and electrons 
cJc,,, the  ene rgy  of the  level  E, --E~ in un i t s  of kT, 
the  dens i ty  of the level  N,, the m a x i m u m  surface re -  
combina t ion  veloci ty  s ...... the  cap ture  cross sect ion 
for holes c~, and  the cap tu re  cross section for e lec-  
t rons  c,,. The subscr ip t  n u m e r a l s  refer  to two sepa-  
ra te  r e c o m b i n a t i o n  levels  whi le  the superscr ip t  
p r imes  r ep re sen t  different  t r a p p i n g  levels. In  m a n y  
cases, on ly  es t imates  of some of these p a r a m e t e r s  are  
ava i lab le  due  to the  fact tha t  the appl ied  electric 
field could no t  induce  sufficiently la rge  swings  in  
surface  potent ia l .  Whe re  such es t imates  were  m a d e  
are ev iden t  in  Table  I as r ep resen ted  by  appropr ia te  
symbols .  

The m a i n  resul t s  suggested b y  the  data  are the  
fo l lowing:  

(A) The  on ly  s ignif icant  difference b e t w e e n  the  
two etched surfaces (controls  in  Tab le  I) appears  
in  the va lues  of s .... and  c~. The ene rgy  and dens i ty  
of the  r e c o m b i n a t i o n  levels  are comparable .  

( B ) T h e  surface  ene rgy  levels  can be g rouped  as 
follows: (a)  a r e c o m b i n a t i o n  level  be t w e e n  about  
3.0 and  6.0 un i t s  of kT  above the  center  of the  gap; 
(b)  a r e c o m b i n a t i o n  level  b e t w e e n  about  1.0 and  1.5 
un i t s  of kT  above the gap center ;  (el  a t r app ing  
level  about  1.0 to 1.5 un i t s  of kT  below the center ;  
(d) a t r app ing  level  a'~ an  ene rgy  somewhat  grea te r  
t h a n  7.0 un i t s  of kT  above the  gap center ;  (e l  a t r a p -  
p ing  level  at  an  e n e r g y  somewha t  g rea te r  t h a n  6.0 
un i t s  of kT below the  gap center .  

These are all  cons is tent  wi th  the  levels  repor ted  
by  severa l  au thors  in  the  l i t e r a tu re  (2, 6-9) .  

(C) The iodate and  H20_o-bake surface  t r e a t m e n t s  
y ie lded  r e m a r k a b l y  s imi la r  resu l t s  on e i ther  of the 
etched surfaces.  

In  analogy,  one could expect  tha t  t h e r m a l  ox ida-  
t ion  should also be s imi la r  for the  two etched su r -  
faces. A l though  the  H~O~:HF:H~O surface  was  suc-  
cessful ly  oxidized the rma l ly ,  s imi la r  ox ida t ion  on a 
CP4A surface was  no t  achieved.  This  is ev iden t  f rom 
the  data  of Table  I, bu t  add i t iona l  suppor t  of this  
obse rva t ion  appea red  in  the form of oxide films on 
the samples.  The t h e r m a l  ox ida t ion  t r e a t m e n t  on 
CP4A surfaces did no t  exh ib i t  a ny  in t e r f e rence  col- 
ors or pa t t e rn s  charac ter i s t ic  of th ick  oxide layers.  
The t h e r m a l l y  oxidized H~O2: HF:  H20 surface,  how-  
ever,  exh ib i t ed  u n i f o r m  in te r fe rence  colors tha t  sug-  
gested oxide film thicknesses  of the  order  of 1000A. 

(D) I t  wi l l  be  no ted  in  Tab le  I that ,  w i th  the ex -  
cept ion of the H~SO,-chromate t r ea tmen t ,  a surface  
t r e a t m e n t  on e i ther  control  sur face  ge ne r a l l y  p r e -  
serves the ene rgy  of the first r e c o m b i n a t i o n  level.  
It  appears  to be charac ter i s t ic  of t r e a t m e n t s  tha t  are 
k n o w n  to be oxidiz ing (H20~-bake and  t h e r m a l  oxi -  
da t ion ) ,  tha t  a second r e c o m b i n a t i o n  level  is i n -  
t roduced.  The H.~SO,-chromate surface,  however ,  
does not  p rese rve  the first r e c o m b i n a t i o n  level,  b u t  
r a the r  in t roduces  a second r e c o m b i n a t i o n  level  in  the  
1.0 ~ ( E t - - E J k T ) ~ 1 . 5  range.  I t  is to be no ted  
f u r t he r  tha t  at least  an  order  of m a g n i t u d e  r educ t ion  
in the  e lec t ron  cap ture  cross section for the  first 
r e c o m b i n a t i o n  level  is associated wi th  a he a v i l y  oxi-  
dized surface.  

(E)  The • c o l u m n  of Tab le  I ind ica tes  tha t  th ree  
of the sur face  t r e a t m e n t s  inves t iga ted  (iodate,  t h e r -  
ma l  oxidat ion,  and  H2SO4-chromate) are  r e l a t ive ly  
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i n sens i t ive  to a m b i e n t  a t m o s p h e r e  va r i a t i ons ,  sug -  
ges t ing  t h a t  such su r face  t r e a t m e n t s  could  pos s ib ly  
be e m p l o y e d  to p a s s i v a t e  p a r t i a l l y  a s emicon duc to r  
dev ice  sur face .  This  a spec t  of the  d a t a  wi l l  be d e v e l -  
oped  m o r e  f u l l y  in a f o l l owing  sect ion.  

( F )  A l t h o u g h  not  e x p l i c i t l y  m e n t i o n e d  p r e v i -  
ous ly ,  w e i g h t  loss m e a s u r e m e n t s  w e r e  t a k e n  for  a l l  
of the  su r face  t r e a t m e n t s  l i s t ed  in T a b l e  I. The  
iodate,  H~SO~-chromate ,  and  b r o m i n e  t r e a t m e n t s  e x -  
h i b i t e d  w e i g h t  losses  a f t e r  p rocess ing ;  t he  o the r  
t r e a t m e n t s  d id  no t  suffer  a loss of w e i g h t  w i t h i n  e x -  
p e r i m e n t a l  e r ro r .  The  ioda te  a n d  H~SO,-chromate  
we igh t  losses w e r e  r e l a t i v e l y  smal l ,  e.g., of t h e  o r d e r  
of 2 - 4 % .  The  w e i g h t  loss for  the  b r o m i n e  t r e a t m e n t ,  
h o w e v e r ,  was  of t he  o r d e r  of 50-75%.  W e  conc lude  
tha t  each  of these  t r e a t m e n t s  a c t u a l l y  e tches  to some 
degree .  The  b r o m i n e  t r e a t m e n t  is de f in i t e ly  an  e t ch  
and  is t hus  i m p r o p e r l y  p l a c e d  in  the  c a t e g o r y  of  a 
su r face  t r e a t m e n t .  The  s igni f icant  po in t  to m a k e  is 
t h a t  i t  is j u s t  these  su r f ace  t r e a t m e n t s  t h a t  a l t e r  mos t  
d r a s t i c a l l y  t he  c h a r a c t e r i s t i c s  of t he  con t ro l  surface .  
Those  su r f ace  t r e a t m e n t s  w h i c h  do no t  e x h i b i t  a n y  
ev idence  of e t ch ing  seem to p r e s e r v e  t h e  c h a r a c t e r -  
is t ics  of t h e  con t ro l  su r faces  to some ex ten t .  

(G)  The  mos t  w i d e l y  f luc tua t ing  t r a p  p a r a m e t e r  
for  r e c o m b i n a t i o n  l eve l s  is the  c a p t u r e  cross  sec t ion  
for  e lec t rons ,  c~. The  c a p t u r e  cross  sec t ion  for  holes,  
cz,, va r i e s  on ly  a p p r o x i m a t e l y  an o r d e r  of m a g n i t u d e  
in t he  r a n g e  of su r f ace  cond i t ions  i nves t iga t ed .  The  
va lue  of c~, h o w e v e r ,  e x p e r i e n c e s  v a r i a t i o n s  ove r  a 
r a n g e  of t h r e e  o r d e r s  of m a g n i t u d e .  Of p a r t i c u l a r  
i n t e r e s t  is t he  r e d u c t i o n  of c~ cons i s t en t l y  o b s e r v e d  
for  those  su r f ace  t r e a t m e n t s  w h i c h  a r e  k n o w n  to 
ox id ize  h e a v i l y  (H~O~-bake and  t h e r m a l  o x i d a t i o n ) .  

The  d a t a  as a w h o l e  c l e a r l y  i nd i ca t e  t he  ex i s t ence  
of a t  l eas t  two  r e c o m b i n a t i o n  l eve l s  and  t h r e e  t r a p -  
p ing  leve ls  w h i c h  a re  a l w a y s  p resen t .  W h e t h e r  or  no t  
these  l eve l s  can  be  o b s e r v e d  e x p e r i m e n t a l l y  d e p e n d s  
on ( i )  the  t o t a l  r a n g e  of u~ covered ,  ( i t )  t h e  r e l a t i v e  
dens i t i e s  of t h e  levels ,  and  ( i i i )  t h e  c a p t u r e  cross  
sect ions  for  holes  and  e l ec t rons  for  each  level .  E v i -  
den t ly ,  t h e  c a p t u r e  cross  sec t ions  a r e  r e l a t i v e l y  s m a l l  
for  t he  t r a p p i n g  leve ls ,  r e n d e r i n g  t h e m  inac t ive  as  
r e c o m b i n a t i o n  centers .  

Resu l t  (D)  a b o v e  sugges t s  a poss ib le  e x p l a n a t i o n  
of t he  o r ig in  of t he  two  d i f fe ren t  r e c o m b i n a t i o n  
centers .  I t  can  be  a s s u m e d  ~hat t he  l eve l s  in the  
r a n g e  3.0 ~ ( E ~ -  E~)/kT ~ 6.0 a r e  a s soc ia t ed  w i t h  
a G e - O  b o n d  of some form,  w h i l e  t he  leve ls  in t he  
1.0 ~ ( E , - - E , ) / k T  ~ 1.5 a re  a s soc ia t ed  w i t h  l a ck  
of s t o i c h i o m e t r y  and  o the r  i m p e r f e c t i o n s  in t h e  
G e - t o - G e O ,  t r a n s i t i o n  region .  I f  i t  is f u r t h e r  as -  
s u m e d  t h a t  the  h e a v y  o x i d a t i o n  m e c h a n i s m  is one 
t ha t  r e q u i r e s  the  t r a n s f e r  of Ge a toms  f rom the  g e r -  
m a n i u m - o x i d e  i n t e r f a c e  to t he  o u t e r  su r face  of t he  
oxide ,  t h e n  t h e  o r ig in  of t h e  t w o  r e c o m b i n a t i o n  
l eve l s  cou ld  be  as fo l lows:  t he  th in ,  e q u i l i b r i u m  
l a y e r  of ox ide  w h i c h  r e su l t s  f r o m  e tches  g ives  r i se  
to a r e l a t i v e l y  u n i f o r m  and  n e a r l y  pe r f ec t  t r a n s i t i o n  
f r o m  g e r m a n i u m  to t he  oxide .  Thus,  t he  first  t y p e  of 
r e c o m b i n a t i o n  l e v e l  domina t e s .  On  h e a v y  ox ida t ion ,  
h o w e v e r ,  t he  Ge  a toms  t h a t  a r e  t r a n s f e r r e d  to the  
ou te r  su r f ace  of t he  ox ide  l e a v e  t h e  t r a n s i t i o n  r eg ion  
d i s t u r b e d  and  f a r t h e r  r e m o v e d  f r o m  per fec t ion .  

Thus,  the  second  t y p e  of r e c o m b i n a t i o n  l eve l  b e -  
comes  m o r e  p r o m i n e n t ,  b u t  no t  a t  t h e  e x p e n s e  of t h e  
first  type .  The  dec rease  in t h e  c a p t u r e  cross  sect ions  
for  e l ec t rons  t h a t  a c c o m p a n i e s  h e a v y  o x i d a t i o n  m a y  
p o s s i b l y  be e x p l a i n e d  t h r o u g h  an  i n t e r a c t i o n  b e -  
t w e e n  the  two  t y p e s  of levels .  

E m p l o y i n g  the  s ame  a s s u m p t i o n s  of t he  p r e v i o u s  
p a r a g r a p h ,  one could  t h e n  e x p l a i n  t h e  r e su l t s  o b -  
s e r v e d  for  t he  H~SO4-chromate  t r e a t m e n t  as t he  
d o m i n a t i o n  of t h e  second  t y p e  of l eve l  w h i l e  t h e  
first  t y p e  is r e n d e r e d  ins igni f icant .  This  w o u l d  be 
poss ib le  if t he  H~SO~-chromate  t r e a t m e n t  is r e a l l y  
e tch ing  m o d e r a t e l y ,  y i e l d i n g  a r e s u l t i n g  g e r m a n i u m -  
t o - o x i d e  t r a n s i t i o n  r eg ion  w h i c h  is g ros s ly  d i s -  
o rde red .  E v i d e n c e  t h a t  th is  e x p l a n a t i o n  is r e a s o n a b l e  
comes  f r o m  v i sua l  o b s e r v a t i o n  of t he  H~SO,-chro-  
m a t e  t r e a t e d  sur face .  The  r e s u l t i n g  su r f ace  a p p e a r s  
s l i gh t ly  t e x t u r e d ,  as c o m p a r e d  to t he  o r ig ina l  H~O~: 
HF:H~O con t ro l  surface ,  sugges t i ve  of a l a r g e  n u m -  
b e r  of n u c l e a t i o n  s i tes  for  a su r f a c e  l a y e r  d e c i d e d l y  
d i f fe ren t  f r o m  the  con t ro l  surface .  

Now,  an  ex t ens ion  of t he  a r g u m e n t s  p r e s e n t e d  for  
t h e  ox ide  su r face  l a y e r  can  be  e m p l o y e d  to d iscuss  
some  aspec ts  of su r face  pass iva t ion .  I t  w i l l  be no ted  
t h a t  t he  s m a l l e r  va lue s  of  Aus ( c o r r e s p o n d i n g  to su r -  
faces  r e l a t i v e l y  i n sens i t i ve  to a m b i e n t  a t m o s p h e r e  
v a r i a t i o n s )  a r e  c o r r e l a t e d  w i t h  l a r g e  su r f a c e  s t a t e  
dens i t ies .  This  is expec t ed ,  s ince  l a r g e  q u a n t i t i e s  of 
t r a p p e d  cha rge  in  su r face  s t a tes  offer a m o r e  effec-  
t i ve  sh ie ld  f r o m  the  inf luence  of a v a r i a t i o n  of su r -  
face  charge .  L e t  i t  be  f u r t h e r  no t ed  t h a t  t he  t h e r m a l  
o x i d a t i o n  on an  H.~O2:HF:H~O sur face  af fords  t h e  
s m a l l e s t  v a l u e  of • B a s e d  on  our  a s s u m p t i o n s  r e -  
g a r d i n g  t h e  o r ig in  of t he  r e c o m b i n a t i o n  s ta tes ,  i t  
m i g h t  t hen  be  poss ib le  to r e d u c e  t h e  v a l u e  of Aus b y  
a n o t h e r  l a r g e  f ac to r  b y  t h e r m a l l y  ox id iz ing  one of 
the  o t h e r  su r f ace  t r e a t m e n t s  r a t h e r  t h a n  the  u n s t a b l e  
c on t ro l  surfaces .  W h a t  w e  r e a l l y  w i sh  to e m p h a s i z e  
is t h a t  the  d a t a  sugges t  a v e r y  s igni f icant  r e l a t i o n -  
sh ip  b e t w e e n  t h e  e t ched  su r f ace  c ha r a c t e r i s t i c s  and  
those  c h a r a c t e r i s t i c s  w h i c h  r e s u l t  f r o m  a s u b s e q u e n t  
su r f a c e  t r e a t m e n t .  I t  is conc luded  t h a t  a f r u i t f u l  
a p p r o a c h  to t h e  p r o b l e m  of p a s s i v a t i n g  a s e m i c o n -  
d u c t o r  su r f ace  can  be  f o u n d  in s tudy ing ,  in m o r e  d e -  
tai l ,  j u s t  w h a t  t he se  r e l a t i ons  a r e  and  h o w  t h e y  can  
be  exp lo i t ed .  

Application to Devices 
The  d a t a  of T a b l e  I can  be  e m p l o y e d  to a n t i c i p a t e  

the  effect of the  l i s t ed  su r face  t r e a t m e n t s  as a p p l i e d  
to a s e m i c o n d u c t o r  device .  Most  s e m i c o n d u c t o r  r ec -  
t i f iers  and  t r a n s i s t o r s  r e q u i r e  t ha t  b o t h  t he  su r f ace  
c o n d u c t i v i t y  and  t h e  su r f ace  r e c o m b i n a t i o n  ve loc i t y  
s i m u l t a n e o u s l y  a s sume  t h e i r  l owes t  p r a c t i c a l  va lues .  
I t  is f u r t h e r  d e s i r a b l e  t ha t  n e i t h e r  of t he se  q u a n t i -  
t ies  v a r y  w i t h  v a r y i n g  a m b i e n t  a t m o s p h e r e  (pas s i -  
v a t e d  su r f ace )  a n d  w i t h  t i m e  ( s t a b i l i z e d  s u r f a c e ) .  
I n f o r m a t i o n  abou t  a l l  b u t  t he  t i m e  v a r i a t i o n s  is i m -  
p l ic i t  in T a b l e  I. 

Cons ide r  the  p lo t  of t he  change  in c o n d u c t i v i t y  A~ 
vs. su r face  po ten t i a l ,  u ,  in un i t s  of kT /q  in Fig.  5. A 
s im i l a r  p lo t  for  a n y  r e s i s t i v i t y  and  t y p e  can  be  r e -  
p r o d u c e d  f r o m  the  ca l cu la t ions  of K i n g s t o n  and  
N e u s t a d t e r  (10) .  N o w  th is  c u r v e  is i n d e p e n d e n t  of 
t he  su r f ace  t r e a t m e n t  s ince  i t  d e p e n d s  on ly  on t h e  
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Fig. 5. Surface recombination velocity, s, and change in conduc- 
tivity, A ~, as  functions of the surface potential, u,, in units of 
kT/q for determining the range of s and ~ ~ corresponding to a 

variation of the ambient atmosphere from dry to wet oxygen. 

b u l k  p o t e n t i a l  and  the  su r f ace  p o t e n t i a l  r e g a r d l e s s  
of h o w  the  v a l u e  of su r f ace  p o t e n t i a l  is ach ieved .  
H o w e v e r ,  t he  su r f ace  r e c o m b i n a t i o n  ve loc i t y  as a 
func t ion  of su r face  p o t e n t i a l  does v a r y  c o n s i d e r a b l y  
w i t h  su r f ace  t r e a t m e n t  (see  Fig .  3). Thus,  in  o r d e r  
to e s t ab l i sh  bo th  t h e  v a l u e  of t he  c o n d u c t i v i t y  and  
the  su r f ace  r e c o m b i n a t i o n  ve loc i t y  (s . r .v . )  s i m u l -  
t a n e o u s l y  fo r  a g iven  v a l u e  of su r f ace  po t en t i a l ,  i t  is  
n e c e s s a r y  to s u p e r i m p o s e  the  s.r.v, vs .  u ,  c u r v e  for  
each  su r f ace  t r e a t m e n t .  This  has  been  done  in  Fig .  5 
for  t h r e e  r e p r e s e n t a t i v e  su r face  t r e a t m e n t s  (con t ro l ,  
iodate ,  t h e r m a l  o x i d a t i o n )  on an  H~O2:HF:H~O 
e tched  sur face .  The  s.r.v, vs .  us curves  can  b e  con-  
s t r u c t e d  f r o m  the  d a t a  of Tab le  I b y  p u t t i n g  the  a p -  
p r o p r i a t e  va lue s  of  t he  l i s ted  su r f ace  r e c o m b i n a t i o n  
l eve l  p a r a m e t e r s  in to  t h e  t h e o r e t i c a l  exp re s s ion  for  
the  su r f ace  r e c o m b i n a t i o n  ve loc i t y  (2 ) .  

I t  is t hen  poss ib le ,  b y  e m p l o y i n g  the  ,~u, co lumn  of 
T a b l e  I, to e v a l u a t e  t he  r a n g e s  of c o n d u c t i v i t y  and  
s.r.v, to be  e x p e c t e d  w i t h  a v a r i a t i o n  of a m b i e n t  a t -  
m o s p h e r e  f r o m  d r y  to w e t  o x y g e n  as def ined  p r e v i -  
ously.  Cons ide r  t he  s.r.v, cu rve  I of Fig .  5, a long  w i t h  
t he  A~ vs .  us curve ,  a p p r o p r i a t e  for  an  H~O~:HF: H~O 
e tched  s u r f a c e  on 35 o h m - c m  n - t y p e  g e r m a n i u m .  
The  Au, for  th is  su r f ace  cond i t ion  is 5.5 un i t s  of k T / q  

whi l e  t h e  m i d p o i n t  of th is  r a n g e  is 1.8. B r a c k e t i n g  
this  r a n g e  on the  h o r i z o n t a l  scale,  i t  is f o u n d  t h a t  
t he  c o r r e s p o n d i n g  changes  in t he  s.r.v. ( p o r t i o n  of 
the  c u r v e  t h a t  is h e a v y  l ine)  and  the  c o n d u c t i v i t y  
a r e  f rom 125 t h r o u g h  the  m a x i m u m  of 290 and  b a c k  
to 230 and/,~----- 0.16, r e spec t i ve ly .  S i m i l a r  c o n s i d e r -  
a t ion  of t he  ioda te  and  t h e r m a l  o x i d a t i o n  t r e a t m e n t s  
y i e lds  c o r r e s p o n d i n g  r a n g e s  of s and  A~, as i n d i c a t e d  
in Fig.  5. The  s ign i f icance  of c h a r a c t e r i z i n g  a su r face  
t r e a t m e n t  b y  i n c l u d i n g  the  hu~ d a t a  is n o w  a p p a r e n t .  
I t  w i l l  be  n o t e d  tha t ,  a l t h o u g h  the  Aus of t he  t h e r m a l  
o x i d a t i o n  t r e a t m e n t  is s l i gh t ly  s m a l l e r  t h a n  the  s ame  
q u a n t i t y  for  t he  ioda te  t r e a t m e n t ,  the  changes  in 
bo th  ~ and  s.r.v.,  p e r c e n t a g e w i s e ,  a re  s m a l l e r  for  
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the  l a t t e r  t r e a t m e n t .  The  r ea son  for  th i s  r e su l t  is 
t h a t  t he  m i d p o i n t  of the  Au8 r a n g e  is n e a r  t he  con-  
d u c t i v i t y  m i n i m u m  (- -0 .4)  for  t he  ioda te  case, w h e r e  
the  c o n d u c t i v i t y  is v a r y i n g  r e l a t i v e l y  s l o w l y  as a 
func t ion  of us. The  t h e r m a l  o x i d a t i o n  case, h o w e v e r ,  
exh ib i t s  a m i d p o i n t  of Aus (3.1) w h i c h  is on the  p o r -  
t ion  of the  c o n d u c t i v i t y  v s  us c u r v e  w h i c h  is r a p i d l y  
v a r y i n g .  T h e  i m p o r t a n c e  of s t a t i ng  not  on ly  t he  
r a n g e  of  u~ bu t  also the  m i d p o i n t  (o r  some  such 
a r b i t r a r y  r e f e r e n c e )  is t hus  ev iden t .  

I t  is conce ivab le ,  then ,  t h a t  e x t e n s i v e  t a b u l a t i o n  
of d a t a  a f t e r  t he  m a n n e r  of T a b l e  I for  t h e  w i d e  
r a n g e  of r e s i s t i v i t i e s  e n c o u n t e r e d  in dev ice  t e c h -  
n o l o g y  could  af ford  a dev ice  e n g i n e e r  a f i r s t - o r d e r  
a p p r o a c h  to the  e n g i n e e r i n g  of su r faces  in to  devices .  
E m p l o y i n g  such  t abu l a t i ons ,  i t  shou ld  be poss ib l e  
to d e l i n e a t e  t he  r a n g e  of v a l u e s  of i m p o r t a n t  p a r a m -  
e te r s  to be e x p e c t e d  f rom a g iven  s u r f a c e  t r e a t m e n t  
a f t e r  a f a sh ion  s i m i l a r  to t ha t  d i scussed  in  connec t ion  
w i t h  Fig .  5. 8 

T h e r e  r e m a i n s  at  l eas t  one m a j o r  obs tac le  to d e -  
v ice  su r f ace  eng inee r ing .  This  has  to do w i t h  t he  
ques t ion  of h o w  the  ex i s t ence  of a j u n c t i o n  at  t he  
su r f ace  affects t he  i m p o r t a n t  p a r a m e t e r s  a s soc ia t ed  
w i t h  a g iven  su r face  t r e a t m e n t .  I t  is we l l  k n o w n  
t h a t  m a n y  e tches  a n d / o r  su r face  t r e a t m e n t s  can  be  
e m p l o y e d  to d e l i n e a t e  j u n c t i o n s  in semiconduc to r s .  
This,  b y  defini t ion,  is ev idence  t h a t  a specific o p e r a -  
t ion on a su r f a c e  wi l l  y i e l d  c h a r a c t e r i s t i c s  in t he  
v i c i n i t y  of t h e  j u n c t i o n  t h a t  cou ld  be  s ign i f i can t ly  
d i f fe ren t  f rom t h e  c ha r a c t e r i s t i c s  on the  su r face  of 
h o m o g e n e o u s  ma te r i a l .  Thus,  w o r k  such as t ha t  d e -  
s c r ibed  a b o v e  m u s t  be  c o m p l e m e n t e d  w i t h  s tud ies  on 
m a t e r i a l s  c o n t a i n i n g  j u n c t i o n s  t h a t  come out  to t h e  
surface .  

Summary 
A n  a t t e m p t  has  been  m a d e  to def ine a m e t h o d  of 

c h a r a c t e r i z i n g  a s e m i c o n d u c t o r  su r f a c e  cond i t ion  
w h i c h  w o u l d  be  conduc ive  to an  e n g i n e e r i n g  a p -  
p r o a c h  to t he  su r f a c e  p r o b l e m .  This  m e t h o d  consis ts  
of l i s t ing  no t  on ly  t he  su r f ace  p a r a m e t e r s  a s soc ia t ed  
w i t h  su r f a c e  t r aps ,  b u t  i nc lud ing  also the  r a n g e  and  
locat ion ,  in v a l u e s  of su r f ace  po ten t i a l ,  t h a t  a re  i n -  
t r o d u c e d  b y  a specific su r f a c e  condi t ion .  The  m e t h o d s  
d i scussed  in th is  p a p e r  a r e  no t  i n t e n d e d  to be  a l l - i n -  
c lus ive  or  final,  b u t  r a t h e r  sugges t  an  a p p r o a c h  w h i c h  
could  p o s s i b l y  a l l ow for  t he  e v e n t u a l  e n g i n e e r i n g  of 
sur faces  in to  s e m i c o n d u c t o r  devices .  

F e a t u r e s  of t h e  e x p e r i m e n t a l  d a t a  of p a r t i c u l a r  
i n t e r e s t  a re  (a )  the  r e l a t i v e l y  cons t an t  c a p t u r e  cross  
sect ions  for  holes  for  t h e  v a r i e t y  of su r face  cond i -  
t ions  i nves t i ga t ed ,  (b )  t he  w i d e  v a r i a t i o n  of c a p t u r e  
cross  sect ions  for  e lec t rons ,  (c)  t he  a p p e a r a n c e  of a 
second  r e c o m b i n a t i o n  l e v e l  w h i c h  is a p p a r e n t l y  as -  
soc ia ted  w i t h  h e a v y  ox ida t ion ,  and  (d )  t h e  r e d u c -  
t ion  in  s e n s i t i v i t y  of t he  su r f ace  c o n d u c t i v i t y  to 
v a r i a t i o n s  of a m b i e n t  a t m o s p h e r e  due  to a r e l a t i v e l y  
l a rge  c o n c e n t r a t i o n  of cha rge  in fas t  su r f ace  s ta tes  
w h i c h  e f fec t ive ly  " sh i e ld"  t he  s e mic onduc to r  f rom 
the  inf luences  of the  a t m o s p h e r e .  

s I t  m u s t  be  r eca l l ed  t h a t  t he  a p p r o a c h  cons ide red  in  c o n n e c t i o n  
w i t h  F ig .  5 t ac i t l y  a s sumes  tha t ,  i n  t h e  r a n g e  Aus, t h e  su r face  p a r a m -  
e te rs  of  T a b l e  I do n o t  change .  The  fac t  t h a t  t hey  do c h a n g e  is d e m -  
o n s t r a t e d  i n  Fig .  4. The  a s s u m p t i o n  has  been  m a d e  t h a t  ~the s .r .v.  
c u r v e s  a re  no t  s i gn i f i can t l y  d i f f e r en t  fo r  a d ry  and  a w e t  o x y g e n  a t -  
m o s p h e r e .  T h e  r a n g e s  of s and  h• o b t a i n e d  a re  t h u s  accura te  on ly  
w i t h i n  t he  l i m i t s  i m p l i e d  by  such  a n  a~su~nption. 
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APPENDIX 
Descriptions 05 SurSace Treatments 

H~O,~ bake.--The sample is placed in contact with 
glass, flooded with a small  amount  of stabilized 30% 
H~O~, and baked in room atmosphere for 1 hr at 100~ 

Thermal oxidation.--The sample is placed in a flow of 
approximately 1 c.f.h, of dry oxygen for 72 hr at 500 ~ 

_+10~ (The sample is stored in methanol  between the 
preparatory etch and the thermal  oxidation surface 
t reatment .)  

Iodate.--The sample is treated for 1 hr at room tem-  
pera ture  in an agitated solution containing HF, H~SO4, 
M/5 KIO3, and H~O in the proportions 4:1:1:2. The 
sample is r insed in  the sequence: H~O, acetone, and H~O, 
and is then stabilized by baking for several hours in 
room atmosphere at approximately 150~ 

Bromine.--The sample is placed in 4.0M KOH without 
agitation, warmed to 55~176 held there for 20 min, 
and cooled to 35~ The sample is then flooded free of 
KOH with a solution containing Br2 and 4.00M KBr in  
the proportions 3:250, and is allowed to stand in this 
solution without  agitation for 15 min. The KOH-bro-  
mine solution sequence outl ined above is repeated as 
often as necessary, always flooding away one solution 
with the other, unt i l  visual inspection shows a uniform 
attack at the end of the 15-rain exposure to the bro-  
mine solution. When this condition is satisfied, the 
sample is left in the bromine solution for 6 hr, without  
agitation, and is then rinsed in H20. 

Silica.--The sample is placed in agitated HF for 11/2 
hr, and then silicic acid powder is added to the agitated 
solution unt i l  a 20% excess has been reached in 5 min  
according to the reaction 

SiO~ ~- 4HF ~ SiF4 ~ 2H~O 

The agitated solution is allowed to cool for 1/2 hr and 
then is flooded away with H~O. 

H~SO,-chromate.--The sample is warmed in agitated, 
M/20 Na2Cr~O~ �9 2H~O solution in  H~SO~ to 140~176 
and is held at this tempera ture  for 1 hr. The solution is 
then cooled to 35~ and the sample is removed and 
rinsed in H~O. 

Descriptions of Chemicals Used 
Bromine, analytical  reagent.  
Oxygen, "Airco" U.S.P. 
Hydrofluoric acid, 49% electronic grade. 
Silicic acid powder, 78 % SiO2, reagent  grade. 
Sulfuric acid, 97%, electronic grade. 
Potassium hydroxide, reagent  grade. 
Potassium bromide, reagent  grade. 
Potassium iodate, analyt ical  reagent.  
Sodium dichromate, dihydrate,  reagent  grade. 
Hydrogen peroxide, 30%, stabilized, electronic grade. 
Acetone, electronic grade. 
Methanol, absolute, electronic grade. 
Water, distilled and deionized, used for all r ins ing 
and preparat ion of solutions. 
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ABSTRACT 

Exper iments  have been car r ied  out which indicate  tha t  mois ture  in air  at 
levels below 1% re la t ive  humid i ty  (200 ppm H20) has a s t rong influence on 
the surface recombinat ion  veloci ty  of ge rmanium and on the pa rame te r s  of 
t ransis tor  devices der ived  from it. By control l ing the mois ture  pa r t i a l  pressure  
at  any  of var ious  given levels  wi th in  he rmet ica l ly  sealed transistors,  i t  has been 
found possible to preselect  different  ranges of several ,  s tabil ized,  device p a r a m -  
eters, such as hfe, Ico, and IEo wi thout  changing the device fabr ica t ion  procedure.  
A method  for control l ing the  mois ture  pa r t i a l  pressure  using pairs  of inorganic  
compounds is presented  together  wi th  da ta  obta ined f rom its appl icat ion to 
la rge-sca le  manufacture .  In addi t ion to showing the prac t ica l  value  of these 
control led  mois ture  mater ia ls ,  these resul ts  emphasize the need for  a more  
precise knowledge  of the  mois ture  level  present  in the "dry"  gaseous ambients  
commonly  used in studies of semiconductor  surface propert ies .  

It is well-known that the chemical composition of 
the gas phase adjacent to a semiconductor surface 
plays an important role in determining the electrical 
properties of that surface (1-3). Water vapor is 
perhaps the most striking example of this fact. High 
relative humidities produce severe and erratic cur- 
rent leakage paths across the surface of silicon and 
germanium crystals; changes in the humidity at 
moderate levels produce pronounced changes in the 
su r f ace  conduct ivi ty  and  su r f ace  r e c o m b i n a t i o n  
ve loc i ty .  In  t he  m a n u f a c t u r e  of s emiconduc t o r  d e -  
v ices  i t  was  th is  h igh  s ens i t i v i t y  to changes  in t he  
m o i s t u r e  l eve l  w h i c h  caused  the  i n t r o d u c t i o n  of 
h e r m e t i c  sea l ing  of devices .  Yet ,  a l t h o u g h  th is  h e r -  
me t i c  sea l ing  g e n e r a l l y  r e m o v e d  the  e r r a t i c  b e -  
hav io r s  a s soc ia t ed  w i t h  gross  moi s tu re ,  t h e r e  r e -  
m a i n e d  d a y - t o - d a y ,  seasonal ,  a n d  ag ing  v a r i a t i o n s  
in t he  p a r a m e t e r s  of p r o d u c t i o n  devices .  In  o r d e r  to 
r e d u c e  these  va r i a t i ons ,  i t  was  f o u n d  n e c e s s a r y  to in -  
se r t  m o i s t u r e  a d s o r b i n g  m a t e r i a l s  in to  the  h e r -  
m e t i c a l l y  sea l ed  dev ice  encapsu la t ions .  This  t e c h -  
n ique  y i e l d e d  a m o r e  r e p r o d u c i b l e  p roduc t ,  b u t  i t  
f r e q u e n t l y  a c c o m p l i s h e d  th is  at  t he  e x p e n s e  of l a r g e  
shi f ts  in t he  leve ls  of some of the  dev ice  p a r a m e t e r s .  

I t  is t he  p u r p o s e  of th is  p a p e r  to p r e s e n t  t he  r e -  
sul ts  of n e w  e x p e r i m e n t a l  s tud ies  of the  effects of 
m o i s t u r e  on the  p a r a m e t e r s  of g e r m a n i u m  t r ans i s to r s .  
These  r e su l t s  i nd i ca t e  t h a t  t he  p r e s e n c e  of m o i s t u r e  
v a p o r  at  v e r y  low leve ls  con t inues  to e x e r t  a s t r o n g  
inf luence  on s e m i c o n d u c t o r  su r face  p rope r t i e s ,  a con-  
c lus ion  sugges t ed  b y  p r e v i o u s  w o r k  (4 -7 ) ,  b u t  no t  
e x p e r i m e n t a l l y  ver i f ied.  In  add i t ion ,  these  r e su l t s  
show t h a t  t he  r a t h e r  d i s r u p t i v e  ro le  c o m m o n l y  as -  
soc ia ted  w i t h  m o i s t u r e  in t he  m a n u f a c t u r e  of s e m i -  
conduc to r  dev ices  can  be  c o n v e r t e d  into  a con-  
s t r uc t i ve  one b y  se lec t ion  and  con t ro l  of t he  m o i s t u r e  
level .  Las t ly ,  these  r e su l t s  e m p h a s i z e  t he  neces s i t y  of 
be ing  ab l e  to m a k e  a q u a n t i t a t i v e ,  r a t h e r  t h a n  q u a l i -  
t a t ive ,  s t a t e m e n t  of t he  d r y n e s s  l eve l  in  t he  a d j a c e n t  

gaseous  a m b i e n t  in e x p e r i m e n t a l  s tud ies  of s e m i -  
conduc to r  sur faces  and  s e m i c o n d u c t o r  devices .  

Experimental Method 
The e x p e r i m e n t a l  m e t h o d  cons i s ted  of e s t a b l i s h -  

ing, in p r inc ip le ,  a cons t an t  m o i s t u r e  p a r t i a l  p r e s s u r e  
w i t h i n  an  h e r m e t i c a l l y  sea led  s e mic onduc to r  device .  
This  c on t ro l l e d  m o i s t u r e  p r e s s u r e  was  ach i eved  
t h r o u g h  the  u t i l i z a t i on  of t h e  t h e r m o d y n a m i c  e q u i -  
l i b r i u m  tha t  ex is t s  b e t w e e n  two  c h e m i c a l  phases  in 
d i f ferent ,  bu t  ad j acen t ,  deg rees  of h y d r a t i o n .  This  is 
i l l u s t r a t e d  b y  Eq. [ 1 ] w h e r e  t he  

2CaSO4 �9 1/2H20 (So l id )  ~ 2CaSO, (So l id )  

+ H20 ( V a p o r  P h a s e )  [1]  

h a l f - h y d r a t e  of ca l c ium su l fa t e  is shown  in e q u i l i b -  
r i u m  w i t h  a n h y d r o u s  ca lc ium su l fa t e  and  w a t e r  
vapor .  The  e q u i l i b r i u m  cons t an t  for  th is  r e a c t i o n  is 
the  w a t e r  p a r t i a l  p r e s s u r e  (Eq. [ 2 ] ) .  As  long as 
specific, c r y s t a l l i n e  

Koq = p~o [2]  

phases  of bo th  sol ids a r e  p r e s e n t  in a c losed  sys tem,  
and  as long  as suff icient  t i m e  fo r  e q u i l i b r a t i o n  has  
been  a l l ow e d  at  a g iven  t e m p e r a t u r e ,  t he  m o i s t u r e  
p a r t i a l  p r e s s u r e  in t he  a d j a c e n t  gas  p h a s e  w i l l  r e -  
m a i n  cons tan t ,  i n d e p e n d e n t  of t he  t o t a l  a m o u n t  of 
m o i s t u r e  enc losed  in t he  sys tem.  

The  e q u i l i b r i u m  p r e s s u r e  of w a t e r  w i l l  be  t e m -  
p e r a t u r e  d e p e n d e n t ,  v a r y i n g  in a c c o rda nc e  w i t h  an  
A r r h e n i u s  express ion ,  as long  as no p h a s e  changes  
occur  in the  two  solids.  In  Eq. [3]  AH ~ is t he  s t a n d -  
a rd  hea t  of reac t ion .  ( •  ~ can  be  

Keq = A exp  - -AH~  [3]  

e x p e c t e d  to h a v e  some t e m p e r a t u r e  dependence .  In  
add i t ion ,  the  w a t e r  p a r t i a l  p r e s s u r e  w i l l  show a 
s m a l l  d e p e n d e n c e  on to t a l  p r e s s u r e  if  an  i ne r t  gas is 
p r e s e n t  in t he  sys t em;  th i s  d e p e n d e n c e  is d e t e r -  

589 
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Fig. 1. Comparison of reactive and adsorptive moisture getters, 
Relative humidity vs. total encapsulated moisture. 

Table I. Equilibrium moisture partial pressures above several 
inorganic compound systems as calculated from 

thermodynamic data 

P a r t i a l  p r e s s u r e  
S y s t e m  a t  25 ~ in  m m  of H g  

BaG: Ba (OH) ,  2 X 10 -1~ (approx)  
C a O : C a ( O H ) ,  5 X 10 -9 
M g O : M g ( O H ) ,  5 X 10-' 
B~O~:HBO2 3 X 10 -~* 
CaSO,: CaSO,. ~/zH~O 3 X 10 -~** 
HBO~:H~BO, 1 X 10-' 
CaSO,. Z~H~O: CaSO~-2H.~O 5t 

Liquid  wa te r  23.76 

* C a l c u l a t e d  fo r  a g lassy  B208 p h a s e .  
** C a l c u l a t e d  f o r  t h e  f l - h e m i h y d r a t e  a n d  t h e  f l - a n h y d r o u s  phase s .  

C a l c u l a t e d  f o r  t h e  f l - h e m i h y d r a t e  phase .  

m i n e d  b y  the  v o l u m e  change  occu r r ing  in  t he  r e -  
ac t ion . )  1 

This  t y p e  of b e h a v i o r  is d i s t i n c t l y  d i f fe ren t  f rom 
the  c o m m o n l y  used,  a d s o r p t i v e  des iccants ,  e.g., s i l ica  
gel, a c t i v a t e d  a lumina ,  etc., w h e r e  t he  m o i s t u r e  p a r -  
t i a l  p r e s s u r e  is s t r o n g l y  d e p e n d e n t  on the  t o t a l  
a m o u n t  of m o i s t u r e  t h a t  is enc losed  in  t h e  sys tem.  
In Fig.  12 t h e r e  is s h o w n  a c o m p a r i s o n  of the  r e a c t i v e  
t y p e  of m o i s t u r e  g e t t e r  v s .  t he  a d s o r p t i v e  types .  This  
f igure  has  been  c o n s t r u c t e d  for  t he  fo l lowing  h y -  
po the t i c a l  s i tua t ion .  Cons ide r  t ha t  in a 1 cm 2 v o l u m e  
is 100 m g  of ge t te r .  One t hen  asks:  W h a t  is the  r e l a -  
t ive  h u m i d i t y  in t h a t  v o l u m e  at  e q u i l i b r i u m  at  25~ 
for  va r i ous  a m o u n t s  of e n c a p s u l a t e d  w a t e r  w i t h i n  
t ha t  v o l u m e ?  The  a n s w e r  for  the  a d s o r p t i v e  ge t t e r s  
is t ha t  t h e r e  is a w ide  v a r i a t i o n  in the  r e l a t i v e  h u -  
m i d i t y  w i t h  t he  a m o u n t  of e n c a p s u l a t e d  mo i s tu re .  In  
the  e x a m p l e  shown  here ,  the  m o l e c u l a r  s ieve  shows 
va r i a t i on ,  b u t  a t  a v e r y  low leve l  of r e l a t i v e  h u -  
m i d i t y  in c o m p a r i s o n  w i t h  the  po rous  vycor ,  s i l ica  
gel, and  a c t i v a t e d  a lumina .  These  cu rves  show b e -  
hav io r s  c h a r a c t e r i s t i c  of t r ue  su r face  a d s o r p t i o n ?  In  
cont ras t ,  t h e  m i x t u r e  of a n h y d r o u s  and  h e m i h y -  
d r a t e d  ca l c ium su l f a t e  shows a cons t an t  r e l a t i v e  
h u m i d i t y  up  to the  po in t  w h e r e  the  a n h y d r o u s  p h a s e  
c o m p l e t e l y  d i s appea r s .  A f t e r  th is  has  occur red ,  t he  
a d d i t i o n  of f u r t h e r  m o i s t u r e  causes  an a b r u p t  i n -  
c rease  in the  r e l a t i v e  h u m i d i t y .  

If  o t h e r  c h e m i c a l  spec ies  a r e  used  in p l a c e  of the  
ca lc ium sulfa te ,  d i f fe ren t  b u t  s i m i l a r l y  c o n t r o l l e d  
m o i s t u r e  p a r t i a l  p r e s s u r e s  can be  ach ieved .  In  Tab le  
I a r e  shown  seve ra l  sy s t ems  of i no rgan ic  c o m p o u n d s  
t o g e t h e r  w i t h  c a l c u l a t e d  v a l u e s  of t h e i r  e q u i l i b r i u m  
m o i s t u r e  p a r t i a l  p re s su res .  A l l  of t he  va lue s  shown  
have  been  c o m p u t e d  f rom t h e r m o d y n a m i c  d a t a  in 
t he  l i t e r a t u r e  ( l l ) ,  u s ing  the  r e l a t i o n  ~ g iven  b y  
Eq. [4] .  Some  have  been  q u a l i t a t i v e l y  

A F  ~ = - - R T  In Ko~ [4]  

z F o r  f u r t h e r  d i s c u s s i o n  of  t h e  s u b j e c t  of  h e t e r o g e n o u s  e q u i l i b r i u m ,  
see,  f o r  e x a m p l e ,  t h e  t r e a t i s e  on  t h e  p h a s e  r u l e  by  R i c c i  (8 ) .  

T h e  d a t a  f o r  t h i s  f i gu re  w e r e  o b t a i n e d  f r o m  C o r n i n g  G l a s s  (9) 
a n d  L i n d e  C o m p a n y  (10) a n d  f r o m  t h e r m o d y n a m i c  d a t a  t a b u l a t e d  
by  t h e  N B S  (11}.  I t  w a s  n e c e s s a r y  to e x t r a p o l a t e  t h e  d a t a  to  s h o w  
t h e  l o w  r e l a t i v e  h u m i d i t y  b e h a v i o r  of  t h e  a d s o r p t i v e  g e t t e r s .  T h e  
c u r v e s  s h o w n  s h o u l d  b e  c o n s i d e r e d  p u r e l y  q u a l i t a t i v e .  

a See ,  f o r  e x a m p l e ,  t h e  t r e a t i s e  on  s u r f a c e  f i lms  by  H a r k i n s  (12) .  

4 No v a l u e  is  l i s t ed  fo r  AF ~ of f o r m a t i o n  of  B a  (OH)e .  S i n c e  i t  w a s  
o b s e r v e d  t h a t  t h e  AS ~ f o r  t h e  r e a c t i o n  Ca ( O H ) e  ~- CaO + HeO, w a s  
i d e n t i c a l  to  t h a t  f o r  t h e  M g  ( O H ) e  r e a c t i o n ,  t h i s  s~me v a l u e  w a s  a s -  
s u m e d  f o r  B a ( O H ) e  i n  o r d e r  to  c a l c u l a t e  t h e  AF ~ N o t e  a lso  t h a t  
f u g a c i t y  = p r e s s u r e  a t  t h e s e  l o w  p r e s s u r e s  (13) .  

c he c ke d  b y  the  K n u d s e n  MethOd of m e a s u r i n g  the  
r a t e  of effusion t h r o u g h  a p in  ho le?  

The  m a t e r i a l s  l i s t ed  above  have  been  f o u n d  e x -  
p e r i m e n t a l l y  to sa t i s fy  the  c r i t e r i a  of chemica l  and  
e l ec t r i ca l  i ne r tne s s  w i t h  r e spe c t  to g e r m a n i u m  d e -  
v ice  surfaces ,  as sha l l  be  seen subse que n t l y ,  a p -  
p a r e n t l y  e x e r t i n g  inf luence  on the  dev ices  p r i m a r i l y  
t h r o u g h  the i r  con t ro l  of t he  m o i s t u r e  p a r t i a l  p r e s -  
sure.  

Experimental  Results 

The  fo l lowing  r e su l t s  w e r e  o b t a i n e d  b y  e n c a p -  
su la t ing ,  w i t h i n  h e r m e t i c a l l y  sea led  t r ans i s to r s ,  t h e  
specif ied " c o n t r o l l e d  a m b i e n t "  m a t e r i a l s  in a m o u n t s  
sufficient  to m a i n t a i n  t he  r e q u i r e d ,  t w o  sol id  p h a s e  
sys tem.  The  g e r m a n i u m  p n p  p o w e r  t r a n s i s t o r s  w e r e  
p roces sed  n o r m a l l y  t h r o u g h  e l e c t ro ly t i c  e tch  in bas ic  
solut ion,  r inse ,  a n d  dry .  The  specif ied m a t e r i a l s  w e r e  
t hen  a d d e d  a n d  the  e n c a p s u l a t i o n  sea l ed  i m m e d i a t e l y  
in r o o m  air .  The  m a t e r i a l s  w e r e  a d d e d  w i t h  no a t -  
t e m p t  to p r e v e n t  t h e i r  con tac t ing  t h e  g e r m a n i u m  
surface .  

The  h i g h - f r e q u e n c y ,  g e r m a n i u m  p n p  t r a n s i s t o r s  
w e r e  p roces sed  n o r m a l l y  t h r o u g h  e l e c t r o l y t i c  e tch,  
r inse,  dry ,  and  v a c u u m  bake .  The  c on t ro l l e d  a m b i e n t  
m a t e r i a l s  w e r e  t h e n  a d d e d  and  the  e n c a p s u l a t i o n  
sea l ed  i m m e d i a t e l y .  In  th is  case  p h y s i c a l  con tac t  b e -  
t w e e n  the  m a t e r i a l s  and  the  g e r m a n i u m  was  p r e -  
v e n t e d  for  m e c h a n i c a l  reasons .  

F i g u r e  2 shows  the  effect of d i f fe ren t  m o i s t u r e  con-  
t r o l l i ng  m a t e r i a l s  on the  p o w e r  ga in  of g e r m a n i u m  
p o w e r  t r ans i s to r s .  Each  c h a r t  is a h i s t o g r a m  showing  
the  d i s t r i b u t i o n  of dev ices  in t he  va r i ous  p o w e r  ga in  
r a n g e s  for  the  g iven  c on t ro l l e d  a m b i e n t  m i x t u r e .  
(The  p o w e r  ga in  r a n g e  to t he  r i g h t  of 41 db  con ta ins  
dev ices  w i t h  P.G.  >_-- 41 db . )  The  o r d e r e d  d e p e n d e n c e  
of p o w e r  ga in  on the  c a l c u l a t e d  m o i s t u r e  p a r t i a l  
p r e s s u r e  ( T a b l e  I)  a t  these  v e r y  low leve ls  is s t r i k -  
i n g l y  a p p a r e n t .  I n c r e a s i n g  the  m o i s t u r e  p r e s s u r e  
inc reases  the  p o w e r  gain.  

P a r a m e t e r  m e a s u r e m e n t s  w e r e  m a d e  fo l lowing  
a 96 h r  t h e r m a l  t r e a t m e n t  a t  125~ a n d  a s u b s e q u e n t  
r e c o v e r y  at  r oom t e m p e r a t u r e  for  a m i n i m u m  t i m e  
of 12 hr.  

5 O u r  m e a s u r e d  v a l u e s  on  r e a g e n t  g r a d e  h e m i h y d r a t e  of c a l c i u m  
s u l f a t e  w e r e  a p p r o x i m a t e l y  0.06 m m  of H g  a t  25~ S e v e r a l  p h a s e  
m o d i f i c a t i o n s  of  a n h y d r o u s  a n d  h e m i b y d r a t e d  c a l c i u m  s u l f a t e  a r e  
r e p o r t e d  i n . t h e  l i t e r a t u r e .  T h e  v a l u e  s h o w n  i n  T a b l e  I w a s  c a l c u -  
l a t e d  f o r  t h e  f l - p h a s e  of e a c h .  
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Fig. 2. Effect of moisture level on power gain of germanium pnp 
power transistors. 

Fig. 3. Effect of moisture level on low voltage saturation current 
of germanium pnp power transistors. 

The des igned func t i on  of the  BaO in  these  m i x -  
tu res  is to dehyd ra t e  a por t ion  of the h y d r a t e d  phase  
in  order  to es tabl ish  the  two phase  equ i l i b r ium.  The 
BaO becomes comple te ly  conver ted  to Ba(OH)~ by  
this  process and  does no t  a p p a r e n t l y  affect the  equ i -  
l i b r i u m  in  any  o ther  m a n n e r .  Tha t  this  is, in  fact, the  
rea l  func t ion  of the  BaO is bo rne  out b y  the  be -  
havior  of the data;  in  addi t ion,  it was  verif ied ex -  
p e r i m e n t a l l y  by  v a r y i n g  the  ra t io  of BaO to CaSO~. 
1/2H.~O and  by us ing  m i x t u r e s  of CaSO,.  1/2H_~O and  
CaSO, w i thou t  BaO, bo th  of which  p roduced  resul t s  
tha t  were  s ta t i s t ica l ly  i nd i s t i ngu i shab le  f rom the  
BaO + CaSO~ �9 1/aH~O resul t s  shown  in Fig. 2. 

Each of the  h i s tograms in  Fig. 2 was p r epa red  f rom 
50 devices which  were  r a n d o m l y  selected f rom one 
week ' s  p roduc t ion  run .  Sta t is t ica l  ana lys is  of the  
data  used for Fig. 2 indica tes  tha t  the  difference be -  
tween  the  m e a n  of each m i x t u r e  and  tha t  of the  BaO 
lies in  the  i n t e rva l  shown in  Tab le  II, w i th  95% con-  
fidence. F r o m  this  it can be seen tha t  by  reduc ing  the  
mois tu re  level  f rom a ca lcula ted  50 ppm (BaO q- 
CaSO~. 1/2H~O) in  air  to an  e x t r e m e l y  d ry  condi -  
t ion  (BaO) ,  the  power  ga in  can be lowered  by  abou t  
6 db. [I t  migh t  be no ted  tha t  " v a c u u m  b a k e - o u t "  
p lus  molecu la r  sieve ge t te r  gives power  gains  tha t  
are s imi la r  to the BaO + Mg(OH)~ system.]  

Table II. Comparison of mean power gains of pnp germanium 
power transistors for different controlled ambient materials 

M e a n  P.G.  P . G . - - P . G .  
a f t e r  (BaO) -4- 95% 

No. of t h e r m a l  c o n f i d e n c e  
M i x t u r e  dev ices  t r e a t m e n t  l i m i t s  

BaO 240 32.9 - -  
BaO + Mg(OH)~ 46 35.8 2.9 • 0.8 
BaO + HBO~ 45 37.6 4.7 • 0.8 
BaO -~ CaSO,-V2H~O 49 38.5 5.6 • 0.7 
BaO -~ H3BO3 48 42.6 9.7 • 1.1 

BaO r e p r e s e n t s  5 day,  48 dev ices  pe r  day.  R e m a i n d e r  r e p r e s e n t  s in-  
g le  days.  C o m p a r i s o n  is w i t h  5 day  BaO ave rage ,  t h i s  b e i n g  t he  con-  
t ro l  g roup .  A h i s t o g r a m  for  one  of these  BaO g r o u p s  is g i v e n  in  
F ig .  2. 

These  r e p r e s e n t  good dev ices  in  t he  sense  t h a t  b o t h  e m i t t e r  and  col-  
l ec tor  d iodes  s h o w e d  r ea sonab le  r e v e r s e  b r e a k d o w n  v o l t a g e s  and  col- 
l ec tor  to  e m i t t e r  p u n c h - t h r o u g h  v o l t a g e s  we re  r e a s o n a b l y  h igh .  

The behav io r  of the  common  emi t t e r  c u r r e n t  ga in  
was  m e a s u r e d  and  was  as expected  f rom the  power  
ga in  me a su r e me n t s ,  i.e., P.G. (db)  cc log hfe for the  
same emi t t e r  cu r ren t .  

F igu re  3 shows h i s tograms  of the  low vol tage  
sa tu ra t ion  c u r r e n t  for the  same devices used in  Fig. 
2. (The  cell to the  r igh t  of 110 ~a conta ins  devices 
wi th  IcBo ~ 110 ~a.) The  t e m p e r a t u r e  of m e a s u r e -  
m e n t  was  26 ~ • 1~ As can be seen, the re  is aga in  
an  ordered  dependence  of Icao on the  ca lcula ted  
mois tu re  pressure .  Inc reas ing  the mois tu re  level  
decreases the  IcBo of these devices, except  for the  
or thobor ic  acid group  wh ich  shows a b imoda l  dis-  
t r ibu t ion .  Af te r  f u r t he r  r ecovery  at room t e m p e r a -  
ture ,  this  d i s t r i bu t ion  becomes un imoda l ,  l ike the  
o ther  groups,  w i th  a s t rong peak  in  the  cell  w i th  the  
lowest  cur ren t .  S ince  the power  ga in  in  this  group 
recovers  more  r a p i d l y  f rom the 125~ hea t ing  t h a n  
does the  Ie~o, it  appears  tha t  in  this  case those chemi-  
cal processes, which  affect the  surface r e c o m b i n a t i o n  
velocity,  s tabi l ize  w i t h i n  12 hr ;  on the  o ther  hand ,  
there  appears  to be an  add i t iona l  factor  affecting the  
Ic~o, which  factor  requ i res  a longe r  t ime  for r e -  
covery  t h a n  does the  surface  r e c o m b i n a t i o n  velocity.  

F igu re  4 shows tha t  the  effect of a m b i e n t  mo i s tu re  
cont ro l  persis ts  up to 100~ Here  each h i s tog ram 
inc ludes  100 devices. The low vol tage  sa tu ra t ion  cu r -  
r en t s  of devices con ta in ing  the  me tabor ic  acid m i x -  
tu res  are  c lear ly  wel l  be low those of the  d r ye r  de-  
vices which  were  g iven  a " v a c u u m  b a k e - o u t "  and  
which  con ta in  molecu la r  sieve. 

Other  device p a r a m e t e r s  were  also fol lowed in  
these expe r imen t s .  The low vol tage  I~Bo showed a 
behav io r  tha t  was  v e r y  s imi la r  to tha t  of IcBo. The 
b r e a k d o w n  vol tages  of the  collector j unc t i ons  were  
a p p r o x i m a t e l y  the  same for all  of the  "cont ro l led  
a m b i e n t "  ma te r i a l s  except  for the boric acid groups 
which  caused b r e a k d o w n  at  lower  vol tages?  The 
emi t t e r  b r e a k d o w n  vol tages  be ha ve d  in  a m a n n e r  
s imi la r  to those for the collectors. 

The  o r t h o b o r i c  ac id  a p p e a r e d  to  l o w e r  the  b r e a k d o w n  v o l t a g e  
s l igh t ly .  The  m e t a b o r i c  ac id  l o w e r e d  i t  by  an a v e r a g e  of a b o u t  20v. 
Thus ,  i t  appea r s  t h a t  t he  bor ic  ac ids  m a y  be a c t i n g  i n  some capac i ty  
i n  a d d i t i o n  to p r o v i d i n g  mo i s tu r e .  
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Fig. 4. Effect of controlled ambient material on low voltage 
saturation current of germanium pnp power transistors at 100~ 

Cold tests showed no diode looping associated wi th  
condensed  water ,  a resu l t  cons is ten t  wi th  the low 
re la t ive  humid i t i e s  w i t h i n  these  devices. S t r e nuous  
shake tests p roduced  no changes  in  most  p a r a m e t e r s  
and  only  s l ight  changes  ( w i t h i n  specifications) in  
others. 

The effects of 1000 hr  of 125~ shelf  aging on the  
power  ga in  and  the  low vol tage  Ic~o are p resen ted  in  
Tables  III  and  I V / T h e s e  data  ind ica te  tha t  acceler-  
ated aging at 125~ of these devices con ta in ing  con-  

7 T h e  d e v i c e  g r o u p s  i n  T a b l e s  I I I  a n d  IV a r e  n o t  t h e  s a m e  as  t h o s e  
in  T a b l e  I .  T h e  s m a l l  d i f feTences  in  t h e  m e a n s  f o r  t h e  s a m e  con-  
t r o l l e d  a m b i e n t  m a t e r i a l  c a n  he  a s c r i b e d  to  d i f f e r e n c e s  i n  g r o u p  s izes  
a n d  to v a r i a t i o n s  in  p r o d u c t i o n  r u n s .  

Table III. Thermal aging of pnp germanium power transistors 
at 125~ for 1000 hr, effect on power gain 

M e a n  
P . G .  C h a n g e  

M e a n  P . G .  a f t e r  i n  m e a n  
a f t e r  1000 w i t h  95% 

No,  of t h e r m a l  h r  a t  c o n f i d e n c e  
d e v i c e s  t r e a t m e n t  125~ l i m i t s  M i x t u r e  

BaO 19 32.4 33.0 0.6 • 0.2 
Molecular sieve 239 35.2 34.9 --0.3 • 0.1 
BaO:Mg(OH)~ 20 36.1 35.1 --1.0 ___ 0.3 
BaO: HBO~ 237 38.8 37.2 --1.6 ___ 0.1 

*BaO: CaSO,. l~H~O 113 39.5 38.2 --1.3 • 0.2 

* T h i s  g r o u p  r e c e i v e d  1300 h r  a t  125~ 

Table W. Thermal aging of pnp germanium power transistors 
at 125~ for 1000 hr, effect on low voltage IcBo 

M e d i -  M e d i -  
an** an** 
a f t e r  a f t e r  

t h e r m a l  1000 h r  P e r  c e n t  c h a n g e  in  
t r e a t -  a t  125~C, m e d i a n  w i t h  95% 

mer i t ,  ~a ~a  c o n f i d e n c e  l i m i t s  
No.  of 

M i x t u r e  d e v i c e s  

BaO 19 75.9 80.8 6.4 (2.8-10.0) 
Molecular 

sieve 239 68.7 81.0 18.1 (16.5-19.8) 
BaO:Mg(OH)~ 20 58.1 6B.O 17.1(4.5-31.1) 
BaO: HBO_~ 237 50.3 71.6 40.5 (37.6-43.5) 

*BaO: CaSO~. 
:/2H_~O 113 62.1 57.9 --4.0 (--7.4---0,5) 

* T h i s  g r o u p  r e c e i v e d  1300 h r  a t  125~ 
** M e d i a n  c o m p u t e d  f r o m  t h e  f o r m u l a :  

M e d i a n  = 10log i, w h e r e  log  I is  t h e  m e a n  v a l u e  of log ICBO. 
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t ro l led  a m b i e n t  ma te r i a l s  produces  changes  tha t  are 
comparab le  to c u r r e n t  p roduc t ion  practice.  

Compar i sons  were  made  of the  ra te  of s tab i l iza t ion  
of hfe, af ter  cann ing ,  at room t e m p e r a t u r e  vs. tha t  at 
125~ all m e a s u r e m e n t s  be ing  made  at  room t e m -  
pe ra tu re .  In  the  case of BaO, g rea te r  t h a n  95% of 
the tota l  drop in  h~e af ter  1000 hr  at 125~ had  oc- 
cu r red  w i t h i n  the first day.  On the o ther  hand ,  the 
room t e m p e r a t u r e  s tab i l iza t ion  showed a c o n t i n u -  
ously  d ropp ing  hfe out to 1000 hr, wi th  a cons tan t ly  
decreas ing  rate.  At  1000 hr  the h~e level  was sti l l  
cons ide rab ly  h igher  t h a n  in  the  devices tha t  were  
hea ted  at 125~ It  is no t  clear  f rom these data  
w he t he r  or not  the  hfe level  d u r i n g  25 ~ s tabi l iza t ion  
is a sympto t i ca l ly  approach ing  the  level  r ap id ly  a t -  
t a ined  at 125~ (a l though  this  is the best  su rmise) .  
L ikewise  it is not  clear  tha t  the s tabi l iza t ion  process 
at 25~ is k ine t i ca l ly  cont ro l led  by  the ox ida t ion  of 
the g e r m a n i u m  surface,  or  by  the d e h y d r a t i o n  of the 
surface oxide, or by  the desorp t ion  of mo i s tu re  f rom 
the device in ter ior ,  or by  the  up t ake  of w a t e r  by  the  
BaO. 

The effect of power  aging (T~ = 90~ and  VcE z 
40v) is shown  in Table  V. T a b u l a t e d  the re  a re  the  
power  gains of eight  devices of each group:  BaO, 
molecu la r  sieve, and  BaO + CaSO~. 1/2H~O. Meas-  
u r e m e n t s  were  made  af ter  125~ t h e r m a l  t r e a t m e n t  
at 500 hr  and  at 1000 hr. There  appears  to be l i t t le  
difference in  power  aging behav io r  w i th  these  d i f -  
fe ren t  cont ro l led  a m b i e n t  ma te r i a l s  and  the  mole -  
cular  sieve. S ta t i s t ica l  ana lys is  corrobora tes  this  ob-  
se rva t ion  for the  above groups and  also for BaO 
HBO.. and  BaO + Mg(OH)~, on both  power  ga in  and  
low vol tage  IcBo paramete r s .  

Table V. Power aging of pnp germanium power transistors with 
T~ ~ 90~ and VcE z 40v, effect on power gain 

I n i t i a l  500 h r  1000 h r  

Eight devices containing BaO 

32.3 32.0 32.1 
33.2 33.0 32.7 
32.5 32.7 32.7 
33.0 33.2 33.2 
34.9 34.9 35.2 
34.0 34.3 34.5 
34.6 34.7 35.0 
34.5 34.7 35.0 

Eight devices containing molecular  sieve 

41.7 38.0 38.4 
36.4 36.5 36.3 
36.8 35.8 35.5 
37.8 37.6 37.8 
40.2 40.4 40.9 
39.4 40.3 40.7 
41.4 41.5 41.8 
40.4 40.6 40.8 

Eight devices containing BaO ~- CaSO4.1/eH20 

39.4 39.4 39.5 
38.2 38.3 38.2 
34.0 34.0 34.2 
35.2 35.3 35.3 
39.0 39.1 39.4 
40.1 40.7 41.0 
39.2 39.1 39.6 
38.2 38.6 36.4 
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Fig. 5. Effect of moisture level on current gain of germanium pnp 
high-frequency transistors. 

Cont ro l l ed  a m b i e n t  m a t e r i a l s  w e r e  a p p l i e d  to a n -  
o the r  device ,  a h i g h - f r e q u e n c y  p n p  g e r m a n i u m  t r a n -  
s is tor .  F i g u r e  5 shows  the  effect of m o i s t u r e  con t ro l  
on the  c u r r e n t  ga in  of th i s  d i f fused  j u n c t i o n  device .  
These  h i s t o g r a m s  w e r e  each  p r e p a r e d  f rom 100 d e -  
vices,  r e p r e s e n t i n g  20 r a n d o m  s a m p l e s  f rom the  p r o -  
duc t ion  on each  of five days .  The  e n h a n c e m e n t  of 
ga in  ach i eved  b y  con t ro l l i ng  the  m o i s t u r e  a t  a f inite 
l eve l  ove r  t h a t  o b t a i n e d  in the  v e r y  d r y  cond i t ion  
is mos t  e v i d e n t  in the  h igh  ga in  p o r t i o n  of t he  d i s -  
t r i bu t ions .  P a r a m e t e r s  w e r e  m e a s u r e d  on these  d e -  
vices  a f t e r  a t h e r m a l  t r e a t m e n t  of 144 h r  a t  125~ 
The  h i s t o g r a m  was  p r e p a r e d  f r o m  these  da ta .  The  
m e d i a n  /~'s in these  two  g roups  w e r e :  BaO, 35.9; 
BaO q- HBO~, 39.6. The  m e d i a n  v a l u e  of fl has  been  
c a l c u l a t e d  on the  bas is  of a log  n o r m a l  d i s t r i bu t i on .  

F i g u r e  6 shows  the  effect of 125~ shel f  ag ing  on ft. 
The  in i t i a l  ag ing  p a t t e r n  is d i s t i n c t l y  b e t t e r  w i t h  
m e t a b o r i c  ac id  t h a n  w i t h  the  v e r y  d r y  s y s t e m  con-  
t a i n ing  BaO. A t  l o n g e r  t imes  the  two  cu rves  a p p e a r  
to age  d o w n w a r d  at  a b o u t  t he  s ame  r a t e  w i t h  t he  
con t ro l l ed  m o i s t u r e  s y s t e m  m a i n t a i n i n g  its e n h a n c e d  
c u r r e n t  ga in  r e l a t i v e  to t he  v e r y  d r y  sys tem.  

Discussion 

The d a t a  p r e s e n t e d  a b o v e  ind ica t e  t h a t  c e r t a i n  
p a r a m e t e r s  of g e r m a n i u m  t r a n s i s t o r s  d e p e n d  v e r y  

40 

35 

~BaO 

MEDIAN /9 vs TIME AT 125eC 

B 30 

0 200 400 600 800 I000 
TIME IN HOURS 

F i g .  6 .  Effect of ambient moisture control on elevated temperoture 
shelf aging of ft. High-frequency germanium transistors. 

sens i t i ve ly  and  r e p r o d u c i b l y  on m o i s t u r e  p a r t i a l  
p r e s su re s  at  l eve l s  f r o m  a b o u t  80 p p m  to b e l o w  1 
p p m  in air .  The  p a r a m e t e r s  t hus  af fec ted  a r e  those  
w h i c h  a r e  s t r o n g l y  in f luenced  b y  su r face  r e c o m b i n a -  
t ion  ve loc i t y  (or  su r face  g e n e r a t i o n  r a t e ) .  The  s i m -  
p l e s t  i n t e r p r e t a t i o n  to be  m a d e  of t he se  o b s e r v a t i o n s  
is t ha t  even  a t  these  v e r y  low p a r t i a l  p re s su res ,  su f -  
f icient w a t e r  is a d s o r b e d  onto the  g e r m a n i u m  (or  
g e r m a n i u m  ox ide )  su r f ace  to affect  the  su r f ace  p r o p -  
e r t i e s  a p p r e c i a b l y .  A c c o r d i n g  to the  w o r k  of L a w  
(14) ,  m o n o l a y e r  a d s o r p t i o n  of w a t e r  onto  a g e r m a -  
n i u m  su r f ace  does no t  b e c o m e  c o m p l e t e  u n t i l  a r e l a -  
t ive  h u m i d i t y  of a b o u t  10% is r e a c h e d  ( th i s  r e l a -  
t ive  h u m i d i t y  in a i r  a t  1 a t m  p r e s s u r e  a t  25~ co r -  
r e s p o n d s  to abou t  2000 p p m  of H~O). Consequen t ly ,  
the  p r e s e n t  r e su l t s  sugges t  t ha t  w a t e r  p l a y s  p e r h a p s  
its d o m i n a n t  ro le  in  a f fec t ing  su r face  r e c o m b i n a t i o n  
ve loc i t y  in t he  r eg ion  b e l o w  one m o n o l a y e r ,  a con-  
c lus ion  t ha t  is cons i s t en t  w i t h  t he  w o r k  of L a w  and  
Meigs  (4) .  

The  d e t a i l e d  m e c h a n i s m  of how a d s o r b e d  w a t e r  
ach ieves  th is  effect is no t  c lear .  H o w e v e r ,  s ince  
w a t e r  is k n o w n  to induce  n - t y p e  c h a n n e l s  (15) on 
p - t y p e  g e r m a n i u m ,  i t  has  been  p o s t u l a t e d  t ha t  a d -  
so rbed  w a t e r  mo lecu le s  b e h a v e  l ike  slow, h o l e - t r a p -  
p ing  s ta tes .  This  s ame  p o s t u l a t e  has  been  used  to 
e x p l a i n  obse rva t i ons  of t he  effect of B r a t t a i n - B a r -  
deen  a m b i e n t  cyc l ing  on the  su r face  r e c o m b i n a t i o n  
ve loc i t y  of g e r m a n i u m  ( 1 6 ) ?  On the  o t h e r  hand ,  
m o r e  r ecen t  w o r k  b y  M a r g o n i n s k i  and  F a r n s w o r t h  
(18),  and  others ,  has  sugges t ed  t ha t  a d s o r b e d  w a t e r  
modif ies  the  fas t  s ta te  ene rg ie s  and  dens i t i e s  as we l l  
as s low s ta t e  dens i t ies .  ( I t  shou ld  be  b o r n e  in mind ,  
howeve r ,  t h a t  t he se  l a t t e r  s tud ies  used  v e r y  mois t  
ambien t s ,  r e su l t i ng  in m u l t i p l e  l a y e r s  of a d s o r b e d  
w a t e r  in a r eg ion  w h e r e  t he  a d s o r p t i o n  i s o t h e r m  is 
r i s ing  v e r y  r a p i d l y  w i t h  i nc rea s ing  r e l a t i v e  h u m i d -  
i ty .  Thus,  not  on ly  a re  f i lms of w a t e r  p re sen t ,  w i t h  
a t t e n d a n t  effects a s soc ia t ed  w i t h  ion d r i f t  and  o the r  
e l e c t r o l y t i c  p h e n o m e n a ,  b u t  a lso  the  f i lm th i ckness  is 
in q u e s t i o n a b l e  cont ro l ;  s eve re  compl i ca t ions  in r e -  
p r o d u c i b i l i t y  and  i n t e r p r e t a t i o n  of m e a s u r e m e n t s  
a r e  p resen t .  I t  m i g h t  be h o p e d  t ha t  a m b i e n t  cyc l ing  
b e t w e e n  a t r u l y  d r y  a m b i e n t  and  one t h a t  p r o d u c e s  
less t h a n  m o n o l a y e r  a d s o r p t i o n  w o u l d  g ive  r e su l t s  
t ha t  can  be  r e p r o d u c e d . )  No s t r u c t u r e  has  y e t  been  
p r o p o s e d  for  e i t h e r  t he  s low or  fas t  s ta tes ,  a l t h o u g h  
it  ha s  been  s u g g e s t e d  t h a t  t h e y  a r e  a s soc ia t ed  s o m e -  
how w i t h  t he  f o r m a t i o n  of h y d r o x y  g roups  in t he  
su r face  ox ide  (1, 7) d u r i n g  a s low h y d r a t i o n  r e a c -  
t ion.  [ A t  h i g h e r  m o i s t u r e  p a r t i a l  p re s su res ,  H u t s o n  
(19) a sc r ibes  t he  effect of w a t e r  on su r f ace  p o t e n t i a l  
to a d i e l ec t r i c  p o l a r i z a t i o n  of the  m u l t i l a y e r  w a t e r  
f i lm abou t  unspec i f ied  su r face  donor  ions;  t he  first 
m o n o l a y e r  was  spec i f ica l ly  e x c l u d e d  f rom his  a n a l -  
ys is . ]  

H o w e v e r ,  t h e  s low h o l e - t r a p p i n g  s t a t e  m o d e l  can 
be  used  to g ive  a q u a l i t a t i v e  e x p l a n a t i o n  of t h e  r e -  
su i t s  p r e s e n t e d  he re .  F i g u r e  7 consis ts  of a c o n v e n -  
t iona l  e n e r g y  b a n d  d i a g r a m  for  an  n - t y p e  s e m i c o n -  
duc to r  as i t  t e r m i n a t e s  at  a surface .  A d s o r b e d  w a t e r  
mo lecu le s  a r e  shown  s y m b o l i c a l l y  as H,O �9 a f t e r  

s B r a t t a i n  a n d  B a r d e e n  (1), S t e v e n s o n  and  Keyes  (16), a n d  Many ,  
H a r n i k ,  and  M a r g o n i n s k i  (17) cons ide r  the  t h e o r y  of su r face  r ecom-  
b i n a t i o n  ve loc i ty .  
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Fig. 7. Simple model of the effect on the surface recombination 
velocity of water adsorbed on an n-type semiconductor. 

electronic equi l ibra t ion  wi th  the crystal ,  in accord-  
ance with the slow state model. If it  is assumed that  
the wate r  molecules are neu t ra l  when first adsorbed,  
they must  then give up electrons to the semicon- 
ductor  dur ing the equi l ibra t ion process. These elec-  
t rons may  be t rapped  p redominan t ly  in fast surface 
states, if the la t te r  are sufficiently numerous,  resu l t -  
ing in a negl igible  effect on the surface conduct ivi ty  
and the surface potential .  This was the resul t  found 
in the or iginal  field-effect t rans is tor  exper iments  
(20). However ,  if the fast surface states are r e l a -  
t ive ly  few in number ,  the electrostat ic  field asso- 
ciated with  the  ionized slow states wi l l  pene t ra te  into 
the semiconductor,  resul t ing in a strong effect on the 
surface conduct ivi ty  and the surface potent ial ,  as 
shown in the Fig. 7. 

This simplified model  is sufficient to expla in  the 
present  da ta  as can be seen as follows: Al though 
the electron populat ion in the surface t raps  is in-  
creased by  moisture,  the electric field in the surface 
space charge region opposes the diffusion of holes 
toward  the surface. This l a t te r  accounts for the re -  
duction of in jected car r ie r  loss and the consequent  
increase in a lpha wi th  h igher  mois ture  levels. At  the 
same t ime the higher  electron populat ion in the fast 
surface t raps  reduces the l ikel ihood of the rmal  gen-  
erat ion of holes at the surface since vacant  e lectron 
t raps  are necessary.  This accounts for the reduct ion 
of the surface genera ted  component  of the low vol t -  
age, reverse  diode cur ren t  wi th  increasing moisture.  

In order  to obtain est imates of the surface recom- 
binat ion veloci ty  at  the different mois ture  levels, 
h f e -  IE plots  were  fitted to the Webs te r  equat ion 
(21), which relates  h,~ to doping, geometry,  and 
surface recombinat ion  velocity. F igure  8 shows 
typica l  h~e-- I~ plots for power  t ransis tors  f rom sev- 
era l  groups of control led ambient  encapsulants .  The 
dominat ing influence of surface recombinat ion veloc-  

300 I I I I I 
PLOTS ARE FOR TYPICAL 
DEVICES IN EACH GROUP. 

hfe ~ ~ 
CaS04" Y2H20+BaO ~ ~ ~ ' ~  

I00 I ~ .---... 
......... ~Mg(OH)2+BaO ~ ~ ' l  BoO 

0 ] ' 
0 0.1 0,2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

IE 

Fig. 8. hfe vs. IE for germanium pnp power transistors encap- 
sulated with different controlled ambient mixtures. 
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Table VI. Surface recombination velocities for different 
controlled ambient mixtures as approximated using Webster's 

formula for germanium pnp alloy transistors 

Surface recombination 
Moisture control velocity (approx), 

mixture cm/sec 

BaO 4000 
Mg(OH)~ 4- BaO 2000 
HBO, + BaO 1000 
CaSO4 �9 �89 + BaO 1000 
HsBO~ 4- BaO 500 

i ty  at  low I~ is clear. The power  gain dis t r ibut ions  
previous ly  presented  corresponded to IE = 0.5 amp, 
where  the effects of surface recombinat ion  veloci ty 
are  being pa r t i a l l y  masked  by s t rongly reduced 
emi t te r  inject ion efficiencies due to conduct ivi ty  
modulat ion in the base. 

Only very  approx imate  fits to Webs ter ' s  equation 
were  made. The resul ts  are shown in Table VI. 
Qual i ta t ively ,  they  suggest tha t  in going down from 
a re la t ive  humid i ty  of approx ima te ly  0.4% (H~BO~ 
system) to ve ry  low mois ture  levels,  one can change 
the surface recombinat ion  veloci ty  by a factor  of 
about ten. 

I t  should be noted that  the effect of adsorbed 
mois ture  (as slow states)  on device pa rame te r s  wi l l  
depend on the d is t r ibut ion  of fast states and other 
slow states a l r eady  present  at the surface; the effects 
wil l  also depend on the conduct ivi ty  type  of the body 
region. This is c lear ly  demons t ra ted  in the  exper i -  
ments of Buck and McKim (22) on silicon. 

Exper iments  have also been carr ied  out wi th  si l i-  
con devices containing control led ambient  mater ials .  
The pa ramete r s  of some of these devices have  been 
affected in a s imilar  pronounced manner ;  the be-  
havior  pa t t e rn  seems to be consistent wi th  tha t  found 
with ge rmanium devices, as descr ibed above. 

Conclusion 

1. These exper iments  have indicated that  mois-  
ture  vapor  in air  wi th in  the sealed, device encap-  
sulations has a pronounced effect on the surface re -  
combinat ion veloci ty  of ge rmanium transis tors  at 
ex t r eme ly  low re la t ive  humidit ies,  re la t ive  humid-  
ities as low as 10-8% (0.2 ppm) .  

2. These exper iments  indicate  the necessi ty  of 
car ry ing  out studies of semiconductor  surface p rop-  
erties wi th  a quant i ta t ive  knowledge  of the mois ture  
level  present  in the gaseous ambient  ad jacent  to the 
surface. 

3. These exper iments  suggest tha t  the use of 
ambient  control  mater ia l s  for the  s tabi l izat ion of 
mois ture  pa r t i a l  pressures  can be an asset  in semi-  
conductor device production.  These mater ia l s  al low 
the selection and control  of cer ta in  device pa rame te r  
levels over wide ranges wi thout  the requ i rement  
of modifying the body construct ion of the device. 
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The Role of Selenium Vapor Pressure in the Formation of 
Silver Doped Manganese Selenide 

W. D. Johnston 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The effect of se lenium vapor  pressure  on MnSe containing small  addi t ions 
of Ag~Se has been s tudied by  both weighing and electr ical  measurements .  Three  
dist inct  regions have been noted. At  low selenium pressures  se lenium is t aken  
up by the mix tu re  to form the mixed  valence compound Ag~Mnr The 
va lue  of O ,  the  hole concentrat ions,  increases as a funct ion of the se lenium 
pressure  unt i l  al l  Ag~Se is used up and the sample  becomes a single phase.  At  
this equivalence point  the pressure  then increases r ap id ly  wi th  l i t t le  change in 
composition. Final ly ,  the  pressure  becomes sufficiently high tha t  manganese  va -  
cancies are  produced.  These regions are  descr ibed in terms of mass action e x -  
pressions which l ink  the vapor  pressure  wi th  vacancies and electr ical  charge 
ca r r i e r  concentrat ions.  

The  s u b s t i t u t i o n  of m o n o v a l e n t  l i t h i u m  for  d i v a -  
l en t  m a n g a n e s e  in M n S e  has  been  s h o w n  to be  p o s -  
s ib le  up  to 11 a tomic  %, i.e., Li0.11Mn~.~Se (1) .  
T h r o u g h o u t  th is  compos i t i on  r a n g e  the  rock  sa l t  
s y m m e t r y  of M n S e  is m a i n t a i n e d .  The  p r o d u c t s  of 
such subs t i t u t i ons  h a v e  been  found  to b e  e l ec t r i ca l  
conduc to r s  w i t h  the  c o n d u c t i v i t y  i nc r ea s ing  w i t h  
l i t h i u m  content .  A n  e l e c t r i c a l l y  b a l a n c e d  f o r m u l a  
for  the  compos i t i on  Li~Mn(l_~ Se m a y  be  g iven  as 
Li§ or  a l t e r n a t i v e l y  Li§ 
Se=. The  f o r m u l a s  a r e  w r i t t e n  for  conven ience  in 
ionic  form.  In  t he  l a t t e r  f o r m u l a  �9 r e f e r s  to ho les  
and  emphas i ze s  t h a t  t he  holes  a r e  no t  loca l ized  on 

a n y  p a r t i c u l a r  m a n g a n e s e  at  n o r m a l  t e m p e r a t u r e s  
(2). 

A s u r v e y  was  m a d e  to d e t e r m i n e  w h a t  o t h e r  d o p -  
ing add i t i ve s  could  be  used  in o r d e r  to induce  p - t y p e  
s e m i c o n d u c t i v i t y  in  MnSe.  To th is  end  Na, Cu, Ag,  
Au,  T1, and  Cu w e r e  s u b s t i t u t e d  for  Mn. S e l e n i u m  
was  r e p l a c e d  b y  As, P, and  Si. The  on ly  success fu l  
dop ing  agen t s  p r o v e d  to b e  N a  and  A g  as i n d i c a t e d  
b y  r o o m  t e m p e r a t u r e  e l ec t r i ca l  m e a s u r e m e n t s .  The  
s i lve r  s eemed  to be  so lub le  to on ly  abou t  2 a tomic  % 
on the  bas is  of a d i s c o n t i n u i t y  in the  t h e r m o e l e c t r i c  
p o w e r  vs. r e s i s t i v i t y  c u r v e  as shown  in Fig.  1. In  
th is  p r e l i m i n a r y  s u r v e y  the  r e a c t a n t s  w e r e  f ired is@- 
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t h e r m a l l y  a t  800~ in  smal l  sealed Vycor  tubes.  
Add i t iona l  qua l i t a t i ve  expe r imen t s  wi th  s i lver  sub-  
s t i tu ted  MnSe  showed tha t  the  doping level  de-  
creased as s e l en ium was r emoved  by  vola t i l iza t ion  
at e leva ted  t empera tu res .  The s tudy  descr ibed in  this  
paper was undertaken in order to understand this 
relationship more fully. In brief the experiment 
performed was designed to give the stoichiometry 
or charge carrier concentration at various pressures 
of selenium vapor. 

E x p e r i m e n t a l  

The s to ichiometry  of the  MnSe  used in  this  w o r k  
was cri t ical  to the success of the exper iments .  MnSe  
was p r epa red  f rom - -60  mesh  v a c u u m  dis t i l led m a n -  
ganese and  --60 mesh  99.99% s e l e n i u m  suppl ied  by  
the A m e r i c a n  Smel t ing  and  Refining Company.  The 
reac tants ,  i nc lud ing  a 10% excess of se len ium,  were  
e i ther  p laced in  a g raph i te  c ruc ib le  and  sealed in  
Vycor or a l t e r n a t i v e l y  they  were  sealed in  a Vycor  
tube  which  had  been  ca rbon  coated by  the  pyro lys i s  
of acetone. The  m a t e r i a l  was hea ted  up s lowly to 
avoid any  sudden  evo lu t ion  of heat  to a f inal  t e m -  
p e r a t u r e  of 700 ~ and  he ld  for 24 hr. The p roduc t  
was c rushed  to 160 mesh  and  rehea ted  for ano the r  
24 hr  at which  po in t  the  excess s e l en ium was dis-  
t i l led off at 800~C. The r ec rush ing  was necessa ry  
to react  all  the  manganese ,  and  the  800 ~ d is t i l la t ion  
q u a n t i t a t i v e l y  r emoved  the  excess se len ium.  

Produc t s  of the  type  x/2 Ag.~Se + ( l - - x )  MnSe  
were  p r epa red  f rom a m i x t u r e  of a --100 mesh  
powder  composed of weighed  amoun t s  of the  stock 
MnSe and  s i lver  and  se l en ium powders .  The p o w -  
ders were  pressed at  15,000 lb  in  a 3/8 in. d i ame te r  
carbide  die. The pe l le t  was  sealed in  a g raph i te  c r u -  
cible and  Vycor  t ube  which  had  been  p rev ious ly  
outgassed.  The m i x t u r e  was  hea ted  i so the rma l ly  at 
800~ for 20 hr, then one end of the tube was placed 
at room temperature and volatile material, if any 
(none was ever observed), was allowed to distill 
to the room temperature end. The pellets obtained 
in this manner were clearly composed of two phases 
consis t ing of a smal l  a m o u n t  of sh iny  m a t e r i a l  dis-  
t r i bu t ed  in  the  b lack  pellet .  

For  the vapor  p ressure  s tudies  a 6g pe l le t  of 
x/2Ag_~Se + ( l - - x )  MnSe  as p r e p a r e d  above was  

July 1962 

weighed and  placed in  a g raph i te  boa t  which  was  
sealed in a 12 in. long 19 m m  d i ame te r  Vycor tube.  
In  one end of the tube  was  a Y2 in. long  c hambe r  
which con ta ined  se len ium.  The pel le t  was held  at  
the o ther  end. The tube  was  placed in  a two zone 
fu rnace  such tha t  the  pe l le t  was  m a i n t a i n e d  at 800 ~ , 
and  the  t e m p e r a t u r e  of the s e l en ium reservoi r  was  
at some lower  t e m p e r a t u r e  which  could be chosen 
at  will .  The s e l en ium rese rvo i r  t e m p e r a t u r e  was a r -  
r anged  to be the coldest t e m p e r a t u r e  of the tube,  
and  thus  the s e l en ium vapor  p ressure  was cont ro l led  
by this t empera tu re .  In  this  m a n n e r  the  reac t ion  

x 
- -  Se~ vapor  -t- x/2Ag~Se 
4 

~- ( l - - x )  MnSe  ~ Ag~Mn~l_~Se 

m a y  be studied.  By q u e n c h i n g  the sample  t ube  at  
the  end  of the  e x p e r i m e n t  and  we igh ing  the  pellet ,  
the up t ake  of s e l en ium m a y  be de te rmined .  Since 
s e l en ium requ i res  two elect rons  to be dona ted  f rom 
the  lat t ice to fo rm the  se lenide  ion (Se=), c rea t ing  
two holes, the weigh t  u p t a k e  of s e l en ium m a y  be ex -  
pressed in t e rms  of the  hole concen t r a t i on  of the  
MnSe  phase�9 I t  should also be no ted  tha t  for each 
se l en ium added f rom the vapor  two si lvers  are also 
added to the  MnSe  la t t ice  and  thus  are equa l  to the  
hole content .  I t  was  found  tha t  e q u i l i b r i u m  was 
achieved in less t h a n  16 hr  at  a l l  s e l en ium pressures  
since an  add i t iona l  16 hr  or more  did  no t  resu l t  in  
a subs t an t i a l  add i t iona l  we igh t  change  (gene ra l ly  
less t h a n  1/2 mg) .  Data  were  t a ke n  at  r a n d o m  t e m -  
pe ra tu re s  of the  s e l en ium reservoi r  wh ich  resul t s  
in  both add ing  and  r e m o v i n g  s e l e n i u m  f rom the  
sample  in  a r a n d o m  m a n n e r .  

The first r u n  howeve r  was  an  except ion  to this  
and  was a lways  at  600 ~ reservoi r  t e m p e r a t u r e  since, 
as wi l l  be seen later,  the  s e l en ium pressure  g e n -  
e ra ted  at 600 ~ gene ra l l y  is sufficient to dr ive  the  
fo rma t ion  reac t ion  to complet ion.  This first expe r i -  
m e n t  thus  acts as a check on the  s to ich iomet ry  of 
the s ta r t ing  mater ia l .  A p p a r e n t l y  m a n g a n e s e  and  
s i lver  are no t  lost in  a ny  m e a s u r a b l e  a m o u n t  f rom 
the pellets,  no r  does h a n d l i n g  resu l t  in  a n y  app re -  
ciable weight  loss since, on r e mova l  of the  s e l en ium 
added du r ing  a series of e xpe r i me n t s  by  d is t i l l ing  
this s e l en ium to a room t e m p e r a t u r e  reservoir ,  the  
s t a r t ing  weight  is r ep roduced  to w i t h i n  -- 1 mg. 

As m e n t i o n e d  prev ious ly ,  r epea t  m e a s u r e m e n t s  
are reproduc ib le  in  pel le t  we igh t  to ~ 1/2 mg. The 
weight  changes  recorded in  this  work  r ange  f rom 
2-3 mg ob ta ined  at  the lowest  s e l e n i u m  addi t ions  to 
30 mg at the  highest  s e l en ium addit ions.  The  ef-  
fect of this e r ror  is c lear ly  v is ib le  in  the  wide  scat ter  
of the  data  at the  low p r e s s u r e - l o w  se l en ium ad-  
d i t ion  region  of Fig. 2. 

One m u s t  i nqu i r e  as to the  u p t a k e  of s e l en ium 
vapor  by  MnSe  and  Ag~Se i n d i v i d u a l l y  in  order  to 
eva lua te  p roper ly  the u p t a k e  of the  mix tu re .  The  
MnSe case has been  s tudied  in  detail ,  a nd  the r e -  
sults  are shown in Fig. 2. The change  in  we igh t  of 
Ag~Se m a i n t a i n e d  at 800 ~ has been  e x a m i n e d  af ter  
equ i l i b r a t i on  wi th  both  a 600 ~ se l en ium reservoi r  
and  a room t e m p e r a t u r e  reservoir .  In  the  case of 
the  d is t i l la t ion  to room t e m p e r a t u r e  a we igh t  loss 
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of 0.24% was observed. In the case of the 600 ~ Se 
reservoir  exper iment  the sample gained a to ta l  --, 
1.1% by weight  of selenium and was a l iquid at 
800~ repor ted  (3) 897 ~ which l ibera ted  se- 
lenium on cooling. This weight  change is negl igible  
when one considers tha t  only small  amounts  of 
Ag..,Se are used in the exper iments  combined with  
MnSe. 

The selenium vapor  pressure  used is tha t  repor ted  
by Brooks (4).  It is t aken  as being pure ly  dimeric  
Se,. This approx imat ion  is not s t r ic t ly  correct  since 
at 800~ and a pressure  of Se~ of 1 a tm the pressure  
of the hexamer ,  Se~, would be 0.02 atm (5).  How-  
ever, the re la t ive  pressure  of the hexamer  decreases 
rap id ly  wi th  decreasing pressure  of the dimer,  and 
therefore,  the 2 % contr ibut ion is the worst  possible 
case. The use of a lower  sample t empera tu re  than 
800~ would r ap id ly  lead to an increased hexamer  
content, so 800 ~ must  be considered a min imum op- 
era t ing t empera tu re  to avoid this addi t ional  com- 
plicat ion in the calculations. 

Af te r  each exper iment  e lectr ical  measurements  
were  made. Resist ivi t ies  were  measured  by the 
s tandard  four t e rmina l  technique and the t he rmo-  
electric power  was measured  as descr ibed e lsewhere  
(6).  

Samples  of Ag~Mn~_~Se where  x ---- 0.01, 0.02, 0.03, 
and 0.06 were  made for the p re l imina ry  studies by 
firing all  reac tants  in small  i so thermal  sealed tubes 
at 800~ In this way  the samples would decompose 
unt i l  thei r  equi l ib r ium vapor  pressures  were  
reached. The samples where  x --~ 0.03 and 0.06 were  
examined by x - r a y  and meta l lography.  The x - r a y  
pa t te rns  of both samples showed NaC1 cubic MnSe 
and weak  l ines of B-Ag~Se. By me ta l log raphy  the 
small  amounts  of a second phase appears  in the  
grain boundar ies  and may  have been l iquid at  one 
time. 

Results 

The resul ts  of the vapor  pressure  exper iments  are 
summarized in Fig. 2. This figure gives the appea r -  
ance of a group of t i t ra t ion  curves which in fact  
it is. The figure gives a plot  of log vapor  pressure  
vs. log of the electron hole concentrat ion as de te r -  
mined by the weight  of the sample  pellet ,  assuming 
each selenium added permi ts  the format ion of two 
holes. The data  can be descr ibed in te rms of three  
dist inct  regions. There  is the doping region in which 
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selenium vapor  is taken  up while  a corresponding 
amount  of Ag~Se is reacted.  This continues unt i l  the  
total  amount  of Ag2Se present  has been reacted.  At  
the conclusion of this region Ag~Mn(l_~)Se is com- 
p le te ly  formed. The nex t  region is the equivalence 
point  region or the control led valence region. F in -  
ally, there  is the vacancy region. The figure shows 
that  in the doping region the  curves coincide wi th in  
the r a the r  large exper imen ta l  error.  This region is 
shown on the graph  as a s t ra ight  l ine wi th  slope ---- 6. 
As the equivalence point  for each sample is reached, 
the curve rap id ly  becomes vert ical .  I t  would be ex-  
pected tha t  the  ver t ica l  region would occur exact ly  
where  there  is selenium up take  equal  to Ag2Se 
added. Any  depa r tu re  f rom this is assumed to re -  
fleet expe r imen ta l  error .  In the sample Ago.~Mno.~osSe, 
the only one where  measurements  could be made 
subs tant ia l ly  beyond the equivalence point,  the  
curve again assumes a slope s imi lar  to that  of the  
doping region. Fur ther ,  this region is approaching 
the data  for MnSe containing no si lver  addit ions 
which also has a slope =6.  This addi t ional  up take  
beyond the si lver equivalence point  represents  the 
creat ion of manganese  vacancies in the  ]attice.  

F rom Fig. 2 it is clear  why  the phase boundary  
suggested in Fig. 1 comes about. The da ta  p lot ted  
in Fig. 2 are  t e rmina ted  at  nea r ly  1 a tm of Se~. This 
occurs near  the equivalence point  for Ago.o~Mr~..Se. 
Insufficient Se has been added for the format ion  of 
Ago~Mno.gTSe. In fact, this composit ion is impossible 
at a sample t empe ra tu r e  of 800 ~ under  any c i rcum- 
stances. If the Se~ reservoir  t empe ra tu r e  were  in-  
creased to 800~ ( the sample t e m pe r a t u r e ) ,  Fig. 2 
indicates tha t  the selenium up take  would only be 
sufficient for the format ion  of Ago.o~Mno.~Se. The 
selenium pressure  would be 3.5 a tm at these condi-  
tions on the basis of an ex t rapola t ion  of the data  
of Brooks (4).  

The electr ical  conduct iv i ty  data  corresponding to 
the sample  compositions in Fig. 2 are plot ted in Fig. 
3. The correspondence be tween Fig. 2 and Fig. 3 is 
quite apparent .  The doping region is again of slope 
6. The equivalence points for x----0.005, 0.01, and 
0.02 are at conductivi t ies  19, 37, and 76 ohm -~ cm -~. 
Thus the conductivi t ies  at the  equivalence point  es-  
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sen t ia l ly  double  w i t h  each doub l ing  of x, as wou ld  
be expected.  The da ta  on this  g raph  are ac tua l ly  
p r o b a b l y  more  accura te  t h a n  tha t  of Fig. 2 since the 
data  in  Fig. 2 involves  a ve ry  large  we igh ing  e r ror  
at low se l en ium addit ions.  

Thermoelec t r i c  power  da ta  co r respond ing  to the  
composi t ions of Fig. 2 and  Fig. 3 are p lo t ted  in  Fig. 4. 
At  the equ iva lence  po in t  the  thermoelec t r i c  power,  a, 
changes  f rom +137 to +197 to +268 /~v/~ for 
x = 0.02, 0.01, and  0.005. Theore t ica l ly  a decrease 
of ~60  ~ v / ~  for each doub l ing  of G would  be e x -  
pected since a , -~--k /e  In �9 + C so there  is agree-  
m e n t  at this po in t  (6).  In  the doping region  however ,  
the curves  migh t  be expected  to coincide on the basis  
of Fig. 2 and  3. Ac tua l l y  at a g iven  s e l en ium pres -  
sure  the h igher  the  va lue  of Ag in  this  reg ion  the 
lower  va lue  of a. This  is due  to the  p resence  of the  
second phase  of n - t y p e  Ag=Se in  the  p roduc t  which  
wi l l  give rise to i n t e r n a l  c i rcu la t ing  cu r ren t s  be-  
tween  the p-  and  n-phases .  [Ag=Se n o r m a l l y  (7) 
has the  electr ical  proper t ies  ~ = --150 /~v/~ and  

= 10 ~ ohm -~ cm-L] As ind ica ted  ear l ie r  in  Fig.  1, 
this has a large effect on a, bu t  l i t t le  effect on ~r. In  
Fig. 4 a slope cor responding  to tha t  of Fig. 2 and  3 
is ind ica ted  by  a dot ted l ine  showing  tha t  where  the 
s i lver  con ten t  is low the re  is good a g r e e m e n t  wi th  
this slope but ,  as the  s i lver  con ten t  increases,  the  de-  
v ia t ion  becomes m a r k e d  showing  the effect of in -  
creased a m o u n t s  of the  Ag.~Se second phase. 

No data  for MnSe  are  g iven  in  Fig. 3 and  4 in  spite 
of the fact tha t  cons iderab le  nons to i ch iome t ry  was  
ind ica ted  in  Fig. 2. It  was found  tha t  al l  MnSe  sam-  
ples had  n e a r l y  cons tan t  va lues  of a and  ~ of ~ +500  
~ v / ~  and  1 ohm -~ cm -~, respect ively .  Actua l ly ,  
va lues  of a as low as ~ +280  and  va lues  of o- are h igh 
as ~15  would  be expected f rom the figures, and  
fu r t he r  the va lues  would  be expected to v a r y  sys-  
t ema t i ca l ly  wi th  composit ion.  E v i d e n t l y  the vacancy  
s t ruc tu re  of MnSe is not  s table  at room t empera tu r e ,  
and  the vacancies  are e l imina t ed  r ap id ly  on q u e n c h -  
ing wi th  the  p robab le  fo rma t ion  of MnSe~. This e x -  
per ience  indicates  the r i sk  associated wi th  i n f e r r i ng  
h i g h - t e m p e r a t u r e  da ta  f rom room t e m p e r a t u r e  
e lectr ical  m e a s u r e m e n t s  as is f r e q u e n t l y  done. Such 
inferences  f rom weight  data  are m u c h  more  sound 
since weigh t  data  are no t  s t ruc tu re  sens i t ive  and  
processes i nvo lv ing  changes  in  we igh t  are m u c h  
s lower t h a n  jus t  an a tomic or e lec t ronic  r e a r r a n g e -  

ment .  This  compar i son  also bears  out  the  hypothes is  
tha t  has been  he ld  for some t ime  tha t  doped semi -  
conductors  are t h e r m a l l y  m u c h  more  s table  t h a n  
those r e ly ing  only  on nons to i ch iome t ry  for the con-  
t rol  of charge carr iers .  

Discussion 

A n u m b e r  of cases i nvo l v i ng  the re la t ionsh ip  be-  
tween  the e lect r ical  conduc t iv i ty  and  the  vapor  
p ressure  of a gaseous componen t  have  b e e n  repor ted  
in the l i t e ra ture .  These are gene ra l l y  cases of s imple  
nons to ich iomet ry .  The approach  is u sua l l y  t h rough  
the use of mass action. The g r o u n d w o r k  was  la id in  
1930 by  W a g n e r  and  Schot tky  (8) .  I t  has been  p u r -  
sued e x p e r i m e n t a l l y  by W a g n e r  (9) ,  Hauffe (10),  
and  others.  A graphica l  me thod  of a p p r o x i m a t i n g  
these  in te rac t ions  has been  in t roduced  b y  the  Ph i l -  
lips workers ,  n o t a b l y  Kroger  and  Vink  (11). A 
s imi la r  approach  us ing  semiconduc tor  t e r mi no logy  
has r ecen t ly  been  discussed by  B r e b r i c k  (12).  A 
s imple  mass act ion approach  wi l l  be used in the  dis-  
cussion to follow. 

The s imples t  case to be  t r ea t ed  is t ha t  of n o n -  
s to ichiometr ic  MnSe. The chemical  equa t ion  m a y  be 
w r i t t e n  

X 
MnSe + ~ -  Se~ ~ MnSe,+= IMn ~ = O,= 

where  [ ' ~  is assumed to be a ne u t r a l  (or doub ly  

ionized)  m a n g a n e s e  vacancy,  and  $ is a hole. Wi th  
respect  to the m a n g a n e s e  latt ice,  the m a n g a n e s e  
vacancy  as w r i t t e n  has a ne t  charge of --2 and  is 
therefore  a po t en t i a l  t r ap  for holes. The mass act ion 
express ion  for this equa t ion  m a y  be w r i t t e n  

K~ = 
p Se2 

bu t  s i n c e 2 .  ~ = �9 
@6 

K1- -  
4 p Se2 

Thus  it  can be seen tha t  the  slope of the  log p Se2 vs. 
log G plot  should  have  a slope of 6 as is indeed  ob-  
served.  The a g r e e me n t  indica tes  tha t  the  m a n g a n e s e  
vacancies  are not  t r a p p i n g  e lec t ron  at the  t e m p e r a -  
tu re  of the  exper iments ,  in  accord wi th  the  s ta r t ing  
equat ion.  

This same approach  m a y  be used beyond  the 
equ iva lence  po in t  in  the s i lver  doped samples  

Y 
Ag,Mn,_=~Se O~ + ~-Se~ 

-~ Ag ,Mn ..... Se,+~ ~ 7  Y @ .... 

Here the express ion  for the e q u i l i b r i u m  cons tan t  
t u r n s  out  to be the same as before, bu t  now �9 = Ag 
+ 2 ['-~-~ 
SO 

( Q  - -  Ag) ~ 0 '  

4 p Se= 

This is c lear ly  not  a s imple  exponent ia l .  A series of 
curves  were  ca lcula ted  us ing  K1 der ived  f rom the  
MnSe  da ta  and  the  s i lver  concen t ra t ions  of the ex-  
pe r i me n t s  and  are shown in  Fig. 5. The  der ived  
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-- Ag'ol~ 
Mn Se 

.001 .01 .I 

Fig. 5. Derived log p Se2 vs .  log �9 calculated using log K1 
--16.1. 

curves  g ive  t he  v e r y  s low change  in  compos i t ion  
w i t h  c h a n g i n g  s e l e n i u m  p r e s s u r e  n e a r  e q u i v a l e n c e  
po in t s  and  t hen  a less s teep  a p p r o a c h  to t he  MnSe  
curve .  The  M n S e  and  Ag~Mn(,_~>Se cu rves  wi l l  b e -  
come i n d i s t i n g u i s h a b l e  w h e n  �9 > > A g .  A t  t h a t  
po in t  the  Ag~Mna_,)Se c u r v e  wi l l  h a v e  a s lope  of 6. 
Thus  bo th  t he  e q u i v a l e n c e  r eg ion  and  the  v a c a n c y  
r eg ion  a re  d e s c r i b e d  b y  one equa t ion .  

The  r eg ion  in w h i c h  d o p i n g  occurs  has  no t  been  
success fu l ly  e v a l u a t e d  in  these  t e rms .  The  o v e r - a l l  
f o r m a t i o n  r e a c t i o n  m a y  be  w r i t t e n  

x x 
~ -  Ag ,Se  + ~ -  Se, § 1 - -  x M n S e  -~ Ag ,  O~ Mn(~_,) Se 

If  Ag ,Se  is a s s u m e d  to be a t  a f ixed ac t iv i ty ,  a s lope  
of 8 w o u l d  be  d e r i v e d  for  t he  p lo t  of Fig.  2. The  ob -  
s e rved  s lope  is 6, h o w e v e r .  The  l a ck  of a g r e e m e n t  is 
b e l i e v e d  to be  due  to t he  chang ing  a c t i v i t y  of Ag,  Se 
w i th  s e l e n i u m  p r e s s u r e  t ha t  has  been  d e m o n s t r a t e d  
e a r l i e r  a n d  wh ich  has  also been  d e s c r i b e d  in t h e  
w o r k  of W a g n e r  (13) ,  M i y a t a n i  (14) ,  and  Rah l f s  
(15) .  

The  p resence  of a phase  con ta in ing  s e l en ium 
vacancies  as a r e su l t  of the  s i lve r  addi t ion ,  i.e., 
Ag,Mn~_~Se,_~;~/S-~ ~/~, i n s t ead  of a two  phase  m i x -  

t u r e  of x / 2  Ag~Se § (1 - -  x ) M n S e  can  be r u l e d  out  
s ince i t  w o u l d  l e ad  to a v a r i a t i o n  in v a p o r  p r e s s u r e  
w i th  the  s i lve r  con ten t  a t  t he  s t a r t  of the  s e l e n i u m  
add i t i on  w h i c h  is f a r  b e y o n d  the  e x p e r i m e n t a l  
e r r o r  invo lved .  I n s t e a d  the  d a t a  a r e  c o m p l e t e l y  i n -  
d e p e n d e n t  of the  s i lve r  con ten t  in th is  reg ion .  M o r e -  
over  i n so lub i l i t y  of Ag ,Se  in M n S e  has  been  d e m o n -  
s t r a t ed ,  a t  l eas t  a t  r o o m  t e m p e r a t u r e ,  b y  v i sua l  
o b s e r v a t i o n  and  t h e r m o e l e c t r i c  p o w e r  m e a s u r e m e n t s .  
The re fo re ,  in t e r m s  of t he  t e r n a r y  p h a s e  d i a g r a m ,  
the  process  of s e l e n i u m  a d d i t i o n  can  be  d e s c r i b e d  in 
t e r m s  of cu t t i ng  across  t he  t ie  l ines  of t he  Ag.~Se- 
M n S e  b i n a r y  field. 

F i n a l l y  one m i g h t  cons ider  t he  b e h a v i o r  of 
Li~Mn~_~Se within this framework. A rather serious 
attack of Vycor by lithium precludes any accurate 
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e x p e r i m e n t a l  w o r k  s ince  a con t inuous  u n d o p i n g  w i l l  
a r i se  f rom th is  a t t ack .  E l e c t r i c a l  d a t a  ind ica te ,  h o w -  
ever ,  t h a t  a t  l eas t  in  t he  case  of Li0.0~M~.~TSe the  m a -  
t e r i a l  p r o b a b l y  is c o m p l e t e l y  w i t h i n  t he  con t ro l l ed  
va l e nc e  r a n g e  t h r o u g h o u t  t he  r a n g e  o f . s e l e n i u m  
p r e s s u r e s  used  in th is  work .  I t  is also r e a s o n a b l e  to  
suppose  t ha t  w h e n  x = 0.11 in  Li,Mncl_~Se, w h i c h  is 
the  p r e v i o u s l y  r e p o r t e d  p h a s e  b o u n d a r y  compos i t i on  
(1) ,  t he  s e l e n i u m  e q u i l i b r i u m  v a p o r  p r e s s u r e  has  
i n c r e a s e d  to t he  v i c i n i t y  of 1 arm. This  in i t se l f  w o u l d  
r e q u i r e  a l a rge  ex t ens ion  of t he  r a n g e  of con t ro l l ed  
va l ence  b y  the  m e c h a n i s m  of l o w e r i n g  the  dop ing  
c u r v e  for  Li~Mn~l_,>Se a w a y  f rom the  v a c a n c y  c u r v e  
w h i c h  is c o m m o n  to bo th  sys tems .  
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ABSTRACT 

The electrical conductivity of reduced ~-Nh~O~ was measured after prior 
reduct ion in 10 -" arm of air from 350~176 for both single crystals and sin-  
tered specimens. The conductivity of single crystals was found to be exponen-  
t ial ly dependent  on tempera ture  with an activation energy of 0.9 ev in  the range 
from 1150~176 and 0.2 ev in the range from 650~176 The electrical con- 
ductivi ty of sintered specimens was also found to be exponent ia l ly  dependent  
on temperature,  but  only a single act ivation energy was obtained over the en-  
tire temperature  range. This activation energy was dependent  on defect con- 
centrat ion and varied from 1.0 ev for the smallest degree of reduct ion to almost 
zero at the highest degree of reduction where the behavior  was essentially that  
of a degenerate semiconductor. An explanat ion based on overlapping orbitals 
of trapped electrons is offered to explain both the dependence of activation 
energy on defect concentrat ion and the absence of a low-tempera ture  activation 
energy in sintered material .  Final ly,  two mechanisms are discussed to explain 
the observed conductivi ty of reduced a-Nb~Os. Comparison of conductivi ty data 
and thermoluminescence data tends to favor a model in which two trapped 
electrons are excited from an oxygen vacancy to the "d" band of the niobium 
cations. 

A discussion of the past  work  on the e lectr ical  
proper t ies  of Nb~O~ has been  p re sen t ed  in  an  ea r l i e r  
paper  (1) .  In  this  work  a-Nb~O5 has been  shown to 
be a me ta l - excess  n - t y p e  semiconductor .  The defect  
p roduc ing  this  s t r uc tu r e  is most  p r o b a b l y  an  oxygen  
ion vacancy  which  has t r apped  two electrons.  A pos-  
sible ene rgy  b a n d  model  for the  defect  oxide semi-  
conductor  appears  in  Fig. 1. 

In  nea r - s to i ch iome t r i c  a-Nb~O~, b e t w e e n  600 ~ 
900~ the  conduc t ion  b a n d  ca r r i e r  concen t r a t i on  1 
[ O ] has been  shown  to obey a l aw of the  fo rm 

[ G ]  = ~v/goigo~Po~ -v" exp --(W~ + E~)/2kT [1] 

where  KoI and  Ko~ are,  respect ively ,  the  t e m p e r a t u r e  
i n d e p e n d e n t  t e rms  of the e q u i l i b r i u m  cons tan ts  for 
the crea t ion  of the defect  (Eq. [2] )  and  the  exc i t a -  
t ion of the first e lec t ron  f rom the  oxygen  vacancy  

x The t empera tu re  dependence of conduct ion band carr ier  mobi l i ty  
in near-s toichiometr ic  a-Nb20~ is assumed to be negl igible  w h e n  
compared to the change in conduction band carr ier  concentrat ion 
over the t empera tu re  range  600~176 A discussion of this  is in- 
cluded in  the ear l ier  paper  (1). 

t CONDUCTION BAND 

T- J E, 

Fig. 1. Band model for a metal-excess oxide semiconductor with 
an oxygen ion vacancy trapping two electrons. 

t rap  (Eq. [3 ] ) .  WD is the  e n e r g y  r equ i r ed  to create 
the  defect,  and  E1 is the  ene rgy  necessa ry  to excite  
the first e lec t ron  f rom the defect  into the  conduc t ion  
band.  Expe r i me n t a l l y ,  the  q u a n t i t y  - - (W,  + E,)/2 
was found  to be 1.65 ev (Fig. 2). 

These react ions  m a y  be s u m m a r i z e d  as 

1 0~-~--0~ + O," 

0.'~ 0. + G 

- W .  [2] 

--El [3] 

10-3 

_ \ ~  a 0.12 ATM, OXYGEN 
~ ~  oO.9 ATM. OXYGEN 

Eil'65ev 
~i0-4 

5 
g 

I0-5 

I I J 
0.8 0.9 1.0 I.I 1.2 1.3 

I/T x I0 3 (~ 

Fig. 2. Logorithm of the conductivity of sintered near-stoichio- 
metric a-Nb205 as o function of I /T  for two oxygen pressures. The 
volue of 1.65 ev calculated from the slopes of these curves repre- 
sents (WT, -I- E1)/2. 

600 
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w h e r e  OZ- is an  o x y g e n  ion in a n o r m a l  l a t t i ce  pos i -  
t ion,  O j  is an  o x y g e n  v a c a n c y  w h i c h  has  t r a p p e d  
two  e l ec t rons  in i ts field, Or  is an  o x y g e n  v a c a n c y  
f rom w h i c h  an  e l ec t ron  has  been  exc i ted ,  and  O is 
an  e l ec t ron  in t he  conduc t ion  band .  

I t  is f u r t h e r  poss ib l e  to w r i t e  an  ana logous  e x p r e s -  
s ion for  the  exc i t a t i on  of t he  second  e l ec t ron  

0 , , # 0 , , / +  G --E~ [4]  

w h e r e  O ,  is an  o x y g e n  ion v a c a n c y  f r o m  w h i c h  bo th  
e l ec t rons  h a v e  been  exc i ted ,  and  E~ is the  e n e r g y  
n e c e s s a r y  to exc i te  the  second e l ec t ron  f r o m  the  
v a c a n c y  t r a p  in to  t he  conduc t ion  b a n d #  

Thus,  the  c o n d u c t i v i t y  of n e a r - s t o i c h i o m e t r i c  
,-Nb~O~ is seen to d e p e n d  on bo th  t e m p e r a t u r e  and  
o x y g e n  p a r t i a l  p r e s su re .  

In  t he  case of m a t e r i a l s  of n e a r - s t o i c h i o m e t r i c  
compos i t ion ,  Eq. [2] ,  [3] ,  and  [4]  con t ro l  t he  change  
in conduc t ion  b a n d  c a r r i e r  c o n c e n t r a t i o n  w i t h  t e m -  
p e r a t u r e  a n d  p re s su re .  Consequen t ly ,  E1 and  E~ can -  
no t  be  s e p a r a t e d  f r o m  W~. On the  o t h e r  hand ,  if  t he  
c o n c e n t r a t i o n  of de fec t s  w e r e  i nc r ea sed  so t h a t  t he  
change  in conduc t ion  b a n d  c a r r i e r  concen t r a t i on  
w o u l d  be  c o n t r o l l e d  b y  Eq. [3]  and  [4]  i t  shou ld  be  
poss ib le  to d e t e r m i n e  E~ and  E~ e x p e r i m e n t a l l y .  

Exper imenta l  Deta i ls  

S m a l l  s ingle  c r y s t a l s  of a-Nb~O~ a p p r o x i m a t e l y  
2 m m  in d i a m e t e r  w e r e  k i n d l y  f u r n i s h e d  b y  L i n d e  
A i r  P r o d u c t s  C o m p a n y .  F l a t  su r f aces  w e r e  g r o u n d  
and  po l i shed  w i t h  420 g r i t  c a r b o r u n d u m  on the  c r y s -  
t a l s  for  e l ec t r i ca l  contact .  No c h e m i c a l  ana lys i s  of 
the  L i n d e  c r y s t a l s  or  k n o w l e d g e  of t he i r  pe r f e c t i on  
was  ava i l ab le .  S ince  the  d imens ions  of t he  L i n d e  
c rys t a l s  w e r e  v e r y  i r r e g u l a r  t he  d a t a  for  t he se  spec -  
imens  a r e  r e p o r t e d  as c o n d u c t a n c e  r a t h e r  t h a n  as 
conduc t iv i ty .  

H i g h - p u r i t y  Nb~O~ p o w d e r  f u r n i s h e d  b y  the  F a n -  
s tee l  M e t a l l u r g i c a l  C o r p o r a t i o n  was  a m i x t u r e  of 
and  fl modif ica t ions .  I t  was  c o l d - p r e s s e d  w i t h o u t  a 
b i n d e r  a t  a p r e s s u r e  of 40,000 psi  and  s i n t e r e d  at  
t e m p e r a t u r e s  b e t w e e n  1300 ~ and  1350~ for  2 hr .  
A f t e r  th is  t r e a t m e n t ,  the  Nb~O~ ex i s t ed  e n t i r e l y  as 
t he  a modif ica t ion .  The  a p p a r e n t  dens i t i e s  of t he  
s in t e r ed  compac t s  w e r e  m e a s u r e d  p y c n o m e t r i c a l l y  
and  w e r e  f o u n d  to be  w i t h i n  80-90% of t he  t h e o -  
r e t i c a l  d e n s i t y  of 4.55 g / c m  ~ r e p o r t e d  b y  H o l t z b e r g  
et al. (2) .  R e c t a n g u l a r  p a r a l l e l e p i p e d s  a p p r o x i -  
m a t e l y  ~/2 x V4 x 0.05 in. w e r e  cut  f r o m  the  s i n t e r e d  
compac t s  and  used  for  c o n d u c t i v i t y  spec imens ,  t he  
su r faces  be ing  po l i shed  w i th  420 g r i t  c a r b o r u n d u m .  

The  e q u i p m e n t  for  m e a s u r e m e n t  of r e s i s t ance  as a 
func t ion  of t e m p e r a t u r e  in the  r a n g e  300~176  
and  o x y g e n  p a r t i a l  p r e s s u r e  has  been  d e s c r i b e d  p r e -  
v i ous ly  (1, 3) .  Two t y p e s  of a p p a r a t u s  w e r e  used :  
the  first  s y s t e m  cons i s t ed  of a f u r n a c e  in a v a c u u m  
be l l  j a r ,  and  in  the  second,  a V y c o r  t u b e  connec t ed  to  
a v a c u u m  s y s t e m  s e p a r a t e d  the  spec imen  f rom the  
fu rnace .  The  s ingle  c rys t a l s  w e r e  i n v e s t i g a t e d  in t he  
be l l  j a r  w h e r e a s  t h e  s i n t e r e d  spec imens  w e r e  in -  
v e s t i g a t e d  in  t he  V y c o r  tube .  Because  of t he  size l i m -  
i ta t ions ,  t he  t w o - p r o b e  t e c h n i q u e  was  used  for  s ing le  
c r y s t a l s  w h e r e a s  f o u r - p r o b e  t e chn iques  w e r e  used  

-~ A n o t h e r  p o s s i b l e  e x p l a n a t i o n  fo r  t i l e  o c c u r r e n c e  of a s econd  a c t i -  
v a t i o n  e n e r g y  is m e n t i o n e d  a t  t h e  e n d  of t h e  p a p e r ,  
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for  s i n t e r e d  spec imens .  Compos i t i ona l  changes  w e r e  
m e a s u r e d  b y  w e i g h t  loss, t he  en t i r e  w e i g h t  change  
b e i n g  a t t r i b u t e d  to t h e  loss of oxygen .  

Exper imenta l  Results and  Discussion 

In an  a t t e m p t  to f r eeze  in  a cons t an t  de fec t  con-  
c e n t r a t i o n  t h e  r e d u c t i o n  was  c a r r i e d  out  d i r e c t l y  in  
the  v a c u u m  a p p a r a t u s .  S p e c i m e n s  w e r e  he ld  at  10 -~ 
a t m  O~ for  f r o m  1 to 8 h r  a t  t e m p e r a t u r e s  f rom 700 ~ 
to 900~ The  spec imens  w e r e  cooled  q u i c k l y  
( 5 ~ 1 7 6  for  t h e  s i n t e r e d  spec imens ,  f a s t e r  for  
t he  s ingle  c ry s t a l s )  in  vacuo,  and  r e s i s t ance  r e a d i n g s  
w e r e  t a k e n  on cool ing.  I t  is f e l t  t h a t  in  t he  case of 
the  d a t a  r e p o r t e d  in th is  p a p e r  th is  t r e a t m e n t  was  
success fu l  in m a i n t a i n i n g  the  de fec t  c o n c e n t r a t i o n  
p r o d u c e d  b y  the  h i g h - t e m p e r a t u r e  r educ t ion .  S l o w e r  
cool ing  or  ho ld ing  a t  the  h i g h e r  t e m p e r a t u r e s  p r o -  
d u c e d  d i scon t inu i t i e s  in t he  log ~ vs.  1 / T  cu rve  due  
to f u r t h e r  r educ t ion .  No such d i scon t inu i t i e s  w e r e  
f o u n d  in the  d a t a  r e p o r t e d  in  th is  i nves t iga t ion .  

A t yp i c a l  r u n  on a s ing le  c r y s t a l  of Nb~O~ in a v a c -  
u u m  of 10 -~ a t m  of a i r  in t he  t e m p e r a t u r e  r a n g e  f r o m  
300 ~ to 1000~ is g iven  in  Fig .  3. E s s e n t i a l l y  t he  
s ame  log ~r vs.  1 / T  c u r v e  was  o b t a i n e d  for  s ix  d i f fe r -  
en t  spec imens  i n i t i a l l y  r e d u c e d  a t  800~176 for  
f rom 2 to 4 hr .  The  o b s e r v e d  d a t a  can  be  r a t i o n a l i z e d  
w i th  the  n o r m a l  s e m i c o n d u c t o r  e q u a t i o n  

c~ = ~o exp  ( - - E , , / 2 k T )  [5]  

w h e r e  E ,  is t he  e n e r g y  of t he  donor  leve l ,  k is Bo l t z -  
m a n n ' s  cons tan t ,  and  T is t he  abso lu t e  t e m p e r a t u r e .  
The  a c t i va t i on  e n e r g y  c a l c u l a t e d  f rom the  h i g h -  
t e m p e r a t u r e  s lope is a b o u t  0.9 ev (E.~) and  f r o m  the  
l o w - t e m p e r a t u r e  s lope  a b o u t  0.2 ev  ( E J .  The  b r e a k  
in the  log  ~ vs.  1 / T  cu rve  occurs  at  1 / T  x 10 '~ e q u a l  
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Fig. 3. Logarithm of the conductance of single crystal ~-Nb205 
as a function of 1/T after reduction at 800~ for 4 hr in a vacuum 
of 10 -~ atm of air. The values of 0.45 ev and 0.11 ev calculated 
from the slopes of the curve represent E~/2 and E~/2, respectively. 
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o (A) 

Table I. Comparison of thermal energy for exhaustion with 
energy level of the donor state 

T h e r m a l  e n e r g y  
fo r  e x h a u s t i o n  A c t i v a t i o n  e n e r g y  

C u r v e  f r o m  Fig ,  4 f r o m  F ig ,  4 

i0-I 
CB) 

(o 

I 
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0.8 I.O 1.2 1.4 L6 1.8 2 .0  2 .2  
I/T x IO 5 (~  

Fig. 4. Logarithm of the conductivity of sintered <*-Nb~O~ in 10 -~ 
atm of air as a function of 1/T for the following reduction treat- 
ments in a vacuum of 10 -~ atm of air: (A) 8 hr at 875~ (B) 
8 hr at 860~ (C) 1,/2 hr at 860~ (D) 8 hr at 750~ (E) �89 hr 
at 800~ 

to 1.5 or  650~ w h i c h  c o r r e s p o n d s  to a t h e r m a l  e n -  
e r g y  of a b o u t  0.06 ev. The  change  in s lope of t he  
c u r v e  is due  to the  e x h a u s t i o n  of e l ec t rons  t r a p p e d  
at  E1 because  t he  t h e r m a l  e n e r g y  at  650~ is w i t h i n  
4 k T  of El. 

T y p i c a l  cu rves  of log ~ vs .  1 / T  for  r e d u c e d  s in -  
t e r e d  spec imens  shown  in Fig .  4 can be c h a r a c t e r i z e d  
b y  two  d i s t inc t  reg ions .  In  the  l o w - t e m p e r a t u r e  r e -  
g ion the  c o n d u c t i v i t y  changes  e x p o n e n t i a l l y  w i t h  
t e m p e r a t u r e  and  can  be  r e p r e s e n t e d  b y  a s t r a i g h t  
l ine,  t h e  s lope  of w h i c h  wi l l  y i e l d  t he  a c t i v a t i o n  e n -  
e r g y  f r o m  the  donor  l eve l  acco rd ing  to Eq. [5] .  In  
t he  h i g h - t e m p e r a t u r e  r eg ion  the  c o n d u c t i v i t y  is e s -  
s en t i a l l y  i n d e p e n d e n t  of t e m p e r a t u r e  and  can be  e x -  
p l a i n e d  on t h e  bas is  of an  e x h a u s t i o n  p rocess  in  
w h i c h  the  t h e r m a l  e n e r g y  is l a r g e  enough  to  e x c i t e  
a l l  t r a p p e d  e l ec t rons  f rom a v a i l a b l e  donor  centers ,  
b u t  is too sma l l  for  a n y  in t r in s i c  exc i t a t i on  to occur.  
The  t h e r m a l  e n e r g y  for  e x h a u s t i o n  is c o m p a r e d  w i t h  
the  e n e r g y  l eve l  of t he  donor  s ta te  in Tab le  I for  a l l  
cu rves  in Fig .  4 a n d  can  be  seen  to be  w i t h i n  a p -  
p r o x i m a t e l y  4 k T  of t he  donor  l eve l  E... F o r  t he  s m a l l -  
est  deg ree  of r e d u c t i o n  a t t e m p t e d ,  t he  o b s e r v e d  ac -  
t i v a t i o n  e n e r g y  is ( acco rd ing  to Eq.  [ 5 ] )  1.0 ev. This  
is in good a g r e e m e n t  w i t h  0.9 ev o b t a i n e d  f rom the  
h i g h - t e m p e r a t u r e  s lope  of the  s ingle  c r y s t a l  cu rve2  
As the  d e g r e e  of r e d u c t i o n  and  c o n s e q u e n t l y  the  con-  

3 Since  good a g r e e m e n t  was  o b t a i n e d  b e t w e e n  the  h i g h - t e m p e r -  
a t u r e  a c t i v a t i o n  ene rg i e s  of  t h e  s i n g l e  c ry s t a l  ( two-p robe  m e t h o d )  
an d  s in t e r ed  s p e c i m e n s  ( fou r -p robe  m e t h o d ) ,  con tac t  r e s i s t a n c e  
was  no t  d e e m e d  to  be  a p r o b l e m  in  the  case of  t he  s ing le  c r y s t a l  
s tud ies .  C e r t a i n l y  i f  a ny  p r o b l e m  were  to  ex i s t  i t  w o u l d  h a v e  ap-  
pea red  in  t he  h i g h - t e m p e r a t u r e  r~nge  of m e a s u r e m e n t  w h e r e  spec i -  
m e n  re s i s t ance  is l o w e r  t h a n  in  t h e  l o w - t e m p e r a t u r e  range .  S i n c e  
t h e  h i g h - t e m p e r a t u r e  a c t i v a t i o n  e n e r g i e s  a g r e e d ,  it  is r e a s o n a b l e  to 
a s s u m e  t h a t  c o n t a c t  r e s i s t a n c e  is  n o t  a p r o b l e m  in  t h e  l o w - t e m p e r -  
a t u r e  r a n g e  of  m e a s u r e m e n t ,  

A Degenera te  
B 0.08 0.15 
C 0.09 0.23 
D 0.09 0.45 
E 0.10 0.50 

c e n t r a t i o n  of de fec t  l eve ls  and  t r a p p e d  e l ec t rons  
increases ,  the  c o n d u c t i v i t y  also increases .  In  a d d i -  
t ion, t h e r e  is a dec rea se  in t h e  a c t i va t i on  e n e r g y  due  
to the  fac t  t h a t  t he  e l ec t rons  t r a p p e d  in  donor  leve ls  
can no l onge r  be  cons ide red  as i so la ted  defec t s  b e -  
cause  t he i r  o rb i t a l s  beg in  to ove r l ap .  As  t r e a t e d  b y  
P e a r s o n  and  B a r d e e n  (4 ) ,  i nc r e a s ing  the  c o n c e n t r a -  
t ion of donor  leve ls  to t he  p o i n t  w h e r e  o v e r l a p p i n g  
occurs  moves  t he  F e r m i  l eve l  up  t o w a r d  t h e  con-  
duc t ion  band .  This  wi l l  l o w e r  the  a c t i va t i on  e n e r g y  
n e c e s s a r y  for  e l ec t ron ic  e xc i t a t i on  and  the  b e g i n n i n g  
of the  e x h a u s t i o n  r eg ion  wi l l  occur  a t  success ive ly  
]ower  t e m p e r a t u r e s  as is seen in Fig.  4. 

This  m a y  be  the  r ea son  w h y  on ly  a s ingle  ac t i -  
va t i on  e n e r g y  is o b t a i n e d  w i t h  s in t e r ed  m a t e r i a l s  
ove r  t he  s ame  t e m p e r a t u r e  r a n g e  w h e r e  two  ac t i -  
va t i on  ene rg i e s  a r e  found  in s ingle  c rys ta l s .  F o r  ob -  
v ious  reasons ,  the  k ine t i c s  of r e d u c t i o n  of t he  s in-  
t e r e d  m a t e r i a l s  can  be cons ide red  to be  f a s t e r  t h a n  
t ha t  for  s ingle  c rys ta l s .  Consequen t ly ,  even  at  the  
s m a l l e s t  deg ree  of r e d u c t i o n  in s in t e r ed  spec imens ,  
the  c onc e n t r a t i on  of o x y g e n  vacanc ie s  and  t r a p p e d  
e l ec t rons  w o u l d  be  h i g h e r  t h a n  for  s ingle  c rys t a l s  
r e ce iv ing  the  i den t i ca l  r e d u c t i o n  t r e a t m e n t .  The  
e l ec t rons  t r a p p e d  at  E1 wi l l  be  m o r e  loose ly  b o u n d  
t h a n  those  t r a p e d  at  E~ (Eq. [3]  and  [4 ] )  and  can be  
t h o u g h t  of as h a v i n g  a l a r g e r  orbi t .  T h e r e f o r e  a con-  
c e n t r a t i o n  of defec t s  sufficient  to cause  o v e r l a p p i n g  
of the  E1 levels  m a y  be  insuff ic ient  to cause  o v e r -  
l a p p i n g  of t he  E~ levels .  In  th i s  case  t h e  E1 l eve l  
w o u l d  shi f t  t o w a r d  the  conduc t ion  b a n d  in a m a n -  
n e r  ana logous  to t he  sh i f t ing  of t he  E~ l eve l  in  Fig .  4. 
S ince  f r o m  the  s ingle  c r y s t a l  d a t a  the  E1 l eve l  is 
abou t  0.2 ev, the  s m a l l e s t  r e d u c t i o n  a t t a i n e d  in th is  
i nves t i ga t i on  m a y  p r o v i d e  a sufficient n u m b e r  of 
de fec t s  to shi f t  the  E1 l eve l  w i t h i n  4 k T  (a t  r oom 
t e m p e r a t u r e  4 k T  = 0.1 ev )  of t he  conduc t ion  band .  
I f  th is  occurs,  t he  first  l eve l  w o u l d  be  e x h a u s t e d  at  
a l l  t e m p e r a t u r e s  u t i l i zed  in th i s  r e sea rch ,  and  the  
c o n d u c t i v i t y  of s i n t e r e d  spec imens  w o u l d  change  
on ly  t h r o u g h  e xc i t a t i on  of e l ec t rons  f r o m  the  second 
l eve l  in to  the  conduc t ion  band .  

A t  the  h ighes t  deg ree  of r e d u c t i o n  ( c u r v e  A, Fig.  
4) t he  c o n d u c t i v i t y  is e s s e n t i a l l y  i n d e p e n d e n t  of 
t e m p e r a t u r e  ove r  the  en t i r e  t e m p e r a t u r e  r a n g e  in -  
ves t iga t ed ,  and  thus  the  m a t e r i a l  in  th is  r eg ion  m a y  
be class i f ied as a d e g e n e r a t e  s emiconduc to r ,  i .e. ,  bo th  
E1 and  E~ leve ls  a r e  e xha us t e d .  S ince  in a d e g e n e r a t e  
s e m i c o n d u c t o r  the  F e r m i  l eve l  m a y  be  cons ide red  
to  b e  in  t he  conduc t ion  band ,  t h e  e x p o n e n t i a l  t e r m  
for  the  d e p e n d e n c e  of the  c o n d u c t i v i t y  m a y  be  r e -  
p l aced  b y  un i ty ,  and  the  c o n d u c t i v i t y  ~ m a y  be  e x -  
p r e s s e d  as 

~r = O-o N e v  [6]  



Vol .  109, No.  7 

where  N is the  n u m b e r  of car r ie rs  in  the  conduc t ion  
band,  e is the  e lec t ronic  charge,  and  v is the  e lec-  
t ronic  mobi l i ty .  Thus,  if it is possible to es t imate  the  
n u m b e r  of carr iers  and  measu re  the conduct iv i ty ,  a 
ca lcu la t ion  of the e lec t ron  mob i l i t y  could be made.  
F r o m  x - r a y  da ta  of Hol tzberg  and  co -worke r s  (2) ,  
it is possible to es t imate  the to ta l  n u m b e r  of mo le -  
cules in  Nb~OJcc as 1.2 x 10 ~~ This means  t ha t  the re  
would  be 6 x 10 ~ n o r m a l l y  occupied oxygen  an ion  
la t t ice  sites. F r o m  m e a s u r e m e n t  of weight  changes,  
however ,  it was found  tha t  the composi t ional  
change  f rom insu la to r  to degene ra t e  semiconduc tor  
a m o u n t e d  to the  change  Nb~O~-Nb204.~, w i th  the  
composi t ion  Nb~O4.~ cor respond ing  to about  1% va-  
cancies per  cubic cent imeter .  Since an  oxygen  va -  
cancy can t r ap  two electrons,  N can be a p p r o x i m a t e d  
as 1.2 x 101~/cc. F r o m  Fig. 4 the conduc t iv i ty  for the  
degene ra t e  case can be app rox ima ted  as 10 -~ ohm-  
cm. Therefore ,  the e lec t ron  mob i l i t y  is of the order  of 
10 -~ cm~/volt-sec.  This va lue  of mob i l i t y  is close to 
tha t  found  by  Breckenr idge  and  Hosler  (5) for the  
case of heav i ly  r educed  TiO~ and  was re la ted  by  
t hem to a conduc t ion  process in  the n a r r o w  "d" b a n d  
of Ti ions. Thus,  by  ana logy  to the  TiO~ case, it  wou ld  
be possible for  the n a r r o w  "d" b a n d  of the  Nb ca t -  
ion to act as the conduc t ion  band.  

Conclusion 

On the basis  of the  conduc t iv i ty  s tudies  presen ted ,  
two a l t e rna t i ve  mechan i sms  m a y  be offered. 

1. Excess e lect rons  produced  as a resu l t  of r e -  
duc t ion  are local ly  t r apped  at Nb ~+ ions. S ince  an  
oxygen  vacancy  m a y  be cons idered  to have a v i r t u a l  
charge of +2 ,  these Nb ~+ ions would  be found  n e a r  a 
vacancy.  Conduc t ion  migh t  take  place via  exc i ta t ion  
of an  e lec t ron f rom an  Nb ~§ ion into the  conduc t ion  
b a n d  ( h i g h - t e m p e r a t u r e  ac t iva t ion  ene rgy )  or by 
"hopp ing"  of an  e lec t ron  f rom an  Nb *+ site to an  Nb ~§ 
site ( l o w - t e m p e r a t u r e  ac t iva t ion  ene rgy ) .  The act i -  
va t ion  energies  are s u m m a r i z e d  in  Table  IIa. iVIitoff 
(6) has r ecen t ly  t r ea t ed  the case for hopping  in  NiO. 
He repor ts  an  ac t iva t ion  ene rgy  of about  0.2 ev over  
the same l o w - t e m p e r a t u r e  r ange  used in this  in -  
vest igat ion.  A s t anda rd  diffusion ana lys i s  can  t r ea t  
this  p r o b l e m  qui te  adequa te ly ;  i.e., the conduc t iv i ty  
~r m a y  be expressed as 

= nev  ~ nev~ exp ( - - E / k T )  [7] 

where  n is the  n u m b e r  of car r ie rs  t r apped  in  defect  
levels,  e is the e lect ronic  charge,  and  the  t e r m  
vo exp ( - - E / k T )  expresses the t e m p e r a t u r e  d e p e n d -  
ence of the  mobi l i ty .  

2. Exc i t a t ion  of two elect rons  f rom an  oxygen  va -  
cancy t r ap  into the  "d" b a n d  of the  Nb ~§ ions accord-  
ing to Eq. [3] and  [4].  The observed  ac t iva t ion  e n -  
ergies subs t i t u t ed  into the  s t a n d a r d  semiconduc tor  

Table II. Summary of activation energies 

(a) (b) (c) 
Mechan i sm 1 Mechan i sm 2 T he rmo-  

(Act ivat ion energies  f r o m  Fig.  3) luminescence  

El 0.1 0.2 0.4 

E2 0.9 0.9 0.9 
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equa t ion  (Eq. [5] )  y ie ld  the  energies  necessa ry  to 
exci te  these e lec t rons  f rom a vacancy  t r ap  in to  the  
conduc t ion  band ,  Table  IIb. Recent  t h e r m o l u m i n e s -  
cence s tudies  by  Greener ,  Fehr ,  and  A n g i n o  (7) t end  
to subs t an t i a t e  this  model.  In  this  inves t iga t ion  
spec imens  of powdered  nea r - s to i ch iome t r i c  a-Nb~O~ 
were  subjec ted  to Co ~~ and  u.v. i r r ad ia t ion  af ter  
which  they  exh ib i ted  two t h e r m o l u m i n e s c e n c e  
peaks. The ac t iva t ion  energies  ca lcula ted  f rom these 
peaks  closely cor respond to those ca lcula ted  f rom 
single  crys ta l  conduc tance  da ta  based on ac t iva t ion  
to a b a n d  f rom two discrete  levels  (Tables  I Ib  a n d  
IIc) .  This  suggests  tha t  the t r a p p i n g  mechan i sms  in  
both e xpe r i me n t s  were  the  same. 

Fu r the r ,  two ac t iva t ion  energies  were  ob ta ined  
in  powdered  mater ia l .  In  the  case of t h e r m o l u m i n e s -  
cence e xpe r i me n t s  one m a y  expect  an e x t r eme ly  
smal l  concen t r a t i on  of e lec t rons  t r apped  at v a c a n -  
cies. For  example ,  i r r ad i a t i on  produces  no color 
change,  whi le  r educ t ion  does. Thus  no ove r l app ing  
of e lect rons  t r apped  at  E~ occurs, and  a second ac-  
t iva t ion  ene rgy  is seen which  is in  good a g r e e m e n t  
wi th  the  s ingle  crys ta l  conduc tance  data.  The hop-  
p ing  m e c h a n i s m  discussed ear l ie r  ( m e c h a n i s m  1) 
could no t  give r ise to a t h e r m o l u m i n e s c e n c e  peak.  I t  
is also of in te res t  to no te  tha t  a Bohr He model  for  
the t raps  predicts  tha t  the e n e r g y  to excite  the  sec- 
ond e lec t ron f rom the vacancy  is about  four  t imes  the  
e n e r g y  to exci te  the  first. Such  a r e l a t ionsh ip  is ev i -  
den t  in  Table  II. 

A l though  at p resen t  the  model  which  best  exp la ins  
all  e x p e r i m e n t a l  da ta  seems to be  the  exc i ta t ion  of 
two t r apped  e lec t rons  in to  the "d"  b a n d  of the  n io -  
b i u m  cations,  the  f inal  decision as to which  m e c h a n -  
ism occurs m u s t  depend  on an  e x p e r i m e n t  which  can 
d i f ferent ia te  b e t w e e n  the  t e m p e r a t u r e  dependence  of 
car r ie r  concen t r a t i on  and  ca r r i e r  mobi l i ty .  In  the  
case of exc i ta t ion  into a b a n d  it  is the  car r ie r  con-  
cen t r a t i on  which  is e xpone n t i a l l y  d e p e n d e n t  on t e m -  
p e r a t u r e  whereas  in the  case of a hopp ing  process the 
mob i l i t y  is e xpone n t i a l l y  d e p e n d e n t  on t empe ra tu r e .  
Clear ly  in order  to d i s t ingu i sh  b e t w e e n  the  two pos-  
sible mechanisms ,  Hal l  Effect da ta  wou ld  be most  
va luable .  
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Cross Sections and Ohmic Resistance of Diffusion 
Pipes in Silicon 
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ABSTRACT 

Diffusion pipes were  de l ibe ra te ly  produced by  contaminat ion  wi th  phos-  
phorus as descr ibed prev ious ly  by  Goetzberger  and the i r  cross sections meas -  
ured as a funct ion of dep th  f rom the surface by  removing  thin  layers  of sil icon 
by anodic oxidat ion.  The resul ts  are  in qual i ta t ive  agreement  wi th  theory  as 
der ived  f rom a s imple diffusion model. In pa r t i cu la r  some pipes were  found 
having d iameters  tha t  increase wi th  depth,  and others  were  found having  
decreasing diameters .  "Submerged  pipes" were  also detected expe r imen ta l ly  
for the first time. Deviat ions f rom the pred ic ted  theore t ica l  behavior  were  r e l a -  
t ive ly  un impor tan t  and seem to be caused by  enhanced diffusion close to the  
surface by  the finite size of the n - t y p e  source and by  the influence of back-  
ground doping. The proposed theore t ica l  model  was fu r the r  confirmed by  m e a s -  
u rement  of the  ohmic resis tance of pipes which was in agreement  wi th  pred ic -  
tions based on spreading  resis tance from the concentra t ion end of the pipe. 

This  p a p e r  r e p o r t s  n e w  inves t i ga t i ons  on d i f fus ion  ~_y,~ 
p ipes  in  s i l icon.  In  an  e a r l i e r  p a p e r  (1)  i t  h a d  been  i ~ / ~ 1 ~ / ~ /  

shown  tha t  p i p e - l i k e  r eg ions  of h igh  donor  concen -  
t r a t i o n  t h r o u g h  d i f fused  p - l a y e r s  in s i l icon can  o r ig -  
ina te  f r o m  loca l ized  sources  of n - t y p e  i m p u r i t y  on 
the sur face ,  x 

I t  h a d  f u r t h e r  been  shown t h a t  th is  n - t y p e  i m -  ELLIPSOID 
p u r i t y  was  p h o s p h o r u s  in  t he  m a j o r i t y  of cases  and  I 
t ha t  p ipes  a r e  f o r m e d  b y  di f fus ion f r o m  the  loca l ized  
sources.  The  r e su l t s  r e p o r t e d  in (1)  w e r e  r e c e n t l y  
conf i rmed  b y  F l i n t  (2)  w h o  was  ab l e  to de t ec t  a ~ / ~ 1 ~ / ~  
h igh  c o n c e n t r a t i o n  of p h o s p h o r u s  in  p ipes  w i t h  an  
e l ec t ron  p r o b e  x - r a y  ana lyze r .  A c c o r d i n g  to t he  d i f -  
fus ion  t h e o r y  g iven  in (1) ,  p ipes  shou ld  h a v e  d i f -  x 
f e r en t  prof i les  d e p e n d e n t  on d i f fus ion cond i t ions  CYLINDER 

( T a b l e  I a n d  Fig .  1) .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  m 
so -ca l l ed  " s u b m e r g e d "  p ipes  (case  IV) .  This  t y p e  
of p ipe  canno t  be  d e t e c t e d  on the  su r face  beca use  i t  
does no t  con ta in  a j u n c t i o n  i n t e r s e c t i n g  the  surface .  

In  th is  p u b l i c a t i o n  ev idence  t h a t  a l l  the  p r e d i c t e d  
shapes  ex i s t  is r e p o r t e d .  Th is  ev idence ,  o b t a i n e d  
w i th  a sec t ion ing  t e c h n i q u e  e m p l o y i n g  anodic  o x -  
ida t ion ,  is d i scussed  be low.  

The  r e su l t s  of the  prof i le  m e a s u r e m e n t s  w e r e  
checked  b y  m e a s u r i n g  the  ohmic  r e s i s t ance  of a 
n u m b e r  of pipes .  S ince  p ipes  r e s u l t  f r om diffus ion 
f rom t h e  sur face ,  t he  r e s i s t i v i t y  a long  a p ipe  i n -  

Table I. Pipe shapes for different diffusion conditions 

Case Condit ion Shape 

I Co~ >Col ,  Dltl > D~t~  El l ipsoid 
II  Co~ >Col ,  D~tl < D~t~  Hyperbo la  of ro ta t ion 
I I I  Co~ >Col ,  Dlh ---- D~t~ Cyl inder  
IV Co~ < Co~, D~t~ < D~t~ Hyperbo la  of ro ta t ion 

( submerged  pipe)  

Definit ion of symbols :  Co is surface  concentra t ion;  D, diffusion co- 
efficient; t, diffusion t ime;  subscr ipt  1 refers  to the  plane diffusion; 
subscr ip t  2 re fe r s  to the  spher ical  pipe diffusion.  

T~y / X  X I 

HYPERBOLA OF ROTATION 

~ y  I"-Y,~I 

HYPERBOLA 
I]Z 

Fig. 1. Four different pipe shapes according to mathematical 
model. 

creases  f rom the  su r f a c e  acco rd ing  to a d i f fus ion  
d i s t r i bu t ion .  The  mos t  i m p o r t a n t  c o n t r i b u t i o n  to 
the  res i s tance ,  t he re fo re ,  a r i ses  f rom the  s p r e a d i n g  
r e s i s t ance  in the  b u l k  m a t e r i a l  l y i n g  b e y o n d  the  end  
of t he  pipe.  The  a r ea  of t he  conduc t ing  c h anne l  
t h r o u g h  t h e  d i f fused  l a y e r  can  thus  be  e s t i m a t e d  
f rom r e s i s t i v i t y  m e a s u r e m e n t s  and  is f o u n d  in a 
l a t e r  sec t ion  to c o m p a r e  w i t h  op t i ca l  m e a s u r e m e n t s  
of the  p ipe  shape.  

Cross Section Measurements 
Experimental  procedure.--Diode p r e p a r a t i o n  and  

o b s e r v a t i o n  of p ipe  d i a m e t e r  a t  t h e  su r f a c e  w e r e  
iden t i ca l  to the  p r o c e d u r e s  d e s c r i b e d  in (1) .  P ipes  
we re  i n t r o d u c e d  in to  bo ron  d i f fused  p+n p l a n a r  d i -  
odes b y  e x p o s u r e  to P~O5 aeroso l  be fo re  bo ron  p r e -  
depos i t  and  w e r e  o p t i c a l l y  o b s e r v e d  b y  l igh t  e m i s -  
s ion f rom m i c r o p l a s m a s  a t  t he  sur face .  

A f t e r w a r d s  the  t h i ckness  of t he  s i l icon sl ices con-  
t a i n ing  d iodes  w i t h  p ipes  was  r e d u c e d  in  s m a l l  in -  
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Fig. 2. Anodic oxidation apparatus 

c r e m e n t s  by  anodic  ox ida t ion ,  and  the  v a r i a t i o n  of 
the  p ipe  shapes  s tud ied .  The  t e c h n i q u e  of anod ic  
o x i d a t i o n  of s i l icon has  been  d e s c r i b e d  b y  S c h m i d t  
(3 ) ,  and  T a n n e n b a u m  (4)." The  p r o c e d u r e  fo l l owed  
in th is  i nves t i ga t i on  h a d  been  w o r k e d  out  b y  Mc-  
Dona ld  and  Col l ins  (5) .  One  anod iza t i on  s tep  in the  
a p p a r a t u s  shown  in  Fig .  2 r e m o v e s  a p p r o x i m a t e l y  
0.05#. A f t e r  each  anod iza t i on  the  ox ide  was  r e m o v e d  
in HF,  and  a f t e r  e v e r y  five o x i d a t i o n  s teps  t he  t h i c k -  
ness  of t h e  r e m o v e d  l a y e r  and  the  d i a m e t e r  of t he  
p ipe  w e r e  m e a s u r e d .  Th ickness  was  d e t e r m i n e d  b y  
w e i g h i n g  w i t h  a m i c r o b a l a n c e  w i th  an  a c c u r a c y  
of • 4 #g, co r r e sPond ing  to a d e p t h  a c c u r a c y  of 
0.016~ for  a sl ice of 1 cm ~ area .  This  accuracy ,  h o w -  
ever ,  is on ly  a p p l i c a b l e  for  sl ices of u n i f o r m  dop ing  
over  the  w h o l e  su r face  because  i t  has  been  o b s e r v e d  
d u r i n g  th is  i nves t i ga t i on  t h a t  t he  e t ch ing  r a t e  is 
d i f fe ren t  for  n -  and  p - t y p e  and  for  d i f fe ren t  r e -  
s is t ivi t ies .  T h e r e f o r e  the  d e p t h  m e a s u r e m e n t s  r e p r e -  
sen t  on ly  an  a v e r a g e  ove r  t he  w h o l e  s l ice  and  m a y  
not  a p p l y  a c c u r a t e l y  to t he  p ipes  t hemse lves .  The  
e r r o r  is t h o u g h t  to be  less  t h a n  10%. 

The  d imens ions  of t he  p ipes  w e r e  d e t e r m i n e d  b y  
t a k i n g  p h o t o m i c r o g r a p h s  of t he  d iodes  u n d e r  r e -  
ve r se  bias,  u t i l i z ing  a v a l a n c h e  r a d i a t i o n  to d e l i n e a t e  
t he  i n t e r sec t i on  of t he  p ipes  w i t h  the  surface.  Some  
of the  p ipes  d e v i a t e d  f r o m  a c i r c u l a r  geome t ry .  In  
these  cases  t h e  d i a m e t e r  was  a l w a y s  m e a s u r e d  in 
the  s ame  d i rec t ion .  

A n  a l t e r n a t i v e  to t he  a v a l a n c h e  m e t h o d  is t he  
chemica l  s t a in ing  t e c h n i q u e  (6) .  The  a v a l a n c h e  
m e t h o d  was  chosen  because  of  i ts  g r e a t e r  r e p r o -  
duc ib i l i t y .  

Resu l t s . - -When  p h o s p h o r u s  was  i n t r o d u c e d  as an 
ae roso l  be fo re  b o r o n  p redepos i t i on ,  in g e n e r a l  a 
g r e a t e r  p e r c e n t a g e  of p ipes  w e r e  f o u n d  to h a v e  d i -  
a m e t e r s  w h i c h  d e c r e a s e d  w i th  d e p t h  c o r r e s p o n d i n g  
to the  e l l i p so ida l  type .  The  r e m a i n d e r  of t he  p ipes  
showed  a w i d e n i n g  w i t h  i nc r ea s ing  dep th ;  th i s  t y p e  
of p ipes  is b e l i e v e d  to be  due  to u n i n t e n t i o n a l  con-  
t a m i n a t i o n  d u r i n g  or  be fo re  t he  o x i d a t i o n  s tep  w i t h  

Fig. 3. Group of pipes showing constriction. Light emission photo- 
graphs are taken at increasing depths. X is depth of cross section. 

Surfoce 

9 " '  i P + --: 7---'1 l . . . . .  
- A p p r o x i m a t e  location of 
p - n  junction 

4 ' Y 

. . . .  l . . . . . . . .  i t 

Fig. 4. Cross sections for four different pipes showing constriction 

s~ . . . .  k-,,q 

Ouncti~ depth far from pipe J 

Fig. 5. Cross section of a pipe showing widening of diameter with 
depth. 

c o n s e q u e n t l y  l a r g e r  va lue s  of Dt for  t he  p h o s p h o r u s  
t h a n  for  t he  boron.  

F i g u r e  3 a - c  shows  l igh t  emiss ion  f rom t h e  same  
g r o u p  of p ipes  as  i t  a p p e a r e d  a t  d i f fe ren t  dep ths .  
The  cross  sec t ions  of two  of these  p ipes  and  of some 
o the r s  found  in t he  same  s a m p l e  a re  g iven  in Fig .  4. 

F i g u r e  5 shows  the  cross  sec t ion  of a p ipe  w i t h  
i n c r e a s i n g  d i a m e t e r ,  t he  two  ou t l i nes  c o r r e s p o n d -  
ing to two  p e r p e n d i c u l a r  d i r ec t ions  across  t he  p ipe  
w h i c h  was  no t  e x a c t l y  c i r cu la r .  

In  Fig .  6 the  de t ec t i on  of a s u b m e r g e d  p ipe  d u r -  
ing  sec t ion ing  is shown.  In  Fig.  6a a s m a l l  l i g h t  spo t  
can  be seen to the  le f t  of a w e l l - d e v e l o p e d  pipe .  A t  
g r e a t e r  dep th s  th is  l igh t  spot  d e v e l o p e d  into  a r i ng  
of l igh t  c h a r a c t e r i s t i c  for  a p ipe .  I t  can be  a s s u m e d  
tha t  the  l igh t  emiss ion  t h a t  e m e r g e s  b e f o r e  t h e  p i p e  
i t se l f  is sec t ioned  is caused  b y  a v a l a n c h e  b r e a k -  
d o w n  at  t he  top  of t he  n - r e g i o n  w h e r e  t h e  i m p u r i t y  
g r a d i e n t  is i nc reased .  

In  Fig.  7a t h e  cross  sec t ion  of th is  p ipe  is given.  
The  two  t r aces  aga in  a p p l y  to two  p e r p e n d i c u l a r  
d i rec t ions .  F i g u r e  7b shows  a s imi l a r  s t r u c t u r e  found  
in a n o t h e r  diode.  

Discuss ion. - -The o b s e r v e d  p i p e  cross  sec t ions  a r e  
in q u a l i t a t i v e  a g r e e m e n t  w i t h  t he  t h e o r y  g iven  in  
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Fig. 6. Light emission photographs showing detection of a sub- 
merged pipe. X is depth of cross section. 
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Fig. 7. Cross sections of two submerged pipes 

(1)- The fol lowing deviat ions f rom the expected 
behavior  can be noticed: (A) Pipes which show a 
decrease in d iamete r  in depth  (Fig. 4) are wider  at 
the surface than  the expected ellipsoid. (B) Pipes 
showing an increase in d iamete r  wi th  increasing 
depth, inc luding . the  submerged types,  do not follow 
a hyperbol ic  outl ine exactly,  but  show more curva-  
ture  at the bot tom end. 

Effect (A) might  be caused by  enhanced diffusion 
close to the surface as has been repor ted  by differ-  
ent observers  (4, 5, 7). Li t t le  is known about  diffu- 
sion along surfaces, but  in genera l  it  is assumed to 
be much faster  than bulk  diffusion. Because the 
observed effect can be expla ined  adequate ly  by  a 
small  modification of the bulk  diffusion coefficient, 
it is bel ieved to be due to enhanced bulk diffusion 
and p robab ly  not  to surface diffusion. 

Effect (B) can be accounted for by (i) finite 
extension of the source in i t ia l ly  over the surface 
and (ii)  influence of the doping of the  c rys ta l  f rom 
which the slice was p repared ;  this constant  concen- 
t ra t ion  t e rm was not t aken  into considerat ion in the 
s imple mathemat ica l  model. 

For  several  pipes an evaluat ion  of phosphorus 
content was carr ied  out using the known data  of 
the p lane  diffusion and a diffusion t ime for the pipes 
corresponding to the t ime elapsed af ter  in t roduct ion 
of phosphorus.  The number  of phosphorus atoms 
per  pipe was es t imated as be tween  108 and 109 , in 
good agreement  wi th  ear l ier  es t imates  (1) based on 
measurements  of the growth  ra te  of pipes. 

Submerged  pipes had an impur i ty  content in the 
lower range, as ant icipated.  

It should be noted here  that  the lower  l imi t  for 
the  phosphorus content  which will  make  a pipe ob- 
servable  is de te rmined  by  the surface concentrat ion 
of the plane boron diffusion. If the surface concen- 
t ra t ion of the plane diffusion is lowered,  then the 
number  of impur i ty  atoms requi red  to form com- 
parab le  types of pipes wil l  be lowered by the same 
factor. 

One of the resul ts  of the  present  invest igat ion is 
a proof of existence of the submerged  pipes (Fig. 
7). This type  is character ized by  re la t ive ly  small  
amounts  of impur i t ies  which s ta r ted  diffusing a 
considerable t ime before diffusion of the p - t y p e  
layer  is f requent ly  found in p lanar  devices. The 
long h i g h - t e m p e r a t u r e  oxidat ion necessary  to p ro -  
duce the ini t ia l  oxide layer  provides  a chance for 
submerged  pipes to be introduced.  I t  appears  to be 
very  difficult to avoid contaminat ion wi th  phos-  
phorus dur ing this step. In the opinion of the au-  
thors this p roblem wil l  have to be solved before 
large  area p lanar  devices become technica l ly  fea-  
sible in silicon. 1 

Pipe Resistance 
Technique of measurement and results.--The main 

problem in measur ing  the resis tance th rough  a pipe 
is the small  size of the pipe areas.  James  and F l in t  
(8) a t t empted  to measure  the ohmic resis tance by  
placing a fine probe in the center  of a pipe. They 
obta ined only a rough es t imate  of the  resistance.  

In this invest igat ion a different  contacting method 
was chosen. Contact  to the pipe was made by  means 
of a shallow diffused n+-layer of a l a te ra l  extension 
smal ler  than the p lanar  p - t y p e  junct ion containing 
the pipe (Fig. 8). Appl ica t ion  of this  technique is 
possible because, owing to the high doping level  
at the surface, the top par t  of the pipe does not con- 
t r ibu te  apprec iab ly  to its resistance.  Before diffu- 
sion of the contact ing emi t te r  l aye r  cer ta in  diodes 
containing pipes were  photographed  to obtain the  
pipe diameter .  The n+-layer was then produced by  
convent ional  oxide masking  and photoresis t  tech-  
niques. Only those devices which contained a single 
pipe were  selected for measurement .  In order  to 
be sure that  no submerged pipes were  also con- 
tacted by  the n+-layer, af ter  the resis tance had been 
measured  the specimens were  anodical ly  sectioned 
and examined again for the presence of submerged 
pipes. 

The a r r angemen t  for res is tance measurement  is 
shown in Fig. 8. Separa te  probes were  used for 

x For  example ,  in  device product ion submerged  pipes can produce 
emit ter-col lector  shorts  in s t ruc tu res  which ,  p r ior  to the  emi t t e r  
diffusion, exhib i t  per fec t ly  sat isfactory collector base  junct ions.  

Layer Gold 
0.4/~ Bond 

+ 
DC 

Supply 

F 
Fig. 8. Technique for measurement of ohmic resistance of pipe 
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Fig. 9. V-I curves for four different pipes, which were used to 
determine ohmic resistance. 

vo l t age  and  c u r r e n t  r e a d i n g s  so t h a t  the  inf luence  
of con tac t  r e s i s t ances  cou ld  be e l im ina t ed .  A l l  t he  
r e s i s t ances  m e a s u r e d  w e r e  ohmic  in t he  r a n g e  b e -  
t w e e n  --0.5 and  +0 .5v .  A t  h i g h e r  vo l t age  the  
m e a s u r e m e n t s  w e r e  d i s t u r b e d  b y  in j ec t ion  effects  
w i t h i n  t he  n p n  s t ruc tu re .  Vo l t age  vs. c u r r e n t  va lue s  
for  fou r  d i f fe ren t  p ipes  a r e  g iven  in Fig .  9. 

Discussion.--In T a b l e  I I  t he  r e su l t s  of t h e  r e s i s t -  
ance  m e a s u r e m e n t  a r e  p r e sen t ed .  The  f irst  co lumn  
g ives  t he  n u m b e r  of the  p ipe ,  the  second  the  m e a s -  
u r ed  res i s t ance .  In  t he  t h i r d  co lumn the  o b s e r v e d  
d i a m e t e r s  of the  p ipes  at  the  su r f ace  a re  l i s ted .  
These  d i a m e t e r s  had  been  m e a s u r e d  be fo re  t he  con-  
t ac t i ng  n+- laye r  was  diffused.  F o r  c o m p a r i s o n  the  
d i a m e t e r  of the  p ipe  was  c a l c u l a t e d  f rom the  s p r e a d -  
ing  r e s i s t ance  on the  bas is  of two  d i f fe ren t  mode l s  
(9) .  The  first  m o d e l  a s sumes  t ha t  c u r r e n t  s p r e a d s  
f rom a d i sk  of neg l ig ib l e  r e s i s t ance  of d i a m e t e r  d 
in to  t he  b u l k  s i l icon of r e s i s t i v i t y  p. Res i s t ance  in 
th is  case  is g iven  b y  

P 
R - -  

2 d  

In the  second  m o d e l  r e s i s t ance  is t h o u g h t  to a r i se  
by  s p r e a d i n g  of c u r r e n t  into t he  b u l k  f rom a h e m -  
i s phe re  w i t h  neg l ig ib l e  res i s t ance ,  and  d i a m e t e r  d 

P 
I rd  

(A  r igo rous  t r e a t m e n t  w o u l d  r e q u i r e  ca l cu la t ion  of 
the  s p r e a d i n g  r e s i s t ance  of a h e m i s p h e r i c a l  d i f fus ion 
d i s t r i b u t i o n  whose  top  p a r t  is cu t  off b y  the  j u n c -  
t ion . )  F o r  bo th  cases d was  c a l c u l a t e d  for  p ~-- 3 o h m -  
cm f rom the  m e a s u r e d  R va lues .  These  d - v a l u e s  a r e  
g iven  in the  t h i r d  and  f o u r t h  c o l u m n  of Tab le  II .  

The  p ipes  in Tab le  I I  can  be  s e p a r a t e d  into  two  
groups .  One g roup  (No. 1 and  2) consis ts  of p ipes  

Table II. Results of pipe resistance measurements 

doazc, deale, 
R m e a s u r e d ,  d m e a s u r e d ,  d i sk  spher .  

No. K o h m s  ~ mode l ,  ~ mode l ,  

1 11.0 5 1.35 0.87 
2 5.5 6.2 2.7 1.75 
3 1.2 8 12.5 8.0 
4 1.1 10 13.6 8.7 
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w i t h  a sma l l  d i a m e t e r .  F o r  these  w e  ca l cu l a t e  a d i -  
a m e t e r  w h i c h  is too sma l l  w i t h  e i t he r  model .  The  
o t h e r  g r o u p  w h i c h  consis ts  of b i g g e r  p ipes  (No. 3 
and  4) can  bes t  be  a p p r o x i m a t e d  b y  the  s p h e r i c a l  
model .  

In  o r d e r  to e x p l a i n  the  d i s a g r e e m e n t  fo r  the  first  
g roup ,  w e  have  to a s sume  t h a t  t he  d i a m e t e r s  at  
t he  j u n c t i o n  a r e  s m a l l e r  t h a n  at  the  sur face .  I n d i -  
ca t ions  for  such a cons t r i c t ion  of these  p ipes  w e r e  
i ndeed  found  w h e n  the  s a m p l e  con ta in ing  the  sl ice 
was  sec t ioned  anod ica l ly .  O c c u r r e nc e  of su r f ace  con-  
t a m i n a t i o n ,  h o w e v e r ,  p r e v e n t e d  a c c u r a t e  m e a s u r e -  
m e n t s  of p ipe  d i a m e t e r s  c lose to t he  junc t ion .  W e  
conclude ,  howeve r ,  t ha t  in g e n e r a l  t h e  a g r e e m e n t  
w i t h  the  m o d e l  is s a t i s f a c t o r i l y  w i t h i n  the  l imi t s  set  
b y  e x p e r i m e n t a l  e r ro rs .  

Conclusions 
Pipes  t h r o u g h  di f fused l a y e r s  t h a t  w e r e  found  in 

a p r e c e d i n g  p a p e r  to be caused  b y  di f fus ion of n -  
t y p e  i m p u r i t y  f rom loca l ized  specks  of c o n t a m i n a -  
t ion  w e r e  s t ud i e d  in d e t a i l  in th is  i nves t iga t ion .  
Cross  sec t ions  of p ipes  t h a t  w e r e  o b t a i n e d  b y  anodic  
o x i d a t i o n  w e r e  found  to be  in q u a l i t a t i v e  a g r e e m e n t  
w i t h  t heo ry .  T h r e e  t y p e s  of p ipes  w e r e  f o u n d  co r -  
r e s p o n d i n g  to t h e  t h e o r e t i c a l l y  p o s t u l a t e d  t y p e  
shapes :  e l l ipso id  ( I ) ,  h y p e r b o l a  of r~otation ( I I ) ,  a n d  
s u b m e r g e d  h y p e r b o l a  of r o t a t i o n  ( IV) .  The  ex i s t -  
ence of t he  l a t t e r  type ,  w h i c h  h a d  on ly  been  p o s t u -  
l a t ed  t h e o r e t i c a l l y ,  was  thus  conf i rmed.  

D e v i a t i ons  f rom the  c a l c u l a t e d  shapes  can  be  e x -  
p l a i n e d  b y  e n h a n c e d  di f fus ion close to t he  surface .  

M e a s u r e m e n t  of t he  ohmic  r e s i s t ance  of a n u m b e r  
of p ipes  gave  s a t i s f a c to ry  a g r e e m e n t  b e t w e e n  op -  
t i c a l l y  and  e l e c t r i c a l l y  d e t e r m i n e d  p i p e  d i a me te r s .  
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Hysteresis in the Large-Signal Field 
Effect in Semiconductor Surfaces 
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ABSTRACT 

The finite genera t ion  and recombina t ion  ra tes  of excess minor i ty  car r ie rs  
can lead to large  hysteresis  effects even at  f requencies  < <  (2n~) -1 in l a rge -  
signal field effect measurements .  The hysteresis  loop occurs on the invers ion-  
l aye r  side of the conductance vs. field curve and widens  wi th  increas ing f re -  
quency and wi th  increas ing minor i ty  ca r r i e r  l i fe t ime in the  sample.  Expe r i -  
menta l  resul ts  on ge rman ium and a s imple  theore t ica l  t r e a tmen t  are  p r e -  
sented. 

O w i n g  to t he  e x i s t e n c e  ( u s u a l l y )  of a l a r g e  con-  
c e n t r a t i o n  of s low su r f ace  s t a tes  in semiconduc to r s ,  
a n y  changes  in s a m p l e  p r o p e r t i e s  i n d u c e d  b y  con-  
s t an t  t r a n s v e r s e  e lec t r i c  f ields t e n d  to  d e c a y  to  zero. 
In  o t h e r  words ,  e q u i l i b r i u m  field effects  u s u a l l y  
van ish .  H o w e v e r ,  s ince  a t  l e a s t  in  mos t  g e r m a n i u m  
and  s i l icon su r faces  t h e r e  is a l a r g e  s e p a r a t i o n  in  
the  t ime  cons tan t s  of t he  s low a n d  fas t  s ta tes ,  i t  is 
o f t en  pos s ib l e  to a ch i eve  a " q u a s i - e q u i l i b r i u m "  con -  
d i t ion,  w i t h  the  c a r r i e r s  in  t h e  b a n d s  and  the  fas t  
s ta tes  v i r t u a l l y  in  e q u i l i b r i u m ,  b u t  w i t h  t h e  c a r -  
r i e r s  in  t h e  s low s ta tes  v i r t u a l l y  unaf fec ted .  The  
u s u a l  ana lys i s  (1)  of f i e l d - i n d u c e d  conduc t ance  
changes ,  to ob t a in  i n f o r m a t i o n  a b o u t  t he  fas t  s ta tes ,  
en ta i l s  t h e  imp l i c i t  a s s u m p t i o n  t h a t  th is  cond i t ion  
exis ts .  

The  e x p e r i m e n t a l  r e q u i r e m e n t  is t h a t  t he  t i m e  
v a r i a t i o n s  of t h e  a p p l i e d  field be  too  r a p i d  to be  
fo l lowed  b y  the  s low s ta tes ,  y e t  s low enough  to be  
fo l l owed  b y  a l l  o t h e r  p rocesses  af fec t ing  t h e  c a r r i e r  
concen t ra t ions .  These  i nc lude  d r i f t  a n d  di f fus ion of 
f ree  ca r r i e r s ,  t r a p p i n g  in  a n d  r e l e a s e  f r o m  fas t  
s ta tes ,  and  g e n e r a t i o n  and  r e c o m b i n a t i o n  of m i n o r -  
i t y  ca r r i e r s .  

The  l a t t e r  p rocesses  a r e  of p r i n c i p a l  conce rn  in  
this  pape r .  As  is we l l  k n o w n  (2) ,  u n d e r  s m a l l - s i g -  
na l  a - c  cond i t ions  t h e i r  f ini te  r a t e s  l e ad  to a r e -  
l a x a t i o n  in t he  f ie ld-ef fec t  mob i l i t y ,  c e n t e r e d  at  a 
f r e q u e n c y  f = ( 2 ~ )  -1 (~ = s a m p l e  l i f e t i m e ) ,  w h i c h  
for  o r d i n a r y  s amp le s  l ies  in  t he  n e i g h b o r h o o d  of 10 
kcps.  U n d e r  l a rge  s igna l  condi t ions ,  th is  effect  can  
l e ad  to a p p r e c i a b l e  d e p a r t u r e s  f rom q u a s i - e q u i -  
l i b r i u m  even  a t  m u c h  l o w e r  f r equenc ie s ,  and  t h e s e  
g ive  r i se  to hys t e r e s i s  in  t he  c u r v e  of conduc t ance  
vs. a p p l i e d  field. The  p u r p o s e  of th i s  p a p e r  is to  
i l l u s t r a t e  th is  hys t e r e s i s  effect,  a n d  to p r e s e n t  a 
s imple  t h e o r e t i c a l  t r e a t m e n t  to accoun t  for  t he  o r -  
de r  of m a g n i t u d e  of t he  o b s e r v e d  dev ia t ions .  

Theory 
We cons ider ,  for  def in i teness ,  a p - t y p e  sample ,  

and  l e t  P,  N, and  N, be,  r e s p e c t i v e l y ,  t h e  n u m b e r s  
p e r  un i t  a r e a  of f r ee  holes,  f ree  e lec t rons ,  and  e lec -  
t rons  t r a p p e d  in fas t  su r f ace  s ta tes ,  a l l  m e a s u r e d  

r e l a t i v e  to some a r b i t r a r y  r e f e r e n c e  l eve l  such as  
t he  f l a t - b a n d  condi t ion .  Also  le t  po, N o, and  N, ~ be  
the  c o r r e s p o n d i n g  q u a s i - e q u i l i b r i u m  va lues  of t he se  
quan t i t i e s .  T h e n  the  i n d u c e d  su r face  cha rge  d e n s i t y  
at  a n y  i n s t a n t  is 

CV = --e(AP -- AN -- AN,) [i] 

where C is the capacitance per unit area between 
field plate and sample, V the applied voltage, A de- 
notes change from zero-voltage value. The excess 
surface conductance is, neglecting the surface mo- 
bility correction (3) which is usually small 

mr = e (/~AN -5/~AP) 

= e[~.AN + #p(aN -5 ANt- CV/e)] [2] 

where #. and/zp are the electron and hole mobilities, 
respectively, Hence, the departure from the quasi- 
equilibrium conductance is 

&r = e [ ( ~ ,  + ~ )  8N + ~p~N,] [3]  

w h e r e  8N = N - -  N ~ , etc. 

I t  r e m a i n s  to c o m p u t e  8N and  8N, f rom t h e  r a t e  
equa t ions  g o v e r n i n g  the  a p p r o a c h  to q u a s i - e q u i l i b -  
r ium.  These  are,  in genera l ,  qu i t e  c o m p l i c a t e d  (4 ) ,  
a n d  an  exac t  t r e a t m e n t  was  no t  a t t e m p t e d .  Ins tead ,  
w e  i n t r o d u c e  the  fo l lowing  s i m p l i f y i n g  a s s u m p t i o n s :  

1. The  c a r r i e r s  in each  b a n d  a re  s e p a r a t e l y  in  
e q u i l i b r i u m  a m o n g  each  o ther .  This  r e q u i r e s  t h a t  
t he  field p e r i o d  be  > >  t h e  t i m e  cons t an t  for  r e d i s -  
t r i bu t ion ,  b y  diffusion,  of l oca l i zed  excess  c a r r i e r  
concen t r a t i ons .  F r o m  the  d i f fus ion  equa t ion ,  t h i s  
t i m e  cons t an t  m a y  be  e s t i m a t e d  to be  --~ B V D  (D is 
t he  d i f fus ion  cons tan t ,  2B the  s a m p l e  t h i c k n e s s )  
w h i c h  is, for  g e r m a n i u m  a t  r o o m  t e m p e r a t u r e ,  abou t  
10 -~ sec. Hence,  t he  a s s u m p t i o n  shou ld  be  r e a s o n a b l y  
va l id  for  the  low f r equenc ie s  of i n t e r e s t  here .  S ince  
the  a s s u m e d  d i s t r i b u t i o n  is e s s e n t i a l l y  t h e  same  as 
t he  f u n d a m e n t a l  d e c a y  m o d e  d i s t r i b u t i o n  (6)  for  
s m a l l  su r face  r e c o m b i n a t i o n  ve loc i ty ,  th is  a s s u m p -  
t ion  p e r m i t s  us  to  w r i t e  t h e  r a t e  equa t ions  in t e r m s  
of t he  o r d i n a r y  l i f e t ime ,  as m e a s u r e d ,  for  e x a m p l e ,  
in p h o t o c o n d u c t i v e  decay .  
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2. The  t r ans i t i ons  b e t w e e n  the  t r a p s  and  a t  l e a s t  
one of the  b a n d s  a r e  so r a p i d  (2)  t h a t  t he  t r a p p e d  
c a r r i e r s  a r e  a l w a y s  in e q u i l i b r i u m  wi th  th is  band .  
T h e n  two  l i m i t i n g  cases  m a y  be  d i s t i ngu i shed ,  d e -  
p e n d i n g  on w h i c h  b a n d  th is  is. 

Case' A ,  T raps  in  e q u i l i b r i u m  w i t h  c o n d u c t i o n  
b a n d . - - I n  th is  case, as  the  a p p l i e d  field is i nc r ea s ing  
e l ec t rons  a r e  g e n e r a t e d  and  some of t he se  f a l l  in to  
t h e  t r aps .  H e n c e  

d N  N ~ - -  N d N  , 
- -  - -  [ 4 ]  

dt  ~ d t  

Note  t ha t  th is  equa t ion  g ives  an  u n d e r e s t i m a t e  for  
d N / d t  since,  in  a c tua l i t y ,  some f r a c t i o n  of t he  r a t e  
d N , / d t  comes  f rom t r a n s i t i o n s  to  t he  va l ence  band .  
This  m u s t  be  so because  a t  l e a s t  some  of t h e  s u r -  
face  s ta tes  a r e  the  g e n e r a t i o n - r e c o m b i n a t i o n  cen -  
ters .  In  d i scuss ing  th is  case, t he re fo re ,  w e  a re  as -  
s u m i n g  t h a t  these  cen te r s  compr i se  a neg l i g ib l e  
f r ac t i on  of a l l  t he  f a s t  s ta tes .  S ince  the  l a t t e r  a r e  
in e q u i l i b r i u m  w i t h  the  conduc t ion  band ,  w e  m a y  
t a k e  

d N  , dN  
- - - f l  [5]  

dt  dt  
w h e r e  

dN, dN, ~ 
. . . .  [6] 

dN dN ~ 

Then [4] becomes, in terms of the phase angle 4 =~r 

d 8N 8N dN ~ 
- -  + = [ 7 ]  

dr (1 + fl) ~ dr  

The  so lu t ion  t h a t  v a n i s h e s  at  the  a c c u m u l a t i o n - l a y e r  
e x t r e m e  of the  v o l t a g e  cyc le  ( t a k e n  as ~b = 0) is 

$N ( 4 ) : --  ~o§ ' d N ~  ~ de" 
- ~ e x p [ - - ~ .  (1 + f l ) ~ r ' ]  [8]  

If  co is no t  too l a rge ,  the  e x p o n e n t i a l  f ac to r  is v e r y  
s m a l l  excep t  w h e n  4 '  ~ 4 ,  so t h a t  w e  m a y  a p p r o x -  
i m a t e  [8]  b y  

m a j o r i t y - c a r r i e r  b a n d  keeps  aN, a l w a y s  e s s e n t i a l l y  
equa l  to zero. The  sole r a t e  e q u a t i o n  is t h e n  s i m p l y  

d N  N~ 
[11] 

d t  

g iv ing,  in t he  s ame  a p p r o x i m a t i o n  as was  used  in 
[9], 

d N  ~ 
~ N ( r  = - -  cor(~b) - - -  [12]  

dr 

Experimental  Results and Discussion 

The  e x p e r i m e n t a l  m e t h o d  used  in  th is  w o r k  has  
been  d e s c r i b e d  in d e t a i l  e l s e w h e r e  (7) .  In  br ie f ,  
a s m a l l  cons t an t  c u r r e n t  is pa s sed  t h r o u g h  the  s a m -  
p le  (a  th in  p l a t e )  and  the  v o l t a g e  d rop  b e t w e e n  two  
p r o b e s  is d i s p l a y e d  on the  Y ax i s  of an  osc i l loscope 
w h i l e  the  field v o l t a g e  is d i s p l a y e d  on the  X axis .  
Thus,  w i th  s u i t a b l e  sca le  f ac to r s  and  w i t h  p r o p e r  
p r e c a u t i o n s  to b a l a n c e  ou t  spu r ious  s igna ls  due  to 
the  d i s p l a c e m e n t  cu r ren t ,  the  o sc i l l og ram g ives  d i -  
r e c t l y  A~ v s  V.  W i t h  the  a d d i t i o n  of c h o p p e d  l igh t ,  
r can  also be m e a s u r e d  f rom the  i n s t a n t a n e o u s  p h o -  
toconduc tance .  

T y p i c a l  d a r k  cu rves  for  a p - t y p e  s a m p l e  a r e  shown 
in Fig.  1. The  hys t e r e s i s  occurs  in t he  n - t y p e  su r face  
c o n d u c t i v i t y  b r a n c h  of the  c u r v e  and  inc reases  w i th  
i n c r e a s i n g  f r equency .  W i t h  n - t y p e  s a m p l e s  t he  h y s -  
te res is  occurs  in t he  o the r  b ranch .  A n d  w i t h  e i t he r  
t y p e  of s a m p l e  the  w i d t h  of t h e  loop a t  a g i v e n  f r e -  
q u e n c y  m a y  v a r y  w i d e l y  d e p e n d i n g  on the  su r face  
t r e a t m e n t ;  w i t h  h i g h - l i f e t i m e  su r faces  t he  loop is 
w ide  and  v ice  versa .  

The  c o m p u t a t i o n  of the  quan t i t i e s  e n t e r i n g  Eq. 
[9] ,  [10],  and  [12] is i l l u s t r a t e d  in Fig.  2, 3, and  4. 
Va lues  of us a r e  o b t a i n e d  b y  the  u s u a l  ana lys i s  (1)  
of t he  l o w e s t - f r e q u e n c y  curve ,  and  N O is t hen  ca l cu -  
l a t ed  as N o = n~LDG (u~,uB), w h e r e  n~ is t he  in t r ins ic  
concen t ra t ion ,  L ,  t h e  D e b y e  length ,  and  G is t he  
func t ion  t a b u l a t e d  b y  K i n g s t o n  and  N e u s t a d t e r  (8)  
and  o the r s  (9)  ; f inal ly,  dN~ is o b t a i n e d  b y  g r a p h -  
ical  d i f fe ren t i a t ion .  These  quan t i t i e s  a r e  shown  in 

SN(~)  ~ - -  d ~ ' - - ~  exp  [1 + B ( 4 ) ] ' ~ ( 4 )  

~ (1 + f l ) ~ r - ~  1 - - e x p  (1 + f l ) ~ r  

- -  (1 + fl)co.r d N ~ 1 6 2  [9]  

This  r e su l t  s t a t es  t ha t  N lags  b e h i n d  N o b y  the  
a m o u n t  t h a t  t he  sum of N O + N, ~ changes  in one 
l i fe t ime.  P h y s i c a l l y ,  t he  r eason  for  th is  is t h a t  N + 
N,  t o g e t h e r  f o rm  an  e q u i l i b r i u m  p o p u l a t i o n  t h a t  is 
g e n e r a t e d  a t  a r a t e  p r o p o r t i o n a l  to  t h e  defici t  in  N 
only.  

F r o m  [5]  w e  h a v e  

aN, = • aN [10] 

a n d  Eq. [9]  and  [10] p r o v i d e  the  v a l u e s  to be  i n -  
s e r t ed  in [3] .  The  c o m p u t a t i o n  wi l l  be i l l u s t r a t e d  
in the  n e x t  sect ion.  

Case B,  T raps  in  e q u i l i b r i u m  w i t h  v a l e n c e  band.  
- - I n  th is  case, t he  r a p i d  c o m m u n i c a t i o n  w i t h  t he  

Fig. 1. Oscillograms of conductance vs. voltage on field plate at 
frequencies of 20, 80, and 200 cps for a p-type Ge sample. The 
field amplitude was about 10 ~ v/cm. The line marked I ~ 0, ob- 
tained with no current through the sample, illustrates the cancella- 
tion of spurious signals. 
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Fig. 2. Values of u~, N ~ and dN~ as functions of the phase 
angle ~. 
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Fig. 3. Values of Nt  ~ and dN//d(h as functions of the phase 
angle q~. 

Fig. 2. N, ~ and dN,~162 computed s imilar ly,  are 
shown in Fig. 3. F ina l ly  fl, the  ra t io  of the two de-  
r ivat ives,  and v, measured  separate ly ,  are shown in 
Fig. 4. 

The hysteresis  da ta  obtained on the same surface 
at h igher  frequencies are  i l lus t ra ted  in Fig. 5. Here  
the total  ver t ica l  separat ion 218~ I be tween the 
branches of the loop is p lo t ted  as function of the 
applied voltage. (Note tha t  V = - - V o  cos ~ as we 
have defined r Calculated curves for the two 
l imit ing cases discussed above are also shown. It  
is seen tha t  the curve for Case A fits the  data  
quite wel l  at  the r i gh t -hand  end, but  deviates  
m a r k e d l y  at  the left. This deviat ion occurs be-  
cause at  these low values  of u~, the  assumption of 
no communicat ion be tween t raps  and valence band 
is untenable.  At  the ex t reme l e f t -hand  end of the 
loop, the curve for Case B gives an approx imate  fit 
to the data,  but  it is c lear  tha t  over  an apprec iable  
range of surface potent ia ls  the t rue  s i tuat ion is in te r -  
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Fig. 4. Values of fl  and �9 as functions of the phase angle r 
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Fig. 5. Total vertical separation 2 lS~I between branches of 
hysteresis loop at 200 cps. Solid line is experimental; broken lines 
are theoretical for the two limiting cases discussed in the text. 

media te  be tween the two l imit ing cases. We shall  not 
a t t empt  to analyze  this  in detail .  

The loop wid th  at  constant  r is found exper i -  
menta l ly  to be quite closely propor t iona l  to the  f re -  
quency, as pred ic ted  by Eq. [9],  [10], and [12], over 
the range  f rom about  100 to 500 cps. However ,  below 
about 10O cps, the widths  devia te  f rom propor t ion-  
a l i ty  toward  smal ler  values.  The reason is the onset 
of another  hysteresis  mechanism, the  exchange of 
charge with  the  slow surface states, which produces 
a loop tha t  extends over the ent i re  curve and widens 
wi th  decreasing frequency.  I t  is usually,  a l though 
not always,  possible to find a f requency at which the 
over -a l l  hysteresis  is negligible.  

At  frequencies above about  500 cps (in the pres -  
ent samples)  stil l  another  effect was observed to set 
in: the mean of the two branches  of the hysteres is  
loop sags below the equi l ib r ium curve. This cor-  
responds to the beginning of the field-effect mobi l i ty  
re laxa t ion  found by Montgomery  (2).  In samples 
with very  high l ifet ime, this effect would set in at  
lower  frequencies and might  cause appreciable  
errors  in field-effect measurements .  This is pa r t i cu -  
l a r ly  t rue  when p o i n t - b y - p o i n t  methods (10) are  
used, since the hysteresis  might  easily be overlooked.  
It is one of the advantages  of the oscilloscope method 
used here tha t  any  apprec iable  hysteres is  present  is 
c lear ly  evident  and serves as a warn ing  tha t  caution 
must  be exercised in in te rpre t ing  the results.  
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Thermodynamic Functions for the Tantalum-Hydrogen System 
M. W. Mallett and B. G. Koehl 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Equi l ibr ia  in the t a n t a l u m - h y d r o g e n  system were  de te rmined  in the range  
300~176 at  hydrogen  pressures  of 10-1000 m m  of Hg, and atomic fractions,  
NI~, 0.05-0.333. A s ingle-phase  solid solut ion of hydrogen  in t an ta lum was p ro -  
duced throughout  the exper imen ta l  ranges. Obedience to Siever ts '  l aw is ap-  
p roached  at  500~ and higher  for compositions be low N~ = 0.20. The da ta  were  
used to calculate  the re la t ive  par t ia l  molar  and total  enthalpies,  entropies,  and 
free energies  for format ion  of the solid solutions. 

Il l  o r d e r  to e v a l u a t e  p r o p e r l y  the  effects of i n t e r -  
s t i t i a l  e l e m e n t s  on the  m e c h a n i c a l  p r o p e r t i e s  of a 
me ta l ,  i t  is u se fu l  and,  in  some cases,  n e c e s s a r y  to 
k n o w  the i r  k ine t i c s  of so rp t ion  b y  and  di f fus ion in  
t he  meta l .  The  l i t e r a t u r e  is l a ck ing  in th is  t y p e  of 
i n f o r m a t i o n  for  t he  b e h a v i o r  of h y d r o g e n  and  t a n -  
t a lum.  A t  t he  t e m p e r a t u r e s  of in te res t ,  above  300~ 
the  t a n t a l u m - h y d r o g e n  s y s t e m  shows  a con t inuous  
sol id  so lu t ion  up  to compos i t ions  c o r r e s p o n d i n g  to 
TaH,.,~ and  h igher .  I t  has  been  d e m o n s t r a t e d  (1, 2) 
t ha t  k ine t i c  d a t a  for  such a sy s t em a re  m o r e  r e a d i l y  
r a t i o n a l i z e d  w h e n  k ine t i c  e x p e r i m e n t s  a r e  des igned  
to p r o d u c e  a r eac t i on  p r o d u c t  of cons t an t  compos i -  
t ion.  There fo re ,  i t  was  n e c e s s a r y  to k n o w  the  e q u i -  
l i b r i a  of t he  t a n t a l u m - h y d r o g e n  sys t em be fo re  s t a r t -  
ing the  k ine t i c  e x p e r i m e n t s .  A n u m b e r  of e a r l i e r  ob -  
s e r v a t i o n s  on the  so lub i l i t y  of h y d r o g e n  in t a n t a l u m  
have  been  m a d e  (3) .  H o w e v e r ,  a l l  of the  da ta ,  w i th  
excep t ion  of those  of S i e v e r t s  and  B e r g n e r  and  S ie -  
ve r t s  and  Brf in ing,  a p p e a r  to suffer  f rom the  i m -  
p u r i t y  of t he  t a n t a l u m .  The  r e su l t s  show gross  effects  
p r e s u m a b l y  of d i s so lved  or su r face  ox ide  i nh ib i t i ng  
r eac t i on  and  q u a n t i t a t i v e l y  af fec t ing  the  solu t ion .  
S i eve r t s '  e q u i l i b r i a  w e r e  too l i m i t e d  for  our  p u r p o s e  
s ince t h e y  a r e  l a r g e l y  for  a p r e s s u r e  of 760 m m  of 
Hg. 

A r e c e n t  p a p e r  (4)  b y  Kofs tad ,  Wal lace ,  and  H y -  
vSnen  gave  good e q u i l i b r i u m  d a t a  for  a n u m b e r  of 
compos i t ions  of i n t e r e s t  and  for  t e m p e r a t u r e s  up  to 
400~ Because  our  s t u d y  was  to cover  t e m p e r a t u r e s  
up  to 700~ it  was  n e c e s s a r y  to d e t e r m i n e  e q u i l i b r i a  
for  the  t e m p e r a t u r e  r a n g e  of 400~176 not  cove red  

by  the  l i t e r a tu r e .  In  add i t ion ,  d a t a  w e r e  t a k e n  at  
300~176 for  c o m p a r i s o n  w i t h  t he  w o r k  of K o f s t a d  
et al. 

Also,  some t h e r m o d y n a m i c  func t ions  r e a d i l y  ob -  
t a i n a b l e  f rom the  e q u i l i b r i u m  fac to rs  w e r e  ca l cu -  
l a ted .  

Material 

The  t a n t a l u m  used  in th is  w o r k  was  o b t a i n e d  f rom 
the  W a h  C h a n g  C o r p o r a t i o n  of A l b a n y ,  Oregon.  I t  
h a d  been  e l e c t r o n - b e a m  m e l t e d  to an  ingot ,  31/2 in. in  
d i a m e t e r ,  and  colcl 5orged and  s w a g e d  to a 7 /16- in .  
d i a m e t e r .  F i n a l  f a b r i c a t i o n  was  c a r r i e d  out  a t  B a t -  
t e l l e  and  cons i s ted  of cold  sw a g ing  to rod,  1/4 and  1/s 
in. in d i a m e t e r ,  and  v a c u u m  a n n e a l i n g  for  1 h r  a t  
1200~ A l e n g t h  of t he  % - i n .  rod  was  cold  ro l l ed  to 
0.0146-in.  shee t  for  e q u i l i b r i u m  e x p e r i m e n t s .  The  
a n a l y s i s  of t he  t a n t a l u m  be fo re  f inal  f a b r i c a t i o n  is 
g iven  in Tab le  I. 

P u r e  h y d r o g e n  was  o b t a i n e d  f r o m  the  t h e r m a l  d e -  
composition of u r a n i u m  h y d r i d e  p r e p a r e d  f r o m  d r y  
t a n k  h y d r o g e n  and  d e g r e a s e d  u r a n i u m  chips.  

Equi|ibrium Studies 
Experimental  procedure.--The m e t h o d  to ob t a in  

e q u i l i b r i u m  d a t a  has  been  d e s c r i b e d  (5) .  Brief ly ,  t he  
d a t a  w e r e  o b t a i n e d  as fo l lows:  A m e a s u r e d  q u a n t i t y  
of h y d r o g e n  was  a d d e d  to t he  c a l i b r a t e d  r eac t i on  
tube  con ta in ing  a p p r o x i m a t e l y  4g of shee t  t a n t a l u m .  
A t  the  de s i r e d  t e m p e r a t u r e ,  the  sy s t em was  a l l o w e d  
to come to cons t an t  ( e q u i l i b r i u m )  p r e s s u r e  as m e a s -  
u r e d  on a m e r c u r y  m a n o m e t e r .  The  e q u i l i b r i u m  
compos i t ion  was  c a l c u l a t e d  f rom the  e q u i l i b r i u m  
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Table I. Analysis of tantalum 

E l e m e n t  P P M  b y  w e i g h t  

A1 <20 
B <I 
C 42 
Cd <i 
Cr <20 
Cu <40 
Fe <i00 
Mg <20 
Mn <20 
Mo <20 
Nb 700 
Ni <20 
Pb <20 
Si <I00 
Sn <20 
Ti <150 
V <20 
W <300 
Zn <20 
H2 <2* 
O~ <20" 
N2 3 

Temparot ure,=C 
~ 325 3oo 

.... o \ \ \ \  i x  

\ \\\\' 
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Fig. 2. Representative isopleths for the Ta-H system 

A v e r a g e  B H N  80 .1  
* V a c u u m - f u s i o n  a n a l y s i s  a f t e r  f i n a l  f a b r i c a t i o n .  

pressu re ,  spec imen  we igh t ,  v o l u m e  of gas add i t ion ,  
and  gas  c a p a c i t y  of t he  r e a c t i o n  s y s t e m  at  t he  e x -  
p e r i m e n t a l  room and  f u r n a c e  t e m p e r a t u r e s .  

Results 
The  p r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n  e q u i l i b r i a  

of t he  t a n t a l u m - h y d r o g e n  s y s t e m  w e r e  d e t e r m i n e d  
in t he  r a n g e  300~176 10-1000 m m  H g  p re s su re ,  
and  a tomic  ra t ios ,  H / T a ,  of a b o u t  0.05-0.50. These  
a tomic  ra t ios  c o r r e s p o n d  to a tomic  f r ac t ions  N~ for  
h y d r o g e n  of a b o u t  0.05-0.333. E q u i l i b r i u m  p r e s s u r e s  
w e r e  m e a s u r e d  for  a t  l eas t  t h r e e  d i f fe ren t  t e m p e r a -  
t u r e s  for  each  compos i t ion .  F i g u r e  1 is a l o g a r i t h m i c  
p lo t  of t he  e q u i l i b r i u m  p r e s s u r e  aga in s t  t he  H / T a  
ra t io .  The  p lo t  shows  t ha t  the  i so the rms  a re  l i n e a r  
a t  t e m p e r a t u r e s  of 500~ and  h ighe r ;  a t  l o w e r  t e m -  
p e r a t u r e s ,  t he  i so the rms  show c u r v a t u r e  w h i c h  b e -  
comes i n c r e a s i n g l y  m a r k e d  w i t h  dec rease  in t e m p e r -  
a tu re .  Th is  c u r v a t u r e  sugges t s  a t r e n d  t o w a r d  t h e  

EE 100 

~ eo 

2o 

io ~t o2 04 c~ ~ 
Atomic Ratio, H / l o  

20 40 60 80 

Fig. 1. Logarithmic plot of isotherms in the Ta-H system. Addi- 
tional points at 300~ 5.3 mm at H/Ta ~ 0.05, 7.4 mm at H/Ta 
= 0.10. 

f o r m a t i o n  of two  phases  a t  l o w e r  t e m p e r a t u r e s .  
H o w e v e r ,  s ince  none  of the  i so the rms  shows  an  in -  
v a r i a n t  p re s su re ,  no t w o - p h a s e  r eg ion  was  i n d i c a t e d  
in our  e x p e r i m e n t a l  r ange .  I t  s eems  t h a t  such a r e -  
g ion w o u l d  a p p e a r  on ly  at  some t e m p e r a t u r e  b e l o w  
IO0~ 

A f t e r  c o m p l e t i o n  of th i s  p a p e r ,  a thes i s  b y  Ve leck i s  
(6)  c ame  to t he  au tho r s '  a t t en t ion .  He c a l c u l a t e d  the  
c r i t i ca l  t e m p e r a t u r e  to be  - -58 .5~  a t  the  H / T a  r a t i o  
of 0.205. 

The  e q u i l i b r i a  w e r e  i n t e r p r e t e d  in t e r m s  of t he  
cond i t ions  n e e d e d  to fo rm va r ious  p r o d u c t s  ( so l id  
so lu t ions)  h a v i n g  def in i te  H / T a  and  NH ra t ios .  This  
p l a c e d  the  d a t a  in  the  mos t  c o n v e n i e n t  f o rm  for  use  
in s u b s e q u e n t  k ine t i c  e x p e r i m e n t s .  S e v e r a l  r e p r e -  
s e n t a t i v e  cons t an t  compos i t i on  l ines  or  i sop le ths  a r e  
shown  in Fig.  2. The  e q u i l i b r i a  for  a g i v e n  compos i -  
t ion  in these  p lo ts  of l o g a r i t h m  of e q u i l i b r i u m  p r e s -  
su r e  a ga in s t  r e c i p r o c a l  t e m p e r a t u r e  can  be  e x p r e s s e d  
a s  

loglo Prom : - - [ A / T  ( K ) ]  § B [1]  

Va lues  for  t he  cons tan t s  A and  B d e t e r m i n e d  b y  the  
m e t h o d  of l eas t  squa res  a r e  g iven  in T a b l e  II .  

S ince  i t  m a y  be  d e s i r a b l e  to r e l a t e  t h e r m o d y n a m i c  
and  k ine t i c  p r o p e r t i e s  r a t h e r  d i r ec t ly ,  t he  compos i -  
t ions  a r e  l i s t ed  p r i m a r i l y  acco rd ing  to r o u n d  N .  
va lue s  or  a tomic  f r ac t ions  of H. 

Table II. Equations for equilibrium pressures 

C o n s t a n t s  i n * *  
L o g l o  P rom : - - A / T  + B 

A t o m  r a t i o ,  
N i l *  H / T a  A B 

0.05 0.0526 3480 _ 50 6.26 • 0.06 
0.10 0.1111 3620 • 30 7.00 _ 0.05 
0.15 0.1765 3860 _ 10 7.69 • 0.02 
0.20 0.2500 3740 • 80 7.78 _ 0.13 
0.25 0.3333 3800 ___ 60 8.14 _ 0.09 
0.30 0.4286 3960 _ 110 8.77 _--+- 0.17 
0.333 0.5000 4020 _ 5 9.26 __+ 0.01 

* NFI = a t o m i c  f r a c t i o n  o f  H .  
** • v a l u e s  i n  t h i s  t a b l e  a r e  t h e  p r o b a b l e  e r r o r s  f o r  A a n d  B .  
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Table IIh Equilibrium pressure isotherms for Ta-H solid solutions 
VF 

L o g  - -  m m  
H H  
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N ~  300  ~ 3 0 4  ~ * 3 2 5  ~ 324  ~ * 3 5 0  ~ 3 4 9 . 5  ~ * 4 0 0  ~ 4 0 2  ~ * 5 0 0  ~ 60O ~ 70 O ~ 

0.05 1.391 1.305 1.420 1.635 1.579 1.842 1.819 2.177 2.435 2.640 
0.10 1.343 1.305 1.420 1.596 1.579 1.811 1.819 2.163 2.427 
0.15 1.294 1.305 1.420 1.564 1.579 1.795 1.819 2.167 
0.20 1.327 1.307 1.423 1.590 1.581 1.812 1.822 2.171 
0.25 1.355 1.351 1.470 1.621 1.637 1.848 1.882 
0.30 1.450 1.487 1.613 1.728 1.757 1.964 (2.011)  ** 
0.333 1.599 1.649 1.746 1.777 1.880 (1.909)  ** 2.124 (2.158)  ** 

* D a t a  f ~ o m  r e f .  ( 4 ) .  A l l  t e m p e r a t u r e s  i n  ~ 
** V a l u e s  e x t r a p o l a t e d  f r o m  l o w - t e m p e r a t u r e  i s o t h e r m s .  

A comparison of the equilibrium pressure iso- 
therms of the present study and those of Kofstad 
et al. is given in Table III. The agreement between 
the two sets of data is reasonable. A point wor thy  of 
note is that  the pressures for the higher concentra- 
tions are consistently lower for the present study. 
This may indicate that our tantalum contained less 
interstitial contamination, part icularly oxygen, than 
the metal of Kofstad. As will be seen later, the lower 
pressures also are reflected in lower relative partial 
molar free energy values at 350~ 

Also, it appears from the collective data that the 
Sieverts law is obeyed approximately for the NH 
composition range 0.05-0.20. This is evidenced by the 

(relative) invariance of the value of log ~r for 
different compositions at a given temperature.  Large 
deviations from the Sieverts law are seen for higher 
compositions. That these deviations are related to 
entropy effects rather than enthalpy changes will be 
shown later. Deviations were also found by Kofstad 
at compositions lower than those of this study. 

Thermodynamic Functions 

When the dissolution of hydrogen in tantalum is 
expressed as 

1~ H~ (gas) ~ H, (dissolved in Ta) [2] 

the relative partial molar free energy of hydrogen 
in a given Ta-H solution (i) is 

FH, - -  ~'zF"H~ = R T  in (PHi) ~ [3] 

PH~ is the pressure of hydrogen gas in equilibrium 
with the solution at temperature T and R is the gas 
constant. 

The values for the relative partial molar enthal-  

pies, HH--H~ and entropies, SH--S%#2,  were 
calculated by the method of least squares from plots 

of log ~/P against reciprocal temperature.  This 
t reatment  also yielded the probable errors for these 
values. The free energy values were then calculated 
according to 

AF ~ ~ H -  T~S  [4] 

which applies to both the integral and partial molar 
quantities. The calculated relative partial molar 
thermodynamic functions for hydrogen in solution 
in tantalum are given in Table IV. 

The relative partial molar enthalpy (the negative 
of the heat of dissociation) decreases systematically 
with increasing hydrogen content, if the value for 

Table IV. Relative partial molar thermodynamic functions* for hydrogen in Ta-H solid solutions 

N H :  0 . 0 5  O.10 0 .15  0 .20  0 . 2 5  0 .30  0 . 3 3 3  

This  S t u d y  

T e m p e r a t u r e  r a n g e ,  ~  4 0 0 ~  ~ 3 5 0 ~  ~ 3 0 0 ~  ~ 3 0 0 ~ 1 7 6  3 0 0 " - 4 0 0 ~  3 0 0 ~ 1 7 6  3 0 0 ~ 1 7 6  

F ~  

F n  - -  c a l / g - a t o m  - -  3 1 4 9  - -  2 4 0 6  - -  1987  - -  1 5 6 6  - -  1 2 0 2  - -  673  - -  104 

2 

S ~  
S H  - -  e u / g - a t o m  - - 7 . 7 3  ~ 0 .145  - - 9 . 4 2 •  - -  1 1 . 0 0  ~- O.O4 - -  11 .21  .~+ 0 . 2 9  - -  12 .02  __~ 0 .21  - -  13 .47  ~ 0 .40  - - 1 4 . 6 0 - - - - - 0 . 0 3  

2 

H ~  
H H  --  - -  c a l / g - a t o m  - - 7 9 6 5  • 1155 - - 8 2 7 5  -4- 75  - - 8 8 4 0  ~ 25 - - 8 5 5 0  • 190  - - 8 6 9 0  ~ 130  - - 9 0 6 5  • 2 4 5  - - 9 2 0 0  • 15 

2 

F ~  - -  c a l / g - a t o m  
2 

F r o m  r e f ,  (4)  f o r  3 5 0 ~  

- - 3 3 1 0  - -  2 5 1 0  - -  2 0 1 0  - -  1 6 0 0  - -  1 2 1 0  - -  520  - -  1 

S ~  

S H  --  e u / g - a t o m  --  9 .9  - -  11 ,1  - -  12.1 - -  12 .7  - -  13 ,6  - -  14 .8  - -  14 .9  

2 

H~H2 

H H  - -  c a l / g - a t o m  - -  9 5 0 0  - -  9 4 0 0  - -  9 5 0 0  - -  9 5 0 0  - -  9 7 0 0  - -  9 7 0 0  - -  9 3 0 0  

2 

* T h e  r e l a t i v e  p a r t i a l  m o l a r  f r e e  e n e r g i e s ,  e n t h a l p i e s ,  a n d  e n t r o p i e s  a r e  f o r  1 g - a t o m  o f  h y d r o g e n .  
T h e s e  f r e e - e n e r g y  v a l u e s  a r e  f o r  3 5 0 ~  o n l y .  

$ T h e  • v a l u e s  i n  t h i s  t a b l e  a r e  p r o b a b l e  e r r o r .  
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N .  0.15 is omitted. This indicates an increase in by-  ~, 
drogen binding in the Ta-H lattice over the N.  range ~o o~ . . . . .  I '~ I o l~ o I . . . . .  
0.05-0.333. This agrees with the conclusions of Kof-  
stad who reported an increase in partial heat of dis- 
sociation. 

The relative partial molar entropy also decreases 
rapidly with increasing hydrogen contents. This may 
be caused by the decreasing availability of inter-  
stitial sites as more hydrogen is added to the metal. 
Thus, the enthalpy and entropy changes in the tanta-  
lum-hydrogen  system make for opposite deviations 
in behavior from Sieverts'  law. However, abnormal 
increases in pressure are observed with increasing 
hydrogen concentration indicating that the entropy 
effect is the stronger. This, of course, is a demonstra-  
tion of a rise in relative partial molar free energy, 

F -  F~  such as shown by calculated values for 
350~ given in Table IV. 

The relative partial molar enthalpies and entropies 
of the tan ta lum-hydrogen system show the same 
trends and are of the same general magnitude s 
those of the niobium-hydrogen system (7). How- 
ever, for a given temperature and composition, the 
tan ta lum-hydrogen  system shows the higher dissoci- 
ation pressure of hydrogen, i.e., the relative partial 
molar free energy for the dissolution reaction is 
higher. 

An equation for calculating the partial molar free 
energy for tantalum in a given solution and the total 
free energy of formation of the solution was ob- 
tained by modification of the Duhem-Margules 
equation (8) 

N~dF-T~ + NHdF~---- 0 [5] 

the mole or atom fraction. Since where N is 
N~, + N.  = 1 

N~ d In N~, + N~ d i n  N .  = 0 

From Eq. [3] 

d ~'~i = R T  d In P~/~H, 

[6] 

[7] 

at constant temperature.  Transposing one term of 
Eq. 5, dividing by N~,, and then substituting the 

equivalent of d F-H from Eq. [7] 

N~ N~ 
d F ~  - -  d FH ~- -- R T  d ln P~/~H~ [8] 

Also, from Eq. [6] by multiplying by RT and divid- 
ing by N~. 

NH 
R T  d ln N~, + R T  In NH = 0 [9] 

NT, 

Subtracting Eq. [9] from [8] 

d ~ ' ~ . - - - - - R T d l n N ~ . - - R T  d l n  [10] 
N~, N.  

Integrating, we obtain 

F ~ , , - - F ~  lnN~=i-- - - d i n  

[Ill 

which is the equation for the relative partial molar 
free energy for tantalum in solution. The standard 
reference states at any temperature are 1 arm pres- 
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Fig. 3. Equilibrium isotherms for the tantalum-hydrogen system 
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Fig. 4. Integration for N H  = 0.25 at 400~ 

sure for hydrogen and the pure hydrogen-free con- 
dition for tantalum. 

The negative integral in Eq. [ii] is the natural 
logarithm of the activity coefficient of tantalum in 
a solution (i). To solve the equation it is necessary to 
integrate the last term graphically. To help visualize 
the areas to be integrated it is useful to consider the 
case of integration by parts where the negative in- 
tegral becomes 

N2 NHt 
--N,,/NT., In N,----~ + "~" in N. d N~/NT~ 

Figure 3 shows several equilibrium isotherms 
plotted for integration. The 500 ~ and 600~ curves 
approach the horizontal position which would in- 
dicate obedience to Sieverts' law. Figure 4 is a plot 
of a typical curve expanded for graphical integra- 
tion. The negative and positive areas involved for the 
composition, NK = 0.25 are indicated. The regions 
of overlap where the terms cancel each other are 

shown in cross-hatch. The computed relative partial 
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Table V. Relative partial molar free energies for tantalum Table VII. Relative partial molar enthalpies* and entropiest 
in tantalum-hydrogen solutions of tantalum in tantalum-hydrogen solutions 

P r o b a b l e  P r o b a b l e  
FT.~ -- F~ ( c a l / m o l e  of a l loy)  NTa H~.{  -- H~ e r ro r  S~..~ -- S~ e r ro r  

T e m p e r a t u r e ,  ~ 

�9 NTa 300 ~ 350 ~ 400" 500 ~ 600 ~ 700" 0 . 9 5  1 4 . 8  _____2.1 0 . 1 1 7  - + 0 . 0 0 3  
0.90 42.9 ___4.1 0.255 -+0.006 
0.85 100 •  0.445 -+0.017 
0.80 115 +__10 0.593 ___0.015 
0.75 127 •  0.798 -+0.043 
0.70 119 ___37 1.12 ___0.06 
0.666 286 •  1.81 -+0.04 

0.95 --54.0 --56.8 --62.8 
0.90 --105 --113 --128 
0.85 --159 --175 --198 
0.80 --222 --257 --286 
0.75 --329 --374 --408 
0.70 --527 --576 --640 
0.666 --754 --839 --935 

--77.0 --87.4 
--156 --179 
~246 
~341 

--99.2 

* C a l / m o l e  of  a l loy.  
? C a l / d e g - m o l e  of a l loy.  

m o l a r  f ree  ene rg i e s  for  t a n t a l u m  a re  l i s t ed  in 
Tab le  V. 

The  e q u a t i o n  for  t he  to ta l  f r ee  e n e r g y  of f o r m a t i o n  
for  a g iven  so lu t ion  ( i )  is a c o m b i n a t i o n  of Eq. [3]  
and  [6] .  

( ) 
Values  for  5Fr~ a re  g iven  in T a b l e  VI. E q u a t i o n s  of 
the  s a m e  bas ic  f o r m  as  Eq. [11]  a n d  [12] w e r e  used  
by K a t z  and  G u l b r a n s e n  (7)  for  c a l cu l a t i ng  t h e  
t h e r m o d y n a m i c  func t ions  for  the  c o l u m b i u m - h y d r o -  
gen  sys tem.  

Bo th  the  r e l a t i v e  p a r t i a l  m o l a r  f ree  e n e r g y  v a l u e s  
( fo r  t a n t a l u m )  vs.  t e m p e r a t u r e  p lo t s  and  the  t o t a l  
f ree  e n e r g y  vs.  t e m p e r a t u r e  p lo t s  for  each  compos i -  
t ion w e r e  l inea r .  There fo re ,  t he  r e s p e c t i v e  e n t h a l p y  
and  e n t r o p y  func t ions  and  t h e i r  p r o b a b l e  e r r o r s  
could  be  c a l c u l a t e d  b y  a l ea s t  squa re s  t r e a t m e n t  of 
the  d a t a  for  a g iven  compos i t ion .  I t  fo l lows  t h a t  bo th  
func t ions  w e r e  i n v a r i a n t  over  t he  e x p e r i m e n t a l  t e m -  
p e r a t u r e  range .  The  r e l a t i v e  p a r t i a l  m o l a r  e n t h a l p i e s  
and  en t rop i e s  of t a n t a l u m  in s e v e r a l  h y d r o g e n - i n -  
t a n t a l u m  so lu t ions  a r e  g iven  in Tab le  VII .  C o r r e -  
spond ing  to t a l  e n t h a l p i e s  and  en t rop i e s  for  these  
so lu t ions  r a n g i n g  in compos i t ions  f r o m  N .  = 0.05 to 
0.333 a re  g iven  in T a b l e  VII I .  

D a t a  of K o f s t a d  et at. (4)  a r e  l i s t ed  for  c o m p a r i s o n  
in Tab les  VI and  VIII .  A l t h o u g h  the i r  to t a l  e n -  
t ha lp i e s  r a n g e d  f r o m  96 to 307 c a l / m o l e  h i g h e r  t h a n  
those  of our  s t u d y  t h e i r  t o t a l  f ree  ene rg ie s  w e r e  
h i g h e r  b y  on ly  7 to 27 c a l / m o l e .  

The  u n c e r t a i n t i e s  in t he  va lue s  of H T , ~ -  H~ and  

Table VI. Total free energies of formation in 
the tantalum-hydrogen system 

AFt ( ca l /mo le  of a l loy)  

T e m p e r a t u r e ,  ~ 

/~H 300* 350" 350"* 400" 500" 600" 700" 

0.05 --228 --211 (--230) --]98 --173 
0.10 --382 --343 (--370) --308 --240 
0.15 --516 --447 (--470) --348 --260 
0.20 --603 --518 (--540) --430 --250 
0.25 --697 --581 (--600) --457 
0.30 --773 --605 (--620) --448 
0.333 --780 --593 (--600) --414 

--144 --116 
--166 

ST, , - -S~ in t he  p r e s e n t  s t u d y  a re  f r o m  9 to 30% 
and  2 to 5 %, r e spec t i ve ly .  S ince  the  i nves t i ga t i ons  of 
s i m i l a r  s y s t e m s  h a v e  e i t h e r  o m i t t e d  p r e s e n t i n g  u n -  
ce r t a in t i e s  in va lue s  for  these  func t ions  or  even  the  
va lue s  t hemse lves ,  no c o m p a r i s o n  can  be made .  
H o w e v e r ,  b e c a u s e  of t he  i nd i r ec t  m e a n s  of d e r i v i n g  
these  va lue s  t he  u n c e r t a i n t i e s  a p p e a r  qu i t e  r e a s o n -  
able.  I t  is seen t h a t  t h e  u n c e r t a i n t i e s  in t he  va lue s  
for  r e l a t i v e  p a r t i a l  m o l a r  e n e r g y  func t ions  for  t a n t a -  
l um h a v e  an  ins ign i f ican t  effect on the  t o t a l  e n e r g y  
funct ions .  This  is e v i d e n c e d  b y  the  p r o b a b l e  e r r o r s  
for  5Hf and  5Sr w h i c h  a r e  of t he  o r d e r  of on ly  1%. 
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New Experiments on Thermoosmosis 
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ABSTRACT 

Thermoosmosis, the t ransport  of l iquid across a membrane  which separates 
two solutions of identical composition but  different temperature,  was studied 
by means of a specially constructed apparatus. No thermoosmosis was observed 
with water  or aqueous solutions of nonelectrolytes.  With aqueous solutions of 
electrolytes thermoosmosis occurs across electrically charged membranes  bu t  
not across uncharged membranes.  While thermoosmotic effects are small  their  
reproducibil i ty is good. The rate of thermoosmosis is proport ional  to the tem-  
perature difference across the  membrane.  The direction of the thermoosmotic 
movement  depends on the sign of charge of the membrane  and the na ture  and 
concentrat ion of the electrolyte in the solution. The results confirm those of 
L ippmann  and Auber t  (1907, 1912) and prove their  tentat ive conclusion that  
thermoosmosis with electrolytic solutions is an electrochemical phenomenon 
and related to electroosmosis. The present  results show in addition that  the di-  
rect ion and rate of thermoosmosis depend in  a s t r ikingly similar  manne r  on those 
factors which determine the direction and rate of anomalous osmosis, namely,  
the charge of the membrane  and the na ture  and concentrat ion of the electrolyte. 
This similari ty is strongly suggestive evidence of a fundamental ,  close re la-  
t ionship between the two phenomena.  

The s tudy  of the  f u n d a m e n t a l  aspects of m e m -  
b r a n e  p h e n o m e n a  has a lmos t  a lways  been  car r ied  
out  in  i so the rmal  systems. Ve ry  l i t t le  a t t e n t i o n  has  
been  paid  to the possible effects which  migh t  arise 
w h e n  the t e m p e r a t u r e  of a l iqu id  on one side of a 
m e m b r a n e  is different  f rom tha t  on the other.  This  
is no t  su rp r i s ing  in  v iew of the  fact tha t  the s tudy  of 
n o n i s o t h e r m a l  p h e n o m e n a  in  l iqu id  systems, such as 
t h e  L u d w i g - S o r e t  effect ( tha t  is the  u n e v e n  d i s t r i -  
bu t ion  of solute due to a t h e r m a l  g rad ien t  in  a so lu-  
t ion)  and  the rmopo ten t i a l s  in  e lect rolyt ic  systems,  
was  for a long t ime  a neglec ted  field of research,  
not  on ly  because  of the  i n h e r e n t  complex i ty  of n o n -  
i so the rmal  systems in  genera l ,  bu t  also because  they  
seemed to be somewha t  outs ide the  conven t iona l  
scope of phys ica l  chemis t ry .  

In  the  last  two decades, however ,  nove l  and  to a 
large ex t en t  successful  a t t empts  have  been  made  to 
t rea t  n o n i s o t h e r m a l  p h e n o m e n a  f rom a theore t ica l  
po in t  of v iew (1, 2). Thus  e x p e r i m e n t a l  i n fo r ma t i on  
on n o n i s o t h e r m a l  m e m b r a n e  p h e n o m e n a  has  as-  
sumed  a r e n e w e d  phys icochemica l  in teres t .  I n  add i -  
t ion  n o n i s o t h e r m a l  p h e n o m e n a  deserve  some in te res t  
because  v e r y  few processes in  n a t u r e  occur u n d e r  
comple te ly  i so thermal  condi t ions.  T e m p e r a t u r e  
g rad ien t s  of v a r y i n g  m a g n i t u d e  ce r t a in ly  exist  
across n u m e r o u s  types  of l i v ing  m e m b r a n e s  and  
could conce ivab ly  inf luence  the  t r ans f e r  of so lvent  
and  solutes across such m e m b r a n e s .  

Thermoosmosis 
O n l y  a l imi ted  n u m b e r  of we l l - con t ro l l ed  expe r i -  

m e n t s  to d e t e r m i n e  the  possible  m a g n i t u d e  of n o n -  
i so the rma l  m e m b r a n e  effects are r epor ted  in  the l i t -  
e ra ture .  L i p p m a n n  (3) and  A u b e r t  (4) ( in  L ipp -  
m a n n ' s  l abo ra to ry )  were  the  first to descr ibe  the  
p h e n o m e n a  which  occur w h e n  a m e m b r a n e  separa tes  
a cold f rom a hot solut ion.  A t r ans f e r  of l iqu id  across 
the  m e m b r a n e ,  which  they  cal led " thermoosmosis ,"  
was observed in  n u m e r o u s  ins tances  w i t h  solut ions  
of e lectrolytes;  wi th  none lec t ro ly tes  the  effect was  
doub t fu l  or nonex i s t en t .  Wi th  some m e m b r a n e s  
( p a r c h m e n t  pape r  and  r e ge ne r a t e d  cel lulose)  an  
osmotic flow was observed f rom the  side of the  
w a r m e r  to the  side of the  cooler l iquid.  Wi th  o ther  
m e m b r a n e s  (pig 's  b ladder ,  gela t in ,  a nd  a n i m a l  
p a r c h m e n t )  the  osmotic flow was in  the  opposite d i -  
rection.  The p h e n o m e n o n  also seemed to be d e p e n d -  
en t  on the presence  of some fore ign  ma te r i a l  tha t  
could be leached f rom the  m e m b r a n e .  In  addi t ion,  
m e m b r a n e s  which  in  use  had  become inac t ive  could 
be res tored  to a s tate  of ac t iv i ty  by  t races  of su i tab le  
electrolytes,  and  s imi lar ly ,  ce r ta in  m e m b r a n e s  which  
were  n a t u r a l l y  inac t ive  became act ive  in  the p res -  
ence of some electrolytes.  On the basis  of the i r  ex -  
pe r iments ,  L i p p m a n n  and  A u b e r t  conc luded  tha t  the  
thermoosmosis  which  they  observed  was  l i n k e d  
closely to electroosmosis.  This  v iew was shared  by  
F r e u n d l i c h  who, more  specifically, su rmised  a f u n d a -  
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menta l  s imi lar i ty  be tween  thermoosmosis  and anom-  
alous osmosis (see below) (5).  

The work  of Ernst,  and Ernst  and Koczk~s (6) on 
therrnoosmosis was cri t icized by Ursprung (7) and 
need not be considered fu r the r  here. Der jagu in  and 
Sidorenkov (8) repor ted  tha t  apprec iab le  quant i t ies  
of water  and other l iquids are t r anspor ted  th rough  
s intered glass filters by  thermoosmosis.  Hutchison, 
Nixon, and Denbigh (9) have repea ted  and ex-  
panded  these exper iments  and conclude tha t  the  r e -  
sults of the  former  inves t igators  are due almost en-  
t i rely,  if not ent irely,  to the the rmal  expansion of 
the liquid. They agree wi th  L ippmann  and Auber t  
tha t  there  is no observable  thermoosmosis  of pure  
l iquids across an iner t  ba r r i e r  such as s intered glass 
or porous clay. Hutchison, Nixon, and Denbigh are 
of the opinion that  those instances where  the rmo-  
osmosis definitely occurs are  most l ike ly  due to some 
electrokinet ic  mechanism; they  also point  out tha t  
p robab ly  not a single case of thermoosmosis  has been 
found which can be expla ined  on the basis of classi-  
cal thermodynamics. 

Riehl (10) in a paper  on a rap id  method of de te r -  
mining Ludwig -Sore t  coefficients by  the use of a 
membrane  separa t ing  a hot from a cold solution ob- 
served the t ranspor t  of modera te  quant i t ies  of l iquid 
across membranes ,  but  did not s tudy this phenome-  
non fur ther .  

Win te rkorn  (11) finds a ve ry  close correla t ion be-  
tween the mass movement  of wa te r  in soils under  a 
the rmal  gradient  and the e lectrokinet ic  proper t ies  
of these systems and bel ieves tha t  the the rmal  os- 
motic effects in soils may  be an instance of the rmo-  
osmosis. 

Haase (12) expressed the feeling of those fami l ia r  
with the l i t e ra tu re  when he s tated recent ly  tha t  only 
a few, and in par t  quest ionable,  observat ions on 
thermoosmosis  in l iquid systems are ex tan t  (while  
analogous processes in gaseous systems were  proven 
beyond doubt  and are amenable  to theore t ica l  t r e a t -  
men t ) .  Haase has presented  theoret ica l  considera-  
tions concerning thermoosmosis  wi th  pure  l iquids 
and with  solutions of nonelect rolytes  and carr ied  
out exper iments  to test his conclusions; he did not 
consider thermoosmosis  in systems wi th  e lectrolyt ic  
solutions. 

Thermoosmosis, a Problem in the 

Electrochemistry of Membranes 

A review of the quoted and the other avai lable  
l i t e ra tu re  indicates tha t  thermoosmosis  in systems 
free of electrolytes,  if it occurs at all, is in all  in-  
stances much less pronounced than  in many  systems 
with  e lectrolyt ic  solutions. The publ ished da ta  sug- 
gest tha t  the essential  mechanism of thermoosmosis 
in e lectrolyt ic  systems is e lectrochemical  in nature ,  
most l ike ly  re la ted  in some manner  to electroos-  
mosis. Thus, it seemed promising to a t tack  the p rob -  
lem of thermoosmosis  f rom an electrochemical  point  
of view and apply  to it some of the current  basic in-  
format ion on the e lec t rochemis t ry  of membranes  as 
exemplif ied by  the classical work  on the e lec t ro-  
chemis t ry  of membranes  by  Loeb (13),  by Michaelis  
(14), the fixed charge theory  of e lectrochemical  
membrane  behavior  of Teorel l  (15) and Meyer  and 
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Sievers  (16), and the work  on "act iva ted"  mem-  
branes car r ied  out in our labora tor ies  (17-24). 

The degree of the e lectrochemical  ac t iv i ty  of ionic 
membranes ,  for instance thei r  e lect romotive action, 
thei r  electroosmotic efficacy, or thei r  ab i l i ty  to give 
rise to anomalous osmosis are  more  pronounced the 
grea te r  the densi ty  of ionic groups at  the wal ls  of 
the pore system which consti tutes the  membrane  
(17-24).  These ionic groups may  be an inherent  
par t  of the ma t r i x  ma te r i a l  f rom which the mem-  
branes  are p r epa red  or they  may  be in t roduced by 
in tent ional  "ac t iva t ion"  such as a chemical  reaction, 
e.g., oxidat ion which creates ionic groups, adsorpt ion 
of ionic mater ia l s  such as polye lec t ro ly tes  or p ro -  
teins on formed membranes ,  and mixing  of po ly-  
e lectrolytes  wi th  the  ma t r i x  ma te r i a l  before the  
membranes  are cast (17-24).  I t  is evident  tha t  the 
methods of ac t iva t ing  membranes  should be ve ry  
helpful  in de te rmining  whe the r  thermoosmosis  is 
rea l ly  an electrochemical  effect. If this is the case, 
ac t iva ted  membranes  wi th  solutions of e lectrolytes  
should show grea t ly  enhanced thermoosmotic  effects 
as compared with  nonact iva ted  ones. 

Experimental 
An appara tus  s imi lar  to tha t  used by Aube r t  (4),  

was constructed for measur ing  thermoosmosis;  it is 
shown in Fig. 1 and 2. 

Essent ia l ly  the appara tus  consists of two very  na r -  
row circular  chambers  separa ted  by  a membrane ,  the 
two chambers  being a r ranged  for heat ing and cool- 
ing, respect ive ly  (see Fig. l a  and lb . )  Two round 

Fig. I. Cell for the study of thermoosmosis across membranes 
(slightly schematic): (a) side view of a solution compartment; (b) 
cross-sectional view of main parts of thermoosmosis cell. 

Fig. 2. Complete thermoosmosis apparatus with thermoosmosis cell 
and auxiliary equipment. 
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coppe r  b locks  of 50.7 m m  d i a m e t e r  a r e  set  in h a r d  
r u b b e r  r i ngs  of 90 m m  o u t e r  d i a m e t e r .  One of t h e  
b locks  was  h e a t e d  b y  a 100-w ( n o m i n a l  a t  l l 0 v )  
e lec t r i c  h e a t e r  whose  t e m p e r a t u r e  was  a d j u s t e d  b y  
a v a r i a b l e  vo l t age  control ,  r o u t i n e l y  set  a t  60v ( co r -  
r e s p o n d i n g  to a b o u t  30w)  un less  o t h e r w i s e  s t a t ed ;  
the  o t h e r  copper  b lock  was  cooled b y  w a t e r  c i r c u l a t -  
ing t h r o u g h  it, the  t e m p e r a t u r e  of w h i c h  w a s  m a i n -  
t a i n e d  at  25~ The  su r faces  of bo th  copper  b locks  
w e r e  p a i n t e d  w i t h  an  i n e r t  and  e l e c t r i c a l l y  i n s u l a t i ng  
l a c q u e r  thus  e x c l u d i n g  cor ros ion  a n d  a n y  pos s ib i l i t y  
of an ou t s ide  e l ec t r i ca l  connec t ion  b e t w e e n  the  so lu-  
t ions in the  two  c o m p a r t m e n t s .  R u b b e r  gaske t s  1 m m  
in t h i ckness  w i t h  an  i n t e r n a l  open ing  of 56 m m  in 
d i a m e t e r  ( a n d  s m a l l  cu t  outs  for  t h e  in le t  and  o u t -  
le t  for  the  so lu t ion)  w e r e  c e m e n t e d  to t he  h a r d  r u b -  
be r  r ings  s u r r o u n d i n g  the  coppe r  b locks .  To keep  the  
m e m b r a n e  in  an  e x a c t l y  def ined,  u n c h a n g i n g  pos i -  
t ion,  s e v e r a l  n a r r o w  s t r ips  of t he  g a s k e t  m a t e r i a l  
( a b o u t  1 m m  in w i d t h )  w e r e  c e m e n t e d  pa ra l l e l ,  in  
oppos i te  d i a g o n a l  pos i t ions  onto each  of the  coppe r  
blocks.  W h e n  a m e m b r a n e  w a s  c l a m p e d  b e t w e e n  
these  two  pa r t s ,  t w o  c y l i n d r i c a l  c h a m b e r s  w e r e  
fo rmed ,  each  55 m m  in d i a m e t e r  a n d  1 m m  in dep th .  
The  f ree  m e m b r a n e  a rea ,  no t  b l o c k e d  b y  the  r u b b e r  
s t r ips ,  was  abou t  20 cm ~. Each  c h a m b e r  w a s  con-  
nec ted  w i t h  a ho r i zon t a l  g lass  c ap i l l a ry .  In  t h e  as -  
s e m b l e d  a p p a r a t u s  (see  b e l o w )  the  two  cap i l l a r i e s  
w e r e  on t h e  s ame  l eve l  to p r e v e n t  t h e  d e v e l o p m e n t  
of a n y  d i f fe rence  in h y d r o s t a t i c  p r e s s u r e  in  t he  
c h a m b e r s  w h i l e  an e x p e r i m e n t  is in p rogress .  A scale  
g r a d u a t e d  in m i l l i m e t e r s  was  a t t a c h e d  u n d e r  each  
c a p i l l a r y  so t ha t  t he  r a t e  of m o v e m e n t  of t he  m e n i s -  
cus could  be  obse rved .  

These  e s sen t i a l  p a r t s  of the  t h e r m o o s m o t i c  cel l  
w e r e  m o u n t e d  in t he  a p p a r a t u s  shown  in Fig .  2 con-  
s i s t ing  of an  L - s h a p e d  s t a n d  A and  an  L - s h a p e d  
s l edge  a w h i c h  can  be  m o v e d  b a c k  and  fo r th  a long  
the  l o n g e r  l imb  of the  s t a n d  A. The  two  a s sembl i e s  
(Fig .  l b )  w h i c h  f o r m  the  t h e r m o o s m o s i s  cel l  p r o p e r ,  
B and  b, connec t ed  to t he  m e a s u r i n g  cap i l l a r i e s  C 
and  c ( i n n e r  d i a m e t e r  abou t  0.9 m m )  a re  m o u n t e d  
in t he  u p r i g h t  p a r t s  of A and  a as s h o w n  in Fig .  2. To 
p u t  the  a p p a r a t u s  t o g e t h e r  for  an  e x p e r i m e n t ,  i t  is 
first  t u r n e d  90 ~ into  t he  v e r t i c a l  pos i t i on  w i t h  t h e  
s l edge  a r a i s ed  a n d  h e l d  b y  the  ca tch  bo l t  d. The  
m e m b r a n e  to be  used  is t hen  p l aced  ove r  the  l o w e r  
coppe r  b lock  and  r u b b e r  gaske t ,  B, m o u n t e d  on A;  i t  
shou ld  be  l a r g e  enough  to cover  a l l  of t he  gaske t .  The  
a s s e m b l y  w i t h  t he  u p p e r  copper  b lock ,  b, m o u n t e d  
on the  s l edge  a, is t hen  l o w e r e d  onto the  m e m b r a n e .  
The  two  p a r t s  a r e  t hen  c l a m p e d  t i g h t l y  t o g e t h e r  w i t h  
two  l a rge  sc rews  e. The  a p p a r a t u s  is t h e n  r e t u r n e d  
to t he  h o r i z o n t a l  pos i t ion .  F i g u r e  2 shows  in a d d i -  
t ion  the  a r r a n g e m e n t  for  f i l l ing a n d  f lushing the  two  
cel l  c o m p a r t m e n t s  b y  m e a n s  of two  s o l u t i o n  r e s e r -  
vo i r s  F and  f, the  t h r e e - w a y  s topcocks  G and  g, and  
the  a t t a c h e d  w a s t e  l ines  H and  h. 

F o r  an  e x p e r i m e n t  t he  c h a m b e r s  w e r e  f i l led b y  
g r a v i t y  f eed  w i t h  the  s ame  so lu t ion  f r o m  the  two  
rese rvo i r s .  The  pos i t ions  of t he  men i sc i  in the  cap i l -  
l a r i e s  C and  c a r e  r e g u l a t e d  b y  the  t h r e e - w a y  s top -  
cocks,  G a n d  g. W i t h  bo th  c h a m b e r s  a t  t he  s ame  
t e m p e r a t u r e ,  t he  a p p a r a t u s  is a l l o w e d  to s t and  for  
30 rain,  the  pos i t ion  of t he  men i scus  in each  t u b e  

be ing  o b s e r v e d  e v e r y  5 m i n  to a sce r t a in  t h a t  t h e r e  
a r e  no leaks.  W h e n  it  has  been  e s t a b l i s h e d  t ha t  t he  
s y s t e m  is w a t e r t i g h t ,  the  h e a t e r  for  the  one c h a m b e r  
is t u r n e d  on, a n d  the  cool ing  w a t e r  is c i r c u l a t ed  
t h r o u g h  the  copper  b lock  of t he  o the r  c h a m b e r .  
W h e n  the  a s s e m b l y  has  w a r m e d  up,  a s t e a d y  s ta te  
is r e a c h e d  in w h i c h  the  r a t e  of m o v e m e n t  of t he  
men i sc i  in the  two  cap i l l a r i e s  becomes  cons tan t ;  th i s  
u s u a l l y  r e q u i r e s  15-30 ra in  a f t e r  the  s t a r t  of t he  e x -  
p e r i m e n t .  T h e r e a f t e r  r e a d i n g s  of t he  pos i t ions  of t he  
menisc i  a r e  t a k e n  e v e r y  10 or  15 min  for  abou t  1 hr ,  
conf i rming  t h e r e b y  t h a t  the  o b s e r v e d  r a t e  of w a t e r  
m o v e m e n t  is cons t an t  a t  l eas t  d u r i n g  th is  per iod .  ~ 
This  r a t e  is t a k e  as a m e a s u r e  of t h e  m a g n i t u d e  of 
t he  thermoosmosis . "  

The  so lu t ions  m u s t  be  c a r e f u l l y  degas sed  b y  bo i l -  
ing ( a n d  r e p l a c e m e n t  of t h e  w a t e r  los t  b y  e q u a l l y  
c a r e f u l l y  d e g a s s e d  w a t e r ) ;  15-20 ra in  v igo rous  b o i l -  
ing  w e r e  adequa te .  W i t h  no t  p r o p e r l y  degas sed  
solut ions ,  gas b u b b l e s  form,  p a r t i c u l a r l y  in t he  
c o m p a r t m e n t  of t he  hot  so lu t ion  and  g ive  r i se  to 
spu r ious  v o l u m e  read ings .  

The  pos s ib i l i t y  of a d i s t u r b i n g  t h e r m o m e t r i c  e f -  
fect  m u s t  also be  cons idered .  As  wi l l  be  shown  la te r ,  
w i t h  d i s t i l l ed  w a t e r  in t he  a p p a r a t u s  no t h e r m o -  
osmosis  is obse rved ,  i.e., t h e r e  is no con t inuous  u n i -  
d i r e c t i o n a l  m o v e m e n t  of the  meniscus .  T h e r e  is also 
no d e t e c t a b l e  f luc tua t ion  in  t he  pos i t ion  of the  
men i scus  a f t e r  the  s t e a d y  s t a t e  has  been  a t t a ined .  
Thus  a s igni f icant  c o n t r i b u t i o n  of t he  t h e r m o m e t r i c  
effect  to the  o b s e r v e d  v o l u m e  changes  d u r i n g  the  
e x p e r i m e n t a l  p e r i o d  is r u l e d  out.  

A l l  m e m b r a n e s  used  w e r e  of t he  p o r o s i t y  of con-  
v e n t i o n a l  d i a l y z i n g  m e m b r a n e s .  T h e y  i n c l u d e d  
m e m b r a n e s  p r e p a r e d  f r o m  e l e c t r o c h e m i c a l l y  r a t h e r  
i nac t i ve  co l lod ion  of h igh  p u r i t y  w h i c h  w e r e  used  
w i t h o u t  f u r t h e r  t r e a t m e n t ;  co l lod ion  m e m b r a n e s  
t ha t  had  been  m a d e  s t r o n g l y  e l e c t r o n e g a t i v e  b y  
o x i d a t i o n  w i t h  N a O H  (20);"  and  co l lod ion  m e m -  
b r a n e s  t ha t  h a d  been  m a d e  e l ec t ropos i t i ve  b y  the  
a d s o r p t i o n  of p r o t a m i n e  (23) .  4 The  p r e p a r a t i o n  and  
p r o p e r t i e s  of t he se  t y p e s  of m e m b r a n e s  have  been  
d e s c r i b e d  p r e v i o u s l y  ( 1 7 - 2 4 ) ?  In  add i t ion ,  some 

1 I n  t he  l i m i t e d  n u m b e r  of  e x p e r i m e n t s  w h i c h  w e r e  ca r r i ed  ou t  
ove r  3-4 hr ,  a g r a d u a l  b u t  s ign i f i can t  dec rease  i n  t he  r a t e  of l i q u i d  
m o v e m e n t  occur red ,  an  effect  r e p o r t e d  a l r e a d y  by  A u b e r t  (4). 

s The  desc r ibed  a p p a r a t u s  a n d  t h e  t e c h n i q u e  used  are  o b v i o u s l y  
no t  s u i t a b l e  to d e t e r m i n e  m i n o r  t h e r m o o s m o t i c  effects w h i c h  m i g h t  
occur  d u r i n g  the  w a r m i n g  u p  per iod .  O u r  e x p e r i m e n t a l  p rocedure ,  
l i ke  t h a t  of  A u b e r t ,  is  d e s i g n e d  to s t u d y  processes  w h i c h  e x t e n d  
o v e r  pe r iods  s u b s t a n t i a l l y  l o n g e r  t h a n  t he  w a r m i n g  up  per iod .  A 
t h e r m o o s m o t i c  p rocess  w h i c h  comes  to  a s top  d u r i n g  t he  w a r m i n g  u p  
p e r i o d  a n d  is no t  of t he  m a g n i t u d e  of a t  l eas t  a s izable  f r a c t i o n  of 
the  t o t a l  t h e r m o m e t r i c  ( t h e r m a l  expans ion )  effect o c c u r r i n g  d u r i n g  
t h i s  pe r iod ,  w o u l d  n o t  be  de tec ted .  A n y  n e g a t i v e  r e s u l t  o b t a i n e d  by  
our  e x p e r i m e n t a l  m e t h o d  s h o u l d  be  cons ide red  in  t h i s  l igh t .  

8 Co l lod ion  i n  con tac t  w i t h  a l k a l i n e  s o l u t i o n  is no t  h y d r o l y z e d  in  
a s t r a i g h t f o r w a r d  m a n n e r  to ce l lu lose  and  n i t r i c  ac id ;  r a the r ,  i t  u n -  
de rgoes  a g r a d u a l  d e c o m p o s i t i o n  of a com p l i ca t ed  na tu r e .  N i t r i t e  is 
f o r m e d  i n  l a r g e  q u a n t i t i e s  and  t h e  n i t r oce l l u lo se  is g r a d u a l l y  ox i -  
dized.  The  o x i d a t i o n  of  co l lod ion  m e m b r a n e s  by  m e a n s  of a l k a l i n e  
s o l u t i o n s  t ends  to  p r o d u c e  m e m b r a n e s  of  h i g h e r  e l e c t rochemica l  
a c t i v i t y  t h a n  c o n v e n t i o n a l  o x i d i z i n g  agents .  

4 P r o t a m i n e s  a re  s i m p l e  s t r o n g l y  bas ic  p ro te ins ,  o r d i n a r i l y  d e r i v e d  
f r o m  s a l m o n  sperm,  w i t h  m o l e c u l a r  w e i g h t s  of a b o u t  4000 i n  t he  
h y d r o x y l  fo rm.  T h e y  a re  of s o m e w h a t  v a r y i n g  compos i t i on ,  m o s t  
p r o b a b l y  cons i s t i ng  of 19 mo lecu l e s  of a r g i n i n e ,  a d ibas ic  a m i n o  ac id  
w i t h  a pK of 12.5, and  s ix  or s e v e n  m o n o b a s i e  a m i n o  acids.  The  ion-  
izable  g r o u p s  i n  t he  p r o t a m i n e  molecu le ,  w h i c h  are  no t  b l o c k e d  by 
t h e  f o r m a t i o n  of  p e p t i d e  l i nkages ,  a re :  one  ca rboxy l  g roup ,  one  
i m i n o  g roup ,  and  19 g u a n i d i n o  g roups .  

5 I t  s h o u l d  be  no ted  t h a t  t h e  a c t i v a t i o n  of t he  w i d e  po red  m e m -  
b r a n e s  of the  d i a l y z i n g  t ype  by  o x i d a t i o n  (to r e n d e r  t h e m  acidic)  or  
t h e  a d s o r p t i o n  of  p r o t a m i n e  (to m a k e  t h e m  bas ic  in  charac te r )  does 
no t  c h a n g e  to  an  e x t e n t  w h i c h  is s i gn i f i c an t  i n  t h e  p r e s e n t  connec-  
t i ons  e i t h e r  t h e i r  w a t e r  p e r m e a b i l i t y  or  t h e i r  osmot ic  b e h a v i o r  w i t h  
s o l u t i o n s  of  none lec t ro ly t e s ,  w h i l e  e l ec t roosmos i s  or a n o m a l o u s  
osmos i s  across  t h e m  are  inc reased  m a n y f o l d .  
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e x p e r i m e n t s  w e r e  c a r r i e d  out  w i t h  ce l l ophane  and  
a n i m a l  p a r c h m e n t .  

A s h o r t c o m i n g  of our  t h e r m o o s m o s i s  a p p a r a t u s  
is the  l a ck  of p rov i s ions  for  t he  m e a s u r e m e n t  of 
the  t e m p e r a t u r e  d i f fe rence  b e t w e e n  the  two  sides 
of the  m e m b r a n e 2  F o r  t he  p u r p o s e  a t  hand ,  h o w -  
ever ,  th is  s h o r t c o m i n g  is m o r e  a p p a r e n t  t h a n  rea l ,  
s ince our  a im  he re  is t he  c o m p a r i s o n  of the  b e h a v i o r  
of d i f fe ren t  m e m b r a n e s  a n d  d i f f e ren t  so lu t ions  u n d e r  
o t h e r w i s e  cons tan t ,  s t a n d a r d i z e d  condi t ions .  The  
t e m p e r a t u r e  d i f fe rence  across  m e m b r a n e s  m u s t  v a r y  
to some e x t e n t  a cco rd ing  to t h e i r  d i f fe ren t  t h i c k -  
nesses  and  w a t e r  conten ts .  H o w e v e r ,  t h e  d i f fe rence  
in t e m p e r a t u r e  can  be  a s s u m e d  to be  v i r t u a l l y  t he  
s ame  across  g e n e r i c a l l y  r e l a t e d  m e m b r a n e s  of t he  
s ame  th i cknes s  and  w a t e r  conten t .  The  n o n a c t i -  
va t ed ,  the  ox id ized ,  and  the  p r o t a m i n e  co l lod ion  
m a t r i x  m e m b r a n e s  w i t h  w h i c h  t h e  b u l k  of t he  e x -  
p e r i m e n t s  w e r e  c a r r i e d  out  fa l l  in to  th i s  ca t egory .  

In  the  e x p e r i m e n t a l  r e su l t s  p r e s e n t e d  l a t e r ,  a flow 
of l i qu id  f rom the  ho t  s ide  to t he  cold s ide  is a r -  
b i t r a r i l y  a s s igned  h pos i t i ve  sign, a flow in t he  op -  
pos i te  d i r ec t ion  a n e g a t i v e  sign. This  conven t ion  
was  chosen  to a v o i d  confus ion  in  t he  discuss ion,  
w h e n  the  flow of l i q u i d  in  t h e r m o o s m o s i s  w i l l  be  
c o m p a r e d  to the  flow of l i qu id  in  a n o m a l o u s  osmosis.  
The  r e su l t s  o b t a i n e d  f r o m  the  r a t e s  of m o v e m e n t  of 
t he  men i sc i  in the  cap i l l a r i e s  a r e  e x p r e s s e d  in m m V  
100 cm '~ of m e m b r a n e  a r e a  p e r  minu te .  I t  is e s t i m a t e d  
t ha t  t he  r e p r o d u c i b i l i t y  of a g iven  m e a s u r e m e n t  is 
a b o u t  • 1 mm3/100 cm~-min. 

Results and Discussions 

Our  in i t i a l  s u r v e y  e x p e r i m e n t s  w e r e  conce rned  
w i t h  t he  inf luence  of t he  n a t u r e  of t he  m e m b r a n e ,  
and  of t he  n a t u r e  and  the  concen t r a t i on  of v a r i ous  
solutes .  A s u m m a r y  of r e p r e s e n t a t i v e  d a t a  is g iven  
in T a b l e  I. The  r e su l t s  w e r e  c l ea r  cut :  I n  sys t ems  

I n  the  n a r r o w  s o l u t i o n  c o m p a r t m e n t s  o f  ou r  apparatus, w h i c h  
are  i n d i c a t e d  by  o t h e r  cons ide ra t ions ,  s t i r r i n g  of t h e  l i q u i d  is due  
on ly  to  n a t u r a l  convec t ion ,  a n d  t he re fo re  r a t h e r  inef fec t ive .  I n  a d d i -  
t ion,  a d j a c e n t  to t h e  m e m b r a n e ,  t h e r e  are  u n s t i r r e d  (Nernst)  l aye r s  
of s o l u t i o n  w h i c h  a re  of t he  same  o rde r  of m a g n i t u d e  in  t h i c k n e s s  as 
t h e  m e m b r a n e  i tse l f .  Thus ,  a l a r g e  f r a c t i o n  of t he  t e m p e r a t u r e  d i f -  
f e r ence  b e t w e e n  the  two  b u l k  so lu t ions  is no t  o p e r a t i v e  across  t he  
m e m b r a n e .  I n  f u r t h e r  w o r k  i t  w i l l  b e  a d v i s a b l e  to  use  m e m b r a n e s  
of  g r e a t e r  th i ckness ,  1 m m  or  more ,  t h a n  t h a t  of  t he  m e m b r a n e s  
used  h e r e  (30-50~), c o m b i n e d  w i t h  e f fec t ive  m e c h a n i c a l  s t i r r ing .  

Table I. Thermoosmosis with different solutions across various 
membranes~ 

M e m b r a n e  S o l u t i o n  

Ra t e  of 
t he r r aoosmos i s  

in  mm3/100 
cm~.min* 

Nonoxidized collodion H~O 0.0 
0.02M K~SO~ 0.0 

Oxidized collodion H~O 0.0 
O.02M KC1 + 6.4 
0.02M K~SO4 + 18.0 
Sucrose 0.0 

Pro tamine-co l lod ion  H~O 0.0 
0.02M KC1 +5.4 
0.02M MgCI~ + 13.2 

Cel lophane H~O 0.0 
0.02M K~SO4 0.0 

An ima l  pa rchmen t  0.02M NaOH --11.3 

? T h e  v o l t a g e  a p p l i e d  to t he  h e a t e r  was  60v in  a l l  ins tances .  
* A p o s i t i v e  s i gn  r e p r e s e n t s  f low of s o l u t i o n  f r o m  the  h o t  s ide  to 

t h e  cold side,  a n e g a t i v e  s ign  the  r eve r se .  

w i t h  p u r e  wa te r ,  t h o r o u g h l y  f r e e d  of a l l  solutes ,  
t h e r m o o s m o s i s  does  no t  occur  to an e x t e n t  d e t e c t -  
ab l e  w i th  our  e q u i p m e n t ,  t h a t  is less t h a n  0.3 mm~/  
100 cm~-min. The  s ame  ho lds  t r u e  w i t h  so lu t ions  of 
sucrose  in a g r e e m e n t  w i t h  t he  o b s e r v a t i o n  of A u b e r t  
w h o  d id  no t  obse rve  a n y  t h e r m o o s m o s i s  w i t h  so lu -  
t ions  of va r i ous  none l ec t ro ly t e s .  W i t h  so lu t ions  of 
e l ec t ro ly te s ,  howeve r ,  t h e r m o o s m o s i s  m a y  occur  
d e p e n d i n g  on the  e l ec t r i ca l  cha rge  of t he  m e m b r a n e .  
The  effect is no t  m e a s u r a b l e  in our  s y s t e m  w i t h  
ce l l ophane  m e m b r a n e s  or  m e m b r a n e s  p r e p a r e d  f rom 
p u r e  col lodion,  w h i c h  a r e  k n o w n  to be  r a t h e r  i n -  
ac t ive  e l e c t r o c h e m i c a l l y ,  h a v i n g  on ly  a few s t r a y  
f ixed ionic w a l l  g roups  in  t h e i r  po re s  (18-20) .  " A c -  
t i v a t e d "  or  i n h e r e n t l y  ac t i ve  m e m b r a n e s  such as 
ox id i zed  co l lod ion  m e m b r a n e s  or  p r o t a m i n e  col lo-  
d ion  m a t r i x  m e m b r a n e s  or  m e m b r a n e s  of a n i m a l  
p a r c h m e n t  a r e  t h e r m o o s m o t i c a l l y  ac t ive ,  co r r e s -  
p o n d i n g  to the  fac t  t h a t  t h e y  a r e  e l e c t r i c a l l y  
charged ,  c a r r y i n g  n u m e r o u s  f ixed  ionic g roups  in 
t he i r  po re  s t ruc tu re .  

The  d i r ec t ion  of the  t h e r m o o s m o t i c  flow in t he  
m a j o r i t y  of s imp le  sys t ems  is f r om the  ho t  to t h e  
cold c o m p a r t m e n t - " p o s i t i v e "  in  ou r  t e r m i n o l o g y .  

I t  m a y  be  use fu l  to add  h e r e  t h a t  t he  t h e r m o -  
osmot ic  effect, as s t a t ed  a l r e a d y  b y  A u b e r t ,  becomes  
l a r g e r  w i t h  an  inc rease  of  t he  t e m p e r a t u r e  d i f fe rence  
b e t w e e n  the  so lu t ions  in the  ho t  and  cold  c o m p a r t -  
ment .  I t  w o u l d  r e q u i r e  a specia l ,  r a t h e r  e l a b o r a t e  
a r r a n g e m e n t  to d e t e r m i n e  a c c u r a t e l y  t he  m a g n i t u d e  
of t he  d r i v i n g  force,  t h a t  is t he  t e m p e r a t u r e  d rop  
across  t he  m e m b r a n e  itself." W e  confined our se lves  
to the  s imp le  e x p e d i e n t  of c o r r e l a t i n g  the  e x t e n t  
of t h e r m o o s m o s i s  to t h e  v o l t a g e  a p p l i e d  to t h e  
h e a t i n g  e l e m e n t  of t he  hot  s ide of our  a p p a r a t u s .  
W h i l e  w a t e r  of 25~ f lowed at  a cons t an t  r a t e  
t h r o u g h  the  copper  b l o c k  of t he  cold  side,  a s t ep -  
wi se  i nc r ea sed  vo l tage ,  30, 40, 50, 60, and  65v, w a s  
a p p l i e d  to t he  hea te r .  The  c o r r e s p o n d i n g  r a t e s  of 
t h e r m o o s m o s i s  w i t h  an  ox id i zed  co l lod ion  m e m b r a n e  
and  0.01M K~SO, so lu t ion  w e r e :  1.3, 2.2, 6.3, 10.8, 
and  11.4 mm~/100 cm~-min. W h e n  these  va lue s  a r e  
p l o t t e d  aga ins t  the  squa re  of t h e  v o l t a g e  a p p l i e d  
to t he  hea t e r ,  t h e y  a r e  f o u n d  to l ie  on a s t r a i g h t  
l ine  w i t h i n  t h e  l imi t s  of t he  a c c u r a c y  of  t he  d a t a  
a n d  to be  p r o p o r t i o n a l  to t he  s q u a r e  of t he  vo l tage ,  
t h a t  is p r o p o r t i o n a l  to the  q u a n t i t y  of h e a t  w h i c h  
f lowed across  t he  t h e r m o o s m o s i s  cell.  The  t e m p e r a -  
t u r e  d rop  across  t he  m e m b r a n e  p r o p e r  m u s t  be  
a s s u m e d  to be p r o p o r t i o n a l  to t he  f lux of h e a t  across  
t he  cell.  T h e r e f o r e  i t  can  be  conc luded  t h a t  t h e  r a t e  
of t h e r m o o s m o s i s  is p r o p o r t i o n a l  to t he  d r i v i n g  
force,  t he  t e m p e r a t u r e  d i f fe rence  b e t w e e n  t h e  two  
m e m b r a n e - s o l u t i o n  in te r faces ,  a no t  u n e x p e c t e d  
resu l t .  

The  r e su l t s  of Tab le  I, and  of o t h e r  e x p e r i m e n t s  
o m i t t e d  here ,  f u l l y  conf i rm those  of A u b e r t .  T h e r e  
is e x c e l l e n t  a g r e e m e n t  w i t h  r e spe c t  to t he  mos t  
i m p o r t a n t  poin ts ,  n a m e l y ,  t he  inf luence  of t he  n a -  
t u r e  of t he  solute ,  the  d i r ec t i on  of  t h e  t h e r m o o s m o s i s  
as d e p e n d e n t  on the  n a t u r e  of the  m e m b r a n e ,  and  
the  o r d e r  of m a g n i t u d e  of t he  o b s e r v e d  effects. O u r  
o b s e r v a t i o n  t h a t  t he  e l e c t r o c h e m i c a l  " a c t i v a t i o n "  
of m e m b r a n e s  inc reases  t h e r m o o s m o s i s  m a n y - f o l d  
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s t r o n g l y  suppor t s  the  hypo the s i s  of L i p p m a n n  and  
A u b e r t  t ha t  t h e r m o o s m o s i s  is of an  e l e c t r o c h e m i c a l  
n a t u r e  a n d  p r o b a b l y  c lose ly  l i n k e d  to  e lec t roosmosis .  

As  s t a t ed  before ,  F r e u n d l i c h  had  s u r m i s e d  t ha t  
t h e r m o o s m o s i s  m i g h t  be c lose ly  r e l a t e d  to a n o m a l o u s  
osmosis  (5) .  In  the  course  of our  e x p e r i m e n t s  two  
r e g u l a r i t i e s  of i m p o r t a n c e  in th i s  connec t ion  h a v e  
been  n o t e d  cons i s t en t ly .  F i r s t ,  t h e r m o o s m o s i s  across  
ac idic  m e m b r a n e s ,  such as ox id i zed  co l lod ion  m e m -  
b ranes ,  is a l w a y s  s t r o n g e r  w i t h  u n i - b i v a l e n t  e l e c t r o -  
ly te s  such as K~SO, t h a n  u n i - u n i v a l e n t  sa l t s ;  w i t h  
basic,  e l ec t ropos i t i ve  m e m b r a n e s ,  such as p r o t a m i n e  
co l lod ion  m a t r i x  m e m b r a n e s ,  t h e  effect is s t r o n g e r  
if  t he  e l e c t r o l y t e  has  a b i v a l e n t  cat ion.  Second,  w i t h -  
out  excep t ion  the  t h e r m o o s m o t i c  effect was  s t r o n g -  
est  w i t h  so lu t ions  in a m e d i u m  concen t r a t i on  r a n g e  
( w i t h  mos t  sy s t ems  a b o u t  0.01-0.03M) and  con-  
s i d e r a b l y  s m a l l e r  a t  l o w e r  and  h i g h e r  c o n c e n t r a -  
t ions.  These  r e g u l a r i t i e s  a r e  also v e r y  c h a r a c t e r i s t i c  
for  the  p h e n o m e n o n  tha t  is k n o w n  in t he  l i t e r a t u r e  
as " a n o m a l o u s  osmosis ."  Thus,  i t  seems  i n d i c a t e d  
to c o m p a r e  the  inf luence  of concen t r a t i on  on the  
t r a n s p o r t  effects a r i s ing  in t h e r m o o s m o s i s  and  in 
a n o m a l o u s  osmosis.  

The  t e r m  a n o m a l o u s  osmosis  is c o m m o n l y  used  
to deno te  those  osmot ic  p h e n o m e n a  a r i s ing  w i t h  
so lu t ions  of e l e c t ro ly t e s  w h i c h  seem to be  c o n t r a r y  
to the  c o m m o n  e x p e r i e n c e  t h a t  t he  f low of l i qu id  
across  a m e m b r a n e  w h i c h  s e p a r a t e s  a so lu t ion  f rom 
p u r e  so lven t  (or  a m o r e  d i l u t e  so lu t ion)  occurs  
o r d i n a r i l y  t o w a r d  the  s ide  of t he  m o r e  c o n c e n t r a t e d  
solut ion,  a n d  at  a r a t e  r o u g h l y  p r o p o r t i o n a l  to t he  
c o n c e n t r a t i o n  di f ference.  In  t he  v e r y  c o m m o n  in -  
s t ance  of " a n o m a l o u s  pos i t i ve  osmosis"  the  r a t e  of 
m o v e m e n t  of l iqu id  t o w a r d  the  s ide of t he  so lu t ion  
d e p e n d s  on the  c o n c e n t r a t i o n  of the  so lu t ion  used ,  
the  r a t e s  of flow in a m e d i u m  r a n g e  of c o n c e n t r a -  
t ions  be ing  m u c h  h i g h e r  t h a n  w i t h  m o r e  c onc e n -  
t r a t e d  or  m o r e  d i l u t e  so lu t ion .  In  t he  r e l a t i v e l y  r a r e  
ins tances  of " a n o m a l o u s  n e g a t i v e  osmosis"  a f low 
of l i qu id  occurs  t o w a r d  the  s ide  of t he  p u r e  so lven t  
(or  t he  m o r e  d i l u t e  so lu t ion) .  

I n v e s t i g a t o r s  in th i s  f ield ag ree  u n a n i m o u s l y  t h a t  
a n o m a l o u s  osmosis  t h r o u g h  porous  m e m b r a n e s  is 
an  e l ec t rochemica l  p h e n o m e n o n  (25) .  I t s  m a g n i t u d e  
is c lose ly  c o r r e l a t e d  w i t h  t h e  p r o d u c t  of t h e  e l ec -  
t r o k i n e t i c  cha rge  of t he  m e m b r a n e  and  the  d y n a m i c  
m e m b r a n e  p o t e n t i a l  w h i c h  r e su l t s  f r om the  d i f fu-  
s ion  of e l e c t r o l y t e  across  t he  m e m b r a n e  as s t r e s sed  
p a r t i c u l a r l y  b y  B a r t e l l  (26, 27) and  Loeb  (13) .  The  
de ta i l s  of t h e  m e c h a n i s m  of a n o m a l o u s  osmosis  
across  po rous  m e m b r a n e s  a r e  s t i l l  c o n t r o v e r s i a l  and  
the  sub jec t  of con t inu ing  i n v e s t i g a t i o n  (25, 28-31) .  
One  of us  p r o p o s e d  some t i m e  ago t h a t  a n o m a l o u s  
osmosis  a r i ses  f r o m  t h e  i n t e r a c t i o n  of pores  w h i c h  
y i e l d  d i f fe ren t  po t en t i a l s  ( fo r  ins tance ,  due  to t h e i r  
d i f f e ren t  w i d t h ) ,  w h e n  the  e l ec t ro ly t i c  so lu te  d i f -  
fuses  across  the  m e m b r a n e  (25, 28) .  Loca l  e l ec t r i c  
c i rcu i t s  ar ise ,  supe r f i c i a l l y  s im i l a r  to t he  local  c i r -  
cui ts  a s s u m e d  g e n e r a l l y  in cor ros ion .  One set  of 
po re s  acts  as t he  source  of t he  d r i v i n g  e l e c t r o m o t i v e  
force,  a n o t h e r  set  of po re s  p l a y s  t he  ro le  of an  e l ec -  
t roosmot i c  d i a p h r a g m  t h r o u g h  w h i c h  the  c u r r e n t  is 
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d r i v e n  pass ive ly ,  t h e r e b y  p r o d u c i n g  e l ec t roosmos i s  
accord ing  to t he  e l e c t r o k i n e t i c  cha rge  of t he  pores .  
Schlhgl ,  in a mos t  i ngen ious  m a n n e r ,  has  d e v e l o p e d  
the  idea  t ha t  a n o m a l o u s  osmosis  a r i ses  in  t h e  i n -  
d i v i d u a l  pores ,  w i t h o u t  i n t e r a c t i o n  of d i f fe ren t  
pores  (29) .  A c c o r d i n g  to Schlhgl ,  t he  p o t e n t i a l  
w h i c h  a r i ses  a t  each  po re  due  to t he  d i f fus ion of 
t he  e l e c t r o l y t e  across  it, ac ts  as a m o v i n g  fo rce  
on the  po re  w a t e r  acco rd ing  to t he  e l e c t r o k i n e t i c  
cha rge  of the  l a t t e r .  W h i c h e v e r  of these  and  s im i l a r  
concepts  m a y  u l t i m a t e l y  b e  p r o v e n  correc t ,  t he  e l ec -  
t r o c h e m i c a l  c h a r a c t e r  of a n o m a l o u s  osmosis  seems  
b e y o n d  doub t .  

Most  e x p e r i m e n t s  on a n o m a l o u s  osmosis  h a v e  been  
p e r f o r m e d  w i t h  sy s t e ms  in w h i c h  a m e m b r a n e  sep -  
a r a t e s  p u r e  w a t e r  f r o m  a so lu t ion  of an  e l ec t ro ly t e ,  
and  the  p r e s s u r e  r i se  in an  o s m o m e t r i c  c a p i l l a r y  is 
r e a d  a f t e r  an  a r b i t r a r i l y  chosen  t i m e  (20 m i n  in 
the  e x p e r i m e n t s  p r e s e n t e d  b e l o w ) .  The  o b s e r v e d  
effect consis ts  of two  componen t s ,  the  t r u e  a n o m a -  
lous  osmosis  and  the  n o r m a l  osmot ic  effect as i t  
a r i ses  also w i t h  none l ec t ro ly t e s .~To  avo id  th i s  u n -  
c e r t a i n t y  and  to d e t e r m i n e  t h e  m a g n i t u d e  of t r u e  
a n o m a l o u s  osmosis  G r i m  and  So l l ne r  h a d  r ecou r se  
to the  eas i ly  d e m o n s t r a t e d  fac t  t ha t  a n o m a l o u s  os-  
mosis  does no t  occur  w i t h  e l e c t r o n e u t r a l  m e m b r a n e s  
(22) .  A c c o r d i n g l y ,  w i t h  m e m b r a n e s  w h i c h  can  be 
c h a r g e d  and  d i s c h a r g e d  r e v e r s i b l y  ( w i t h o u t  s ig -  
n i f icant  changes  in g e o m e t r i c a l  s t r u c t u r e ) ,  such as 
m a n y  p r o t e i n i z e d  m e m b r a n e s ,  t he  osmot ic  effects 
caused  b y  an  e l e c t r o l y t e  can  be  m e a s u r e d  bo th  w h e n  
on ly  n o r m a l  osmosis  a r i ses  ( w i t h  the  m e m b r a n e  in 
t he  e l e c t r o n e u t r a l  s t a t e )  a n d  w h e n  n o r m a l  as  we l l  
as a n o m a l o u s  osmosis  occurs  ( w i t h  t he  m e m b r a n e  
in a c h a r g e d  s t a t e ) .  T h e  d i f fe rence  b e t w e e n  these  
two  effects  is c ons ide r e d  as t h e  t r u e  a n o m a l o u s  os-  
mosis.  Us ing  th is  p r o c e d u r e  G r i m  and  So l l ne r  h a v e  
m e a s u r e d  the  t r ue  a n o m a l o u s  osmot ic  effects  a r i s -  
ing  in sys t ems  in w h i c h  the  c onc e n t r a t i on  r a t i o  of 
the  two  so lu t ions  s e p a r a t e d  b y  the  m e m b r a n e  w a s  
2:1. Such  sys t ems  are,  of course ,  m o r e  s im i l a r  to 
those  used  in  the  t h e r m o o s m o s i s  s tudies ,  w h e r e  t he  
m e m b r a n e  s e p a r a t e s  so lu t ions  of e q u a l  c o n c e n t r a -  
t ion,  t h a n  to the  c o n v e n t i o n a l  s o l u t i o n - w a t e r  sys tem.  

F i g u r e  3 p r e s e n t s  d a t a  on the  e x t e n t  of t h e r m o -  
osmosis  across  an  ox id ized ,  e l e c t r o n e g a t i v e ,  co l lo-  
d ion  m e m b r a n e  w i t h  K~SO, as e l e c t r o l y t e  ( h e a t e r  
set  a t  60v) ,  and  two  sets of d a t a  on a n o m a l o u s  p o s -  
i t ive  osmosis  w i t h  the  s ame  e l e c t ro ly t e ;  t he  one set  
was  o b t a i n e d  w i t h  an  ox id i zed  co l lod ion  m e m b r a n e  
b y  the  p r e s s u r e  r i se  m e t h o d  (18) ,  t he  o t h e r  one b y  
the  v o l u m e  m e t h o d  w i t h  an  o x y h e m o g l o b i n  co l lod ion  
m a t r i x  m e m b r a n e  in t he  n e g a t i v e  s t a t e  ( a t  p H  10.0) 
(22) .  

F i g u r e  4 gives  ana logous  d a t a  on t h e r m o o s m o s i s  
w i t h  MgCL across  an  e l e c t r o p o s i t i v e  p r o t a m i n e  col-  
lod ion  m a t r i x  m e m b r a n e  ( h e a t e r  set  a t  60v) ,  and  
d a t a  on a n o m a l o u s  pos i t i ve  osmosis  b y  t h e  p r e s s u r e  
r i se  m e t h o d  across  a s im i l a r  p r o t a m i n e  co l lod ion  
m e m b r a n e ,  ~ and  b y  the  v o l u m e  m e t h o d  across  t he  
same  o x y h e m o g l o b i n  m e m b r a n e  r e f e r r e d  to in  F ig .  

7 T h e  d a t a  s h o w n  i n  F i g .  4 f o r  t h e  p r e s s u r e  riSe m e t h o d s  w e r e  ac -  
t u a l l y  o b t a i n e d  by  A b r a m s  a n d  S o l l n e r  (23) w i t h  CaCl~ as t h e  e l e c -  
t r o l y t e .  T h e  w o r k  of L o e b  (13) a n d  e x p e r i e n c e  in  o u r  o w n  l a b o r a -  
t o r i e s  s h o w  t h a t  t h e r e  is  no  r e a s o n  to b e l i e v e  t h a t  t h e  c u r v e  w o u l d  
b e  a n y  d i f f e r e n t  i n  i ts  f o r m  i f  DIgC12 h a d  b e e n  u s e d  i n s t e a d  o~[ CaCl~. 
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3, b u t  now in t he  p o s i t i v e l y  c h a r g e d  s t a t e  (a t  p H  
4.0) (22).  

F i g u r e s  3 and  4 show the  g r e a t  s i m i l a r i t y  of t h e  
concen t r a t i on  d e p e n d e n c e  .of t h e r m o o s m o s i s  and  of  
a n o m a l o u s  pos i t ive  osmosis ;  t he  m a x i m u m  effects 
of t h e r m o o s m o s i s  and  of a n o m a l o u s  osmosis  occur  
in the  s ame  concen t r a t i on  range ,  w i t h  a f a i r l y  s h a r p  
dec l ine  bo th  at  h i g h e r  and  l o w e r  concen t ra t ions .  In  
v i ew  of th is  c o r r e l a t i o n  t h e  nex t ,  obv ious  s tep  w a s  
to tes t  w h e t h e r  or  no t  t h e r m o o s m o s i s  occurs  in  t he  
oppos i t e  d i r ec t ion  ( f r o m  the  cold  to t he  ho t  com- 
p a r t m e n t )  in sy s t ems  the  a n a l o g u e s  of w h i c h  a r e  
k n o w n  to g ive  a n o m a l o u s  n e g a t i v e  osmosis.  

A n o m a l o u s  n e g a t i v e  osmosis  has  been  shown  to 
ar i se  in  sys t ems  w h i c h  sa t i s fy  t hese  r e q u i r e m e n t s :  
( i )  the  e l e c t r o l y t e  m u s t  be  such t h a t  i ts  f a s t e r  d i f -  
fus ing  ion has  the  s ame  s ign as t he  cha rge  of t h e  
m e m b r a n e ,  and  ( i i )  t he  p o r o s i t y  and  c h a r g e  d e n s i t y  
of the  m e m b r a n e  and  the  c o n c e n t r a t i o n  of t he  e lec -  
t r o l y t e  m u s t  be  a d j u s t e d  so t h a t  t he  m e m b r a n e  p o -  
t e n t i a l  is in the  d i r ec t i on  w h i c h  g ives  t he  m o r e  d i l u t e  
so lu t ion  the  same  cha rge  as t h a t  of t he  m e m b r a n e  
(28) .  

In  those  ins tances  w h e r e  a n o m a l o u s  n e g a t i v e  os -  
mosis  has  been  obse rved ,  the  c o n c e n t r a t i o n  of e l ec -  
t r o l y t e  n e c e s s a r y  to p r o d u c e  m a x i m a l  effects is con-  
s i d e r a b l y  h i g h e r  t h a n  t h a t  to p r o d u c e  m a x i m a l  
a n o m a l o u s  pos i t i ve  osmosis  w i t h  t he  s ame  m e m -  
b r a n e s  ( a n d  d i f fe ren t  e l e c t r o l y t e s ) .  F o r  e x a m p l e ,  
w i t h  pos i t i ve  m e m b r a n e s ,  acids,  p a r t i c u l a r l y  d i -  a n d  
t r i - b a s i c  acids,  a r e  e spec i a l l y  ef fec t ive  in t h e  con-  
c e n t r a t i o n  r a n g e  of 0.5-1.0M; s imi l a r ly ,  w i t h  n e g a -  
t ive  m e m b r a n e s  L iCI  and  s t rong  bases  w i l l  p r o d u c e  
a n o m a l o u s  n e g a t i v e  osmosis  in th i s  c o n c e n t r a t i o n  
range .  

We have  c a r r i e d  ou t  a l i m i t e d  n u m b e r  of t e s t  e x -  
p e r i m e n t s  on t he rmoosmos i s ,  s i m u l a t i n g  the  a b o v e -  
d e s c r i b e d  cond i t ions  w h i c h  p r o d u c e  a n o m a l o u s  n e g -  
a t ive  osmosis.  In  a l l  i n s t ances  t he  m o v e m e n t  of 
l i qu id  was  f rom the  cold  to t he  ho t  c o m p a r t m e n t ,  
t h a t  is t he  d i r ec t ion  oppos i t e  to t h a t  in t he  e x p e r i -  
m e n t s  shown  in Fig.  3 and  4. F o r  e x a m p l e ,  w i t h  a 
p r o t a m i n e  co l lod ion  m a t r i x  m e m b r a n e ,  0.5M H3PO,, 
and  the  s ame  t e m p e r a t u r e  g r a d i e n t  as used  before ,  
t he  r a t e  of f low was  --7.4 mmS/100 cm~-min.  S i m -  
i l a r ly ,  w i t h  0.02M N a O H  8 and  ox id i zed  co l lod ion  

8 T h i s  i s  n o t  t h e  o p t i m u m  c o n c e n t r a t i o n  f o r  N a O H ,  b u t  h i g h e r  c o n -  
c e n t r a t i o n s  c o u l d  n o t  be  u s e d  b e c a u s e  t h e  m e m b r a n e . s  a r e  r a p i d l y  
d e s t r o y e d  w h e n  s u c h  s o l u t i o n s  a r e  h e a t e d .  

m e m b r a n e s ,  t he  r a t e  of flow was  --8.4 mm~/1O0 
cm~-min.  

These  r e su l t s  conf i rm our  a n t i c i p a t i o n  b a s e d  on 
the  p r e v i o u s  r e su l t s  w h i c h  showed  a s t rong  c o r r e -  
l a t ion  of t h e r m o o s m o s i s  and  a n o m a l o u s  pos i t i ve  os-  
mosis.  Tha t  t he  c o r r e l a t i o n  of t h e r m o o s m o s i s  and  
a n o m a l o u s  n e g a t i v e  osmosis  in a p p r o p r i a t e  sys t ems  
is e q u a l l y  s t rong  l ends  f u r t h e r  s t r e n g t h  to t he  h y -  
po thes i s  t h a t  m e c h a n i s m s  of t h e r m o o s m o s i s  and  
a n o m a l o u s  osmosis  a r e  i n t i m a t e l y  r e l a t ed .  H o w e v e r ,  
w e  a r e  not  p r e p a r e d  at  th is  t i m e  to p r o p o s e  a d e -  
t a i l ed  m e c h a n i s m  for  t he rmoosmos i s .  Be fo re  th i s  
can  be  done,  i t  w i l l  be  n e c e s s a r y  to h a v e  m e a s u r e -  
m e n t s  of the  t h e r m o p o t e n t i a l s  w h i c h  a r i se  u n d e r  t he  
cond i t ions  of t he  e x p e r i m e n t s .  I f  one cons ide rs  t h a t  
the  r a t e  of a n o m a l o u s  osmosis  in 2:1 c o n c e n t r a t i o n  
sys t ems  is a t  l eas t  10 t imes  l a r g e r  t h a n  t h a t  of t h e r -  
moosmos i s  u n d e r  our  e x p e r i m e n t a l  cond i t ions  ( c o m -  
p a r e  Fig.  3 a n d  4) ,  a n d  t h a t  t he  m e m b r a n e  p o t e n -  
t i a l s  wh ich  a r i se  in t he  f o r m e r  sys t ems  a re  of t he  
o r d e r  of 10 mv,  i t  can  be  seen t h a t  the  t h e r m o p o t e n -  
t i a l  r e q u i r e d  to p r o d u c e  the  o b s e r v e d  t h e r m o o s m o s i s  
m a y  be  on ly  of t he  m a g n i t u d e  of 1 m v  or  less.  F u r -  
ther ,  one shou ld  t r y  to c o r r e l a t e  t he  t h e r m o o s m o t i c  
mass  m o v e m e n t  w i t h  t he  L u d w i g - S o r e t  d i s t r i b u -  
t ion of e l e c t ro ly t e s  across  m e m b r a n e s .  W i t h  such 
f u r t h e r  i n f o r m a t i o n  ava i l ab l e ,  i t  w i l l  b e  of cons id -  
e r a b l e  i n t e r e s t  to d iscuss  pos s ib l e  m e c h a n i s m s  of 
t h e r m o o s m o s i s  in the  l i gh t  of c u r r e n t  t heo r i e s  of 
a n o m a l o u s  osmosis .  

A c k n o w l e d g m e n t  

The  a u tho r s  wi sh  to e x p r e s s  t h e i r  g r a t i t u d e  to t he  
N a t i o n a l  F o u n d a t i o n  for  I n f a n t i l e  P a r a l y s i s  u n d e r  
whose  ausp ices  th is  s t u d y  was  s t a r t e d  in 1945, and  
to t he  Jo s i ah  Macy,  J r .  F o u n d a t i o n  w h i c h  d u r i n g  the  
y e a r  1946 s u p p o r t e d  the  b u l k  of t he  e x p e r i m e n t a l  
w o r k  p r e s e n t e d  in th i s  p a p e r .  

Manuscr ip t  received Aug. 16, 1961; revised m a n u -  
script  received Feb.  1, 1962. This paper  was presented  
before  the Colloid Division of the  Amer ican  Chemical  
Society at the Chicago Fal l  Meeting, 1946. 

A n y  discussion of this pape r  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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Anodic Oxidation of Methanol on Platinum 
I. Adsorption of Methanol, Oxygen, and Hydrogen on 

Platinum in Acidic Solution 

M. W. Breiter and S. Gilman 
Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

The coverage of b r igh t  p la t inum electrodes wi th  methanol ,  oxygen,  and h y -  
drogen was de te rmined  as a funct ion of potent ia l  and bu lk  concentra t ion of 
methanol  in perchlor ic  acid. Two different  techniques which lead to the same 
resul ts  for the coverage with  the respect ive  species are  described.  The methanol  
coverage was obta ined  for  equi l ib r ium condit ions at  open circui t  and under  the  
condit ions of a quas is ta t ionary  cu r ren t -po ten t i a l  curve. The methanol  cover-  
age is potent ia l  independent  be tween  +0.1 and +0.6v and decreases r ap id ly  
wi th  potent ia l  above +0.6v dur ing  the anodic sweep of the cu r ren t -po ten t i a l  
curve. The oxygen coverage differs only s l ight ly  in 1N HC104 and 1N HC10~ ~- 
1M CH~OH. Hydrogen  adsorpt ion  is decreased by 75% if the sa tura t ion  coverage 
of methanol  is present  on the surface. 

The  m e c h a n i s m  of the  anod ic  o x i d a t i o n  of l o w e r  
a lcohols  on sol id  e lec t rodes ,  p a r t i c u l a r l y  p l a t i n u m ,  
is of g r e a t  i m p o r t a n c e  in connec t ion  w i t h  fue l  cel l  
t echnology .  A n  i n t e n s i v e  s t u d y  of one p a r t i c u l a r  
sys tem,  ac id  m e t h a n o l ,  was  c a r r i e d  out  s ince  i t  w a s  

fe l t  t h a t  the  r e su l t s  w o u l d  a d v a n c e  the  u n d e r s t a n d -  
ing of s im i l a r  sys tems .  Re su l t s  on the  m e c h a n i s m  
of t he  anodic  m e t h a n o l  o x i d a t i o n  wi l l  be  r e p o r t e d  
in a ser ies  of pape r s .  The  first  p a p e r  dea l s  w i t h  t he  
a d s o r p t i v e  p r o p e r t i e s  of p l a t i n u m  w i t h  r e s p e c t  to  
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m e t h a n o l ,  oxygen ,  and  h y d r o g e n  in 1N HC10,, con-  
t a in ing  d i f fe ren t  a m o u n t s  of me thano l .  

C u r r e n t - p o t e n t i a l  cu rves  and  a n a l y t i c  d e t e r m i n -  
a t ion  of the  r e a c t i o n  p r o d u c t s  in d i f fe ren t  so lu t ions  
h a v e  been  m a i n l y  used  to come to conclus ions  on  
the  r e a c t i o n  m e c h a n i s m  (1 -7 ) .  I t  is a s sumed  in  t he  
ex i s t ing  theo r i e s  of t he  o x i d a t i o n  m e c h a n i s m  t h a t  
a d s o r p t i o n  of m e t h a n o l  p l a y s  an  i m p o r t a n t  role .  
H o w e v e r ,  l i t t l e  is k n o w n  a b o u t  t he  a d s o r p t i o n  of 
m e t h a n o l  in t he  so -ca l l ed  doub le  l a y e r  reg ion ,  a b o u t  
a poss ib le  s i m u l t a n e o u s  a d s o r p t i o n  of h y d r o g e n  and  
m e t h a n o l  in the  h y d r o g e n  region ,  and  of m e t h a n o l  
and  o x y g e n  in the  o x y g e n  region .  A d e t a i l e d  d e s c r i p -  
t ion of t he  t h r e e  w e l l - k n o w n  p o t e n t i a l  r eg ions  can  
be four~d in a p a p e r  (8)  on the  a d s o r p t i o n  of a m y l  
a lcoho l  a t  p l a t i n u m  in w h i c h  s im i l a r  p r o b l e m s  w e r e  
d iscussed.  

P a v e l a  (3)  was  .the first  to e s t ab l i sh  d i r ec t  e x p e r i -  
m e n t a l  ev idence  for  t he  a d s o r p t i o n  of m e t h a n o l  on 
p l a t i n i zed  p l a t i n u m .  H e  k e p t  t h e  e l ec t rode  at  open  
c i rcu i t  in so lu t ions  of w a t e r  and  m e t h a n o l  for  15 
min  and  t h e n  b r ie f ly  i m m e r s e d  i t  in d i s t i l l ed  w a t e r .  
The  e l ec t rode  was  t hen  i m m e r s e d  in 1N N a O H  a n d  
an  anodic  c h a r g i n g  c u r v e  m e a s u r e d .  A n  a r r e s t  is 
o b s e r v e d  w h i c h  P a v e l a  a t t r i b u t e s  to t h e , q u a n t i t a t i v e  
ox ida t i on  of m e t h a n o l  to fo rmic  acid.  The  a d s o r b e d  
a m o u n t  is c o m p u t e d  f rom the  t r a n s i t i o n  t ime  of t he  
a r r e s t  and  the  cu r ren t .  P a v e l a  f o u n d  a s a t u r a t i o n  
cove rage  for  m e t h a n o l  c o n c e n t r a t i o n s  C~ > 0.5M. 
The  e x p e r i m e n t a l  a d s o r p t i o n  i s o t h e r m  is in f a i r l y  
good a g r e e m e n t  w i t h  L a n g m u i r ' s  i so the rm.  

P a v e l a ' s  p r o c e d u r e  is b a s e d  on two  condi t ions :  
(A)  M e t h a n o l  is d e s o r b e d  on ly  to a neg l i g ib l e  
a m o u n t  d u r i n g  the  r i n s ing  w h i l e  on ly  an  a d h e r e n t  
l i qu id  l a y e r  of m e t h a n o l  is r e m o v e d .  (B)  A l l  t he  
a d s o r b e d  m e t h a n o l  is ox id i zed  b e f o r e  the  anodic  
f o r m a t i o n  of a c h e m i s o r b e d  o x y g e n  l a y e r  s ta r t s .  As  
the  fu l f i l lmen t  of t he  cond i t ions  was  no t  ver i f ied ,  
P a v e l a ' s  r e su l t s  m a y  inc lude  a c o n s i d e r a b l e  e r ro r .  
T h e r e f o r e  o the r  t e chn iques  w e r e  d e v e l o p e d  and  
used  to ob t a in  t he  e q u i l i b r i u m  c o v e r a g e  w i t h  m e t h -  
anol  a t  open  c i r cu i t  and  the  c o v e r a g e  u n d e r  t he  con-  
d i t ions  of a p o t e n t i o s t a t i c  c u r r e n t - p o t e n t i a l  curve .  
A c o m p a r i s o n  of t h e  m e t h a n o l  c o v e r a g e  u n d e r  t h e  
two  cond i t ions  shows  t h a t  e q u i l i b r i u m  c o v e r a g e  is 
a t t a i n e d  in t he  doub le  l a y e r  r eg ion  d u r i n g  the  anodic  
s w e e p  of c u r r e n t - p o t e n t i a l  curves .  The  o x y g e n  cov-  
e r a g e  was  m e a s u r e d  as a func t ion  of p o t e n t i a l  in  
the  base  e l e c t r o l y t e  so lu t ion  and  in  so lu t ions  con-  
t a in ing  me thano l .  The  i n f o r m a t i o n  on m e t h a n o l  a d -  
so rp t ion  and  o x y g e n  c o v e r a g e  u n d e r  d i f fe ren t  con-  
d i t ions  has  no t  been  a v a i l a b l e  in t he  l i t e r a t u r e .  The  
r e su l t s  of th is  p a p e r  wi l l  be  used  to d iscuss  t he  p o -  
t en t i o s t a t i c  c u r r e n t - p o t e n t i a l  c u r v e  in a second  p a -  
p e r  of t h e  ser ies .  

Experimental 

Two t echn iques  w e r e  used  for  t he  d e t e r m i n a t i o n  
of t he  c o v e r a g e  w i t h  me thano l ,  h y d r o g e n ,  and  o x y -  
gen. The  first  m e t h o d  is t h e  p o t e n t i o s t a t i c  a p p l i c a -  
t ion  of v o l t a g e  pu l ses  to  t he  e l ec t rode  b y  m e a n s  of  
a W e n k i n g  po ten t io s t a t .  The  second  m e t h o d  con-  
sists in t he  c h r o n o p o t e n t i o m e t r i c  ( g a l v a n o s t a t i c )  
a p p l i c a t i o n  of c u r r e n t  pulses .  The  fo rm of t h e  pu l ses  
was  chosen  such as to mee t  t he  e x p e r i m e n t a l  r e -  
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Fig. 1. Potentiostatic i-U-curves with v = 800 v/see in IN HCIO~ 
+ IM CH3OH (curve B) and in IN HCIO4 (curve A) starting from 
the open-circuit potential. 

q u i r e m e n t s  for  t he  d e t e r m i n a t i o n  of t he  a d s o r b e d  
a m o u n t  of one of t he  t h r e e  species.  

Potent ios ta t ic  technique . - - -A  s ingle  t r i a n g u l a r  p o -  
t e n t i a l  sweep  of v e r y  s h o r t  d u r a t i o n  was  a p p l i e d  to 
s t u d y  m e t h a n o l  adso rp t ion .  The  anodic  sweep  
s t a r t e d  a t  a de s i r e d  p o t e n t i a l  and  e x t e n d e d  to 2.0v. 
I t  cou ld  also be  s t a r t e d  w h e n  the  e l ec t rode  p o t e n t i a l  
c h a n g e d  l i n e a r l y  and  p e r i o d i c a l l y  as u n d e r  t he  con-  
d i t ions  of a p o t e n t i o s t a t i c  c u r r e n t - p o t e n t i a l  curve .  
The  c u r r e n t  was  r e g i s t e r e d  as a func t ion  of p o t e n -  
t i a l  (or  t i m e )  b y  m e a n s  of an  osc i l loscope d u r i n g  
the  fas t  p o t e n t i a l  sweep .  The  n o n s t a t i o n a r y  anod ic  
c u r r e n t - p o t e n t i a l  cu rves  ( i - U - c u r v e s )  w e r e  m e a s -  
u r e d  in  t he  e l e c t r o l y t e  (1N HC10,)  and  in  1N HC10,  
w i t h  d i f fe ren t  a m o u n t s  of m e t h a n o l .  C u r v e  B in 
Fig.  1 was  o b t a i n e d  in 1N HC10,  + 1M CH~OH and  
cu rve  A in I N  HCIO,.  The  s w e e p  s t a r t e d  at  t he  o p e n -  
c i rcu i t  p o t e n t i a l  of the  p l a t i n u m  e l ec t rode  in t he  
r e s p e c t i v e  solut ions .  A l l  t he  p o t e n t i a l s  in th is  p a p e r  
a r e  r e f e r r e d  to a h y d r o g e n  e l ec t rode  in t he  same  
solut ion.  The  vo l t a ge  speed  of the  sweep  was  800 
v / sec .  The  m e t h a n o l  was  S p e c t r o - q u a l i t y  R e a g e n t  
( M a t h e s o n  C o l e m a n  & B e l l ) ,  t he  p e r c h l o r i c  ac id  
A n a l y t i c a l  R e a g e n t  ( M a l l i n c k r o d t ) ,  t he  w a t e r  was  
doub le  d i s t i l l ed  w i t h  a specific r e s i s t i v i t y  of 8A0 ~ 
o h m - c m  at  25~ M e t h a n o l  concen t r a t i ons  up  to 
1M w e r e  used.  The  so lu t ions  w e r e  i n t e n s i v e l y  s t i r r e d  
w i t h  a r g o n  be fo re  t he  m e a s u r e m e n t s .  The  m e a s u r e -  
m e n t s  w e r e  m a d e  in a P y r e x  g lass  vesse l  w i t h  t h r e e  
c o m p a r t m e n t s .  The  vesse l  was  t h e r m o s t a t e d  at  30~ 
The  p r e h i s t o r y  of t he  e l ec t rode  inf luences  t h e  i - U -  
cu rves  m a r k e d l y  and  is a l w a y s  g iven .  The  e l e c t r o d e  
p r e t r e a t m e n t  for  the  cu rves  in Fig .  1 is de sc r ibed  in 
t he  n e x t  sec t ion  on the  e q u i l i b r i u m  c o v e r a g e  w i th  
m e t h a n o l .  

S h a d e d  a r e a  2 m i n u s  s h a d e d  a r e a  1 (see  Fig.  1) 
y i e ld s  the  charge ,  Q ~ ( c o u l / c m  ~) r e q u i r e d  for  t he  
r e m o v a l  of the  a d s o r b e d  m e t h a n o l  b y  anod ic  o x i d a -  
t ion,  or  

q~ = f '  iBdt -- ] '  iAdt [ 1] 
a a 

The  a p p l i c a b i l i t y  of t he  p o t e n t i o s t a t i c  t e c h n i q u e  is 
b a s e d  on fou r  cond i t ions :  ( A )  The  n u m b e r  of c o u l /  
cm ~ w h i c h  a r e  used  for  the  anodic  f o r m a t i o n  of an  
o x y g e n  l a y e r  and  for  o x y g e n  evo lu t ion  d u r i n g  the  
sweep  is the  s ame  in t he  e l e c t r o l y t e  a n d  in t he  so-  
lu t ion  con ta in ing  m e t h a n o l .  (B)  The  s ame  n u m b e r  
of e l ec t rons  p e r  m o l e c u l e  is i n v o l v e d  in  t h e  o x i d a -  
t ion,  i n d e p e n d e n t  of t he  a d s o r b e d  a m o u n t  of m e t h -  



624 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  July  1962 

anol.  (C)  The  n o n f a r a d a i c  c u r r e n t s  w h i c h  c h a n g e  
the  c h a r g e  of the  doub le  l a y e r  a r e  t he  s a m e  in  t he  
e l e c t r o l y t e  and  in  t he  so lu t ion  con ta in ing  me thano l .  
(D)  The  anod ic  sweep  is suff ic ient ly  r a p i d  t h a t  o x -  
i da t ion  of m e t h a n o l  w h i c h  diffuses  to t he  e l ec t rode  
d u r i n g  the  sweep  is neg l ig ib le .  

The  p r ec i s i on  of t he  d e t e r m i n a t i o n  of C)~ b y  the  
p o t e n t i o s t a t i c  m e t h o d  is e s t i m a t e d  at  • 0.1. The  
i - U - c u r v e s  (see  Fig .  1) co inc ide  a t  h igh  po ten t i a l s .  
This  shows  t ha t  t he  e l ec t rode  su r f ace  is ox id i zed  
to the  s ame  e x t e n t  in  t he  e l e c t r o l y t e  and  in  t h e  so-  
lu t ion  w i t h  me thano l .  Cond i t i on  ( A )  is a p p r o x i -  
m a t e l y  fulf i l led.  This  conc lus ion  is s u p p o r t e d  b y  t h e  
r e su l t  t h a t  t he  o x y g e n  c o v e r a g e  of t he  e l e c t r o d e  
u n d e r  t h e  cond i t ions  of a p o t e n t i o s t a t i c  c u r r e n t -  
p o t e n t i a l  c u r v e  is n e a r l y  the  s ame  a t  a n y  p o t e n t i a l  
i n d e p e n d e n t  of t he  m e t h a n o l  c o n c e n t r a t i o n  as d e -  
sc r ibed  in  t he  sec t ion  on the  o x y g e n  coverage .  The  
co inc idence  of t he  i - U - c u r v e s  is ev idence  t h a t  a l l  
the  a d s o r b e d  m e t h a n o l  is r e m o v e d  d u r i n g  the  anodic  
sweep.  The  i - U - c u r v e s  h a v e  t h e  s a m e  shape  i n d e -  
p e n d e n t  of t he  a d s o r b e d  a m o u n t  of methanol �9  This  
sugges t s  t he  fu l f i l lmen t  of cond i t ion  (B) .  I t  was  es-  
t i m a t e d  t h a t  cond i t ion  (C)  m i g h t  i n t r o d u c e  an  e r r o r  
of up to 7 %. The  n o n f a r a d a i c  c u r r e n t s  a r e  r e l a t i v e l y  
l a r g e  due  to t h e  h igh  v o l t a g e  speed.  T h e y  w i l l  d i f fer  
to some e x t e n t  as the  doub le  l a y e r  c a p a c i t y  is l i k e l y  
to be s m a l l e r  d u r i n g  the  sweep  in t h e  so lu t ion  w i t h  
m e t h a n o l  t h a n  in the  e l e c t r o l y t e  solu t ion .  S i m u l -  
t aneous  a d s o r p t i o n  of a m y l  a lcohol  and  o x y g e n  on 
p l a t i n u m  r e s u l t e d  in  a l o w e r i n g  of t he  doub le  l a y e r  
c a p a c i t y  in t he  o x y g e n  r eg ion  (8) .  The  s ame  effect  
can  be  e x p e c t e d  for  me thano l .  To v e r i f y  t h e  fu l f i l l -  
m e n t  of cond i t ion  (D) ,  i - U - c u r v e s  w e r e  m e a s u r e d  
at  d i f fe ren t  vo l t age  speed  in 1N HC10,  ~ 1M CH~OH. 
F i g u r e  2 r e p r e s e n t s  t he  resu l t .  Q~ is p l o t t e d  vs. log  v. 
A l i m i t i n g  v a l u e  for  Q~ is o b t a i n e d  for  v > 200 v / s e c .  
T h e r e f o r e  t he  d e t e r m i n a t i o n  of Q~ was  c a r r i e d  out  
w i th  v = 800 v / sec .  As  cond i t ion  (D)  is fu l f i l led  for  
1M CH~OH, i t  is v a l i d  for  C~ ~ 1M also. 

The  o x y g e n  c o v e r a g e  a t  p o t e n t i a l s  in  t h e  o x y g e n  
r eg ion  was  o b t a i n e d  b y  i n t e r r u p t i n g  the  c i r cu i t  a t  
the  d e s i r e d  p o t e n t i a l  and  a p p l y i n g  a p o t e n t i a l  of 
+ 0.4v v e r y  rap id ly �9  This  was  done  w i t h  t h e  W e s t -  
e rn  "Electric 275 C Relay�9 The  o x y g e n  l a y e r  is c o m -  
p l e t e l y  r e d u c e d  a t  + 0.4v. The  a r e a  u n d e r  t h e  c u r -  
r e n t - t i m e  c u r v e  g ives  t he  a m o u n t  Qo in c o u l / c m  ~ 
of a d s o r b e d  oxygen .  The  r e d u c t i o n  occurs  v e r y  f a s t  
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Fig. 2. AdsorBed amount Q~ of methanol in IN HCIO~ -]- IM 
CH3OH as a function of the voltage speed v of the potentlostatic 
sweep. 
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Fig. 3. Cathodic charging curves from 0.Sv with 0.06 amp/cm ~ 
in IN HCIO~ (curve a) and in IN HCIO~ ~ IM CH3OH (curve b). 
The determination of the transition time T~ for the hydrogen 
branch is shown. 

( in  a b o u t  5.102 sec) .  T h e r e f o r e  t h e  inf luence  of a 
s i m u l t a n e o u s  o x i d a t i o n  of m e t h a n o l  w h i c h  diffuses 
to the  su r f ace  is neg l ig ib le .  

Galvanostatic technique.--The second  m e t h o d  
consis ts  in t a k i n g  ca thod ic  c h a r g i n g  cu rves  f r o m  
d i f fe ren t  in i t i a l  po ten t i a l s .  Qo is d e t e r m i n e d  as a 
func t ion  of p o t e n t i a l  in t he  o x y g e n  r e g i o n  f r o m  t h e  
t r a n s i t i o n  t i m e  of t he  o x y g e n  b r a n c h  of t h e  c h a r g -  
ing  c u r v e  and  the  c u r r e n t  d e n s i t y  (9 ) .  The  l eng th  
of t he  h y d r o g e n  b r a n c h  y ie lds  t h e  n u m b e r  QH of 
c o u l / c m  ~ to fill t he  s i tes  a v a i l a b l e  for  h y d r o g e n  a d -  
sorp t ion .  I f  t he  c h a r g i n g  c u r v e  s t a r t s  a t  a p o t e n t i a l  
w h e r e  m e t h a n o l  is adso rbed ,  t he  n u m b e r  N~ of  h y -  
d r o g e n  a d s o r p t i o n  s i tes  w h i c h  a r e  occup ied  b y  a d -  
so rbed  m e t h a n o l  can  be  c o m p u t e d  f r o m  the  dec rease  
in QH�9 C u r v e  a in  Fig .  3 is a c h a r g i n g  c u r v e  w i t h  
0.06 a m p / c m  ~ f r o m  § 0.5v in 1N HC10,, cu rve  b 
f rom q- 0.5v in  1N HC10~ ~ 1M CH~OH. Bo th  cu rves  
w e r e  t a k e n  d u r i n g  the  anod ic  sweep  of p o t e n t i o s t a t i c  
c u r r e n t - p o t e n t i a l  cu rves  w i t h  v = 30 m v / s e c  b y  
sw i t ch ing  f r o m  the  p o t e n t i o s t a t i c  to t h e  g a l v a n o -  
s ta t ic  c i rcu i t  w h e n  the  p o t e n t i a l  r e a c h e d  + 0.5v. 
C u r v e  b shows  a m a r k e d  d e c r e a s e  in t he  l e n g t h  of 
the  h y d r o g e n  b r a nc h .  I f  sQH des igna t e s  t h e  n u m b e r  
of c o u l / c m  ~ for  t he  ca thod ic  f o r m a t i o n  of a com-  
p l e t e l y  c ove re d  su r f ace  in t he  e l e c t r o l y t e  and  Q~ is 
t he  v a l u e  in  t h e  p r e s e n c e  of m e t h a n o l ,  t h e n  for  p o -  
t en t i a l s  U ~ q- 0.3v 

N~ = ( s Q ~ -  Q . )  �9 L / F  [2]  

F is t he  f a r a d a y  and  L is A v o g a d r o ' s  n u m b e r .  I t  was  
f o u n d  f rom c h a r g i n g  cu rves  s t a r t i n g  b e t w e e n  + 0.8 
and  q- 1.5v t h a t  sQH was  a p p r o x i m a t e l y  t h e  s a m e  
(0.34 m c o u l / c m  ~) in a l l  so lu t ions .  The  a b o v e  con-  
cep t  was  used  b y  O i k a w a  and  M u k a i b o  (10) to  s t u d y  
the  a d s o r p t i o n  of  ace t ic  ac id  on p l a t i n u m ,  and  b y  
F r a n k l i n  and  S o t h e r n  (11) for  t he  a d s o r p t i o n  of 
n i t r i d e s  on p l a t i n u m .  These  a u t h o r s  t ook  the  q u a n -  
t i t y  

sqH - -  Q .  
~' [ 3 ]  

sQ~ 

as a m e a s u r e  for  the  c o v e r a g e  w i t h  o rgan ic  s u b -  
stance�9 This  imp l i e s  t he  v a l i d i t y  of t he  r e l a t i o n  

QM 
0 - - -  - 0' [ 4 ]  

sQ~ 

for  t he  w h o l e  r a n g e  of 8' va lues .  The  v a l i d i t y  of 
r e l a t i o n  [4]  has  a l r e a d y  been  que s t i one d  b y  one of 
the  a u tho r s  (8) .  The  ob jec t ion  is b a s e d  on the  pos -  
s i b i l i t y  t h a t  h y d r o g e n  a t o m s  cou ld  be  a d s o r b e d  on 
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Fig. 4. Apparent coverage , as determined from the 
sQH 

decrease of the hydrogen arrest of the cathodic charging curve, as 

a function of the coverage sQ~ '  determined with the anodic po- 

tential sweep. 

si tes w h i c h  a r e  no t  access ib le  to m e t h a n o l  a d s o r p t i o n  
for  g e o m e t r i c  reasons .  8 and  8' w e r e  d e t e r m i n e d  for  
va r i ous  concen t r a t i ons  of m e t h a n o l  in 1N HC10,  
u n d e r  t he  cond i t ions  of a q u a s i - s t a t i o n a r y  p o t e n t i a l  
sweep.  The  va lue s  r e p o r t e d  for  8 w e r e  o b t a i n e d  p o -  
t e n t i o s t a t i c a l l y  and  those  for  8' w e r e  o b t a i n e d  ga l -  
vanos t a t i c a l l y .  F i g u r e  4 g ives  t he  e x p e r i m e n t a l  r e -  
sults .  E q u a t i o n  [4]  is fu l f i l led  for  8" <-- 0.5. A b o v e  
~' = 0.5 t h e  e" - - , ~  c u r v e  bends  and  t ends  t o w a r d  
0' = 0.75 for  8 = 1. O n l y  75% of t he  s i tes  w h i c h  a r e  
access ib le  to t he  a d s o r p t i o n  of h y d r o g e n  a t o m s  a r e  
a v a i l a b l e  for  m e t h a n o l  adsorp t ion .  The  c a l i b r a t i o n  
cu rve  in Fig.  4 p e r m i t s  i n t e r c o n v e r s i o n  of 8 and  8'. 
S ince  the  g a l v a n o s t a t i c  m e t h o d  is s i m p l e r  t h a n  t h e  
p o t e n t i o s t a t i c  one, i t  was  used  in  m a n y  cases. A d -  
so rp t ion  i so the rms  of o rgan ic  subs t ances  w h i c h  w e r e  
d e t e r m i n e d  so le ly  f r o m  the  dec rease  of the  a m o u n t  
of a d s o r b e d  h y d r o g e n  a re  in e r r o r  for  8' > 0.5. The  
l a t t e r  s t a t e m e n t  ho lds  for  a n y  m e t h o d  of d e t e r m i n -  
ing QE. T h e  f a i r  a g r e e m e n t  b e t w e e n  ~ and  8' for  8' 
< 0.5 conf i rms the  r e l i a b i l i t y  of t he  p o t e n t i o s t a t i c  
and  the  g a l v a n o s t a t i c  me thod .  The  a c c u r a c y  for  ~' 
is e s t i m a t e d  a t  • 0.1. P r ec i s i on  for  8 b y  the  p o t e n t i o -  
s t a t i c  m e t h o d  is b e t t e r  t h a n  0.03. 

and  the  p o t e n t i a l  he ld  a t  1.55v for  11/2 a d d i t i o n a l  
minu tes .  The  p o t e n t i a l  was  t h e n  s t e p p e d  i n s t a n t a - .  
n e o u s l y  to -t- 0.4v and  h e l d  t h e r e  for  0.015 sec. This  
t i m e  is sufficient  for  t he  r e d u c t i o n  of t he  c h e m i s o r b e d  
o x y g e n  l aye r .  A f t e r  0.015 sec the  c i r cu i t  was  opened .  
A f t e r  a specif ied p e r i o d  at  open  c i rcui t ,  Q~ was  d e -  
t e r m i n e d  b y  the  p o t e n t i o s t a t i c  me thod .  Two m i n u t e s  
w e r e  sufficient  for  e s t a b l i s h m e n t  of a d s o r p t i o n  e q u i -  
l i b r i u m  a t  a l l  b u l k  concen t r a t i ons  of m e t h a n o l .  The  
d e s c r i b e d  p r o c e d u r e  was  c a r r i e d  out  in a l l  so lu t ions  
w i t h  t he  p o t e n t i o s t a t  a n d  su i t ab l e  c i rcu i t s  of W e s t -  
e rn  E lec t r i c  C275 Relays .  The  p r e t r e a t m e n t  de sc r ibed  
a b o v e  no t  on ly  p r o v i d e s  a r e p r o d u c i b l e  su r f ace  s ta te  
for  m e t h a n o l  adso rp t ion ,  bu t  l a r g e l y  e x c l u d e s  t he  
pos s ib i l i t y  t h a t  o x i d a t i o n  p r o d u c t s  f o r m e d  d u r i n g  
the  m e a s u r e m e n t s  or  d u r i n g  the  r e m o v a l  of t he  o x -  
ygen  l a y e r  a r e  adso rbed .  

The  p o t e n t i a l  sh i f ts  t o w a r d  less pos i t i ve  v a l u e s  
t h a n  -F0.4v at  open  c i rcu i t  in so lu t ions  w i t h  m e t h -  
anol.  The  p o t e n t i a l  wh ich  is r e a c h e d  a f t e r  2 m i n  d e -  
p e n d s  on the  b u l k  c o n c e n t r a t i o n  of me thano l .  P o t e n -  
t i a l  sh i f t s  of  t he  de sc r ibed  n a t u r e  w h i c h  s t a r t  f rom a 
su r face  f ree  of a d s o r b e d  o x y g e n  and  h y d r o g e n  w e r e  
r e p o r t e d  by  S h l y g i n  and  c o - w o r k e r s  (4, 5) as e v i -  
dence  for  an  e l e c t r o n - r a d i c a l  o x i d a t i o n  m e c h a n i s m  
for  CH~O, HCOOH,  CH~OH, and  o the r  ox id i zab l e  
subs tances .  H o w e v e r ,  V ie l s t i ch  (12) has  s t a t ed  t h a t  
the  m e a s u r e d  o p e n - c i r c u i t  p o t e n t i a l s  a r e  l i k e l y  to be  
m i x e d  po ten t i a l s .  Two i n t e r p r e t a t i o n s  for  t he  p o t e n -  
t i a l  shif t ,  b e t w e e n  w h i c h  a d i s t i nc t ion  canno t  y e t  b e  
made ,  a r e  m o r e  p r o b a b l e  t h a n  Sh Iyg in ' s  i n t e r p r e -  
ta t ion .  A sma l l  a m o u n t  of h y d r o g e n  a toms  is f o r m e d  
c a t h o d i c a l l y  d u r i n g  t h e  p o t e n t i a l  shif t .  The  ca thod ic  
c u r r e n t  is equa l  to an  anod ic  c u r r e n t  of m e t h a n o l  
o x i d a t i o n  at  t he  s ame  e lec t rode .  As  the  r a t e  of m e t h -  
ano l  o x i d a t i o n  becomes  s m a l l e r  w i t h  d e c r e a s i n g  p o -  
t en t ia l ,  a f inal  o p e n - c i r c u i t  p o t e n t i a l  is a p p r o a c h e d .  
The  a m o u n t  of h y d r o g e n  f o r m e d  in 2 ra in  is s t i l l  i m -  
m e a s u r a b l e .  On the  o the r  h a n d  the  a d s o r b e d  m e t h -  
ano l  mo lecu le s  m a y  d i s soc ia te  in to  r a d i c a l s  and  h y -  
d r o g e n  a t o m s  to a sma l l  e x t e n t  (1, 2) .  The  a d s o r b e d  
h y d r o g e n  a toms  p r o d u c e  the  p o t e n t i a l  shif t .  T races  
of a d s o r b e d  h y d r o g e n  a re  d e t e c t a b l e  b y  anod ic  
c h a r g i n g  cu rves  if  the  e l ec t rode  res t s  for  20 ra in  
at  open  c i rcu i t  in 1N HC10,  + 1M CH~OH. 

F i g u r e  5 r e p r e s e n t s  i so the rms  of m e t h a n o l  a d s o r p -  
t ion  at  d i f fe ren t  t imes  a f t e r  open ing  the  c i rcu i t  (15 

Results and Discussion 

Adsorption Isotherm :for Methanol 

I t  is w e l l  k n o w n  f r o m  r e p o r t e d  p o l a r i z a t i o n  cu rves  
t ha t  m e t h a n o l  is ox id i zab l e  at  r e l a t i v e l y  l ow p o t e n -  
t ia ls .  T h e r e f o r e  t he  i s o t h e r m  for  e q u i l i b r i u m  cond i -  
t ions  can  on ly  be d e t e r m i n e d  w i t h  c e r t a i n t y  if  t he  
a d s o r p t i o n  occurs  a t  open  c i rcui t .  The  fo l lowing  
p r e t r e a t m e n t  led  to r e p r o d u c i b l e  resu l t s .  The  e l ec -  
t r o d e  w a s  p o l a r i z e d  at  1.8v for  15 sec and  a t  1.55v 
for  30 sec w h i l e  s t i r r i n g  w i th  b u b b l e d  argon.  U n d e r  
these  cond i t ions  t h e  e l ec t rode  su r face  is c o m p l e t e l y  
s t r i p p e d  of o rgan ic  m a t e r i a l s  and  is c o m p l e t e l y  cov-  
e red  w i t h  an  a d s o r b e d  o x y g e n  l aye r .  D e s o r b e d  o r -  
gan ic  m a t e r i a l s  a r e  s w e p t  in to  t h e  b u l k  so lu t ion  and  
h i g h l y  d i lu ted .  T h e n  t h e  s t i r r i n g  was  i n t e r r u p t e d  
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Fig. 5. Methanol coverage after different times at open circuit. 
The solid line represents the isotherm, the dashed line Pavela's 
results. 
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sec, 1 min ,  2 min,  and  10 m i n ) .  E q u i l i b r i u m  c o v e r -  
age is p r a c t i c a l l y  a c h i e v e d  a f t e r  2 min .  8 = Q~/sQM 
is p lo t t ed  a g a i n s t  log C~. A s e m i l o g a r i t h m i c  r e p r e -  
s en t a t i on  is chosen  s ince  a r e l a t i v e l y  l a rge  c o v e r a g e  
is a l r e a d y  found  at  s m a l l  CM-values. The  s a t u r a t i o n  
v a l u e  sQ~ was  r e a c h e d  for  C~ ~ 0.4M and  is a p p r o x i -  
m a t e l y  e q u a l  to sQH. I t  was  0.3 m c o u l / c m  2 for  t he  
m e a s u r e m e n t s  in Fig .  5. If  0.75 sQ.  is t a k e n  as r e p r e -  
sen t ing  the  n u m b e r  of p l a t i n u m  a toms  a v a i l a b l e  for  
m e t h a n o l  a d s o r p t i o n  and  if s ix  e l ec t rons  a r e  i n v o l v e d  
in the  o x i d a t i o n  of t he  a d s o r b e d  m e t h a n o l ,  one 
m e t h a n o l  m o l e c u l e  occupies  4.5 p l a t i n u m  a toms.  I f  
t he  o x i d a t i o n  goes on ly  to  fo rmic  ac id  (4 e l ec t rons )  
t h e  n u m b e r  of occup ied  p l a t i n u m  a toms  is th ree .  
Bo th  n u m b e r s  a p p e a r  a c c e p t a b l e  as t he  cross  sect ion 
of the  m e t h a n o l  mo lecu l e  is a b o u t  25A 2 (13) ,  a n d  the  
d i s t ance  b e t w e e n  p l a t i n u m  a toms  in t he  ( 1 1 1 ) - p l a n e  
is a b o u t  3A-. 

P a v e l a ' s  t a b u l a t e d  Q~-va lues  for  p l a t i n i z e d  p l a t i -  
n u m  w e r e  used  to c o m p u t e  an  i so the rm.  This  i so -  
t h e r m  is p l o t t e d  as  a d a s h e d  l ine  in  F ig .  5 w h i l e  our  
r e su l t s  co r r e spond  to the  sol id  l ine.  A g r e e m e n t  e x -  
is ts  a t  h igh  concen t r a t i ons  w h i l e  P a v e l a ' s  v a l u e s  a r e  
too low at  low concen t ra t ions .  O b v i o u s l y  cond i t ions  
(A)  and  ( B )  of P a v e l a ' s  p r o c e d u r e  d i scussed  in the  
i n t r o d u c t i o n  a r e  no t  fulf i l led.  

The  a d s o r p t i o n  i s o t h e r m  in Fig.  5 is l i n e a r  in a 
l a r g e  c o n c e n t r a t i o n  range .  T e m k i n ' s  i s o t h e r m  d e -  
scr ibes  the  r e su l t s  to a first  a p p r o x i m a t i o n .  S u c h  b e -  
h a v i o r  is c h a r a c t e r i s t i c  of a h e t e r o g e n e o u s  sur face .  
A l t h o u g h  an  i nd i ca t i on  of s teps  is g iven  b y  t h e  e x -  
p e r i m e n t a l  points ,  the  e x p e r i m e n t a l  p r ec i s ion  does 
not  a l low a dec is ion  as to w h e t h e r  or  no t  these  s teps  
a r e  a r ea l  phenomenon .  The  a t t a i n m e n t ,  of s a t u r a t i o n  
cove rage  does  not  a p p e a r  as p r o n o t m c e d  on the  s e m i -  
l o g a r i t h m i c  p lo t  as on a l i n e a r  p lot .  

Methanol-Coverage under the Conditions of a 

Potentiostatic Current-Potential Curve 

P o t e n t i o s t a t i c  c u r r e n t - p o t e n t i a l  cu rves  of fue l  ox i -  
d a t i o n  h a v e  p e a k s  (1, 2, 5, 7, 12, 14) c h a r a c t e r i s t i c  of 
e v e r y  fuel .  The  m e t h o d  dev i sed  b y  Wi l l  and  K n o r r  
(15) was  used  here .  A pe r iod ic  t r i a n g u l a r  vo l t a ge  
sweep  f r o m  40 .1  to 1.5v was  a p p l i e d  to t he  e l e c t r o d e  
b y  m e a n s  of t he  e l ec t ron ic  po ten t io s t a t .  The  vo l t a ge  
speed  was  30 m v / s e c .  A f t e r  a c e r t a i n  p o t e n t i a l  was  
r e a c h e d  t h e  p o t e n t i o s t a t i c  c i rcu i t  was  i n t e r r u p t e d  
m a n u a l l y  b y  m e a n s  of a W e s t e r n  275C Relay .  A ca -  
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Fig. 6. Methanol adsorption at different potentials during the 
anodic sweep (Fig. 6a) and the cathodic sweep (Fig. 6b) of potentio- 
static current potential curves in different solutions. 

thod ic  c h a r g i n g  c u r v e  was  t a k e n  i m m e d i a t e l y  a f t e r  
t he  i n t e r r u p t i o n .  The  c o v e r a g e  was  d e t e r m i n e d  in  
t he  w a y  desc r ibed  in  t he  p r e v i o u s  sect ion.  The  c u r -  
r e n t - p o t e n t i a l  cu rves  b e c a m e  i n d e p e n d e n t  of t ime  in 
u n s t i r r e d  so lu t ions  a f t e r  a few cycles  h a d  been  i m -  
p ressed .  

F i g u r e  6a r e p r e s e n t s  t he  c o v e r a g e  as a func t ion  of 
p o t e n t i a l  and  of the  b u l k  c o n c e n t r a t i o n  of m e t h a n o l  
d u r i n g  the  anodic  p o t e n t i a l  sweep,  Fig.  6b d u r i n g  the  
ca thod ic  sweep.  The  8 - v a l u e s  a t  -~0.2 and  + 0 . 1 v  
w e r e  d e t e r m i n e d  b y  the  p o t e n t i o s t a t i c  me thod .  The  
c o v e r a g e  is i n d e p e n d e n t  of p o t e n t i a l  b e t w e e n  0.1 and  
0.6v a t  a l l  c o n c e n t r a t i o n s  d u r i n g  the  anod ic  sweep.  
Then  i t  dec reases  r a p i d l y  w i t h  po ten t i a l .  The  0 - U -  
cu rves  h a v e  a s i m i l a r i t y  w i t h  c o r r e s p o n d i n g  cu rves  
for  the  a d s o r p t i o n  of o rgan ic  subs t ances  on  m e r c u r y  
(16) a l t h o u g h  the  cause  for  d e s o r p t i o n  dif fers  
g rea t ly .  In  th is  case  i t  is d u e  to t he  o x i d a t i o n  of 
m e t h a n o l  on p l a t i n u m  in t he  p o t e n t i a l  r a n g e  of d e -  
sorp t ion .  This  effect w i l l  be  d i scussed  in the  second  
p a p e r .  The  m e t h a n o l  a d s o r p t i o n  b e t w e e n  0.9 a n d  
1.5v is v e r y  s m a l l  and  p l o t t e d  as e q u a l  to zero in  
Fig .  6a and  6b w h e r e  the  absc issa  is no t  e x t e n d e d  
b e y o n d  §  H o w e v e r ,  th is  s t a t e m e n t  m a y  be 
s l i g h t l y  in e r r o r  as t he  r e p r o d u c i b i l i t y  of sQH is abou t  
• 

A c o m p a r i s o n  b e t w e e n  the  ~ va lue s  of Fig .  5 and  
the  p o t e n t i a l - i n d e p e n d e n t  va lue s  in Fig .  6a sugges t s  
t h a t  e q u i l i b r i u m  is p r a c t i c a l l y  e s t a b l i s h e d  u n d e r  the  
cond i t ions  of a q u a s i s t a t i o n a r y  p o t e n t i o s t a t i c  c u r -  
r e n t - p o t e n t i a l  cu rve .  The  r a t e  of o x i d a t i o n  is no t  y e t  
sufficient  to l e ad  to a d e c r e a s e  in coverage .  

The  c o v e r a g e  inc reases  d u r i n g  the  ca thod ic  sweep  
at  a l l  c o n c e n t r a t i o n s  a n d  does  no t  r e a c h  the  cons t an t  
v a l u e  of the  anod ic  sweep  be fo re  0.1v. The  8 -U-  
curves  show t h a t  t he  c o v e r a g e  is f o r m e d  r a p i d l y  in  
the  b e g i n n i n g  w h i l e  the  a t t a i n m e n t  of a f inal  v a l u e  
a b o v e  0.5 is s low. No a d s o r p t i o n  t a k e s  p l ace  a b o v e  
0.8v. The  e l ec t rode  r e m a i n s  c ove re d  w i t h  a c h e m i -  
so rbed  o x y g e n  l a y e r  b e t w e e n  1.0 and  1.5v d u r i n g  
the  ca thodic  sweep  (see  n e x t  s ec t ion ) .  M e t h a n o l  a d -  
so rp t ion  s t a r t s  a f t e r  a b o u t  75% of t he  o x y g e n  cov-  
e r age  is r educed .  

So fa r  i t  has  been  a s s u m e d  t h a t  the  c o v e r a g e  u n d e r  
the  cond i t ions  of a p o t e n t i o s t a t i c  c u r r e n t - p o t e n t i a l  
cu rve  is due  to m e t h a n o l  adso rp t ion .  This  need  no t  
n e c e s s a r i l y  be  t r u e  as an  o x i d a t i o n  p e a k  is o b s e r v e d  
b e t w e e n  0.8 and  0.6v d u r i n g  the  ca thod ic  s w e e p  
(1, 2, 7, 12).  I t  is conce ivab l e  t h a t  i n t e r m e d i a t e s  a r e  
f o r m e d  then  w h i c h  a r e  m o r e  s t r o n g l y  a d s o r b e d  t h a n  
m e t h a n o l  and  r e m a i n  on the  su r face  d u r i n g  the  
fo l lowing  p a r t  of the  sweep.  A t  t h e  h i g h e r  m e t h a n o l  
concen t r a t i ons  t he  i n t e r m e d i a t e s  m i g h t  p r o d u c e  as 
m u c h  as  50% of t he  m e a s u r e d  ~ - v a l u e  (see  Fig .  6b) .  
H o w e v e r ,  a c o m p a r i s o n  of t he  p o t e n t i a l - i n d e p e n d e n t  
0 -va lue  d u r i n g  the  anodic  sweep  w i t h  t he  8 - v a l u e  of 
t he  a d s o r p t i o n  i s o t h e r m  a t  t he  s ame  c o n c e n t r a t i o n  
shows  fa i r  a g r e e m e n t  b e t w e e n  the  two  coverages .  
The  a g r e e m e n t  sugges t s  t h a t  t he  c o v e r a g e  d u r i n g  t h e  
sweep  is due  m a i n l y  to m e t h a n o l  adso rp t ion .  The  
inf luence  of i n t e r m e d i a t e s  is p r o b a b l y  w i t h i n  t h e  
e r r o r  of t he  P - d e t e r m i n a t i o n  (=<10%). A n  a c c iden t a l  
a g r e e m e n t  is fe l t  to be  u n l i k e l y  for  a l l  concen -  
t r a t ions .  
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Fig. 7. Oxygen adsorption at different potentials during the 
anodic and cathodic sweep of patentiostatic current potential 
curves in IN HCIO4 and in IN HCIO~ ~ IM CH~OH. 

the  two  solut ions.  There fo re ,  t he  Q o - U - c u r v e s  a r e  
sh i f t ed  aga ins t  each  o the r  d u r i n g  the  ca thod ic  sweep.  
H o w e v e r ,  the  s ame  shape  of t he  Q o - U - c u r v e s  is ob -  
se rved .  T h e r e  is an  i nd i c a t i on  t h a t  t he  o x y g e n  cov-  
e r a g e  is a b i t  l a r g e r  a t  the  s a m e  p o t e n t i a l  in  1N 
HC104 § 1M CH~OH t h a n  in 1N HC10~ up to + l . 3 v  
d u r i n g  the  anodic  sweep.  Q o inc reases  m o r e  r a p i d l y  
w i t h  p o t e n t i a l  a b o v e  1.3v in 1N HCIO, t h a n  in 1N 
HC10~ + 1M CH~OH. The  inf luence  of m e t h a n o l  on 
the  Q o - U - c u r v e  is smal l .  T h e r e f o r e  t he  Q o - U - c u r v e  
in 1N HC10~ can  be t a k e n  as a good a p p r o x i m a t i o n  
for  t he  Q o - U - c u r v e  in  t he  p r e s e n c e  of m e t h a n o l  up  
to C~ ---- 1M. 

Manuscr ip t  received Dec. 6, 1961; rev ised  manuscr ip t  
received March 12, 1962. This paper  was p repared  for  
de l ivery  before the Los Angeles  Meeting, May 6-10, 
1962. 

A n y  discussion of this paper  will  appear  in a Discus-  
sion Section to be publ ished in the June  1963 JOURNAL. 

Oxygen Coverage 

I t  is w e l l  k n o w n  t h a t  t h e  anodic  f o r m a t i o n  of a 
chemisoi :bed  o x y g e n  l a y e r  s t a r t s  on p l a t i n u m  in 
ac id ic  so lu t ions  a t  a b o u t  -F0.8v vs. a h y d r o g e n  e lec -  
t r o d e  in t he  same  solut ion.  The  c o v e r a g e  inc reases  
w i t h  po ten t i a l .  A p p r o x i m a t e l y  a m o n o l a y e r  is a t -  
t a i n e d  a t  + l . 5 v  (9 ) .  The  inf luence  of t he  o x y g e n  
l a y e r  on the  fo rm of the  p o t e n t i o s t a t i c  c u r r e n t  p o t e n -  
t i a l  cu rves  was  a l r e a d y  r ecogn ized  and  c o r r e c t l y  
i n t e r p r e t e d  in  t he  e a r l y  w o r k  on fue l  o x i d a t i o n  
(1, 2) .  H o w e v e r ,  a q u a n t i t a t i v e  d e t e r m i n a t i o n  of t he  
o x y g e n  c o v e r a g e  u n d e r  the  cond i t ions  of a p o t e n t i o -  
s t a t i c  c u r r e n t - p o t e n t i a l  c u r v e  is no t  y e t  r e p o r t e d  in 
l i t e r a t u r e .  The  o x y g e n  c o v e r a g e  was  d e t e r m i n e d  b y  
the  po t en t i o s t a t i c  m e t h o d  and  the  g a l v a n o s t a t i c  
m e t h o d  a t  d i f fe ren t  p o t e n t i a l s  in  t he  o x y g e n  r eg ion  
d u r i n g  a p o t e n t i o s t a t i c  c u r r e n t  p o t e n t i a l  c u r v e  w i t h  
30 m v / s e c  in 1N HCIO,  and  in 1N HC10,  + 1M 
CH~OH. The  r e su l t s  o b t a i n e d  b y  the  two  m e t h o d s  
a g r e e  f a i r l y  wel l .  

The  a d s o r b e d  a m o u n t  Qo o b t a i n e d  g a l v a n o s t a t i c -  
a l l y  is p l o t t e d  in  F ig .  7 as  a func t ion  of p o t e n t i a l  for  
the  two  solut ions .  A co r r ec t i on  for  t he  doub le  l a y e r  
c h a r g i n g  d u r i n g  the  o x y g e n  b r a n c h  of t he  ca thod ic  
c h a r g i n g  c u r v e  was  no t  m a d e  as  t h e  change  of t he  
doub le  l a y e r  c a p a c i t y  w i t h  p o t e n t i a l  d u r i n g  the  
c h a r g i n g  c u r v e  is no t  known .  This  l eads  to  an  e r r o r  
in t he  Qo-va lues  e s t i m a t e d  to be  less  t h a n  10%. The  
Q o - U - c u r v e s  a r e  n e a r l y  the  s ame  in bo th  solut ions .  
This  fo l lows  f rom the  Q o - U - c u r v e s  d u r i n g  the  anod ic  
sweep.  The  p o t e n t i a l  of r e v e r s a l  d i f fe red  b y  50 m v  in 
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ABSTRACT 

A mathemat ica l  t r ea tmen t  is developed which  yields  equations re la t ing  
fa rada ic  current ,  voltage,  and t ime when an a l te rna t ing  vol tage  is appl ied  to 
an e lect rolyt ic  cell composed of a p lane  and aux i l i a ry  electrodes immersed  
in a solut ion containing in i t ia l ly  suppor t ing  e lec t ro ly te  and only r eve r s ib ly  
oxidizable  or  reduc ib le  species. Both ox idant  and r educ tan t  a re  t aken  to be 
soluble, and specific adsorpt ion  is assumed to be absent.  The vol tage  across 
tha t  b ranch  of the  equiva lent  circui t  th rough  which  only fa rada ic  cu r ren t  
flows is assumed to be per iodic  wi th  fixed ampl i tude  and wi th  or wi thout  
an addi t ional  direct  appl ied vol tage  component;  the  resu l t an t  cur ren t  is 
distorted.  Diffusion control led kinet ics  is postulated,  and i t  is assumed tha t  
equ i l ib r ium is essent ia l ly  es tabl ished at the e lect rode surface. The equations 
deve loped  show tha t  a "s teady state" (i.e., a per iodic  s tate)  is quickly  a t -  
tained,  y ie ld  diagnost ic  tests of use in es tabl ishing the revers ib le  mech-  
anism, make  i t  possible to de te rmine  the s tandard  potent ial ,  and finally 
y ie ld  for  the  per iodic  state a re la t ion  be tween  fa rada ic  cu r ren t  and  time. 
These resul ts  are  then general ized so as to include systems in which  the  
revers ib le  e lect rochemical  s tep is fol lowed by  a sufficiently slow secondary  
reac t ion  step. One diagnost ic  resul t  of in teres t  in the l a t t e r  connection is tha t  
the  mean  fa rada ic  cur ren t  vanishes in the  per iodic  state, regardless  of the  am-  
p l i tude  or of the shape of the appl ied  per iodic  potential ,  when  the fo l low-up  
react ion occurs to a negl igible  extent .  

The  p r o b l e m  of  d e v e l o p i n g  a m a t h e m a t i c a l  d e -  
s c r ip t ion  of t he  c h e m i c a l  effects of a l t e r n a t i n g  c u r -  
r en t  on r e v e r s i b l e  r e d o x  sys t ems  has  b e e n  a t t a c k e d  
w i th  v a r y i n g  deg rees  of success b y  s e v e r a l  i n v e s t i -  
ga to r s  (1 -12)  sub j ec t  to t h e  fo l lowing  r e s t r i c t ions :  
( a )  u n d i s t o r t e d  vo l t age  a n d  c u r r e n t  waves ,  a n d / o r  
(b)  bo th  c o m p o n e n t s  of t he  r e d o x  s y s t e m  m u s t  
e i t he r  b e  p r e s e n t  in  t h e  so lu t ion  i n i t i a l l y  or  p r e s e n t  
a t  the  e l ec t rode ' s  su r f ace  as t h e  r e s u l t  of s u p e r i m -  
posed  d i r ec t  cu r r en t .  Berz ins  and  D e l a h a y  (8)  
a s s u m e d  w h a t  in t he  c lass i f ica t ion  of D e l a h a y ,  Senda ,  
and  Weis  (17) m a y  be  ca l l ed  a l t e r n a t i n g  v o l t a g e  
(A.V.)  con t ro l  [i.e., con t ro l l ed  s inuso ida l  p o t e n t i a l  
d i f fe rence  across  t h a t  b r a n c h  of t he  e q u i v a l e n t  c i r -  
cui t  for  one e l ec t rode  t h r o u g h  w h i c h  on ly  f a r a d a i c  
( f )  c u r r e n t  is f lowing] .  T h e y  d e r i v e d  an  e q u a t i o n  
for  t he  i n s t a n t a n e o u s  v a l u e  of t he  ( d i s t o r t e d )  f a r a -  
da ic  c u r r e n t  as a func t ion  of t ime.  This  e q u a t i o n  
con ta ined  t r a n s i e n t  t e r m s  and  a " s t e a d y - s t a t e "  (or,  
be t t e r ,  a " p e r i o d i c - s t a t e " )  t e rm.  P l a n e  e l ec t rodes  
w e r e  invo lved .  

R e c e n t l y  M a t s u d a  and  D e l a h a y  (13) e x t e n d e d  
t h e  A.V. con t ro l  p r o b l e m  to d e r i v e  an  e q u a t i o n  for  
the  t r a n s i e n t  c u r r e n t  p r o d u c e d  b y  f a r a d a i c  rec t i f i ca -  
t ion  a f t e r  t he  p e r i o d i c  c o m p o n e n t  h a d  r e a c h e d  a 
s t e a d y  s ta te .  T h e i r  e q u a t i o n  was  r e s t r i c t e d  to s m a l l  
va lue s  of t he  A.V. and  to so lu t ions  i n i t i a l l y  con-  
t a i n ing  bo th  o x i d a n t  and  r e d u c t a n t .  

1 A l f r e d  P .  S l o a n  F e l l o w ;  N.S .F .  S e n i o r  P o s t  D o c t o r a l  F e l l o w  a t  I n -  
s t i t u t e  o f  M a t h e m a t i c a l  Sc i ences ,  N e w  Y o r k  U n i v e r s i t y  (1960-61).  

K o u t e c k y  (14) ,  a s s u m i n g  A.V. cont ro l ,  d e r i v e d  
an equa t ion  for  the  i n s t a n t a n e o u s  v a l u e  of t he  f a r a -  
da ic  c u r r e n t  as a func t ion  of t i m e  for  t h e  g e n e r a l  
case  of a pe r iod i c  vo l t a ge  of op t iona l  w a v e  shape  
and  a p p l i e d  i t  to t h e  spec ia l  cases  of s ine  waves ,  
s q u a r e  waves ,  a n d  t r i a n g u l a r  waves .  His  equa t i ons  
w e r e  l a rge ly ,  a l t h o u g h  no t  en t i r e ly ,  conce rned  w i t h  
t h e  condi t ions  c h a r a c t e r i s t i c  of p o l a r o g r a p h y  (i.e., 
d r o p p i n g  e l e c t r o d e ) ,  b u t  his  w o r k  a n d  an  in i t i a l  
po r t i on  of t he  p r e s e n t  w o r k  a r e  r e l a t ed .  W e  sha l l  
be  conce rned  w i t h  s t a t i o n a r y  e lec t rodes ,  w i t h  a 
t r e a t m e n t  for  ( in  some w a y s )  s l i g h t l y  m o r e  g e n e r a l  
sys tems ,  w i th  a d e t a i l e d  t r e a t m e n t  of t he  s t a t e m e n t  
of the  pe r iod i c  s ta te ,  and  w i t h  dev i s ing  a m e t h o d  
of d e t e r m i n i n g  t h e  s t a n d a r d  p o t e n t i a l  a n d  o t h e r  
p r o p e r t i e s  (m and  n b e l o w )  of a r e v e r s i b l e  e l e c t r o -  
chemica l  s tep  in an  o t h e r w i s e  i r r e v e r s i b l e  process .  

In  the  p r e s e n t  p a p e r  w e  sha l l  d iscuss  a s y s t e m  u n -  
d e r g o i n g  A.V. e l ec t ro lys i s  w i t h  or  w i t h o u t  s u p e r -  
imposed  d i r ec t  a p p l i e d  vo l t a ge  for  the  case  e m p l o y -  
ing vo l t a ge  c on t ro l  w h e n  the  i n i t i a l  c o n c e n t r a t i o n  of 
e i t h e r  o x i d a n t  or  r e d u c t a n t  is zero. C lea r ly ,  l a r g e  
A.V. a m p l i t u d e s  m a y  be  n e c e s s a r y  to b r i n g  con-  
c e n t r a t i o n s  a t  t he  e l ec t rode  su r f ace  in to  t he  po i sed  
r eg ion  w h e r e  r e a s o n a b l e  a c c u r a c y  in p o t e n t i a l - c o n -  
c e n t r a t i o n  r e l a t i o n s h i p s  m a y  be  ach ieved .  ~ 

This  case  is of on ly  l i m i t e d  p r a c t i c a l  i n t e r e s t  for  

A c e r t a i n  e x p e r i m e n t a l  d i f f i cu l ty  w h i c h ,  i t  h a s  b e e n  s u g g e s t e d  
[p.  313 of  r e f .  (17) ] ,  cou ld  c o m p l i c a t e  i n t e r p r e t a t i o n  of  t h e  m o r e  
u s u a l  ( low a m p l i t u d e )  A.  V. c on t r o l  s y s t e m s ,  is  a b s e n t  h e r e  b e c a u s e  
of the  d i f ferent  m e t h o d  u s e d  to i n t e r p r e t  t h e  r e su l t s .  

628 
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potentiometrically reversible redox reactions but 
should be important  in the study of oxidations or 
reductions involving "follow-up" mechanisms, e.g. 

Red ~-- ne + Ox (fast) 

Ox ~ products (slow) 

especially when the half-life period of the unstable 
(or highly reactive) intermediate substance is short 
compared to the polarographic drop time but long 
compared to the period of the A.V. in a usable fre- 
quency range. 

General Assumptions 
In the theoretical t reatment  along the lines in- 

dicated, the following restrictions and assumptions 
will be made. 

(i) A plane electrode is used and conditions for 
the semi-infinite linear diffusion are achieved. 

(ii) A. V. control is employed (A. V. alone or with 
a superimposed direct voltage component).  

(iii) The only depolarizer initially present is the 
reductant. (This is an unessential restriction, as 
noted later, and is made only to emphasize the case 
that is of practical interest here.) 

(iv) A supporting electrolyte eliminates migra-  
tion of the depolarizer and also keeps the pH con- 
stant through buffer action. Convection is assumed 
absent. 

(v) "Spontaneous depolarization" (15) occurs only 
by diffusion, i.e., the depolarizer concentration at the 
electrode changes only by diffusion or electron t rans-  
fer to the electrode and not by secondary chemical 
reaction or by convection. 

(vi) Specific adsorption is absent. 
(vii) Electrochemical equilibrium exists between 

the electrode and the concentrations of the electro- 
chemically active species just outside the region 
effectively occupied by the electrical double layer. 

(viii) In view of the transient nature of faradaic 
rectification, it will be ignored as a possible source of 
disturbance of over-all  concentration after a steady 
state (i.e., a periodic state) is achieved. 

In principle, the above assumptions are all that are 
needed. In practice, however, it is desirable that the 
electrolytic resistance is rendered negligible by the 
high concentration of supporting electrolyte, and 
that the working electrodes of the electrolytic cell 
are a measuring electrode and an unpolarizable 
auxiliary electrode. A negligible resistance ensures 
an undistorted voltage wave across the faradaic 
branch, a very desirable restriction, as discussed 
later. It should also be noted that when a second 
faradaic process of the above type occurs, it can be 
treated as a parallel branch in the equivalent circuit. 

Assumption (vii) that chemical equilibrium is 
achieved with alternating voltage does not imply 
that the charge transfer  resistance (Grahame's  0) is 
zero, but it does mean that the 0 is negligible in 
comparison with the mass transfer resistance (diffu- 
sion) for the experimental conditions, i.e., that  the 
frequency used is low enough to enable close ap- 
proach to equilibrium in a small fraction of a cycle. 
The validity of this assumption in the case of a 
poised ferrocyanide-ferr icyanide solution was dem- 

onstrated by Remick and McCormick (16) who 
showed that the introduction of the Nernst equation 
into Grahame's  equations for the faradaic admittance 
(6) adequately predicted the experimentally ob- 
served relation of depolarizer concentration to polar- 
ization resistance and capacitance up to the highest 
frequency used, viz., 5000 cps. Less reactive systems 
would be expected to behave reversibly only up to 
lower frequencies. 

The assumption that electrochemical equilibrium 
exists between the electrode and species just out-  
side the double layer implies that the salt concentra- 
tion is high, so that the width of the double layer is 
appropriately small. Were this condition not fulfilled, 
one would have to include in the diffusion equation 
of the i t" electrochemically active species the usual 
migration term (DIei/RT)(O~/Ox)C,, ~ being the 
potential at point x, and D,, e,, and C, being the dif- 
fusion coefficient, charge and concentration (at x) 
of species i2 

The system as a whole will also be undergoing a 
periodic buildup and disappearance of the electrical 
double layer at the electrode. The total current at 
any time is the sum of this nonfaradaic current and 
the faradaic current  if calculated below. That is, as 
discussed by Grahame (6), the additional process of 
charging and discharging the double layer can be 
regarded as corresponding to a condenser (of capac- 
ity depending on instantaneous voltage) in parallel 
with the faradaic branch of the equivalent circuit. 
We consider first the behavior of the faradaic branch. 

Boundary Value Problem 
The reversible electrode reaction 

Red ~ m Ox -t- ne [ 1 ] 

involves the soluble species Red and Ox whose 
charge types are not specified. In Eq. [1] m and n are 
rational numbers. The molar concentrations of these 
species, respectively, will be symbolized by C~ and 
Cox and the bulk concentration of Red by C%. CR and 
Cox are functions of the time, t, and the distance, x, 
from a plane parallel to the electrode surface but 
just outside the electrical double layer region. To 
express diffusion control, Fick's second law will be 
employed as usual, expressed in terms of concen- 
tration rather than activities: 

OCox(X, t)/Ot = Do~[O~Cox(X, t) /Ox 2] [2] 

OCR(x, t)/Ot = D~[O~e~(x, t ) /Ox ~] [3] 

where Da and Dox are diffusion coefficients. Equations 
[2] and [3] will be solved subject to the initial and 

This  a s s u m p t i o n  c o n c e r n i n g  t he  w i d t h  of t h e  d o u b l e  l aye r  w i l l  
o f t en  be  sat isf ied even  w h e n  t he  a s s u m p t i o n  w o u l d  be i n a c c u r a t e  fo r  
sys t ems  fo r  w h i c h  a k i n e t i c  b o u n d a r y  c o n d i t i o n  is a p p r o p r i a t e  (i.e., 
a b o u n d a r y  c o n d i t i o n  such  as - - D O C / O x  = k C o ~  - -  k ' C R  at  t he  elec-  
t rode  su r face ) .  I n  th i s  k i n e t i c  case, Bock r i s  (26) b e l i e v e d  t h a t  t h e  
"ze ta  p o t e n t i a l "  is  l a r g e l y  suppres sed  a t  concen t r a t i ons  above  ca. 1N. 
Th i s  conc lus ion ,  h o w e v e r ,  was  no t  s u b s t a n t i a t e d  by  Bre i t e r ,  K l e i n e r -  
man ,  and  D e l a h a y  (27) whose  ca l cu l a t i ons  (based on  a t h e o r e t i c a l  
e q u a t i o n  w h i c h  was  f o u n d  to be  i n  accord w i t h  e x p e r i m e n t a l  da t a  
o b t a i n e d  in  t he  p o l a r o g r a p h i c  r e d u c t i o n  of i oda te  ions)  i n d i c a t e d  
t h a t  t he  zeta p o t e n t i a l  m i g h t  w e l l  be  ca. 0.05v e v e n  in  1M so lu t ion .  
S ince  e l ec t ron  t r a n s f e r  p roceeds  f r o m  pos i t i ons  i m m e d i a t e l y  a d j a c e n t  
to t h e  e lect rode,  we  see t h a t  for  d o u b l e  l aye r  effects to  be  n e g l i g i b l e  
in  the  k i n e t i c  case, the  d o u b l e  l a y e r  s h o u l d  be  n a r r o w e r  t h a n  a f e w  
A n g s t r o m s .  I n  t he  e l e c t r o c h e m i c a l  e q u i l i b r i u m  case ( a s s u m p t i o n  v i i ) ,  
h o w e v e r ,  to sa t i s fy  our  a s s u m p t i o n ,  i t  m e r e l y  suffices t h a t  d i f fus ion  
be r a p i d  across  the  d o u b l e  l a y e r  so t h a t  c o n c e n t r a t i o n  ra t ios  i n s ide  
i t  a re  g i v e n  by  a loca l  N e r n s t  (i.e., B o l t z m a n n )  re la t ion .  Acco rd -  
i ng ly ,  our  a s s u m p t i o n  w i l l  o f t en  be  v a l i d  w h e n  i t  is no t  v a l i d  to  
neg l ec t  d o u b l e  l a y e r  effects  on ra te  cons t an t s  fo r  e l ec t ron  t r a n s f e r  to  
t he  e lect rode.  
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boundary conditions (and to the assumption of a 
bounded solution) : 

C~(x, O) = C~ [4] 

Co~(X, 0) = 0 [5]  

Do, OCo=(X, t) /Ox + m D~ OCt(x, t) /Ox = 0 

at x = 0 [6] 

plus a condition on Co.(0, t). 

If one considers instead of [5] t h e  alternative 
condition that Co.(X, 0) equals a nonzero quanti ty 
C~ Eq. [7], [13], and [15] remain valid, if Co.(x, t) 
in [7] is replaced by Co.(X, t) --C~ and ] in [13] 
and [15] by ]--C~ Equation [8] remains intact, 
but in Eq. [9] and [14] the second Co= and f should 
be replaced by Co~ -- C~ and f --  C~ respectively. 

In Appendix I, Eq. [2] to [6] are solved by '  the 
Laplace t ransform method. The solution is given by 

ir = - -nFA (D~ 1/~ Co~(0, t -- T)T -1/~ d~ [7] 

As the boundary  condition at x = 0, we employ 
the Nernst relation between Co.(0, t) and C,(0, t) 
f o r  t > 0: ~ 

Erp(o~t) = E ' o +  ( R T / n F )  l n {Cox (O , t ) ' / e~ (o , t ) }  [8] 

where Er is the amplitude of the applied alternating 
voltage, p(~0t) is any continuous periodic function of 
~t, of period 2~r and of unit amplitude, and E% is a 
quanti ty defined later. 

From Eq. [8] and Eq. [24] of Appendix I, it fol- 
lows that for t > 0, Co~(0, t) in Eq. [7] satisfies the 
relation: 

[Co~(0, t ) ] "  ---- [C~ - (Dox/D~) ~j- C~ t ) / m ]  

exp [ ( n P / R T ) ( E ~ p ( . t )  - - g ' o ) ]  [9] 

The quanti ty E'o is defined through the following 
argument:  Since the electrolytic resistance is as- 
sumed negligible, the potential difference across the 
cell is the sum of the two half-cell potentials, 
E~ + Eo, where Ec is the half-cell potential across the 
auxiliary unpolarizable electrode. If E. is the direct 
component of the applied potential, we thus have 

E, = E, + E,p(~t)  --E~ [10] 

Writing E~ in terms of its standard potential Eo of 
the reversible step of the half-cell, we have 

E o = E o +  ( R T / n F )  ln{Co~(O, t ) ' /C~(O, t ) }  [11] 

From Eq. [10] and [11], Eq. [8] is obtained with 
E'o given by 

E', = Eo + E~,-  E~ [12] 

Delahay, Senda, and Wets (17) have emphasized 
the desirability that, in specifying the type of con- 

4 E q u a t i o n  ['/] can  also he  ob ta ined ,  a f t e r  a s o m e w h a t  i n v o l v e d  
ser ies  of s u b s t i t u t i o n s ,  f r o m  the  f i rs t  h a l f  of Eq. [21] of ref.  (14}. 
H o w e v e r ,  the  d e r i v a t i o n  g i v e n  i n  A p p e n d i x  I of th i s  p a p e r  has  cer-  
t a i n  a d v a n t a g e s  fo r  our  pu rposes  a nd  is r e f e r r ed  to  la ter .  

5 The  a p p a r e n t  d i s c o n t i n u i t y  b e t w e e n  t he  l i m i t  w h i c h  t h i s  Co~ (0, t] 
a p p r o a c h e s  as t ~ 0 and  t h a t  w h i c h  Eq. [51 app roaches  as x --> 0 
causes  no dif f icul ty .  I t  is i n d e e d  a s t a n d a r d  t ype  of d i s c o n t i n u i t y  (221 
i n  d i f fus ion  a n d  h e a t  c o n d u c t i o n  p rob lems .  

J O U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u l y  1962 

trol used, both the alternating and mean components 
of the current or voltage control should be desig- 
nated. The argument  of the preceding paragraph 
shows that we are here dealing with the case of A.u 

control, with Eoe~l = E, (when the mean value of 

p (~ot) is zero), i.e., with E~ = Ec -- Ed. 

It sometimes happens that Erp(o~t) is treated as a 
piecewise continuous function, 6 for example, when it 
is treated as a square wave applied potential. 
Strictly speaking, it is continuous, but  is approxi-  
mated by this discontinuous function. To adapt 
Eq. [13] to this case, one uses the fact that  the de- 
rivative of a step function is a Dirac g-function (19).~ 

Applications of Equations [7] and [9] 
Silverman and Remick (18) observed oscillo- 

graphically that  a periodic state was achieved very  

rapidly using I .... -control, [i.e., A.C. control (17)],  
plane electrodes, and solutions initially containing 
only one component of a reversible redox system. 
We know of no comparable experimental demonstra-  
tion involving A.V. control; however, Eq. [7] and 
[9] can be shown to predict the at tainment of a 
periodic state. Moreover, this periodic state is a con- 
venient one for application of the equations to ex- 
perimental data. Accordingly, we first show how 
these equations lead to the periodic state. 

For this purpose, it is very convenient to introduce 
a function ](oJ0) which agrees with C(0, 0) for 0 > 0, 
but which is the periodic continuation of C(0,0)  
for 0 --~ 0. 

In Appendix II it is then shown that Eq. [7] 
can be rearranged to give 

{r  ~ it = nFA(~Dox/~) ~/~" ~-y [](oJt-- y)]y-I/~dy 

3 
where J(~t -- y) satisfies Eq. [14] for all t. Equation 
[14] is obtained from Eq. [9] by replacing Cox(0, t) 
by ](o~t -- y) .  

[ f (~t  -- y)  ]"  = [C~ -- (f(o~t -- y ) / m )  (D~ ~/~] 

exp { ( n F / R T )  [Erp(o~t-- y)  --E'o]} [14] 

In Appendix II, it is shown that f ( ~ t - - y )  is 
bounded by some quantity, M say, so the second 
integral in [13] tends to zero as o~t tends to infinity 

6 I t  m a y  be r eca l l ed  t h a t  a p i ecewise  c o n t i n u o u s  f u n c t i o n  is one  
w h i c h  has  in  any  f in i te  i n t e r v a l  a t  mos t  a f in i te  n u m b e r  of d i scon-  
t i nu i t i e s .  

7 I n  the  case of p i ecewise  c o n t i n u o u s  p (oJt), one m a y  u t i l i ze  Eq. 
[22] and  [9] as fo l lows .  P i ecewi se  c o n t i n u o u s  p (wt) i m p l i e s  p iece-  
wise  c o n t i n u i t y  of t he  f u n c t i o n  Cox(0, t) def ined  by Eq. [9], and  
e v e n  ( A p p e n d i x  II)  i t s  f in i teness  for  t he  p(wt) of in teres t .  I t s  
Lap l ace  t r a n s f o r m  Co~ (0, s) t h e r e f o r e  ex is t s  and  has  " n i c e  p rope r -  
t ies. '" Cons ide r  n o w  the  con tou r  i n t e g r a l  e x p r e s s i o n  o b t a i n e d  fo r  
Cox (x, t) by  a p p l y i n g  t he  u s u a l  I n v e r s i o n  T h e o r e m  (23) to  Eq. [22], 
w h e r e  Cox (0, s) has  j u s t  been  descr ibed .  Th i s  exp re s s ion  has  the  de-  
s i r ab le  c o n v e r g e n c e  b e h a v i o r  o u t l i n e d  in  ref .  (23) ( u n i f o r m  c o n v e r g -  
ence  i n  x and  i n  t) and  one  m a y  proceed  to  tes t  as d i scussed  in  re l .  
(23) w h e t h e r  i t  and  t he  c o r r e s p o n d i n g  con tou r  i n t e g r a l  for  u(0 ,  t) 
(u is  def ined  i n  A p p e n d i x  II)  sa t i s fy  t he  d i f f e r en t i a l  e q u a t i o n s  and  

b o u n d a r y  cond i t ions .  OCox (m, t ) /Ox and  t h e r e b y  i t  m a y  be ob t a ined  
t h e n  by  d i f f e r e n t i a t i n g  u n d e r  t he  i n t e g r a l  s ign.  Indeed ,  some  of t he  
p roofs  i n  A p p e n d i c e s  I I  and  I n  m i g h t  we l l  h a v e  b e e n  s h o r t e n e d  
t h r o u g h  use  of  t he  con tou r  in tegra l .  

E q u a t i o n s  [13] and  [15] do no t  a p p l y  a t  those  t i m e s  t for  w h i c h  
](wt) is d i s c o n t i n u o u s  s ince Eq. [24] of A p p e n d i x  I (and hence  Eq. 
[9]) does not .  
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since its majorant,  M]~y -~l~ dy, behaves in this way. 

Hence, this integral is a transient term. The first in- 
tegral in [13] is periodic in o~t, because f((ot-- y) is 
periodic in ~t (as shown in Appendix II I ) ,  its deriva-  
tive, therefore, being periodic also, and because its 
limits are not functions of t. This integral, therefore, 
describes the periodic state. 

An equivalent form of Eq. [13], derived in Ap-  
pendix II, is given by Eq. [15], the first integral 
being the periodic term and the second being the 
same transient term as in Eq. [13]. 

ir = _1/,. n F A  ((oDoJ~)l~ {f~[f (~t) - -  I (oJt-- y )  ]y -~l~ dy 

+ f ~ $ ( ~ o t - - y ) y  -~  dy}  [15] 

Using these equations, it is shown, incidentally, in 
Appendix I I I  that the mean value of the periodic 
state integral in Eq. [13] or [15] is zero, for arbi-  
t rary  periodic functions p ( ~ t )  and for arbitrari ly 
large amplitudes. This theorem generalizes earlier 
discussions by other investigators for small ampli- 
tudes. It should have diagnostic value since it would 
obviously be false if the irreversible follow-up re- 
action occurred appreciably. 

To examine a possible way  /or determining E%s 
and other properties, it is convenient to convert the 
integral for the periodic state into a "reduced" form. 
That is, we proceed to deduce an "equation of cor- 
responding states" for the faradaic current and for 
its dependence on applied potential. 

We see from Eq. [14] that at any given tempera-  
ture ~(c0t--y) depends on nE'o, m,  C ~  and on the 
value of the function nE t at the time cot -- y (taking 

~/Do. /D~-~  1). Therefore, we may write (for given 
T), ] ( ~ t - - y )  as a function of C~ of nE'o, of m, of 
the value of nEt at time oJt, and of y.* Similar re-  
marks apply to the y-derivat ive of f ( ~ t - - y ) .  Accord-  
ingly, the periodic state term in either [13] or [15] 
satisfies the formal relation: 

it = n F A ( ~ D o J ~ ) ~  f ~ h ( y ,  nE'o, mnEr,C~ dy  [16] 

where the function h can be writ ten in the two 
equivalent forms (forms which differ only by a 
quanti ty whose integral from 0 to ~ vanishes) : 

h -- y-1/~ Of (co t -  y ) / a y  

1 I [17] 
2 

Equation [16] is a convenient one for our pur -  
poses, for we see from Eq. [13] that at a given tem- 
perature, C~ and electrode area A, a plot of nEr vs. 
i , / n  ((oDor) ~ depends only on nE% and m. Therefore, 
by adjusting the direct voltage E~ and (in multiples 

of some preassigned amplitude) El, the E, vs. i, plot 
could be made to conform to a standard shape, a 

shape which, for any preassigned nE'o, nEf, C~ and 
T, depends only on m. From the value of E~ needed 
to attain this specified hE%, Eo could be calculated 

from Eq. [12], n could be determined from the Ef 

8 The  v a l u e  of E t  a t  (~t -- y) is d e t e r m i n e d  i f  o n e  k n o w s  fo r  a l l  t 
i t s  v a l u e  a t  wt and  if  one  k n o w s  y, i.e., E t  (wt -- y) is a f u n c t i o n  o f  
t h e  f u n c t i o n  Ef  (wt) a nd  of  y. 
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needed to attain the standard shape, and m could be 
determined from the C~ of the data. 
(For example, for m----1 Eq. [14] shows that 
f ( ~ t -  y) is directly proportional to C~ so h and 
hence it in [16] are directly proportional to C~ for 
any given Er. ) Again, Eq. [16] provides other diag- 
nostic tests. A plot of i t /~  11~ vs. E, should be inde- 

pendent of c0 and of Er. ~ 
Instead of plotting Et vs. it, ir can be plotted vs. ~t, 

after first writ ing Eq. [16] for the periodic state in 

the appropriate reduced form. Since E, ----Erp((ot), 
the integrand in [16] can be writ ten as a function of 

o~t and of n e t  as well as of y, nE%, m,  and C~ Once 
again, for any given C~ T and electrode area, the ad- 
justing of Ed and, in multiples of some amplitude, of 

El, would lead to a standard shape which depends on 
m. The values of Eo and n could then be determined 
as before, and m could be determined from the C~ 
dependence of the plot. Again, as before, diagnostic 
tests could be devised: The plot of if/~/~ vs. ~t should 
be independent of (o and, if m = 1, should be pro- 
portional to C~ 

In actual fact, one measures total current  rather 
than only the faradaic branch. The nonfaradaic com- 
ponent is independent of C~ so that a plot of i vs. Ef 
or vs. t would now be a linear function of C~ when 
m---- 1. On the other hand, no standard shape of a 
plot of i vs. Et or t can be attained simply by adjust-  

ing E~ and Et. ~~ 
Accordingly, in this situation, recognizing that 

under the assumptions listed earlier, the total cur-  
rent is the sum of the faradaic and nonfaradaic 
branches and that the nonfaradaic component is in- 
dependent of C~ the value of ir corresponding to any 
particular phase angle of Ef can be obtained by sub- 
tracting from the measured, instantaneous current 
the value of that current when C~ Examples 
where this type of subtraction has been made in po- 
tentiometric work may be found in ref. (25) and 
(16). If the condition mentioned earlier that  the iR 
be negligible had not been imposed, no such subtrac- 
tion process would be permissible for obtaining if, 
for the iR drop at any given t would cause the in- 
stantaneous potential drop across the electrode to 
depend on C~ contrary to assumption. Fur ther -  
more, since the cell is a nonlinear circuit element, 
the iR drop through the bulk of the solution would 
contain harmonics which would invalidate the as- 
sumption of a sinusoidal Er. 

Information about the characteristic behavior of 
the integral in Eq. [16], and hence about the faradaic 
current, can 'be deduced either from numerical inte- 
gration or from investigation of the properties of 
known reversible systems. However, some prelimi- 

9 To be sure,  a t  s m a l l  v a l u e s  of E"t, p o i n t s  on t h i s  p lo t  co r r e spond -  
i n g  to  l a r g e  v a l u e s  of  i r  w i l l  no t  b e  a t t a ined .  Note  t h a t  a l t h o u g h  i t  

a n d  E t  d e p e n d  on  E t ,  t he  p l o t  does not .  

lo For ,  i f  nE'o a n d  n~r were  each m a d e  to  c o n f o r m  to  t h e i r  p r e -  
a s s igned  v a l u e s  by  such  a d j u s t m e n t s ,  t he  n o n f a r a d a i c  c u r r e n t  vs. E f  
plo t  w o u l d  t h e n  d i f fe r  f r o m  s y s t e m  to  sy s t em :  A n y  t w o  s y s t e m s  
n o r m a l l y  d i f fe r  i n  go and  hence ,  fo r  a p r e a s s i g n e d  n~%, i n  E~ (cf. 
Eq. [12]}. B u t  fo r  a g i v e n  Ea, a p lo t  of n o n f a r a d a i c  c u r r e n t  vs.  Er  

w o u l d  be  a s t a n d a r d  one  on ly  for  a p r e a s s i g n e d  E~ a n d E t .  
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n a r y  ins igh t  in to  i ts  b e h a v i o r  as fa r  as the  d e p e n d -  
ence  of it on Ef in Eq. [16]  can  b e  o b t a i n e d  as fo l -  
lows.  We sha l l  cons ider ,  b y  w a y  of a conc re t e  e x -  
ample ,  t he  i m p o r t a n t  case  in w h i c h  m = 1, Do~ = D~, 
and  p(o~t) is sin ~t. The  i n t e g r a l  for  the  p e r i o d i c  
s ta te  in Eq. [16] becomes  (us ing  i t  in t he  f o r m  of Eq. 
[13] ,  a f t e r  i n t r o d u c i n g  Eq. [14]  and  p e r f o r m i n g  the  
d i f f e ren t i a t ion :  

n F A  C~ nF E, fo ~ 
it = -- (~r/~Do~) ~/~ R T  

exp  [nF (Et sin (~ t - -  y )  -- E 'o ) /RT]  cos (~ t - -  y)y-~/~dy 

{1 -4- (Dox/D~)~/~exp [ n F ( E ,  sin ( ~ t - - y )  --E'o) / R T ] }  ~ 
[18] 

W h e n  InFE'o/RTI  > >  1 and  E ,  < <  IE'ol, the  coeffi- 
c ient  of y-~/~ cos ( ~ t - - y )  in the  i n t e g r a n d ,  is v e r y  

sma l l  a t  a l l  t imes ,  i.e., for  a l l  IEf] ~ E r .  ~1 A c c o r d i n g l y ,  
if is t hen  s m a l l  for  a l l  such Er, a r e su l t  e x p e c t e d  on 

p h y s i c a l  g rounds .  In  t he  v e r y  spec ia l  i n s t ance  t h a t / ~ ,  
is suff ic ient ly  smal l ,  t he  i n t e g r a l  in Eq. [18] b e -  
comes  TM 

~?/'-' cos (oJt ----~r ) e x p  ( - - n F E ' o / R T ) / [ 1  
4 

-4- (DoJD~)~/~ exp  ( - -nFE 'o /RT)  ] ~ [19] 

W h e n  Ef becomes  c o m p a r a b l e  in m a g n i t u d e  w i t h  
E'o, h o w e v e r ,  the  c u r r e n t  w i l l  become  l a rge  a t  t h e  
a p p r o p r i a t e  t imes  and,  because  of the  s ens i t i v i t y  of 

t he  e x p o n e n t i a l  t e r m s  to E~, th i s  effect  shou ld  p r e -  

s u m a b l y  occur  f a i r l y  s u d d e n l y  as Er is inc reased .  In -  

deed  a p lo t  of f a r a d a i c  c u r r e n t  vs. Ef m a y  u l t i m a t e l y  
p r o v i d e  a conven i en t  w a y  for  the  d e t e r m i n a t i o n  of 
E t o .  

Up to th is  point ,  w e  have  r e s t r i c t e d  our  a t t e n t i o n  
to r e v e r s i b l e  sys tems.  I f  in add i t ion ,  the  r e v e r s i b l e  
e l e c t r o c h e m i c a l  s tep  [1]  is f o l l owed  b y  an  i r r e -  
ve r s ib l e  decompos i t i on  of the  p r o d u c t  of [1]  to y i e l d  
an e l e c t r o c h e m i c a l l y  inac t ive  subs tance ,  Eq. [3]  to 
[6]  r e m a i n  unchanged ,  as does Eq. [8] .  On ly  Eq. [2]  
is modif ied,  name ly ,  t h r o u g h  the  a d d i t i o n  of t he  r e -  
ac t ion  r a t e  t e rm.  If  t he  i r r e v e r s i b l e  s tep  is v e r y  slow, 
th is  a d d i t i o n a l  t e r m  r e p r e s e n t s  on ly  a m i n o r  p e r t u r -  
ba t i on  of Eq. [2] .  P h y s i c a l  cons ide ra t i ons  i nd i ca t e  
t h a t  t he  so lu t ion  for  if shou ld  d e p e n d  c o n t i n u o u s l y  
on the  v a l u e  of t he  r e a c t i o n  r a t e  cons t an t  in  th is  p e r -  
t u r b a t i o n  t e r m .  W h e n  th i s  c o n s t a n t  is suff ic ient ly  
smal l ,  t he re fo re ,  t he  r e su l t s  w i l l  a p p r o a q h  those  p r e -  
v ious ly  ob ta ined .  Tha t  is, our  f inal  equa t ions  a r e  s t i l l  
app l i cab le ,  p r o v i d e d  the  i r r e v e r s i b l e  s tep  is suffi- 

11 F o r  E'0 ~ 0, t h e  n u m e r a t o r  is t h e n  v e r y  s m a l l  a n d  t h e  d e n o m -  
i n a t o r  is  a b o u t  u n i t y .  F o r  E% ~ 0, t h e  d e n o m i n a t o r  is  v e r y  l a r g e  
c o m p a r e d  w i t h  u n i t y ,  so t h a t  t h e  f i rs t  f a c t o r  in  t h e  i n t e g r a n d  a p -  

p r o x i m a t e l y  e q u a l s  (DR/Pox) e x p  {nF [E'o -- E't s in  ( w t  - -  y ) ] / R T }  
w h i c h  is v e r y  smal l .  

le U p o n  e x p a n d i n g  cos ( w t  - -  y )  a n d  r e c a l l i n g  t h a t  

fo ~ y-1/~ cos  y a y  = fo~ y-~/~ s in  ~ d y  = ~ / 2 ) - ~  

a n d  n o t i n g  t h a t  cos  wt + s in  cot = V 2 e o s  ( w t  ~r.), Eq.  [19] is  
4 

o b t a i n e d .  
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A P P E N D I X  I 
Derivation of Eq. [7] 

We let  u (x,t) denote  the quan t i ty  

u(x , t )  = C~ -- C~(x,t) 

c i e n t l y  slow. As  m e n t i o n e d  ea r l i e r ,  i t  is th is  s i t ua -  
t ion  w h e r e  t he  p r e s e n t  equa t ions  a r e  l i k e l y  to be  
of t he  mos t  in te res t .  

Manuscr ip t  received May 29, 1961; revised manuscr ip t  
received Apr i l  10, 1962. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June  1963 JOURNAL. 

REFERENCES 
I. J. E. B. Randles,  Discussions Faraday Soc., I ,  11 

(1947). 
2. B. Breyer  and F. Gutman,  ibid., 1, 19 (1947); B. 

Breyer ,  F. Gutman,  and S. Hacobian,  Australian 
J. Sci. Research, A3, 558, 567 (1950); A4, 595 
(1951) ; B. Breyer  and S. Hacobian,  ibid., A4, 604, 
610 (1951) ; Australian J. Chem., 7,225 (1954). 

B. Ershler ,  Zhur. Fiz. Khim.,  22, 683 (1948) ; K. Ro-  
zental  and B. Ershler ,  ibid., 22, 1344 (1948). 

H. Gerisher ,  Z. physik. Chem., 198, 286 (1951) ; ibid., 
(N.F.) 1, 278 (1954). 

M. Fournier ,  Compt. rend., 232, 1673 (1951). 
D. C. Grahame,  This Journal, 99, 370C (1952). 
P. Delahay and T. J. Adams,  J. Am.  Chem. Soc., 

74, 5740 (1952). 
T. Berzins and P. Delahay,  Z. Elektrochem., 59, 792 

(1955). 
I. Tachi and T. Kambara ,  Bull. Chem. Soc. Japan, 

28, 25 (1955). 
M. Senda and I. Tachi, ibid., 28, 632 (1955). 
T. Kambara ,  Z. physik. Chem. (N.F.), 5, 52 (1955). 
H. Matsuda,  Z. Elektrochem.,  62, 977 (1958). 
H. Matsuda and P. Delahay,  J. Am.  Chem. Soc., 

82, 1547 (1960). 
J. Koutecky,  Collect. Czech. Chem. Communs,  21, 

443 (1956). 
M. Wien, Ann. Physik. u. Chem., 58, 37 (1896). 
A. E. Remick and H. W. McCormick, This Journal, 

102, 534 (1955). 
P. Delahay,  M. Senda, and C. H. Weis, J. Am. Chem. 

Soc., 83, 312 (1961). 
J. S i lve rman  and A. E. Remick,  This Journal, 97, 335 

(1950). 
cf B. Fr iedman,  "Pr inciples  and Techniques of A p -  

pl ied Mathematics ,"  p. 440, John Wi ley  and Sons, 
Inc., New York  (1956). 

cf A. E. Taylor,  "Advanced  Calculus," p. 599, Ginn 
and Co., New York  (1955). 

Ref. (20), p. 529. 
H. S. Cars law and J. C. Jaeger ,  "Conduction of Heat  

in Solids," 2nd ed., pp. 304-5, 27 or 30, etc., Oxford  
Univers i ty  Press,  London (1959). 

Ref. (22), pp. 479-480. 
Ref. (22), p. 301. 
J. E. B. Randles,  Discussions Faraday Soc., 1, 11 

(1947). 
J. O'M. Bockris,  "Modern Aspects  of E lec t rochem-  

is t ry,"  p. 219, Academic  Press  Inc., New York 
(1954). 

M. Brei ter ,  M. Kle inerman,  and P. Delahay,  J. Am.  
Chem. Soc., 80, 5111 (1958). 

[20] 

Seeking a bounded solution of Eq. [2] to [6], we in t ro-  
duce bounda ry  condit ions [4] and [5] into the Laplace  
t ransforms of Eq. [2] and [3], respect ively,  and obtain 
two different ia l  equat ions in the domain x > 0 which can 
easi ly  be solved to give equations for the t ransforms,  
u and C-o~: 

u(x,s)  = u(O,s) exp (--sl/~x/D~ 1/~) [21] 

Co~(x,s) ~ Cox(0,s) exp (--sl/~x/Do~ ~/~) [22] 

where  s is the Laplace  var iable .  
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Differentiat ion of these equations wi th  respect to x 
fol lowed by evaluat ion at x ~ 0 and combination with  
the t ransform of Eq. [6] yields 

Cox (0,s) : u (0,s) m (D~/Do~) v~ [23] 

Taking the inverse t ransform of Eq. [23] gives 

m u (O,t) : Co~ (O,t) (DoJD~) ~/~ [24] 

except  at points of discontinuity, using a uniqueness 
theorem (24). 

The instantaneous anodic current,  it, is re la ted to the 
flux according to Eq. [25] 

ir : nFADo~ [0Co~ (x , t )  /Ox] ==0 [25] 

wherein we use the convention that an anodic current 
is negative, and where A denotes the electrode area. 
The term [ O C o ~ ( x , t ) / O x ] ,  may be calculated from the 
preceding equations as follows. Differentiating Eq. [22] 
with respect to x and setting x = 0, one finds 

[0Co~ (x ,s) /Ox]  ==o 

= --Co~ (O,s) (slDo~) ,i2 = --sCox (O,s) (Doxs) -~1-' 

= [--s/(~Do~) ~/~] f ~ e - "  Co~(O,t)dtf.~e -~' t ' / fdt  [26a] 

= L--s~ (:tDo~)'/~] f :  e-*' [j]: Co~(O,t -- ~)-~-~/'~ d~] dt [265] 

0 ~ __ ] d t  
.1 

[26c] 

where  we have introduced into (a) the fact that  s -~/~ is 
s imply the Laplace t ransform of (~t)-vL In obtaining 
(b) we have  employed the convolut ion theorem for 
Laplace transforms, and in obtaining (c) we have used 
the standard relat ion be tween the Laplace t ransform of 
a function (here of f~Cox(O,t--~)T-~/~dT) and of its 

derivat ive.  
It is now immedia te ly  apparent  f rom [26c] that  

[OCo~ (x,t)/Ox]:,=o --  (nDox)-'v~ 0 L '  : Co.~ (O,t - -  ~ )  ~-~i~ d T  
Ot ~ 

[27] 

Equat ion [7] of the text  is then obtained f rom [25] and 
[27]. 

A P P E N D I X  II 

Derivat ion  of Eq. [13] and [15] f r o m  [7] 

We shall consider the behavior  of Eq. [7] for 
times greater  than 0, and we may therefore  replace 
C.~(0,t --  T) in that  equat ion by the function f(cot - -  co~), 
which satisfies Eq. [14] for all values of the a rgument  of 
f, posit ive or negative. The t ime der ivat ive  in Eq. [7] 
can then be wr i t ten  as in Eq. [28], after first per forming 
the differentiat ion and making use of the identi ty 

Of(cot --  co~) ~or : - -O f ( co t  - -  co~) /d~ 

s 0 f ( C O t _ _ c o T )  _ l l O d  ~ 

~,t ' 

f o ' [  _ _ 0  f(cot--co~)]~-~i~d~ [28] : f (O) t  -;1~- o~ O(coz) 

where  f(0) is to be obtained f rom Eq. [14] by sett ing 
~t  -- y equal  to zero there. 

Introducing into Eq. [28] a change of variable,  
y = r the r igh t -hand  side of the equat ion becomes: 

0 } 
S (0) t -'i~ --  co~":! f (cot --  y)  y -~i'~ dy 

OY 

L Oy 

It is evident  f rom Eq. [14] that  f ( c o t - - y )  is a 
bounded function ~ of co t - -y ,  so that  upon integrat ing 
the third term of [29] by parts we get in place of [29] 

~SFor a n y  v a l u e  of cot - -  y ,  S ( c o t  -- y )  is t h e  p o s i t i v e  r o o t  of  a n  a l -  
g e b r a i c  e q u a t i o n ,  a l l  of  w h o s e  coef f ic ien t s  a r e  f in i te .  T h e  roo ts  of  
s u c h  e q u a t i o n s  a l w a y s  l i e  i n  a f in i t e  r e g i o n  of t h e  c o m p l e x  p l a n e .  
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f ~  0 y-~12 --co I ~ .  - - f ( c o t  --  y )  dy  
=' OY 

-t-mJ---~--/s [30] 

From Eq. [7], [28], and [30], Eq. [13] then follows. 
The first integral  in Eq. [13] can also be wr i t ten  in 

the a l ternat ive  form 

l i m ]  ~C Of (cot-- y)y-ll~ dy [31] 

Upon integrat ing by parts, this te rm becomes 

[ l f~ |  ] --lim f ( c o t  - -  ~ ) e  ~i"- _ _ _  
~-~0+ 2 

rf g ] i l im f(cot --  e) y -s/~ dy --  f(cot --  y ) y  dy _ _  -81~ 

2 e-->O+ I -  ~ 

[32] 
where  we have introduced the identi ty 

, s  
2 

Rewri t ing  the integrals  in [32] as: 

[f (cot --  e) -- f(cot) ] f.~ y-~l~ dy 

-t- f~ [/(cot) --  f(cot - -  y)  ]y-Sl~ dy [33] 

and proceeding to the l imit  e = 0, the first expression 
in [33] varies as (constant) (e) ((v~) using the condi- 
tions on f specified in footnote ~' and so vanishes. In-  
t roducing the second integral  of [33] into [31], Eq. [15] 
is obtained, 

A P P E N D I X  III 
Proof  that  the Mean Value  of  ir Equals  Zero in the 

Periodic S ta te  

In this section we consider the behavior  at positive 
times, and it follows therefore  that  t > >  to. Thus, we 
may replace Cox by f. 

It  is first noted that  physical  arguments  show that  
there  can be only one posit ive solution of Eq. [14] for 
f ( c o t -  y ) ,  even when  this equat ion has more than one 
solution (i.e., when m ~ 1). All  other solutions must  
e i ther  be negat ive or par t ly  imaginary.  We fur ther  note 
that  since p (cot) : p (cot -t- 2~), f (cot --  y) and 
f ( c o t - - y  + 2~) satisfy the same Eq. [14]. Because of 
the uniqueness of the physically real  f ( c o t - - y )  just  
mentioned,  it then follows that  ' fo r  our posit ive f's, 
f ( c o t - - y - b 2 ~ )  = f ( o ) t - - y ) ,  i.e., f ( c o t - - y )  is also a 
periodic function of cot wi th  the same period as p(cot). 

We next  observe that  the mean value of the integral  
describing the periodic state is obtained by averaging 
it wi th  respect to cot over  a period of 2~..Using Eq. 
[15], the integral  which occurs in this average can be 
wr i t ten  in the equivalent  form 

.... s ] 
1 f [ l i m  [ f ( c o t ) - - f ( c o t - - y ) ] y - " / f d y  d(cot) 

4n ~ o k e-~O+ y=~ 
[34] 

where  e is any large value  of ~ot. I t  can easily be shown ~ 
that  the convergence of the y - in tegra l  as e -~ 0 § is uni-  
form in cot and, hence, lira and f can be interchanged,  
using a s tandard theorem [20]. Thus we obtain 

fo+'rf ] 1 lira [f (cot) --  f (cot -- y) ]y-~12 dy d (cot) 
4n e -+o+'~w'=~ L y=t 

[35] 

l ~ F o r e s m a l l a n d y l y i n g i n t h e i n t e r v a l  (0, e ) , l  1(c0t) --  f (cot --  y )  I 
O 

~ 1 - - f ( c o t )  [ .  y ,  w h e n c e  l ~ ' [ S ( w t )  --  /(cot -- y ) ]  y-3/2 d y  [ ~--- 
0cot % 

N ~ y-112 d y  w h e r e  N,  a n  u p p e r  b o u n d  to t h e  d e r i v a t i v e ,  is o = 2N el/2, 

i n d e p e n d e n t  of  cot. A c t u a l l y  t h e  d i f f e r e n t i a b i l i t y  of  ftcot) n e e d n ' t  
h a v e  b e e n  used .  T h e  m i l d e r  H b l d e r  c o n d i t i o n ,  q J(cot) -- f(cot -- y) I 

c o n s t a n t  . ya b u t  w h e r e  ~ > I/a, w o u l d  h a v e  suff iced.  
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Because of the readi ly proven convergence of the 
y- in tegra l  with respect to the upper  l imit  ( ~ ) ,  uni form 
in cot, [35] may be wr i t ten  as 

_ __/_.1 lim lira [f(cot) 
4~ e-.0+ L - ~  ~,=e ~=~ 

- -  f ( c o t  - -  y )  ]y-S/~ d y  ] d(cot) [36] 

The integrals f~[f(cot)--f(cot--y)]y-8/2dy and y~/2 

f:§ --  f(cot-- y) ]d(cot) exist for any �9 > 0 and 

L, and the double integral also exists not only for con- 
tinuous f(~t) but also for piecewise continuous ](cot). 
It then follows from a standard theorem [21] that the 
order of integration can be interchanged. We obtain 

l im lim -~/~ 4~ ,-*0+ L-~  -,Y [/(cot) 

--1(cot--y) ]d(cot) ] dy [37] 

But, since S (cot-) was seen earlier to be a periodic func-  
tion of cot, it is t rue that  

f~+~f(cot)d(cot) = f:+~f(cot - -  y)d(cot) [39] 

since it is easily shown that  the value of a periodic 
function averaged over its period is independent  of the 
ini t ial  value of the phase angle. 

We see, therefore, that  the cot integral  in Eq. [37] 
must  vanish which proves the desired result. 

This result  of Appendix III  can be proven under  
milder  restrictions, such as piecewise cont inui ty  of 
f(cot). As pointed out in  the text, Eq. [15] for it is valid 
for piecewise continuous f(cot), except at the isolated 
points of discontinuity of the latter.  The derivat ion of 
Eq. [35] from [34] proceeds as before, when points cot 
of discontinuity of f are excluded. The derivat ion of 
[37] from [35] and the use of [38] remain  valid. Thus, if 

one defines it a rbi t rar i ly  but  finite at the isolated 
points of discontinui ty of $(cot), the mean  value of it is 
zero in the periodic state for piecewise continuous func-  
tions ](cot). 

SYMBOLS 
A, area of electrode's surface, cm ~. 
Cox, concentrat ion of oxidant, mole 1% 
C~, concentrat ion of reductant ,  mole 1-1. 
C'%, concentrat ion of reductant  in bulk  of solution, 

mole 1% 
Do~, diffusion coefficient of oxidant, cm ~ s e c t  
DR, diffusion coefficient of reductant ,  cm ~ sec-L 
E~, half-cell  potential  difference of measur ing elec- 

trode, v. 
E~, half-cell  potential  difference of auxil iary,  non-  

polarizable electrode, v. 
El, half-cell  potential  difference between electrode and 

the solution just  outside of electrical double layer, 
in  Ox-Red system under  investigation, v. 

E~, direct component  of applied cell potential, v. 

Er, ampli tude of the periodic Et wave, v. Et ---- Etp (cot). 
E~, s tandard potential  of the Ox-Red system, v. 
E'o, Eo + E~ -- E~. 

Eo,~, mean  cell potential,  v. 
], funct ion of, (a par t icular  funct ion) .  
f, (as a subscript) faradaic. 
F, faraday (96514 abs.-coulombs g-equiv.-D. 
h, funct ion of, (a part icular  funct ion) .  
it, ins tantaneous faradaic current,  amp. 
m, number  of oxidant  molecules produced from oxida- 

t ion of 1 mole of reductant.  
n, number  of electrons involved in oxidation of 1 mole 

of reductant .  
R, gas constant  (8.3166 x 10 ~ erg deg -1 mole-D. 
t, time, sec. 
T, absolute temperature.  
u, C~ --  C~. 
x, perpendicular  distance from a plane which is paral -  

lel to the p lanar  electrode of Ox-Red system, bu t  
which is just  outside the electrical double layer re-  
gion. 

o~, angular  f requency of a l ternat ing voltage, sec-L 

Technical Notes 

The Discharge Properties of a-PbO,  in Dilute H2S04 Electrolyte 

Harry B. Mark, Jr. 
Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 

The discharge proper t ies  and  discharge me c h -  
an i sm of fl-PbO_~ in  H2SO, e lec t ro ly te  have  been  
s tudied  in  cons iderab le  deta i l  (1 -3) .  The re  is dis-  
a g r e e m e n t  as to the  m e c h a n i s m  (1 -3 ) ,  b u t  the  ex -  
p e r i m e n t a l  charac ter is t ics  of the discharge,  such as 
r educ t ion  overpotent ia ls ,  shape of the p o t e n t i a l - t i m e  
discharge  curves,  etc., are  wel l  k n o w n  (1, 3). A l -  
though  some of the  e lec t rochemica l  p roper t ies  (e lec-  
t rodepos i t ion  condi t ions  and  se l f -d i scharge)  of a -  
PbO.~ have  been  the  subjec t  of cons iderab le  s tudy  
(4-8) ,  there  is l i t t le  i n fo rma t ion  in the l i t e r a tu r e  
conce rn ing  the  proper t ies  of p u r e  a-PbO~_ u n d e r  an 
appl ied  d ischarge  c u r r e n t  (3, 4, 9). Almos t  no w o r k  
has been  repor ted  on the  proper t ies  of pu re  a-PbO~ in  
d i lu te  H~SO, electrolyte,  a l though  a p rev ious  paper  
(3) showed tha t  the  d ischarge  proper t ies  of fl-PbO_~ 
change  cons ide rab ly  and  in  an  u n e x p e c t e d  w a y  as 

the acid s t r eng th  of the  e lect rolyte  decreases.  The 
discharge  capacit ies  of lead storage bat ter ies ,  which  
have  posi t ive pla tes  con ta in ing  a m i x t u r e  of a-PbO.~ 
and  f~-PbO,.,, have  been  s tudied  (10),  and  there  is 
a br ief  descr ip t ion  of the d ischarge  curve  ob ta ined  
in  4.4M H.~SO4 for an anodized Pb  electrode (6) .  Mi-  
c rophotographs  of the cross sect ion of this  e lectrode 
and  x - r a y  and  e lec t ron  diffract ion p a t t e r n s  seemed 
to ind ica te  tha t  there  is a l ayer  of a m i x t u r e  of the  
two modif icat ions of PbO~ b e t w e e n  the  lead me ta l  
and  the fl-PbO~ film which  was  in  contact  wi th  the  
e lec t ro ly te  (4).  The  discharge  of an  electrode,  which  
consists  of a l ayer  of a-PbO~ b e t w e e n  a l ayer  of 
B-PbO~ and  a P t  support ,  in  a 4.4M H~SO~ e lec t ro ly te  
has been  repor ted  (9) .  

In  this  i nves t iga t ion  the  d ischarge  in  d i lu te  (0.1M) 
H~SO, of ~-PbO.. and  fl-PbO~ have  been  studied,  as 
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also electrodes consisting of a l aye r  of a -PbO:  on 
top of a l ayer  of fl-PbO~ and vise versa. The effect 
of var ia t ion  of d ischarge  current  and theoret ica l  
discharge capaci ty  were  also studied. A comparison 
of the exper imenta l  resul ts  obta ined by  this s tudy 
indicate tha t  the discharge mechanism of the  two 
forms in di lute  H~SO~ are quite different. These 
p rope r ty  differences were  not ve ry  appa ren t  in the 
exper imenta l  resul ts  repor ted  in the  work  which 
used a more  concentra ted acid electrolyte ,  which 
may  mask the effects arising f rom the two different  
mechanisms or may  resul t  in ye t  a th i rd  discharge 
mechanism. Both forms might  discharge by this 
th i rd  or combinat ion mechanism in the concentra ted 
acid electrolyte.  

Exper imental  Procedure 

Preparation of electrodes.--The PbO~ was elec-  
t rodeposi ted  on Pt  cyl inders  sealed in glass as de -  
scribed in previous work  (3).  The electrodes had 
an apparen t  surface area  of 8 cm ~. The fl-PbO~ was 
deposi ted f rom a solution of 0.020M Pb(NO~)~ and 
0.3M HNO~ with  a cur rent  densi ty  of 10 m a / e l e c -  
t rode (1.25 m a / c m  ~) at  room t empera tu re  for 4 to 
40 rain. The a-PbO~ was deposi ted from a solution 
of 1.5M NH,OH and 6.5M NH~C.~H~O~ sa tura ted  with  
Pb(C.~H~O~): (3,5) wi th  a cur ren t  densi ty  of 10 m a /  
electrode for 3 to 40 min at  room tempera ture .  

Discharge apparatus.--The discharge cell used was 
descr ibed previous ly  (3).  A sa tu ra ted  calomel elec- 
t rode (SCE),  which was used as the reference elec-  
trode, made  contact  wi th  the solution in the cell 
through an a g a r - a g a r  KC1 bridge.  A s t ream of 
ni t rogen was used to st ir  the electrolyte,  and a cy l in-  
dr ical  sheet  of lead meta l  was used as the anode. 

Currents  for discharge were  furnished by an elec-  
tronic cons tan t -cur ren t  source (11). The e lect ro-  
motive force of the cell was appl ied  to a high input  
impedence (about  10 ~ ohms) fol lower amplif ier  of 
gain of --1. The output  of the fol lower  amplif ier  
was fed first to a vol tage inversion amplifier  (gain 
of --1) and then to a vol tage d iv ider  to a t tenuate  
the signal. The signal  was then recorded by a Sa r -  
gent model  SR recorder .  The fol lower and inversion 
amplifiers were  constructed from p lug- in  analog 
computer  amplifiers using circuits designed by  De- 
Ford  (12). 

When the electrodes had  come to open-c i rcui t  
equi l ibr ium, as shown by constancy of potent ia l  
for 15 min, a current ,  e i ther  continuous or in te r -  
rup ted  (3),  was in t roduced into the  circuit.  P r e v i -  
ous work  (3) has shown that  under  the condit ions 
used no correct ions are necessary for iR drop, elec-  
t ro ly te  concentrat ion polarizat ion,  and se l f -d is -  
charge. 

Results 

Examples  of the discharge curves for a-  and fl- 
PbO2 in 0.10M H~SO, sa tu ra ted  wi th  PbSO, and wi th  
excess solid phase are shown in Fig. 1. Curve 1 is 
for ~-PbO~ when an in te r rup ted  discharge current  
of 3 ma /e l ec t rode  was passed. The ~-PbO~ electrode 
does not reach a s t eady-s ta te  c losed-circui t  po ten-  
t ia l  in the t ime al lowed, and the electrode recovers,  
when the current  is in ter rupted ,  to a lower  equi l ib-  
r ium open-c i rcui t  potent ia l  than  it had before dis-  
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Fig. 1. Potential-time curves of ~- and /%Pb02 electrodes dis- 
charging under constant current. The electrolyte was 0.1M H~SO~ 
(sat. with PbSO~): curve 1, a-Pb02 under successive short constant 
current discharges of 3ma/electrode; curve 2, a-Pb02 under con- 
tinuous constant current discharge of 5 ma/electrode; curve 3, 
fl-PbO~ under successive short constant current discharges of 3 
ma/electrode; curve 4, ~-Pb02 under continuous constant current 
discharge of 3 ma/electrode. 

charge. Thus, re l iab le  and reproducib le  overpoten-  
t ials could not be obtained for a-PbO2 electrodes 
(3).  Curve 2 is a typica l  continuous discharge of 
~-PbO~ (a cur ren t  densi ty  of 5 m a / e l e c t r ode  was 
passed in this example ) .  The electrode does not  
reach a s t eady-s ta te  c losed-ci rcui t  potent ia l  even 
under  prolonged continuous discharge.  Toward  the 
end of discharge the potent ia l  decreases more and 
more rapidly .  The actual  discharge capaci ty  of this  
electrode was only 40 ma-min ,  a l though the the-  
oret ical  capaci ty  was 250 ma-min .  The actual  ca-  
paci ty  of all  ~-PbO~ electrodes tes ted in H~SO, elec-  
t ro ly te  was considerably  less than  the theore t ica l  
and was independent  of the theore t ica l  capacity.  
When an a-PbO~ electrode had reached the state of 
discharge indicated by point  e of curve 2, it  was 
removed  from the cell and placed in a solution of KI  
and HC~H~O~. The format ion of considerable  L- in-  
dicated that  appreciable  PbO~ remained  undis -  
charged. The surface of an a-PbO~ electrode, tha t  
was in i t ia l ly  very  smooth and shiny black,  was ob- 
served at point  e to be covered wi th  a whi te  and 
s t rongly  adher ing  uni form film of PbSO, (4).  If 
this film was removed  by  a solution of NH,C~H30~ 
(6) and the electrode r e tu rned  to the cell, the ini t ia l  
open-c i rcui t  potent ia l  was rea t t a ined  and the elec-  
t rode re juvenated .  F u r t h e r  discharges could then 
be made. The surface of the  , - P b O :  af ter  removal  
of the PbSO~ was black but  no longer  smooth and 
shiny. By washing the electrode with  NH,C2H.~O_. 
each t ime the potent ia l  broke  down sharp ly  and 
then continuing the discharge,  80-90% of the  the -  
oret ical  discharge capaci ty  can be obtained.  Much 
la rger  cur rent  densit ies could be passed through 
a-PbO~ than could be passed through fl-PbO~ (3) 
wi thout  des t ruct ion of the electrode. No potent ia l  
min imum was found on the  second discharge of 
~-PbO.~ as was repor ted  by  other  invest igators  (9) 
using a 4.4M H~SO~ electrolyte.  

The above exper iments  suggest  tha t  the  PbSO, 
film may  be the only cause of the poor discharge 
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c a p a c i t y  of ~-PbO.,. To check  this ,  two  d i s cha rges  
we re  m a d e  in 1.0M HC10r e l e c t r o l y t e  wh ich  gave  
93 and  94% of t he  t h e o r e t i c a l  c a p a c i t y  ( b a s e d  on 
100% c u r r e n t  eff iciency on e l e c t r o d e p o s i t i o n ) .  The  
P t  e l ec t rodes  w e r e  e n t i r e l y  b a r e  at  the  end  of d i s -  
charge .  

The  curves  for  t he  i n t e r r u p t e d  d i s c h a r g e  of fl- 
PbO~ ( cu rve  3 of Fig.  1) we re  qu i t e  d i f fe ren t  f rom 
those  of a-PbO~ ( c u r v e  1) u n d e r  s im i l a r  condi t ions .  
The  p o t e n t i a l  of t h e  first  d i s cha rge  w e n t  t h r o u g h  a 
p r o n o u n c e d  m i n i m u m  be fo re  r e a c h i n g  a s t e a d y -  
s ta te  c l o s e d - c i r c u i t  p o t e n t i a l  and,  on s u b s e q u e n t  d i s -  
charges ,  pa s sed  t h r o u g h  v e r y  s l igh t  m i n i m a  w h i c h  
we re  b a r e l y  de tec t ab le .  The  fl-PbO~ e l ec t rode  r e -  
covers  to a more  pos i t ive  o p e n - c i r c u i t  e q u i l i b r i u m  
p o t e n t i a l  a f t e r  t he  first  d i s cha rge  t h a n  i t  h a d  in -  
i t i a l ly ,  and  r ecove r s  to th is  n e w  emf  a f t e r  each  sub -  
s equen t  d i s c h a r g e  un t i l  t he  e l e c t r o d e  b r e a k s  d o w n  
(3) .  D i s c h a r g e  o v e r p o t e n t i a l s  for  s ingle  fl-PbO,., 
e l ec t rodes  a re  qu i t e  r e p r o d u c i b l e  (3) .  On c o n t i n u -  
ous d i s c h a r g e  f l -PbO,  e l ec t rodes  go t h r o u g h  a p o -  
t e n t i a l  m i n i m u m ,  r e a c h  a s t e a d y  c l o s e d - c i r c u i t  p o -  
t e n t i a l  w h i c h  r e m a i n s  cons t an t  for  a long  t ime ,  and  
f ina l ly  t he  p o t e n t i a l  d rops  v e r y  r a p i d l y ,  as shown 
b y  cu rve  4 of Fig.  1. R e m o v a l  of the  e l ec t rode  at  
po in t  f in t he  d i s c h a r g e  shows  t h a t  mos t  of the  
PbO~ ( 7 0 - 9 5 % )  has  been  r educed .  Some  I~- is 
f o r m e d  on p l ac ing  the  e l ec t rode  in ac idic  KI,  bu t  
b a r e  P t  is seen over  m u c h  of t he  surface .  F o r  the  
p a r t i c u l a r  e l ec t rode  used  as t he  e x a m p l e  in cu rve  
4, a t e s t  showed  t h a t  abou t  75% of t he  PbO~ had  
d i s c h a r g e d  e l e c t r o l y t i c a l l y .  A l l  a t t e m p t s  to  r e j u -  
v e n a t e  fl-PbO2 e l ec t rodes  at  th is  po in t  b y  w a s h i n g  
w i t h  NH.C~H~O~ w e r e  unsuccessfu l .  A l t h o u g h  t h e r e  
w e r e  some c rys t a l s  of w h i t e  PbSO~ (be fo re  w a s h -  
ing)  w i d e l y  s ca t t e r ed  on the  PbO.~ surface ,  t h e r e  
was  no w h i t e  f i lm as o b s e r v e d  for  ~-PbO~. 

P a r t i a l l y  d i s c h a r g e d  a-PbO2 e l ec t rodes  w h i c h  
we re  a l l owed  to r ecove r  to o p e n - c i r c u i t  e q u i l i b r i u m  
were  w a s h e d  w i t h  40% NH,C..H:~O~ so lu t ion  to s t r ip  
off the  PbSO4 on the  su r face  and  the  wash  so lu t ion  
a n a l y z e d  for  P b  ~ b y  a d i th i zone  m e t h o d  (13).  This  
tes t  i n d i c a t e d  t ha t  p r a c t i c a l l y  a l l  of t he  PbSO,  p r o -  
d u c e d  on d i s c h a r g e  of a-PbO~ r e m a i n e d  on the  su r -  
face  of t he  e lec t rode ,  as shown  in Tab le  I. B l a n k  
tes ts  s h o w e d  t h a t  t he  co r r ec t i on  for  the  r e d u c t i o n  
of PbO.~ b y  the  40% NH,C~H~O~ was  neg l ig ib le .  A 
s im i l a r  t e s t  on p a r t i a l l y  r e d u c e d  fl-PbO~ e l ec t rodes  
showed  tha t  on ly  p a r t  ( 1 6 - 5 0 % )  of the  PbSO~ p r o -  
duced  on d i s cha rge  r e m a i n e d  on the  su r face  a f t e r  
r ecove ry ,  as  shown  in T a b l e  II .  

Table I. Per cent PbS04 on the surface of ~-PbO~ electrodes 
at open-circuit equilibrium following discharge in an electrolyte 

of 0.1M H2S04 saturated with PbS04 

% PbSO4 
D i s c h a r g e  c o n d i t i o n s  p r o d u c e d  

by  d i s c h a r g e  
Cur r en t ,  T ime ,  i -- ~ r e m a i n i n g  on 

m a / e l e c t r o d e  ra in  m a - m i n  e lec t rode  su r face  

1.5 10 15 105 
3.0 5 15 98 
3.0 4 12 96 
4.0 4 16 96 
5.0 3 15 95 
5.0 2 10 90 

Table II. Per cent PbS04 on the surface of fl-PbO~ electrodes 
at open-circuit equilibrium following discharge in an 

electrolyte of 0.1M H~SO~ saturated with PbSO~ 

% PbSO4 
D i s c h a r g e  c o n d i t i o n s  p r o d u c e d  

by  discharge 
C u r r e n t ,  T ime ,  i -- t r e m a i n i n g  o n  

ma/e lec t rode  ra in  m a - m i n  e lec t rode  sur face  

2.0 21 42 16 
1.0 35 35 37 
1.5 40 60 19 
2.3 15 34.5 50 
1.2 15 18 42 

The  o v e r p o t e n t i a l s  o b t a i n e d  for  i n t e r r u p t e d  d i s -  
cha rges  of a-PbO~ w e r e  c o n s i d e r a b l y  less t h a n  those  
for  fl-PbO~, and  the  r a t e s  of g r o w t h  and  d e c a y  of 
po l a r i z a t i on  w e r e  g r e a t e r  for  fl-PbO,~ t h a n  a-PbO~, 
as shown  b y  c o m p a r i n g  curves  1 a n d  3 of Fig .  1. The  
in i t i a l  o p e n - c i r c u i t  p o t e n t i a l  of a-PbO~ was  s o m e -  
w h a t  h i g h e r  t h a n  t h a t  of fi-PbO~, in a g r e e m e n t  w i t h  
o the r  w o r k  (6, 7) .  The  l a r g e r  o v e r p o t e n t i a l s  of fl- 
PbO.., m a y  be  a r e su l t  of s m a l l e r  t r u e  su r face  a r eas  
of fi-PbO,~ e l ec t rodes  w h i c h  w o u l d  i nc rea se  t h e  
doub le  l a y e r  c a p a c i t y  of t he  e lec t rodes .  H o w e v e r ,  
the  m u c h  r o u g h e r  a p p e a r a n c e  of the  fl-PbO~ su r f ace  
ind ica t e s  t ha t  i t  has  the  l a r g e r  su r f ace  area .  

Ri ie tschi  a n d  C a h a n  (6)  s t u d i e d  the  d i s c h a r g e  of 
a f i lm p r o d u c e d  b y  anod iz ing  P b  and  Pb  a l loys  (f i lm 
consis ts  of a l a y e r  of a m i x t u r e  of t he  two  modi f i ca -  
t ions  of PbO~ b e t w e e n  an  e x t e r n a l  l a y e r  of p u r e  
fl-PbO,~ and  the  m e t a l ) .  T h e y  f o u n d  t ha t  the  d i s -  
cha rge  c u r v e  w e n t  t h r o u g h  an  in i t i a l  p o t e n t i a l  m i n -  
i m u m  be fo re  r e a c h i n g  a c l o s e d - c i r c u i t  p l a t eau .  As  
the  d i s c h a r g e  cont inued ,  t he  p o t e n t i a l  w e n t  t h r o u g h  
a second m i n i m u m  and  came  to a second,  s t i l l  l ower ,  
s t e a d y - s t a t e  po ten t i a l .  The  p o t e n t i a l  t h e n  d r o p p e d  
s h a r p l y  as t h e  f i lm of PbO~ was  c o m p l e t e l y  d i s -  
cha rged .  T h e y  sugges t ed  t ha t  the  two  p o t e n t i a l  
p l a t e a u s  r e p r e s e n t e d  the  d i s c h a r g e  of a -  and  fl-PbO2, 
r e spec t ive ly ,  and  the  d i f fe rence  b e t w e e n  the  p l a -  
t eaus  r e p r e s e n t e d  the  d i f fe rences  in t he  o v e r p o -  
t e n t i a l  for  the  two  modif ica t ions .  Because  the  p r e s -  
en t  i nve s t i ga t i on  showed  t h a t  t he  shapes  of the  d i s -  
cha rge  cu rves  of t he  two  p u r e  modi f ica t ions  a r e  
qu i t e  d i f ferent ,  t hese  c ha r a c t e r i s t i c s  could  be  used  
in s tud ies  of the  d i s c h a r g e  p r o p e r t i e s  of e l ec t rodes  
cons i s t ing  of l a y e r s  of t he  two  modif ica t ions .  

E lec t rodes  w e r e  m a d e  cons i s t ing  of a th in  l a y e r  
of a-PbO~ ( t h e o r e t i c a l  d i s cha rge  capac i t i e s  v a r y i n g  
f rom 30 to 70 m a - m i n )  on the  P t  and  a th in  e x t e r i o r  
l a y e r  of B-PbO~ (capac i t i e s  v a r y i n g  f rom 30 to 150 
m a - m i n ) .  The  f l : a  r a t ios  v a r i e d  f rom 0.6 to 3. These  
e l ec t rodes  w e r e  d i s c h a r g e d  b y  pass ing  cons t an t  c u r -  
r en t s  of 3-12 m a / e l e c t r o d e ,  and  the  d i s c h a r g e  po -  
t e n t i a l s  w e r e  r eco rded .  A l l  the  d i s c h a r g e  cu rves  had  
the  c h a r a c t e r i s t i c  shape  of c u r v e  2 of Fig .  2. In  no  
case  w e r e  two  p l a t e a u s  and  two  m i n i m a  obse rved .  
I n i t i a l l y  the  d i s c h a r g e  cu rves  r e s e m b l e d  t h a t  of 
pure ,  u n d i s c h a r g e d  fl-PbO~ e lec t rodes .  As  t h e  ca -  
p a c i t y  of the  fl-PbO~ l a y e r  was  n e a r i n g  exhaus t ion ,  
a b o u t  po in t  h of c u r v e  2, t he  p o t e n t i a l  s t a r t e d  to 
d r i f t  d o w n w a r d ,  and  the  e l ec t rode  f rom t h e r e  to 
the  end  of t h e  d i s c h a r g e  r e s e m b l e s  t h a t  of an  a-PbO~ 
e l ec t rode  w h i c h  was  p a r t i a l l y  d i scha rged .  If  t he  
c u r r e n t  was  i n t e r r u p t e d  at  a p o i n t  a long  the  l ine  
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Fig. 2. Potential-time curves. The electrolyte was 0.1M H~SO~ 
(sat. with PbSO~): curve I,  electrode consisting of a layer of fl-PbO_~ 
(discharge capacity of 40 ma-min) on Pt support and layer of 
~-PbO~ (capacity of 70 ma-min) on the ~-PbO~ surface, under a 
continuous discharge of 4 ma/electrode; curve 2, electrode con- 
sisting of a layer of c~-Pb02 (capacity of 40 ma-min) on Pt and a 
layer of ~-PbO~ (capacity of 60 ma-min) on the c~-PbO.~ surface, 
under a continuous discharge current of 4 ma/electrode. 

hi and the electrode a l lowed to recover  before re-  
suming discharge, the resul t ing curves for the 
growth and decay of polar izat ion show ra tes  and 
shapes character is t ic  of a-PbO2 and not  of fl-PbO.,. 
If the electrode at point  j was washed with  40% 
NH~C_~H,O2, the electrode was r e juvena ted  and on 
subsequent  discharge behaved  l ike pure  a-PbO_.. 
The potent ia l  min imum was least  pronounced for 
the electrode having the smallest  f l-PbO, layer  (30 
m a - m i n  capaci ty) .  

Electrodes consisting of a thin layer  of fl-PbO~ 
( theoret ica l  capacit ies va ry ing  from 40 to 70 ma-  
min) on Pt  and a th in  layer  of a -PbO,  (capacit ies  
va ry ing  f rom 30 to 120 m a - m i n )  on the fl-PbO_~ 
surface were  also made. The a : f l  rat ios var ied  f rom 
0.75 to 2. These electrodes were  discharged by  cur-  
rents  va ry ing  f rom 2 to 5 ma/e lec t rode .  The dis-  
charge curves, for the most part ,  had character is t ic  
shapes as shown by curve 1 of Fig. 2. Three dist inct  
p la teaus  were  observed.  In i t ia l ly  (to point  b)  the  
discharge curves resembled  tha t  of pure  a-PbO.o. 
In te r rup t ing  the current  along line ab, al lowing 
the electrode to recover,  and then resuming  dis-  
charge, resu l ted  in decay and growth of polar izat ion 
curves having the character is t ics  of pure  ~-PbO~. 
In ter rupt ion,  recovery,  and resumpt ion  of discharge 
along the second p la teau  (l ine cd) resul ted  in curves 
that  had character is t ics  be tween those of a -  and 
fl-PbO~ (ra te  of growth  and decay of polar izat ion 
grea ter  than  for a-PbO~ but  less than  for fl-PbO~). 
These rates  increased from point  c to d. The same 
t r ea tmen t  along the th i rd  p la teau  (line e l ) ,  y ie lded  
curves which had the character is t ics  of pure  fl-PbO~ 
(no min imum was detected,  but  this might  not  be 
expected at the recorded sensi t ivi ty  used) .  

One electrode gave a discharge curve differing 
from tha t  of curve 1 of Fig. 2. For  the electrode 
having the larges t  capaci ty  of the ex te rna l  a-PbO.2 
layer  (120 m a - m i n ) ,  the curve had only one p la teau  
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and was no different  f rom tha t  of a pure  ~-PbO~ 
electrode (see curve 2 of Fig. 1). 

It had been suggested (3) tha t  an expansion of 
the crys ta l  la t t ice of fl-PbO~ ear ly  in discharge 
caused the min imum and the rise in the open-c i r -  
cuit potential ,  and tha t  the lat t ice of a-PbO~ did not 
undergo this expansion.  Powder  x - r a y  diffraction 
pa t te rns  of the oxide films were  made for fl-PbO,~ 
before and af ter  the first d ischarge (point  c and d 
in curve 3 of Fig. 1). Pa t te rns  were  also before  and 
af ter  the first discharge of a-PbO~. The fi-PbO~ pa t -  
terns  fai led to reveal  any apprec iable  shift  in the 
lines which would indicate  an expansion of the 
lattice.  If the expansion does occur, it is too small  to 
detect  by this method.  

Discussion 

The studied discharge characteristics of the two 
modifications of PbO~ in 0.1M H~SO4 show tha t  the 
PbSO, produced on the discharge of ~-PbO~ remains  
as a t ight ly  adher ing film on the surface of the re -  
maining undischarged a-PbO~, and tha t  produced 
on discharge of fl-PbO,~ remains  only in pa r t  on the 
surface and not as a film but  as widely  dispersed 
crys ta l l ine  nuclei. This suggests that  the discharge 
mechanism of the two forms may  be quite different. 
The adheren t  PbSO4 film on the a-PbO2 electrode 
suggests tha t  the  P b ( I I )  reduct ion product  reacts  
wi thout  leaving the electrode surface to form PbSO,. 
The corresponding product  in the reduct ion of fi-PbO._, 
passes into solution and then deposits on exist ing 
PbSO, crystals,  only par t  of which are on the sur -  
face. Exper iments  in 4.4M H~SO4 e lec t ro ly te  (9) 
seem to indicate  that  an adheren t  PbSO4 film forms 
of both modifications on discharge.  Al though the 
discharge proper t ies  of PbO2 electrodes in the more 
concentrated acid e lectrolytes  and the conclusions 
d rawn from these proper t ies  (9) were,  for the most 
part ,  ve ry  different  from those of this s tudy in 0.1M 
H_~SO.,, these differences are not too surprising.  A 
previous s tudy of the discharge proper t ies  of fl-PbO._, 
as a function of H,.,SO~ concentra t ion in the e lect ro-  
lyte  (3) also revealed  unexpec ted  resul ts  at the 
h igher  acid concentrations.  The magni tude  of the 
overpotent ia ls  was at a min imum at about 0.1M 
H_~SO~, and the rates  of growth and decay of po la r -  
ization were  at a m a x i m um  at this value. No sat is-  
fac tory  explana t ion  of this behavior  has ye t  been 
found. 

The discharge character is t ics  of the electrodes 
consisting of a th in  l ayer  of a-PbO_, be tween the Pt  
surface and the B-PbO.. l ayer  indicate  tha t  the outer  
B-PbO. layer  reacts  first, and not unt i l  this layer  
has been nea r ly  exhaus ted  does the a-PbO~ layer  
begin to react.  This is in agreement  wi th  the con- 
clusions d rawn  by Ikar i ,  Yoshizawa, and Okada  (9) 
for the discharge of a s imi lar  electrode in 4.4M 
H~SO,. These authors  found, however ,  two dist inct  
p la teaus  in the discharge curve, whi le  only one p la -  
teau was observed under  the conditions of this  pa -  
per. They, also, found one min imum which preceded 
the f i r s tp l a t eau .  R~ietschi and Cahan (6) found two 
pla teaus  and two minima in the discharge curves 
of thei r  two layer  electrodes, which consisted of a 
layer  of an ~-PbO..-fl-PbO2 mix tu re  (4) be tween  a 
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Pb or Pb alloy surface and a pure  fi-PbO2 layer .  
They suggested tha t  the a-PbO~ probab ly  discharged 
first. Al though it is possible to argue that  the mod-  
ification having the higher  electrode potent ia l  might  
discharge first at  low current  densities,  tha t  is not 
p robable  wi th  the re la t ive ly  la rge  apparen t  cur rent  
densit ies (0.1-1.0 m a / c m  ~) used in all these in-  
vestigations.  Under  these conditions the species, 
/~-PbO,, which is in more  immedia te  contact wi th  
the electrolyte ,  wi l l  d ischarge first. 

The discharge curves of the electrodes consisting 
of a thin layer  of fi-PbO~ between the Pt  surface 
and the thin outer  l aye r  of a-PbO~ indicate  tha t  the 
~-PbO~ alone star ts  to reduce first ( ini t ia l  p l a t eau ) ,  
fol lowed by  a "mixed"  reduct ion of both forms (sec- 
ond p la t eau ) ,  and finally a reduct ion of the fi-PbO~ 
only ( th i rd  p la teau) .  
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Electrolytic Polarization Resulting from Longitudinal 
Current in Electrodes 

Walter W. Harvey 
Lincoln Laboratory,~ Massachusetts Institute o~ Technology, Lexington, Massachusetts 

Longi tudina l  cur rent  in a meta l  wire  contact ing 
an e lec t ro ly te  leads to polar izat ion of the in te r -  
phase. If the var ia t ion  in potent ia l  wi th in  the meta l  
along the contact wi th  the e lect rolyte  is not  neg-  
l ig ibly  small, i.e., if the resis tance or longi tudina l  
cur ren t  is sufficiently large,  some port ion of the cur-  
ren t  wi l l  be conducted th rough  the electrolyte.  That  
this must  be so can be seen f rom the fol lowing a r -  
gument.  With  no current  flowing in the wire  or in 
the electrolyte,  the magni tude  of the  potent ia l  d i f -  
ference (p.d.) be tween  the in ter ior  of the e lec t ro-  
ly te  and the in ter ior  of the wire  wi l l  be the same 
over the  ent i re  length of the wire;  measured  wi th  
respect  to a reference half-cel l ,  this  difference in 
potent ia l  is the  "res t  potent ia l"  of the given me ta l -  
e lect rolyte  half-cel l .  If now a p.d. is impressed across 
the ends, causing cur ren t  to flow through the wire,  
the resul t  is tha t  different  par t s  of the wire  wi l l  be 
at  different  potent ials ,  so tha t  the  me ta l - e l ec t ro ly t e  
p.d. can equal  the res t  potent ia l  at only one posit ion 
along the contact. I t  follows tha t  e lectrolysis  wi l l  
take place, the cur ren t  densit ies normal ly  being 
greates t  at  the ends of the me ta l - e l ec t ro ly t e  contact,  
where  the anodic and cathodic overpotent ia ls  have 
thei r  max imum values?  S imi la r  considerat ions have 
been expressed before,  pa r t i cu l a r ly  wi th  reference 

I O p e r a t e d  w i t h  s u p p o r t  f r o m  the  U.S.  A r m y ,  N a v y ,  a nd  A i r  Force .  

z Th i s  s t a t e m e n t  r e q u i r e s  mod i f i c a t i on  i f  p a s s i v a t i o n  effects are  
en coun t e r ed .  

to pa l l ad ium wires  containing hydrogen  (1, 2);  
however,  to the author ' s  knowledge,  the p rob lem 
has not  prev ious ly  been analyzed quant i ta t ive ly .  

For  the reasons indicated,  the appor t ionment  of 
cur rent  be tween wire  and e lect rolyte  wil l  not be 
de te rmined  by the rat io of thei r  resistances,  as for 
a para l le l  a r r angemen t  of resistors,  but  (for a given 
wire)  by the cur ren t  dens i ty -overpo ten t i a l  char -  
acteris t ic  of the given electrode mate r i a l  in the 
given electrolyte.  Owing to polarizat ion,  the in-  
s tantaneous current  across the  contact  can be con- 
s iderab ly  grea te r  than the s teady value, so tha t  the 
apparen t  resis tance of an immersed  wire  from a-c  
measurements  would be expected to decrease wi th  
increasing frequency (3). It goes without saying that 
the significant current density-overpotential char- 
acteristic is that pertaining to the conditions of the 
resistance measurement, e.g., instantaneous or 
steady-state current densities for the d-c charac- 
teristic. It is equally clear that the desired charac- 
teristic would not be obtained using a fine wire 
electrode because of the anticipated nonuniform cur- 
rent density distribution. 

Although we shall not be concerned here with map- 
ping the paths of current flow in the electrolyte, it is 
reasonable to conclude that they extend to some 
small distance from the interface. Thus, in the im- 
mediate vicinity of the wire, the electric field in the 
electrolyte has a longitudinal component. If it is 
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Fig. 1. Distribution of longitudinal current in a wire contacting 
an electrolyte. 

true that the establishment of a potential gradient 
in a wire leads to current flow in the surrounding 
electrolyte, the converse must also be true. Accord- 
ingly, if a second wire is placed close to the wire 
carrying current, some current will flow in the sec- 
ond wire in addition to that flowing in the electro- 
lyte. Apar t  from magnetic effects, therefore, an ar-  
rangement  of closely situated parallel wires im- 
mersed in an electrolyte would be expected to ex- 
hibit coupling in a-c impedance measurements (4). 

Der iva t ion  o f  the  Po ten t ia l  D i s t r ibu t ion  

We treat  the case of a uniform wire, a portion 
of whose surface contacts an electrolyte. The x-d i -  
rection is taken parallel to the wire, and I~ denotes 
the longitudinal current  in the wire. I~ varies with 
position along the wire-electrolyte contact, having 
a minimum value at the position of zero overpo- 
tentiaI (see Fig. 1); in the pre-contact  regions, x 
0 and x > l, L has the value I. 

At points in the electrolyte sufficiently removed 
from the wire, the potential will be unaffected by 
longitudinal current  in the wire. Thus, the p.d. be- 
tween interior of the electrolyte and interior of 
the wire will vary  as the potential V ( x )  in the wire. 
That is, 

d d V  

dx  dx  

The total metal-electrolyte p.d. appropriate to Eq. 
[1] is made up of a potential drop across the inter- 
phase plus any additional potential drop in the body 
of the electrolyte: 

(f}rnetal - -  e e l  ..... lyre = h~b,.t..,~.~. + Ar ......... [2] 

The electrolytic overpotentia] v(x) is determined 
by the potential drop across the interphase; more 
particularly, 
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d dn 
- -  ( a r  = - -  [ 3 ]  
dx  d x  

Therefore, to the extent that  A~bo,e~tro,yte is small in 
comparison to Ar .... the gradients of potential 
and overpotential will be equal. 

The potential gradient along the wire is 

dV p 
- -  - -  - -  1 .  [ 4 ]  

dx ~rr ~ 

where p is the resistivity, and r the radius of the 
wire. We write the complete electrolytic current 
density-overpotential  characteristic as j = j(~),  
assigning positive values to j and v for anodic polar-  
ization. Then the integrated electrolytic current  at 
position x is given by 

i = 2~rr f ' j  (~) dx  [5] 
0 

whereupon L may be formulated as 
$ 

L = I - -  2~rr] j (~)dx [6] 
0 

and the potential gradient as 

d V  P I + j (~)dx [7] 
d x  ~r ~ r 

According to our basic postulate, d V / d x  may be 
set equal to d v / d x ,  so that on taking derivatives 
Eq. [7] becomes 

x 

d ~ 7 /  2p d ~o 
d x  ~ r d x  J ( v ) d x  [8] 

from which we wish to obtain v = v(x) .  Substituting 
f (x )  for j (v), the derivative of the integral is sim- 
ply f (x ) ,  leading to 

d~v 2p J(v) = 0 [9] 
dx:  r 

subject to the boundary conditions 

d~ ) ,  d~ )~ pI [10] 
dx  :o dx  : ~ ~r 2 

A possible distribution of potential along the wire 
in accordance with Eq. [9] and conditions [10] is 
shown in Fig. 2. Identical considerations apply to a 
metal strip; the potential distribution for a thin 
strip is given by Eq. [9], with the radius r of the 
wire replaced by the thickness ~ of the strip. 

Unless J(v) has a part icularly simple form, it 
will not be possible to obtain an analytical solution 
to Eq. [9]. We illustrate the procedure for a linear 
characteristic J(V) = by, such as often pertains at 
potentials not too far removed from the rest poten- 
tial. It is evident that for a linear characteristic, v 
will be zero at x = 1/2. The equation 

d% 2p 
- -  b y  = o [ 1 1 ]  

dx  ~ r 

obtained by substituting J(v) = b~ into Eq. [9] has 
the general solution 

~7 = c~e ~ + c~e -~ [12] 
where 

a = (2pb / r )  ~/~ [13] 
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The cons tan t s  c~ and  c~ are eva lua t ed  f rom the  
b o u n d a r y  condi t ions  [10] lead ing  to the  fo l lowing 
ana ly t i ca l  so lut ion 

~IIb 
7 -- [ ( e  ~ 1)e ~ -t- (e ~  1)e -"~] [14] 

47rr s inh al 

Using  this  resul t ,  the c u r r e n t  car r ied  by  the elec-  
t ro ly te  is eva luab l e  e i ther  as the  tota l  anodic  c u r r e n t  

i §  b 7dx- - - - I  1 - - s e c h  [15] 
2 

or the to ta l  cathodic c u r r e n t  

I i_ = 2=r f ,/.., b 7 dx  [16] 

with,  of course, 
i + + i _ = 0  [17] 

For  the  genera l  charac ter i s t ic  9(7), the  tota l  e lec-  
t rolysis  c u r r e n t  is ob ta ined  f rom 

i+ = 2~r f:'--~ j ( 7 ) d x  [18] 

R e m a r k s  

The d i s t r ibu t ions  of po ten t i a l  and  l ong i tud ina l  
cu r r en t  in  an immersed  me ta l  wi re  t h rough  whose 
ends a c u r r e n t  I ~s passed are seen to be d e t e r m i n e d  
by  the rad ius  and  res i s t iv i ty  of the wire,  the  l eng th  
of the contact  wi th  the  electrolyte ,  and  the c u r r e n t  
d e n s i t y - o v e r p o t e n t i a l  charac ter i s t ic  J(7).  The re -  
s is t iv i ty  of the  e lect rolyte  does not  en te r  expl ic i t ly  
since its inf luence is indirect ,  be ing  confined to po la r -  
izat ion effects which  are inc luded  in  the  measu red  
J (7). The  analys is  on which the  foregoing s t a t emen t s  

~_~x )x= 0 p d3 d~ -~-I TX)x=o =- P P I :- Tz  ~)x:O: A 2 

d'r/ d'r/ p "I" 

d x /x =J. A 

Fig. 3. Boundary conditions for (a) longitudinal current in an im- 
mersed wire, (b) a wire electrode with metallic contact at one end, 
(c) a wire electrode with metallic contacts at both ends. A = ~r ~. 

are based presupposes  the  condi t ion  A~, ... .  ,~,~, > >  
• ..... If this  condi t ion  does no t  p e r t a i n  in  a 
prac t ica l  case, detai ls  of the c u r r e n t  flow in  the  e lec-  
t ro ly te  mus t  be worked  out. E v e n  so, the me thod  of 
t r e a t m e n t  developed above should p rov ide  a use fu l  
a p p r o x i m a t i o n  to the ac tua l  d i s t r ibu t ions  of po t en t i a l  
and  c u r r e n t  in  the wire.  

In  most  ins tances ,  the  f rac t ion  of c u r r e n t  con-  
ducted  th rough  the e lec t ro ly te  wi l l  be small .  For  ex-  
ample,  for a 10-cm leng th  of 10-rai l  p l a t i n u m  wi re  
and  for a l i nea r  charac ter i s t ic  wi th  b = 100 m a / v ,  
i+/I would  be 0.002 according to Eq. [15],  inc reas ing  
rough ly  p ropo r t i ona l ly  wi th  b. However ,  for a ve ry  
t h i n  meta l  s t r ip or film, or for a semiconductor ,  the  
f rac t ion  can be appreciable .  For  a 10-cm leng th  of 
0.00005-in. gold sheet  and  for the same J(7) as in  the  
prev ious  example ,  the e lect rolyt ic  c u r r e n t  wou ld  be 
5% of the  total.  

The basic Eq. [9] can be appl ied  to o ther  s i tua t ions  
of in te res t  i nc l ud i ng  tha t  of a wi re  e lect rode of the  
usua l  sort, w i th  meta l l ic  contact  at one end, or a 
wi re  electrode,  poss ib ly  in  the  form of a wide  loop, 
wi th  meta l l i c  contacts  at  both  ends. The  th ree  con-  
f igurat ions which  have  been  considered  are com- 
pared  in  Fig. 3, where  the  appropr i a t e  b o u n d a r y  con-  
d i t ions  are also to be  found.  

Manuscript  received Nov. 30, 1961. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in the June  1963 JOURNAL. 

REFERENCES 
1. C. A. Knorr  and E. Schwartz, Z. Elektrochem., 39, 

281 (1933). 
2. See J. C. Barton and F. A. Lewis, Trans. Faraday 

Soc., 58, 103 (1962) for an account of recent work 
and references to the early l i terature.  

3. G. M. Schmid and N. Hackerman,  This Journal, 1{}7, 
647 (1960). 

4. G. M. Schmid and N. Hackerman,  ibid., 107, 142 
(1960). 



The Anodic Dissolution of Nickel in Acetonitrile 

Thomas C. Franklin and Charles R. Parsons 1 

Chemistry Department, Baylor University, Waco, Texas 

Nickel  n o r m a l l y  occurs in  solut ion as n i c k e l ( I I ) .  
However ,  there  are a n u m b e r  of complex  compounds  
con ta in ing  n i c k e l ( I )  (1) .  N i ( I )  has also been  pos tu -  
la ted as an  i n t e r m e d i a t e  in  the e lec t rodeposi t ion  of 
n icke l  (2) and  anodic  d issolu t ion  in  aqueous  sys-  
tems (3) .  It  has also been  ind ica ted  tha t  n icke l  
dissolves anodica l ly  in  ace toni t r i le  to produce  a 
m i x t u r e  of n i c k e l ( I )  and  (II)  (3) .  This  is a repor t  
of a f u r t h e r  inves t iga t ion  of the anodic  d issolu t ion  of 
n icke l  in  d i m e t h y l f o r m a m i d e  and  acetoni t r i le .  

Experimental Method 

Determination of oxidation number by weight loss 
of nickeL--The electrolysis  cell was a 400 ml  beake r  
con ta in ing  a 100 m l  porous  porce la in  cup as the  
anode compar tmen t .  The cons tan t  c u r r e n t  was  sup-  
pl ied by  a r egu la t ed  500v d-c  power  supply  and  
a series resistor.  Most of the  r u n s  were  for 1000 to 
5000 sec wi th  a c u r r e n t  of a p p r o x i m a t e l y  0.1 amp 
and  a c u r r e n t  dens i ty  of a p p r o x i m a t e l y  0.0004 a m p /  
cm ~. The c u r r e n t  was m a i n t a i n e d  cons tan t  by f re -  
q u e n t  m a n u a l  ad jus tmen t .  The cathode and  anode 
were  coils of 14 gauge  n icke l  wire.  

F i sher  certified Reagen t  Grade  ace toni t r i le  and  
d i m e t h y l f o r m a m i d e  were  used as solvents .  T e t r a -  
m e t h y l a m m o n i u m  chloride was used as an  e lec t ro-  
ly te  in  bo th  the  anode and  cathode compar tmen t s .  

Determination of nickel(H) concentration in so- 
lution.--In order  to check on the  poss ib i l i ty  of n icke l  
en t e r i ng  solut ion by  a secondary  process a color-  
imet r i c  compar i son  was  made  b e t w e e n  the a m o u n t  
of n i c k e l ( I I )  in so lu t ion  and  the  a m o u n t  of 
n i c k e l ( I I )  tha t  wou ld  be expected in  solut ion if 
the  n icke l  had dissolved as n i c k e l ( I I ) .  

The s t a n d a r d  curve  for n i c k e l ( I I )  was p r epa red  
by  d issolv ing 23 mg of dr ied  r eagen t  grade  n icke l  
chlor ide in  100 ml  of acetoni t r i le .  This  was t hen  
d i lu ted  to form a series of s t anda rds  and  m e a s u r e d  
on a Kle t t  S u m m e r s o n  color imeter .  

The anodic  d issolu t ion  curves  were  ob ta ined  us -  
ing an  appa ra tu s  and  p rocedure  s imi la r  to tha t  of 
F r a n k l i n  and  Roth  (4) in  which  the  anode compar t -  
ment ,  the cell of a K le t t  S u m m e r s o n  color imeter ,  
was connec ted  by  an  ace toni t r i le  t e t r a m e t h y l a m -  
m o n i u m  chlor ide br idge  to the  cathode compar t -  
ment .  A cons tan t  c u r r e n t  of 0.0020 amp was passed 
( a p p r o x i m a t e l y  0.0002 amp/cm~) ,  and  the col- 
o r imete r  read ings  were  t aken  at r egu la r  in te rva ls .  
The cell was open to the a tmosphere ,  bu t  it was  
b u b b l e d  w i th  n i t r ogen  pr ior  to and  d u r i n g  the  
anodic  dissolut ion.  

Coulometric titration of nickel(I) .--In order  to 
d e t e r m i n e  if n i c k e l ( I )  were  ac tua l ly  p resen t  in 

1 A s t u d e n t  a t  La  Vega J u n i o r  H i g h  School ,  Waco,  Texas ,  a t  t h e  
t i m e  th i s  w o r k  was  done.  He is now a s t u d e n t  a t  Doug la s  M a c A r t h u r  
H i g h  School ,  S an  An ton io ,  Texas.  

solut ion,  the solut ion was t i t r a t ed  coulomet r ica l ly  
wi th  iodine. I t  was ve ry  difficult to detect  v i sua l ly  
the iodine color in  the solut ion a l r eady  colored w i th  
n ickel ;  therefore ,  the  K l e t t - S u m m e r s o n  color imeter  
was aga in  used. Fo l lowing  an  anodic  d issolu t ion  run ,  
po tass ium iodide was added to the  solut ion.  The 
coloriraeter  filter was changed  f rom the  red one 
used wi th  n icke l  d issolut ion to a g reen  one, and  the  
co lor imeter  zero a d j u s t m e n t  was changed  to coin-  
cide wi th  the r e a d i n g  before  the  filter change.  The 
n icke l  anode was replaced  wi th  p l a t i n u m  wi re  and  
a c u r r e n t  of 2.0 ma  was  passed. The color imetr ic  
read ings  were  recorded as a f unc t i on  of t ime. 

Results and Analysis of Results 
The e xpe r i me n t s  on the  loss in  we igh t  of the  n icke l  

anode showed tha t  in all  e xpe r i me n t s  in  ace toni t r i le  
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Fig. 1. Anodic  dissolution of nickel  in aceton i t r i le  using a color i -  
metric ceulometer: X, standardization curve of nickel (11) pre- 
pared from nickel (11) chloride; ~ ,  o, e, runs 1, 2, and 3 for the 
anodic dissolution of nickel in acetonitrile. 
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Fig. 2. Anodic dissolution of nickel in acetonitrile and coulometric 
titration of nickel (I) in a colorimetric coulometer: x, standardiza- 
tion curve of nickel (11) prepared from nickel (11) chloride; �9 
anodic dissolution and titration curve for the titration of nir (I). 
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and  d i m e t h y l f o r m a m i d e  n i cke l  d i s so lved  w i t h  an  
o x i d a t i o n  n u m b e r  less  t h a n  two.  In  d i m e t h y l f o r m a -  
m i d e  the  a v e r a g e  o x i d a t i o n  n u m b e r  for  5 runs  was  
1.66• F o r  a c e t o n i t r i l e  e x p e r i m e n t s  the  a v e r a g e  
o x i d a t i o n  n u m b e r  for  t w e l v e  runs  was  1.39• 

F i g u r e  1 shows  t y p i c a l  d a t a  on the  c o m p a r i s o n  
of the  n i c k e l ( I I )  c o n c e n t r a t i o n  in  so lu t ion  as d e -  
t e r m i n e d  c o l o r i m e t r i c a l l y  w i t h  t h a t  t ha t  w o u l d  be  
in so lu t ion  if  the  n i c k e l  h a d  d i s so lved  as n i c k e l ( I I ) .  
As can be  seen  in a l l  cases, t h e r e  was  less n i c k e l ( I I )  
in so lu t ion  t h a n  w o u l d  be  e x p e c t e d  if n i c k e l ( I I )  
w e r e  t he  on ly  anodic  p roduc t .  

F i g u r e  2 shows  a t y p i c a l  r u n  in  wh ich  the  n i cke l  
was  a n o d i c a l l y  d i s so lved  up  to p o i n t  A. P o t a s s i u m  
iod ide  was  t hen  added ,  and  the  n i cke l  a n o d e  was  
r e p l a c e d  w i t h  a p l a t i n u m  anode.  As  can  be  seen, 
the  n i c k e l ( I )  is t i t r a t a b l e  w i t h  t he  iod ine  g e n e r a t e d ,  
and  the  s u d d e n  b r e a k  at  B is t he  e n d  po in t  for  th is  
t i t r a t i on .  The  d i s p l a c e m e n t  of t he  anod ic  d i s so lu -  
t ion  c u r v e  ind ica t e s  t h a t  2.0 cou lombs  of n i cke l  
d i s so lved  as n i c k e l ( I ) .  The  t i t r a t i o n  ind i ca t e s  t h a t  
0.7 cou lombs  of n i cke l  was  p r e s e n t  in so lu t ion  as 
n i c k e l ( I ) .  In  a l l  e x p e r i m e n t s  t he  a m o u n t  t i t r a t e d  

was  less t h a n  the  c o l o r i m e t r i c  d a t a  i n d i c a t e d  i t  
shou ld  have  been,  p r o b a b l y  because  of a i r  o x i d a t i o n  
s ince  t he  s y s t e m  was  open  to t he  air .  

In  s u m m a r y ,  i t  has  been  shown  t h a t  n i cke l  d i s -  
solves  a n o d i c a l l y  in  a c e ton i t r i l e  and  d i m e t h y l f o r m a -  
m i d e  con ta in ing  t e t r a m e t h y l a m m o n i u m  ch lo r ide  as 
a m i x t u r e  of n i c k e l ( I )  and  n i c k e l ( I I ) .  The  n i c k e l ( I )  
was  shown  to be  s t ab le  enough  in a c e ton i t r i l e  to be  
t i t r a t e d  w i t h  iodine .  

Manuscr ip t  received Dec. 18, 1961; revised manuscr ip t  
received Feb.  21, 1962. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1963 JOUENAL. 
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On the Crystallinity of GaAs Grown Horizontally 
in Quartz Boats 

L. R. Weisberg, J. Blanc, and E. J. Stofko 

RCA Laboratories, Radio Corporation ol America, Princeton, New Jersey 

W h i l e  t r a n s p a r e n t  fused  q u a r t z  boa t s  h a v e  been  
p r e v i o u s l y  f o u n d  to p r o v i d e  the  h ighes t  p u r i t y  G a A s  
g r o w n  b y  t h e  h o r i z o n t a l  B r i d g m a n  t e c h n i q u e  (1) ,  
the  c r y s t a l l i n i t y  of the  G a A s  has  f r e q u e n t l y  been  
u n s a t i s f a c t o r y .  The re fo re ,  a s t u d y  has  been  c a r r i e d  
out  of f ac to rs  af fec t ing  the  c r y s t a l l i n e  q u a l i t y  of 
GaAs ,  such as boa t  t r e a t m e n t ,  a r sen ic  p r e s su re ,  f u r -  
nace  g rad i en t ,  g r o w t h  speed,  me l t  t e m p e r a t u r e ,  i m -  
pu r i t i e s ,  and  seeding.  O v e r  50 c rys t a l s  h a v e  been  
p r e p a r e d ,  each  r o u g h l y  9 cm long,  and  w e i g h i n g  
20g. S u b s e q u e n t  to g rowth ,  t he  c r y s t a l s  w e r e  e x -  
a m i n e d  for  su r f ace  m a r k i n g s  be fo re  a n d  a f t e r  " s a n d "  
b las t ing ,  and  s amp le s  w e r e  r e m o v e d  for  emiss ion  
s p e c t r o g r a p h i c  ana lys i s  and  H a l l  m e a s u r e m e n t s .  
S e v e r a l  ingots  t h a t  w e r e  e s s e n t i a l l y  s ingle  c r y s t a l s  
w e r e  x - r a y  a n a l y z e d  for  t h e i r  a x i a l  o r i en ta t ion .  
P r i o r  to g rowth ,  the  t r a n s p a r e n t  fu sed  q u a r t z  boa t s  
w e r e  g iven  e i t he r  of two  c l eans ing  t r e a t m e n t s :  boa t s  
w e r e  e i t he r  e t ched  in H F  ac id  for  10 min ,  or  a l t e r -  
na t i ve ly ,  sand  b las t ed .  In  e i t he r  case, t he  f inal  t r e a t -  
m e n t  was  an  e tch  in 1:1 HCl :HNO3 ac id  fo l l owed  
b y  e x t e n s i v e  r ins ing .  

Two fac to rs  w e r e  o b s e r v e d  to h a v e  a m a j o r  effect  
on the  c r y s t a l l i n i t y ,  n a m e l y ,  the  boa t  t r e a t m e n t  and  
the  a r sen i c  p re s su re .  Conce rn ing  the  fo rmer ,  c r y s -  
t a l s  g r o w n  in H F  t r e a t e d  boa t s  g e n e r a l l y  h a d  a poor  
c r y s t a l  s t ruc tu re ,  w i t h  m a n y  s m a l l  a n g l e  g r a i n  
b o u n d a r i e s  r u n n i n g  t h r o u g h  the  c rys ta l .  H o w e v e r ,  
c ry s t a l s  g r o w n  in sand  b l a s t e d  boa t s  a t  g r o w t h  
speeds  of 1.9 c m / h r  w e r e  cons i s t en t ly  of good q u a l -  
i ty .  V i sua l  o b s e r v a t i o n  of t he  ingo t  cross  sec t ion  

s h o w e d  tha t ,  w i t h o u t  excep t ion ,  ingots  w i t h  good 
c r y s t a l l i n i t y  w e t  t he  boa t  e i t he r  no t  a t  a l l  or  to 
on ly  a s m a l l  degree .  H o w e v e r ,  t he  absence  of w e t -  
t ing  p r o v e d  to be  on ly  a n e c e s s a r y  cond i t ion  for  
good c r y s t a l l i n i t y  and  no t  a sufficient  one,  s ince  
m a n y  p o l y c r y s t a l l i n e  ingots  w e r e  p r o d u c e d  in H F  
t r e a t e d  boa t s  w h e n  no w e t t i n g  occur red .  F u r t h e r -  
more ,  n u c l e a t i o n  of n e w  g r a i n s  could  no t  be  c o r r e -  
l a t e d  d i r e c t l y  w i t h  p l ace s  w h e r e  w e t t i n g  of t he  
boa t  occur red .  These  r e su l t s  sugges t  t h a t  t he  c r y s -  
t a l l i n i t y  can  be  af fec ted  in p a r t  b y  a g r o w t h  po i son  
(2)  w h i c h  is i n t r o d u c e d  b y  the  H F  e tch ing  of t he  
q u a r t z  boat .  The  effect of s and  b l a s t i ng  the  boa t  
is bo th  to p r e p a r e  a m o r e  pa s s ive  su r face  and  also 
to r e d u c e  the  con tac t  a r e a  b e t w e e n  the  m e l t  a n d  the  
boat .  

The  second  m a j o r  g r o w t h  f ac to r  was  t he  a r sen ic  
p r e s s u r e  ove r  t h e  mel t .  A ser ies  of 22 G a A s  c r y s -  
t a l s  w e r e  g r o w n  w i t h  a r s e n i c  r e s e r v o i r  t e m p e r a t u r e s  
b e t w e e n  585 ~ and  660~ us ing  g r o w t h  speeds  of 
e i t he r  1.3 or  1.9 c m / h r .  W h e n  a r e s e r v o i r  t e m p e r a -  
t u r e  b e l o w  600~ was  e m p l o y e d ,  the  m e l t  h a d  a 
s t rong  t e n d e n c y  to supercool ,  a n d  t h e  ingo t s  w e r e  
p o l y c r y s t a l l i n e .  As  h i g h e r  a r sen ic  t e m p e r a t u r e s  w e r e  
used,  the  c r y s t a l l i n i t y  c o n t i n u a l l y  i m p r o v e d ;  h o w -  
ever ,  p o r o s i t y  b e g a n  to occur ,  due  to t he  escape  of 
excess  a r sen i c  a t  t he  f r eez ing  in te r face .  P o r o s i t y  
was  e n c o u n t e r e d  at  640~ us ing  a g r o w t h  speed  of 
1.3 c m / h r . ,  and  a t  630~ us ing  a g r o w t h  speed  of 
1.9 c m / h r .  H o w e v e r ,  the  p o r o s i t y  does  no t  d e s t r o y  
the  c r y s t a l l i n i t y ,  s ince  n e a r l y  s ing le  c r y s t a l s  of 
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G a A s  h a v e  been  p r e p a r e d  w i t h  an  a r sen ic  t e m p e r a -  
t u r e  of 640~ w i t h  a g r o w t h  speed  of 1.9 c m / h r .  
In  gene ra l ,  an  a r sen ic  t e m p e r a t u r e  of 625~176 
is d e s i r a b l e  for  good c r y s t a l l i n i t y .  

O n l y  m i n o r  and  i ncons i s t en t  effects  on  t h e  c r y s -  
t a l l i n i t y  w e r e  p r o d u c e d  b y  mos t  o t h e r  g r o w t h  fac to r s  
such as v a r i a t i o n s  in g r o w t h  speed  b e t w e e n  0.4 and  
2 c m / h r ,  f u r n a c e  t e m p e r a t u r e  g r a d i e n t s  b e t w e e n  5~ 
and  24~ p e r  cm across  the  f r eez ing  in t e r face ,  a n d  
m e l t  t e m p e r a t u r e s  b e t w e e n  1250 ~ and  1275~ W i t h  
r e spec t  to s eed ing  e x p e r i m e n t s ,  i t  was  o b s e r v e d  f irst  
t h a t  t h e r e  was  no m a r k e d  p r e f e r r e d  g r o w t h  d i r e c -  
t ion  for  GaAs .  Of t en  u n s e e d e d  s ingle  c rys ta l s ,  none  
h a d  o r i en t a t i ons  close to t he  t h r e e  p r i n c i p a l  c r y s t a l -  
l og raph i c  d i r ec t ions  ~ 0 0 1 > ,  ~ 0 1 1 ~ ,  and  ~ 1 1 1 ~ ,  
and  on ly  fou r  had  o r i en t a t i ons  a t  a l l  close to each  
other ,  c lu s t e r ing  a b o u t  t he  ~ 0 1 3 ~ .  T w e n t y - o n e  
G a A s  c rys t a l s  w e r e  g r o w n  us ing  seeds  w i t h  e i t he r  a 
( 0 1 3 ) ,  ~ 1 1 2 ~ ,  or  ~ 0 1 1 )  o r i en ta t ion ,  b u t  t he  s e e d -  
ing  d id  no t  p r o d u c e  a s igni f icant  i m p r o v e m e n t  in 
the  c r y s t a l l i n i t y .  

No c o r r e l a t i o n  could  be  o b s e r v e d  b e t w e e n  the  
c r y s t a l l i n i t y  and  the  p r e s e n c e  of a n y  s p e c t r o g r a p h -  
i ca l ly  d e t e c t a b l e  i m p u r i t y  in t h e  a s - g r o w n  ingots ,  
w h i c h  c o n t a i n e d  si l icon,  m a g n e s i u m ,  copper ,  a l u -  
m i n u m ,  and  i ron  in quan t i t i e s  v a r y i n g  f rom 0.1 to 
50 p p m  in d i f fe ren t  c rys ta l s .  Next ,  a ser ies  of c r y s -  
ta l s  w e r e  g rown ,  d o p e d  s e p a r a t e l y  w i t h  e i t he r  s i l -  
icon, oxygen ,  c a rbon  monox ide ,  w a t e r  vapor ,  h y -  
d rogen ,  or  copper .  No no t i c eab l e  effect on the  c r y s -  
t a l l i n i t y  occu r r ed  for  add i t i ons  of up  to 0.04 mg of 
oxygen ,  0.8 mg  of c a rbon  monox ide ,  0.03 m g  of 
h y d r o g e n ,  a n d  1 m g  of copper .  In  two  a t t e m p t s ,  a d -  
d i t ions  of 1 m g  of s i l icon caused  the  m e l t  to w e t  

the  boa t  a p p r e c i a b l y ,  and  the  c r y s t a l l i n i t y  was  poor ,  
i n d i c a t i n g  t ha t  t he  s i l icon ac t ed  d i f f e r en t l y  w h e n  
a d d e d  in e l e m e n t a l  f o rm  t h a n  w h e n  i n t r o d u c e d  due  
to r e a c t i o n  w i t h  the  boa t  in an  a s - g r o w n  ingot  w h e r e  
o x y g e n  m a y  be  s i m u l t a n e o u s l y  i n t roduced .  W a t e r  
v a p o r  h a d  the  mos t  p r o n o u n c e d  effect. Two  ingots ,  
one d o p e d  w i t h  56 mg and  t h e  o t h e r  w i t h  0.5 mg  
of w a t e r ,  a d h e r e d  v e r y  b a d l y  to the  boa t  r e s u l t i n g  
in v e r y  p o l y c r y s t a l l i n e  po rous  ingots  con t a in ing  
cracks .  In  add i t ion ,  the  w a t e r  v a p o r  caused  s eve ra l  
g r a m s  of t he  G a A s  ingot  to be  t r a n s p o r t e d  to  t h e  
cooler  end  of the  tube .  This  r e s u l t  imp l i e s  t h a t  t r a c e  
qua n t i t i e s  of w a t e r  vapor ,  p e r h a p s  due  to the  o u t -  
gass ing  of the  q u a r t z  ampou le ,  can be  de l e t e r ious  
to the  c r y s t a l l i n i t y  of GaAs .  
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Epitaxial Silicon Thin Films 
K. J. Miller, R. C. Manz, and M. J. Grieco 

Bell  Telephone Laboratories, Incorporated, Murray  Hill, N e w  Jersey  

S t u d y  of s i l icon e p i t a x i a l  f i lm g r o w t h  b y  t h e  h y -  
d r o g e n  r e d u c t i o n  of s i l icon t e t r a c h l o r i d e  (1)  has  
s h o w n  t h a t  cons t an t  depos i t i on  t e m p e r a t u r e  af fords  
a h igh  deg ree  of r u n - t o - r u n  t h i cknes s  r e p r o d u c i -  
b i l i ty .  The  p rocess  has  been  f o u n d  to have  a v e r -  
s a t i l i t y  e spec i a l l y  u se fu l  for  f a b r i c a t i o n  of g r o w n  
junc t ions .  

H y d r o g e n  was  b u b b l e d  t h r o u g h  t h e r m o s t a t e d  SiCL 
a n d  c a r r i e d  ove r  an  R. F. h e a t e d  (111) o r i e n t e d  s i l i -  
con s a m p l e  in a q u a r t z  r e a c t i o n  c h a m b e r .  I f  t h e  r e -  
ac t ion  

S i C L ( g )  q- 2H~(g) ~ S t ( s )  -k 4 H C I ( g )  

is a s s u m e d  to be  the  i dea l i zed  depos i t i on  r e a c t i o n  a n d  
r e a c t a n t s  and  p r o d u c t s  a r e  in  t h e i r  s t a n d a r d  s ta tes ,  
ca l cu la t ions  based  on d a t a  in t he  l i t e r a t u r e  (2)  
show t h a t  th is  r e a c t i o n  p roceeds  w i t h  the  a b s o r p -  
t ion  of hea t  a cco rd ing  to t he  e q u a t i o n  

AH~~ = 60.2x108--6.51T-k1.23x10-3T ~_ 
2.67x108T -1 ( 298-1000 ~  

The  s t a n d a r d  Gibbs  f ree  e n e r g y  change ,  AG ~ is f a -  
v o r a b l e  a b o v e  abou t  1225~ The  cu rve  o b t a i n e d  
f r o m  the  e q u a t i o n  

AG~ ~ (cal . )  z 60.2x103-t- 15.0TlogT--1.23x10-~T ~ 
--1.33x105T-~--85.9T (289-1000 ~  

was  e x t r a p o l a t e d  b e y o n d  1000~ The  flow con-  
d i t ions  d u r i n g  e p i t a x i a l  g r o w t h  f a v o r  the  r e a c t i o n  
p r o c e e d i n g  s p o n t a n e o u s l y  at  a l o w e r  t e m p e r a t u r e ,  
h o w e v e r ,  be c a use  of t he  a c t u a l  p r o d u c t  and  r e a c t a n t  
ac t iv i t ies ,  a, w h i c h  a r e  r e l a t e d  to t he  f r ee  e n e r g y  
change ,  AG, b y  the  e q u a t i o n  

a ~ c l  
AG = AG ~ -k R T  In 

a s i c l 4  a l l 2  ~ 

F i g u r e  1 shows  the  depos i t i on  r e a c t i o n  c h a m b e r .  
A P t - 1 0 %  R h - P t  t h e r m o c o u p l e  sens ing  e l e m e n t  p r o -  
v i d e d  a con t ro l  v o l t a g e  and  was  loca t ed  in a we l l  
d r i l l e d  in t he  suscep to r  on w h i c h  s a m p l e s  w e r e  
p laced .  The  con t ro l  t e m p e r a t u r e  o b t a i n e d  f r o m  t h e  
t h e r m o c o u p l e  was  he ld  cons t an t  to ~ • I~  The  
t e m p e r a t u r e  con t ro l  a p p a r a t u s  was  s i m i l a r  to  t ha t  
c o n v e n t i o n a l l y  used  for  g r o w i n g  s e mic onduc to r  
s ingle  c rys t a l s  f rom the  me l t  and  i n c l u d e d  a r e -  
c o r d e r - c o n t r o l l e r  (Leeds  and  N o r t h r u p  Co., Mode l  S 
A Z A R  r e c o r d e r  and  C.A.T. Con t ro l  Un i t )  u sed  w i t h  
a 10 kw,  4 M.C., R. F. ge ne ra to r .  S a m p l e  su r face  
t e m p e r a t u r e  was  m e a s u r e d  b y  an  op t ica l  p y r o m e t e r  
t h r o u g h  a r i g h t  ang le  p r i s m  and  a q u a r t z  op t ica l  
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Fig. 1. Epitaxial silicon deposition reaction chamber 

flat sea led  to the  top  of the  r e a c t i o n  c h a m b e r  as seen 
in Fig.  1. S a m p l e  t e m p e r a t u r e s  cou ld  be  m e a s u r e d  
op t i ca l l y  w i t h  a p rec i s ion  of -----3 ~ 

F i l m s  h a v e  been  depos i t ed  w i t h  SiCL c o n c e n t r a -  
t ions  of 1-2 mo le  % and  w i t h  1-3 l / r a i n  t o t a l  h y d r o -  
gen flows. Reac t ion  c h a m b e r s  used  h a v e  h a d  ins ide  
d i a m e t e r s  f rom 1 to 2 in. d e p e n d i n g  on s a m p l e  size. 
F i l m s  up  to 11/4 in. in d i a m e t e r  h a v e  been  depos i t ed  
in th is  a p p a r a t u s  us ing  bo th  s i l icon and  m o l y b d e n u m  
susceptors .  W h e n  h igh  r e s i s t i v i t y  s i l icon suscep to r s  
we re  used,  i n f r a r e d  l a m p s  w e r e  used  i n i t i a l l y  to hea t  
the  s i l icon to inc rease  R. F. coupl ing .  

W i t h  1/2 in. d i a m e t e r  subs t r a t e s ,  a r u n - t o - r u n  con-  
t ro l  of f i lm th i ckness  as a func t ion  of t ime  of d e p o s i -  
t ion  of a p p r o x i m a t e l y  +-3% was  o b t a i n e d  as c o m -  
p a r e d  w i t h  a +-15% r e p r o d u c i b i l i t y  u s u a l l y  o b t a i n e d  
for  m a n u a l  t e m p e r a t u r e  control .  F o r  a s a m p l e  t e m -  
p e r a t u r e  of 1200~ and  a 2 1 /min  h y d r o g e n  flow 
t h r o u g h  a 1 in. ID r e a c t i o n  c h a m b e r  and  w i t h  1.3 
mo le  % SiCI,, t he  r a t e  of depos i t i on  was  1.7 ~ /min .  
At  1300~ t h e  r a t e  was  found  to be  2.1 ~ /min .  These  
depos i t i on  ra t e s  g ive  A ( r a t e ) / A ( t e m p  ~ ~ 0 . 2 % /  
~ As  an  e x a m p l e ,  for  a 5 min  depos i t i on  a t  1250~ 
w i t h  a 1~ t e m p e r a t u r e  d i f fe rence  f rom the  con t ro l  
t e m p e r a t u r e ,  t he  f i lm th i ckness  d i f fe rence  shou ld  
be 0.02~ f rom a 9.5~ p r e d i c t e d  th ickness .  

Th icknesses  m e a s u r e d  i n t e r f e r o m e t r i c a l l y  b y  
a n g l e - l a p p i n g - s t a i n i n g  h a v e  been  found  to be  u n i -  
f o rm  w i t h i n  m e a s u r e m e n t  e r r o r  across  1/2 in. d i a m -  
e te r  subs t ra t e s .  H o w e v e r ,  f i lm smoothness  has  been  
found  to v a r y  across  s amp le s  in p r o p o r t i o n  to t h e  
smoo thness  of t h e  s u b s t r a t e  m a t e r i a l .  F o r  z/2 in. 
d i a m e t e r  s amp le s  no cen t e r  to edge  t e m p e r a t u r e  
g r a d i e n t  was  o b s e r v e d  d u r i n g  e p i t a x i a l  depos i t ion .  
F o r  11/4 in. d i a m e t e r  s amp le s  h e a t e d  on s i l icon sus -  
ceptors ,  a 20~176 t e m p e r a t u r e  g r a d i e n t  has  u s u -  
a l l y  been  obse rved ,  w h i c h  shou ld  c o n t r i b u t e  a p -  
p r o x i m a t e l y  0.5~ to a f i lm th i cknes s  v a r i a t i o n  for  10~ 
t h i c k  films. By  a n g l e - l a p p i n g - s t a i n i n g  across  11/4 in. 
d i a m e t e r  samples ,  i n t e r f e r e n c e  m e a s u r e m e n t s  have  
shown  m a x i m u m  d e v i a t i o n s  of +-0.5~ f r o m  5-6~ 
m e a n  th icknesses .  W h e n  11/4 in. d i a m e t e r  s a m p l e s  
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w e r e  h e a t e d  on m o l y b d e n u m  susceptors ,  th i s  t e m -  
p e r a t u r e  g r a d i e n t  was  o b s e r v e d  to be  a p p r o x i m a t e l y  
5~176 

H i g h e r  t e m p e r a t u r e  has  b e e n  f o u n d  to f a v o r  i n -  
c reased  o r i e n t a t i o n  of depos i t i ng  s i l icon a toms.  
E p i t a x i a l  g r o w t h  of s i l icon f i lms w i t h  a h igh  d e g r e e  
of c r y s t a l l i n e  p e r f e c t i o n  has  been  f o u n d  to r e q u i r e  
a 1200~176 t e m p e r a t u r e  of depos i t ion .  Us ing  t h e  
condi t ions  ou t l ined ,  f i lms g r o w n  b e l o w  1050~ of ten  
a r e  p o l y c r y s t a l l i n e ,  w h i l e  those  fi lms g r o w n  b e t w e e n  
1050 ~ and  1200~ g e n e r a l l y  h a v e  g r o w t h  defects .  

W a t e r - f r e e  as we l l  as o x y g e n - f r e e  h y d r o g e n  has  
been  n e c e s s a r y  to p r e v e n t  t he  f o r m a t i o n  of ox ide  
fi lms on s a m p l e  surfaces .  The  Deoxo  P u r i d r y e r  ( o b -  
t a i n e d  f r o m  E n g e l h a r d  Indus t r i e s ,  Inc . )  and  l i qu id  
n i t r o g e n  cold t r a p s  used  have  p r o v e n  a d e q u a t e  to 
m a i n t a i n  t he  m o i s t u r e  l eve l  b e l o w  1 ppm.  H o w e v e r ,  
a i r  as  we l l  as  dus t  p a r t i c l e s  a r e  i n t r o d u c e d  w h e n  
s a m p l e s  a r e  p l a c e d  in  t he  depos i t i on  a p p a r a t u s .  
S a m p l e  su r f ace  de fec t s  s o m e t i m e s  o b s e r v e d  a re  b e -  
l i e v e d  to be  p r i m a r i l y  caused  b y  such  c o n t a m i n a t i o n .  

Dop ing  of f i lms to o b t a i n  de s i r ed  r e s i s t i v i t i e s  has  
been  accompl i shed  b y  a d d i t i o n  of PC13 to t he  
SIC14. F i l m  r e s i s t i v i t y  has  been  m e a s u r e d  w i t h  
a 4 - p o i n t  p r o b e  us ing  f i lms of t h e  oppos i t e  conduc -  
t i v i t y  t y p e  f rom the  s u b s t r a t e  and  b y  c a p a c i t a n c e  -~ 
vs. r e v e r s e  b ias  p lo ts  o b t a i n e d  f rom a l l o y e d  a l u -  
m i n u m  dot  d iodes  f a b r i c a t e d  on the  films. P e r c e n t a g e  
v a r i a t i o n  of f i lm r e s i s t i v i t y  across  a s a m p l e  has  been  
found  to be  p r o p o r t i o n a l  to t h e  n o n u n i f o r m i t y  of 
f i lm th i ckness  and  to the  m a g n i t u d e  of the  f i lm r e -  
s i s t iv i ty .  

Reve r se  d iode  c h a r a c t e r i s t i c s  of some e p i t a x i a l  
f i l m - s u b s t r a t e  j unc t i ons  h a v e  been  s tud ied .  A n  e x -  
a m p l e  of an  e p i t a x i a l  f i l m - s u b s t r a t e  j u n c t i o n  can be  
seen  in Fig .  2a. The  r e v e r s e  I - V  cha rac t e r i s t i c s  
m e a s u r e d  on 9 x 10 mi l  m e s a  e t ched  d iodes  a r e  
shown  in Fig .  2b. The  n - t y p e ,  2 o h m - c m ,  fi lm was  
6t~ t h i c k  and  was  depos i t ed  on a 1 o h m - c m ,  p - t y p e  
s i l icon subs t r a t e .  M e a s u r e m e n t s  of c a p a c i t a n c e  -~ as 
a func t ion  of r e v e r s e  v o l t a g e  showed  a l i n e a r  r e l a -  
t ion  for  d iodes  and  i n d i c a t e d  t h a t  t h e  i n t e r f a c e  was  
a s tep  junc t ion .  The  s u b s t r a t e  in Fig .  2 was  p r e p a r e d  
for  depos i t i on  b y  c h e m i c a l  po l i sh ing .  The  r e v e r s e  
c u r r e n t  j u s t  b e f o r e  b r e a k d o w n  was  less t h a n  0.1 t~a 
and  the  b r e a k d o w n  vo l t ages  of t he  d iodes  w e r e  f o u n d  
to a g r e e  w i th  those  u s u a l l y  o b t a i n e d  for  s tep  j u n c t i o n  

Fig. 2. a (top) Epitaxial film to substrate junction; Magnifica- 
tion, approximately 80X; b (bottom) reverse diode characteristics 
obtained for junction shown in a. 
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ava l anche  b r e a k d o w n  vol tage  as a func t ion  of r e -  
s ist ivi ty.  

Manuscript  received Jan. 19, 1962. This paper was 
prepared for del ivery before the Detroit  Meeting, Oct. 
1-6. 1961. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1963 JOURNAL. 
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Extent of Solid Solution in the GaSb-lnSb System 
from Crystal Pulling Experiments 

F. A. Trumbore, P. E. Freeland, and A. D. Mills 
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The l i t e r a tu r e  conta ins  a n u m b e r  of confl ict ing 
repor t s  on the  ex ten t  of solid so lu t ion  in  the  G a S b -  
InSb  p s e u d o - b i n a r y  system. Repor ts  of l imi ted  solid 
so lubi l i ty  (1-3)  have  been  discredi ted  by  var ious  
worke r s  (4-8)  who showed tha t  the sys tem conta ins  
a comple te  series of homogeneous  ~solid solut ions.  
The la t te r  worke r s  used e x p e r i m e n t a l  t echn iques  
such as long t e r m  a n n e a l i n g  of powders ,  slow d i rec-  
t iona l  freezing,  and  zone equal iza t ion.  The purpose  
of the p re sen t  paper  is to repor t  successful  a t t empt s  
to grow these  solid solut ions  by  the  crys ta l  pu l l i ng  
t echn ique  together  w i th  the resul t s  of x - r a y  meas -  
u r e m e n t s  which  are i n t e rp re t ed  in  t e rms  of the  
phase d iagram.  

Experimental 
C o n v e n t i o n a l  rf i nduc t ion  hea ted  crys ta l  pu l l ing  

mach ines  (9) were  used to pu l l  t en  G a S b - I n S b  
samples  u n d e r  a h y d r o g e n  a tmosphe re  at  pu l l  ra tes  
of 3-5 m m / h r  and  ro ta t ion  ra tes  of 140-144 r p m  
f rom al loy mel ts  con ta in ing  b e t w e e n  9 and  92 mole  
% InSb.  Seed crysta ls  of r a n d o m l y  or ien ted  GaSb  
were  used. In  one case a c rys ta l  of G a S b - I n S b  solid 
solut ion g rown  in  a p rev ious  r u n  was  used as a 
seed. S ingle  crysta ls  we re  of ten obta ined,  even  w h e n  
pul led  f rom mel t s  con t a in ing  as m u c h  as 60 mole % 
InSb.  The other  samples  u sua l l y  con ta ined  la rge  
grains,  and  the  x - r a y  powder  pa t t e rn s  were  qui te  
sharp except  for s l ight  fuzziness in  the  case of 
crys ta ls  g rown  f rom mel ts  c o n t a i n i n g  abou t  70-80 
mole % InSb.  A n u m b e r  of the  mel ts  were  doped 
wi th  zinc or g e r m a n i u m ,  both of which  acted as ac-  
ceptors in  the  solid solutions.  However ,  the concen-  
t r a t ions  of these dopan ts  were  negl ig ib le  insofar  as 
the i r  effect on the x - r a y  resul t s  are concerned.  
X - r a y  powder  pa t t e rn s  were  t aken  wi th  S t r a u -  
m a n i s - t y p e  Norelco cameras  (114.6 m m  d iame te r )  
us ing  CuKa  radia t ion .  For  five of the crysta ls  the 
mel t  composi t ions  were  d e t e r m i n e d  f rom weigh t  
loss m e a s u r e m e n t s  and  were  corrected for the  
composi t ion of the g rown  ma te r i a l  as ca lcu la ted  
f rom the  x - r a y  data.  Weigh t  losses, p r e s u m -  
ab ly  due  to evapora t ion  of an t imony ,  were  on ly  on 
the order  of 0.1% or less. For  the  o ther  five crys-  
tals, g rown  pr ior  to the  decision to s tudy  this  sys-  
t em more  extens ive ly ,  the me l t  composi t ions  were  
assumed to be w e i g h e d - i n  composit ions.  The u n c e r -  
t a i n t y  in t roduced  by  this  a s sumpt ion  was  smal l  be -  

cause the  samples  for x - r a y  ana lys i s  were  t aken  
f rom as n e a r  the seed as possible,  and  the  size of the  
crys ta ls  was smal l  compared  to the tota l  me l t  
vo lume.  

Results and Discussion 
The resul t s  of the  x - r a y  m e a s u r e m e n t s  are  s u m -  

mar ized  in  Tab le  I together  w i th  the  mole f rac t ion  
of I n S b  in the melt ,  XL~nSb. Wi th  the except ion  of 
th ree  samples,  as no ted  in  Tab le  I, the  x - r a y  l ines  
were  essent ia l ly  as sharp  for the  G a S b - I n S b  solid 
solut ions  as for the  pure  GaSb  a nd  InSb  samples.  

In  order  to ob ta in  the  composi t ions  of the  solid 
solut ions  f rom the  m e a s u r e d  lat t ice p a r a m e t e r s  it  
was first a s sumed  tha t  Vegard ' s  l aw is va l id  for the  
G a S b - I n S b  sys tem as ind ica ted  by  Wool ley  and  
Smi th  (7) .  However ,  more  recen t  work  (10) i nd i -  
cates the presence  of smal l  dev ia t ions  f rom Vegard ' s  
law. Accordingly ,  we have  reca lcu la ted  the  a l loy 
composi t ions  by  us ing  the  e x p e r i m e n t a l  x - r a y  data  
suppl ied  by  Wool ley  (10).  Whi le  the  ca lcula ted  
composi t ions  of the  I n S b - r i c h  solid solut ions  do not  
differ apprec iab ly  f rom the  Vegard ' s  l aw resul ts  
there  is a s ignif icant  difference for the  G a S b - r i c h  
alloys, at  least  in  t e rms  of xSinsb, the  mole f rac t ion  
of I n S b  in the  solid solut ion.  This is shown in  Fig. 
1 which  is a p lo t  of log k~ns,, vs. XL~nSb w he r e  krns~ is 
the d i s t r ibu t ion  coefficient defined by  k,.s~ ---- xS,ns,,/ 

Table I. Lattice constants of pulled GaSb-lnSb solid solutions 

S a m p l e  No. XLI,~Sb La t t i c e  cons tan t ,  

GaSb (pure) - -  6.095 _ 0.003* 
5EP 0.088 6.100 _ 0.003 
7EP 0.125 6.101 _ 0.003 

15PF 0.248# 6.108 • 0.003 
16PF 0.422t 6.121 • 0.003 
10EP 0.605 6.138 • 0.003 
9PF 0.647 6.155 _ 0.003 

12PF 0.717 6.167 +_ 0.005"* 
17PF 0.814t 6.220 _ 0.005"* 
24PF 0.827t 6.245 • 0.005** 
27PF 0.918t 6.343 • 0.003 
InSb (pure) - -  6.479 _ 0.003* 

* These  v a l u e s  c o m p a r e  w i t h  t he  f igures 6.095 and 6.478A ob- 
t a i n e d  fo r  G a S h  and  I n S b  by  S w a n s o n  et  al. [N'BS C i r c u l a r  539, 
6, 30 {1956) ; ibid.,  4, 73 (1955) ]. 

** S l i g h t l y  fuzzy l ines.  
t Me l t  compos i t i ons  d e t e r m i n e d  f r o m  w e i g h t  loss  m e a s u r e m e n t s .  

S h o u l d  he  m o s t  r e l i ab l e  po in ts .  



646 JOURNAL OF THE ELECTROCHEMICAL SOCIETY Ju ly  1962 

1.0 

o.g 

0.8 ~ BASED ON DATA OF WOOLLEY 
0.7 ET A L .  o.~ i  ASE~ ~ rE~ 

~ 0.5 

~ e.4 

~ 0.3 

'T- osS 
= _ ~ o.B ~ "  

0.1 l JO I I I I I I I 
0 4 0  60  B0 IO0 

MOL PER CENT [ F l S b  IN MELT  

Fig. 1. Plot of log kInsb as a function of XLI~Sb from the crystal 
pulling data. The dashed curve corresponds to the results if 
Vegard's law is used to calculate the alloy compositions from the 
x-ray data in Table I. The solid curve is derived from the x-ray 
data in Table I and Woolley and Smith's work on the variation of 
the lattice parameter with composition showing deviations from 
Vegard's law. In extrapolating k~.sb to xL~.~b = 0 the points cor- 
responding to samples No. 5EP and No. 7EP (Table I) were 
essentially neglected since the uncertainties in xS~.sb were rela- 
tively large due to the small changes in lattice parameter compared 
to pure GaSb. The curves have also been drawn to favor those 
points obtained from the runs where weight loss measurements 
were made. 

XLI~Sb. The  sca t t e r  in  t he  po in t s  a t  t he  G a S b - r i c h  end  
of the  cu rve  ref lects  t he  s e n s i t i v i t y  of t he  ca l cu -  
l a t ion  of xSins~ to s l igh t  e r ro r s  in  t he  l a t t i ce  p a r a m -  
e te rs  and  to t he  w a y  w e  have  d r a w n  a cu rve  to fit 
Woo l l ey  et al.'s x - r a y  da ta .  

If  t he  d i s t r i b u t i o n  coefficient  d a t a  in  Fig .  1 a r e  
e q u i l i b r i u m  va lues ,  a k n o w l e d g e  of t he  G a S b - I n S b  
l i qu idus  c u r v e  w o u l d  be  sufficient  to cons t ruc t  the  
e q u i l i b r i u m  so l idus  cu rve  for  th is  sys tem.  P h a s e  
d i a g r a m s  h a v e  been  d e t e r m i n e d  b y  W o o l l e y  and  
S m i t h  (7)  and  G o r s h k o v  and  G o r y u n o v a  (5) .  A l -  
t h o u g h  bo th  d i a g r a m s  ind ica t e  a c o m p l e t e  ser ies  of 
h o m o g e n e o u s  sol id  solut ions ,  t h e r e  a r e  q u a n t i t a t i v e  
d i f fe rences  in the  pos i t ions  of the  l i qu idus  and  
so l idus  curves .  ( S o m e  of the  d i f fe rences  a r e  due  to 
t he  use  of two  d i f fe ren t  m e l t i n g  po in t s  for  p u r e  
G a S b . )  I t  a p p e a r s  t h a t  the  w o r k  of W o o l l e y  and  
S m i t h  is the  m o r e  e x t e n s i v e  and  m o r e  r e l i a b l e  of 
t he  two  sets  of da ta ,  and  w e  h a v e  p l o t t e d  t h e i r  e x -  
p e r i m e n t a l  points ,  d e t e r m i n e d  f r o m  x - r a y  d a t a  and  
f rom t h e r m a l  ana lys i s ,  in Fig.  2. The  l i q u i d u s  c u r v e  
d r a w n  t h r o u g h  these  po in t s  is our  e s t i m a t e  of a 
r e a s o n a b l e  cu rve  cons ide r ing  the  s ca t t e r  of t he  da ta .  
The  so l idus  cu rve  in Fig.  2 was  t h e n  c a l c u l a t e d  f r o m  
the  l i q u i d u s  cu rve  a n d  the  k~ns~ d a t a  (F ig .  1),  t a k i n g  
into account  t he  r e p o r t e d  d e p a r t u r e s  f rom V e g a r d ' s  
law.  

I t  is seen  in Fig .  2 t h a t  t h e  a g r e e m e n t  b e t w e e n  
the  c a l c u l a t e d  so l idus  cu rve  and  t h e  e x p e r i m e n t a l  
da t a  of W o o l l e y  and  Smi th ,  e spec i a l l y  the  x - r a y  da ta ,  
is r e l a t i v e l y  good. If  one cons ide r s  t he  l a t i t u d e  
a v a i l a b l e  in d r a w i n g  the  l i qu idus  curve ,  t he  s h a l -  
low sol idus  cu rve  in t he  I n S b - r i c h  r eg ion  w h e r e  t he  
i m p o r t a n c e  of a s l igh t  e r r o r  in  t e m p e r a t u r e  is m a g -  
nif ied and  the  o the r  poss ib le  sources  of e r r o r  in t h e  
p r e s e n t  w o r k  and  in t h a t  of W o o l l e y  et  al. t h e  a g r e e -  
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Fig. 2. GaSb-lnSb phase diagram. The experimental points are 
those of Woolley and Smith. The liquidus curve has been drawn 
by the authors through these points. The solidus curve was cal- 
culated from the liquidus curve and distribution coefficient data 
obtained from the solid curve in Fig. 1. 

m e n t  is p r o b a b l y  w i t h i n  e x p e r i m e n t a l  e r ro r .  Hence ,  
i t  a p p e a r s  t ha t  t he  c r y s t a l  p u l l i n g  t e c h n i q u e  is ca -  
p a b l e  of y i e l d i n g  e q u i l i b r i u m  sol id so lub i l i t y  d a t a  
in sys t ems  of th is  type .  

Conclusion 

To the  bes t  of our  k n o w l e d g e  th is  s t u d y  r e p r e -  
sents  t he  first  a p p l i c a t i o n  of t he  c r y s t a l  p u l l i n g  t e c h -  
n ique  to the  r e l a t i v e l y  c o m p l e t e  c o v e r a g e  of a h o m o -  
geneous  a l loy  s y s t e m  of th is  type .  The  r e l a t i v e  ease  
of g r o w t h  and  the  sho r t  p e r i o d  of t ime  i n v o l v e d  
(hours  i n s t e a d  of days  or  m o n t h s  for  some m e t h o d s )  
ind ica tes  t h a t  m o r e  e x t e n s i v e  a p p l i c a t i o n  of t he  
pu l l i ng  t e c h n i q u e  to t he  s t u d y  of p h a s e  d i a g r a m s  
w o u l d  be  prof i t ab le .  A l t h o u g h  a l i q u i d u s  cu rve  is 
n e c e s s a r y  to ob t a in  t he  c o m p l e t e  p h a s e  d i a g r a m  f rom 
c r y s t a l  p u l l i n g  da ta ,  a p r e l i m i n a r y  s u r v e y  of a g iven  
s y s t e m  w i t h  the  p u l l i n g  m e t h o d  w o u l d  se rve  to  m i n -  
imize  confus ion  such as t h a t  caused  b y  t h e  e r r o n e o u s  
r e p o r t s  of a m i s c i b i l i t y  gap  in t he  G a S b - I n S b  sys -  
tem.  

A c k n o w l e d g m e n t s  

The  a u tho r s  g r a t e f u l l y  a c k n o w l e d g e  t h e  ass i s t ance  
of E. M. P o r b a n s k y  who  g r e w  the  first  G a S b - I n S b  
c rys t a l s  for  th is  s t u d y  and  s t i m u l a t i n g  d iscuss ions  
w i t h  C. A. B u r r u s  whose  i n t e r e s t  in t hese  a l loys  l ed  
to t he  p r e s e n t  work .  

Manuscr ip t  received Feb. 5, 1962. This paper  was p re -  
pared  for de l ivery  before  the Los Angeles  Meeting, May 
6-10, 1962. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1963 3OURNAL. 
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Preparation of Small Samples of Ductile Titanium and 
Zirconium from the Isotopic Oxides by Iodide Refining 

N. D. Veigel and J. M. Blocher, Jr. 

Battelle Memorial Institute, Columbus, Ohio 

To p r o v i d e  m a t e r i a l  for  t h i n - f o i l  w o r k  at  t he  
A r g o n n e  N a t i o n a l  L a b o r a t o r y ,  1-2g s amp le s  each  
of duc t i l e  t i t a n i u m - 4 6 ,  -47, -48, -49, -50, and  z i r -  
con ium-90 ,  -91, -92, and  -94 in t he  fo rm of 1- in.  
long rods  w e r e  p r e p a r e d  b y  ca l c ium r e d u c t i o n  of 
t he  i sotopic  ox ides  1 fo l l owed  b y  t w o - s t e p  i od ide  r e -  
fining. I o d i d e  ref in ing  of t i t a n i u m  and  z i r c o n i u m  
is d e s c r i b e d  b y  v a n  A r k e l  (1) .  I n f o r m a t i o n  on ca l -  
c ium r e d u c t i o n  of the  ox ides  is g iven  b y  K u b a s c h e w -  
ski  and  Dench  for  TiO~ (2) and  b y  L i l l i e n d a h l ,  
G r e g o r y ,  and  W r o u g h t o n  for  ZrO~ (3) .  

The  o x i d e  was  p l a c e d  in  a sha l l ow  m o l y b d e n u m  
boa t  w h i c h  s t r a d d l e d  a bed  of ca l c ium chips  in a 
h o r i z o n t a l  c y l i n d r i c a l  m o l y b d e n u m  t u b e  p r o v i d e d  
w i t h  a t i g h t - f i t t i n g  cover .  The  ox ide  was  r e d u c e d  
b y  e x p o s u r e  to ca l c ium v a p o r  o v e r n i g h t  a t  1000~ 
A f t e r  t he  r e s u l t i n g  ca l c ium ox ide  was  l e ache d  out  
b y  w a t e r  c o n t i n u o u s l y  n e u t r a l i z e d  w i t h  HC1, t he  
c rude  m e t a l  p o w d e r  was  d r i e d  and  t r e a t e d  aga in  
w i th  ca l c ium v a p o r  for  5 h r  a t  1000~ The  r e s u l t -  
ing  z i r c o n i u m  p o w d e r  was  h e a t e d  to 900~ in v a c -  
u u m  to i n su re  c o m p l e t e  r e m o v a l  of excess  ca lc ium.  
In  the  case of t i t a n i u m  p r e p a r e d  s imi l a r ly ,  i t  was  
n e c e s s a r y  to h e a t . t h e  c r u d e  m e t a l  a t  1300~ for  1 
h r  in v a c u u m  to r e m o v e  the  excess  ca lc ium.  R e m o v a l  
of the  ca l c ium is e s sen t i a l  to p r e v e n t  " t ie  up"  of 
iod ine  as n o n v o l a t i l e  s t ab le  CaI2 in s u b s e q u e n t  iod ide  
process ing .  

A sma l l  P y r e x  glass  v a n  A r k e l - d e  Boer  b u l b  con-  
t a in ing  0.5g of iod ine  and  p r o v i d e d  w i th  two  1 - in . -  
long 0.005-in.  d i a m e t e r  t u n g s t e n  f i l aments  w a s  used  
to ref ine  t he  c r u d e  m e t a l  w h i c h  was  con t a ined  in t he  
o r ig ina l  m o l y b d e n u m  boa t  p l aced  abou t  1 in. b e l o w  
the  f i laments .  One  f i l amen t  was  ene rg i zed  for  t r a n s -  
fe r  of t he  m e t a l  f r o m  the  crude .  W h e n  t r a n s f e r  to 
the  first  was  c o m p l e t e  ( in  a b o u t  4 h r ) ,  t he  second 
f i l ament  was  ene rg i zed  and  the  f irst  a l l owed  to cool 
for  the  f inal  t r ans f e r .  A bu lb  ( condensed  TiI4) t e m -  
p e r a t u r e  of abou t  135~ a f eed  t e m p e r a t u r e  of abou t  

1 O b t a i n e d  f r o m  t h e  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y .  

250~ and  a f i l amen t  t e m p e r a t u r e  of 1200~176 
w e r e  used  for  t he  t i t a n i u m  depos i t ion .  A b u l b  t e m -  
p e r a t u r e  of a b o u t  230~ a feed  t e m p e r a t u r e  of a b o u t  
300~ and  a f i l amen t  t e m p e r a t u r e  of 1200~176 
w e r e  used  for  z i r c o n i u m  depos i t ion .  

The  e f fec t iveness  of t he  t w o - s t e p  re f in ing  is e v i -  
den t  f r o m  the  fac t  t ha t  t he  f inal  p r o d u c t s  cou ld  be  
cold ro l l ed  d i r e c t l y  to foi l  less  t h a n  0.025 m m  t h i c k  
w h i l e  t he  p r o d u c t s  of t he  o n e - s t e p  p rocess  c r a c k e d  
in a t t e m p t s  to r e a c h  this  th ickness .  The  i m p r o v e d  
f a b r i c a b i l i t y  is cons i s t en t  w i t h  t he  fac t  t ha t  h a r d n e s s  
of t he  t w o - s t e p  p r o d u c t s  r a n g e d  f rom 71 to 150 K H N  
(50-g  l o a d ) ,  as c o m p a r e d  w i t h  t h a t  of a p r e v i o u s  
s i n g l e - s t e p  p r o d u c t  w h i c h  r a n g e d  f rom 250 to 350 
KHN.  To conse rve  the  i so topic  p r o d u c t  i t  was  d e -  
s i r a b l e  to m e a s u r e  h a r d n e s s  on the  c u r v e d  a s - d e -  
pos i t ed  su r f ace  of t he  c r y s t a l  bar .  Hence ,  t he  r e -  
p o r t e d  h a r d n e s s e s  a r e  c ons ide r e d  to be  on ly  
i nd i c a t i ve  of t he  r e l a t i v e  p u r i t y  and  a re  no t  d i -  
r e c t l y  c o m p a r a b l e  w i t h  h a r d n e s s  m e a s u r e d  on flat  
surfaces .  H a r d n e s s  m e a s u r e m e n t s  t a k e n  on the  as -  
depos i t ed  su r f ace  of a n a t u r a l  iod ide  t i t a n i u m  s a m -  
p l e  w e r e  38% h i g h e r  t h a n  those  o b t a i n e d  on a 
sec t ioned  and  po l i shed  s a m p l e  of the  s ame  m a t e r i a l .  
The  e x t e n t  to w h i c h  c r y s t a l  o r i e n t a t i o n  is a f ac to r  
was  no t  d e t e r m i n e d .  

The  r e l a t i v e l y  h igh  c o n t a m i n a t i o n  in t he  s i ng l e -  
s tep  process  is a t t r i b u t e d  to a l o w e r  r a t i o  of p r o d u c t  
w e i g h t  to p rocess ing  e q u i p m e n t  su r face  t h a n  is n o r -  
m a l l y  e n c o u n t e r e d  in iod ide  process ing .  The  t w o -  
s tep  process  is b e l i e v e d  to have  r e s u l t e d  in i n t e r -  
m e d i a t e  g e t t e , i n g  of t he  r e s i d u a l  gaseous  i m p u r i t i e s  
in the  p rocess ing  bu lb .  

The  d u c t i l i t y  of t he  f inal  p r o d u c t  i nd ica t e s  l ow 
c o n t a m i n a t i o n  b y  i n t e r s t i t i a l  e l ements .  The  f o l l o w -  
ing Tab le  c o m p a r e s  s p e c t r o g r a p h i c  a n a l y s e s  of t he  
one s a m p l e  of t i t a n i u m  ox ide  and  s i n g l e - s t e p  r e -  
f ined t i t a n i u m  p r o d u c t  for  w h i c h  ana lyse s  w e r e  
ob ta ined .  The  a c c u r a c y  of t he  s p e c t r o g r a p h i c  p r o -  
c edu re  is r e p o r t e d  to be  •  at  an  i m p u r i t y  l eve l  

Table I. Spectrographic analysis (w/o) of titanium oxide and titanium prepared by calcium 
reduction and single-step iodide refining 

Si  M g  W A1 Cu  Ca Zr  F e  Mo Srl  N i  

TiO2 ~0 . i  0.03 N.D. >0.1 0.001 0.05 0.03 0.01 0.005 0.003 <0.001 

Deposi ted 0.02 0.005 ~0 . I  <0.03 0.001 0.01 <0.01 0.01 <0.001 0.003 0.002 
Ti as TiO~ (Core wire)  
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of 0.0X w / o  and  --+100% at  a l eve l  of 0.00X w / o .  
O v e r - a l l  r ecove r i e s  of 70-90% of the  i sotopic  

z i r con ium a n d  t i t a n i u m  w e r e  ob ta ined .  
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The use of h a l f - c e l l  po t en t i a l s  in s t u d y i n g  the  
n a t u r e  of e l ec t rode  processes  is we l l  known ,  and  for  
p rocesses  a t  v e r y  low c u r r e n t  dens i t i e s  t h e r e  is u s u -  
a l l y  no g r e a t  e x p e r i m e n t a l  d i f f icul ty  in  m a k i n g  ac -  
c u r a t e  m e a s u r e m e n t s .  H o w e v e r ,  a t  h igh  c u r r e n t  
dens i t i es  an  e r r o r  in t he  p o t e n t i a l  m e a s u r e m e n t  is 
i n t r o d u c e d  b y  t h e  l a r g e  i n t e r n a l  IR d r o p  b e t w e e n  
the  w o r k i n g  e lec t rodes .  T h e  IR drop  b e t w e e n  t h e  
r e f e r e n c e  e l ec t rode  and  the  e l ec t rode  of i n t e r e s t  
can  be  m i n i m i z e d  b y  m e a n s  of a L u g g i n  cap i l l a ry .  
In  some sy s t ems  the  g e o m e t r y  of t he  cel l  p r e c l u d e s  
the  use  of a L u g g i n  c a p i l l a r y ;  hence,  a dev ice  to 
m e a s u r e  t h e  p o t e n t i a l  of the  e l ec t rode  in i ts p o l a r i z e d  
s ta te ,  bu t  i n d e p e n d e n t  of  t he  p u r e l y  ohmic  r e s i s t -  
ance,  is des i r ab le .  A n u m b e r  of such  m e c h a n i c a l  
and  e l ec t ron ic  c u r r e n t  i n t e r r u p t e r s  h a v e  been  d e -  
s c r ibed  in t he  l i t e r a t u r e  (1 -5 ) ,  mos t  of t h e m  op-  
e r a t i ng  on s q u a r e  w a v e s  and  h a v i n g  the  p r o b l e m s  
as soc ia t ed  w i t h  g e n e r a t i n g  such d i s t o r t i o n - f r e e ,  
h i g h - a m p l i t u d e ,  and  h i g h - f r e q u e i n c y  w a v e  forms.  
The  p r e s e n t  a p p a r a t u s  was  des igned  p r i m a r i l y  to 
ob t a in  re l i ab le ,  r e s i s t a n c e - f r e e  t e r m i n a l  and  h a l f -  
cel l  p o t e n t i a l s  in connec t ion  w i t h  fue l  cel l  r e s e a r c h  
and  d e v e l o p m e n t .  In  add i t ion ,  t he  d i r ec t  m e a s u r e -  
m e n t  of t he  ohmic  vo l t age  d rop  p r o v i d e s  a conve -  

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  W i s c o n s i n  S t a t e  Col-  
lege ,  O s h k o s h ,  Wisconsin.  
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Fig. 1. Commutator circuit 

n i e n t  m e t h o d  of d e t e r m i n i n g  the  r e s i s t ance  and  the  
specific r e s i s t i v i t y  of the  e l e c t r o l y t e  in i ts  w o r k i n g  
e n v i r o n m e n t .  

Theory 
The  i n s t r u m e n t  d e s c r i b e d  h e r e i n  is a t r a n s i s t o r -  

ized modi f i ca t ion  of a dev ice  r e p o r t e d  b y  K o r d e s c h  
and  M a r k o  (3)  and  is b a s e d  on the  s ame  h a l f - w a v e  
rec t i f ied  60 cps s ine  w a v e  p r inc ip l e .  The  c i rcu i t  
shown  in Fig.  1, h o w e v e r ,  possesses  s e v e r a l  a d v a n -  
t ages  ove r  the  one p r e v i o u s l y  men t ioned .  In  p a r -  
t i cu la r ,  use  of a p o w e r  t r a n s i s t o r  w i t h  i nve r se  b ias  
in p lace  of the  d iode  rec t i f ie r  r educes  the  e x t e r n a l  
c u r r e n t  a t  zero a p p l i e d  vo l t a ge  f rom 60 m a  to 25 
~a w h e n  a 1.5v source  of emf  is u n d e r  test .  Second,  
the  s t ab i l i t y  of t he  v o l t a g e  m e a s u r i n g  c l a m p i n g  
c i rcu i t  a l lows  the  d i r ec t  m e a s u r e m e n t  of t he  d i f -  
f e r ence  vo l tage ,  c o r r e s p o n d i n g  to the  IR drop,  to 
b e t t e r  t h a n  --4--- 1 mv.  The  b r i d g e  c i r cu i t  e m p l o y e d  
b y  K o r d e s c h  and  M a r k o  r e q u i r e s  ze ro ing  be fo re  
each  m e a s u r e m e n t  b e c a u s e  of t he  ag ing  of t he  b r i d g e  
d iodes  e m p l o y e d  a n d  is not  s t ab le  enough  to m e a s -  
u re  the  IR drop  w i t h  t he  r e q u i r e d  prec is ion .  

L o a d i n g  of  the  t es t  cel l  is a c c ompl i she d  b y  m e a n s  
of the  P o w e r s t a t  c on t ro l l e d  i n p u t  to t he  t r a n s f o r m e r ,  
T1, whose  o u t p u t  is rec t i f ied  b y  the  2N677 p o w e r  
t r ans i s to r .  The  b ias  s u p p l i e d  to the  p o w e r  t r a n s i s t o r  
b y  the  1.5v d r y  cel l  keeps  the  c u r r e n t  a t  zero in the  
load  c i rcu i t  u n t i l  t he  i n p u t  vo l t age  f rom the  t r a n s -  
f o r m e r  exceeds  th i s  vo l tage .  S ince  no c u r r e n t  is 
d r a i n e d  f rom the  d r y  cell  in ope ra t ion ,  i ts  ] ire e x -  
p e c t a n c y  is suff ic ient ly  long to r e n d e r  uneconomic  
i ts  r e p l a c e m e n t  w i t h  an  a - c  rect i f ier .  W i t h  t h e  2N677 
p o w e r  t r a n s i s t o r  m o u n t e d  on a 3 x 4 x 1/16 in. cop-  
p e r  h e a t  s ink,  c u r r e n t s  of 9-10 a m p  can  be sa fe ly  o b -  
t a ined .  G r e a t e r  c u r r e n t s  can be  o b t a i n e d  b y  d e c r e a s -  
ing  the  1 ohm c u r r e n t  l i m i t i n g  r e s i s to r  and  p r o v i d i n g  
for  t he  i nc r ea sed  h e a t  d i s s ipa t ion  of the  t r ans i s to r .  

F i g u r e  2 shows the  w a v e f o r m  of t he  cu r ren t ,  I ,  
t h r o u g h  t h e  cell ,  the  vo l t a ge  across  the  cell ,  Vb, t he  
v o l t a g e  across  t he  capac i to r ,  V~, and  t h e  v o l t a g e  
across  the  c l a m p i n g  t r ans i s to r ,  Vt, as a func t ion  of 
t ime.  

As  the  cu r r en t ,  I,  is p a s s e d  t h r o u g h  the  cell ,  t h e  
t e r m i n a l  vol tage ,  Vb, dec reases  be c a use  of i ts  i n t e r -  
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na l  ohmic  res i s t ance ,  R, and  p o l a r i z a t i o n  vo l tage ,  Ep, 
as shown  in Eq. [1]  

v ~  = E - -  I R  - -  F~p [1] 

The  s m a l l  f i l ament  t r a n s f o r m e r ,  T~, supp l i e s  an  a l t e r -  
n a t i n g  v o l t a g e  to t he  base  of the  c l a m p i n g  t r ans i s to r .  
W h e n  the  base  is nega t i ve ,  the  e m i t t e r  to co l l ec to r  
p a t h  becomes  a v e r y  low impedance .  W i t h  a pos i t i ve  
base  vo l t age  th is  p a t h  becomes  e s sen t i a l l y  an  open 
c i rcui t .  The  vo l t age  f rom T~ is in p h a s e  w i t h  t h e  v o l t -  
age  f rom T, so t h a t  the  c l a m p i n g  t r a n s i s t o r  is con-  
duc t i ng  w h e n  the  c u r r e n t  t h r o u g h  the  t es t  cel l  is 
zero. V~ then  is zero,  and  the  ohmic-~free p o t e n t i a l  
of t he  t es t  cel l  in  i ts  p o l a r i z e d  s t a t e  is g iven  b y  
Eq. [2]  

V ~ = E - - E p  [2]  

On the  o t h e r  ha l f  cycle,  c u r r e n t  f lows t h r o u g h  the  
tes t  cel l  and  the  c l a m p i n g  t r a n s i s t o r  becomes  a v e r y  
h igh  impedance .  Vo canno t  change  d u r i n g  this  ha l f  
cyc le  and  so 

V ~ = E - -  E~ - -  I R  - -  V r  : - -  I R  [3]  

This  o p e r a t i o n  can be  seen f rom the  w a v e f o r m s  of 
Fig.  2. The  o p e n - c i r c u i t  vo l t age  E is o b t a i n e d  p r i o r  
to l oad ing  of t he  cell.  

In  o r d e r  to use  the  a p p a r a t u s  on ly  for  h a l f - c e l l  
m e a s u r e m e n t s  w i t h  a ca lomel  r e f e r e n c e  e lec t rode ,  
the  capac i t o r  shou ld  be  r e d u c e d  in size to 1-10 /,f, 
and  a h igh  i m p e d a n c e  v o l t m e t e r  s u b s t i t u t e d  for  t he  
bu i l t  in me te r .  H a l f - c e l l  m e a s u r e m e n t s  v s .  a f iber  
t y p e  ca lomel  e lec t rode ,  w i th  a m i c r o a m m e t e r  in 
ser ies ,  showed  tha t  even  w i th  t he  200/~f capac i t o r  t he  
t r a n s i e n t  c h a r g i n g  c u r r e n t  d id  no t  exceed  20/~a and  
p e r s i s t e d  for  on ly  a f ew  seconds  d u r i n g  the  in i t i a l  
c los ing of t he  c i rcui t .  No p e r m a n e n t  p o l a r i z a t i o n  of 
the  ca lome l  e l ec t rode  was  a p p a r e n t ,  and  once t h e  
c a p a c i t o r  was  c h a r g e d  the  c u r r e n t  t h r o u g h  the  ca lo-  
me l  e l ec t rode  d id  no t  exceed  1 #a d u r i n g  f u r t h e r  
load ing .  A s ingle  pole,  f unc t ion  se lec to r  swi tch ,  S.~, 
connec ts  t he  i n t e r n a l  v o l t m e t e r ,  V, across  t h e  ca -  
pac i to r ,  across  t he  t r ans i s to r ,  or  p e r m i t s  open i ng  the  
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c i r cu i t  to a l low for  an  e x t e r n a l  h igh  i m p e d a n c e  v o l t -  
m e t e r  wh ich  for  h a l f - c e l l  m e a s u r e m e n t s  is connec t ed  
across  t he  capac i to r .  In  a l l  cases,  the  fou r  t e r m i n a l  
m e t h o d  of vo l t a ge  m e a s u r e m e n t  is u sed  to e l i m i n a t e  
t he  I R  drop  due  to the  r e s i s t ance  of con tac t s  a n d  c u r -  
r en t  c a r r y i n g  leads .  The  d o u b l e - p o l e ,  d o u b l e - t h r o w  
swi tch ,  $8, r e v e r s e s  t he  p o l a r i t y  of t he  20,000 o h m s / v  
v o l t m e t e r  as r e q u i r e d  w h e n  the  cel l  u n d e r  t es t  is 
c ha nge d  f rom a source  of emf  to a p u r e  r e s i s t i ve  
load.  Connec t ion  of the  c l a m p i n g  c i rcu i t  l e ads  to  t he  
tes t  cel l  m u s t  be  such  t ha t  t he  co r rec t  p o l a r i t y  is 
m a i n t a i n e d  a t  a l l  t imes  on the  e l e c t ro ly t i c  capac i to r .  

F o r  cel ls  h a v i n g  a s m a l l  i n t e r n a l  r e s i s t ance  a 
t h r e e - w a y  r a n g e  swi tch ,  S,, to the  v o l t m e t e r  is p r o -  
v ided ,  h a v i n g  pos i t ions  of 0-1.0v,  0-5.0v, and  one for  
an  open  c i rcui t .  

Exper imenta l  Results 

A set  of p rec i s ion  r e s i s to r s  w e r e  used  to c a l i b r a t e  
t he  c o m m u t a t o r  ove r  the  fu l l  r a n g e  of t he  i n s t r u -  
ment .  F r o m  the  set  of c a l i b r a t i o n  cu rves  shown  in 
Fig.  3, i t  is a p p a r e n t  t h a t  the  c o m m u t a t o r  is d i r ec t  
r ead ing ,  we l l  w i t h i n  the  +--3% accu racy  of the  m e t e r s  
used  to m e a s u r e  the  c u r r e n t  and  the  I R  drop.  

In  o r d e r  to d e m o n s t r a t e  the  e q u i v a l e n c e  of t he  
c o m m u t a t o r  and  the  L u g g i n  c a p i l l a r y  w h e n  m a k i n g  
h a l f - c e l l  m e a s u r e m e n t s ,  a so lu t ion  of 1M H:SO4: 2M 
CH~OH, a t  25 C ~ was  s u b j e c t e d  to t h e  p u l s e d  d i s -  
c h a r g e  of the  c o m m u t a t o r  a p p l i e d  to two  pa ra l l e l ,  1 
in. b y  1 in., e l ec t rodes  p l aced  1 cm apa r t .  Resu l t s  a r e  
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shown  in Fig .  4. F o r  cu rve  1, a L u g g i n  c a p i l l a r y  w a s  
first  p l aced  aga in s t  t he  b a c k  s ide  of t he  ca thode  
wh i l e  h a l f - c e l l  m e a s u r e m e n t s ,  V~, vs. a s a t u r a t e d  
ca lome l  e l ec t rode  w e r e  m a d e  w i t h  the  VTVM across  
t he  c a p a c i t o r  as t he  c u r r e n t  d e n s i t y  was  v a r i e d  f r o m  
0 to 240 m a / c m  ~. Next ,  t he  L u g g i n  c a p i l l a r y  was  
p l aced  a g a i n s t  the  r e a r  s ide  of the  anode  a n d  t h e  
fo rego ing  p r o c e d u r e  r e p e a t e d  to  y i e l d  t he  d a t a  s h o w n  
in c u r v e  2. 

The  co inc idence  of cu rves  1 and  2 d e m o n s t r a t e  t h a t  
the  h a l f - c e l l  p o t e n t i a l  m e a s u r e m e n t s  are,  indeed ,  
f ree  of a n y  ohmic  componen t ;  h o w e v e r ,  t h e i r  a b -  
so lu te  a c c u r a c y  is of course  d e p e n d e n t  on t h e  r a p i d -  
i ty  w i t h  w h i c h  the  ac t i va t i on  p o l a r i z a t i o n  decays .  

Cu rves  3 and  5 d e m o n s t r a t e  t he  e q u i v a l e n c e  of t h e  
L u g g i n  c a p i l l a r y  and  the  c o m m u t a t o r  w i t h  t he  c a p i l -  
l a r y  in  t he  l a t t e r  case t u r n e d  t h r o u g h  90 ~ a w a y  f r o m  
the  anode.  W i t h  t he  L u g g i n  c a p i l l a r y  in th is  pos i t ion ,  
and  the  VTVM connec t ed  d i r e c t l y  to the  c a lome l  
e l ec t rode  and  the  anode,  cu rve  4 was  ob ta ined .  I t  is 
i n t e r e s t i n g  to note  t h a t  t he  l a r g e  IR drop  s h o w n  h e r e  
o c c u r r e d  even  w i t h  t he  r e f e r e n c e  e l e c t r o d e  b e h i n d  
the  anode  and  c lea r  of t he  field b e t w e e n  the  w o r k i n g  
e lec t rodes .  The  sma l l  d i s p l a c e m e n t  of cu rves  3 and  5 
f r o m  1 a n d  2 is due  to t he  change  in  g e o m e t r y  of t h e  
cel l  w h i c h  o c c u r r e d  w h e n  the  a n o d e  and  c a thode  
w e r e  i n t e r c h a n g e d  w i t h  r e spec t  to t h e  L u g g i n  c a p i l -  

l a r y ;  hence,  c u r v e  4 is to be c o m p a r e d  to cu rves  3 
and  5. 

Conclusions 
A 60 cps s ine  w a v e  t r a n s i s t o r i z e d  c o m m u t a t o r  has  

been  c o n s t r u c t e d  w h i c h  m e a s u r e s  d i r ec t l y ,  and  d i s -  
p l a y s  on a me te r ,  the  i n t e r n a l  ohmic  IR d r o p  and  the  
o h m i c - f r e e  t e r m i n a l  or  h a l f - c e l l  vo l tage .  C a l i b r a t i o n  
of t he  i n s t r u m e n t  shows  it  to be  d i r ec t  r e a d i n g  
w i t h i n  the  •  a c c u r a c y  of the  m e t e r s  e m p l o y e d .  
I t  has  also been  d e m o n s t r a t e d  t h a t  t h i s  dev ice  v i r -  
t u a l l y  e l i m i n a t e s  t he  need  for  a L u g g i n  c a p i l l a r y  
w h e n  m a k i n g  h a l f - c e l l  m e a s u r e m e n t s  on load,  p r o -  
v id ing  the  d e c a y  t ime  of t he  a c t i va t i on  p o l a r i z a t i o n  
is s u b s t a n t i a l l y  less  t h a n  1/120 of a second.  

Manuscr ip t  rece ived  Aug. 24, 1961; revised m a n u -  
script  received Jan.  15, 1962. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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Directional Thermal Expansion Coefficients of 3-MnO 

R. C. Bradt and J. S. Wi ley 

Research Division, Fansteel Metallurgical Corporation, North Chicago, Illinois 

Direct ional  the rmal  expansion coefficients of 
B-MnO2 were  de te rmined  over the range 25 ~ to 
500~ using h igh - t empera tu re  x - r a y  methods.  This 
was accomplished by employing re la t ionships  be-  
tween lat t ice constants  and the angular  shift  of 
Bragg reflections (1).  Thermal  expansion coefficients 
obta ined using x - r a y  techniques have been demon-  
s t ra ted  to compare very  favorab ly  wi th  those ob- 
ta ined  by  the more fami l ia r  d i la tometr ic  me th -  
ods (2).  

Samples  were  p repared  by the the rmal  decom- 
position of manganous  n i t ra te  solution (J. T. Baker  
Reagent  Grade)  a we l l -es tab l i shed  method of p ro-  
ducing fi-MnO2 (3). Chemical  analysis  by  total  m a n -  
ganese and avai lable  oxygen de terminat ions  showed 
the sample to have the formula  MnO~.| (0.04-0.09 
H~O). The samples were  ground to pass a 200 mesh 
screen and the powder  used to make  an ether  s lu r ry  
which was pa in ted  on a p la t inum h i g h - t e m p e r a t u r e  
sample holder  for x - r a y  observation.  

Using a G. E. Model XRD-5 diffractometer ,  and 
Fe-Kol radiat ion,  observat ions were  made in air  f rom 
room t empera tu re  to 500~ where  decomposit ion to 
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Mn~O~ preven ted  fur ther  da ta  accumulat ion.  Except  
for the ini t ia l  observation,  where  total  decomposit ion 
occurred, the heat ing and cooling observat ions 
agreed quite favorably .  Data  were  t r ea ted  using the 
least  squares method.  Figures  1 and 2 show the re -  

sults. 
The measurements  showed tha t  the te t ragonal  uni t  

cell of fl-MnO2 has a the rmal  expansion coefficient of 
6.69 x 104 c m / c m - ~  along the "a" -ax i s  and 6.93 x 
104 c m / c m - ~  along the "c" -ax i s  over the t e m p e r a -  
ture  range of 25~176 

Manuscript received Feb. 19, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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The SodiumlTin Liquid-Metal Cell 

Robert D. Weaver, Stanley W. Smith, and Norman L. Willmann 
Delco-Remy Division, General Motors Corporation, Anderson, Indiana 

ABSTRACT 

Preliminary studies of the liquid-metal cell have shown it to possess prom- 
ising characteristics for application to the conversion of thermal energy. 
Polarization effects commonly associated with electrochemical cells are essen- 
tially absent; charge-discharge curves are straight lines passing through the 
open-circuit intercept. The conductivity of the fused electrolyte, 2.3 mhos, pro- 
vides for low internal losses. Nongalvanic losses occur causing an apparent loss 
of reactants to the extent of 0.018 amp/cm 2. It is shown that a cell constructed of 
the materials and electrolyte employed in the study should allow operation 
at 0.7 amp/cm 2 at maximum power and that the coulombic efficiency would be 
95 % when continuously operated at this current density during balanced charge 
and discharge periods. 

The thermally regenerative l iquid-metal cell, 
which has elsewhere been conceived and described 
(1-3), effects the transformation of thermal  power 
to electrical power by the thermal  decomposition 
of the products of electrochemical reaction. The re-  
actants are liquid metals which combine to form 
alloys and to produce electrical energy. It is this 
liquid alloy which is then thermally decomposed, 
at a higher temperature,  to the original l iquid-metal  
reactants. The transducing system is, therefore, l im- 
ited to Carnot efficiencies. 

The l iquid-metal  cell, employing Na and Sn as 
examples of reactants, may  be represented as NalNa + 
electroly.te[Na.Sn, in which oxidation occurs at the 
Na electrode. The potential of this cell is greater than 
that of a simple concentration cell due to the de- 
crease in Na activity at the Sn cathode due to the 
formation of compounds represented by Na~.Sny. 
Since high potentials are desirable, the concentra-  
tion of Na in the cathode will be maintained at 
levels usually less than 10 weight per cent (w/o) .  
The electrochemical reaction involves the transfer 
of Na + formed at the anode, through the electrolyte, 
to the cathode. Thus, it is desirable to employ elec- 
trolytes which are chemically stable to Na metal and 
in which the only cation present is that  of Na. Such 
electrolytes are provided by fused Na salts. The use 
of a fused-salt  electrolyte will further  provide high 
electrical conductivity. 

The use of electrochemical cells to acquire ther-  
modynamic data of l iquid-metal  alloys is well es- 
tablished (4, 5). Solid electrolytes have usually 
been employed in such cells, and none have been 
capable of producing power at high current densi- 
ties. One other electrochemical transducer has been 
described which involves thermal  decomposition of 
the electrochemical product, in this case LiH, (6-8). 

This paper presents a study of the electrochemical 
cell associated with the l iquid-metal  system. Because 
of the novelty of this cell system and the problems 
attendant to the use of reactive liquid metals in a 
cell which is operated at high temperatures,  this pa-  
per is devoted to a description of the experimental 

techniques involved, the materials employed, and 
the prel iminary results obtained. 

Experimental Procedures 
The use of Na at high temperatures in a cell re-  

quires that a containing material  be employed 
which is an electrical insulator, is inert to Na, is 
nonporous (i.e., impervious),  and is capable of with-  
standing high temperatures.  Aluminum oxide has 
been found to be such a material. To study cell be- 
havior, cells were constructed, as shown in Fig. 1, 
consisting of an alumina crucible ~ whose composi- 
tion is given as 99 § % ALO,. It has been found that  
low silica-content alumina is necessary for this 
work. The cell must  be sealed in order to prevent  
long-time loss of Na through vaporization, and this 
has been accomplished by use of a ground tapered 
joint between the cell and a solid alumina cap. The 
angle of the joint is 5 ~ and the grinding is accom- 
plished by use of diamond grinding techniques. 

x N o r t o n  C o m p a n y ,  C r u c i b l e  No. MD 70319 B. 

Fig. 1. Static NalSn cell 
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654 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

E lec t r i c a l  l e ads  a r e  n e c e s s a r y  t h r o u g h  t h e  cel l  w a l l s  
and  neces s i t a t e  a m e t a l - t o - a l u m i n a  sea l  w h i c h  is 
v a p o r  t igh t .  S u c h  seals  a r e  m a d e  b y  g r i n d i n g  a 0.03 
cm ove r s i ze  hole  in  t h e  cel l  w a l l  and  i n se r t i ng  a 
s tee l  r ive t .  The  r i v e t  is s ea t ed  b y  use  of a spot  w e l d e r  
wh ich  a l lows  the  r i v e t  to be  h e a t e d  to a c h e r r y - r e d  
h e a t  and  w h i c h  supp l i e s  p r e s s u r e  to f l a t t en  t he  r i v e t  
end.  E l e c t r o d e  w i r e s  m a y  t h e n  be  s p o t - w e l d e d  to 
e i t he r  end  of t he  r i v e t  as necessa ry .  Such  seals  a r e  
qu i t e  sa t i s f ac to ry ,  bu t  r e q u i r e  some e x p e r i e n c e  to 
effect a t i gh t  sea l  w h i c h  w i l l  no t  c r a c k  the  a l u m i n a  
as t he  r i v e t  cont rac ts .  

The  dens i t i e s  of t he  m e t a l s  a n d  the  e l e c t r o l y t e s  
a r e  such t h a t  the  l a y e r s  a r e  s t ab le  as s h o w n  in Fig .  
1. The  p r o j e c t e d  a r e a  of t he  m e t a l  e l ec t rodes  is 3.87 
cm *. A cel l  such  as th i s  a l lows  the  s ta t ic  p e r f o r m -  
ance  (i.e., t h e  l i qu id  m e t a l s  a r e  not  f lowing)  of the  
sy s t em to be e v a l u a t e d .  The  cel l  m u s t  be o p e r a t e d  
in an  i n e r t  a t m o s p h e r e  of  N~ or  A as  a s a f e ty  p r e -  
cau t ion ,  for  c racks  a n d  l e a k s  m a y  occur .  This  is a c -  
c o m p l i s h e d  b y  p l a c i n g  t h e  e n t i r e  cel l  in  a b o t t o m e d  
glass  tube ,  w i r e s  and  i n e r t  gas  b e i n g  i n t r o d u c e d  
t h r o u g h  a r u b b e r  s topper .  The  l o w e r  ha l f  of t he  tube ,  
con t a in ing  the  cell ,  is t h e n  p l a c e d  in a v e r t i c a l  t u b e  
fu rnace .  

Bo th  cel l  r e s i s t ance  and  cel l  v o l t a g e  a r e  func t ions  
of t e m p e r a t u r e ,  and  i t  is t h e r e f o r e  n e c e s s a r y  to p r o -  
v ide  for  a cons t an t  t e m p e r a t u r e  e n v i r o n m e n t  for  
t he  cell.  D u r i n g  sho r t  d u r a t i o n  runs  it is poss ib l e  to 
con t ro l  f u r n a c e  t e m p e r a t u r e  b y  m e a n s  of  m a n u a l l y  
o p e r a t e d  a d j u s t a b l e  a u t o t r a n s f o r m e r s .  L ine  v o l t a g e  
v a r i a t i o n s  o v e r n i g h t  w e r e  f o u n d  to cause  t e m p e r a -  
t u r e  excu r s ions  of as  m u c h  as 50~ To ach ieve  s a t i s -  
f a c t o r y  t e m p e r a t u r e  r egu l a t i on ,  an  i n e x p e n s i v e  t h e r -  
m o c o u p l e - c o n t r o l l e d  g a l v a n o m e t e r  r e l a y  S was  e m -  
p l o y e d  to con t ro l  f u r n a c e  t e m p e r a t u r e .  

The  g a l v a n o m e t e r  r e l a y  was  set  up  to s h o r t - c i r c u i t  
a r e s i s to r  in ser ies  w i t h  t he  f u r n a c e  hea t e r .  T e m p e r a -  
t u r e  l eve l  was  e s t a b l i s h e d  b y  m e a n s  of an  a u t o t r a n s -  
fo rmer ,  and  the  v a l u e  of the  ser ies  r e s i s to r  w a s  
chosen  to  a c c o m m o d a t e  t h e  effects of d a i l y  l i n e -  
v o l t a g e  va r i a t i ons .  The  t e m p e r a t u r e  of the  cel l  w a s  
con t ro l l ed  for  a o n e - m o n t h  i n t e r v a l  w i t h  v a r i a t i o n s  
of less t h a n  2~ b y  th is  t echn ique .  

T h e  use  of a l u m i n u m  ox ide  in th i s  w o r k  is, as 
s ta ted ,  neces sa ry ,  bu t  en ta i l s  some difficult ies.  Thus,  
a cel l  of m o r e  t h a n  s imp le  g e o m e t r y  is diff icult  to 
f a b r i c a t e  f r o m  a s ing le  sol id  b lock  whi le ,  on t h e  
o t h e r  hand ,  f u r t h e r  sea ls  a r e  r e q u i r e d  if  t h e  cel l  
is f a b r i c a t e d  f r o m  par t s .  I t  has  been  f o u n d  pos s ib l e  
to effect  a l i q u i d - m e t a l  t i g h t  sea l  b e t w e e n  p ieces  of 
a l u m i n a  t u b i n g  b y  use  of t h e  t a p e r e d  j o i n t  a l r e a d y  
desc r ibed ,  a n d  b y  u s e  of a t a p e r e d  jo in t  w h i c h  has  
been  sea led  b y  f o r m a t i o n  of a sp ine l  of MgO-AL.O, 
b e t w e e n  t h e  a l u m i n a  surfaces."  I t  is also poss ib le  
to effect a sea l  b e t w e e n  flat su r f aces  of a l u m i n a  and  
s tee l  b y  use  of a p r e s s u r e  seal.  The  su r faces  of such 
a seal  m u s t  b e  g r o u n d  fiat  a n d  po l i shed  to a n e a r  
g a u g e - b l o c k  finish. E l e c t r i c a l  l e a d s  m a y  be  i n c o r p o -  
r a t e d  b y  use  of t h e  r i v e t s  as  desc r ibed ,  or  if in a 
m e t a l  sur face ,  success fu l  p e r f o r m a n c e  has  b e e n  

s Simplytrol P. R. Controller, Assembly Products, Inc., Chester- 
land, Ohio. 

3 F u r t h e r  pa r t i cu la r s  of th is  t echn ique  m a y  be obta ined f r o m  the 
Technical  Deve lopmen t  Depa r tmen t ,  Refrac tor ies  Division,  Nor ton 
Company,  Worcester ,  Mass. 

A u g u s t  1962 

Fig. 2. Flame-sprayed alumina "H" cell 

a c h i e v e d  b y  use  of b r a z e d  n i c k e l - t o - a l u m i n a  f e e d -  
t h r o u g h  t e r m i n a l s  ~ w h i c h  m a y  t h e n  be  w e l d e d  to 
t he  m e t a l  sur face .  The  m a c h i n i n g  of sol id  a l u m i n a  
in  i n t r i c a t e  shapes  has  been  f o u n d  to be  r e a d i l y  
p e r f o r m e d  e m p l o y i n g  h i g h - f r e q u e n c y  a b r a s i v e  c u t -  
t i ng  t echn iques .  

In  t h e  s ea r ch  for  m e t h o d s  b y  w h i c h  suff icient  cel l  
c o m p l e x i t y  m i g h t  be  a c h i e v e d  to  a l l o w  h a l f - c e l l  
v o l t a g e  m e a s u r e m e n t s  to be  t aken ,  ~ an  a p p r o a c h  to 
a cel l  f a b r i c a t i o n  w a s  m a d e  e m p l o y i n g  f l a m e - s p r a y -  
ing  t echn iques .  The  "H"  cel l  of Fig.  2 was  p r e p a r e d  
b y  f l ame- sp ray ing"  a wood  m a n d r e l ,  s h a p e d  to  t h e  
d e s i r e d  ins ide  d imens ions  of t h e  "H"  cel l  w i t h  ALOe. 
The  t h i c k n e s s  of t he  f l a m e - s p r a y e d  l a y e r  was  a b o u t  
3 mm.  The  wood  m a n d r e l  w a s  t hen  r e m o v e d  b y  
c h a r r i n g  in  a f u r n a c e  at  t e m p e r a t u r e s  i nc rea s ing  
f rom r o o m  t e m p e r a t u r e  to 260~ ove r  an  8 - h r  
pe r iod .  The  c h a r r e d  wood  r e s i d u e  was  t h e n  r e m o v e d ,  
and  the  ho l l ow  .cell  l e a c h e d  w i t h  d i l u t e  HC1, d i lu t e  
HNO,, a n d  H~O and  f ina l ly  f i red to 1090~ The  
po rous  f l a m e - s p r a y e d  cel l  w a s  t h e n  r e d u c e d  to  n e a r  
zero p o r o s i t y  b y  h i g h - t e m p e r a t u r e  fir ing.  ~ This  p r o -  
c e d u r e  r e s u l t e d  in  a l i q u i d - t i g h t  cell .  F u r t h e r  a t -  
t e m p t s  a t  th is  t e c h n i q u e  a r e  e x p e c t e d  to p r o v i d e  
v a c u u m - t i g h t  a p p a r a t u s  of sufficient  s t r e n g t h  a n d  
of p r o p e r  des ign  to a l l ow h a l f - c e l l  m e a s u r e m e n t s  to 
be  p e r f o r m e d .  

F o r  cel ls  w h i c h  a r e  to be  o p e r a t e d  in  an  e n v i r o n -  
m e n t  of v i b r a t i o n  or  w i t h  t h e  l i qu id  m e t a l  e l ec t rodes  
in  a v e r t i c a l  pos i t ion ,  i t  is n e c e s s a r y  to  s e p a r a t e  t h e  
two  l iqu id  m e t a l s  to p r e v e n t  i n t e r n a l  shor t  c i rcui ts .  
A t t e m p t s  to  effect  such  s e p a r a t i o n s  a re  b e i n g  m a d e  
b y  use  of an e l e c t r o l y t e - i m p r e g n a t e d  m a t r i x  of a 
porous ,  n o n c o n d u c t i n g  subs tance .  Va r ious  fo rms  
and  compos i t ions  of a l u m i n a  a n d  MgO h a v e  been  
tes ted ,  t he  9 9 +  % ALO, m a t r i x  h a v i n g  t hus  f a r  been  
found  to be  bes t  fo r  th is  app l i ca t ion .  A c o m m e r c i a l l y  
a v a i l a b l e  f i l te r  d i sk  ~ of  99% ALOe, a n o m i n a l  p o r o s i t y  
of 36%, a n d  a p e r m e a b i l i t y  of  20-30% has  mos t  f r e -  
q u e n t l y  been  e m p l o y e d  as a m a t r i x  in t hese  s tudies .  

A l i q u i d - m e t a l  cel l ,  o p e r a t e d  as  a fue l  cell ,  w i l l  
be  o p e r a t e d  w i t h  a c l o s e d - e n d e d  anode ,  i.e., t he  Na  
s t r e a m  w i l l  t e r m i n a t e  in  t he  cell .  A t  t h e  ca thode ,  

Alite  Terminals ,  99% Al2Os (Special} Alito Divis ion,  The U. S. 
S toneware  Co., Orrvi l le ,  Ohio. 

An  excel lent  r e fe rence  source  to the  s tudy  of e lec t rochemis t ry  in  
fused salts has  recent ly  been  publ i shed:  "Refe rence  Electrodes,"  
D a v i d  V. G. I r e s  and  George  J'. Janz ,  Academic  Press ,  N. Y. (1961) 
especially ch. 12. 

e Cincinnat i  Metal-Blast  Company,  Cincinnat i ,  Ohio. 

See Footnote  6 for  f u r t h e r  par t iculars ,  also ref.  (9). 

s Nor ton A l u n d u m  Lab Ware  Fi l te r  Disk,  Mix tu re  RA 139, Nor ton 
Company ,  Worces ter ,  Mass. 
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Fig. 5. Variation for NalSn cell voltage with Na concentration 

Fig. 3. Flowing-metal cell diagram 

Fig. 4. Flowing-metal cell assembly 

the Sn stream, low in Na content,  wi l l  enter  the cell, 
pass by  the electrolyte,  and exi t  f rom the cell  en -  
r iched in Na content. The fact tha t  the Sn cathode 
is moving past  the  e lect rolyte  wi l l  tend  to reduce 
any concentrat ion polar izat ion in the Sn cathode. 
To al low a de te rmina t ion  of the influence of Sn ve-  
loci ty upon concentrat ion polarizat ion,  the cell of 
Fig. 3 and 4 was constructed. Each ce l l -ha l f  con- 
sisted of an end plate,  th rough  which fittings a l -  
lowed the reac tan t  to be in t roduced and removed,  
and an electrode p la te  which a l lowed the l iquid 
meta l  to assume a known geometry.  The channel  for 
the l iquid meta ls  in the e lectrode pla te  was a rec-  
tangle  of 2.540 cm length,  1.270 cm width,  and a 
depth  of 0.0508 cm. The flow s t reams are therefore  
bel ieved to be of un i form veloci ty  past  the e lec t ro-  
ly te  and of a known area. The assembled cell was 
made  leak  t ight  by use of the pressure  seals a l r eady  
ment ioned and wi th  pressure  suppl ied by  the vice 
shown. The bolts employed were  5/16-18 and were  
t ightened to a torque  of 1.4 to 2 kg-m.  The porous 
ma t r ix  was contained wi th  a zero-c learance  fit in 
a f rame of impervious  alumina.  

Al l  potent ia l  measurements  were  made  employing 
potent iometers  or s t r i p - cha r t  potent iometr ic  record-  
ers. Reagent  grade chemicals were  emioloyed. The 
N~ or A was passed over Cu turn ings  at  a t e m p e r a -  
tu re  of 450~ and H~O was removed  wi th  CaSO4 
dry ing  towers.  Tempera tu res  were  measured  wi th  

ch romel -a lumel  s ingle- junc t ion  thermocouples.  
Elec t ro ly te  mix tures  were  p repa red  f rom stock re-  
agents, in correct  weight  proport ions,  then fused to 
fu r the r  remove t races  of water .  

Results 
A search for a sui table  e lect rolyte  was made of 

the salts of Na. Anions found to be chemical ly  
compat ible  were :  the  halogens,  CN-, CO~ and S=. 
The e lect rolyte  employed in these studies was an 
eutectic of 62.5 mole % NaI, 37.5 mole % NaC1, 
mp = 562~ Cell da ta  p resen ted  were  obtained 
employing this e lect rolyte  in cells which were  ma in -  
ta ined at  625~ A low mel t ing composition of 20.3 
mole % Na~CO3, 47.3 mole % NaI, 32.4 mole % NaC1, 
mp ~ 520~ has also been found. In addi t ion a low 
mel t ing mixture ,  mp = 512~ for the  NaI -NaCN 
system, of an approx ima te  composit ion of 35 w / o  
NaCN has also been found. 

Static-Cell  Studies 

Cell vol tage vs. Na concentrat ion da ta  are p re -  
sented in Fig. 5. Data  for curve (a)  were  obtained 
employing the static cell loaded with  Sn, the elec-  
t rolyte ,  and Na, and raised to opera t ing  t empera -  
ture.  Known quant i t ies  of coulombs were  then wi th -  
d rawn from the cell, the  open-c i rcui t  potent ia l  
measured,  and the weight  per  cent of Na in the Sn 
calculated.  The open-c i rcu i t  vol tage of the  cell 
cont inuously decreases dur ing the per iod  in which 
the e lec t ro ly te  is molten. This nongalvanic  vol tage 
loss is p re sumab ly  due to the solubi l i ty  of Na in 
the mel t  or to chemical  or physical  decomposit ion 
of the e lect rolyte  (L colorat ion may  be seen in the 
fused, evacuated  mel t ) .  For  this reason, the Na 
concentrat ion calcula ted by  coulomb measurement  is 
a min imum value. Employing  the resul ts  of the  l i fe-  
test to be described,  the resul ts  presented  in curve 
(a)  have been corrected to an approx ima te  t rue  
concentrat ion,  and these corrected da ta  a re  p r e -  
sented in curve (b) .  Curve (c) was obta ined f rom 
the da ta  of ref. (4), p. 23, for a NalSn cell opera ted  
at 480~ and curve (d)  obta ined  f rom ref. (10) 
for the cell opera ted  at  500~ Curve (e) was ob- 
ta ined  by  calculat ing the  potent ia l  of the cell as-  
suming behavior  due to a s imple concentrat ion cell. 

Charge-d i scharge  da ta  were  obta ined by  employ-  
ing the static cell. Such da ta  were  collected at  dif-  
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f e r e n t  l eve l s  of N a  c o n c e n t r a t i o n  in t he  Sn l aye r .  
E x p e r i e n c e  w i t h  these  m e a s u r e m e n t s  r e s u l t e d  in  t he  
des ign  of t he  cel l  of Fig .  1. The  d a t a  a c c u m u l a t e d  
w i t h  th is  cel l  w e r e  c o r r e c t e d  for  t he  r e s i s t ance  of 
the  l eads  w h i c h  p r o v i d e d  e l ec t r i ca l  con tac t  f r o m  
the  top  of t he  i n e r t - g a s  enc losu re  to t he  cel l  r ive t s .  
The  p r ec i s e  and  r e p e a t a b l e  m e a s u r e m e n t  of t he  r e -  
s i s tance  of these  leads ,  w h i c h  w e r e  sub j ec t  to  a 
t e m p e r a t u r e  g r a d i e n t  of 600~ was  found  to be  
difficult .  F o r  th is  reason ,  t he  cel l  of Fig.  1 was  
modi f i ed  b y  the  a d d i t i o n  of two  r i ve t s  w h i c h  s e r v e d  
to a l l ow the  p o t e n t i a l  b e t w e e n  the  Na  and  Sn  e l ec -  
t r odes  to be  m e a s u r e d  w h i l e  pass ing  c u r r e n t  t h r o u g h  
the  o t h e r  two  leads.  In  a l l  cases, a p lo t  of cel l  v o l t a g e  
aga ins t  c u r r e n t  d e n s i t y  r e s u l t e d  in  a s t r a i g h t  l ine  
pass ing  t h r o u g h  the  o p e n - c i r c u i t  i n t e rcep t .  The  
m e a s u r e m e n t s  w e r e  r e p e a t e d l y  t a k e n  to c u r r e n t  
dens i t i e s  of 0.775 a m p / c m  ~. F r o m  these  d a t a  t he  con-  
d u c t i v i t y  of th is  e l e c t r o l y t e  was  ca lcu la ted .  The  r e -  
sul ts  of t h r e e  i den t i ca l  e x p e r i m e n t s  p r o v i d e d  a v a l u e  
of t he  c o n d u c t i v i t y  of 2.5 +-- 0.1 mho  a t  625~ 
M e a s u r e m e n t s  of t he  c o n d u c t i v i t y  us ing  c o n v e n -  
t i ona l  t e chn iques  w i t h  glass  c o n d u c t i v i t y  cel ls  
whose  cons t an t s  w e r e  a b o v e  100, p r o v i d e d  a v a l u e  
of 2.3 mho.  This  v a l u e  was  u n a l t e r e d  b y  the  use  of 
Ag,  Pt,  or  3 w / o  N a  in Sn e lec t rodes .  This  d i f fe rence  
in c o n d u c t i v i t y  v a l u e  is a t t r i b u t a b l e  to t he  a s s u m p -  
t i on  t h a t  the  l i q u i d - m e t a l  e l ec t rodes  w e r e  flat, i.e., 
meni scus  free,  w h i c h  is no t  t he  case. The  v a l u e  of 
2.3 mhos  is b e l i e v e d  to be  va l id .  

Life-Test Studies 
Most  of t he  e x p e r i m e n t s  p e r f o r m e d  w i t h  t he  s ta t ic  

cel l  w e r e  r u n  for  no t  m o r e  t h a n  five days ,  and  d u r i n g  
these  t imes  mos t  d a t a  w e r e  m a n u a l l y  col lected.  In  
o r d e r  to s t u d y  t h e  l o n g - t i m e  b e h a v i o r  of t he  cell ,  
an  a u t o m a t e d  l i fe  t es t  was  es tab l i shed .  B y  m e a n s  of 
a r e l a y  w h i c h  was  d r i v e n  b y  a s y n c h r o n o u s  motor ,  
a cycl ic  s equence  of cel l  ope r a t i ons  was  e s t ab l i shed ,  
and  the  i n f o r m a t i o n  o b t a i n e d  d u r i n g  each  p h a s e  of 
t he  cyc le  was  r e c o r d e d  w i t h  a s ingle  p o t e n t i o m e t e r  
s t r i p - c h a r t  r e co rde r .  The  sequence  of even t s  and  
the  f r a c t i o n  of t he  cyc le  d e v o t e d  to each  p h a s e  w e r e :  
o p e n - c i r c u i t  vo l tage ,  10%;  c h a r g i n g  cu r r en t ,  40%;  
o p e n - c i r c u i t  vo l t age ,  5%;  cel l  t e m p e r a t u r e ,  5 % ;  
d i s cha rge  cu r ren t ,  40%.  Each  cyc le  was  of 20 -min  
du ra t i on ,  and  the  l e n g t h  of t i m e  d e v o t e d  to e i t h e r  
c h a r g i n g  or  d i s c h a r g i n g  the  cel l  was  t hus  8 rain.  
S ince  t h e  cel l  was  on o p e n - c i r c u i t  d u r i n g  t h e  m e a s -  
u r e m e n t  of  cel l  t e m p e r a t u r e ,  the  t o t a l  t i m e  p e r  cyc le  
t h a t  t he  cel l  was  on o p e n - c i r c u i t  was  4 min.  

The  r e su l t s  of th is  l i fe  t es t  a re  p r e s e n t e d  in Fig.  
6. The  c h a r g e  and  d i s c h a r g e  c u r r e n t s  w e r e  a d j u s t e d  
d u r i n g  the  e a r l y  p a r t  of t he  r u n  in an  a t t e m p t  to 
keep  the  v o l t a g e  a f t e r  cha rge  and  d i s c h a r g e  at  a 
cons t an t  leve l .  The  d e g r e e  to w h i c h  these  a d j u s t -  
m e n t s  w e r e  successfu l  is p r e s e n t e d  in Fig .  6, c u r v e  
( A )  showing  t h e  v a r i a t i o n  in o p e n - c i r c u i t  v o l t a g e  
of t he  cel l  a f t e r  t he  c h a r g e  and  d i s c h a r g e  cycles .  The  
cel l  m a y  be  cons ide r ed  to h a v e  o p e r a t e d  in a s t ab le  
m a n n e r  d u r i n g  mos t  of t he  31 d a y  per iod .  T h e  r a t i o  
of e q u i v a l e n t s  of N a  c o n s u m e d  d u r i n g  a d i s cha rge  
cycle  to those  r e c h a r g e d  d u r i n g  the  c h a r g e  cyc le  a r e  
p r e s e n t e d  in  Fig .  6C. The  cou lombic  efficiencies of 
t he  cel l  a p p r o a c h e d  a m a x i m u m  of 70% d u r i n g  t h e  
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Fig. 6. NalSn cell life-test results 

run .  The  a v e r a g e  cou lombic  efficiency was  50.6% 
and  1.97 e q u i v a l e n t s  of N a  w e r e  d i s c h a r g e d  d u r i n g  
the  run .  S ince  the  cel l  c o n t a i n e d  0.116 e q u i v a l e n t s  
a t  t he  s t a r t  of the  run ,  t he  q u a n t i t y  of  e l ec t r i c i t y  
w i t h d r a w n  f r o m  t h e  cel l  was  16 t i m e s  t h a t  r e p r e -  
s en t ed  b y  the  o r i g i n a l  q u a n t i t y  of N a  p l a c e d  in t he  
cell .  The  d i s cha rge  c u r r e n t  d u r i n g  the  r u n  is shown  
in Fig .  6D. The  a v e r a g e  d i s c h a r g e  c u r r e n t  for  t he  
en t i r e  cyc le  was  71.0 m a  c o r r e s p o n d i n g  lo  18.3 
m a / c m  ~. This  v a l u e  c o r r e s p o n d s  to an  a v e r a g e  d i s -  
c h a r g e  c u r r e n t  of 45.9 m a / c m  ~ d u r i n g  the  40% p o r -  
t ion  of t he  cycle.  The  d i f f e rence  b e t w e e n  cha rge  and  
d i s c h a r g e  c u r r e n t  a v e r a g e d  ove r  t he  c o m p l e t e  cycle,  
I, .... is p l o t t e d  as t h e  d a s h e d  l ine  of Fig.  6, cu rve  
(D) .  M e a s u r e m e n t s  of cel l  r e s i s t ance  d u r i n g  c h a r g e  
and  d i s c h a r g e  w e r e  t a k e n  p e r i o d i c a l l y  d u r i n g  t h e  
run .  These  va lues  w e r e  o b t a i n e d  b y  m e a s u r i n g  t h e  
change  in  cel l  v o l t a g e  due  to a k n o w n  c u r r e n t  flow, 
bo th  c h a r g i n g  a n d  d i scha rg ing .  The  r e su l t s  w e r e  
v a r i a b l e  and  a r e  p r e s e n t e d  as  t h e  r a n g e  of r e s i s t ance  
s h o w n  in Fig .  6B. B a s e d  on t h e  a v e r a g e  cou lombic  
efficiency and  t h e  a v e r a g e  d i s c h a r g e  cu r ren t ,  t he  
loss in c u r r e n t  due  to n o n g a l v a n i c  p rocesses  in  ca l -  
cu l a t ed  to be  17.9 m a / c m  ~. This  v a l u e  has  been  a p -  
p l i ed  as a co r r ec t i on  to t he  d a t a  of Fig.  5, c u r v e  (b ) .  

I n spec t ion  of t he  cel l  a f t e r  t he  conclus ion  of t he  
l i fe  t es t  showed  t h a t  cel l  f a i l u r e  was  caused  b y  loss 
of N a  f r o m  the  cel l  d u e  to an  i m p e r f e c t  s ea t i ng  b e -  
t w e e n  the  cel l  and  the  cel l  cap.  The  a l u m i n a  and  the  
r i ve t s  s h o w e d  no s ign of a t t ack ,  o the r  t h a n  a s u r -  
face  b l a c k e n i n g  of t h e  a l u m i n a ,  p r e s u m a b l y  due  to 
t he  r e d u c t i o n  of t r aces  of SiO~. The  porous  m a t r i x  
e m p l o y e d  s h o w e d  no m a j o r  a t t ack ,  b u t  a f t e r  w a s h -  
ing w i t h  wa te r ,  t he  d i sk  e x h i b i t e d  a loss of m e c h a n -  
ica l  s t r eng th .  

The  s tud ies  p e r f o r m e d  w i t h  t he  s ta t ic  cel ls  d e m -  
o n s t r a t e d  t h a t  t h e  c o n c e n t r a t i o n  p o l a r i z a t i o n  was  
no t  of a m a g n i t u d e  to obse rve  w i t h  t he  t e chn iques  
e m p l o y e d .  I t  was  diff icult  to dec ide  b e t w e e n  con-  
c e n t r a t i o n  p o l a r i z a t i o n  and  p e n - l a g  effects even  
t h o u g h  t h e  cel l  vo l t age  d u r i n g  the  l i f e  t es t  was  r e -  
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co rded  e m p l o y i n g  the  12.5 m v  span  of a r e c o r d e r  
whose  p e n - r e s p o n s e  speed  was  1 sec for  f u l l - s c a l e  
def lec t ion  of 25 cm. Such  a low e x t e n t  of c o n c e n t r a -  
t ion  p o l a r i z a t i o n  is no t  s igni f icant  to t he  o p e r a t i o n  
of cel ls  in w h i c h  the  g r e a t e s t  v o l t a g e  loss is d u e  to 
r e s i s t i v i t y ,  and  i t  w a s  t hus  u n n e c e s s a r y  to  s t u d y  
th is  p o l a r i z a t i o n  f u r t h e r .  Neve r the l e s s ,  t he  cel l  of 
Fig.  4 was  a s s e m b l e d  and  r u n  to s t u d y  the  b e h a v i o r  
of t he  seals  and  the  m a t r i x .  I t  was  f o u n d  t h a t  t he  
p r e s s u r e  sea l ing  t e chn iques  w e r e  qu i t e  s a t i s f a c t o r y  
and  w e r e  c a p a b l e  of p r e v e n t i n g  l i q u i d - m e t a l  l e a k s  
at  abso lu t e  p r e s s u r e s  as h igh  as 2.3 a tm.  I t  was  d i s -  
covered ,  h o w e v e r ,  t h a t  t he  m a t r i x  e m p l o y e d  a l l ow e d  
the  po re s  to be f looded w i t h  N a  me ta l ,  caus ing  a l -  
mos t  i m m e d i a t e  cel l  f a i lu re .  This  s h o r t - c i r c u i t i n g  
was  p r e s u m a b l y  due  to t he  use  of too l a r g e  a p o r e  
size. 

The  h igh  c o n d u c t i v i t y  of t he  e l ec t ro ly t e ,  t he  e x -  
ce l l ence  of  k ine t i c  b e h a v i o r  as i n d i c a t e d  b y  t h e  l i n e a r  
c h a r g e - d i s c h a r g e  curves ,  a n d  the  low e x t e n t  of n o n -  
g a l v a n i c  p rocesses  h a v e  thus  been  d e m o n s t r a t e d .  On 
t h e  bas i s  of t he se  r e su l t s ,  a ce l l  c o n s t r u c t e d  of a 
3 m m  thick,  40% p e r m e a b l e  m a t r i x  of the  t y p e  used  
in t hese  s tudies ,  e m p l o y i n g  t h e  NaI -NaC1  eutec t ic ,  
shou ld  a l l ow o p e r a t i o n  a t  0.767 a m p / c m  ~ a t  0.25v, 
t he  m a x i m u m  p o w e r  c a p a b i l i t y  of a cel l  of 0.5v 
o p e n - c i r c u i t  po ten t i a l .  Such  a cel l  w o u l d  e x h i b i t  
95% cou lombic  efficiency w h e n  c o n t i n u o u s l y  op -  
e r a t e d  at  th i s  c u r r e n t  d e n s i t y  d u r i n g  b a l a n c e d  
cha rge  and  d i s c h a r g e  per iods .  
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Formation of Porous Metal Plates 
by Electrolytic Reduction 

Electrolytic Reduction of Metal Compounds under Controlled Physical Pressure 
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ABSTRACT 

Porous  meta l  p la tes  having high surface areas  and considerable  mechanica l  
s t rength  were  p roduced  by  the reduct ion  of pas ted  meta l  compounds under  
control led  physical  pressures  in an e lec t ro ly t ic  cell. The poros i ty  of the  meta l  
p la te  is a funct ion of the  pressure  appl ied  dur ing  electrolysis  and the me ta l  
content  of the  compound being reduced.  Successful  reduct ion  depends  upon 
using the p roper  combinat ion  of meta l  compound and electrolyte .  Porous meta ls  
formed successful ly by  this technique included Ag, Fe, Bi, Sn, Sb, Zn, Cu, Cd, 
Pb, and the fol lowing mixtures ,  Sn-Pb,  Zn-Hg,  Cd-Zn, Ag-Cu,  and Cu-Zn. 
Porosi t ies  as low as 42% and as high as 89% were  obtained.  A smal l  var ia t ion  
in the poros i ty  of such a meta l  e lect rode may  have a serious effect on its ca-  
pac i ty  as a ba t t e ry  anode. 

A l a r g e  n u m b e r  of m e t a l  c o m p o u n d s  can be  m i x e d  
w i t h  a su i t ab l e  l iquid ,  p a s t e d  on a m e t a l  screen ,  
and  r e d u c e d  to t he  c o r r e s p o n d i n g  m e t a l  w h e n  m a d e  
the  ca thode  in  an  e l e c t r o l y t i c  cell .  I f  such  an  e l e c -  

t r o d e  is s u s p e n d e d  o p e n l y  in the  e l ec t ro ly t e ,  t h e  
p a s t e d  c o m p o u n d  m a y  be  shed  f rom t h e  sc reen  b e -  
fo re  i t  has  a chance  to be  r educed .  I f  a m e t a l  d e -  
pos i t  is o b t a i n e d  in  th i s  m a n n e r ,  i t  is a p t  to  be  
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c r u m b l y ,  s l i g h t l y  a d h e r e n t ,  and  h a v e  l i t t l e  s t r eng th .  
Zinc ox ide  g ives  such a depos i t  in  a p o t a s s i u m  h y -  
d r o x i d e  e l ec t ro ly te .  H o w e v e r ,  w h e n  a cel l  a s s e m b l y  
cons i s t ing  of p a s t e d  zinc ox ide  ca thodes ,  s i l ve r  
anodes ,  a n d  s e p a r a t o r s  is p a c k e d  in to  a t i g h t  f i t t ing  
cel l  case  a n d  c h a r g e d  in a p o t a s s i u m  h y d r o x i d e  e l ec -  
t ro ly t e ,  t h e  zinc ox ide  is r e d u c e d  to a compac t ,  a d -  
he ren t ,  po rous  zinc p l a t e  w h i c h  has  c o n s i d e r a b l e  
p h y s i c a l  s t r eng th .  I t  s e e m e d  p r o b a b l e  t h a t  t h e  t i gh t  
p a c k i n g  of th is  cel l  a s s e m b l y  p l a c e d  a p r e s s u r e  on 
the  p a s t e d  z inc  ox ide  w h i c h  was  r e s p o n s i b l e  for  t he  
r e d u c e d  zinc be ing  in  a compac t  fo rm.  Spe c i a l  
e q u i p m e n t  was  des igned  for  r e d u c i n g  p a s t e d  e lec -  
t r odes  in an  e l ec t ro ly t i c  ce l l  u n d e r  con t ro l l ed  p h y s -  
ica l  p r e s su re .  

M e t a l  p l a t e s  f o r m e d  in th is  m a n n e r  a r e  h i g h l y  
porous ,  r e s i s t a n t  to c r u m b l i n g  in  mos t  cases,  and  
h a v e  a l a r g e  su r f ace  a r e a  t h a t  is r e a d i l y  con t ac t ed  
b y  l iqu ids  u p o n  immers ion .  T h e y  a re  p a r t i c u l a r l y  
e x c e l l e n t  for  use  as b a t t e r y  anodes  t h a t  a r e  to be  
d i s c h a r g e d  a t  h igh  ra tes .  

The  p u r p o s e  of th is  s t u d y  was  to d e t e r m i n e  some 
of t he  f ac to r s  t ha t  a r e  i n v o l v e d  in t he  f o r m a t i o n  of 
po rous  m e t a l  p l a t e s  b y  the  e l e c t ro ly t i c  r e d u c t i o n  
of p a s t e d  m e t a l  c o m p o u n d s  u n d e r  p re s su re .  

Experimental 
A p a s t e  of t h e  p r o p e r  compos i t i on  was  m a d e  f r o m  

t h e  p a r t i c u l a r  c o m p o u n d  and  e l ec t ro ly t e ,  and  i t  was  
a p p l i e d  e v e n l y  to bo th  s ides  of a 3.8 cm ~ f ine -mesh ,  
w i r e  screen.  E n o u g h  m a t e r i a l  was  used  to g ive  m e t a l  
p l a t e s  a p p r o x i m a t e l y  0.2 cm th ick .  The  p a s t e d  
sc reen  was  p r e s s e d  in a d ie  to r e m o v e  a n y  s l igh t  
excess  of l i qu id  p re sen t ,  to r e m o v e  a i r  bubb le s ,  to 
g ive  b e t t e r  a d h e r e n c e  to t he  w i r e  sc reen  gr id ,  to 
d i s t r i b u t e  t h e  pas t e  e v e n l y  ove r  t he  gr id ,  and  to  
g ive  the  flat, p a r a l l e l  su r faces  t h a t  w e r e  n e c e s s a r y  
in the  s u b s e q u e n t  cel l  a s sembly .  The  pas t e  e x t e n d e d  
w e l l  a b o v e  the  su r f ace  of t he  w i r e  sc reen  in w h i c h  
r e spec t  i t  was  d i f fe ren t  f r o m  the  a v e r a g e  c o m m e r -  
c ia l  b a t t e r y  p l a t e  w h e r e  t he  p a s t e  is ins ide  t he  
pocke t s  of t h e  gr id .  The  p r o b l e m s  i n v o l v e d  in  p a s t -  
ing  a r e  so se r ious  t h a t  t h e y  h a v e  been  m a d e  t h e  
sub j ec t  of a s e p a r a t e  s t u d y  (1) .  

The  o r d e r  of a s s e m b l y  of t h e  c h a r g i n g  e q u i p m e n t  
is shown  in Fig .  1. The  p r e s s e d  e l e c t r o d e  was  p l a c e d  
b e t w e e n  two  f l a t - shee t ,  i n e r t  anodes ,  g e n e r a l l y  
n ickel ,  each  of w h i c h  was  w r a p p e d  in a s ing le  l a y e r  
of u n s e a l e d  ce l lophane .  The  e l ec t rode  a s s e m b l y  was  
t h e n  p u t  in  a cel l  case  w h i c h  cons i s t ed  of a s n u g -  
f i t t ing,  f l ex ib le  bag  m a d e  of 3 - m i l  p o l y e t h y l e n e .  The  
cel l  a s s e m b l y  w a s  p u t  in  a r i g i d l y  s ecu red  c o n t a i n e r  

SHEET SUPPORT LEVER 
NICKEL BEARING ARM 
ANOOES 

T~~D ~ [~ /]L_l HOOK WEIGHT 
RIGID PAS PRESSURE 
CONTAINER CATHODE PLATE 

Fig. 1. Apparatus for reducing pasted electrodes under controlled 
pressure. 

a n d  p l a c e d  so l id ly  a g a i n s t  one end.  A t h i c k  p o l y -  
s t y r e n e  p r e s s u r e  p l a t e  was  p l a c e d  aga ins t  t h e  o t h e r  
s ide  of t he  cel l  a s sembly .  The  r o u n d e d  t ip  of  t h e  
l e v e r  a r m  was  p l a c e d  in t he  r o u n d e d  i n d e n t a t i o n  
in t h e  cen t e r  of t h e  p r e s s u r e  p la te .  The  u p p e r  e x -  
t e n s ion  of t he  l e v e r  a r m  was  k e p t  l eve l  as w e i g h t s  
w e r e  a d d e d  to t he  hook  to g ive  t he  de s i r e d  p r e s s u r e  
on t h e  p a s t e d  e lec t rode .  The  a p p l i e d  p r e s s u r e  is a 
l i n e a r  func t ion  of t he  w e i g h t  u sed  and  was  d e t e r -  
m i n e d  t h e o r e t i c a l l y  and  c h e c k e d  b y  ca l ib ra t ion .  
A f t e r  t he  p r e s s u r e  was  a p p l i e d  to t he  cel l  a s sembly ,  
t h e  c u r r e n t  was  t u r n e d  on a n d  sufficient  e l e c t r o l y t e  
was  a d d e d  to cover  t he  e lec t rodes .  The  cel ls  w e r e  
c h a r g e d  a t  a r a t e  t h a t  gave  c o m p l e t e  r e d u c t i o n  in 
a b o u t  18-24 hr.  In  gene ra l ,  t he  c h a r g i n g  cond i t ions  
d id  no t  a p p e a r  to be  cr i t ica l .  

A t  t he  end  of t h e  charge ,  t he  po rous  m e t a l  e lec -  
t r o d e  was  r e m o v e d  f rom the  cell ,  t h o r o u g h l y  washed ,  
d r i e d  in a v a c u u m  and  s to r ed  in an  i n e r t  a t m o s p h e r e .  
The  poros i ty ,  P,  w h i c h  is def ined  as  t h a t  f r ac t i on  
of t he  t o t a l  v o l u m e  of t h e  p l a t e  t h a t  is occup ied  b y  
po re s  or  vo id  spaces ,  was  d e t e r m i n e d  b y  l iqu id  a b -  
sorp t ion .  The  r e su l t s  w e r e  r e p r o d u c i b l e  to -----0.0007. 

Results 
S i x t y  gr ids  w e r e  p a s t e d  w i t h  a m i x t u r e  of 5.0g 

ZnO and  e l e c t r o l y t e  and  t h e n  r e d u c e d  in  32.6% 
K O H  to f o r m  po rous  zinc p l a t e s  a p p r o x i m a t e l y  2 m m  
t h i c k  a n d  con ta in ing  4.0g of zinc. The  a v e r a g e  p o -  
ro s i t y  o b t a i n e d  a t  va r i ous  p r e s s u r e s  is p l o t t e d  in  
Fig.  2 and  was  f o u n d  to d e c r e a s e  f r o m  0.81 to  0.71 as 
t h e  p r e s s u r e  was  inc reased .  The  r a t e  of d e c r e a s e  was  
f a s t e s t  a t  the  lowes t  p r e s s u r e  w h e r e  t h e  p o r o s i t y  
was  h ighe s t  a n d  the  p h y s i c a l  s t r u c t u r e  was  weakes t .  
W h e n  the  i n i t i a l  p r e s s u r e  on the  cel l  a s s e m b l y  was  
g r e a t e r  t h a n  0.2 k g / c m  ~, t he  p a s t e  g e n e r a l l y  f lowed 
to a c e r t a i n  e x t e n t  and  f o r m e d  a bu lge  a r o u n d  the  
edge  of the  e l ec t rode  w h i c h  r e d u c e d  to g ive  a c r u m -  
b l y  me ta l .  This  u n d e s i r a b l e  cond i t ion  was  a v o i d e d  
b y  ho ld ing  t h e  p r e s s u r e  d u r i n g  the  first  20 min  or  
so of c h a r g i n g  at  0.2 k g / c m  ~. The  p a s t e  was  t hen  
s t i f fened b y  the  p r e s e n c e  of r e d u c e d  me ta l ,  and  the  
p r e s s u r e  cou ld  be  i n c r e a s e d  to as m u c h  as 0.8 k g / c m  2. 
A t  t he  end  of a p p r o x i m a t e l y  a n o t h e r  20 ra in  the  
p r e s s u r e  cou ld  be  i n c r e a s e d  to as m u c h  as 1.6 
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Fig. 2. Effect of formation pressure on porosity 

20 



Vol. 109, No. 8 F O R M A T I O N  O F  P O R O U S  M E T A L  P L A T E S  

k g / c m  ~. An increase in the length  of these ini t ia l  
forming periods at  low pressures  was accompanied 
by  an increase  in the porosi ty.  The op t imum length  
of the  ini t ia l  l ow-pressu re  format ion periods var ied  
somewhat  wi th  the  ma te r i a l  being reduced  and the  
condit ions of reduction.  

Porous zinc electrodes were  also produced by  the 
reduct ion of ZnCO~ in 32.6% KOH. Results  are  
shown in Fig. 2. 

A number  of these zinc electrodes were  dis-  
charged ind iv idua l ly  in an a lka l ine  cell be tween  two 
AgO cathodes at  20~ and 10 amp using 10 cc of 
40% KOH electrolyte.  Under  these conditions, the 
zinc electrode was the l imi t ing  factor  on cell ca-  
pacity.  In Fig. 3, the  capaci ty  in minutes  is p lo t ted  
against  per  cent porosity.  A peak  is reached at a 
porosi ty  of 82%. At  h igher  porosities,  the phys ica l  
s t ruc ture  is weakened  and the zinc crumbles  dur ing  
discharge, and at  lower  porosi t ies  the e lectrode is 
s t ronger  physical ly ,  but  the  to ta l  surface area  is 
less; therefore,  the  current  densi ty  is h igher  and 
the capaci ty  is lower.  The curves in Fig. 2 and 3 
show tha t  the capaci ty  was seriously affected by 
the poros i ty  and consequent ly  was also affected 
by  the pressure  used dur ing the electrolyt ic  reduc-  
tion. The m a x i m u m  capaci ty  was obtained only un-  
der  a fa i r ly  na r row range  of porosities.  Careful  con- 
trol  of these conditions is essent ial  if one is 
in teres ted  in specialized character is t ics  such as high 
current  dens i ty  discharge rates  or minimizat ion of 
ba t t e ry  weight.  

The poros i ty -p ressu re  curves for  lead plates  
formed by  the reduct ion of Pb~O, and PbO are 
shown in Fig. 2. Pb~O~ can be reduced at zero p res -  
sure to give a solid physical  s t ructure.  Many  m a -  
ter ia ls  tha t  reduce sat is factor i ly  in an e lectrolyt ic  
cell under  pressure,  e i ther  fai l  to reduce at  all  if 
no p ressure  is appl ied  or reduce  incomple te ly  or 
reduce to give a nonadherent ,  spongy meta l  deposit.  
Al l  of the reduct ions discussed here were  made  wi th  
a 32.6% KOH elect rolyte  unless o therwise  ind i -  
cated on the poros i ty -pressure  curves. PbO was re -  
duced in a 32.6% KOH and also in a 10% H~SO, 
solution. The difference be tween the two p ressure -  
poros i ty  curves for PbO is not  nea r ly  as la rge  as 
the difference be tween the PbO and Pb~O, curves. 
In the case of a pa r t i cu la r  metal ,  changing the com- 
pound to be reduced p robab ly  has more effect on 
the poros i ty  than  changing the e lect rolyte  tha t  is 
being used with  a given compound. 
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Fig. 4. Effect of formation pressure on porosity 
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Poros i ty -p ressure  curves for the format ion of 
porous plates  of cadmium, tin, and si lver  are  shown 
in Fig. 4. Results  obta ined from the reduct ion of 
var ious  mix tures  are  shown in Fig. 5. Sat i s fac tory  
porous plates  were  not obta ined  whenever  a m ix -  
ture of compounds was t r ied  tha t  contained an ap-  
prec iable  amount  of a compound tha t  would not  
reduce by  itself. Poros i ty  curves for copper and an t i -  
mony are given in Fig. 6. By using three  different  
compounds, it was possible to p r e pa r e  copper plates  
covering most of the range be tween  0.40 and 0.90 
porosity.  

In  addi t ion to the compounds shown in Fig. 2, 4, 
5, and 6 successful reduct ions to sat isfactory porous 
meta l  plates  were  also obtained using FeS, AgO. 
Bi20~CO~, and PbO~ in KOH electrolyte.  The reduc-  
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Fig. 3. Effect of porosity on cell capacity Fig. 6. Effect of formation pressure on porosity 
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Fig. 7. Estimation of porosity from the amount of metal in the 
original material. Pressure ~ 1.5 kg/cm ~. 

t ion  of HIO~ in a s a t u r a t e d  so lu t ion  of KIO~ gave  a 
po rous  p l a t e  of iod ine  t h a t  was  a d h e r e n t  and  h a d  
some p h y s i c a l  s t r eng th .  This  was  t he  on ly  po rous  
p l a t e  of a n o n m e t a l l i c  subs t ance  t h a t  was  f o r m e d  
b y  e l e c t r o l y t i c  r educ t ion .  

A wide  r a n g e  of po ros i t i e s  was  o b t a i n e d  f r o m  the  
va r i ous  c o m p o u n d s  t ha t  w e r e  success fu l ly  r educed .  
In  t he  case  of a p a r t i c u l a r  m e t a l  such  as zinc, lead ,  
c a d m i u m ,  or  copper ,  t he  c o m p o u n d  t h a t  con t a ined  
the  l owes t  p e r c e n t a g e  of t ha t  m e t a l  gave  a po rous  
p l a t e  h a v i n g  t h e  h ighes t  p o r o s i t y  w h e n  r e d u c t i o n  
was  m a d e  at  cons t an t  p re s su re .  This  is i l l u s t r a t e d  
in Fig .  2, 4, a n d  6. In  Fig .  7 t he  g r a m s  of m e t a l  p e r  
cubic  c e n t i m e t e r  of po rous  p l a t e  h a v e  been  p l o t t e d  
aga ins t  t h e  g r a m s  of m e t a l  p e r  cub ic  c e n t i m e t e r  of 
c o m p o u n d  at  i ts  t r u e  d e n s i t y  for  a f o r m a t i o n  p r e s -  
su re  of 1.5 k g / c m t  S i m i l a r  cu rves  w e r e  o b t a i n e d  
a t  o the r  f o r m a t i o n  p re s su res ,  and  in  a l l  cases  a 
s t r a i g h t  l ine  t h r o u g h  the  o r ig in  gave  a r e a s o n a b l e  
fit and  was  s t a t i s t i c a l l y  s ignif icant .  

A n  a p p r o x i m a t e  p r e d i c t i o n  of t he  p o r o s i t y  m a y  
be  m a d e  f r o m  the  e m p i r i c a l  e q u a t i o n  

P = I - -  ( 0 . 4 7 2 + 0 . 1 2 7 p ) C  P [1]  
p= 

w h e r e  P is t he  p o r o s i t y  e x p r e s s e d  as a f rac t ion ,  pm 
is t he  d e n s i t y  of t he  meta l ,  p is t he  f o r m a t i o n  p r e s -  
sure,  C is t he  p e r  cen t  of m e t a l  in  t he  c o m p o u n d  
be ing  r educed ,  a n d  p is t h e  t r u e  d e n s i t y  of t h e  c o m -  
pound .  Po ros i t i e s  w e r e  c a l c u l a t e d  b y  m e a n s  of Eq. 
[1]  on a l l  a v a i l a b l e  d a t a  and  f o u n d  to have  an  
a v e r a g e  d e v i a t i o n  of 0.056 f r o m  the  m e a s u r e d  va lues .  

The  shape  and  s lope of t h e  p o r o s i t y  cu rve  m a y  
be  a func t ion  of  t he  p a r t i c u l a r  m e t a l  invo lved .  In  

Fig.  2, i t  can  be  seen  t ha t  the  ZnCO~ p o r o s i t y - p r e s -  
su re  c u r v e  is r o u g h l y  e q u i d i s t a n t  f r o m  the  ZnO 
curve ,  a n d  the  c u r v e  for  Pb~O, is r o u g h l y  e q u i d i s -  
t an t  f r o m  the  two  P b O  curves .  In  Fig.  4 t he  s t r a i g h t  
l ines  for  CdCO~ and  CdO a re  n e a r l y  e q u i d i s t a n t  and  
the  s ame  is t r u e  for  t he  CuO, Cu~O, a n d  Cu (OH)~ 
p o r o s i t y - p r e s s u r e  cu rves  in  Fig .  6. A l t h o u g h  these  
d a t a  a r e  too l i m i t e d  to be  conclus ive ,  t h e y  do i n d i -  
ca te  t h a t  t he  p o r o s i t y - p r e s s u r e  cu rves  for  v a r i o u s  
c o m p o u n d s  of a g i v e n  m e t a l  m a y  be  a p p r o x i m a t e l y  
equ id i s t an t .  

Discussion 
Not  a l l  m e t a l s  can  be  f o r m e d  in to  po rous  p l a t e s  

by  e l e c t ro ly t i c  r e d u c t i o n  us ing  the  t e c hn iques  d e -  
s c r ibed  here .  A l l  b u t  one  of t he  m e t a l s  t h a t  w e r e  r e -  
d u c e d  in  th is  m a n n e r  w e r e  o b s e r v e d  to  h a v e  18 
e l ec t rons  in t h e i r  p e n u l t i m a t e  e l e c t r o n  shel l .  

On the  bas is  of t h e i r  b e h a v i o r  in  e l e c t r o d e  sys -  
t ems  and  va r i ous  o t h e r  p rope r t i e s ,  P i o n t e l l i  (2)  d i -  
v i d e d  m e t a l s  in to  t h r e e  classes,  n a m e l y  no rma l ,  i n -  
ert ,  and  i n t e r m e d i a t e .  L y o n s  (3)  has  d i scussed  
P ion t e l l i ' s  c lass i f ica t ion  of m e t a l s  on the  bas is  of 
t h e i r  e l e c t r o d e p o s i t i o n  f r o m  a que ous  solut ions .  
These  d iv i s ions  a r e  s h o w n  in Tab le  I w h i c h  omi t s  
some of the  m e t a l s  t h a t  canno t  be  e l e c t r o d e p o s i t e d  
r ead i ly .  A l l  bu t  one of t he  m e t a l s  t h a t  f o r m e d  porous  
p l a t e s  b y  r e d u c t i o n  was  in t he  n o r m a l  group .  One 
success  was  o b t a i n e d  in t h e  i n e r t  g roup .  

The  n o r m a l  m e t a l s  h a v e  c o n s i d e r a b l e  v a r i a t i o n  
in t h e i r  p rope r t i e s ,  p a r t i c u l a r l y  in  r e g a r d  to t h e i r  
e l e c t r o d e p o s i t i o n  f r o m  aqueous  solut ions .  A s t u d y  
of these  a n o m a l i e s  shows  t h a t  t h e y  can  be  r econc i l ed  
b y  d i v i d i n g  the  n o r m a l  m e t a l s  in to  two  sub groups ,  
the  n o r m a l - e l e c t r o p o s i t i v e ,  w h i c h  con ta ins  t he  n o r -  
m a l  m e t a l s  h a v i n g  a low e l e c t r o n e g a t i v i t y  a n d  the  
n o r m a l - e l e c t r o n e g a t i v e  w h i c h  con ta ins  t he  n o r m a l  
m e t a l s  h a v i n g  a h igh  e l e c t r o n e g a t i v i t y .  The  n o r m a l -  
e l e c t r o n e g a t i v e  m e t a l s  can  be  e l e c t r o d e p o s i t e d  
r e a d i l y  f rom aqueous  solut ions ,  and  mos t  of t h e m  
are  p l a t e d  c o m m e r c i a l l y  a t  efficiencies of a p p r o x -  
i m a t e l y  100%. The  a m o u n t  of ionic  c h a r a c t e r  in a 
bond  i n v o l v i n g  a m e t a l  of th is  g roup  is c o n s i d e r a b l y  
less t h a n  for  t he  c o r r e s p o n d i n g  c o m p o u n d  i n v o l v i n g  
a m e t a l  of the  n o r m a l  e l e c t ropos i t i ve  group .  

A l l  of t h e  po rous  m e t a l s  t h a t  w e r e  f o r m e d  b y  t h e  
t e c h n i q u e  d e s c r i b e d  he re  be long  to th is  n o r m a l - e l e c -  
t r o n e g a t i v e  g roup  w i t h  the  e x c e p t i o n  of i ron  and  
of a n t i m o n y  wh ich  is on the  b o r d e r  l ine  and  p o s -  
s ib ly  shou ld  be  reclass i f ied.  No f a i l u r e s  w e r e  o b -  
t a i n e d  w i t h i n  th is  g roup .  H o w e v e r ,  no e x p e r i m e n t s  

~ a  r 

Li 

K Ca Sc 

Rb Sr  Y 

Cs Ba La* 

F r  Ra Ac* * 

Normal 
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* Lanthanides. 

** Aetinides. 

Table I. Electrolytic classification of metals 
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w e r e  c o n d u c t e d  us ing  gold,  ga l l i um,  i nd ium,  a n d  
t ha l l i um.  A t t e m p t s  to r e d u c e  po rous  p l a t e s  f r o m  
arsenic ,  se len ium,  a n d  t e l l u r i u m  c o m p o u n d s  w e r e  
unsuccess fu l ,  even  t h o u g h  some r e d u c t i o n  could  be  
ob ta ined .  Mos t  of t he  15 i n e r t  m e t a l s  l y i n g  to t h e  
r i g h t  of v a n a d i u m  in Fig .  1 can  be e l e c t r o d e p o s i t e d  
success fu l ly  f r o m  the  p r o p e r  aqueous  so lu t ion  w i t h  
c u r r e n t  efficiencies t h a t  v a r y  f r o m  qu i t e  low on up  
to 100% in a f ew  cases.  H o w e v e r ,  a l l  a t t e m p t s  to  
p r o d u c e  p u r e  po rous  p l a t e s  of t he se  m e t a l s  w e r e  
fa i lu res .  A c o n s i d e r a b l e  n u m b e r  of unsuccess fu l  
a t t e m p t s  w e r e  m a d e  us ing  v a r i o u s  e l e c t r o l y t e s  a n d  
a good m a n y  d i f f e ren t  c o m p o u n d s  of n icke l ,  coba l t ,  
i ron,  m a n g a n e s e ,  c h r o m i u m ,  m o l y b d e n u m ,  a n d  
tungs t en .  A l l  a t t e m p t s  w e r e  unsucces s fu l  t ha t  u sed  
m i x t u r e s  of t he se  c o m p o u n d s  and  o t h e r  c o m p o u n d s  
t h a t  r e d u c e d  r e a d i l y  such  as HgO. H o w e v e r ,  F e S  
con ta in ing  20% g r a p h i t e  r e d u c e d  r e a d i l y  in a 15% 
K O H  solut ion.  W h e n  success  is o b t a i n e d  w i t h  a n y  
of t h e s e  me ta l s ,  i t  p r o b a b l y  w i l l  be  u n d e r  cond i -  
t ions  t h a t  a r e  m u c h  m o r e  r e s t r i c t e d  t h a n  those  o b -  
s e rved  in  t h e  n o r m a l - e l e c t r o n e g a t i v e  group.  

G i v e n  a m e t a l  t h a t  can  be  f o r m e d  b y  r e d u c t i o n  
us ing  t h e s e  t echn iques ,  i t  is n e c e s s a r y  to f ind the  
p r o p e r  c o m b i n a t i o n  of m e t a l  c o m p o u n d  and  e l e c t r o -  
l y t e  t h a t  w i l l  m a k e  th is  r e d u c t i o n  poss ib le .  W h e n -  
eve r  a c o m p o u n d  of  a m e t a l  in t he  n o r m a l - e l e c t r o -  
n e g a t i v e  g roup  t ha t  was  s l i gh t ly  so lub le  in t h e  e l ec -  
t r o l y t e  was  t r i ed ,  success fu l  r e d u c t i o n  to a po rous  
m e t a l  p l a t e  was  a l w a y s  ach ieved .  A s l igh t  so lub i l i t y  
is not  a n e c e s s a r y  cond i t ion  a n d  p r o b a b l y  not  a 
sufficient  one. I f  t he  c o m p o u n d  was  h i g h l y  so lub le  
in t he  e l ec t ro ly te ,  f a i l u r e  r e s u l t e d  due  to t he  p a s t e  
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d i s so lv ing  off t he  gr id .  In  t he  case  of m o d e r a t e l y  
so lub le  compounds ,  t he  r e d u c t i o n  is g e n e r a l l y  m o r e  
a p t  to be  success fu l  if t h e  e l e c t r o l y t e  is s a t u r a t e d  
w i t h  the  c o m p o u n d  to be  r educed .  The  so lub i l i t y  of 
t h e  m a t e r i a l  i n d i c a t e d  t h a t  e l e c t r o d e p o s i t i o n  f rom 
the  m e t a l  ion could  be  t he  m a j o r  f ac to r  in  t he  r e d u c -  
t ion  m e c h a n i s m .  

A n u m b e r  of c o m p o u n d s  w e r e  f o u n d  t h a t  could  
be  r e d u c e d  to a po rous  m e t a l  p l a t e  even  t h o u g h  t h e y  
w e r e  v e r y  in so lub le  in  t he  e l ec t ro ly te .  Most  of 
these  cou ld  be  c h e c k e d  in  the  l i t e r a t u r e  a n d  w e r e  
f o u n d  to be  r e l a t i v e l y  good  conduc to r s  of e l ec t r i c i t y .  
This  sugges t s  t he  p o s s i b i l i t y  t h a t  t he  c o m p o u n d  is 
r e d u c e d  to m e t a l  in  t h e  so l id  s t a t e  w i t h o u t  f i rs t  go ing  
in to  solut ion.  

Some  c o m p o u n d s  m i g h t  be  r e d u c e d  b y  a tomic  h y -  
d r o g e n  e vo lve d  at  t h e  ca thode .  S a n c e l m e  (4)  has  
p r o p o s e d  th is  m e c h a n i s m  for  t he  r e d u c t i o n  of c e r -  
t a in  oxides .  His  c o m p o u n d s  w e r e  p l a c e d  loose ly  
on top  of a p l a t i n u m  ca thode ,  a n d  c o n s e q u e n t l y  t h e i r  
r e d u c t i o n  m i g h t  also be  e x p l a i n e d  on t h e  bas is  of 
o t h e r  mechan i sms .  

Manuscr ip t  received Oct. 20, 1961; revised manuscr ip t  
received Apr i l  11, 1962. This paper  was p repa red  for 
de l ivery  before  the  Houston Meeting, Oct. 9-13, 1960. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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Formation of Porous Metal Plates by Electrolytic Reduction 
II. Electrode Pasting 

C. M. Shepherd and H. C. Langelan 
United States Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The successful  fo rmat ion  of a porous me ta l  p la te  f rom a pas ted  e lec t rode  
under  pressure  in an e lect rolyt ic  cell depends  on the use of an ideal  pas te  
wherein  the  ind iv idua l  par t ic les  of the pas ted  ma te r i a l  a re  compacted closely 
together.  Jus t  enough l iquid is present  to fill the  inters t ices  be tween  the pa r -  
ticles and to t ake  care of wha t  is adsorbed  on the surface and in the  pores  of 
the part icles .  

Ideal  pastes  were  p repa red  f rom 29 water - inso luble ,  inorganic  me ta l  com- 
pounds,  and it was found tha t  the  ease of pas t ing  and the qual i ty  of the  pas te  
improves  m a r k e d l y  wi th  decrease in par t ic le  size of the  ma te r i a l  being pasted.  
The best  pas t ing conditions are  obta ined wi th  mate r ia l s  whose par t ic le  
size d is t r ibu t ion  has a geometr ic  mean  d i ame te r  of less than  0.7~. The best  
es t imate  of pas t ing qual i ty  can be obta ined f rom R, the ra t io  of the  t rue  dens i ty  
of a ma te r i a l  to i ts  tap  density.  When  R is grea ter  than  3.8 for a mater ia l ,  i t  has 
good pas t ing  quali t ies.  

In  us ing  the  t echn iques  of S h e p h e r d  and  L a n g e l a n  
(1)  to p r e p a r e  a po rous  m e t a l  p l a t e  b y  e l e c t r o l y t i c  
r e d u c t i o n  of a p a s t e d  c o m p o u n d  u n d e r  con t ro l l e d  
p re s su re ,  success fu l  r e su l t s  d e p e n d  on s e v e r a l  es -  
s en t i a l  fac tors ,  one of w h i c h  is t h e  p a s t i n g  p r o p e r t i e s  
of t h e  c o m p o u n d  or  m i x t u r e  t h a t  is be ing  used.  
T h e r e  is an  o p t i m u m  r a n g e  of p a s t i n g  cond i t ions  

w h i c h  m u s t  be  m a i n t a i n e d  in  o r d e r  to o b t a i n  a good 
porous  m e t a l  p la te .  F o r  some  ma te r i a l s ,  th is  r a n g e  
is v e r y  n a r r o w  and  difficult  to m a i n t a i n .  F o r  o t h e r  
m a t e r i a l s  t he  r a n g e  is s o m e w h a t  w i d e r ;  s a t i s f a c t o r y  
p a s t i n g  is c o m p a r a t i v e l y  eas ie r  to ach ieve ,  and  the  
q u a l i t y  of t he  r e d u c e d  m e t a l  p l a t e  is be t t e r .  The  
p r o b l e m  is a g g r a v a t e d  b y  the  fac t  t h a t  t he  corn- 
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pound is spread as a stiff pas te  on top of a wire  
screen which has a min imum of suppor t  to hold i t  
in place and then is immersed  in an e lec t ro ly te  which 
may  tend to cause shedding. A much s impler  p rob -  
lem exists  in the pas t ing of commercia l  ba t t e ry  
plates,  where  the pas te  is held in pockets  and can 
va ry  in consistency f rom ve ry  stiff to soft and 
mushy. 

A brief  s tudy was made here  of each of a la rge  
number  of compounds in an a t t empt  to find some of 
the genera l  pr inciples  involved in pasting. Al though  
the substances surveyed  were  l imi ted  to meta l  com- 
pounds tha t  were  insoluble in water ,  it  is h ighly  
probable  tha t  the resul ts  of this  s tudy wil l  app ly  
to many  other  types  of mater ia ls .  The meta l  com- 
pounds tes ted included many  tha t  could not  be 
reduced to porous meta l  plates.  

Experimental 
Five  to ten grams of powdered  mate r i a l  plus a 

sui table  amount  of l iquid were  made into a paste  
and appl ied  evenly  to both sides of a 3.8 cm ~ wire  
screen. The pas ted  screen was wrapped  in a single 
l ayer  of facial  t issue to p reven t  sticking, then put  
be tween two Teflon sheets, placed in a close fitting 
meta l  die the  size of the  screen, and pressed in a 
Carver  press at  enough pressure  to give a final, flat, 
smooth homogeneous pas ted  electrode. The p lunger  
was made s l ight ly  smal ler  than the cavi ty  of the 
die, thus avoiding a wa te rp roof  seal and making  it 
possible to press  excess l iquid  out of the pas ted  plate.  
An ideal  paste  was complete ly  re ta ined  under  these 
conditions. When the first increment  of the pressure  
was appl ied  to a p roper ly  p repa red  paste,  the paste  
flowed some and was accompanied by  a flow of 
l iquid out of the  paste. Consequently,  the  pressure  
dropped.  Fu r the r  increments  of pressure  were  ap-  
pl ied fa i r ly  r ap id ly  unt i l  a pressure  was reached 
that  held s teady for several  seconds before  i t  s ta r ted  
to drop. This pressure  was cal led the  min imum pas t -  
ing pressure.  At  this point  the pasted grid was fin- 
ished and r eady  to remove  from the die. Large  va r i -  
ations of the  pas t ing  pressure  had no detec table  
effect on the porosi ty  of the  final meta l  p la te  as long 
as the min imum past ing pressure  was achieved. 

If the compound was to be reduced to metal ,  the 
p la te  was removed  from the  die and placed quickly  
wi thout  d ry ing  or cur ing into a special cell where  it 
was reduced e lec t ro ly t ica l ly  under  a control led 
physical  pressure.  

Experimental Results and Discussion 
I t  was found tha t  a porous meta l  p la te  having op- 

t imum proper t ies  in r egard  to such character is t ics  as 
s t rength  and resis tance to crumbl ing could be p ro -  
duced whenever  the  ind iv idua l  par t ic les  in the 
pressed paste  were  compacted closely together  and 
had  jus t  enough l iquid present  to fill the  interstices.  
Pastes  of this  type,  p repa red  f rom var ious  com- 
pounds, were  found to have a number  of physical  
proper t ies  in common and are defined here  as ideal  
pastes. The ideal  pas te  has a d ry  appearance,  is 
s l ight ly  flexible, and yet  is not crumbly.  The pe r -  
centage of l iquid  present  in a pa r t i cu la r  p o w d e r - l i q -  
uid combinat ion is fixed within fa i r ly  na r row limits.  

An excess of l iquid tends to separa te  f rom the ideal  
paste, pa r t i cu la r ly  when it is subjected to pressure.  
A deficiency of l iquid causes the paste  to be d ry  and 
crumbly.  In this condit ion it r ead i ly  absorbs l iquid. 
This descr ipt ion of an ideal  pas te  is not l imi ted  to 
pastes tha t  can be reduced e lec t ro ly t ica l ly  to a po-  
rous meta l  plate.  This s tudy was made using a large  
number  of various water - inso luble ,  reducible,  and 
i r reducib le  meta l  compounds pas ted  wi th  wa te r  or 
aqueous e lectrolytes  and undoubted ly  can be ex-  
tended to pastes  made  f rom many  other  types  of 
compounds and liquids. If the compound was to be 
reduced e lec t rochemical ly  to the metal ,  the l iquid 
med ium used to p r e pa r e  the  pas te  was some of the  
e lect rolyte  in which the reduct ion was to t ake  place. 
If the mate r ia l  being pas ted  was s l ight ly  soluble, 
then a sa tura ted  solution of the ma te r i a l  in the elec- 
t ro ly te  was used in most  cases as the past ing liquid. 
Al l  of the numer ica l  da ta  presented  here  were  ob- 
ta ined f rom pastes  made wi th  a l iquid b inder  of 
pure  water .  

The amount  of l iquid used is the main fac tor  tha t  
has to be control led in making  a sat isfactory paste. 
The best results  are  obta ined by using a ve ry  slight 
excess of l iquid in forming the paste. This excess is 
pressed out and can be detected when the pas ted  grid 
is removed  from the die. Under  ideal  condit ions the  
excess l iquid is accompanied by  no more than  a ve ry  
slight t race  of the  ma te r i a l  being pasted.  The reading 
of the min imum past ing pressure  is c lear  on a pas te  
containing the proper  amount  of liquid. If the  paste  
is too dry,  it does not flow wel l  under  pressure  and 
forms low spots in the  electrode where  the amount  of 
paste is less than average.  A d ry  paste  does not wet  
the grid p roper ly  and wil l  not  be adherent .  It is 
grainy,  crumbly,  and tends to shed, pa r t i cu l a r ly  on 
edges and corners, whenever  it  is handled  and when 
the e lec t ro ly te  is added. When this d ry  paste  is 
charged, reduct ion may  be incomplete  in the low 
spots, and any meta l  formed there  may  be c rumbly  
and nonadherent .  The pressure  present  in the elec-  
t rolyt ic  cell is l ight  and is appl ied  main ly  to the high 
spots where  the pas te  is th ickest  and these areas  re -  
duce sat isfactori ly.  

If  the  pas te  is too wet, it is s t icky and tends to pul l  
off the screen when removed  from the die. If  the  
paste  is excessively wet  it flows off the  screen l ike 
wate r  when pressure  is appl ied  in the  die. 

There  is a considerable  var ia t ion  in the pas t ing 
proper t ies  of various compounds. I t  was possible to 
divide all  of the compounds tes ted into five a r b i t r a r y  
groups depending on thei r  ease of pas t ing  and qua l -  
i ty of the paste. These groups were  labe led  "very  
poor," "poor," "fair ,"  "good," and "ve ry  good." Since 
these divisions were  based on the j udgmen t  of the  
operator ,  they  were  not sharp and there  was a cer-  
ta in  amount  of overlapping.  I t  was ve ry  difficult to 
main ta in  proper  past ing conditions wi th  compounds 
in the  ve ry  poor group. The poor group was some- 
wha t  bet ter .  Compounds in the  good group pas ted  
sat is factor i ly  by  using a l i t t le  care. Compounds in 
the very  good group were  pas ted  successful ly over  a 
fa i r ly  wide range of conditions, and the pas ted  grids 
were  subjected to considerable  handl ing  and other 
abuse wi thout  showing any apprec iable  de te r io ra -  



Vol. 109, No. 8 F O R M A T I O N  O F  P O R O U S  M E T A L  P L A T E S  

tion. The l iqu id  con ten t  in  the paste  had  a w ide r  
r ange  of acceptable  l imi ts  for a v e r y  good m a t e r i a l  
t h a n  it had  for a ve ry  poor mater ia l .  Compounds  in  
the  good and  ve ry  good groups were  the  on ly  ones 
tha t  came close to fo rming  " ideal"  pastes. The fair  to 
ve ry  poor groups  dev ia ted  to some e x t e n t  f rom the  
above descript ion.  Thus,  the  ideal  paste  can be 
looked on as a l imi t  tha t  is approached  as one moves  
f rom a ve ry  poor to the ve ry  good mater ia l .  Very  
poor compounds  w h e n  pas ted  and  reduced  e lec t ro-  
ly t ica l ly  u n d e r  p ressure  gene ra l l y  gave porous  me ta l  
plates  tha t  were  g r a i n y  and  c r u m b l y  whereas  the  
good and  ve ry  good compounds  gave porous  me t a l  
plates  tha t  had  good phys ica l  proper t ies  and  were  no t  
c rumbly .  The fair  and  poor compounds  also p roduced  
good porous  me ta l  plates,  if t hey  were  p rope r ly  
pasted.  

At  this  po in t  the concept  of an  ideal  pas te  and  the  
ou t l ine  of pas t ing  condi t ions  as g iven  here  are q u a l -  
i ta t ive  descr ip t ions  based on the qua l i t a t i ve  obse rva -  
t ions  and  pe r sona l  op in ion  and  e v a l u a t i o n  of the  
authors .  A more  scientific eva lua t i on  of pas t ing  is 
needed.  It  is des i rab le  to have  some quick  r ep ro -  
ducib le  test  or m e a s u r e m e n t  tha t  wi l l  predic t  the  
pas t ing  proper t ies  of a powdered  mater ia l ,  thus  sire- 
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p l i fy ing  i ndus t r i a l  cont ro l  and  also m a k i n g  it pos-  
sible to eva lua t e  the re la t ionsh ip  of pas t ing  p r op -  
ert ies  to o ther  var iables .  The l iqu id  con ten t  and  
m i n i m u m  pas t ing  p ressure  give a fa i r ly  good es t i -  
ma te  of the  pas te  group,  bu t  can be d e t e r m i n e d  only  
af ter  the  m a t e r i a l  has been  successful ly  pas ted  and  
consequen t ly  the  pas t ing  proper t ies  are a l r eady  
known .  

It  was found  tha t  good pred ic t ions  of pas t ing  
proper t ies  could be made  f rom the  q u a n t i t y  R1, which  
is defined as the  ra t io  of the  t rue  dens i ty  to the  ap -  
p a r e n t  densi ty .  The  a p p a r e n t  dens i ty  is defined as the  
g rams  per  cubic cen t ime te r  of u n p a c k e d  mater ia l ,  
which  is free f rom pockets  or unf i l led  cavities.  In  this  
condi t ion,  ad j acen t  par t ic les  are as close toge ther  as 
they  wi l l  get  w i thou t  be ing  sub jec ted  to some com-  
pact ing,  mechan ica l  force such as tapping.  In  Fig. 1 
the  pas t ing  proper t ies  of the  va r ious  ma te r i a l s  u n d e r  
s tudy  are  p lo t ted  aga ins t  va lues  of the d imens ion less  
q u a n t i t y  R1. The compounds  and  m i x t u r e s  are  l i s ted 
f rom top to bo t tom in  the order  of the i r  ease of pas t -  
ing. The  pas te  groups  are also indicated.  These m a -  
ter ia ls  cover  a wide  r ange  of w a t e r - i n s o l u b l e  me ta l  
compounds .  There  are  a few mate r i a l s  of this  type  
tha t  wou ld  no t  fit in to  this  ana lys i s  such as MoS_~ 
which  does not  wet  and  CaSO,, w h i c h h a r d e n s .  

The  da ta  in  this  r epor t  are  sub jec t  to cons iderab le  
va r i a t i on  because  the  re la t ionsh ips  are  no t  exact  and  
because  the a s s ignmen t  of paste  groups  is an  a r b i -  
t r a r y  factor.  By the use of s ta t is t ical  p rocedures  all  
of the re la t ionsh ips  p resen ted  in  this  paper  were  
shown to be  h igh ly  significant.  The S p e a r m a n  r a n k  
coefficient of corre la t ion,  r,, for the  data  in  Fig. 1 is 
0.914. Values  of r,  for  o ther  re la t ionsh ips  are  g iven  
in  Table  I. 

A n  exce l len t  p red ic t ion  of the paste  groups  can be 
made  f rom 

p 
R - -  

T 

Fig. 1. Relationship between the ease of pasting and R1, the 
ratio of the true density to the apparent density. 

w he r e  p is the  t rue  dens i ty  of the  ma te r i a l  a nd  T is 
its tap  densi ty.  'The tap  dens i ty  which  has also been  
cal led packed  densi ty ,  bu lk iness ,  a nd  b u l k  dens i ty  is 
the  dens i ty  in  grams per  cubic  cen t ime te r  ob ta ined  
by  p lac ing  the  powder  in  a cy l inder  and  t a p p i n g  to 
a cons tan t  volume.  The re  are a l a r g e  n u m b e r  of fac-  
tors in the  d e t e r m i n a t i o n  of the  tap  dens i ty  tha t  m a y  
cause va r ia t ions  as high as 7% in  the  resul t s  (2-5) .  
Al l  of the  m e a s u r e m e n t s  used  he re  w e r e  m a d e  wi th  
a glass cy l inder  which  weighed  22g and  had  an  i n t e r -  
na l  d i ame te r  of 1.15 cm. The he ight  of powder  at  the  
end  of the t app ing  was  a p p r o x i m a t e l y  6 cm and  the  
t a pp i ng  ra te  was  30 t imes per  minu te .  The cy l inder  
was  inc l ined  10 ~ f rom the ver t ica l  and  dropped  in  a 
free fal l  of 2 in. on a ha rdwood  base. If a loose layer  
fo rmed  on the top of the powder ,  it  was e i ther  poured  
off or compacted  by  rap id  v ibra t ion .  T a p p i n g  was  
con t inued  u n t i l  no change  in  v o l u m e  was  observed 
for e igh ty  taps. U n d e r  these fixed condi t ions  the  r e -  
sults  were  r ep roduc ib le  in  most  cases to w i t h i n  2% 
if o r d i n a r y  care were  taken .  

A ve r a ge  va lues  of R for the  var ious  paste  groups  
are shown in  Tab le  I. R can be d e t e r m i n e d  in  a few 

Table I. Properties of the paste groups 

P a s t e  g r o u p  

A v e r a g e  A v e r a g e  
v a l u e  A v e r a g e  v a l u e  of  t h e  

p v a l u e  of m i n i m u m  A v e r a g e  
of R = - -  p a r t i c l e  p a s t i n g  H 2 0  

,y s ize ,  da p r e s s u r e  c o n t e n t  
k g / c m  ~ v o l - %  

Very good 5.48 0.303 4.16 59.7 
Good 4.61 0.536 59.7 54.2 
Fair  3.22 0.780 156 42.8 
Poor 2.53 0.971 194 36.5 
Very poor 2.12 1.240 245 32.1 

Spearman rank  co- 
efficient of corre- 
lation, r, 0.918 0.794 0.834 0.821 
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m i n u t e s  and  g ives  an  e x c e l l e n t  e s t i m a t e  of  t he  p a s t -  
ing  p rope r t i e s .  A l l  of t h e  m a t e r i a l s  in  t he  good  a n d  
v e r y  good p a s t e  g roups  h a d  va lue s  of R g r e a t e r  t h a n  
3.8. A l l  of t h e  m a t e r i a l s  t h a t  w e r e  m o r e  diff icult  to 
p a s t e  w e r e  in  t h e  v e r y  poor ,  poor ,  and  f a i r  p a s t e  
g roups  and  h a d  v a l u e s  of R less  t h a n  3.8. 

Ro l l e r  (2)  a n d  S h a p i r o  a n d  Kol thof f  (6)  h a v e  
shown  t h a t  t h e  b u l k i n e s s  of v a r i o u s  p o w d e r s  inc reases  
r a p i d l y  as t he  p a r t i c l e  size dec reases  b e l o w  a c r i t i ca l  
va lue .  As  a consequence ,  R shou ld  i n c r e a s e  w i t h  d e -  
c rease  in p a r t i c l e  size, a n d  t h e  p a r t i c l e  size shou ld  
dec rease  in going f r o m  the  v e r y  p o o r  to the  v e r y  good  
p a s t e  group.  T h e  p a r t i c l e  size d i s t r i b u t i o n  was  d e t e r -  
m i n e d  m i c r o s c o p i c a l l y  on the  m a t e r i a l s  l i s t ed  in  F ig .  
1. T h e  g e o m e t r i c  m e a n  d i a m e t e r ,  dg, was  chosen  as 
t h e  t y p i c a l  p a r t i c l e  size. I t  is def ined  b y  the  f o r m u l a  

\ - - - - ~  / 

w h e r e  n is t h e  n u m b e r  of p a r t i c l e s  a n d  f is t h e  f r e -  
q u e n c y  of occu r r ence  for  p a r t i c l e s  h a v i n g  a p a r -  
t i c u l a r  m e a s u r e d  d i a m e t e r ,  d. The  a v e r a g e  v a l u e s  
of dg for  each  of the  p a s t e  g roups  a r e  shown  in 
T a b l e  I. F r o m  a p r a c t i c a l  v i e w p o i n t  mos t  m a t e r i a l s  
t h a t  h a d  a v a l u e  of d~ less t h a n  0.7 mic rons  fe l l  in  t he  
good or  v e r y  good p a s t e  g roups  a n d  could  b e  p a s t e d  
eas i ly .  This  was  no t  a p a r t i c u l a r l y  s h a r p  d iv i s ion  and  
d id  not  g ive  as good a s e p a r a t i o n  of  the  p a s t e  g roups  
as R. Moreover ,  i t  was  m u c h  m o r e  diff icult  to  d e t e r -  
mine .  H o w e v e r ,  i t  s eems  l i k e l y  t h a t  the  p a r t i c l e  size 
d i s t r i b u t i o n  is t he  mos t  i m p o r t a n t  f ac to r  in  d e t e r -  
m i n i n g  t h e  p a s t e  g roup  of  a g iven  m a t e r i a l .  Conse -  
quen t ly ,  a poo r  p a s t i n g  m a t e r i a l  can  be  c o n v e r t e d  in  
mos t  cases  in to  a good p a s t i n g  m a t e r i a l  b y  p r e p a r i n g  
i t  in a f iner  size. 

The  a v e r a g e  va lue s  of t h e  m i n i m u m  p a s t i n g  p r e s -  
sures  for  each  of t h e  p a s t e  g roups  a r e  s h o w n  in T a b l e  
I. The  v e r y  poor  p a s t e  g roup  h a d  an  a v e r a g e  m i n i -  
m u m  p a s t i n g  p r e s s u r e  t h a t  was  m o r e  t h a n  50 t i m e s  
as l a r g e  as the  a v e r a g e  for  t h e  v e r y  good group .  

The  a v e r a g e  w a t e r  con ten t  of the  d i f fe ren t  p a s t e  
g roups  is s h o w n  in T a b l e  I. H u m i d i t y  changes  affect  
the  p a s t i n g  of a v e r y  poor  c o m p o u n d  s ince  t h e  v o l -  
u m e  of l i qu id  used  is qu i t e  sma l l  and  m u s t  be  he ld  
w i t h i n  v e r y  n a r o w  l imi t s .  F o r  a v e r y  good m a t e r i a l  
t h e  v o l u m e  of  p a s t i n g  l i q u i d  can  be  v a r i e d  o v e r  m u c h  
w i d e r  l imi t s  and  s t i l l  g ive  s a t i s f a c t o r y  p a s t i n g  cond i -  
t ions  ove r  a m o d e r a t e  r a n g e  of humid i t i e s .  I f  a 
s a t i s f a c t o r i l y  p a s t e d  sc reen  is a l l o w e d  to d ry ,  i t  
c r acks  and  becomes  c r u m b l y .  The  t i m e  of s t o r a g e  in  
open  a i r  be fo re  th is  d e t e r i o r a t i o n  occurs  d e p e n d s  on 

the  h u m i d i t y  a n d  was  a b o u t  2 ra in  for  a v e r y  poor  
p a s t e  a n d  a b o u t  20 m i n  for  a v e r y  good  pas te .  L o n g e r  
s t o r a ge  pe r i ods  can  b e  a c h i e v e d  b y  the  u se  of con-  
t r o l l e d  h u m i d i t y  c h a m b e r s .  

The  p a s t i n g  p r o p e r t i e s  of  a p a r t i c u l a r  c o m p o u n d  
d e p e n d  to a c e r t a i n  e x t e n t  on t h e  l i qu id  u sed  in  m a k -  
ing  t h e  pas te .  A be t t e r ,  m o r e  h o m o g e n e o u s  p a s t e  is  
o b t a i n e d  in mos t  cases  if  t h e  c o m p o u n d  is s l i g h t l y  
so lub le  in  t h e  l i qu id  or  r eac t s  c h e m i c a l l y  w i t h  i t  to a 
l i m i t e d  ex ten t .  A n  excess ive  r e a c t i o n  or  a h igh  so lu -  
b i l i t y  is g e n e r a l l y  u n d e s i r a b l e .  W a t e r  is a c o m p a r a -  
t i v e l y  poor  l i qu id  for  p a s t i n g  w a t e r  i n so lub le  c o m -  
pounds .  Ten  p e r  cen t  H~SO4 is m u c h  be t t e r .  T h e  bes t  
l i qu id  t e s t ed  was  32.6% KOH,  a n d  th is  was  u sed  for  
p a s t i n g  mos t  of t he  c o m p o u n d s  t h a t  w e r e  r e d u c e d  
e l e c t ro ly t i c a l l y .  Tes ts  on a n u m b e r  of c o m p o u n d s  
us ing  these  t h r e e  l iqu ids  show tha t ,  if t h e  c o m p o u n d s  
a r e  l a b e l e d  b y  r a n k  acco rd ing  to ease  of p a s t i n g  w i t h  
a p a r t i c u l a r  l iqu id ,  t h e r e  is  a good  c o r r e l a t i o n  w i t h  
t h e  r e su l t s  o b t a i n e d  b y  us ing  a n o t h e r  p a s t i n g  l iquid .  
Thus,  t he  c o m p o u n d s  t h a t  p a s t e  bes t  w i t h  w a t e r  
p a s t e  bes t  w i t h  32.6% K O H  and  the  ones  t h a t  p a s t e  
poo re s t  w i t h  w a t e r  a r e  poo re s t  w i t h  K O H  even  
t h o u g h  w a t e r  g ives  p o o r e r  o v e r - a l l  r esu l t s .  The  
d i f fe rence  in  t he  p a s t i n g  p r o p e r t i e s  of l i qu ids  s h o w e d  
u p  m a i n l y  in t h e  fa i r ,  poor ,  a n d  v e r y  poor  groups .  
A l l  of t he  n u m e r i c a l  d a t a  p r e s e n t e d  in  th i s  r e p o r t  
w e r e  o b t a i n e d  b y  us ing  p u r e  w a t e r  as  t h e  l iqu id  
m e d i u m .  

I n  p r e p a r i n g  a po rous  m e t a l  e l ec t rode  of con t ro l l ed  
p o r o s i t y  b y  e l e c t r o l y t i c  r e d u c t i o n  of a p a s t e d  m e t a l  
c o m p o u n d  a n u m b e r  of diff icul t ies  a r e  e n c o u n t e r e d  
d u e  to t h e  fac t  t h a t  t he  p a s t e  r e s t s  on top  of t h e  g r id  
and  is s u b j e c t e d  to p h y s i c a l  p r e s su re .  T h e s e  diffi- 
cu l t i es  a r e  m i n i m i z e d  b y  p r e p a r i n g  an  idea l  p a s t e  of 
c on t ro l l e d  compos i t i on  and  p h y s i c a l  p r o p e r t i e s  f r o m  
a m a t e r i a l  h a v i n g  a fine p a r t i c l e  size d i s t r i bu t i on .  

Manuscr ip t  rece ived  Oct. 20, 1961; revised manuscr ip t  
received Apr i l  11, 1962. This paper  was p repa red  for 
de l ive ry  before  the Houston Meeting, Oct. 9-13, 1960. 

Any  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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ABSTRACT 

The weight  gain of Zircaloy-2,  -3, and low nickel  Zi rca loy-2  dur ing  wa te r  
and s team corrosion is shown to go through two or more  repe t i t ive  cycles. The 
evidence indicates  these weight  gain curves t ru ly  r ep resn t  the  corrosion k i -  
netics. Severa l  corrosion mechanisms are  considered in the l ight  of these  
kinetics.  Whi le  no definite mechanism can be established,  a supposi t ion tha t  
stresses in the film per iodica l ly  cause i t  to crack at  or  near  the  ox ide -me ta l  
in terface  appears  consistent  wi th  the data. P r e l im ina ry  micrographic  evidence 
suppor t ing  the existence of a cyclic corrosion process also is shown. 

The  r a t e  of co r ros ion  of Z i r c a l o y - 2  in h i g h - t e m -  
p e r a t u r e  w a t e r  has  u s u a l l y  been  r e p r e s e n t e d  (1, 2) 
as an  in i t i a l  cubic  r e l a t i o n  of w e i g h t  ga in  to t ime ,  
fo l l owed  b y  a l i n e a r  r e la t ion .  The  " t r a n s i t i o n  p o i n t "  
b e t w e e n  these  t w o  m o d e s  of co r ros ion  is s o m e t i m e s  
a c c o m p a n i e d  b y  a c h a n g e  in t he  a p p e a r a n c e  of t h e  
ox ide  f i lm (2, 3) f r o m  b l a c k  to g r a y  or  whi te .  Mos t  of 
t h e  p r e v i o u s  d a t a  h a v e  i n d i c a t e d  on ly  one t r a n s i t i o n  
po in t  in t he  cor ros ion  process .  More  r ecen t ly ,  t h e r e  
has  a p p e a r e d  (4, 5) some ev idence  t h a t  t he  cubic  
po r t i on  of t he  c u r v e  is f o l l owed  b y  two  l i n e a r  curves ,  
t he  first  a shor t  s t eep  cu rve  and  t h e  second a f la t te r  
cu rve  for  t h e  b a l a n c e  of t h e  tes t .  

The  " w e i g h t  ga in  vs. t i m e "  d a t a  for  s e v e r a l  Z i r c a -  
loys  p r e s e n t e d  w e r e  o b t a i n e d  ove r  s e v e r a l  y e a r s  a t  
t he  H a n f o r d  A t o m i c  P r o d u c t s  Opera t ion .  These  
w e i g h t  ga in  curves  d e m o n s t r a t e  a cycl ic  co r ros ion  
p rocess  w i t h  s e v e r a l  r a t e  t r ans i t i ons .  The  t w o - s t e p  
t r a n s i t i o n  (4, 5) w o u l d  b e  i n t e r p r e t e d  as t he  second 
cycle  of th i s  r e p e t i t i v e  process .  

Experimental Details 
Z i r c a l o y  coupons  w e r e  e x p o s e d  in  r e f r e s h e d  a u t o -  

c l aves  at  360 ~ a n d  400~ De ion ized  w a t e r  (4 p p m  
O5 f r o m  a i r )  was  p u m p e d  t h r o u g h  the  p r e h e a t e r ,  
t h r o u g h  the  A I S I  316 s t a in less  s tee l  au toc lave ,  and  
out  t h r o u g h  a coole r  and  r e l i e f  va lve .  The  5-gal ,  
360~ a u t o c l a v e  was  o p e r a t e d  at  a flow of a b o u t  8 
1/hr.  The  l - l i t e r ,  400~ a u t o c l a v e  was  o p e r a t e d  a t  
a flow of 0.4 i / h r .  The  coupons  w e r e  s u s p e n d e d  on  
A I S I  347 s t a in less  s tee l  w i r e  racks .  

The  coupons  w e r e  ro l l ed  shee t  m a t e r i a l  of Z i r -  
ca loy-2 ,  -3, and  low n i cke l  Z i r c a l o y - 2  ( T a b l e  I ) ,  
p r e p a r e d  b y  c h e m i c a l  e t ch ing  2 mi l s  of each  su r face  
in 33 w / o  HNO~-1.85 w / o  HF,  a n d  t h o r o u g h  r ins ing .  
The  e t ched  coupons  w e r e  w e i g h e d ,  au toc laved ,  d r i e d  
at  l l 0 ~  for  1 hr ,  r e w e i g h e d ,  and  r e t u r n e d  to t he  
au toc l ave  for  f u r t h e r  exposure .  

Coupons  w e r e  w e i g h e d  to  -+0.02 mg a n d  m e a s -  
u r e d  to _+0.002 d m  ~. The  s a mp le s  in  Fig .  4, h o w e v e r ,  
w e r e  w e i g h e d  to  on ly  +--0.2 m g  and  m e a s u r e d  to  

Table I. Alloys used in studies 

A l l o y  No. A l l o y  D e s c r i p t i o n  

1021 Zircaloy-2 
ZH Zircaloy-2 
L or H Low nickel  Zirca]oy-2 
KE-46 Low nickel  Zi rca loy-2  

Rolled sheet  (30 mils)  produced f rom ingot  5Y-HO-9. Analys is  below. 
Rolled sheet  (62 mils)  produced f rom ingot  SA-11857. Analys is  below. 
Rolled sheet  (25 mils)  p roduced  f rom ingot  28260-4-6V. Analys i s  below. 
Rolled sheet  (30 mils)  produced f rom ingot  KE-46. Analys is  below. 

Analyses 

Pe r  cen t  p p m  

A l l o y  S n  Cr  Fe  

1021 1.34 0.16 0.13 
ZH 1.31 0.14 0.18 
L 1.50 0.097 0.14 
KE-46 1.39 0.09 0.14 

Ni N2 O~ A1 Cd . B Cu Pb 

0.05 0.004 - -  40 <0.5 <0.5 16 60 
0.05 0.003 1083 32 <0.5 0.4 23 33 

<0.003 0.003 - -  <30 <0.5 <0.5 <20 <15 
<0.002 0.005 - -  26 <0.5 0.4 <20 <20 

p p m  

A l l o y  Mg M n  S i  Ti  V Mo Co Zn  C 

1021 <20 <10 30 i0 <i0 <I0 <5 - -  42 
ZH 13 57 27 25 <20 < l0 <5 <50 - -  
L <15 <10 43 20 <20 <20 <5 <10 176 
KE-46 <20 <20 49 <20 <20 <20 <20 - -  <i00 
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___0.002 d m  ~. Coupons  w e r e  abou t  7 to 13 cm ~ of su r -  
face  area .  Cor rec t ions  for  edges  and  holes  w e r e  i n -  
c luded  in the  areas .  W e i g h t  ga ins  w e r e  no t  c o r r e c t e d  
for  h y d r o g e n  p i ckup .  E r r o r s  in w e i g h t  of -----0.02 m g  
could  g ive  r i se  to a m a x i m u m  d e v i a t i o n  of ___0.3 
m g / c m  ~ a n d  •  m g / c m  ~ for  s amp le s  of 7 c m  ~ or  
13 cm ~, r e spec t i ve ly .  

D i s c u s s i o n  

The  cor ros ion  of Z i r c a l o y - 2  in h i g h - t e m p e r a t u r e  
w a t e r  and  s t e a m  p r o d u c e s  a d h e r e n t  l a y e r s  of z i r -  
con ium ox ide  on the  su r f ace  of t he  meta l .  I n e r t  
m a r k e r  e x p e r i m e n t s  i nd ica t e  t h a t  t he  cor ros ion  t a k e s  
p l a c e  b y  the  d i f fus ion of o x y g e n  ions t h r o u g h  the  
ox ide  fi lm to fo rm n e w  fi lm n e a r  t he  m e t a l  s u r -  
face  (1, 2) .  This  ox ide  is qu i t e  i n e r t  a n d  has  no t  
been  r e m o v e d  q u a n t i t a t i v e l y  w i t h o u t  d a m a g e  to 
the  me ta l .  There fo re ,  co r ros ion  m e a s u r e m e n t s  on 
Z i r c a l o y  a r e  d e t e r m i n e d  b y  w e i g h t  ga in  u n t i l  i t  b e -  
comes  a p p a r e n t  t h e  ox ide  is s loughing .  Us ing  w e i g h t  
ga in  as a t r u e  m e a s u r e  of cor ros ion  invo lves  s e v e r a l  
a s sumpt ions .  These  a s s u m p t i o n s  a re :  

1. The  ZrO2 co r ros ion  p r o d u c t  is not  los t  f r o m  
the  sample .  D u r i n g  the  p e r i o d  p r i o r  to the  first  t r a n -  
si t ion,  t he  b l a c k  ox ide  a d h e r e s  t i g h t l y  and  t h e r e  is 
no  e v i d e n c e  of spa l l ing .  A f t e r  the  first  t r ans i t i on ,  
some a l loys  spa l l  s e v e r e l y  and  t h e r e b y  m a k e  w e i g h t  
ga in  m e a s u r e m e n t s  useless.  H o w e v e r ,  Z i r c a l o y - 2  
is n o t e d  for  i ts  a d h e r e n t  ox ide  a n d  even  a f t e r  e x -  
t en s ive  corros ion ,  w e i g h t  ga ins  a r e  t h o u g h t  to i n -  
d ica te  t he  cor ros ion  process ,  a l t h o u g h  some e r r o r s  
resu l t .  Z i r c o n i u m  ox ide  is v e r y  in so lub le  in w a t e r  
a n d  losses  f r o m  th i s  source  a r e  ins igni f icant .  

2. S u b s t a n c e s  o t h e r  t h a n  o x y g e n  a re  no t  p i c k e d  
up  f r o m  the  sys tem.  Since  a l l  t he  cor ros ion  e x p e r i -  
m e n t s  w e r e  done  w i t h  h i g h - q u a l i t y  d e m i n e r a l i z e d  
wa te r ,  t h e r e  is no pos s ib i l i t y  for  sa l t  depos i t i on  no r  
w e r e  a n y  fo r e ign  depos i t s  obse rved .  The  we igh t  
ga ins  of s amp le s  in  d i f fe ren t  s tages  of t he  cor ros ion  
process ,  a l l  of w h i c h  w e r e  e x p o s e d  in  the  s ame  a u t o -  
c lave  a t  t he  s a m e  t ime ,  differ  cons ide rab ly .  P r e -  
s u m a b l y  a n y  depos i t i on  w o u l d  be  m o r e  or  less  u n i -  
f o rm  on a l l  samples .  Thus  t h e r e  is no a p p a r e n t  d e p -  
os i t ion  on the  samples .  F r o m  5-50% of t he  c o r r o -  
s ion h y d r o g e n  is a b s o r b e d  b y  t h e  me ta l .  H o w e v e r ,  
even  a t  100% abso rp t ion ,  t h e  h y d r o g e n  w e i g h t  ga in  
canno t  exceed  13% of t he  o x y g e n  w e i g h t  gain.  U s u -  
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Fig. 1, Corrosion of Zircaloy-2 in 360~ 3200 psi water 
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al ly ,  t he  h y d r o g e n  ana lys i s  is de s t ruc t i ve ,  and  thus  
h y d r o g e n  canno t  be  c o r r e c t e d  for  u n t i l  t e s t i ng  is 
comple te .  F o r  n o r m a l  Z i r c a l o y - 2 ,  t he  h y d r o g e n  
w e i g h t  is ne g l i g ib l e  e x c e p t  for  v e r y  long  exposures .  

3. The  compos i t i on  of t he  co r ros ion  p r o d u c t  is 
k n o w n  and  cons tan t .  X - r a y  ana lys i s  of t he  f i lm b e -  
fo re  and  a f t e r  t r a n s i t i o n  shows  the  f i lm to be  ZrO~ 
and  ind ica t e s  no gross  change  in  i ts  compos i t ion .  The  
ox ide  is sa id  to abso rb  some  w a t e r  (6 ) ,  b u t  no h y -  
d r a t e s  a r e  k n o w n ,  and  t h e  f i lm is a s s u m e d  to h a v e  
cons t an t  w a t e r  con ten t  a f t e r  d r y i n g  a t  l l 0 ~  

These  a s s u m p t i o n s  h a v e  been  cons ide red  cor rec t  
in mos t  p r e v i o u s  s tud ies  of z i r c o n i u m  corros ion .  If  
so, t he  w e i g h t  ga in  and  the  cor ros ion  process  go 
t h r o u g h  a se r ies  of r e p e t i t i v e  pa t t e rn s ,  f ina l ly  a p -  
p r o a c h i n g  a l i n e a r  r e l a t i o n  w i t h  t ime.  This  r e p e t i -  
t ive  p a t t e r n  was  c o m m o n  to a l l  a l loys  tes ted .  

T h e  w e i g h t  ga in  d a t a  a n d  the  cor ros ion  ra t e s  of 
Z i r c a l o y  coupons  is s e r ious ly  a f fec ted  b y  m i n o r  s u r -  
face  or  m e t a l  i m p u r i t i e s  (1, 11).  G r a p h s  of d i f f e ren t  
r uns  us ing  d i f fe ren t  coupon  stock,  d i f fe ren t  a u t o -  
c laves ,  d i f fe ren t  su r face  p r e p a r a t i o n ,  and  d i f fe ren t  
a u t o c l a v i n g  cond i t ions  show t h e  g e n e r a l i t y  of th is  
r e p e t i t i v e  p rocess  (12) .  F i g u r e s  i a n d  2 a r e  c h a r -  
ac te r i s t i c  of good Z i r c a l o y  in  360~ w a t e r  or  400~ 
s team,  r e spe c t i ve ly .  F i g u r e  3 shows  the  cor ros ion  
cu rve  for  a poor  a l loy.  
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Fig. 2. Corrosion of low nickel Zircaloy-2 in 400~ 1500 psi 
steam. 
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Fig. 3. Corrosion of low nickel Zircaloy-2 in 400~ 1500 psi 
steam. 
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The weight  gain of a sample vs. t ime appears  in 
the  form of at  least  two, and as many  as four, more  
or less repe t i t ive  curves which resemble  the ini t ia l  
cubic curve. Since the weight  gain is more accurate  
than the deviat ions f rom l inear i ty ,  the cycles cannot 
be expla ined  by exper imenta l  error.  The successive 
cycles of the weight  gain curve are  similar ,  but  not 
identical .  In general ,  the weight  increase dur ing  the 
second cycle is somewhat  lower than  during the 
first cycle. The slope at the end of the cycle increases 
s l ightly wi th  each cycle, finally approaching a 
s t ra ight  l ine d rawn from the t rans i t ion  point.  The 
repe t i t ive  effect can also be observed in da ta  f rom 
other  labora tor ies  (4, 5, 7). 

Al though all  cycles on all  coupons have nea r ly  
the same period, there  is enough difference in thei r  
periods to make  the use of average weight  gains for 
several  coupons misleading.  There is also a differ-  
ence in corrosion f rom one grain to the nex t  (8) ,  
making  the  weight  gain of a single coupon an av-  
erage for many  grains. Therefore,  as the number  of 
cycles increases, the coincidence of the i r  per iods  
could decrease  and the resu l tan t  curves appear  as 
a l inear  re la t ion with  time. The average corrosion 
of a large  number  of samples should cause the  cor-  
rosion curve to appear  as a l inear  function much 
sooner than  would tha t  of the indiv idual  samples. 
An example  of this is shown by Fig. 4. These da ta  
show an almost  l inear  re la t ion wi th  time. However ,  
this curve was not constructed from repet i t ive  meas-  
u rements  on the same sample, bu t  f rom samples 
removed from test  for each point. The cyclic be -  
havior  is lost due to var ia t ion  from sample to sample. 

I t  is not possible to define the corrosion mechanism 
with  the avai lab le  data. However ,  a mechanism 
based on mechanical  stresses in the film which pe r i -  
odical ly causes the film to b reak  away  from the meta l  
appears  consistent wi th  the data. In this model, the 
ZrO~ film grows unt i l  the stresses, cont inual ly  set up 
in the oxide, are re l ieved by  a series of microcracks 
para l le l  to the corroding surface. This crack l aye r  
is connected to the surface by  a ne twork  of la rger  
t ransverse  cracks, i l lus t ra ted  in Fig. 6, thus making  
the bulk  of the oxide porous and not protect ive.  
Af te r  these cracks form, the diffusion pa th  to the 
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Fig. 4. Corrosion of Zircaloy-2 in 360~ 3200 psi water 

Fig. 5. Cross section of oxide on Zircaloy-2 coupon exposed 10,414 
hr in 360~ water. Polishing angle: approximately 20 ~ to oxide 
surface; etch: vacuum cathodic etch; magnification, 250X, bright 
field. 

Fig. 6. Cross section of oxide on low nickel Zircaloy-2 coupon 
exposed 3100 hr in 400~ 1500 psi steam. Polishing angle: approxi- 
mately 20 ~ to oxide surface; etch: vacuum cathodic etch; magnifi- 
cation, 75X, bright field. 

metal  through any remain ing  adheren t  oxide is 
much shorter;  hence, the corrosion ra te  increases and 
ini t ia tes  a second cycle. This a l t e rna t ing  process of 
growth  and cracking continues unt i l  differences in 
cycle per iod from grain to grain become sufficiently 
ou t -o f -phase  to make  the average weight  gain of 
the sample  appear  l inear  wi th  time. 

Severa l  mechanisms of Zircaloy corrosion af ter  
the " t rans i t ion  point"  have been proposed, but  none 
have gained universa l  acceptance (1, 2). These in-  
clude phase  t ransformat ion  of the  oxide film at  the  
t rans i t ion  point  (1) and cracking of the film at a 
cr i t ical  thickness (1, 9). A mechanism similar  to the 
above cracking has been descr ibed for t i t an ium in 
oxygen (10). 

A meta l lu rg ica l  section of a Zi rca loy-2  coupon 
exposed to 360~ wa te r  for 10,414 hr  is shown in 
Fig. 5. (The corrosion curve is in Fig. 1.) A low 
nickel  Zi rca loy-2  exposed in 400~ s team for 3100 
hr  is shown in Fig. 6. (The corrosion curve is in 
Fig. 3.) These coupons show a l ayered  s t ruc ture  wi th  
the number  of l ayers  corresponding to the number  
of apparen t  cycles on the weight  gain curve. This 
agreement  tends to confirm the conclusion tha t  the 
corrosion process is cyclic. 

The corrosion ra te  curves presented  by  Lus tman  
and Kerze  in the i r  Fig. 11.38 (1) are  p lo t ted  to show 
agreement  or d i sagreement  of our da ta  wi th  theirs.  
The 360~ data  agree fa i r ly  well.  The 400~ da ta  
do not agree (Fig. 2 and 3). The KE-46 low nickel  
Zi rca loy-2  is h igher  than  the Lus tman  and Kerze  
curve. For  reasons not  as yet  known, the other  al loys 
corrode at  a ra te  lower  than  the Lus tman  and Kerze  
data.  Super ior  corrosion resis tance in more  recent  
lots of ma te r i a l  may  be pa r t  of the  answer.  

I t  is not possible to tel l  whe the r  the Lus tman 
and Kerze  da ta  show the cyclic process. Firs t ,  the i r  
da ta  do not cover  a sufficient t ime span. Second, only  
the  averages  are  p robab ly  represen ted  and thus any 
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cyclic behavior  is masked.  On the other  hand, thei r  
da ta  are not inconsistent  wi th  a cyclic process. 

In summary,  the weight  gain da ta  of severa l  z i r -  
conium alloys of var ious  p re t r ea tmen t s  all  show 
periodic  changes in corrosion rate.  Layers  observed 
in the corrosion product  oxide fu r the r  subs tant ia te  
the cyclic charac ter  of the corrosion past  the t r a n -  
sition point. 
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The Growth of Electrodeposits 
J. M. Keen and J. P. G. Farr 

Department of Industrial Metallurgy, The University, Birmingham, England 

ABSTRACT 

The crystal habit of copper electroplate has recently been explained in 
terms of the aggregation of growth layers. Experiments are described to test 
the applicability of this, the concept of "bunching," to the development of other 
electrodeposits. Zinc has been electroplated from acid sulfate solutions on zinc 
polycrystall ine and single crystalline cathodes and on copper single crystal 
surfaces. The surface features observed are explained and related to those of 
copper electrodeposits, in terms of the supposed atomic structure of the 
substrate surface, of the bulk crystal structure of the deposited metal, and of 
the growth process. Exploratory work on the deposition of lead, cadmium, and 
iron on the same metals, respectively, indicates that, although the idea of 
"bunching" may be of wide application, caution is required in explaining 
growth features where chemical or electrochemical processes may be structure 
determining. 

Recent work  by Storey  and Barnes (1) has indi-  
cated that  the conclusions d rawn from a s tudy of 
the e lectrolyt ic  growth  habi t  of single crystals  of 
copper (2-4) can be appl ied  to the growth  of po ly-  
crys ta l l ine  copper substrates.  Electropol ished and 
electroetched surfaces behaved similar ly.  Briefly, 
Pick and his colleagues found, for copper, tha t  ep i -  
tax ia l  growth  occurred with  coarse crys ta l lographic  
facets developing on the surface of the electroplate,  
up to 50 m a / c m  ~. The s t ruc ture  could be re la ted  to 
the atomic configuration of the original  subs t ra te  
surface and to the conditions at  the interface be-  
tween the meta l  and the electrolyte.  In pa r t i cu la r  
the s t ructures  were  consistent wi th  the supposit ion 
tha t  g rowth  occurs by  a bunching mechanism (5).  

In normal  l abora to ry  solutions, as in prac t ica l  
p la t ing  solutions where  addi t ives  are absent,  there  
is an abundance  of surface active mater ia l ,  impur i ty  
that  wi l l  compete wi th  deposi t ing atoms for ava i l -  
able growth  sites on the substrate.  Thus, if growth  
occurs by  the spreading  of atomic layers,  these wil l  
tend to coalesce because of the continuous deac t iva-  

t ion of growth sites; the  coarsening wil l  even tua l ly  
be observable  under  the microscope, and u l t ima te ly  
non-ep i t ax ia l  nucleat ion wil l  be requi red  if growth  
is to be main ta ined  at a given rate.  " B r e a k - a w a y "  
then occurs. 

While the idea of "bunching"  gives a sat isfactory 
qual i ta t ive  explana t ion  of growth  and it may  lead 
to useful  exper iments  on both the p la t ing process 
and on the me ta l lu rgy  of the meta l  produced,  it is 
c lear ly  not wi thout  inadequacies.  I t  is not quan t i t a -  
tive, even as appl ied  to electrodeposi t ion under  l ab -  
o ra tory  conditions, but  explains  the growth  process 
as being to a large extent  control led by  adsorpt ion 
of advent i t ious  substances of unknown chemical  
nature,  specific effect, or concentrat ion.  However ,  
the concept is a genera l  one and should apply  not 
only to the deposit ion of copper;  an impor tan t  test  
of the idea is to compare the electrolyt ic  growth of 
other  metals.  For  this reason a meta l lographic  and 
crys ta l lographic  s tudy has been made of the  growth 
of zinc electrodeposi ts  from acid zinc sulfate  solu-  
tions under  condit ions which were  thought  to be 
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comparable with those under which the study of 
copper had been made. Zinc has been plated onto 
single crystalline and polycrystalline substrates and 
onto single crystal copper surfaces. The electrolytic 
growth of lead, cadmium, and iron have also been 
examined. 

Experimental Part 
Preparation of the cathodes.--(In general the 

anodes were of similarly prepared metal.) 
Copper.--Single crystal substrates were prepared 
as by Pick et al. (2). After electropolishing, the 
mounted specimens were washed with dilute phos- 
phoric acid (6) and with water  immediately before 
plating. 

Zinc.--Large-grained polycrystalline cathodes were 
prepared by the critical strain-anneal method; 
single crystals were grown by a modified Bridgman 
technique. Crystals were cut and mounted in cold- 
setting resin. Such specimens had a heavily de- 
formed surface layer which had recrystallized to a 
depth of some 900#. After mounting they were pol- 
ished carefully metallographically, the deformed 
layer remaining after diamond polishing being re-  
moved by electropolishing. The best surfaces were 
produced in a 50% by volume orthophosphoric acid- 
ethyl alcohol solution using a stainless steel cathode 
with the anode held horizontally. Optimum pol- 
ishing conditions were found to exist between 1.6 
and 2.0v with the solution at room temperature.  
All traces of deformation were removed by polish- 
ing for 4 to 6 hr. 

Immediately before plating the specimens were 
given a further  electropolish for 5 min, washed 
with methanol, aqueous sodium hydroxide and 
briefly (2-3 sec) with concentrated nitric acid. They 
were then washed thoroughly with water and t rans-  
ferred to the plating bath. 

In experiments on cleavage surfaces, these were 
produced by cleaving a suitable crystal at liquid 
nitrogen temperature. A number  of such faces were 
plated without further  preparation, the remainder 
were mounted and etched as has been described. 
Cadmium.--This metal  is exceptionally soft so 
mechanical polishing was avoided in the later stages 
of electrode preparation. Coarse-grained 99.995% 
cadmium cathodes were prepared by the strain- 
anneal method. Immediately before plating they 
were electropolished in an aqueous phosphoric acid 
bath, etched lightly in dilute nitric acid, and washed 
with water. 

Lead.--Large-grained cathodes were obtained by 
annealing at 150~ in vacuum. These were masked, 
electropolished in perchloric acid-aqueous ethanol 
and immediately before plating lightly etched in 
dilute nitric acid followed by washing with water. 
Iron.--Large-grained electrodes were prepared from 
99.985% N.P.L. iron by the strain-anneal  method. 
Before plating they were electropolished in per-  
chloric acid-acetic acid, lightly etched in dilute ni-  
tric acid, and washed. 

Where "stopping-off" was required, "Lacomit" 
(supplied by W. Canning & Company Limited, Great 
Hampton Street, Birmingham) was used. 

The plating solutio~.--Zinc.--"Analar" zinc sul- 
fate, "M.A.R." sulfuric acid, and double-distilled 
water  were used. The following solutions were ex-  
amined: 0.5M zinc sulfate containing 0.5M, 0.1M, 
0.05M, 0.025M, and 0.005M sulfuric acid, respec- 
tively. As hydrogen was evolved at the cathode, 
the efficiency of plating was not 100%, but 
the evolution was not sufficient to necessitate an 
increase in concentration of the zinc ions in order 
to maintain the comparison with copper. 

Cadmium.--The electrolyte was a solution of 180 
g/1 "Analar"  cadmium sulfate and 27.1 m/1 "M.A.R." 
sulfuric acid in double distilled water. 

Lead.--The electrolyte was prepared by saturating 
a dilute aqueous solution of perchloric acid contain- 
ing 118.2 ml of "Analar"  grade perchloric acid 
(S. G. 1.70), with "Analar"  lead monoxide and fil- 
tering. To this was added a fur ther  118.2 ml of 
"Analar"  perchloric acid and the volume made up 
to two liters with double distilled water, giving 0.5M 
lead perchlorate in 0.5M perchloric acid. 

I ron . - -"Anala r"  grade ferrous sulfate and "M.A.R." 
sulfuric acid were used. The following three electro- 
lytes were tried: (i) 0.SM ferrous sulfate, 0.5M 
sulfuric acid; (it) 0.5M ferrous sulfate, 0.025M sul- 
furic acid; (iii) 0.5M ferrous sulfate, 0.025M sul- 
furic acid, 0.O1M hydrazine sulfate. 

The plating cell.raThe electrolyte was contained 
in a 2 liter beaker suspended in a constant tempera-  
ture bath normally maintained at 25~ -- 1/4~ The 
relative positions of anode and cathode were fixed 
by means of a perspex jig, out of contact with the 
electrolyte. The current  used was supplied from a 
12v bat tery through variable series resistances. 

The plating technique.--This was so designed that 
the cathode could be transferred to the cell and 
brought up to full current density with the least pos- 
sible delay. After plating the current  was switched 
off, the specimen removed from the cell and im- 
mersed in water. It  was washed with methanol and 
stored in a vacuum dessicator over phosphorous 
pentoxide. 

Examination of the deposits.--The cathodes were 
examined before and after plating by a selection of 
the following techniques. 
Optical microscopy.--The structures were examined 
using direct and oblique illumination and line pro-  
file techniques. A number  of plated specimens were 
sectioned to reveal surface contour and the metal-  
lurgical nature of the deposit. 
Optical gonio~netry.--The Miller indices of the 
growth facets on deposits grown on single crystal 
substrates were deduced from their inclination to the 
cathode surface as was determined using a two- 
circle goniometer. 
X-ray di]fraction.--The complete orientation of 
single-crystal cathodes was determined before and 
after plating by the back reflection Laue method. 
Strain or distortion in the surface or deposit could 
also be detected. The interpretation of the diffrac- 
tion pattern, as is fully described by Greninger (7) 
and by Barret t  (8), was simplified by the low sym- 
met ry  of zinc. It was found that, using white copper 
radiation produced at 18 ma and 40 kv with an ex- 
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p o s u r e  t ime  of 25 min,  zinc depos i t s  w e r e  p e n e t r a t e d  
to a d e p t h  of 35.8~ b y  the  x - r a y s .  This  is a t h i cknes s  
tw ice  t h a t  c o r r e s p o n d i n g  to t he  pas sage  of 36 cou-  
l o m b s  in  a s t a n d a r d  depos i t i on  e x p e r i m e n t .  H o w -  
ever ,  a l t h o u g h  compl i ca t i ons  a rose  occas iona l ly ,  in 
g e n e r a l  t h e  ref lec t ion  f rom the  base  t h r o u g h  the  
depos i t  was  w e a k  c o m p a r e d  w i t h  re f lec t ion  f r o m  the  
deposi t ,  and  a n y  m i s o r i e n t a t i o n  b e t w e e n  the  two  
was  i m m e d i a t e l y  obvious .  

Reproducibility.--It is p r o b a b l y  t r u e  t h a t  a l l  
w o r k e r s  w h o  h a v e  i n v e s t i g a t e d  the  su r f ace  t o p o g -  
r a p h y  of e l ec t rodepos i t s  h a v e  f o u n d  di f f icul ty  in ob -  
t a i n ing  r e p r o d u c i b i l i t y .  The  e x p e r i m e n t s  d e s c r i b e d  
d id  no t  p r o v e  excep t iona l ,  and  i t  was  r e g a r d e d  as 
e s sen t i a l  to a p p l y  a c r i t e r i o n  to t es t  t ha t  so lu t ions  
gave  r e p r o d u c i b l e  s t r u c t u r e s  in  t he  depos i t i on  of 
zinc. D u r i n g  w o r k  b y  P i c k  et al. (2)  on copper  a 
s a t i s f ac to ry  c r i t e r i o n  was  d e v e l o p e d  w h i c h  fu l f i l led  
t h e  r e q u i r e m e n t s  of s t r u c t u r e  s e n s i t i v i t y  and  con-  
ven ience .  This  was  b a s e d  on the  s e n s i t i v i t y  of the  
s t r u c t u r e s  o b t a i n e d  on a coppe r  (100) su r face  to 
so lu t ion  i m p u r i t y .  The  s t r u c t u r e  accep t ed  as t y p i c a l  
of a s a t i s f a c t o r y  so lu t ion  is shown  in Fig .  9; a l l  the  
s t r u c t u r e s  d e s c r i b e d  b y  P i c k  and  his  c o - w o r k e r s  
w e r e  o b t a i n e d  f r o m  so lu t ions  t e s t e d  to g ive  th is  
s t r u c t u r e  on a c o p p e r  (100) subs t r a t e .  I t  was  d e -  
c ided  to use  a s im i l a r  c r i t e r i on  for  zinc; a zinc s ingle  
c r y s t a l  sur face ,  w i t h  an  (0001) o r i en ta t ion ,  was  
p l a t e d  at  10 m a / c m  ~ for  60 min  in a so lu t ion  of 0.5M 
zinc su l fa te ,  0.5M H~SO, m a i n t a i n e d  at  25~ F i g u r e  

l a  shows  the  depos i t  s t r u c t u r e  cons ide red  t y p i c a l  
f r o m  such a solu t ion .  F r o m  so lu t ions  of d i f fe ren t  
ac id i ty  the  s t r u c t u r e s  w e r e  no t  i den t i ca l  and  sec-  
o n d a r y  s t a n d a r d s  w e r e  necessa ry .  These  a r e  a lso  
i l l u s t r a t e d  in Fig.  1. 

Results 
As f a r  as poss ib l e  the  r e su l t s  of th is  i n v e s t i g a t i o n  

a re  g iven  p i c t o r i a l l y  and  in  c o m p a r i s o n  w i th  t he  
g r o w t h  of coppe r  deposi ts .  

The  first  p o i n t  of no te  is tha t ,  in  gene ra l ,  z inc 
depos i t s  g ive  less v a r i e t y  of  s t r u c t u r e  t h a n  do cop-  
per .  F i g u r e  2 shows  the  v a r i a t i o n s  in c r y s t a l  h a b i t  
p r o d u c e d  in p l a t i n g  zinc onto  z inc  ca thodes  of o r i -  
en t a t i ons  shown  in Fig.  3; t he se  s t r u c t u r e s  m a y  be  
c o m p a r e d  w i t h  those  o b s e r v e d  in  copper  depos i t i on  
(4) .  The  c r y s t a l l o g r a p h i c  ind ices  of face ts  d e v e l o p -  
ing as d e t e r m i n e d  b y  g o n i o m e t r y  a r e  g iven  in Tab le  
I. 

The  second  po in t  is tha t ,  u n l i k e  in coppe r  depos i -  
t ion,  h y d r o g e n  is evo lved  and  also zinc is a n  a m -  
p h o t e r i c  meta l .  I t  m a y  be  t h o u g h t  t h a t  the  effect  
of h y d r o g e n  evo lu t i on  is t r i v i a l ;  h o w e v e r ,  t h e  vo l -  
u m e  of gas  evo lved  is sufficient  to l e ad  to a m a r k e d  
d i s t u r b a n c e  of the  l a y e r s  of e l e c t r o l y t e  in t he  i m -  
m e d i a t e  v i c i n i t y  of the  ca thode .  F i g u r e  4 g ives  some 
i n d i c a t i o n  of t he  r e l a t i v e  effects of ac id  c o n c e n t r a -  
t ion and  c u r r e n t  dens i ty .  T h e r e  a r e  m o r e  inc lus ions  
at  low ac id i t y  and  low c u r r e n t  dens i ty ;  u n d e r  these  
condi t ions  i t  is t h o u g h t  t h a t  t he  p H  m a y  r i se  l oca l ly  
a l l o w i n g  bas ic  sa l t s  to f o r m  (9) .  

Fig. la. Reproducibility test, standard structure; deposit produced at 10 ma/cm ~ for 60 min at 25~ in 0.5M ZnSO4, 0.5M H~SO~ electro- 
lyte on a (0001) electropolished face; magnification 900X. Fig. lb 270X; Fig. lc 270X; Fig. ld 86X. (Fig. lb, c, d. Secondary standards; re- 
producible structures.) Fig. Ib 30 ma/cm -~, 20 min, 25~ 0.5M ZnSO4, 0.1M H~SO4 electrolyte; Fig. lc 30 ma/cm 2, 20 min, 25~ 0.5M ZnSO4, 
0.SM H~SO~ electrolyte; Fig. ld 30 mo/cm ~, 20 min, 25~ 0.5M ZnSO~, 0.005M H~SO~ electrolyte. Deposits on (0001) faces. 
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i i~ ~ -. A A ~_ ITO0 
0001 1103 I"i"-01 2~01 

Fig. 3. Orientations produced in plating zinc on zinc cathodes 

Fig. 2. Structure of deposits formed on single crystal substrates of 
orientation given in Fig. 3. 

T h e  t h i r d  n o t a b l e  f e a t u r e  is t h a t  depos i t  s t r u c t u r e s  
d e v e l o p e d  w i t h  t i m e  in  a w a y  d i r e c t l y  c o m p a r a b l e  
w i t h  t h e  g r o w t h  of coppe r ;  see, fo r  e x a m p l e ,  Fig.  
5. S o m e  a n a l y s i s  of t h e  c o a r s e n i n g  e x h i b i t e d  w a s  
poss ib le ,  i 

T h e  effect  of t e m p e r a t u r e  w a s  c o m p l e x ;  i t  is s h o w n  
in  Fig .  6, b u t  n o  e x p l a n a t i o n  for  t h e  v a r i a t i o n  in  
s t r u c t u r e  is of fered  a t  th i s  s tage.  

Fig. 4. Effect of acid concentration and current density on the 
structure of deposits formed on single crystal bases with an orienta- 
tion within 4 ~ of (0001). (a) 5 ma/cm 2 0.5M H2SO4; (b) 5 ma/cm 2 
0.1M H%O~; (c) 5 ma/cm 2 0.05M H2SO~; (d) 5 ma/cm ~ 0.005M 
H~SO~; (e) 30 ma/cm 2 0.1M H2SO4; (f) 30 ma/cm 2 0.0SM H~SO4; 
(g) S0 ma/cm ~ 0.005M H%O4. Deposition was for 36 coulombs/cm 2 
and the concentration of zinc sulfate was 0.5M in each case. 

Table I. Indices of reflecting facets from deposits on single crystal bases with orientations as shown in Fig. 3 

S p e c i m e n  Ind ices  of r e f l ec t ing  facets  

a (0001) vs {1101} s {1011} m {0111} w 
b (0001) vs {li01} s {10h} w {0111} v w  (21~0) w 
c (0001) vs {10h} s {1101} s {0111} w (211~4) v w  
d (0001) vs  {1101} s {10fl} m {0111} w 
e (0001) vs  {1101} s {10il} m {0i l l}  m w  
f (0001) vs {1101} s {I011} s {0fll} v w  (211--2) w 
g (0001) vs {1101} s {10h} s {0Il l} v w  ( 2 4 2 )  v w  
h (0001) vs {1101} s {1011} m {0111} v w  
i (0001) vs (1101} s (1011} m (0111} w 
j (0001) vs {1101} s {1011} s {0111} w (211~2) w 

(1212) w 

(3210) v w  

(2114) v w  

m 

(2i11) w (211~0) v w  (2114) v w  

vs, v e r y  s t rong ;  s, s t rong ;  m,  m e d i u m ;  m w  m e d i u m  w e a k ;  w, w e a k ;  vw ,  v e r y  w e a k  ( jus t  d e t e c t a b l e ) .  
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Fig. 5. Time series. The cathode was plated at 30 ma/cm ~ in an 
electrolyte of 0.1M H2SO~ and 0.5M ZnSO~ at 25~ 

Fig. 7a and b. Epitaxial deposits on cleavage surfaces. Magnifi- 
cations, a (top) 1200X, b (bottom) 900X. 

Influence of the Substrate 
The influence of the  nominal  or ienta t ion of the 

etched zinc single crys ta l  cathode has been shown 
in Fig. 2. Deposits on unetched cleavage surfaces 
were  very  different  f rom those shown in this  figure. 
In genera l  such deposits were  not ep i tax ia l  and were  

Fig. 6. Temperature series. These deposit structures were observed 
on a zinc single crystal cathode after deposition for 20 min at a 
current density of 30 ma/cm ~ in 0.5M ZnSO~, 0.1M H2SO~ electrolyte. 

Fig. 8. Zinc deposits produced on copper single crystal bases of 
various orientations by plating at 10 ma/cm ~ for 60 rain in a 0.5M 
ZnSO~, 0.5M H~SO~ electrolyte at 25~ Magnification 575X. 
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(100) (110) 

(331) 
(Resembles 221 ) 

(321) 

fine but nonuniform .[cf. Cavallero and Bolognesi 
(10)].  Hexagonal growth features and spirals were 
sometimes visible. The deposits on etched cleavage 
surfaces were quite different from those obtained 
on electropolished surfaces near (0001); compare 
Fig. 7 and 4. Certain areas of the cleaved surfaces 
were heavily twinned; the deposit structure on the 
twin was typical of that on orientations away from 
(0001), but around the twin growth was typical of 
the cleavage plane. Cleavage steps only influenced 
the deposit locally. 

More interest attaches to the deposition of zinc 
on prepared copper surfaces. The deposits coarsened 
with time, an effect that  might be expected if con- 
ventional bunching occurs, but  the deposits showed 
a marked difference from the development of copper 
on the same substrates; compare, e.g., Fig. 8 and 9. 
In Table II  the results of a goniometric examination 
are given. 

(111) 

Fig. 9. Copper deposits produced on copper single crystal bases 
of the same orientation as in Fig. 8, by plating at 10 ma/cm ~ for 
60 min in a 0.SM CuSO~, 0.5M H2SO~ electrolyte at 25~ (2). Mag- 
nification 460X. 

Figure 10a shows the structure of a grain of a 
polycrystalline zinc cathode after the passage of 36 
coulombs during electrodeposition. Figure 10b shows 
the same area after removing part  of the electro- 
deposit by mechanical and electropolishing, and 
etching the surface so produced. Clearly the devel- 
opment of the crystal habit is continuous, and the 
distribution of etch pits indicates that the regions 
where neighboring growth features impinge are 
disordered and probably contaminated. 

Finally, in Fig. 11 and 12, examples are shown of 
the growth of cadmium and lead polycrystals. The 
comparison of the structures observed with the habit 
of copper electrodeposits [e.g., Fig. 9, also ref. (4 ) ]  
is discussed below. No iron was deposited on iron 
or copper electrodes from electrolytes (i) and (ii) 
described above. Iron was deposited with very slight 
evolution of hydrogen from solutions containing hy-  
drazine sulfate. X - r a y  diffraction photographs taken 
of the deposit on individual grains showed them to 
be polycrystalline. Iron deposits on copper single 
crystals were discontinuous. The growth of iron 
under our conditions clearly could not be compared 
with the growth of the other metals considered and 
will not be discussed further. 

Discussion 

Deposit Topography 

At first sight, the considerable differences be- 
tween the crystal habits of electrodeposited copper 



674 J O U R N A L  OF THE E L E C T R O C H E M I C A L  S O C I E T Y  August 1962 

Table II. Crystallographlc relationships between the zinc 
deposit and the various copper bases 

Base 
orientat ion Orientat ion of deposit w.r.t ,  base 

(Copper) Zinc paral lel  to Copper 

(111) (0001) (11I) plane 
3 X [1120] [110] directions 

{ 101)} { 111 } zones 

(100) (0001) (100) plane 
1 X [1120] [110] directions 
1 • [i100] [1103 

{ 1011 } { i l l  } zones 

(110) (0001) (111) plane 
3 X [1120] [110] direction 

{ 1011} { 111 } zones 

(117) (0001) (113) plane 
1 • [1120] [110] direction 

{1011} {111} zones 

(321) (0001) 41/~ ~ off (100) plane 
1 X [1120] [110] directions 
1 • [1100] [110] 

{ 10-11 } { 111 } zones 

(221) (0001) (111) plane 
3 X [1120] [110] direction 
1 )< {1011} {111} zones 

and zinc are disconcerting, but some understanding 
can be obtained from a consideration of the crys-  
tal lography of the two metals. Pick, Storey, and 
Vaughan (2) have explained the structure forms 
on copper in terms of the arrangement  of atoms in 
the substrate surfaces; the surface atoms of zinc 
substrates are arranged very  differently due to the 
difference in crystal s t ructures . .The close-packed 
planes are normally present in the final form, to the 
exclusion of planes of higher indices, and so the 
number  and symmetry  of these has a direct bear-  
ing on the deposit topography. Copper, having a 
greater symmetry  has many more close-packed 
planes than zinc and so one would expect to find 
different structures on zinc electrodeposits if growth 
occurs by a bunching mechanism. However, the ar-  
rangement  of the surface atoms in the copper (111) 
and zinc (0001) planes are identical; correspond- 
ingly very  similar deposit structures have been ob- 
tained by the deposition of (a) zinc onto a zinc 
(0001) plane; (b) zinc onto a copper (111) plane: 
(c) copper onto a copper (111) plane (Fig. 13). 

The apparently complex structures observed on 
the various zinc substrates orientations shown in 
Fig. 2 can be interpreted in terms of one basic 
model. Ball models of facets of the zinc crystal show 
clearly that apart  f rom the (0001) basal plane the 

faces of the {1011} zones are far more important  
than the remainder, and these faces do not vary  very  
much in importance one from the other. For any 
base orientation away from the (0001) plane there 
are no planes suitably orientated, sufficiently close 
packed and isolated to predominate over the re-  
mainder. Thus a simple platelet, block, or ridge 

Fig. lOa (top). Deposit on a single grain of a zinc polycrystalline 
cathode after passing 36 coulombs/cm2; Fig. lob (bottom) Etched 
horizontal section through the same deposit. Magnification 320X. 

structure is not formed. One has, instead, complete 
zones of faces developing. This is illustrated in Fig. 
14b which is an idealized structure for an orienta- 

tion near a (1100) plane. As can be seen from the 
stereographic projection illustrating the facets de- 
veloped on this orientation in practice (Fig. 14a) 
there is some complication of the idealized struc- 
ture by a few minor facets which develop between 

two adjacent (1011} zones. Figure 14b shows only 
one step edge whereas a real surface will be covered 
by many  such steps; the density and closeness of 
packing of these will be determined by the base 
orientation. 
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Fig. 11. Structure of cadmium deposits on cadmium polycrystals, 
produced by plating in 1.4N CdSO~, N H~SO~ electrolyte at 25~ 
(a) to (f) current density 10 ma/cm~; (g) to (I) current density 30 
ma/cmt 

The s t ruc tu re  on any  subs t ra te  or ien ta t ion  is m a d e  
up of "uni t  b locks"  which  can be  obta ined  f r o m  
the one in Fig. 14b by  ro ta t ing  tha t  s t ruc tu re  wi th  
respect  to the  p lane  of the paper  unt i l  the  desi red 
subs t ra te  or ienta t ion  is obtained.  Thus  for  base or i -  

enta t ions  nea r  a {1101} zone there  is one zone of 

(1101) faces wi th  their  c lose-packed  direct ion 
paral le l  to the  surface and a second zone at a pp rox -  
imate ly  60 ~ to the  surface.  Hence the  deposit  s t ruc -  
tu re  consists of long lands of the  f o r m e r  zone of  
planes  t e rmina t ed  by  facets  of the  second zone, i.e., 
a penci l - l ike  type  of s t ruc ture  (Fig. 2 a, b, g) .  

As the  subs t ra te  or ienta t ion  approaches  the  (0001) 
plane the  (0001) face becomes  increas ingly  d o m -  
inant ,  and at the  same t ime the  angles  which  the  
zones sub tend  at the surface decrease,  the differences 
be tween  these angles decrease,  and so the  zones 
became  more  equ iva len t  to each other.  Thus  in the  

Fig. 12. Structure of lead deposits on lead polycrystals, produced 
by plating in 0.5M lead perchlorate, 0.SM perch|oric acid electro- 
lyte at 25~ (a) to (f) current density 10 ma/cm2; (g) to (I) cur- 
rent density 20 ma/cmt 

l imit ing case--the (0001) basal  o r i en t a t ion -each  of 

the th ree  {101"1} zones are  of equal  impor tance  and 
an hexagona l  s t ruc tu re  resul ts  (Fig. 1). Jus t  off 
this or ienta t ion  a pla te le t  s t ruc tu re  wil l  be formed.  

F r o m  Fig. 14c it can be seen tha t  on base or ien ta -  

t ions on a {2111} zone, two zones of (1011) faces wil l  

develop  to an  equal  extent ,  and  on or ienta t ions  be-  

tween  this and a {1011} zone or the  (0001) p lane  

the re  will  be a g radua l  t rans i t ion  in s t ruc tu re  s im-  

ilar to tha t  a l r eady  described.  I t  is w o r t h  not ing  

tha t  at  a (21-i2) or ienta t ion the (0001) (1010) and  

(11"00) planes lie symmet r i ca l ly  in the  surface.  Wi th  

the  deve lopmen t  of the  two {1011} zones and  the  

basal  plane a p y r a m i d a l  s t ruc tu re  resul ts  as is shown 

in Fig. 2j. F igure  15 shows the  deve lopmen t  of this 

type  of s t ructure .  
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Fig. 13. Comparison between the structure obtained by Pick, 
Storey, and Vaughan (2) on a (111) face of a copper single crystal 
and structures obtained during the present investigation by plating 
zinc on a copper (111) face and zinc on a zinc (0001) face. (a) 
(top) Deposit structure on a copper single crystal orientation 31~ ~ 
off (111) formed by plating at 10 ma/cm 2 in a 0.5M CuSO4, 0.5M 
H~SO~ electrolyte (2); copper anode. Magnification 610X. (b) (cen- 
ter) Deposit structure on a copper single crystal orientation 3 ~ off 
(111), formed by plating at 10 ma/cm: in a 0.5M ZnSO~, 0.5M 
H~SO~ electrolyte; zinc anode. Magnification 610)(. (c) (bottom) 
Deposit structure on a zinc single crystal, orientation 3yz ~ off 
(0001) formed by plating at" 5 ma/cm 2 in a 0.5M ZnSO4, 0.SM 
H~SO~ electrolyte; zinc anode. Magnification 168X. 

Deposits of Zinc on Copper Single Crystals 

The final structure of the zinc deposits is influ- 
enced by the copper substrate in the very  early 
stages of deposition. During this time the crystallo- 
graphic orientation of the deposit will be fixed. Once 
the copper substrate is covered, the electrochemical 
conditions are those where zinc is plated on a zinc 
substrate; the deposits are influenced by variations 
in current density and electrolyte composition in 
exactly the same way as deposits on zinc cathodes, 
and for the same reasons. 

The deposits obtained were epitaxial, usually with 
the basal plane parallel with the closest packed 
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copper plane in the surface, and with the close- 
packed directions of the two lattices parallel. 

The lattice parameters for the zinc and copper 
structures are widely different, as are the crystal 

symmetries. However, the spacings along the [1120] 
and [110] directions (i.e., the close-packed direc- 
tions) are 2.644A and 2.556/i, respectively, a misfit 
of only 4.22%. The degree of misfit between the 
deposit and the base will depend on the orientations 
of one with respect to the other. The orientation of 
the deposit will be determined by the energies in- 
volved which will be minimized by having the close- 
packed directions parallel and the basal plane paral-  
lel to the low index plane, thereby minimizing the 
misfit. Due to the high symmetry  of copper, this 
results in a platelet structure on all orientations 
(Fig. 8). The angle of the platelets to the surface 
is determined in the first instance by the angle of 
the nearest (111) or (100) plane to the surface. In 
the case of a (110) orientation (Fig. 8) this is at 
35 ~ to the surface giving platelets a ridgelike ap- 
pearance. These ridges are not identical with those 
obtained in copper deposits on this orientation (Fig. 
9). The basal plane is not always parallel to a low 
index plane because a smaller degree of misfit can 
sometimes be obtained by having the close-packed 
and densely packed zones parallel. 

Deposits on Cleavage Surfaces 

Zinc deposits on lightly etched zinc cleavage sur- 
faces were markedly  different from structures on 
lightly etched electropolished faces of the same 
nominal orientation. Electropolished surfaces are 
known to be undulating, providing an abundance 
of growth sites and steps for growth by bunching. 
Zinc cleavage surfaces are not perfect [see, e.g., 
Bassett, Menter, and Pashley (11)] ;  they contain 
cleavage steps, twins, and a certain rumpling due 
to basal plane bending and kinking. In the vicinity 
of imperfections the deposit structures were similar 
to those on electropolished surface. It is presumed 
that, on the remainder of the surface, there are 
insufficient step sites for the number  of atoms ar-  
riving and growth proceeds by way of epitaxial nu-  
cleation. This is indicated by the circular layers on 
the upper surfaces of the large hexagonal growth 
features (Fig. 7), remote from the edges. The struc- 
ture of the deposit away from the hexagons was 
very similar to the substructures on the hexagon, 
which suggests that the whole of the deposit, except 
possibly the initially formed hexagons, grew by a 
nucleation process, bunching following during the 
growth process. On unetched cleavage surfaces de- 
posit structures were anomalous, possible indicating 
that under the present conditions the freshly pre-  
pared surface rapidly became contaminated. 

Development of Zinc Deposit Structures 
with Plating Time 

The principles of the "bunching" process have 
been mentioned earlier, and the results shown in 
Fig. 5 support the hypothesis. Howes (16), in par-  
ticular, has shown that the average step height of 
a copper deposit increases with time, and that  steps 
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Fig. 14. Surface topography of zinc electrodeposits. (a) 
Stereographic projection of the facets developed (as in- 
dexed by optical goniometry) on a substrate of orientation Z, near 
(1100) (actually orientation b, Fig. 3). The strength of reflection is 
indicated. Zones of planes ~, C, D occurred, together with basal 
plane A. (b) Idealized structure corresponding to the reflections 
indicated in Fig. 14(a). The plane of the paper corresponds to the 
point P in the stereograpbic projection. The lettering corresponds 
to the zones. In reality, because the basal plane A lies at an angle 
to the plane of the paper in the idealized drawing, A intersects 
zones B, C, D so that re-entrant facets probably do not occur at 
the step edges, a,/~, ~' correspond to the (1700) (1701) and (1102) 
faces, respectively. (c) Stereograpbic proiectien of facets developing 
on a substrate oriented on a (1~ '1)  type zone, i.e., at orientation f, 
Fig. 3. (d) Stereographic projection of facets developing on a sub- 
strate oriented at (~12) ,  i.e., Fig. 3j. 

of small height are gradually eliminated. During the 
present investigation, it was found that  the number  
of platelets per square centimeter varied exponen- 
tially with plating time. The rate of bunching cor- 
responded roughly to a first order process. 

Deposits of Lead and Cadmium 
Electrochemical Effects 

It should be emphasized that this discussion has 
concerned the accommodation of flux of atoms in the 
growing crystal lattice. Of course the electrochem- 
istry of deposition cannot be ignored; Frumkin  (12) 
recently reviewed the effect of the structure of the 
electrolytic double layer on the kinetics of electrode 
processes. It is not possible to study these effects 
in a conventional electroplating experiment be-  
cause of the overwhelming interference of transport  
effects. Even the extent to which the idea of "bunch-  
ing" may  be applied is limited by the electrochem- 
istry of the deposition process. Figures 11 and 12 
show cadmium and lead deposits. Clearly the struc- 
tures observed in these exploratory experiments 

d 

indicate a growth process that may resemble that 
of copper and zinc. The lead deposits show ridge 
and platelet structures similar, but not identical, to 
those on copper. Lead has the same crystal struc- 
ture as copper but  with a larger lattice spacing (a 
-~ 4.9495A for lead, 3.6153A for copper), and it 
would appear that the crystallographic influences of 
the base are similar. However,  the deposit structures 
obtained on cadmium were dissimilar to those ob- 
tained on zinc, although crystallographically the two 
metals are very similar. They are both close-packed 
hexagonal with axial ratios greater than ideal, and 
their equilibrium crystal forms, as calculated by 
Stranski (13) are identical. Work is needed on 
large-grained or single crystalline cathodes to clar- 
ify the relation between substrate orientation and 
the growth forms, but it is likely that the exchange 
current for cadmium is much greater than that for 
zinc from sulfate solutions, hydrogen is not evolved, 
and the conditions for the adsorption of surface ac- 
tive material  are widely different. I t  would be of 
interest to know whether  the electrodeposition of 
cadmium occurs predominantly directly at growth 
sites, or if an appreciable surface diffusion of ad- 
atoms is involved [c.f., Conway and Brockris (14)].  
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Fig. 15a. (top) Model of the (11~.1) plane in zinc; Fig. 15b. model 
showing the development of a (112--I) face into a (11-01) face by 
bunching. 

Conclusions 
It  is concluded f rom this  e x a m i n a t i o n  of zinc e lec-  

t rodeposi ted  on zinc and  copper  subs t ra tes  tha t  the  
concept  of " b u n c h i n g "  m a y  be appl icable  to a r ange  
of e lec t rop la t ing  systems. 

L imi ta t ions  in  the  appl ica t ion  of the b u n c h i n g  
hypothes is  resu l t  f rom the  m a n y  chemical  and  phys -  
ical processes invo lved  in  a s ingle  electrodeposi t ion.  
Most of these factors are u n c o n t r o l l a b l e  except  u n d e r  
special  l abo ra to ry  condit ions.  The  idea m a y  only  
apply  whe re  deposi t ion  involves  a surface concert- 

t r a t i on  of ada toms r a the r  t h a n  deposi t ion  d i rec t ly  
onto act ive  sites. 
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Decay of Cathodoluminescence and Nonradiative Processes 
in Manganese Activated Phosphors 
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and M. Sayer 
Physics Department, University of British Columbia, Vancouver, British Columbia, Canada 

ABSTRACT 

Cathodoluminescence emission spectra and decay processes have been in-  
vestigated as a function of p r imary  electron energy and density for single crys- 
tals, evaporated layers, and powder layers of manganese  activated calcium 
fluoride and zinc silicate. The emission spectra were found to be unchanged by 
the conditions of excitation. The value of the decay constant  for powder layers 
was also unchanged,  but  that for single crystals and evaporated layers increased 
as the p r imary  energy was decreased. This behavior  is explained in  terms of an 
Auger  recombinat ion leading to an interact ion between the luminescence cen- 
ters and the high density of electrons in the conduction band at low pr imary  
voltages. It is shown that for such an effect to occur the rate of nonradia t ive  re-  
combinat ion of electrons in the conduction band of the host lattice must  be 
small. This criterion is satisfied in  the case of single crystals and evaporated 
layers, but  not in  microcrystal l ine powder layers. 

Ca thodo luminescence  represen t s  the final stage of 
a series of processes b e g i n n i n g  wi th  the  absorp t ion  
of an  e lec t ron  beam in  a c rys ta l  and  end ing  wi th  
the  emiss ion  of rad ia t ion .  I n f o r m a t i o n  r ega rd i ng  the  

i n t e r m e d i a t e  stages in  the  process can on ly  be i n -  
fe r red  f rom the charac ter is t ics  of the  f inal  emission.  
In  m a n y  phosphors ,  the  n a t u r e  of the  final r ad ia t ive  
t r ans i t i on  is u n c e r t a i n  and  deduc t ions  abou t  the  p r e -  
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ced ing  s t ages  m a y  be  ambiguous .  The  inc lus ion  of 
m a n g a n e s e  as an  a c t i v a t o r  ion in s e v e r a l  c r y s t a l  
l a t t i ces  is k n o w n  to g ive  r i se  to an  emiss ion  r e s u l t -  
ing f rom a sp in - f l ip  t r a n s i t i o n  w i t h i n  t he  3d she l l  of 
the  m a n g a n e s e  ion i tself .  U n d e r  u l t r a v i o l e t  e x c i t a -  
t ion,  such  a p h o s p h o r  is c h a r a c t e r i z e d  b y  an  e x -  
p o n e n t i a l  g r o w t h  and  d e c a y  of emiss ion  w i t h  a t i m e  
cons t an t  i n d e p e n d e n t  of the  i n t e n s i t y  of exc i t a t ion .  
Such  a p h o s p h o r  shou ld  be  of use  in  e x p e r i m e n t s  
de s igned  to i n v e s t i g a t e  t he  i n t e r m e d i a t e  s t ages  in 
t he  c a t h o d o l u m i n e s c e n c e  process .  

M a n y  inves t i ga t i ons  of c a t h o d o l u m i n e s c e n c e  
emiss ion  s p e c t r a  and  g r o w t h  a n d  d e c a y  t i m e  con-  
s t an t s  have  been  r e p o r t e d  in the  l i t e r a t u r e .  A l m o s t  
w i t h o u t  excep t ion ,  the  m e a s u r e m e n t s  have  been  
m a d e  on p h o s p h o r s  in the  fo rm of m i c r o c r y s t a l l i n e  
powder s .  I t  is poss ib le  t h a t  the  p r o p e r t i e s  of a p h o s -  
pho r  in th is  f o r m  differ  f r o m  t h a t  of t he  s ame  m a -  
t e r i a l  in  t h e  f o r m  of a s ing le  c rys ta l .  In  t he  p r e s e n t  
work ,  t he  c a t h o d o l u m i n e s c e n c e  of zinc s i l ica te  and  
ca l c ium f luor ide  w i t h  con t ro l l ed  concen t r a t i ons  of 
m a n g a n e s e  has  been  i n v e s t i g a t e d  w i t h  spec ia l  r e f e r -  
ence to t he  effect  of p r i m a r y  e l ec t ron  e n e r g y  and  
d e n s i t y  on the  emiss ion  spec t r a  and  d e c a y  cons tan t .  
The  p h o s p h o r s  w e r e  s t ud i ed  in t h r e e  d i f fe ren t  forms,  
s ing le  c rys ta l s ,  e v a p o r a t e d  l ayers ,  a n d  m i c r o c r y s t a l -  
l ine  p o w e r  l aye r s .  

Exper imental  

Sing le  c r y s t a l  specimens of c a l c ium f luor ide  a p -  
p r o x i m a t e l y  1 m m  in t h i cknes s  w e r e  o b t a i n e d  f r o m  
l a r g e  s ing le  c rys t a l s  con t a in ing  d i f fe ren t  a m o u n t s  
of m a n g a n e s e .  These  c rys t a l s  w e r e  g r o w n  f r o m  the  
m e l t  by  the  S t o c k b a r g e r  t e c h n i q u e  (1)  a t  the  
D e p a r t m e n t  of N a t u r a l  P h i l o s o p h y  of the  U n i v e r s i t y  
of A b e r d e e n .  The  p l a t e s  w e r e  e i t he r  c l eaved  d i r e c t l y  
f r o m  the  b u l k  or  cu t  w i t h  a w i r e  saw a n d  po l i shed ,  
us ing  d i a m o n d  pas te .  The  r e su l t s  r e p o r t e d  in th is  
p a p e r  w e r e  o b t a i n e d  for  spec imens  cut  f rom a c r y s t a l  
con t a in ing  0.9% m a n g a n e s e .  P o w d e r  l a y e r s  w e r e  
f o r m e d  b y  g r i n d i n g  the  s ingle  c r y s t a l  and  se t t l i ng  
the  p o w d e r  f rom an  aqueous  suspens ion .  E v a p o r a t e d  
l a y e r s  w e r e  p r o d u c e d  b y  v a c u u m  e v a p o r a t i o n  of a 
c a l c ium f l u o r i d e - 2 %  m a n g a n e s e  f luor ide  p o w d e r  
m i x t u r e  w i t h  s u b s e q u e n t  h e a t  t r e a t m e n t  of  the  
e v a p o r a t e d  l a y e r  (2 ) .  E v a p o r a t e d  and  p o w d e r  l a y e r s  
of zinc s i l i ca te  w e r e  p r e p a r e d  in  a s im i l a r  m a n n e r  
w i t h  an  a c t i v a t o r  c o n c e n t r a t i o n  of b e t w e e n  1 and  
2% m a n g a n e s e .  No l a r g e  s ing le  c rys t a l s  of  z inc  
s i l i ca te  w e r e  ava i l ab l e ,  b u t  m e a s u r e m e n t s  w e r e  m a d e  
on a s i n t e r e d  l a y e r  f o r m e d  b y  fus ing  the  p o w d e r  a t  
a t e m p e r a t u r e  c lose  to t he  m e l t i n g  point .  A f t e r  
cool ing,  t he  face  of the  s in t e r ed  l a y e r  was  g r o u n d  
smooth  w i t h  c a r b o r u n d u m  and  po l i shed  us ing  d i a -  
m o n d  pas te .  

The  p h o s p h o r s  w e r e  e x a m i n e d  in a d e m o u n t a b l e  
c a t h o d e - r a y  t ube  for  p r i m a r y  e l ec t ron  p o t e n t i a l s  of 
1-15 kv ,  and  for  a s t e a d y  and  u n i f o r m  exc i t a t i on  of 
1-10 # a / c m  ~ ove r  a se lec ted  p h o s p h o r  a rea .  Emiss ion  
spec t r a  w e r e  m e a s u r e d  b y  m e a n s  of a d o u b l e  m o n o -  
c h r o m a t o r  and  p h o t o m u l t i p l i e r  sys tem,  w h i l e  d e c a y  
m e a s u r e m e n t s  w e r e  o b t a i n e d  b y  m e a s u r i n g  the  fa l l  
of emiss ion  a f t e r  cu t -of f  of s t e a d y  exc i t a t i on  us ing  a 
p h o t o m u l t i p l i e r  and  c a t h o d e - r a y  osci l loscppe.  The  
spec imen  t e m p e r a t u r e  cou ld  be  v a r i e d  f rom r o o m  
t e m p e r a t u r e  up  to  a few h u n d r e d  deg rees  cen t i g r ade .  

W i t h  t he  s y s t e m  used  s e c o n d a r y  e l e c t r o n  emiss ion  
c h a r a c t e r i s t i c s  cou ld  not  be  m e a s u r e d ,  and  in o r d e r  
to r educe  spu r ious  effects f r o m  this  source  mos t  
spec imens  w e r e  a l u m i n i z e d  by  v a c u u m  e va po ra t i on ,  
the  coa t ing  be ing  connec ted  to the  f inal  a n o d e  of t he  
c a t h o d e - r a y  tube .  S e v e r a l  m e a s u r e m e n t s  us ing  u n -  
a l u m i n i z e d  spec imens  w e r e  also p e r f o r m e d  to check  
t ha t  t he  r e su l t s  o b t a i n e d  w e r e  i n d e p e n d e n t  of the  
a l u m i n u m  coat ing.  

Results 
Emission spectra.--No s igni f icant  change  in the  

emiss ion  b a n d  due  to m a n g a n e s e  was  f o u n d  as t he  
e l e c t r o n  p o t e n t i a l  or  b e a m  c u r r e n t  d e n s i t y  w e r e  
v a r i e d  ove r  a w i d e  range .  S m a l l  shi f ts  in the  spec -  
t r u m  to longe r  w a v e l e n g t h s  w e r e  found  as the  
m a n g a n e s e  c o n c e n t r a t i o n  was  i nc r ea sed  in  the  case 
of c a l c ium f luoride.  The  sh i f t  occu r r ed  for  concen -  
t r a t i o n s  at  w h i c h  s p i n - s p i n  i n t e r a c t i o n  was  b e g i n -  
n ing  to b e  e v i d e n t  in  e l e c t r o n  r e s o n a n c e  s p e c t r a  of 
t he  same  spec imens .  F r o m  these  r e su l t s  i t  is e v i d e n t  
t h a t  the  h igh  c o n c e n t r a t i o n  of e l ec t rons  a t  low p r i -  
m a r y  ene rg i e s  has  l i t t l e  effect in a n y  d i r ec t  w a y  on 
the  3d she l l  e n e r g y  levels .  

Decay o5 the emission.--In con t r a s t  to spec t r a l  
m e a s u r e m e n t s ,  t he  m e a s u r e m e n t s  of d e c a y  cons t an t  
showed  v a r i a t i o n s  w i t h  fo rm of s p e c i m e n  and  w i t h  
p r i m a r y  e l ec t ron  ene rgy .  The  re su l t s  for  c a l c ium 
f luor ide  and  zinc s i l ica te  a r e  shown  in Fig.  1 and  2, 
r e spec t i ve ly .  In  a l l  cases  p o w d e r  l a y e r s  showed  
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Fig. 1. Decay constant vs .  primary electron energy for manganese 
activated calcium fluoride: (A) single crystal; (B) powder layer. 
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Fig. 2. Decay constant vs. primary energy for manganese ac- 
tivated zinc silicate: (A), (B), (C), evaporated layer; (D), slntered 
layer; (E), (F), powder layer. 
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l i t t le  change in decay constant  wi th  electron energy,  
the va lue  being ident ical  wi th  that  measured  using 
u l t rav io le t  excitation,  and character is t ic  of the Mn ~§ 
center  in the pa r t i cu la r  host lat t ice.  This is in agree-  
ment  wi th  the  resul ts  of other  workers  (3).  The be-  
havior  of single crysta ls  and evapora ted  layers  was 
more complex.  For  single crystals ,  the decay con- 
s tant  was high at low p r i m a r y  energies and de-  
creased as the  electron energy was increased unt i l  
the value  approached tha t  for powder  layers.  The 
var ia t ion  wi th  p r i m a r y  electron energy was re l a -  
t ive ly  independent  of whether  the crys ta l  surface 
facing the electron beam was polished, f reshly  
cleaved, or coated wi th  a luminum. This resul t  is 
shown more effectively by  the logar i thmic  plot  of 
the change in decay constant  3--3~, where  3| is the 
decay constant  at large  p r i m a r y  energies,  vs.  p r i m a r y  
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Fig. 3. Change in decay constant 8 - -  ~3~ vs. primary energy 
for single crystal specimens of calcium fluoride: (A) cleaved un- 
aluminized; (B) cleaved, aluminized; (C), (D) polished, aluminized. 
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Fig. 4. Change in decay constant 8 - -  i~| vs. primary energy 
for zinc silicate: (A) evaporated layer unaluminized; (B) evap- 
orated layer, aluminized; (C) sintered layer, aluminized. 

energy shown in Fig. 3 and 4 for calcium fluoride and 
zinc silicate, respect ively.  Except  at  low p r i m a r y  
energy,  these plots are l inear  wi th  app rox ima te ly  
the  same slope. This suggests tha t  the decay con- 
s tant  may  be represen ted  by  a re la t ion 

3 - -  3~ = C V  -~ [ 1 ]  

where  C and p are constants. The average  value  of p 
obta ined f rom the graphs  is 3.0 --+ 1.0 for calcium 
fluoride and 3.6 --+ 0.2 for zinc silicate. The existence 
of an a luminum coating on the surface was not 
crit ical ,  the pr incipal  effect being an over -a l l  shift  
of the curve to h igher  voltages. F u r t h e r  changes 
along the vol tage axis could be t en ta t ive ly  a t t r ibu ted  
to the method of surface prepara t ion ,  e.g., the curve 
for a cleaved crys ta l  appeared  at  a lower vol tage 
than  tha t  for the polished specimen. A s imilar  de-  
pendence  on electron energy  was observed for evap-  
ora ted  layers,  a l though the over -a l l  decay constants 
were  usual ly  h igher  than those for e i ther  powders  
or single crystals.  This over -a l l  increase was a t -  
t r ibu ted  to an increase in the t ransi t ion probabi l i t ies  
of the luminescence centers  due to per turba t ions  
in t roduced by  the imperfec t  host lattice.  In a few 
cases, the most notable  being the  s intered zinc sil icate 
layer ,  the decay constant  showed a m a x i m u m  at an 
in te rmedia te  p r i m a r y  energy.  This behavior  is a 
guide to the in te rpre ta t ion  of the resul ts  and wil l  be 
discussed later .  

Var ia t ion  of the beam cur ren t  densi ty  produced a 
change in the decay constant  at low p r i m a r y  en-  
ergy, but  was less effective at  h igher  p r i m a r y  en-  
ergies. This behavior  in a c rys ta l  of calcium fluoride 
is shown in Fig. 5. 

Effec t  o5 phosphor  t e m p e r a t u r e . - - T h e  change in 
decay constant  wi th  t empera tu re  was re la t ive ly  in-  
dependent  of the p r i m a r y  beam energy and densi ty  
and agrees wi th  tha t  for photoexcitat ion.  This is 
shown in Fig. 6 for a single crys ta l  of calcium fluo- 
ride. The effect of nonradia t ive  t ransi t ions  wi th in  
the emission centers  was only not iceable at  t e m p e r a -  
tures  be tween  100 ~ and 200 ~ The absolute lumines-  
cence efficiency at o rd ina ry  t empera tu res  was only a 
few per  cent: 

Discussion of Results 
The impor t an t  effect shown in the  above e x pe r i -  

ments  is the change of decay constant  wi th  p r i m a r y  
energy for single crystals  and evapora ted  layers ,  
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t r o n  exc i t a t ion ;  h e n c e  i t  m a y  b e  a s s u m e d  t h a t  t h e  
emiss ion  a r i ses  f r o m ' a  s e l f - c o n t a i n e d ,  m o n o m o l e c -  
u t a r  t r a n s i t i o n  w i t h i n  a l u m i n e s c e n c e  c e n t e r  w i t h  

/ r a d i a t i v e  and  n o n r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t i e s  
and  4, r e spec t ive ly .  The  l a t t i ce  e xc i t a t i on  a r i ses  f r o m  
the  p r o d u c t i o n  of s e c o n d a r y  e l ec t rons  in  t h e  c o nduc -  

/ ,~v t ion  b a n d  and  pos i t i ve  holes  in t h e  va l e nc e  band .  As  
/ an  a p p r o x i m a t i o n ,  if r e c o m b i n a t i o n  is ,neglec ted ,  i t  

/ m a y  be  a s s u m e d  tha t  t he  p r i m a r y  b e a m  exc i tes  
/ o  , / o  60KV 

n~ ~ -  I : [ ioV/AE.AV"]  [2]  

s e c o n d a r y  e lec t rons ,  w h e r e  ~E is t he  e n e r g y  r e q u i r e d  
to p r o d u c e  a h o l e - e l e c t r o n  pa i r ,  a n d  io is t h e  b e a m  
c u r r e n t  dens i ty .  U n d e r  these  condi t ions ,  b i m o l e c u l a r  
r e c o m b i n a t i o n  k ine t i c s  a r e  to  be  e x p e c t e d  in  t he  
l a t t i ce  w i t h  a n o n r a d i a t i v e  r e c o m b i n a t i o n  p r o b a b i l i t y  
]~ ( th i s  i nc ludes  b o t h  b a n d - t o - b a n d  a n d  i m p u r i t y  
t r a n s i t i o n s )  and  a p r o b a b i l i t y  for  e n e r g y  t r a n s f e r  to 
a l u m i n e s c e n c e  cen t e r  3,N, w h e r e  N is t he  t o t a l  n u m -  
b e r  of centers .  The  d e t a i l e d  k ine t i c s  of such a m o d e l  
have  been  t r e a t e d  e l s e w h e r e  (6) .  I t  is f o u n d  t h a t  t he  
m a x i m u m  v a l u e  of d e c a y  cons t an t  is d e t e r m i n e d  b y  
the  sum of the  t r a n s i t i o n  p r o b a b i l i t i e s  for  t he  cen t e r  
(~ -p r  sec -1. This  w o u l d  be  t he  v a l u e  o b t a i n e d  in  a 
m e a s u r e m e n t  us ing  u l t r a v i o l e t  r a d i a t i o n  for  d i -  
r ec t  e x c i t a t i o n  of t he  cen te r .  I f  t h e  e xc i t a t i on  t a k e s  
p lace  v i a  t he  l a t t i c e  a v a l u e  of (8 -p r  sec -1 is o b -  
t a i n e d  if r e c o m b i n a t i o n  p rocesses  in t h e  l a t t i c e  a r e  
c o m p l e t e d  in  a t i m e  shor t  c o m p a r e d  to t he  l i f e t i m e  
of  t h e  r a d i a t i v e  decay .  A n y  process  w h i c h  inc reases  
t he  r a t e  of l a t t i c e  r e c o m b i n a t i o n  is t h e r e f o r e  i n -  
effect ive  to e x p l a i n  d e c a y  cons tan t s  g r e a t e r  t h a n  
(5 ~ r  sec -*. A m a r k e d  c h a n g e  can  occur  if t h e  l i f e -  
t i m e  of a f ree  l a t t i ce  e l ec t ron  is c o m p a r a b l e  w i t h  t h a t  
of an  e xc i t e d  center ,  b u t  th is  is a g a i n  inef fec t ive  
s ince  t he  ana lys i s  shows  t h a t  t he  d e c a y  cons t an t  is 
dec rea sed  u n d e r  these  c i r cums tances .  This  is a lso  
t he  case  if t he  effect of s a t u r a t i o n  of l u m i n e s c e n c e  
cen te r s  is i nc luded .  Thus  an  i nc rea se  in  d e c a y  con-  
s t an t  c anno t  be a t t r i b u t e d  to a c h a n g e  in  a n y  l a t t i ce  
process ,  b u t  can on ly  be  a p r o p e r t y  of t h e  l u m i n e s -  
cence  cen t e r  i tself .  

If  a n y  f o r m  of i n t e r a c t i o n  b e t w e e n  the  e l ec t ron  
d e n s i t y  in t he  conduc t ion  b a n d  and  the  l u m i n e s c e n c e  
cen te r s  is to be  re f lec ted  in t he  m a g n i t u d e  of t he  d e -  
cay  cons tan t ,  two  c r i t e r i a  m u s t  be  sat isf ied:  ( a )  t he  
e l ec t ron  d e n s i t y  m u s t  b e  la rge ,  (b )  t he  l i f e t i m e  of 
e l ec t rons  in t h e  conduc t ion  b a n d  m u s t  be  c o m p a r a b l e  
w i t h  t h a t  of t he  l u m i n e s c e n c e  centers .  Bo th  c r i t e r i a  
a r e  p r i n c i p a l l y  d e t e r m i n e d  b y  the  p a r a m e t e r  fl, s ince  
i t  can  be  shown  t h a t  (6)  

n~ = I /  (fl -~ .yN) 1~ [3]  

~ and  the  l a t t i ce  t ime  cons t an t  

6 ~b In  a r eg ion  of h e a v y  r e c o m b i n a t i o n ,  e.g., t he  su r f ace  
r eg ions  of a c rys t a l ,  fl is l a rge ,  and  t h e r e f o r e  n~ is 
s m a l l  and  also decays  in  a t i m e  sho r t  c o m p a r e d  to t he  
l i f e t i m e  of an  e xc i t e d  cen te r .  Thus  i n t e r a c t i o n  b e -  
t w e e n  t h e  e l ec t ron  d e n s i t y  a n d  t h e  cen te r s  occurs  for  
a v e r y  sma l l  f r a c t i o n  of a c en t e r  l i f e t ime .  In  t he  
r e l a t i v e l y  p e r f e c t  l a t t i c e  of a c rys ta l ,  r e c o m b i n a t i o n  
wi l l  be  r educed ,  fi is smal l ,  n~ is l a rge  and  r e m a i n s  

io 
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Fig. 6. Decay constant vs. temperature at different primary ener- 
gies for a single crystal of calcium fluoride: Mn. 

w h i c h  is in c o n t r a s t  w i t h  t he  neg l ig ib l e  effect  for  
p o w d e r  l aye r s .  The  e n e r g y  of t he  p r i m a r y  e l ec t rons  
is a m e a s u r e  of the  p e n e t r a t i o n  of t he  b e a m  in to  t h e  
c rys ta l ,  t h e  mos t  g e n e r a l l y  accep ted  r e l a t i o n  be ing  
of the  f o r m  R = AV", w h e r e  R is t he  p e n e t r a t i o n  
dep th ,  V is t he  p r i m a r y  vol tage ,  and  A and  n a r e  
cons tan t s  c h a r a c t e r i s t i c  of the  m a t e r i a l  (4, 5) .  The  
mos t  obv ious  i n t e r p r e t a t i o n  of the  r e su l t s  is t h a t  t he  
change  in  d e c a y  cons t an t  is due  to e i t he r  (a )  a ' d e a d '  
su r f ace  l a y e r  or  (b )  t h e r m a l  effects  a r i s ing  f r o m  t h e  
i n c r e a s e d  d e n s i t y  of p o w e r  d i s s ipa t ion  at  low p r i -  
m a r y  vol tages .  I f  (a )  is t he  case, t he  effect shou ld  be  
e n h a n c e d  in  p o w d e r  l a y e r s  in  w h i c h  t h e  su r f ace  a r e a  
is g rea tes t .  This  d i s ag ree s  w i t h  e x p e r i m e n t .  I f  m a -  
croscopic  t h e r m a l  effects a r e  invo lved ,  a c r y s t a l  t e m -  
p e r a t u r e  of t he  o r d e r  of 200~ w o u l d  be  r e q u i r e d  to 
g ive  t he  o b s e r v e d  d e c a y  cons tan t s  a t  low b e a m  v o l t -  
ages.  Ca l cu l a t i ons  i n v o l v i n g  the  t h e r m a l  c o n d u c t i v i t y  
of the  c rys t a l s  i nd ica t e  t h a t  u n d e r  t he  g iven  e x p e r i -  
m e n t a l  cond i t ions  t h e  c r y s t a l  t e m p e r a t u r e  r i ses  b y  a 
m a x i m u m  of 1 ~176 A t h i r d  p o s s i b i l i t y  is in t he  i n -  
c rease  of e l e c t r o n  d e n s i t y  w i t h i n  t h e  c r y s t a l  a t  low 
p r i m a r y  energ ies ,  due  to  the  p o w e r - l a w  d e p e n d e n c e  
of t he  p e n e t r a t i o n  d e p t h  on the  p r i m a r y  ene rgy .  This  
m a y  be  cons ide red  in c o n j u n c t i o n  w i t h  the  m o d e l  for  
t he  c a t h o d o l u m i n e s c e n c e  p rocess  s h o w n  in Fig .  7. 

E l e c t r o n  t r a n s i t i o n s  m a y  occur  e i t he r  in the  l a t t i ce  
or  in  t he  l uminescence  centers .  Due  to t he  sma l l  
n u m b e r  of a c t i v a t o r  ions, t he  b u l k  of t h e  exc i t a t i on  is 
a s s u m e d  to t a k e  p l a c e  in t he  la t t ice ,  w i t h  s u b s e q u e n t  
t r a n s f e r  of e n e r g y  to the  l u m i n e s c e n c e  centers .  The  
emiss ion  s p e c t r u m  is u n c h a n g e d  fo r  op t ica l  a n d  e l e c -  

LATTICE CENTRES 

Fig. 7. Model for the luminescence process 
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a p p r e c i a b l e  t h r o u g h o u t  a l a r g e  p o r t i o n  of t he  cen t e r  
l i f e t ime .  In  th is  case  a p e r t u r b a t i o n  of the  cen te r s  
m a y  be  obse rved .  Note  t h a t  t he  effect  of t he  su r f ace  
wi l l  be  e n h a n c e d  in m i c r o c r y s t a l l i n e  p o w d e r s  in t h a t  
the  a v e r a g e  p e n e t r a t i o n  d e p t h  is less t h a n  t h a t  for  a 
s ing le  c r y s t a l  due  to the  r a n d o m  o r i e n t a t i o n  of t he  
i n d i v i d u a l  c r y s t a l l i t e s  to t he  p r i m a r y  beam.  A m a x i -  
m u m  in t he  v a l u e  of d e c a y  cons t an t  is to be  e x p e c t e d  
if  the  d i s o r d e r e d  su r f ace  r eg ion  e x t e n d s  for  a con-  
s i d e r a b l e  d e p t h  in to  t he  c rys ta l .  

This  b e h a v i o r  is o b s e r v e d  in  t he  s i n t e r e d  l a y e r  of 
zinc s i l i ca te  (Fig .  2, cu rve  D)  and  m a y  also e x -  
p l a i n  t h e  n o n l i n e a r i t y  a t  l o w e r  vo l t ages  of cu rves  C 
and  D of Fig.  3 for  t he  po l i shed  spec imens  of ca l -  
c ium f luoride.  The  p r e s e n c e  of such  a r eg ion  w o u l d  
also g ive  r i se  to a sh i f t  of t he  cu rves  a long  the  v o l t -  
age  ax i s  in  t h e  d i r ec t i on  of h i g h e r  vo l tages .  F u r t h e r  
c o m m e n t  m a y  be  m a d e  for  t he  case  of t he  e v a p o r a t e d  
l ayers .  I t  has  been  shown  tha t  i n c r e a s e d  l a t t i ce  r e -  
c o m b i n a t i o n  canno t  i nc rea se  t he  l u m i n e s c e n c e  d e c a y  
cons t an t  b e y o n d  t h a t  def ined  b y  the  cen t e r  t r a n s i t i o n  
p r o b a b i l i t i e s  (6 + r  sec -1. Thus  the  o v e r - a l l  i n c r e a s e  
in d e c a y  cons t an t  in t he  e v a p o r a t e d  l a y e r s  m u s t  be  
due  to an  i nc rea se  in the  c e n t e r  p r o b a b i l i t y  (6 + r  
sec -~ caused  b y  p e r t u r b a t i o n s  in  t he  i m p e r f e c t  c r y s t a l  
f ield s u r r o u n d i n g  the  a c t i v a t o r  a toms.  H o w e v e r ,  i n -  
t e r ac t i on  w i t h  t he  exc i t ed  l a t t i ce  e l ec t ron  d e n s i t y  can  
s t i l l  occur  as in t h e  s ingle  c ry s t a l  s ince  t he  ]oca l ized  
e l ec t ron  d e n s i t y  is s t i l l  p r e d o m i n a n t l y  d e t e r m i n e d  
b y  l a t t i ce  r e c o m b i n a t i o n  processes  i n d e p e n d e n t  of 
the  centers .  

The  specific n a t u r e  of the  i n t e r a c t i o n  b e t w e e n  the  
s e c o n d a r y  e l ec t ron  d e n s i t y  n~ and  the  l u m i n e s c e n c e  
cen te r s  r e q u i r e s  i n t e r p r e t a t i o n .  A p u r e l y  e l e c t r o -  
s ta t ic  i n t e r a c t i o n  b e t w e e n  the  e l e c t r o n - h o l e  p l a s m a  
in t he  l a t t i c e  and  the  l u m i n e s c e n c e  cen te r s  is diffi- 
cu l t  to f o rmu la t e .  H o w e v e r ,  i t  has  been  we l l  e s t a b -  
l i shed  in  s emiconduc to r s  such as g e r m a n i u m  and  s i l i -  
con t h a t  a t  l a rge  m a j o r i t y  c a r r i e r  dens i t i e s  a r e c o m -  
b i n a t i o n  process  p r o p o r t i o n a l  to t he  squa re  of the  
c a r r i e r  d e n s i t y  is o b s e r v e d  (7, 8) .  This  is t e r m e d  
A u g e r  r e c o m b i n a t i o n  and  invo lves  t h r e e  c a r r i e r s - -  
an  e l ec t ron  and  ho le  w h i c h  r ecombine ,  t r a n s f e r r i n g  
e n e r g y  to a t h i r d  e lec t ron .  I t  is sugges t ed  t h a t  th is  
p rocess  is o b s e r v e d  in the  p r e s e n t  e x p e r i m e n t s .  Two 
f o r m s  of i n t e r a c t i o n  m a y  be  poss ib le :  ( a )  A u g e r  r e -  
c o m b i n a t i o n  b e t w e e n  a f ree  hole,  a f ree  e lec t ron ,  and  
an exc i t ed  l u m i n e s c e n c e  cen te r ;  the  e n e r g y  t r a n s -  
f e r r e d  to t he  cen t e r  could  ra i se  i ts  e f fec t ive  t e m -  
p e r a t u r e  for  a shor t  t ime  w i t h  a r e s u l t i n g  inc rease  in  
n o n r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y ;  (b)  A u g e r  r e -  
c o m b i n a t i o n  i nvo lv ing  two  f r ee  e l ec t rons  and  a 
b o u n d  ho le  in t he  v i c in i t y  of an  exc i t ed  cen te r ,  t h e  
e n e r g y  i m p a r t e d  to t he  second  e l e c t r o n  be ing  d i s s i -  
p a t e d  b y  phonon  g e n e r a t i o n  in t he  v i c in i t y  of t he  
center .  This  aga in  r e su l t s  in an  i nc rea se  of n o n -  

r a d i a t i v e  t r a n s i t i o n  p r o b a b i l i t y .  Bo th  p rocesses  m a y  
be  t e r m e d  a f o r m  of mic roscop ic  t h e r m a l  quench ing .  

A q u a n t i t a t i v e  e s t i m a t e  of t he  d e c a y  c o n s t a n t -  
b e a m  vo l t age  m a y  be  m a d e  on th i s  bas is  s ince  

w h e r e  B is a cons tan t .  
I f  t he  a p p r o x i m a t i o n  is m a d e  t h a t  n~ is cons t an t  for  

a t ime  c o m p a r a b l e  to the  c e n t e r  l i f e t ime ,  s u b s t i t u t i n g  
for  n~ f r o m  [2]  

Us ing  the  r e p o r t e d  va lue s  of n (4) ,  t he  d e c a y  con-  
s t an t  shou ld  show a p o w e r  l a w  d e p e n d e n c e  on V w i t h  
e x p o n e n t s  3.8 and  4.0 for  ca l c ium f luor ide  and  zinc 
s i l icate ,  r e spec t ive ly .  C o n s i d e r i n g  the  m a n y  a p p r o x i -  
m a t i o n s  i n v o l v e d  in the  ca lcu la t ions ,  these  va lues  a r e  
c o m p a t i b l e  w i t h  t he  e x p e r i m e n t a l  va lue s  of 3.0 ----- 1.0 
and  3.6 ----- 0.2, r e spec t i ve ly .  Note  t h a t  t he  r e l a t i o n  
also ind ica t e s  t h a t  the  v a r i a t i o n  of d e c a y  cons t an t  
w i t h  c u r r e n t  d e n s i t y  is g r e a t e r  a t  low r a t h e r  t h a n  
h igh  p r i m a r y  vol tages .  This  is also in a g r e e m e n t  w i t h  
e x p e r i m e n t .  

Conclusion 
I t  has  been  shown  t h a t  a r i se  in d e c a y  cons t an t  a t  

low p r i m a r y  e l e c t r o n  ene rg ie s  m a y  occur  in phos -  
pho r s  in  w h i c h  the  r a t e  of l a t t i c e  r e c o m b i n a t i o n  is 
r e l a t i v e l y  smal l .  The  sugges t ion  t ha t  t he  r i se  is due  
to an  i n t e r a c t i o n  b e t w e e n  the  conduc t ion  e l ec t rons  
and  the  e xc i t e d  l u m i n e s c e n c e  cen te r s  b y  m e a n s  of 
A u g e r  r e c o m b i n a t i o n  in  t he  l a t t i ce  is b o r n e  out  b y  
the  q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  e x p e r i m e n t  and  
theo ry .  
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Transient Effects in Cadmium Sulfide-Cadmium 
Selenide Type Photoconductors 

Ronald D. Weiss 1 

Clairex Corporation, New York ,  New York  

ABSTRACT 

Cadmium sulfide and cadmium selenide sintered polycrystalline layers have 
been investigated with respect to the transient effects in their photoconductive 
rise and decay curves. Under suitable conditions both types of layers exhibit 
a maximum in the rise curve and a minimum in the decay curve. The specific 
results are strongly dependent on the excitation history of the layer. The rela- 
tionship of these effects to trapping processes is discussed, and some compari- 
sons with earlier experimental works are made. The dependence of photo- 
sensitivity on these effects is emphasized. 

A transient effect was previously found to be a s -  
s o c i a t e d  with single crystal photoconductors of both 
CdS (1) and CdSe (2). The experiments of Bube 
and others have shown that, because of their ex-  
citation history, the photoconductive response curves 
of CdS and CdSe single crystal photoconductors ex- 
hibit both a maximum in the rise curve and a min-  
imum in the decay curve. The present paper will 
show that the effect is more strongly evidenced with 
CdS and CdSe polycrystalline sintered layers at 
room temperature.  

Figure 1, curve a, is representative of most room 
temperature photoconductive response curves re-  
ported by others. In the same figure, curve b repre-  
sents the general shape of the photoconductive re-  
sponse curve, which was obtained for these sintered 
layers under similar conditions. It is interesting to 
note that at the onset of the excitation the latter 
curve goes through a maximum before approaching 
its long time equilibrium or steady-state photocur-  
rent value. The area between the long time equilib- 
rium value and the maximum of curve b is the prin-  
cipal subject of this work, i.e., the additional amount 
of photocurrent  above the long time equilibrium 

l l>resen t  a d d r e s s :  A p p l i e d  R e s e a r c h  L a b o r a t o r y ,  G e n e r a l  I n s t r u -  
m e n t  C o r p o r a t i o n ,  N e w a r k ,  N e w  J e r s e y .  

o 
o 
o 

o.  

TIME 

Fig. 1. Comparison of the general nature of the photoconductivity 
curyes (until the equilibrium condition is established) of the works 
being discussed. 

value [overshoot (2)] .  A result similar to the fore- 
mentioned may be obtained by replacing the initial 
dark or quenching ~ history, required prior to the on- 
set of the excitation, by a relatively high light in- 
tensity or excitation history. In this instance the 
photoconductive response curve must be taken from 
the high light intensity to the lower light intensity 
(the level at which the long time equilibrium value 
had been previously established). This second curve 
will be of the same shape as curve b, except for its 
inverted nature, i.e., the photocurrent  will now pass 
through a minimum below the long time equilibrium 
value before approaching this value [undershoot 
(2)] .  

Experimental Apparatus and Procedure 
Since the transient effect evidences itself in the 

growth of the photoconductivity a special procedure 
was devised to measure the true effect. The experi-  
mental  procedure consists of three basic operations. 
The first operation is to determine the long time 
equilibrium value of the sintered polycrystalline 
layer at the reference light level of the experiment. 
This long t ime equilibrium value is defined by the 
steady-state photocurrent  of the layer after it has 
been subjected to the reference light level for a con- 
siderable length of time. The time required for the 
steady-state photocurrent  condition is primarily de- 
pendent on several factors, i.e., the type of photo- 
conductor, the intensity of the light, and the previous. 
history of the layer. To ensure at tainment of the 
steady-state photocurrent  in all the layers of a par-  
ticular group, the group was subjected to the neces- 
sary conditions for a period not less than ten days. 
This time had proved more than sufficient for all the 
layers in question. The second operation is to expose 
the layer to either an intense light, semidark, or 
dark environment for fixed amounts of time. This 
second operation will determine the type of transient 
obtained in the photoconductive response curve. The 
intense light environment will produce a minimum 
(with respect to the equilibrium value) ,  whereas 

s T h e  t e r m  " q u e n c h i n g "  is  g e n e r a l l y  a s s o c i a t e d  w i t h  t h e  e m p t y i n g  
of  f i l led t r aps .  I n  m o s t  p h o t o c o n d u c t o r s  t h i s  q u e n c h e d  c o n d i t i o n  is  
o b t a i n e d  b y  e i t h e r  s t o r a g e  in  a d a r k  e n v i r o n m e n t ,  h e a t i n g  of  t h e  
p h o t o c o n d u c t o r ,  or  e x c i t a t i o n  w i t h  i n f r a r e d .  T h e  n e t  r e s u l t  o f  t h e s e  
m e t h o d s  is a d e - e x c i t e d  p h o t o c o n d u c t o r ,  a c o n d i t i o n  w h i c h  c a n  b e  
r e p r o d u c e d .  
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t h e  d a r k  or  s e m i d a r k  e n v i r o n m e n t  w i l l  p r o d u c e  a 
m a x i m u m .  The  t h i r d  and  f inal  o p e r a t i o n  invo lves  t h e  
m e a s u r e m e n t  of these  l aye r s ,  a t  f ixed  in t e rva l s ,  a t  
the  r e f e r e n c e  l i gh t  l eve l  e s t a b l i s h e d  in t he  first  
ope ra t ion .  

The  m e a s u r i n g  c i r cu i t  used  was  a ser ies  c i rcu i t  con-  
s i s t ing  of a 1.34v M a l l o r y  M e r c u r y  b a t t e r y  (RM 
42R),  a H e w l e t t  P a c k a r d  a m m e t e r  (Mode l  412a) ,  
and  the  p h o t o c e l l  P rov i s ions  for  t a k i n g  these  m e a s -  
u r e m e n t s  r e q u i r e s  an  a c c u r a t e  l igh t  source  w h i c h  is 
s t ab le  and  r e p r o d u c i b l e  ove r  long pe r i ods  of t ime .  
This  r e q u i r e m e n t  is n e c e s s a r y  in  o r d e r  to d e t e r m i n e  
a c c u r a t e l y  p h o t o c u r r e n t  v a r i a t i o n s  f r o m  t h e  e q u i -  
l i b r i u m  va lue .  I t  is for  t h e s e  r ea sons  t h a t  t h e  p h o t o -  
m e t e r  used  has  been  o p e r a t e d  b y  m e a n s  of t h e  c i r -  
c u i t r y  r e c o m m e n d e d  b y  the  N a t i o n a l  B u r e a u  of 
S t a n d a r d s  (3) .  The  p h o t o m e t e r  b u l b s  used  a r e  of t h e  
GE No. 1763 ser ies .  T h e y  h a v e  b e e n  aged  or  s easoned  
p r i o r  to th is  a p p l i c a t i o n  to avo id  d r i f t  d u r i n g  the  long  
pe r iods  of t h e i r  use.  The  GE No. 1763 bu lb  is a sec-  
o n d a r y  s t a n d a r d  ( o p e r a t i n g  color  t e m p e r a t u r e  
2870~ w h i c h  is checked  p e r i o d i c a l l y  aga in s t  a se t  
of p r i m a r y  s t a n d a r d s  (4) .  In  th is  m a n n e r ,  a l l  a v a i l -  
ab le  l i gh t  l eve ls  h a v e  been  m a i n t a i n e d  to w i t h i n  1 
or  2% ove r  indef in i te  pe r iods  of t ime .  In  v e r y  low 
l igh t  l eve l  app l i c a t i ons  a ser ies  of Bausch  and  L o m b  
n e u t r a l  d e n s i t y  fi l ters,  w h i c h  w e r e  f o u n d  to be  l i n e a r  
in t he  v i s ib le  spec t rum,  w e r e  used.  I t  shou ld  also be  
no ted  t h a t  t he  p h o t o c o n d u c t i v e  l a y e r s  w e r e  in  t he  
f o r m  of h e r m e t i c a l l y  enc losed  uni ts .  The  h e r m e t i c  
enc losu re  g ives  some a s su rance  t h a t  the  m e a s u r e -  
mer i t s 'w i l l  not  be  af fec ted  b y  d a i l y  changes  in a t m o s -  
p h e r i c  condi t ions .  S ince  the  r e su l t s  of one p h o t o -  
c onduc t i ve  l a y e r  could  be  mi s l ead ing ,  m e a s u r e m e n t s  
have  been  m a d e  w i t h  s e v e r a l  l a y e r s  of the  s ame  type .  
The  s t a t i s t i ca l  a v e r a g e s  of these  g roups  w e r e  used  
for  a l l  the  d a t a  con t a ined  here in .  

E x p e r i m e n t a l  Results 

Transient Maxima 

Most  of t he  d a t a  p r e s e n t e d  a t  th is  t ime  d e a l  spe -  
c i f ica l ly  w i t h  t r a n s i e n t  m a x i m a  (ove r shoo t )  r a t h e r  
t h a n  m i n i m a  ( u n d e r s h o o t ) .  The  p r e s e n t  d a t a  on 
t r a n s i e n t  m a x i m a  seem to ind ica t e  t h a t  a t  v e r y  h igh  
l igh t  l eve l s  t h e r e  ex i s t s  a s a t u r a t i o n  po in t  a t  w h i c h  
no m a x i m u m  or  ove r shoo t  wi l l  be  obse rved ;  h o w -  
ever ,  to d a t e  th is  s a t u r a t i o n  po in t  has  no t  been  d e t e r -  
m i n e d  accu ra t e ly .  I t  is qu i t e  r e a s o n a b l e  to a s s u m e  
t h a t  th is  s a t u r a t i o n  p o i n t  is r e l a t e d  to a s i t ua t ion  
w h e r e  t he  s a t u r a t i o n  of p h o t o c u r r e n t  (5) ,  b y  m e a n s  
of l igh t  i n t ens i ty ,  can  occur .  

Both  t r a n s i e n t  m a x i m a  and  m i n i m a  h a v e  been  
shown  to b e  func t ions  of s e v e r a l  f ac to r s  a s ide  f r o m  
t e m p e r a t u r e  ( 1 , 2 ) . '  Recen t  e x p e r i m e n t a t i o n  has  
conf i rmed  t h a t  these  t r a n s i e n t s  a r e  s t r o n g l y  d e p e n d -  
en t  on r e f e r e n c e  leve ls ,  t i m e  of e x p o s u r e  to t he  e x c i -  
ta t ion ,  and  t y p e  of p h o t o c o n d u c t i v e  m a t e r i a l  used.  
This  sec t ion  wi l l  a t t e m p t  to d iscuss  these  fac to rs  in  
g r e a t e r  de ta i l .  A t  th is  t i m e  a sho r t  e x p l a n a t i o n  of t h e  
n o t a t i o n  used  t h r o u g h o u t  t he  p a p e r  w i l l  be  he lpfu l .  
The  changes  due  to t he  t r a n s i e n t  effect h a v e  been  
d e s i g n a t e d  as AI/Io, w h e r e  AI is t he  change  in p h o t o -  

s I t  is  k n o w n  t h a t  h e a t i n g  effects w i l l  o f t en  cause s i m i l a r  ove r -  
shoots .  H o w e v e r  t h e  c i r c u i t  u s e d  in  t he  e x p e r i m e n t a l  se t  u p  is so  
d e s i g n e d  t h a t  any  j o u l e  h e a t i n g  (IeR) w i t h i n  t h e  l aye r  is neg l ig ib l e .  

I I i I I 
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Fig. 2. Transient maxima or overshoot of several CdS and CdSe 
photoconductive layers obtained for a reference level of 10 ft-c. 

c u r r e n t  f r o m  the  e q u i l i b r i u m  v a l u e  ( L ) .  I~ is t h e  
c u r r e n t  v a l u e  a s soc ia t ed  w i t h  t h e  m a x i m u m  he igh t  
of t h e  t r a n s i e n t  o b t a i n a b l e  for  a g iven  set  of cond i -  
t ions.  In  mos t  cu rves  p r e s e n t e d  100 AI/Io (AI/L%) 
is p l o t t e d  as a func t ion  of t i m e  or  t i m e  in t e rva l s .  
T h e  A / i s  t he  m a x i m u m  c h a n g e  in  p h o t o c u r r e n t ,  ob -  
s e r v e d  at  t he  onse t  of  t h e  exc i t a t ion ,  a b o v e  the  
e q u i l i b r i u m  v a l u e  (Io). 

M a x i m a  or  ove r shoo t  e x p e r i m e n t s ,  as d e s c r i b e d  
above ,  w e r e  p e r f o r m e d  on s e v e r a l  p o l y c r y s t a l l i n e  
c a d m i u m  sulf ide and  c a d m i u m  se len ide  p h o t o c o n -  
duc t i ve  l ayers .  The  r e su l t s  of these  e x p e r i m e n t s  a r e  
shown  for  a p a r t i c u l a r  r e f e r e n c e  level ,  in Fig.  2, for  
l a y e r s  coming  f r o m  a d a r k  h i s to ry .  I t  can  be  seen  
f rom th is  set of cu rves  t ha t  u n d e r  t he  s a m e  cond i -  
t ions  t h e  c a d m i u m  se l en ide  m a t e r i a l s  e x h i b i t  g r e a t e r  
t r a n s i e n t  m a x i m a  t h a n  do t h e  sulfides.  This  c h a r a c -  
t e r i s t i c  of c a d m i u m  se l en ide  has  been  found  to be  
t r u e  a t  a l l  t he  r e f e r e n c e  l eve l s  t hus  f a r  t es ted .  I t  
shou ld  also be  n o t e d  t h a t  t h e  m a x i m a  c u r v e s  a r e  a l l  
of an e x p o n e n t i a l  n a t u r e ,  i n d i c a t i n g  t h a t  t h e r e  is an  
u p p e r  l imi t  for  m a x i m a  (AI/Io), at  each  r e f e r e n c e  
level ,  for  a p a r t i c u l a r  m a t e r i a l .  F i g u r e  3 is a c o m -  
pa r i son  of t r a n s i e n t  m a x i m a  of s e v e r a l  c o m m e r c i a l l y  
a v a i l a b l e  p h o t o c o n d u c t o r s  ( a l l  of  t he  p o l y c r y s t a l l i n e  
s in t e r ed  l a y e r  t y p e ) .  These  cu rves  w e r e  t a k e n  a t  a 
r e f e r e n c e  l eve l  of 2 f t -c .  A l t h o u g h  the  R C A  p r e p a r e d  
p h o t o c o n d u c t i v e  l a y e r s  show m o r e  of a t r a n s i e n t  
m a x i m a  effect t h a n  the  C l a i r e x  ones,  i t  does  i l l u s -  
t r a t e  t ha t  t he  effect is i n h e r e n t  in s i n t e r e d  p o l y -  
c r y s t a l l i n e  m a t e r i a l s  a t  r o o m  t e m p e r a t u r e .  As  p r e -  
v ious ly  i n d i c a t e d  e x p e r i m e n t a l l y  i t  w o u l d  n o r m a l l y  
be  e x p e c t e d  t h a t  CdSe  l a y e r s  w o u l d  e x h i b i t  g r e a t e r  
t r a n s i e n t  m a x i m a  t h a n  w o u l d  CdS l aye r s ,  b u t  our  
d a t a  i nd i ca t e  t ha t  t h e  R C A  p r e p a r e d  CdS  l a y e r s  e x -  
h ib i t  g r e a t e r  t r a n s i e n t  m a x i m a  t h a n  even  the  C l a i r e x  
CdSe  l aye r s .  This  a n o m a l y  as we l l  as o t h e r  ev idence  
sugges t ed  t h a t  th is  t r a n s i e n t  effect m a y  be  e i t he r  a 
func t ion  of the  l a y e r  t h i ckness  a n d / o r  t he  ac t i va t i on  
of the  l ayer .  These  two  poss ib i l i t i e s  w e r e  i n v e s t i -  
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Fig. 3. Transient maxima or overshoot of several commercially 
available CdS photoconductive layers obtained for a reference level 
of 2 ft-c. 

gated and y ie lded  the resul ts  shown in Fig. 4 and Fig. 
5. The data  in Fig. 4 represent  t rans ien t  maxima,  ob- 
ta ined  at  one reference  level,  for a pa r t i cu la r  CdS 
mate r ia l  which was va r ied  in l ayer  thickness.  The 
thickness of l ayer  (b)  was 213#, 4-6/~ for (a ) ,  and 
8-10# for (c) .  I t  is evident  f rom this phase of the 
data  tha t  the t rans ien t  effect is not a function of the 
layer  thickness.  The second par t  of this invest igat ion,  
however,  y ie lded  more in teres t ing results.  In this in-  
stance, var ia t ion  of the copper ac t iva tor  concentra-  
t ion was made for a pa r t i cu la r  group of CdS layers ,  
all  hav ing  the same thickness.  Thus, for a reference 
level  of 10 f t -c  we obtained the da ta  in Fig. 5. These 
data  i l lus t ra te  that  the t rans ient  effect, among other 
parameters ,  is d i rec t ly  dependent  on the concentrat ion 
of act ivator  wi th in  the photoconduct ive  layer .  This 
exper iment  was repea ted  using severa l  of the  known 
photoconductor  act ivators,  and s imilar  resul ts  were  
obtained as those a l ready  repor ted  here  for copper. 
F igure  5 shows the increase in the t rans ient  effect as 
a function of act ivator  concentration.  In addition" 
these da ta  show tha t  the  t rans ien t  effect as a func-  
t ion of ac t iva tor  concentra t ion also reaches an u l t i -  
mate  value.  

In order  to ver i fy  some of the room t empera tu re  
t rans ient  data  previous ly  repor ted  for single crysta ls  
of CdSe (2) and to gain addi t ional  informat ion on 
room t empera tu r e  t rans ien t  da ta  in CdS, if any, some 
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Fig. 4. Comparing transient maxima or overshoot of the same 
type CdS layers for which the layer thickness is the vari, abie. 
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Fig. 5. Comparing transient maxima or overshoot of the same 
type CdS layers for which the activator concentration is the variable. 

single crystals  of these types  were  mounted  and 
hermet ica l ly  sealed in glass enclosures. They unde r -  
went  the previous ly  descr ibed exper imenta l  p ro -  
cedures,  and t rans ien t  max ima  were  observed in 
both types of crysta ls  at  room tempera ture .  We be-  
l ieve that  this is the first t ime tha t  t rans ient  max ima  
have been repor ted  for CdS single crysta ls  at  room 
tempera ture .  I t  should be noted tha t  single crys ta l  
t rans ien t  max ima  obta ined for s imi lar  conditions 
were  not as uniform, from crys ta l  to crystal ,  as are 
the  po lycrys ta l l ine  layers  f rom layer  to layer .  This 
nonuni form resul t  had been ant ic ipated  wi th  single 
crysta ls  because of the ind iv idua l i ty  of these crystals .  
This ind iv idua l i ty  is not as p redominan t  wi th  po ly -  
crys ta l l ine  layers  because of the  s ta t is t ical  d i s t r ibu-  
t ion tha t  one gets wi th  the many  small  fused single 
crystals .  Because of this ind iv idua l i ty  of single c rys-  
tals  no direct  comparison wi th  the avai lab le  data  can 
be made at this time. 

The reference  level  for which the  long t ime equi -  
l ib r ium values are  establ ished is an ex t r eme ly  im-  
por t an t  factor  in re la t ion  to the  t rans ien t  effect. 
F igure  6 is a comparison of t rans ien t  max ima  curves 
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Fig. 6. Comparison of transient maxima or overshoot of the same 
type CdS photoconductive layers for which the reference level is 
the variable. 



686 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A u g u s t  1962 

~ , o -  I~  . 

: :  11 

- : I f  I~ I~ 
; I ~. i~ ~ 

i O  

: I ~ ~ \  

t 't \ 
- I I I 

I I 

Fig. 7. The "initial slope" is based on some arbitrary photocurrent 
at 0.1 and 100 ft-c after the equilibrium condition has been estab- 
lished. The change of slope with time of dark storage is due to the 
fact that transient maxima or overshoots at high light levels are 
considerably smaller than those associated with the low light levels. 

for  the  s ame  CdS l a y e r  a t  s eve r a l  d i f fe ren t  r e f e r e n c e  
leve ls  ( r a n g i n g  f r o m  0.1 to 100 f t - c  in va r i ous  s t eps ) .  
These  d a t a  e s t ab l i sh  t he  fac t  t h a t  t h e  t r a n s i e n t  
m a x i m a  effect is m o r e  p r o n o u n c e d  at  low r e f e r e n c e  
leve ls  t h a n  at  h igh  r e f e r e n c e  levels .  W h e n  c o n s i d e r -  
ing  th is  a spec t  i t  is ea sy  to conce ive  t ha t  t he  s lope  
of the  p h o t o c u r r e n t  vs. l i gh t  i n t e n s i t y  cu rve  wi l l  be  
s t r o n g l y  d e p e n d e n t  on t h e  e x c i t a t i o n  h i s t o r y  of t he  
l a y e r  p r i o r  to t he  t a k i n g  of m e a s u r e m e n t s .  F i g u r e  7 is 
a p lo t  of the  s lopes  for  a g roup  of CdS l a y e r s  c o r r e -  
spond ing  to va r i ous  days  of d a r k  s torage .  These  
s lopes  a r e  b a s e d  on the  d a t a  p r e s e n t e d  in Fig .  6. I t  
is f rom these  d a t a  t h a t  one m a y  also env i sage  t ha t  a t  
some h igh  l i gh t  l eve l  no t r a n s i e n t  m a x i m u m  wi l l  
be  obse rved .  

Decay of the Transients 

The  t r a n s i e n t  effect,  as i ts  n a m e  impl ies ,  is no t  a 
p e r m a n e n t  effect, and  p h o t o c o n d u c t o r s  ev ide nc ing  
th is  effect  have  the  ab i l i ty ,  w i t h  l igh t  i r r a d i a t i o n  and  
t ime,  to r e t u r n  to t h e i r  long  t i m e  e q u i l i b r i u m  cond i -  
t ion.  The  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  for  t he  r e -  
cove ry  of s i n t e r ed  p o l y c r y s t a l l i n e  p h o t o c o n d u c t i v e  
l a y e r s  to such an  e q u i l i b r i u m  condi t ion ,  is p r e s e n t e d  
here in .  

A l a rge  g r o u p  of these  s in t e r ed  l a y e r  p h o t o c o n -  
duc to r s  was  s u b j e c t e d  to an  a b s o l u t e  d a r k  e n v i r o n -  
m e n t  for  s e v e r a l  months .  The  p h o t o c o n d u c t o r s  w e r e  
i n d i v i d u a l l y  t a k e n  out  of t he  d a r k  and  s u b j e c t e d  to 
va r i ous  l igh t  i n t ens i t i e s  for  a p p r o x i m a t e l y  20 h r  of 
con t inuous  exposure .  The  in i t i a l  p h o t o c u r r e n t  r e a d -  
ings  ( I , )  of t r a n s i e n t  m a x i m a  f r o m  the  d a r k  w e r e  
t a k e n  for  t he  p u r p o s e  of th is  e x p e r i m e n t  as t he  100% 
value .  The  p e r c e n t a g e  d e c r e a s e  in p h o t o c u r r e n t  w i th  
t i m e  of l igh t  e x p o s u r e  is r e p r e s e n t e d  b y  ZxI/I,% ; th is  
wi l l  be  the  exp re s s ion  used  for  th is  d e c a y i n g  effect. 
The  d a t a  for  t he  cu rves  of Fig.  8 w e r e  t a k e n  w i t h  a 
M u l t i - R a n g e r  R u s t r a k  r e c o r d e r  (Mode l  No. l l l - A )  
w h i c h  d i r e c t l y  r e c o r d e d  the  c u r r e n t  r e a d i n g s  of t he  
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Fig. 8. Transient maxima or overshoot decay for a period of 20 
hr for CdS type layers at various constant light intensity levels. 
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Fig. 9. Comparison of the growth of the transient maximum with 
the decay of that maximum for a reference level of 100 ft-c. 

"Hewlet t  P a c k a r d  a m m e t e r  in t he  se r ies  c i rcu i t  p r e -  
v ious ly  desc r ibed .  I t  shou ld  be  noted ,  p e r c e n t a g e -  
wise ,  t h a t  t h e r e  is less  decay ,  w i t h  e x p o s u r e  t ime ,  
f r o m  m a x i m a  at  h igh  l i g h t  l eve l s  t h a n  f r o m  m a x -  
i m a  at  low l igh t  levels .  This  is a p p a r e n t  s ince  t h e r e  
is c o r r e s p o n d i n g l y  less ove r shoo t  a s soc ia t ed  w i t h  
t he  h i g h e r  l igh t  l eve ls  t h a n  t h e  l o w e r  ones. A g a i n  
a t t e n t i o n  shou ld  be  ca l l ed  to the  e x p o n e n t i a l  n a t u r e  
of these  t r a n s i e n t  d e c a y  curves .  

In  Fig.  9 t he  t r a n s i e n t  d e c a y  cu rve  of Fig .  8 ( for  
the  100 f t - c  r e f e r e n c e )  has  been  s u p e r i m p o s e d  upon  
the  m a x i m u m  c u r v e  of Fig.  4 (a lso  for  t he  100 f t - c  
r e f e r e n c e ) .  W e  h a v e  e q u a t e d  the  100 f t - c  m a x i m u m  
w i t h  I~ at  100 f t - c  ( the  100% leve l  of the  d e c a y  e x -  
p e r i m e n t ) .  The  s u p e r i m p o s e d  cu rves  show t h a t  in 20 
h r  of l i gh t  exposure ,  a t  l eas t  for  the  case  of the  100 
f t - c  r e f e r ence ,  mos t  of the  t r a n s i e n t  m a x i m u m  as -  
soc ia ted  w i t h  th is  r e f e r e n c e  l eve l  has  b e e n  e r a sed  or  
d i sposed  of. These  d a t a  also sugges t  t h a t  a t  low l igh t  
l eve l s  the  ex i s t ence  of these  t r a n s i e n t  m a x i m a  wi l l  
be  of  long  t ime  du ra t i on .  

Rise Times 

These  e x p e r i m e n t s ,  as we l l  as p r e v i o u s l y  r e p o r t e d  
d a t a  ( 6 - 8 ) ,  have  e v i d e n c e d  the  fac t  t h a t  p h o t o c o n -  
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ductors coming from long t ime da rk  histories had 
much longer r ise t imes than the same photocon-  
ductors which had a long t ime l ight  history.  The dif -  
ference be tween these two conditions is approx i -  
ma te ly  37% for the case of the CdS layer  under  dis-  
cussion, wi th  a 10 f t -c  reference.  Specifically, those 
photoconduct ive layers  t aken  f rom the da rk  had an 
average rise t ime of 31.5 msec, whereas  the same 
layer  wi th  a long t ime 10 f t -c  l ight  his tory had an 
average rise t ime of 19.8 msec. Here  again the exci ta -  
t ion his tory  of the l ayer  plays a decisive role in their  
respect ive rise and decay times. 

Discussion 

When considering the data  a l ready  presented  in 
this paper,  it is p laus ib le  to associate the t rans ient  
effect wi th  some t r app ing  mechanism. It  is at this  
t ime that  a comparison of these da ta  wi th  some re-  
la ted data  (2, 6, 9) and corresponding photoconduc-  
t iv i ty  models is made. 

The major  difference be tween most previously  re -  
por ted  works  and this work  is the manner  in which 
the respect ive samples reach thei r  t rue  equi l ib r ium 
condition. In Fig. 1 this difference has been shown 
by super imposing the genera l  shapes of photocon-  
duct iv i ty  curves obtained f rom the aforement ioned 
works  wi th  those obtained here  (curve a is that  
curve which was repor ted  by  others  (7-9) and curve 
b for the work  repor ted  here in) .  The genera l  as-  
sumption of the band model  necessi tates an a t tempt  
to expla in  the t rans ien t  effect in te rms of wha t  has 
a l ready  been recognized. Bube (2) has t aken  this 
first step by analyzing the t rans ient  effect as follows. 
He has asserted, in terms of the dual  t rap  theory  
(8, 10), that  the slow rise of the photocurrent  f rom a 
quenched state is due to both the s imultaneous in-  
crease of the concentrat ion of holes in recombinat ion 
or type  I centers (i.e., centers which have a grea te r  
p robabi l i ty  for recombinat ion  than  for t he rma l  f ree-  
ing) and a decrease in the concentrat ion of holes in 
compensated acceptor or type II  centers  (i.e., cen- 
ters  which have la rger  capture  cross sections for 
holes than electrons) .  This theory  implies tha t  most 

ho l e s  are located in class II centers  ini t ial ly.  Consid- 
ering this aspect and the condit ions set for th for 
t r ans ien t  min ima  (undershoot)  it  may  be pos tu la ted  
tha t  for t rans ient  max ima  (overshoot)  the densi ty  of 
free plus shallow t r apped  electrons must  be grea ter  
than the densi ty  of holes in the Class II centers. Now, 
on excitat ion,  the ra te  of ejection is g rea te r  than  the 
ra te  of recombinat ion,  and s imul taneously  dur ing 
this process both the free and shal low t rapped  elec- 
t rons are being dra ined  off rapidly .  Thus the free 
electron densi ty  wil l  eventua l ly  decrease unt i l  equi -  
l ib r ium is reached. A set of equations s imilar  to those 
presented  for undershoot  (2) can be presented  for 
overshoot by considering the ra te  of change of the 
densi ty  of free electrons (dn/dt)  in the presence of 
excitation.  By equat ing this t e rm to zero, n~.~x can 
also be calculated,  whence for the case of overshoot  
n~,x must  be grea ter  than  ne~u,,. 

I t  has been s ta ted tha t  the prerequis i te  condit ion of 
this theory  is tha t  most holes must  in i t ia l ly  be lo-  
cated in centers  of type  II in order  for the t rans ient  
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effect to be observed.  For  the case of CdS, e levated 
t empera tu res  (above 100~ were  bel ieved necessary 
to reproduce  this s i tuat ion (2). Never theless  the e x -  
istence of this t rans ient  effect at  room t empera tu re  
has been found for all  CdS photoconductors  repor ted  
here. In l ight  of these resul ts  there  now appears  to be 
some correlat ion be tween  the t rans ien t  effect at high 
t empera tu re  wi th  l ight ly  ac t iva ted  mater ia l s  and 
that  at room t empera tu r e  wi th  h ighly  ac t iva ted  ma-  
terials.  More specifically the degree of ac t ivat ion wil l  
s t rongly effect the t empera tu re  at  which CdS wi l l  
exhibi t  these transients .  

The decreasing amount  of overshoot observed with  
higher  l ight  intensi t ies  is obviously re la ted  to the 
previously  obtained resul ts  on undershoot.  Bube has 
repor ted  (2) tha t  if sudden changes in l ight  in tensi ty  
are made, whereby  the lower  l ight  in tens i ty  of the 
change lies above the supra l inear  range, ~ no under -  
shoot can be observed. Thus, it  can now be said tha t  
above the supra l inear  range no undershoot  nor over-  
shoot can be observed in CdS or CdSe- type  photo-  
conductors. 

If one assumes the t rans ien t  effect is common to 
all  photoconduct ive type  mater ia ls ,  some clarification 
of conflicting rise t ime da ta  can be made.  Ear l ie r  
papers  (6-8) on CdS- type  photoconductors  convey 
the idea tha t  the equi l ibr ium value can be immedi -  
a te ly  reached by the first exci ta t ion of a quenched 
photoconductor  (Fig. 1, curve a) .  Al though the 
photoconductors  p repa red  for this s tudy follow curve 
b of Fig. 1 , it is st i l l  possible, under  cer ta in  condi-  
tions, to reproduce  most exper imenta l  var ia t ions  in 
rise t imes tha t  have been prev ious ly  associated with  
photoconductors  tha t  follow curve a. The ear l ie r  
papers  have shown that  p rev ious ly  quenched photo-  
conductors wi l l  exhibi t  a decrease in thei r  response 
t imes (to the equi l ibr ium value)  when subjected to 
a short  quenching his tory  and re -exc i t ed  a second 
time. This decrease in response time, under  s imilar  
conditions, has also been observed (see section or~ 
Rise Times) wi th  photoconductors  character is t ic  of 
curve b, Fig. 1. However  there  exists one majo r  di f -  
ference, i.e., the decrease is observed only if the re -  
sponse t ime is taken  with  respect  to the t rans ient  
m a x i m um  and not the equi l ib r ium value. In another  
work  (11) the authors  have  shown tha t  p rev ious ly  
exci ted photoconductors  exhibi t  an increase in thei r  
response t ime (to the  equi l ib r ium values)  when also 
subjected to a short  quenching his tory  and r e - e x -  
cited again. Duplicat ion of this resul t  can be obtained 
only if the photoconductors  under  discussion have 
also had an ini t ia l  exci ta t ion history.  However,  in 
both these cases the response t ime is obviously 
taken  wi th  respect  to the t rue  equi l ib r ium value  
and not the t rans ien t  maximum.  The exper imenta l  
da ta  show tha t  one can observe en t i re ly  different r e -  
sults by  mis taking  the equi l ib r ium value  for the 
t rans ient  maximum.  The impor tance  of recognizing 
this difference for the proper  evaluat ion of photo-  
conductive rise t imes is also emphasized.  

4 I t  is k n o w n  t h a t  t h e  p h o t o c u r r e n t  v s .  l i g h t  i n t e n s i t y  c u r v e  is 
u s u a l l y  d i v i d e d  i n to  t h r e e  d i s t i n c t  ranges ,  i.e., a t  l ow  l i g h t  i n t e n -  
s i t ies ,  a r a n g e  w h e r e  t he  p h o t o c u r r e n t  v a r i e s  as t he  s q u a r e  roo t  of 
l i g h t  i n t e n s i t y ;  a t  i n t e r m e d i a t e  l i g h t  in t ens i t i e s ,  a r a n g e  w h e r e  t he  
p h o t o c u r r e n t  is  p r o p o r t i o n a l  to the  l i g h t  i n t e n s i t y ;  and  a t  h i g h  
l i g h t  in t ens i t i e s ,  a r a n g e  w h e r e  the  p h o t o c u r r e n t  r i ses  suDra l inea r ly  
w i t h  t h e  l i g h t  i n t e n s i t y .  
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The Dember Effect in ZnS-Type Materials 
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ABSTRACT 

A convenient  sys tem is descr ibed for measur ing  the diffusion cur ren t  pulse  
produced by  the sudden incidence of s t rongly  absorbed rad ia t ion  (Dember  
effect) on powder  mate r ia l s  of the  ZnS type.  A model  adequa te ly  represen t ing  
the physics of the effect is given. I t  is shown tha t  it  is des i rable  to e l iminate  
d-c  contact  effects in order  to obtain re l iab le  and reproducib le  results .  The sign 
of the Dember  cur ren t  pulse  indicates  the sign of the  more  mobile  ca r r i e r  when  
the incident  rad ia t ion  is in the s t rongly  absorbed,  fundamen ta l  region.  Re-  
versals  in the sign of the pulse are  often encountered  for  weak ly  absorbed,  
longer  wave lengths  and are a t t r ibu ted  to the effect of fas t  surface states. The 
exci ta t ion spec t ra  for  the Dember  effect, photoluminescence,  and e lec t rophoto-  
luminescence in a ZnS phosphor  are  given and correlated.  

The re laxa t ion  processes involved in the Dember  effect have kinet ics  de te r -  
mined  by  many  factors:  the  va r i ab le  da rk  t imes  be tween  l ight  pulses, t e m p e r a -  
ture,  i r r ad ia t ion  with  long wave leng th  l ight  dur ing  "dark"  t imes, etc. These 
effects are  described.  I t  is found, for example ,  tha t  the  spect ra l  dependence  
of the r e l axa t ion  effected by  long wave length  radia t ion  corre la tes  wi th  the 
photoluminescence quenching spec t rum of phosphor  mater ia ls .  Some of the  
potent ia l i t ies  of the  Dember  effect in s tudying these mate r ia l s  are  poin ted  out. 

One  of  t h e  m a n y  pho toef fee t s  d i s cove red  b e f o r e  
1935 is t he  D e m b e r  effect,  a d i f fus ion d e p e n d e n t  
pho tovo l t age .  S t r o n g l y  a b s o r b e d  r a d i a t i o n  i n c i d e n t  
on on ly  one face  of a c r y s t a l  p r o d u c e s  a d i f fus ion c u r -  
r en t  of t h e  m o r e  mob i l e  c a r r i e r  a w a y  f r o m  the  i l -  
l u m i n a t e d  surface .  The  s ign of the  c u r r e n t  is d e t e r -  
m i n e d  b y  the  s ign of t h e  mob i l e  ca r r i e r .  The  effect  
was  first  r e p o r t e d  b y  D e m b e r  in  Cu~O (1)  b u t  e x c e p t  
for  a few p a p e r s  b y  Russ i an  w o r k e r s ,  n o t a b l y  Zhuze  
and  R y v k i n  (2) ,  and  B u k k e  (3) ,  a n d  r e c e n t  r e p o r t s  
on AgC1 (4)  a n d  G a A s  (11) ,  l i t t l e  use  of t he  D e m b e r  
effect has  b e e n  r e p o r t e d  in  the  e v a l u a t i o n  of p h o t o -  
conduc to r s  and  phosphors .  

T h e  t e c h n i q u e  e m p l o y e d  in t he  p r e s e n t  w o r k  and  
d e s c r i b e d  in d e t a i l  in a l a t e r  sec t ion  is e s s e n t i a l l y  t he  
t r a n s i e n t  condense r  m e t h o d  (2)  in w h i c h  the  poss i -  
b i l i t y  of spu r ious  effects f r o m  i l l u m i n a t e d  con tac t s  
b e t w e e n  the  e l ec t rodes  and  the  p h o s p h o r  is e l i m i -  
na t ed .  S e v e r a l  a p p r o x i m a t e  q u a n t i t a t i v e  t r e a t m e n t s  
of t he  bas ic  equa t i ons  g o v e r n i n g  the  effect  a r e  in t he  
l i t e r a t u r e  (5, 6) ,  b u t  even  for  t he  s imples t ,  s t e a d y -  
s t a t e  cases  t he  r e su l t s  a r e  too c o m p l e x  to be  of m u c h  

v a l u e  in  i n t e r p r e t i n g  e x p e r i m e n t a l  resu l t s .  A s imple ,  
p h e n o m e n o l o g i c a l  t r e a t m e n t ,  b a s e d  on e x p e r i m e n t s ,  
w i l l  be  p u r s u e d  in de sc r i b ing  the  phys ics  i n v o l v e d  in  
the  m e a s u r e m e n t s .  

The  p u r p o s e  of th is  p a p e r  is s i m p l y  to show t h a t  
the  D e m b e r  effect is an  eas i ly  m a d e  m e a s u r e m e n t  
w h i c h  g ives  i n f o r m a t i o n  conce rn ing  t h e  s ign  of t h e  
m o r e  mobi le ,  or  m a j o r i t y ,  c a r r i e r  in  m a t e r i a l s  for  
w h i c h  Ha l l  effect or  t h e r m o e l e c t r i c  p o w e r  m e a s u r e -  
m e n t s  a r e  e x t r e m e l y  difficult .  D e m b e r  m e a s u r e m e n t s  
can  de t ec t  t he  a p p r o x i m a t e  pos i t i on  of t h e  a b s o r p t i o n  
edge,  i ts  sh i f t  w i t h  t e m p e r a t u r e ,  t he  ex i s t ence  of 
s igni f icant  i m p u r i t y  a b s o r p t i o n  and  of fas t  su r face  
s ta tes .  The  r e su l t s  of t he se  m e a s u r e m e n t s  u s u a l l y  
show u s e f u l  c o r r e l a t i o n  w i t h  the  p h o t o c o n d u c t i v e ,  
p h o t o l u m i n e s c e n t ,  e l ec t ro luminescen t ,  and  e l e c t r o -  
p h o t o l u m i n e s c e n t  p r o p e r t i e s  of these  Z n S - t y p e  m a -  
te r ia l s .  

Experimental Technique 
The  e x p e r i m e n t a l  a r r a n g e m e n t  for  obse rv ing  th i s  

effect in p o l y c r y s t a l l i n e  m a t e r i a l  is shown  in Fig.  1. 
A s u i t a b l e  m i x t u r e  of the  p o w d e r  a n d  an  i n su l a t i ng  
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Fig. 1. Schematic arrangement of Dember pulse apparatus 

binder  (which is sometimes omit ted)  is compressed 
be tween the two plates  of wha t  is essent ia l ly  an elec- 
t ro luminescent  cell. One or more  layers  of 1/4 rai l  
Mylar  are usua l ly  included to e l iminate  the  possi-  
b i l i ty  of electrode effects. None of the la t te r  has ever  
been observed,  however ,  wi th  the Mylar  omit ted,  and 
so in most measurements  the  layer  be tween  the pow-  
der and the silica disk which bears  a conducting coat 
of SnO2 is omitted.  This l a t te r  a r rangement  permi ts  
t ransmiss ion of intense u.v. down to below 300 m#. 
When s t rongly  absorbed l ight  is flashed onto the 
t r anspa ren t  electrode, a cur rent  pulse is observed in 
the  ex te rna l  circuit,  a typica l  osci l logram of which 
is shown in Fig. 2a. The diffusion of the more mobile  
car r ie r  away  from the i l lumina ted  electrode leaves 
this e lectrode charged opposi te ly  to tha t  of the  di f -  
fusing carr ier ,  so tha t  the posi t ive current  pulse 
shown in Fig. 2a identifies these carr iers  as electrons. 
A re tu rn  pulse of lower peak  value  and opposite 
sign resul ts  when the shut ter  is closed, as shown in 
Fig. 2b. 

A high pressure  Xenon lamp is used as a source. 
The 250 mm Bausch and Lomb gra t ing monochrom- 
ator emits  equal  photon intensi t ies  (about  4 x l f f  ~ 
photons/cm=/sec) for appropr ia t e  slit width  sett ings 
de te rmined  at  each wave length  wi th  a thermocouple.  
The Graflex 1000 shut ter  flashes the full  in tensi ty  
onto the cell in less than  a millisecond. For  studies 
of the t empe ra tu r e  dependence of the effect, both 
the insulat ing layer  and the b inder  are omitted.  The 
la t te r  omission causes considerable  loss in signal, 
but  it  is impor tan t  to e l iminate  effects which might  
be caused by  the t empe ra tu r e  dependence of the 
dielectr ic  constant  of the binder.  The cell chamber  
can be evacuated  to a pressure  below 1~ Hg and the 
Cu block electrode cooled to l iquid ni t rogen t em-  
pe ra tu re  or heated to above 200~ 

0 5 ms 0 5ms 0 I00 200 300ms 

t t t 

(o) (b) (c) 

Fig. 2. (a) Typical electron diffusion current pulse; (b) return 
pulse (electrons); (c) contact current tail of (a). 

E x p e r i m e n t a l  Resul ts  a n d  Discussion 

The physics of the e]~ect.--A brief  descr ipt ion of 
the phenomenological  physics  of the "condenser  
method"  for measur ing  the Dember  effect in pow-  
dered mater ia l s  may  prove  helpful  in the subsequent  
examinat ion  of results.  I t  wi l l  be shown tha t  in ad-  
di t ion to the fast  d isplacement  current  there  exists 
a slow in te rpar t ic le  contact current .  This la t te r  cur -  
rent  can be observed ei ther  as a s t eady-s t a t e  short  
circuit  d-c  cur ren t  in the absence of an insula t ing 
layer  or as the long ta i l  on the  d isplacement  cur rent  
pulse when the insula tor  is present .  I t  wi l l  also be 
shown tha t  the fast, d isplacement  cur rent  is the more 
re l iable  and reproducib le  indicat ion of the type  and 
quan t i ty  of the more mobile  car r ie r  and tha t  the 
effects of the contact  cur ren t  should be minimized.  
The rise t ime of the Dember  current  pulse (cf. Fig. 
2a) is the same order  as the shut ter  opening t ime 
t~ (about  i msec) and is never significantly slower.  
The fal l  t ime from the cur ren t  m a x i m um  can be 
re la ted  roughly  to an exponent ia l  decay t ime, RC. 
The peak  current  im is given by 

RC 
i=  = ( i = ) o - - ~  ( i  - -  e- ' , IRc) ~ [ i ]  

where  (i~)o is the m a x i m um  peak cur ren t  tha t  
would occur for t , /RC equal  to zero. This equat ion 
re la tes  only the effect of shut ter  speed for a given 
mate r ia l  in a given set of exper imenta l  conditions. 
This re la t ionship  has been found to hold exper i -  
men ta l ly  by vary ing  the shut ter  speed. A fast shut ter  
is therefore  advantageous.  

A long tai l  wi th  a much slower t ime constant  (cf. 
Fig. 2c) is considered to be due to the  direct  flow 
of cur ren t  be tween  part icles,  a l though the deta i led  
mechanism is unknown.  This l a t te r  cur rent  flow 
must  depend on the effect of in te rna l ly  scat tered r a -  
dia t ion in changing the contact  emf be tween  pa r t i r  
cles and ev ident ly  requires  a much longer t ime to 
es tabl ish than  the photodiffusion emf responsible 
for the  fast  d isp lacement  cur ren t  pulse. Since the 
contact  photovol tages  must  involve accumulat ion or 
deplet ion of space charge, it is reasonable  tha t  they  
should require  a longer t ime to reach a peak  value. 
This slow cur ren t  wil l  be discussed fu r the r  later.  

The fast cur rent  pulse  is due to the charge which 
moves in the ex te rna l  circuit  corresponding to the 
diffusion of the more mobile  carr iers  away  from the 

1 A " c u r t a i n "  shu t t e r ,  m o v i n g  w i t h  v e l o c i t y  v ,  exposes  f r e sh  a reas  
o f  t h e  ce l l  w i t h  m a x i m u m  c u r r e n t  I ~  am p /cm~  a t  t h e  i n s t a n t  of  ex-  
p o s u r e  w h i c h  s u b s e q u e n t l y  decays  e x p o n e n t i a l l y  w i t h  a t i m e  c o n -  
s t a n t  R C .  F o r  a s q u a r e  cel l  of w i d t h  w and  l e n g t h  1, a l o n g  w h i c h  
l a t t e r  t he  s h u t t e r  moves ,  t h e  s h u t t e r  o p e n i n g  t i m e  ts = v.  F o r  t ~ ts, 
t h e  m e a s u r e d  c u r r e n t  a t  t i m e  t f r o m  the  s t a r t  of t he  s h u t t e r  m o v e -  
m e n t  

x 
i ( t )  = I,~ w f ~ e  ~ v  d x  

R C  
= (Ira w l )  - -  [1 -- e-t~ Bc] 

t~ 
w h e r e  x = yr .  F o r  t ~- t8 t-~/v 

i ( t )  = i , ~ w .  f : e -  ~v d x  

R C  
= ( I~  wl)  - -  [e%/Rc -- 1] e-t /Rv 

t~ 

The  m a x i m u m  v a l u e  of i (t) occurs  a t  t = ts 

1RC 
i n  = ( Im w l )  - -  (1 -- e-~8/Re)  

t8 

w h i c h ,  fo r  (i,n)o = Im w l  is  Eq. [1]. 
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i l l u m i n a t e d  su r face  of t he  top l a y e r  of pa r t i c l es .  I t  
is i n d e p e n d e n t  of i n t e r p a r t i c l e  con tac t s  and  the  m o r e  
r e l i a b l e  and  r e p r o d u c i b l e  i n d i c a t i o n  of the  q u a n t i t y  
and  t y p e  of mob i l e  c a r r i e r s  in the  m a t e r i a l .  One 
t h e r e f o r e  shou ld  choose  those  e x p e r i m e n t a l  p a r a m -  
e te rs  ( i n t e n s i t y  of i n c i d e n t  l ight ,  ce l l  th ickness ,  vo l -  
u m e  f r ac t i on  of m a t e r i a l  in the  p h o s p h o r - l i q u i d  d i -  
e lec t r i c  m i x t u r e ,  etc.)  w h i c h  e n h a n c e  the  fas t  pu l se  
and  m i n i m i z e  the  s low i n t e r p a r t i c l e  cu r r en t .  

The  RC d e c a y  t ime  of  the  fas t  d i s p l a c e m e n t  c u r -  
r en t  p u l s e  a r i ses  f r o m  a capac i t ance  C w h i c h  is e x -  
p e r i m e n t a l l y  e q u a l  to t he  cel l  c a p a c i t a n c e  a n d  a n  R 
w h i c h  a p p a r e n t l y  a r i ses  f r o m  i so l a t ed  p h o t o c o n d u c t -  
ing  a r e a s  on t h e  p a r t i c l e  su r f aces  p a r a l l e l  to t he  
d i r ec t i on  of t he  m e a s u r e d  cu r r en t .  I n c i d e n t  l i gh t  
(wh ich  is no t  a b s o r b e d  b y  t h e  i m b e d d i n g  m e d i u m )  
can be  s c a t t e r e d  into  the  i n t e r i o r  of t he  cel l  and  i l -  
l u m i n a t e  these  p a r a l l e l  p a r t i c l e  sur faces .  Hence  the  
e q u i v a l e n t  c i r cu i t  can  be  c h a r a c t e r i z e d  as a ser ies  
r e s i s t ance  R and  c a p a c i t a n c e  C. R can be e s t i m a t e d  
f rom the  r e d u c t i o n  in c u r r e n t  pu l se  h e i g h t  caused  
b y  the  i n se r t i on  of a l a rge  r e s i s to r  in ser ies  w i t h  
t he  cell .  R va r i e s  d i r e c t l y  w i t h  cel l  t h i ckness  in 
the  r a n g e  of 50-500~; i t  dec reases  w i t h  i nc rea s ing  
l igh t  i n t e n s i t y  as shown  in Fig.  3. C can be  e s t i m a t e d  
f rom the  v a l u e  of R and  the  e x p o n e n t i a l  d e c a y  t i m e  
of the  pulse .  This  v a l u e  of C ag ree s  w e l l  w i t h  t he  
c a p a c i t a n c e  of the  cel l  c o m p u t e d  f r o m  the  c u r r e n t  
p r o d u c e d  b y  a p p l y i n g  a h igh  f r e q u e n c y  a - c  field. C 
is v e r y  n e a r l y  i n d e p e n d e n t  of l i gh t  i n t e n s i t y  (cf. 
Fig .  3) .  As  long as the  osc i l loscope i n p u t  r e s i s t ance  
used  to m e a s u r e  t he  D e m b e r  c u r r e n t  is s m a l l  com-  
p a r e d  to R, t he  d e c a y  t i m e  of t he  c u r r e n t  ( the  fas t  
p a r t )  is i n d e p e n d e n t  of t he  cel l  th ickness ,  s ince R 
va r i e s  d i r e c t l y  and  C i n v e r s e l y  w i t h  th ickness .  

The  c h a r g e  Q moves  a d i f fus ion  l e n g t h  d f r o m  the  
su r f ace  of the  top  l a y e r  of pa r t i c l e s .  The  f r ac t ion  
of th is  c h a r g e  w h i c h  c o n t r i b u t e s  to t he  pu l se  c u r r e n t  
o b s e r v e d  in  t he  e x t e r n a l  c i r cu i t  is d/L, w h e r e  l is 
t he  t h i ckness  of t h e  cell .  S ince  the  e x p o n e n t i a l  d e -  
cay  t ime  RC is i n d e p e n d e n t  of l, t he  p e a k  e x t e r n a l  
c u r r e n t  

Q (d/l) 
i= = - [2 ]  

RC 

va r i e s  i n v e r s e l y  w i t h  t he  cel l  t h i cknes s  I. T y p i c a l l y  
(i~)o va r i e s  w i t h  t he  i n t e n s i t y  of t he  i nc iden t  l igh t  

10 3 
. . . .  . K ~  ~ m  ~ J m m m m ~  

' - -- C..u p f 

IO2 

Io 

, , 

IO-3 IO-2 iO-I 

R E L A T I V E  I N T E N S I T Y  

Fig. 3. Variation with incident intensity of 320 rn/~ light of: i,~, 
the peal( pulse current; R, the effective resistance; and C, the 
capacitance. See text. 

as shown  in Fig .  3 for  a Z n S : C u ,  C1 p h o s p h o r  for  
320 m~ exc i t a t ion .  

One  can  e s t i m a t e  a l o w e r  l i m i t  for  t h e  d i f fus ion  
d i s t ance  d f r o m  the  p e a k  cu r ren t ,  (i~)o, p r o d u c e d  b y  
a k n o w n  p h o t o n  f lux W~ fa l l i ng  on a cel l  of k n o w n  
t h i c k n e s s  I. Because  of t h e  i n s u l a t e d  con tac t  e ach  
p h o t o n  s t r i k i n g  the  su r face  of t he  cel l  can  p r o d u c e  at  
mos t  one  mob i l e  c a r r i e r  to diffuse a w a y  f r o m  t h a t  
su r face  an  a v e r a g e  d i s t ance  d and  c o n t r i b u t e  to  
(i~)0 in the  r a t i o  d/l. Since  

d 
(i,~)o/e < W ~ -  [3]  

w e  h a v e  I 

d > l [  (i . ,)  o/e W~,] [4]  

The  m a x i m u m  e s t i m a t e  of t he  l o w e r  l i m i t  of d 
is o b t a i n e d  at  t ha t  i nc iden t  i n t e n s i t y  for  w h i c h  the  
c u r r e n t  is v a r y i n g  mos t  s t r o n g l y  w i t h  in t ens i ty .  
E x p e r i m e n t a l l y  th is  v a r i a t i o n  is a t  mos t  l i n e a r  a n d  
occurs  in Fig.  3 for  a v a l u e  of t he  i n t e n s i t y  2 x 10 -8 
t imes  the  m a x i m u m  pho ton  f lux used ,  w h i c h  is 2 x 
101~ pho tons / s e c .  F o r  th is  case  W~, is 4 x 10 TM p h o -  
t ons / sec ,  l is 55~, and  i~ is 5 x 10 -9 amp.  S u b s t i t u t i o n  
of these  va lue s  in Eq. [4]  shows  t h a t  d m u s t  be  a t  
l eas t  0.4#. This  d i s t ance  r e p r e s e n t s  an  a p p r e c i a b l e  
p e n e t r a t i o n  in to  t he  p a r t i c l e  b u l k  and  a t  l eas t  i n -  
d ica tes  t ha t  m o r e  t h a n  the  su r face  is i n v o l v e d  in  
these  m e a s u r e m e n t s .  

The  effect of v a r i a t i o n  of t he  v o l u m e  f r ac t i on  of 
t he  ac t ive  m a t e r i a l  in  t he  i m b e d d i n g  m e d i u m  on 
(im)o can  be  s u m m a r i z e d  as fo l lows:  F o r  th in  cel ls  
( less  t h a n  100 m i c r o n s )  (i,~)o inc reases  first  l i n e a r l y  
w i t h  i nc r e a s ing  v o l u m e  f r a c t i o n  of the  phospho r ,  b u t  
a p p e a r s  to s a t u r a t e  a b o v e  40%. F o r  t h i c k e r  cel ls  
t he  s a t u r a t i o n  occurs  at  l o w e r  va lue s  of t he  v o l u m e  
concen t r a t ion .  The  v a l u e  of t he  v o l u m e  c o n c e n t r a -  
t ion  of the  ac t ive  m a t e r i a l  used  in mos t  m e a s u r e -  
m e n t s  was  30%. 

In  t he  absence  of an  i n su l a t i ng  l a y e r  a d i r ec t  p h o -  
t o c u r r e n t  is p r o d u c e d  b y  the  inc iden t ,  s t r o n g l y  a b -  
so rbed  r ad i a t i on .  I t  is p r o b a b l y  due  to t he  p h o t o -  
vo l t a i c  effects  a t  t he  i n t e r p a r t i c l e  contac ts .  One can  
m e a s u r e  an  o p e n - c i r c u i t  v o l t a g e  a n d  a s h o r t - c i r c u i t  
c u r r e n t  w i t h  an  e l e c t r o m e t e r  a n d  f r o m  these  v a l u e s  
c o m p u t e  an  ef fec t ive  d - c  r e s i s t ance ,  a s s u m i n g  ohmic  
cha rac t e r .  W i t h  t he  i n s u l a t i n g  M y l a r  p resen t ,  th is  
i n t e r p a r t i c l e  c u r r e n t  and  the  fas t  d i s p l a c e m e n t  c u r -  
r e n t  b u i l d  up  a cha rge  on t h e  M y l a r  w h i c h  is m e a s -  
u r a b l e  as an  o p e n - c i r c u i t  vo l t a ge  on the  e l ec -  
t r o m e t e r .  This  v o l t a g e  inc reases  w i t h  cel l  th ickness ,  
i n d i c a t i n g  t h a t  mos t  of the  c h a r g e  a c c u m u l a t i n g  on 
t h e  i n s u l a t i n g  l a y e r  is c a r r i e d  b y  t h e  i n t e r p a r t i c l e  
con tac t  c u r r e n t  s ince  the  fas t  d i s p l a c e m e n t  c u r r e n t  
pu l se  dec reases  l i n e a r l y  w i t h  i nc r e a s ing  ce l l  t h i c k -  
ness,  as d e s c r i b e d  above.  T h e  o p e n - c i r c u i t  vo l t age  
of a cel l  w i t h o u t  the  M y l a r  l a y e r  inc reases  w i t h  i n -  
c r e a s i n g  ce l l  t h i ckness .  This  r e s u l t  is as one m i g h t  
expec t  s ince  t h e  p h o t o v o l t a g e s  of a l a r g e r  n u m b e r  of 
con tac t s  add  to g ive  a l a r g e r  v a l u e  for  a t h i c k  cell  
t h a n  for  a t h in  cel l .  

The  d e c a y  of  t he  slow, i n t e r p a r t i c l e  con tac t  c u r -  
ren t ,  w h i c h  fo rms  the  t a i l  of t he  D e m b e r  pu l se  as 
s h o w n  in Fig .  2c, can  also be  c h a r a c t e r i z e d  as t he  
e x p o n e n t i a l  d e c a y  of a ser ies  RC circui t .  The  ca -  
p a c i t a n c e  is t h a t  of the  1/~ mi l  M y l a r  l a y e r  and  the  
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Fig. 4. Experimental arrangement used to measure the angular 
dependence of a d-c Dember voltage. See text. 

res is tance is the effective d-c  photoresis tance of the 
cell wi thout  the insulat ing layer ,  calculated f rom 
the open-c i rcui t  vol tage and the shor t -c i rcu i t  cur-  
ren t  of the la t te r  cell. This agreement  of the  decay 
t ime of the  Dember  pulse ta i l  wi th  the product  of 
the capaci tance of the Mylar  and the computed re -  
sistance of the d-c  cell subs tan t ia l ly  identifies the  
two effects. That  is, the direct  photocur ren t  and the 
slow Dember  pulse ta i l  have the same origin, p rob-  
ab ly  in te rpar t ic le  contact photovoltages.  

This in te rpar t ic le  contact  cur ren t  depends on a 
gradient  in the incident  flux, as the following ex-  
per iment  demonstrates .  A mix tu re  of ZnS and b inder  
was laid on two si lver  paste  electrodes as shown in 
Fig. 4. A measurab le  open-c i rcui t  direct  photovol t -  
age (or a shor t -c i rcu i t  cur rent )  is produced which is 
a function of the angle 8 be tween the direct ion of 
the field be tween the two electrodes and the d i rec-  
t ion of the  incident  light. For  /9 different  f rom zero 
there  wil l  be a component  of the incident  l ight  in the  
same direct ion as tha t  of the electrodes;  this pa ra l l e l  
component  is p ropor t iona l  to sin /9. Since the  meas-  
ured  photovol tage var ies  as the b'4 power  of the 
in tens i ty  over  two orders  of magni tude  in intensi ty,  
whi le  the in tens i ty  of the l ight  incident  on the 
sample var ies  as cos/9, the expected var ia t ion  in the 
open-c i rcui t  photovol tage is 

Voc = (Vow')~ cos1/'/9 sin/9 [5] 

Equat ion [5] fits the exper imenta l  values  of Voc 

quite wel l  for (Vor = 1.8v, correct ly  predic t ing  
a m a x i m u m  of 1.3v at  8 = 63 ~ 25'. 

Expe r imen ta l ly  it has been found tha t  the  value  
of the  peak  pulse d isplacement  cur ren t  is far  more 
reproducib le  than the d-c  contact  photovoltage,  both 
for measurements  made at  different  t imes on the 
same sample  and for different  samples p repa red  in 
the  same way  from the same s tar t ing mater ia l .  The 
uncer t a in ty  concerning the exact  mechanism of the  
d-c  effect makes  it a less re l iable  indicat ion of the  
sign of the  more  mobile  car r ie r  than  the displace-  
ment  cur rent  pulse. However ,  for fundamenta l  r a -  
diation, the two effects do have the same sign for 
al l  samples examined  thus far. 

In summary  the exper imen ta l  conditions tha t  have  
been found to favor  the d isp lacement  pulse and to 
minimize the in te rpar t ic le  contact  cur rent  tai l  are 
the  following: (i) high in tens i ty  of incident  light,  
( i i)  as thin a cell as feasible,  ( i i i)  not too high a 
volume concentrat ion,  to minimize in te rpar t ic le  
contacts, and (iv) the fastest  ava i lab le  shut ter  speed. 
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Effects observed in ZnS phosphors-general re- 
marks.--A large difference in depth  be tween  the 
electron t rapp ing  states and hole t rapp ing  states is 
the usual  s i tuat ion in ZnS. This fact, plus the higher  
microscopic mobi l i ty  of electrons,  leads to the  pos-  
s ibi l i ty  tha t  not only complete ly  compensated but  
also a significant range of p - t y p e  samples wi l l  y ie ld  
electronic Dember  currents .  (An exper imen ta l  tech-  
nique for dis t inguishing the two types  when both 
give electronic Dember  currents  wi l l  be descr ibed 
la ter . )  At  room t empera tu re  the absorpt ion of 
fundamenta l  rad ia t ion  by compensated or n - t y p e  
ZnS resul ts  in a concentrat ion gradient  in both holes 
and electrons. The holes are quickly  t r apped  at  the 
compensated and hence ionized acceptor  levels  
which usual ly  lie around 1 e. v. up f rom the valence 
band edge. The electrons are  not s t rongly  t r apped  
at  the shallow ( ~  0.25 e. v.) ionized donor levels 
(in both compensated  and n - t y p e  ma te r i a l )  and 
therefore  read i ly  diffuse in the concentrat ion g rad i -  
ent es tabl ished by  the s t rongly  absorbed incident  
light. An electronic Dember  current  results.  

Despite the ra the r  large  energy difference be tween  
acceptor  levels and the valence band in ZnS, which 
allows almost no da rk  conduct ivi ty  for even s t rongly 
p - t y p e  mater ia l s  at  room tempera ture ,  a p - t y p e  
Dember  current  f rom fundamen ta l  rad ia t ion  has 
been observed in such samples. Band gap radia t ion  
at the surface produces,  as always,  both electrons 
and holes in a s trong gradient .  In  s t rongly  p - t y p e  
mater ia l ,  electrons wi l l  first be cap tured  in the un-  
compensated  and therefore  unionized acceptors  be-  
fore the diffusion current  of the  holes is impeded  by  
the resul t ing  ionized acceptors, which are hole traps.  
More holes than electrons can move in the con- 
centra t ion grad ien t  and a net  hole current  is ob-  
served. It should also be r e m a r k e d  tha t  a given 
number  of uncompensated  acceptors per  uni t  vol-  
ume can produce a hole cur ren t  only if the  number  
of compensated acceptors (hole t raps)  is small. If 
this l a t t e r  number  is large,  an electron Dember  cur-  
ren t  results.  
Excitation spectrum of the Dember effect, photo- 
luminescence, and electrophotoluminescence.--Fig- 
ure 5 shows the spectra l  d is t r ibut ion  of the size and 
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Fig. 5. Excitation spectra of photoluminescence, Dember pulse, 
and electrophotoluminescence for a ZnS:Cu,CI phosphor. See text. 
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sign of the peak  Dember  pulse current  for a ZnS 
phosphor  containing 4 x 10 -~ (mole f ract ion)  Cu and 
3 x 10-' C1. Significant absorpt ion by  impur i t ies  is 
shown by the finite posi t ive current  ( indicat ing 
electron diffusion) ex tending  up to 380 m~. Unac-  
t iva ted  ZnS yields  a significant Dember  pulse be low 
350 n ~  at room tempera ture ,  indica t ing  an absorp-  
t ion edge at around 340 m~. The weaker  absorpt ion 
of wavelengths  above 380m~ by the Cu, C1 ac t iva ted  
phosphor  resul ts  in a reversa l  of the  d i rec t ion  of 
the Dember  pulse. This reversa l  is ascribed to the 
effect of fast  surface states whose rap id  capture  of 
electrons produces a net  flow of these carr iers  to-  
ward  the i l lumina ted  surface and hence a negat ive  
pulse [cf. ref. (4) ] .  The weak ly  absorbed long 
wave length  l ight  produces too modera te  a concen- 
t ra t ion  grad ien t  in the  mobile  carr iers  to overcome 
thei r  rap id  deplet ion by  the surface states. An  a t -  
t empt  to change the  occupation and hence the  effect 
of the surface states wi th  var ious  ambient  gases was 
unsuccessful. The c lose-packed and necessar i ly  en-  
closed s t ruc ture  of the cell may  have been re -  
sponsible for this fai lure.  

The exci ta t ion spect rum of the green photo lumi-  
nescence of this ZnS: Cu, C1 phosphor  is also shown 
in Fig. 5. No luminescence is exci ted by  wave -  
lengths grea te r  than  the Dember  pulse cut-off 
a round 450 n~ .  

The electrophotoluminescence exci ta t ion spec t rum 
in Fig. 5 shows the effect of a pulsed electric field 
appl ied to the cell on the luminescence exci ted at  
each wavelength .  In  the  long wave length  region the 
usual  Godden-Poh l  (?)  effect appears.  A pulsed 
enhancement  of the photoluminescence occurs for 
both the  appl icat ion and the reversa l  of the electr ic  
field. This behavior  is depicted in Fig. 6a for 400 
n~.  The field (of e i ther  po lar i ty )  served to empty  
filled traps,  e i ther  by  direct  field ionization or by  
the impact  of f ie ld-accelera ted  electrons, and a t em-  
pora ry  increase in emission results.  It is in teres t ing 
to note tha t  the appl ied  fields requi red  to produce 
this effect are  only of the order  5 x 10' v / c m  for e lec-  
t ro luminescent  ZnS: Cu, C1 phosphors,  but  over 5 x 
10' v / c m  are  necessary for nonelec t ro luminescent  

(a) 

(b) 
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Fig. 6. Field modulation of photoluminescence in a ZnS:Cu,Cl 
phosphor (electrophotoluminescence): The effect of pulsed electric 
field (r on the luminescence excited by 400 m~ (a} ond 320 m~ 
(b). The doshed line is the unmodulated photoluminescence. 

ZnS:Cu,  C1 phosphors.  This observat ion corrob-  
orates the pos tu la ted  existence of regions of much 
higher  than  average  fields in the e lect roluminescent  
ma te r i a l  (8).  

For  short  wavelengths  a different  type  of modu-  
lat ion of the luminescence by the field occurs, which 
has been descr ibed by Hals ted  (9).  Here  the field 
apparen t ly  moves the mobile  carr iers  into or out 
of the na r row exci ta t ion region de te rmined  by  the 
absorpt ion constant  of the ma te r i a l  for the  incident  
light. If electrons are the more mobile  carr iers  and 
if the rad ia t ive  recombinat ion  is that  of a free elec-  
t ron and a t r apped  hole, then making  the i l lumina ted  
surface posi t ive wil l  increase the luminescence by  
pul l ing more electrons into the exci ta t ion region. 
Appl ica t ion  of a negat ive  vol tage  to the  surface 
produces a t e m p o r a r y  d iminut ion in the  emission. 
This type  of e lect rophotoluminescence is i l lus t ra ted  
in Fig. 6b for which the exci t ing wave length  is 330 
n~.  The electrophotoluminescence exci ta t ion spec- 
t rum in Fig. 5 shows the peak  re la t ive  change ( a r -  
b i t r a r y  units)  in the photoluminescence produced 
by applying a nega t ive  field of 3 x 10' v /cm.  At  
365m~ there is a change in sign of this e lec t rophoto-  
luminescence, denot ing a t rans i t ion  f rom one effect 
to another.  Above 365 rn~ the field has the effect of 
empty ing  electron t raps  whi le  below this point  the  
field moves the free carr iers  in and out of the  ex -  
ci tat ion region. For  the field of opposite po la r i ty  
(posi t ive)  the sign of the  e lectrophotoluminescence 
is opposite to tha t  shown in Fig. 5 below 365 m~ and 
the same as shown above tha t  wavelength .  The r e -  
sults of the e lectrophotoluminescence and Dember  
measurements  a re  consistent wi th  mobile  electrons 
and the rad ia t ive  recombinat ion  of free electrons 
and t r apped  holes. 

Relaxation and temperature efyects.--In most in-  
stances the  size and in some cases the direct ion and 
shape of the Dember  pulse is a sensi t ive function 
of the t ime the cell has remained  in the da rk  since 
last  exposed to the excit ing l igh t .  When  the wave-  
length of the incident  rad ia t ion  is in the funda -  
menta l  region, longer  da rk  re laxa t ion  t imes give 
la rger  peak  Dember  currents.  The more  t ime tha t  is 
ava i lab le  for the  re laxa t ion  of the polar iza t ion  field 
produced by  a previous  exposure  to the  s t rongly  
absorbed radiat ion,  the grea te r  the diffusion current  
which can flow when the exci ta t ion is again appl ied  
to the sample. In many  cases the  m a x i m u m  current  
flows fol lowing a definite da rk  time. Both longer 
and shor ter  da rk  t imes can resul t  in a smal ler  pulse 
peak. There are at  least  two possible explanat ions  
for the  occurrence of this maximum.  One poss ibi l i ty  
is the increase in the effective mobi l i ty  of the  car -  
r iers  caused by filling some of the t raps  in the ex-  
ci tat ion region. The degree to which these t raps  
are  filled is greates t  for short  da rk  intervals .  

One other possible explana t ion  invokes the un-  
doubted he te rogene i ty  of the  powder  samples. A 
dis t r ibut ion  of p - t y p e  and n - t y p e  (or compensated)  
par t ic les  is assumed. The electronic displacement  
in the n - t y p e  par t ic les  re laxes  af ter  only small  
da rk  intervals ;  the polar izat ion of the p - t y p e  pa r t i -  
cles re laxes  much more s lowly since the holes are 
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t r a p p e d  in m u c h  d e e p e r  leve ls  t h a n  a r e  t h e  e l ec -  
t rons  (~1 .0  e. v. for  holes,  ~--0.25 e. v. for  e l ec t rons ) .  
A t  t he  d a r k  t i m e  for  w h i c h  the  m a x i m u m  e l ec t ron  
D e m b e r  c u r r e n t  is p r o d u c e d  n e a r l y  a l l  of  t h e  e l ec -  
t rons  in  t h e  n - t y p e  p a r t i c l e s  and  on ly  a f ew  of  t h e  
holes  in  t h e  p - t y p e  pa r t i c l e s  h a v e  r e t u r n e d  to t h e  
r eg ion  f r o m  w h i c h  t h e y  w e r e  e x c i t e d  n e a r  t h e  s u r -  
face.  L o n g e r  d a r k  t imes  a l l ow the  r e t u r n  of an  a p -  
p r e c i a b l e  n u m b e r  of holes,  so t h a t  the  ne t  e l ec -  
t r o n  D e m b e r  c u r r e n t  pu l se  is r educed .  

In  some ins t ances  t h e  s ign of t he  D e m b e r  c u r r e n t  
pu l se  for  suff ic ient ly  long pe r i ods  of d a r k  r e l a x a -  
t ion  is oppos i t e  ( p - t y p e )  in  s ign  to t h a t  m e a s u r e d  
for  sho r t  pe r i ods  in t he  d a r k  ( n - t y p e ) .  A r e l a t i v e l y  
shor t  e x p o s u r e  (1 m i n )  to i n t ense  long w a v e l e n g t h  
r a d i a t i o n  ( o v e r  600 n ~ )  p r o d u c e s  t he  s ame  r e v e r s a l  
(or  r e d u c t i o n  in  v a l u e )  in t h e  D e m b e r  pu l se  (a t  
320 m~)  as  t he  ext .ended d a r k  p e r i o d  ( o v e r n i g h t ) .  
The  effect of the  long w a v e l e n g t h  l i gh t  w i l l  be 
d i scussed  in m o r e  d e t a i l  in t he  sec t ion  on op t i ca l  
r e l a x a t i o n  effects.  

One  can  conc lude  f r o m  t h e  a b o v e  m o d e l  t h a t  a 
D e m b e r  s igna l  t h a t  m o n o t o n i c a l l y  inc reases  w i t h  
i nc r ea s ing  d a r k  t i m e  cha rac t e r i z e s  n - t y p e  or  com-  
p l e t e l y  c o m p e n s a t e d  m a t e r i a l .  A m a x i m u m  p u l s e  a t  
a p a r t i c u l a r  d a r k  t ime  ind ica t e s  an  a p p r e c i a b l e  
a m o u n t  of p - t y p e  m a t e r i a l .  A m o r e  c o n v e n i e n t  e x -  
p e r i m e n t a l  c r i t e r i on  is t he  fo l lowing :  t he  D e m b e r  
pu l se  is m e a s u r e d  a f t e r  1 m i n  in t h e  d a r k  ( P u l s e  A )  
and  a f t e r  1 min  e x p o s u r e  to i n t ense  IR ( P u l s e  B) .  
F i g u r e  7 s c h e m a t i c a l l y  i l l u s t r a t e s  t h e  fou r  e x p e r i -  
m e n t a l  poss ib i l i t i e s  and  l is ts  t he  n a t u r e  of  t h e  m a -  
t e r i a l  d e d u c e d  f r o m  the  e x p e r i m e n t .  I f  P u l s e  B is 
equa l  to or  g r e a t e r  t h a n  a pos i t i ve  Pu l se  A, t hen  
t h e r e  is no d e t e c t a b l e  p - t y p e  m a t e r i a l .  F o r  P u l s e  A 
pos i t i ve  and  g r e a t e r  t h a n  Pu l se  B (pos i t i ve  or  n e g -  
a t i v e ) ,  t he  abso lu t e  v a l u e  of B -  A is t a k e n  as a 
m e a s u r e  of t he  d e g r e e  of p - t y p e  u n c o m p e n s a t i o n  in  
t h e  sample .  If  P u l s e  A as w e l l  as P u l s e  B is nega t i ve ,  
the  v a l u e  of P u l s e  B a lone  m e a s u r e s  t he  d e g r e e  of 
p - t y p e n e s s ,  s ince  t h e r e  is a p p a r e n t l y  no m e a s u r a b l e  
e l ec t ron  cur ren t .  The  d e d u c e d  Pu l se  C is, in each  
ins tance ,  a m e a s u r e  of t he  p - t y p e n e s s  of t he  m a t e -  
r ia l .  

S ince  the  i n t e r p a r t i c l e  con tac t  p h o t o c u r r e n t  does  
not,  in gene ra l ,  r e v e r s e  i ts  d i r ec t i on  at  t h e  s ame  
w a v e l e n g t h  as  t he  D e m b e r  p u l s e  (cf. F ig .  5) ,  q u i t e  
c o m p l i c a t e d  pu l se  shapes  a re  poss ib le  in th is  r e -  

MATERIAL TYPE p P P n OR COMPLETELY 
COMPENSATED 

PULSE A p n n n 
PULSE B p p n n 

C B B - A  B - A  B - A  = O 

A p , ~  

ct,. .  ~ 

o b c d 

Fig. 7. Four possible Dember pulse combinations obtained from 
ZnS materials: Pulse A, after 1 min dark relaxation; Pulse B, after 
1 rain infrared exposure; Pulse C, deduced p-type current in Pulse 
B. See text. 
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Fig. 8. Temperature dependence of the Dember pulse peak (30  

sec dark interval) for a Z n S : C u , C I  phosphor. 

v e r s a l  reg ion .  A t  l eas t  two  e x t r e m a  a re  o b s e r v e d  
w h e n  the  r e v e r s a l  is p resen t .  The  r e l a t i v e  s ize and  
pos i t i on  of these  e x t r e m a  d e p e n d  on the  d a r k  r e l a x -  
a t ion  t ime ,  t he  w a v e l e n g t h ,  a n d  t h e  i n t e n s i t y  of 
t h e  exc i t i ng  l ight .  Some  m a t e r i a l s  have  g iven  as  
m a n y  as fou r  e x t r e m a  in th is  r e v e r s a l  reg ion .  

A t y p i c a l  d e p e n d e n c e  of t he  he igh t  of t h e  D e m b e r  
pu l se  on t e m p e r a t u r e  is s h o w n  in Fig .  8, for  a 
Z n S : C u ,  C1 4 x 10 -~ phosphor .  The  exc i t i ng  w a v e -  
l e n g t h  was  320 rn~ and  a d a r k  i n t e r v a l  of 30 sec 
was  used  at  each  point .  The  D e m b e r  pu l se  is s m a l l e r  
a t  h igh  t e m p e r a t u r e s  for  n - t y p e  or  c o m p e n s a t e d  
spec imens  for  e i t he r  of two  reasons .  One  is t h a t  bo th  
e l ec t rons  and  holes  can  diffuse in t he  c o n c e n t r a t i o n  
g rad ien t ,  y i e l d i n g  a l o w e r  ne t  e l e c t r o n  c u r r e n t ;  
t he  o the r  is t h a t  t he  e l ec t ron  m o b i l i t y  cou ld  dec rease  
at  h igh  t e m p e r a t u r e s .  A t  low t e m p e r a t u r e s  t h e  e l ec -  
t r o n s  a r e  f rozen  a t  s h a l l o w  ( ~  0.25 e. v . )  t r aps .  I n  
t he  r eg ion  of m a x i m u m  re sponse  on ly  t he  holes  a r e  
i m m o b i l i z e d  at  deep  ( ~  1 e. v.)  hole  t r aps ,  r e s u l t -  
ing in  a l a rge  e l ec t ron  d i f fus ion  cu r ren t .  S h o r t e r  
( <  30 sec)  d a r k  t imes  t e n d  to sh i f t  t he  t e m p e r a t u r e  
of m a x i m u m  re sponse  to h i g h e r  t e m p e r a t u r e s .  

F o r  a spec imen  of u n a c t i v a t e d  ZnS  f i red a t  1200~ 
in a sea led  v a c u u m  and  p r e s u m e d  (because  of t he  
h i g h e r  v o l a t i l i t y  of S~ c o m p a r e d  to Zn)  to con ta in  
excess  Zn a n d  t h e r e f o r e  some u n c o m p e n s a t e d  donors  
( su l fu r  vacanc i e s )  an  i n t e r e s t i n g  b e h a v i o r  was  ob -  
se rved .  A t  r o o m  t e m p e r a t u r e  on ly  a s m a l l  p e a k  D e m -  
be r  c u r r e n t  ( < 1 0  -~ a m p )  a p p e a r e d  for  r e a s o n a b l e  
d a r k  t imes  of t h e  o r d e r  of minu tes .  This  c u r r e n t  
cou ld  be  i n c r e a s e d  to a r o u n d  1.0 x 10 -~ a m p  b y  v e r y  
long pe r i ods  of r e l a x a t i o n  in the  d a r k  or  by  h e a t i n g  
to a b o v e  150~ and  r e t u r n i n g  to room t e m p e r a t u r e  
b e f o r e  f lashing w i t h  t he  320 mt~. A f t e r  cool ing the  
s a m p l e  to n i t r o g e n  t e m p e r a t u r e  f r o m  r o o m  t e m p e r a -  
t u r e  and  s u b s e q u e n t  e x p o s u r e  to t he  320 m~ l ight ,  t h e  
m e a s u r e d  c u r r e n t  was  1.5 x 10 -~ amp.  If  t h e  s a m p l e  
was  first  h e a t e d  to 150~ be fo re  cool ing  to - -180~ a 
p e a k  D e m b e r  pu l se  of 2 x 10 -~ a m p  was  m e a s u r e d .  
The  second  pu l se  at  - -180~  is in  e v e r y  case  n e g l i -  
g i b l y  smal l ,  less t h a n  10-' amp.  The  h igh  v a l u e  of t he  
first  pu l se  a t  th i s  t e m p e r a t u r e  m a y  be  due  to  t he  
f r eez ing  of t he  d a r k  e l ec t rons  on the  u n c o m p e n s a t e d  
donors ,  w i t h  a c onse que n t  d e c r e a s e  in  t h e  s c a t t e r i n g  
due  to cha rged ,  ion ized  donors  p r e s e n t  a t  r o o m  t e m -  
p e r a t u r e .  Thus  a h i g h e r  D e m b e r  c u r r e n t  pu l se  r e -  
su l t s  t h a n  for  even  the  c o m p l e t e l y  r e l a x e d  s a m p l e  
at  r o o m  t e m p e r a t u r e  (2 x 10 -7 vs. 1 x 10 -~ a m p ) .  Z n S  
m a t e r i a l s  e x p e c t e d  to be  c o m p l e t e l y  c o m p e n s a t e d  do 
no t  e x h i b i t  th i s  behav io r .  
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Optical  r e laxa t ion  e f f e c t s . - - T h e  con t inuous  e x p o s u r e  
of t he  t es t  cel l  to a b e a m  of r a d i a t i o n  o the r  t h a n  t h a t  
wh ich  is f lashed onto  i t  to p r o d u c e  a pu l se  of d i f fu-  
s ion c u r r e n t  u s u a l l y  r e su l t s  in l o w e r  p e a k  va lue .  This  
r e d u c t i o n  of the  pu l se  he igh t  is mos t  p r o m i n e n t  
w h e n  the  two  b e a m s  of r a d i a t i o n  a r e  the  s ame  w a v e -  
length .  A n  excep t ion  to th is  b e h a v i o r  is the  case  in 
wh ich  the  con t inuous  e x p o s u r e  is to w a v e l e n g t h s  in 
the  f u n d a m e n t a l  and  the  pu l s ed  b e a m  is in the  r e -  
ve r sed  r eg ion  at  l o n g e r  w a v e l e n g t h s .  (cf. Fig.  5).  
The  ex t r i n s i c  c a r r i e r s  ion ized  b y  the  w e a k l y  a b -  
so rbed  long w a v e l e n g t h  r a d i a t i o n  move  in the  
p o l a r i z a t i o n  field m a i n t a i n e d  b y  the  s t r o n g l y  a b -  
so rbed  f u n d a m e n t a l  r ad i a t i on .  The  r e su l t  is an  i n -  
c r ea se  in  the  r e v e r s e d  pu l se  n o r m a l l y  o b s e r v e d  in 
th is  w a v e l e n g t h  region .  In  fact ,  to ob ta in  th is  in -  
crease ,  s i m u l t a n e o u s  e x p o s u r e  is not  n e c e s s a r y  in 
some cases,  so t ha t  a p r e v i o u s  e x p o s u r e  to f u n d a -  
m e n t a l  r a d i a t i o n  suffices to  e n h a n c e  the  r e v e r s e d  
c u r r e n t  in  t h e  long  w a v e l e n g t h  reg ion .  Hence ,  in  
o r d e r  to o b t a i n  u n a m b i g u o u s  r e su l t s  f r om long  
w a v e l e n g t h  exc i t a t ion ,  one shou ld  p r o c e e d  f rom long 
to shor t  w a v e l e n g t h s  in m e a s u r i n g  the  spec t r a l  de -  
p e n d e n c e  of t he  D e m b e r  effect, u s ing  a s a m p l e  k e p t  
in the  d a r k  for  a p r o l o n g e d  per iod .  

In  some cases  Z n S  m a t e r i a l s  w h i c h  y i e ld  pos i t i ve  
( e l ec t ron  c u r r e n t )  D e m b e r  pu l ses  for  shor t  d a r k  
t i m e  i n t e r v a l s  no t  on ly  g ive  r e d u c e d  pos i t ive  s igna ls  
for  long r e l a x a t i o n  per iods ,  bu t  for  suff ic ient ly  long  
d a r k  t imes  p r o d u c e  a n e g a t i v e  (ho le  c u r r e n t )  D e m -  
be r  pulse .  This  r e v e r s a l  in s ign ( for  f u n d a m e n t a l  e x -  
c i t a t ion )  can  also be  ef fec ted b y  e x p o s u r e  to long 
w a v e l e n g t h  r ad i a t i on .  F i g u r e  9a shows  the  size of the  
D e m b e r  pu l se  p e a k  o b t a i n e d  at  320 rn~ for  a Z n S  
s a m p l e  a f t e r  r e l a x i n g  for  30 sec w h i l e  exposed  to t he  
r a d i a t i o n  whose  w a v e l e n g t h  is i n d i c a t e d  on the  a b -  
scissa. The  u n a c t i v a t e d  Z n S  was  f i red for  24 h r  a t  
900~ in a sea l ed  q u a r t z  t u b e  in a su l fu r  p r e s s u r e  of 
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Fig. 9a. (top) The Dember pulse peak measured at 320 m/~ after 1 
min exposure to the plotted wavelengths for an undoped p-type ZnS 
sample. Fig. 9b (bottom) The energy levels deduced from (a). The 
transitions A, B, and C are described in the text. 

6 a tm.  T h e r e  is no luminescence .  F i g u r e  9b shows 
an  e n e r g y  leve l  s cheme  cons i s t en t  w i t h  the  d a t a  of 
Fig .  9a. W a v e l e n g t h s  b e t w e e n  450 n ~  ( A )  and  1.0t~ 
(B)  r a i se  e l ec t rons  f rom the  va l ence  b a n d  to t he  
g r o u n d  s t a t e  of an  un ion ized  acceptor ,  f r e e ing  a hole  
in t he  va l ence  b a n d  to r e t u r n  to t he  e xc i t a t i on  r eg ion  
and  r e l a x i n g  the  s a m p l e  ( t r a n s i t i o n  B) .  R a d i a t i o n  of 
1.2~ (C)  l i f ts  an  e l ec t ron  f r o m  an  e xc i t e d  hole  s t a t e  
of the  un ion ized  accep to r  ( w h i c h  is in  t h e r m a l  con-  
t ac t  w i t h  the  va l e nc e  b a n d )  to t he  g r o u n d  s t a t e  of 
the  un ion ized  accep to r  ( t r a n s i t i o n  C) .  The  hole,  
w h i c h  is now s i t u a t e d  at  t he  e xc i t e d  ho le  s t a t e  of t he  
acceptor ,  can  now be  t h e r m a l l y  r e l e a s e d  into  the  v a -  
l ence  band.  W a v e l e n g t h s  b e l o w  450 m~ ( A )  a r e  m o r e  
effect ive  in ion iz ing  e l ec t rons  f rom a f i l led cen te r  
( t r a n s i t i o n  A )  t h a n  holes  f r o m  an e m p t y  center ,  i n -  
c r eas ing  the  p r o b a b i l i t y  of a pos i t i ve  ( e l ec t ron  c u r -  
r e n t )  D e m b e r  pulse .  The  p r o p o s e d  e n e r g y  l eve l  
s t r u c t u r e  of the  acc, ep to r  is r e m a r k a b l y  close to  t h a t  
deduced by Apple and Prener (I0) from the infra- 
red fluorescence and diffuse reflectance of ZnS into 
which Cu had been fired under sulfur pressure to 
produce uncompensated acceptors. Whether the ac- 
ceptor in the present material is due to impurities 
such as Cu which were present in the "pure" (RCA 
luminescent grade) unactivated material or simply 
arise from a singly ionized zinc vacancy is uncertain. 

A ZnS: 1.5 x I0 -3 Cu, 1.0 x I0 8 Cl blue-green emit- 
ting phosphor also exhibited this reversal of a posi- 
tive (electron current) pulse at 320 m~ after relaxing 
with long wavelength radiation. A relaxation spec- 
trum similar to Fig. 9a was obtained. The Dember 
pulse in the 350 to 420 m~ region, which is negative 
for short dark times, becomes positive after long 
wavelength relaxation. The complete Dember cur- 
rent spectrum (cf. Fig. 5) is reversed in this instance 
in going from short dark times to long wavelength 
relaxation between pulses. One possible explana- 
tion of the positive (electron current) pulses ob- 
tained in p-type samples such as those described 
above for short dark times is that of holes going to- 
ward the surface, from which they could escape (de- 
polarize) more readily than from the bulk where 
they might be trapped more deeply. Since going to 
longer exciting wavelengths could hardly reverse 
this process, as it does in the present instance, this 
explanation must be discounted. 

For the above phosphor (ZnS: 1.5 x I0 -' Cu, 1.0 x 
10 _3 C1) the blue-green photoluminescence produced 
by 365 iv~ ultraviolet is strongly quenched when in- 
frared radiation is also shone on the sample. The 
spectral dependence of the quenching effect is in 
close agreement with the relaxation spectrum. This 
result confirms the hypothesis that the release of 
holes into the valence band from the empty activator 
level (transitions B and C in Fig. 9b) is the first step 
in both the quenching of luminescence and the op- 
tical relaxation of the Dember polarization. 

M e a s u r e m e n t s  on o ther  m a t e r i a l s . - - S o m e  m e a s -  
u r e m e n t s  h a v e  been  p e r f o r m e d  on o the r  c o m p o u n d s  
t h a n  ZnS  in p o w d e r  form,  i nc lud ing  CdSe,  ZnSe,  
ZnTe,  and  m i x e d  c rys t a l s  of Z n S  and  ZnSe.  The  r e -  
sul ts  a r e  of t h e  s ame  fo rm as for  ZnS,  y i e l d i n g  in -  
f o r m a t i o n  on the  t y p e  of c a r r i e r  w h i c h  is e i t h e r  m o r e  
mob i l e  or  a t r u e  m a j o r i t y  ca r r i e r .  The  shi f t  in b a n d  
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edge  of ZnS,  Z n S e  a l loys  as a func t ion  of c o m p o s i -  
t ion,  as w e l l  as i ts  sh i f t  w i t h  t e m p e r a t u r e ,  is e a s i l y  
m e a s u r e d ,  for  e x a m p l e .  Sh i f t s  in s t o i c h i o m e t r y  p r o -  
duced  b y  va r i ous  t h e r m a l  t r e a t m e n t s  h a v e  been  fo l -  
l o w e d  in at  l eas t  a s e m i q u a n t i t a t i v e  sense  w i th  CdSe  
as w e l l  as ZnS.  

S i m i l a r  m e a s u r e m e n t s  a r e  poss ib l e  w i th  th in  fi lms 
depos i t ed  on a c o n d u c t i n g  subs t r a t e .  A p iece  of con-  
d u c t i n g  q u a r t z  s e p a r a t e d  f r o m  the  f i lm b y  a q u a r t e r  
mi l  M y l a r  l a y e r  fo rms  the  second  e l ec t rode  of the  
D e m b e r  cell .  F i l m s  of p - t y p e  CdTe  and  bo th  p -  and  
n - t y p e  CdSe  have  been  p r e p a r e d  ( b y  G. S o m o r j a i )  
a n d  m e a s u r e d  in th is  m a n n e r .  

Summary and Conclusions 
The  pu l s ed  D e m b e r  effect  m e a s u r e d  as d e s c r i b e d  

a b o v e  is a use fu l  tool  for  i n d i c a t i n g  the  t y p e  of m o -  
b i l e  c a r r i e r  and  to a d e g r e e  t h e  e x t e n t  of a c t i va t i on  
Of p o w d e r  and  th in  f i lm m a t e r i a l s  of t he  Z n S  type .  
The  d i s p l a c e m e n t  c u r r e n t  pu l se  is p r o b a b l y  a m o r e  
r e l i a b l e  a n d  c e r t a i n l y  a m o r e  r e p r o d u c i b l e  m e a s u r e -  
m e n t  t h a n  a d i r ec t  c u r r e n t  m e a s u r e m e n t  r e l y i n g  on 
i n t e r p a r t i c l e  contac ts .  C a r e f u l  con t ro l  of such  e x -  
p e r i m e n t a l  p a r a m e t e r s  as cel l  t h i ckness ,  v o l u m e  con-  
c e n t r a t i o n  of  the  m a t e r i a l ,  and  r a d i a t i o n  i n t e n s i t y  
a r e  n e c e s s a r y  for  good r e p r o d u c i b i l i t y .  

The  c h a n g e  in size and  d i r ec t i on  of the  D e m b e r  
pu l se  can be  used  to fo l low shi f t s  in s t o i c h i o m e t r y  
and  i m p u r i t y  con ten t  r e s u l t i n g  f r o m  va r ious  t r e a t -  
ments .  F o r  e x a m p l e ,  u n a c t i v a t e d  Z n S  f i red in sea led  
q u a r t z  t u b e s  u n d e r  v a r i o u s  su l fu r  p r e s s u r e s  shows  a 
shi f t  f r o m  n -  to p - t y p e  pu l ses  w i t h  i nc rea s ing  su l fu r  
p res su re .  The  a l g e b r a i c  v a l u e  of  t h e  p e a k  c u r r e n t  is 

l i n e a r  w i t h  ~/pz~. U n c o n t r o l l e d  i m p u r i t i e s  in t he  
s t a r t i n g  m a t e r i a l  have  l ead  to a m b i g u o u s  r e su l t s  in 
m a n y  cases,  howeve r .  E x p e r i m e n t s  of th is  t y p e  a r e  
s t i l l  be ing  pu r sued .  

In  l u m i n e s c e n t  ma t e r i a l s ,  m e a s u r e m e n t s  of t he  
D e m b e r  effect and  of t he  e l e c t r o p h o t o l u m i n e s c e n t  

Z n S - T Y P E  M A T E R I A L S  695 

r e sponse  can u n a m b i g u o u s l y  d e t e r m i n e  the  n a t u r e  of 
the  r a d i a t i v e  r e c o m b i n a t i o n  u n d e r  c e r t a i n  condi t ions .  
Of ten  a r e l a x a t i o n  s p e c t r u m  such as t h a t  shown  in  
Fig.  9a can  be  ob ta ined .  I n f o r m a t i o n  on the  ex i s t ence  
and  n a t u r e  of such l eve l s  as  shown  in Fig .  9b can  
thus  be  o b t a i n e d  a n d  c o r r e l a t e d  wi th ,  for  e x a m p l e ,  
the  photoluminescence e x c i t a t i o n  a n d  q u e n c h i n g  
s p e c t r u m  of the  s ame  m a t e r i a l .  Such  l eve l s  can  even  
be d e m o n s t r a t e d  to ex i s t  in m a t e r i a l s  t ha t  a r e  o t h e r -  
wise  u n c o m m u n i c a t i v e ,  t ha t  is n o n l u m i n e s c e n t .  
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The Effect of the Phosphor-Embedding Medium on the 
Performance of Electroluminescent Cells 

Gabriel P. Katona 1 

Corning Glass Works, Coming, New York 

ABSTRACT 

The higher  the  dielectr ic  constant  of the phosphor -embedd ing  medium,  the  
h igher  is the  field on the embedded  phosphor.  When  work ing  wi th  Z n S - t y p e  
phosphors,  not  much is to be gained f rom embedding  media  having  dielectr ic  
constants  h igher  than  50. In the case of embedding  media  having  a low die lect r ic  
constant  the emission can be increased by  making  the embedding  med ium of 
g rea te r  loss mater ia ls .  This move wil l  not  necessar i ly  lower  the  efficiency, but  
at  points  i t  wi l l  even improve  it. I t  is shown tha t  m a x i m u m  efficiency can be 
obta ined when the dielectr ic  constant  of the  embedding  medium and the phos-  
phor  are  identical .  

The  p r i m a r y  goa ls  of  r e s e a r c h  for  b e t t e r  e l e c t r o -  
l u m i n e s c e n t  l a m p s  and  dev ices  a r e  to deve lop  m a -  
t e r i a l s  a n d  s t r u c t u r e s  t h a t  w i l l  r e s u l t  in h i g h e r  
b r i g h t n e s s  and  b e t t e r  l u m i n o u s  efficiency. Much  has  

z P r e s e n t  address:  Nol te  and Nol te ,  N e w  York ,  N. Y. 

been  r e p o r t e d  in  t he  l i t e r a t u r e  of t he  w o r k  to ach ieve  
t h e s e  a ims  t h r o u g h  i m p r o v e d  phosphor s .  In  th i s  
p a p e r  t h e  effect of the  d i e l ec t r i c s  on the  b r i g h t n e s s  
and  eff iciency of e l e c t r o l u m i n e s c e n t  cel ls  is d i s -  
cussed.  
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Dielectrics pe r fo rm two basic roles in e lec t ro lumi-  
nescent s t ructures:  (a)  they  act as embedding me-  
dia, (b)  they  are used as b reakdown protect ing l ay -  
ers. The second funct ion wil l  be discussed in a la te r  
article.  

The proper t ies  of the  embedding medium have a 
mul t i fo ld  effect on the pe r fo rmance  of an e lect ro-  
luminescent  lamp. Such effects can be due to di-  
electric proper t ies  of the mater ia ls ,  physicochemical  
in teract ion be tween the phosphor  and dielectric,  v is-  
cosity of the dielectr ic  a l lowing movement  of the 
embedded  phosphor,  mois ture  pene t rab i l i ty  of the 
dielectr ic  affecting maintenance,  etc. This paper  in-  
vest igates  the  effect of the  dielectr ic  propert ies .  

The ava i lab i l i ty  of embedding mater ia l s  embrac -  
ing a wide  range  of dielectr ic  proper t ies  is r a the r  
l imited.  Therefore,  the considerat ions to be presented  
may  aid in the  selection of the  mater ia l s  tha t  are 
most sui table  for  a requ i red  purpose.  

The same green emit t ing ZnS: Cu, C1 electrol t lmi-  
nescent  phosphor  was used throughout  the inves t i -  
gation; thus the considerat ions presented  can be as-  
sumed to be val id  in case of other  phosphors only 
when the vol tage response of the other  phosphor  is 
s imi lar  to tha t  of the phosphor  used here. Definitions 
of the symbols used are l is ted at  the  end of the  paper .  

Effect of the Dielectric Constant 

Roberts  (1) and Ke rne r  (2) have  shown tha t  the 
in te rna l  field, d i rec t ly  acting on the embedded phos-  
phor, is re la ted  to the appl ied  field by  

3K~ 
Eo=E~ [1] 

2 Kl -b K~-- N (K~-- K1) 

The value  of K~ = 10 was used for the dielectr ic  con- 
stant  of the phosphor  in the subsequent  calculations. 
This is an approx imate  average of the var ious  values  
repor ted  in the l i t e ra tu re  for Z n S - t y p e  e lec t ro lumi-  
nescent phosphors.  

The in te rna l  field was calculated as a function of 
the dielectr ic  constant  of the embedding medium, by 
means of Eq. [1]. The resul ts  are shown in Fig. 1. 
The a r b i t r a r y  value of 23% by volume of phosphor  
was used. The appl ied  field was 100 v /cm.  

As Fig. 1 and Eq. [1] indicate,  by  choosing em-  
bedding media  having a dielectr ic  constant  h igher  
than  the dielectr ic constant  of the phosphor,  the in-  
t e rna l  field act ing on the phosphor  becomes grea te r  
than the field appl ied across the cell proper .  

Using the above example  of 23% by volume phos-  
phor and 100v appl ied  across a thickness of 1 cm, it is 
possible to obtain in te rna l  field values which are 
higher  than  the appl ied  electric field. When the di-  
electric constant  (pe rmi t t iv i ty )  of the embedding 
medium is infinite, it  al lows un impeded  passage of 
the appl ied field, which then  appears  across a con- 
t inuous phosphor  l ayer  tha t  is in effect 0.23 cm thick. 
The resu l tan t  field across the phosphor  then is 100/ 
0.23 = 435 v /cm.  

The resul ts  obta ined by  using Eq. [1] were  used 
to plot  the effect of the  dielectr ic constant  of the  
embedding medium on the  emission intensity.  A cell 
was p repa red  by  embedding a commercia l  EL phos-  
phor  in glass ~ and the br ightness  values, measured  as 

2 C o r n i n g  Code 1970, a g lass  spec ia l ly  d e v e l o p e d  fo r  e l e e t r o l u m i -  
n e sceu t  p h o s p h o r - e m b e d d i n g  purposes .  
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Fig. 1. Effect of the dielectric constant of the phosphor em- 
bedding medium on the internal field. 
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Fig. 2. Effect of the dielectric constant of the phosphor em- 
bedding medium on the emission intensity. 

a function of vol tage on this cell, were  used for the  
calculations. The phosphor  concentra t ion was 23% 
by volume, and the f requency was 1000 cps. The di-  
electr ic constant  of the  embedding glass was about 5. 

As Fig. 2 shows, by  rais ing the dielectr ic  constant  
of the embedding mate r i a l  f rom 5 to 10, a br ightness  
gain of about  100% can be predicted.  By fur ther  
rais ing the dielectr ic  constant  f rom 10 to 50 a fur ther  
br ightness  gain of near ly  100% can be predicted.  By 
rais ing the dielectr ic  constant  from 50 to 1000, a 
br ightness  gain of only about  30% could be real ized 
theore t ica l ly  wi th in  the va l id i ty  of Eq. [1]. These 
da ta  indicate  that ,  when s t r iv ing to raise the  di-  
electr ic  constant  of the  p resen t ly  avai lab le  embed-  
ding media  by  intensified mater ia l s  development  
efforts, a prac t ica l  l imit  of 50 would be adequate.  
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Fig. 3. Effect of the phosphor volume ratio on the internal field 

E]Iect of  Phosphor  Concen t ra t ion  

Equat ion [1] can also be used to calculate the ef-  
fect of phosphor  concentrat ion on the field d is t r i -  
but ion wi th in  the  e lect roluminescent  layer.  F igure  3 
shows the in te rna l  field as a function of the volume 
fract ion of the embedded  phosphor.  As above, the 
dielectr ic  constant  of the phosphor was assumed to 
be 10, and the appl ied  field, 100 v /cm.  

Effec t  of  the  Loss  Tangen t  

The complex dielectr ic  constant  of the form 

K ~ = K ' - -  jK" [2] 

was subs t i tu ted  into Eq. [1] for the dielectr ic  con- 
stants of the embedding medium (K~) and the phos-  
phor (K~). Thus one obtains 

3 (K '~jK"0 
Eo = E 2  [3] 

(K'I-- jK"I)  ( 2 + N )  -t- (K'~-- jK",)  ( l - - N )  

By using the loss character is t ics  of the phosphor  tha t  
was used throughout  this  work  (3) it was found tha t  
the phosphor can be represented  only by  its dielectr ic  
constant  and that  neglect ing the phosphor  loss has 
only a very  small  effect on E o in case of phosphor  
concentrat ions in the 20% by volume range?  Conse- 
quent ly  Eq. 3 was modified to read:  

3 (K'~ --  jK"~) 
Eo = E~ [4] 

( K ' ~ - - j K ' % ) ( 2  + N )  + K : ( 1 - - N )  

By subst i tut ing K"~ = K'~ tan8 one obtains for the ab-  
solute value  of the in te rna l  field: 

Eo=3E,~ ; K'~K,(1--N)-I-K'~=(2 + N)( I  + tan~) \~ 

{ [K~(1 -- N) 
(1 -- N) (K'IK= tanS) t ~ 

+ K , ( 2 + N ) ] ~ + [ ( 2 + N ) ( K ,  tanS)]= [5] 

The values of Eo vs.  tan 8 are  shown in Fig. 4 for 
different  values of K'I. The phosphor  concentrat ion 
was chosen to be 20% by  volume and the appl ied  
field was 27.39 k v / c m  (69.57 v / m i l ) .  The calcula-  

a This is not  necessar i ly  appl icable  to al l  e lec t ro luminescent  phos- 
phors and p h o s p h o r - e m b e d d i n g  medium combinations.  For  detai led 
discussion on the  subject  see: A. N. Ince and C. W. Oatley, Phi l .  
Mag. ,  46, 1081 (1955) ; W. Lehmann,  This  J o u r n a l ,  103, 24 (1956). 
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tions were  executed by  a Royal  McBee LGP-30  digi ta l  
computer .  The corresponding tan  8 vs.  emission curves 
are  p lot ted  in Fig. 5 and were  obta ined by  ut i l iz ing 
the Eo vs.  emission values of the same phosphor.  This 
curve was calculated f rom an exper imenta l  E~ vs.  
emission curve, using Eq. [1]. 

The curves indicate  that ,  in the case of embedding  
media  having a re la t ive ly  low dielectr ic  constant,  the 
emission can be considerably  enhanced by  choosing 
a lossy mater ia l .  Only small  effects can be achieved 
by  progress ing f rom a low loss value  to about  tan  8 
= 0.5. There is no reason to bel ieve tha t  Eq. [5] 
should not be va l id  for h igher  values  of tan  8, be -  
cause (except  for the assumption of spher ical  phos-  
phor par t ic les)  the equat ion was der ived  by  r igorous 
mathemat ica l  t r ea tmen t  from Eq. [ 1 ]. 

By using the values  p lot ted  in Fig. 5, one can ob- 
serve that,  when an embedding medium wi th  a di-  
electr ic constant  of 2.5 ( approx ima te ly  the pe rmi t -  
t iv i ty  of po lys tyrene)  is used, the  emission of the 
e lect roluminescent  cell theore t ica l ly  can be increased 
by a factor  of 6, by  theore t ica l ly  increasing the loss 
tangent  to 1 (45~ When an embedding medium 
having a dielectr ic  constant  of 5 ( approx ima te ly  
Corning Code 1970) is used, the emission theore t i -  
cal ly  can be doubled by  increas ing the loss tangent  
from a low value  to 1. 

I t  is evident  tha t  it would be more advantageous  
to select embedding media  wi th  a high dielectr ic  con- 
stant,  if one wishes to increase  the  output  of the 
lamp. If such a mate r ia l  is not avai lable,  the same 
effect can be obtained by  using a h igher  loss mater ia l ,  
a l though possibly at the cost of lower  efficiency and 
heat ing of the  lamp. 

An a t t empt  was made to check Eq. [5] and Fig. 5 
exper imenta l ly .  The dielectr ic  constants and loss t an -  
gents of various l iquids were  measured  on a Genera l  
Radio 650A impedance  br idge at 1 kc, using a GE 
three  terminal ,  l iquid sample  holder  (G. E. Co., Cat. 
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phosphor embedding medium. 

5100774). The  m e a s u r e m e n t s  were  made  wi th  the 
phosphor  and  the  l iqu id  be ing  in  a sample  ho lder  
wi th  a 0.00584 cm (2.3 mi l )  gap. A n  audio oscil lator  
and  a h igh powered  ampli f ier  we re  used as power  
source. The emiss ion  m e a s u r e m e n t s  were  made  wi th  
a VISCOR vis ib i l i ty  correc t ing  f i l t e r -equ ipped  Wes-  
ton  856 type  photocel l  and  a L&N Type  E g a l v a n o m -  
eter. In  ins tances  whe re  t an  ~ was ve ry  high, a r e -  
s is tance had  to be used in  a series w i th  the  cell, to 
l imi t  the  cur ren t .  

Table  I conta ins  the  m e a s u r e d  dielectr ic  p roper t ies  
and  the  resul t s  of the  e l ec t ro luminescen t  eva lua t ion ,  
together  wi th  the ca lcula ted  values.  The phosphor  
was the  iden t ica l  phosphor  used in  the  ear l ie r  par t s  
of the s tudy  where  it  was  used in  a glass e m b e d d i n g  
med ium.  20% by  vo lume  was used, the  emiss ion was  
measu red  at  1 kc, and  the  appl ied  field was  27.39 
k v / c m .  To ob ta in  the  va lues  in  the  "ca lcula ted"  col- 
u m n  of Tab le  I, the va lue  of Eo was  ca lcula ted  a nd  
the  cor responding  b r igh tness  va lue  was  ob ta ined  
f rom the  Eo vs. br igh tness  cu rve  of the  phosphor.  

The fact tha t  all  e x p e r i m e n t a l  da ta  are lower  t h a n  
the  ca lcula ted  ones led to a r e e x a m i n a t i o n  of Eq. [5]. 
Sma l l  d iscrepancies  in  the  va lues  of K~ and  N canno t  
account  for the  difference. On ly  two signif icant  figures 
were  ob ta ined  in the m e a s u r e m e n t  of the dielectr ic  
cons tan t  and  loss t a n g e n t  because  the  ba l ance  of the  
br idge  was r a the r  broad,  due  to the  r e l a t i ve ly  h igh 
loss values.  The K'I and  loss t a n g e n t  va lues  of most  
of these l iquids  are e x t r e m e l y  f r equency- sens i t i ve .  
For  example ,  in  case of acetone at  10 kc, va lues  were  
measu red  of K'~ = 23 and  t an  $ = 0.7; therefore  an  
inaccura t e  f r equency  a d j u s t m e n t  m a y  have  been  a 
la rge  source of error.  The  effect of o r i en ta t ion  of the 
phosphor  in  the  l iquid  m e d i u m  u n d e r  the  appl ied  
field was no t  considered.  In  the  l ight  of the  above 

Table I. Calculated and measured emission intensities of an 
electroluminescent phosphor in various phosphor embedding 

media 

B r i g h t n e s s / f t - L  

L i q u i d  K ' I  Tan  • C a l c u l a t e d  M e a s u r e d  

Acetone 1300 25 5.1 4.8 
Benzene 2.3 0.01 (<0.4) (<0.4) 
Castor oil 4.7 0.082 0.7 0.6 
Glycerol 90 3.7 5.0 3.9 

A u g u s t  1962 

considerat ions ,  the a g r e e m e n t  b e t w e e n  the  measu red  
and  ca lcula ted  va lues  can be cons idered  good. 

Pow e r  Re qu i r e m e n t  and E ~ c i e n c y  

The ca lcu la t ion  of power  i n p u t  and  efficiency f rom 
the  ava i l ab le  da ta  can be made  wi th  the  aid of the  
fo l lowing equa t ion :  

A 
P ~- 2 eofV~K " -  [6] 

D 

A s imi la r  f o r mu l a  has been  quoted  by  von  Hippe l  (4) .  

The resul t s  of the  power  and  efficiency ca lcula t ions  
are shown in  Fig. 6 and  7. I t  is i n t e re s t ing  to no te  
that  in  case of a dielectr ic  cons tan t  of 2.5 there  are 
th ree  di f ferent  solut ions  for the  same efficiency. 
This  me a ns  tha t  a b r igh tness  increase  by  a factor  of 
25 can be ob ta ined  at no loss of efficiency by  i n -  
c reas ing  the  t a n  8 of the  e m b e d d i n g  med ium.  Wi th  
h igher  dielectr ic  cons tan ts  tha t  effect r ap id ly  di -  
minishes .  

F igures  6 and  7 indica te  tha t  the m a x i m u m  ob-  
t a inab le  efficiency, regardless  of the br ightness ,  can 
be ob ta ined  wi th  e m b e d d i n g  media  h a v i n g  a dielec-  
t r ic  cons tan t  somewhere  b e t w e e n  5 and  50. The 
efficiencies were  ca lcula ted  for a series of dielectr ic  
cons tan t  va lues  in  order  to d e t e r m i n e  the m a x i m u m .  
F igu re  8 shows the resul t s  of these ca lcula t ions  for 
a va lue  of t a n  ~ of 0.01 in  each case. The curve  shows 
the m a x i m u m  efficiency is ob ta ined  at a po in t  whe re  
K'I is nea r  10. At  this  po in t  the  assumed  dielectr ic  
cons tan t  of the phosphor  a nd  the dielectr ic  cons tan t  
of the  e m b e d d i n g  m e d i u m  are ident ical .  
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Fig. 6. Effect of the loss tangent of the phosphor embedding 
medium on the efficiency. 
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Fig. 8. Maximum efficiency of an electroluminescent cell as a 
function of the dielectric constant of the phosphor embedding 
medium. 

The  inc idence  of m a x i m u m  efficiency w h e n  the  
d i e l ec t r i c  cons tan t s  of t he  p h o s p h o r  and  the  e m -  
b e d d i n g  m e d i u m  a re  i d e n t i c a l  can  be  cons ide r e d  
on ly  i nd i ca t i ve  at  the  most ,  b e c a u s e  t he  vo l t a ge  
v a l u e  s u b s t i t u t e d  into  Eq. [6]  was  no t  the  v o l t a g e  
at  w h i c h  p e a k  efficiency (5)  can  be  ob ta ined ,  bu t  
was  the  s ame  a r b i t r a r y  v o l t a g e  used  in e a r l i e r  p a r t s  
of t he  s tudy .  

Summary 

The  effect of the  d i e l ec t r i c  p r o p e r t i e s  of e l e c t r o -  
l u m i n e s c e n t  p h o s p h o r - e m b e d d i n g  m e d i a  on b r i g h t -  
ness  and  efficiency h a v e  been  e x a m i n e d .  Us ing  a 
f o r m u l a  b y  Robe r t s  (1 ) ,  i t  was  e s t a b l i s h e d  t h a t  an  
i nc rea se  in t he  d i e l ec t r i c  cons t an t  of t he  e m b e d d i n g  
m e d i u m  above  a v a l u e  of 50 does  not  r e s u l t  in an  
a p p r e c i a b l e  ga in  in emiss ion.  

By  e x p a n d i n g  R o b e r t s '  f o r m u l a  to i nc lude  the  
loss fac tor ,  t he  effect of t he  loss t a n g e n t  of t he  e m -  
b e d d i n g  m a t e r i a l  was  inves t iga t ed .  The  r e su l t s  show 
t h a t  f r om a low loss t a n g e n t  v a l u e  of  0.01 to abou t  
0.5, v e r y  l i t t l e  change  in l igh t  emiss ion  can  be  o b -  
ta ined ,  bu t  a b o v e  0.5 a r a p i d  i n c r e a s e  in  b r i g h t n e s s  
occurs .  A t  success ive ly  h i g h e r  d i e l ec t r i c  cons t an t  
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va lues  th is  i n c r e a s e  d imin i shes .  The  t h e o r e t i c a l  ca l -  
cu la t ions  w e r e  in good a g r e e m e n t  w i t h  e x p e r i m e n t a l  
m e a s u r e m e n t s .  

In  case  of a l o w e r  d i e l ec t r i c  cons t an t  e m b e d d i n g  
media ,  t h r e e  d i f fe ren t  emiss ion  va lue s  can  b e  ob -  
t a i n e d  a t  t he  s ame  eff iciency if  t he  loss t a n g e n t  is 
va r i ed .  Consequen t ly ,  in such  a case  t he  b r i g h t n e s s  
can be  i n c r e a s e d  s u b s t a n t i a l l y  a t  no cost  in  effi- 
c iency.  I n d i c a t i o n s  a r e  t ha t  m a x i m u m  efficiency can  
be o b t a i n e d  w h e n  the  d i e l ec t r i c  cons t an t  of t he  p h o s -  
p h o r  and  the  e m b e d d i n g  m e d i u m  are  iden t i ca l .  In  
th is  case  t he  a p p l i e d  field equa l s  t he  i n t e r n a l  field. 
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DEFINITION OF SYMBOLS 
Eo, In te rna l  e lectr ic  field, act ing on suspended phosphor  

part icles.  
E~, Applied,  ex te rna l  electr ic  field. 
K1, Dielectr ic  constant  of embedding  medium.  
Ks, Dielectr ic  constant  of phosphor .  
N, Volume fract ion of embedded  phosphor.  
K*, Complex  dielectr ic  constant.  
K'I, Real  dielectr ic  constant  of embedding  medium.  
K% = K'I tan 5, Loss factor  of embedding  medium.  
tan  8, Loss tangent  (of embedding  med ium) .  
V, Voltage,  rms. 
S, Frequency ,  cps. 
A, Area,  cm ~. 
D, Thickness, cm. 
co, Pe rmi t t i v i t y  of free space ~ 8.85 X 10 -14, Fa r a ds / cm.  
P, power,  watts .  
Eft., Efficiency, lpw. 



Neutron-Activation Study of Gallium Arsenide 
Contamination by Quartz 

Werner  Kern 

Semiconductor and Materials Division, Radio Corporation of America, Somerville, New Jersey 

ABSTRACT 

Gal l ium arsenide crys ta ls  were  synthesized by  the hor izonta l  Br idgman  
method in neu t ron-ac t iva ted  boats  of na tu r a l  and synthet ic  fused quartz.  In -  
s t rumenta l  rad iochemica l  techniques were  appl ied  to de te rmine  the si l icon con-  
cent ra t ions  f rom Si ~1 rad ioac t iv i ty  measurements  and to ident i fy  other  t race  
e lements  t rans fe r red  to the ga l l ium arsenide dur ing  the process. Al l  c rys ta ls  
were  found comple te ly  enveloped in an i m p u r i t y - e n r i c h e d  surface layer  con-  
ta in ing sil icon concentrat ions  up to 1500 ppm. Bulk  concentrat ions of sil icon 
ranged  f rom 1 x 1017 to 3 x 1028 a toms /cm ~ GaAs,  and va r ied  in different  sections 
of the  crystals  wi th in  a factor  of 1.7. Evid'ence of severa l  types  of t ransfe r  
mechanisms was obtained.  Other  impur i t ies  tha t  or ig ina ted  f rom na tu ra l  fused 
quar tz  and were  detected in the  form of the i r  rad ioac t ive  isotopes in the crys-  
tals  inc lude copper,  gall ium, ant imony,  and gold at  concentrat ions  below 101~ 
a toms /cm' ;  the concentrat ions  of these contaminants  were  effectively decreased 
by  use of h igh -pu r i t y  synthet ic  quartz.  

The  m a j o r i t y  of g a l l i u m  a r s e n i d e  c rys t a l s  m a d e  
for  use  in s e m i c o n d u c t o r  dev ices  h a v e  been  s y n -  
thes ized  b y  the  h o r i z o n t a l  B r i d g m a n  t e c h n i q u e  (1)  
us ing  r e a c t i o n  vesse l s  of fused  quar tz .  E x p e r i e n c e  
has  i n d i c a t e d  t h a t  g a l l i u m  a r s e n i d e  becomes  con-  
t a m i n a t e d  b y  s i l icon f r o m  the  q u a r t z  d u r i n g  the  
p rocesses  of  p r e p a r a t i o n .  In  fact ,  s i l icon has  been  
d e t e c t e d  cons i s t en t ly  in  g a l l i u m  a r s e n i d e  c r y s t a l s  
as one of t he  m a j o r  i m p u r i t i e s  and  has  been  r ec -  
ognized  as t h e  m a i n  e l ec t ron  donor  in th is  s e m i -  
conduc to r  c o m p o u n d  (1) .  Because  the  d e g r e e  of p u r -  
i t y  is one of the  mos t  i m p o r t a n t  q u a l i t y  p a r a m e t e r s  
in s e m i c o n d u c t o r - g r a d e  g a l l i u m  a r sen ide ,  t he  p r e s -  
en t  i nves t i ga t i on  was  u n d e r t a k e n  to p r o v i d e  m o r e  
k n o w l e d g e  conce rn ing  the  ro le  of c o n t a m i n a t i o n  
b y  quar tz .  

A r a d i o c h e m i c a l  m e t h o d  of ana lys i s  a p p e a r e d  to 
be  mos t  p r o m i s i n g  because  of i ts  i n h e r e n t  sens i -  

t i v i t y  and  spec i f ic i ty  for  t r ace  quan t i t i e s .  G a l l i u m  
a r s e n i d e  was  syn thes i zed  in a n e u t r o n - a c t i v a t e d  
q u a r t z  boat ,  a n d  t h e  c r y s t a l  s a mp le s  w e r e  then  
a n a l y z e d  b y  r a d i o c o u n t i n g  a n d  g a m m a - r a y  spec -  
t r o m e t r y .  The  e x p e r i m e n t s  w e r e  des igned  p r i m a r i l y  
to p r o v i d e  i n f o r m a t i o n  on the  e x t e n t  of s i l icon con-  
t a m i n a t i o n .  O t h e r  i m p u r i t i e s  o r i g i n a t i n g  f rom the  
q u a r t z  and  e n c o u n t e r e d  in t he  course  of th is  w o r k  
w e r e  iden t i f i ed  as a s e c o n d a r y  ob jec t ive .  

B o m b a r d m e n t  of p u r e  q u a r t z  w i t h  n e u t r o n s  in 
a n u c l e a r  r e a c t o r  l eads  to s e v e r a l  k n o w n  n u c l e a r  
t r a n s f o r m a t i o n s  (2, 3) .  C o n s i d e r a t i o n s  of t he  r e l a -  
t ive  qua n t i t i e s  and  h a l f - l i v e s  of the  p r o d u c t  n u -  
c l ides  and  the  p r e v a i l i n g  e x p e r i m e n t a l  condi t ions  
show t h a t  t he  on ly  r e a c t i o n  of i m p o r t a n c e  in th is  
w o r k  is the  Si  ~~ (n, ~) Si  ~ t r a n s f o r m a t i o n  w h i c h  
t a k e s  p l ace  b e t w e e n  t h e  Si  ~~ i so tope  p r e s e n t  in  n a -  
t u r a l  s i l icon and  the  t h e r m a l  n e u t r o n s  f r o m  the  r e -  

Table I. Impurity concentrations in fused quartz (ppm, weight/weight) 

I m p u r i t y  G.E.  Q u a r t z *  Vi t r eos i l**  Spec t ros i l*  * * 
e l e m e n t  F o u n d  (4) (5) F o u n d  (5) (6) F o u n d  (6) 

A1 42 20-30 10-100 50-60 <0.02 
Ca 16 10 0.4 <0.1 
Na 2-6 7 1 4 <0.04 0.04 
Fe  4 1 <1-10 <0.1 
K 2.5 <0.02 <0.005 
Ti 2 
Li  2 
B 0.94 0.5 <0.01 
Mg 0.1-1 3-10 
Cu <0.5 < 1-1 <0.2 < 1-1 0.01 <0.02 <0.0002 
Sb 0.7 <1 0.23 <0.02 <0.0001 
Ga <021  <0.004 
Mn 0.026 <0.001 
P 0.01 <0.001 
As <0.0002 

* Clear  f u s e d  q u a r t z  (99.97 to 99.98% SiO~) f r o m  n a t u r a l l y  o c c u r r i n g  q u a r t z  c r y s t a l s ;  G e n e r a l  E l ec t r i c  C o m p a n y .  
** O r d i n a r y  q u a l i t y  t r a n s p a r e n t  f u s e d  q u a r t z  (99.98% SiO2) f r o m  n a t u r a l l y  o c c u r r i n g  q u a r t z ;  T h e r m a l  A m e r i c a n  F u s e d  Q u a r t z  C o m p a n y .  

*** S y n t h e t i c  f u s e d  q u a r t z  (~99 .9999% SiO~) ; T h e r m a l  A m e r i c a n  F u s e d  Q u a r t z  C o m p a n y .  
(4, 5, 6 ) - - R e f e r e n c e s  to  l i t e r a t u r e  da ta .  

700 



Vol. 109, No. 8 N E U T R O N  A C T I V A T I O N  O F  G a A s  C O N T A M I N A T I O N  701 

actor. The Si ~ decays wi th  a ha l f - l i fe  of 2.62 hr  
to s table P~ by emit t ing one 1.471 Mev negat ron  per  
dis integrat ion.  In addition, one gamma photon of 
1.26 Mev energy is emi t ted  in 0.07% of the d is in te-  
grations. Pa r t  of the  accumulat ing p~l is in tu rn  ac- 
t iva ted  dur ing  the bombardmen t  to P~, which t r ans -  
mutes by  1.707 Mev negat ron  emission wi th  a 14.3- 
day  ha l f - l i fe  to stable S ~. However ,  the presence 
of P'~ does not conflict in the analysis  because of its 
long ha l f - l i f e  wi th  respect  to tha t  o f 'S i  ~. 

Possible in terference from neu t ron-ac t iva ted  im-  
pur i t ies  in fused quartz  manufac tu red  from na tu ra l  
sources can be ant icipated.  I m p u r i t y  concentrat ions 
in three  types  of quar tz  f rom var ious  sources (4-6) 
are summarized  in Table I; also included are some 
neu t ron-ac t iva t ion  analysis  da ta  obtained dur ing 
this work.  A mul t i tude  of radionucl ides  can be ex -  
pected to arise when these e lements  are bombarded  
with  nuclear  reactor  neutrons  of the rmal  and high 
energies.  In the ea r ly  stages of the rad ioac t iv i ty  
analysis,  the  beta  act ivi ty  in the  quar tz  f rom any of 
these impur i t ies  is r e l a t ive ly  small  in comparison 
to the Si '1 activity.  The s i tuat ion in the ga l l ium a r -  
senide, however ,  cannot be predicted.  One impur i ty  
nucl ide which could seriously in ter fere  wi th  the  r a -  
diochemical  silicon analysis  is Mn ~, if it were  pres -  
ent in the gal l ium arsenide crystals.  This nucl ide 
has a 2.58-hr ha l f - l i f e  and emits  beta  and gamma 
rays;  i t  is p roduced  by  the t h e r m a l - n e u t r o n  reac-  
t ion Mn ~ (n,~/)Mn '6 and by  the fas t -neu t ron  reac-  
t ion Fe~(n ,p )Mn  ~. The other  pred ic tab le  t he rma l -  
neutron act ivat ion products  have ha l f - l ives  of e i ther  
less than  0.5 hr  or more  than  12 hr  and can be r e -  
solved f rom the Si ~ rad ioac t iv i ty  by decay counting. 

Experimental 
The quartz  boats  were  cleaned before  and af ter  

act ivat ion by  submers ion in concentra ted ni t r ic  acid 
for 20-60 rain, fol lowed by  extensive r insings wi th  
deionized and doubly  quar tz -d i s t i l l ed  water .  The 
boats were  then placed in quar tz  tubes and i r r ad ia t ed  
in the wa te r -coo led  nuclear  reactor  of the  Indus-  
t r ia l  Reactor  Laborator ies ,  Inc., at  Plainsboro,  New 
Jersey.  The fluxes employed for the five exper iments  
var ied  depending on the reac tor  core posit ion ava i l -  
able and ranged be tween  2 x 10 TM and 9 x 10 ~ the rma l  
neutrons  cm -~ sec -1, as de te rmined  by  separa te  meas-  
u rements  wi th  flux moni tor  foils and nuc lear  
counters. An i r rad ia t ion  per iod  of 8 hr  was chosen 
to obtain an 86% sa tura t ion  act iv i ty  yie ld  of Si ~, 
and to minimize the act ivat ion of impur i ty  elements  
yie lding longer - l ived  nuclides. The ac t iva ted  boats  
were  ex t rac ted  f rom the reactor ,  a l lowed to "cool 
off" for 1 hr  to decrease the high rad ia t ion  levels 
f rom shor t - l ived  nuclides, and were  then t r ans -  
fe r red  into the "hot cell" for remote  manipulat ions .  

The gal l ium arsenide synthesis  and crys ta l  growth  
were  main ta ined  as close to the normal  s tandard  
techniques as possible, except  tha t  smal ler  ingots 
(7g) were  p repa red  and shorter  growth periods were  
employed than  usual  to minimize  rad ioac t iv i ty  
losses of the  r ap id ly  decaying Si ~. A weighed quan -  
t i ty  of >99.9999% pure  ga l l ium as obtained f rom 
the manufac tu re r  was placed in the ac t iva ted  quar tz  

boat  and in t roduced in the  react ion tube of na t -  
ura l  fused quartz.  A stoichiometr ic  quant i ty  of 
>99.999% pure  arsenic, plus an excess sufficient 
to produce an opera t ing  pressure  of 1 atm, was 
placed in a second quar tz  boat,  which was  not  ac- 
t ivated,  and was posi t ioned in the react ion tube. The 
tube containing the two boats  was first evacuated  
to 10 -~ mm Hg and outgassed for purif icat ion p u r -  
poses for 1 hr  at  t empera tu res  of 200~ for the  As 
and 600~ for the Ga zone. The tube was t ipped  of~ 
in vacuum and in t roduced into the p rehea ted  re -  
sistance furnace.  A t empera tu re  of 1240~ was 
main ta ined  around the boat  zone in which the gal-  
l ium arsenide  crys ta l  was growing dur ing a per iod 
of e i ther  3 or 5 hr, while  the arsenic reservoir  
t empera tu re  was kept  at 600~ Gal l ium arsenide 
crysta ls  were  grown at  speeds of up to 2 in . /hr .  
The t empera tu re  was then reduced to 900~ the 
tube was pul led  out of the furnace,  cooled, and 
opened on a cut t ing machine.  The vic ini ty  of the  
radioac t ive  boat  was kep t  closely shielded at  al l  
t imes to minimize rad ia t ion  hazards.  The gal l ium 
arsenide crys ta l  was then removed  for rad ioscan-  
ning, surface t rea tments ,  sectioning, powder ing,  and  
rad ioac t iv i ty  measurements .  Radioact ive  silicon 
s tandards  were  p repa red  by  crushing and powder -  
ing the  ac t iva ted  quartz  boat  and in t imate ly  mixing 
port ions weighed on an ana ly t ica l  balance  with  in-  
act ive gal l ium arsenide powder  as di luent;  the  r a d i -  
at ion emi t ted  f rom the quartz  was the reby  modified 
in a s imi lar  manner  to the radia t ion  f rom the gal l ium 
arsenide  samples. 

Gas-f low counting was selected as the  p r i m a r y  
method for beta  rad ioac t iv i ty  measurements  to p ro -  
vide  a high sensi t iv i ty  for the Si ~ be ta  rad ia t ion  and 
to minimize  in te r fe r ing  gamma rad ia t ion  f rom ac- 
t iva ted  impuri t ies .  The counting ra tes  were  nor -  
mal ized and corrected according to radiochemical  
s t andard  techniques and expressed as re la t ive  spe-  
cific activities,  cpm/g  GaAs or SiO=. S u r v e y  rad io-  
counting was made  wi th  Ge iger -Muel le r  e n d - w i n -  
dow and probe counters connected to a coun t - ra te  
meter .  In tegra l  gamma counting was per formed  
wi th  a scint i l la t ion counting unit.  G a m m a - r a y  spec- 
t r ome t ry  was car r ied  out wi th  a heav i ly  shielded 
3 x 3 in. t ha l l i um-ac t iva t ed  sodium iodide crys ta l  
as a detector;  pulses were  t r ansmi t t ed  to the l inear  
amplifier  of e i ther  a 100- or a 200-channel  differen-  
t ia l  pu l se -he igh t  analyzer .  Spe c t r a l - da t a  p resen ta -  
t ion by  an automat ic  p rog rammed  p r in te r  and an 
automat ic  p lot ter  p rovided  scanning curves of di f -  
fe rent ia l  counting rates  vs. pulse  heights.  Energy  
ca l ibra t ion  and counting efficiency of the  spec t rom-  
eters  were  made with  g a m m a - r a y s  f rom sui table  
radionucl ide  reference  sources. Spect ra  chosen for 
complete  evaluat ion  were  p lot ted  in te rms of net  
counting ra te  per  channel  as a function of channel  
number  and g a m m a - r a y  energy.  

The silicon concentrat ions in ga l l ium arsenide 
samples were  de te rmined  f rom beta  rad ia t ion  count-  
ing da ta  which was p lo t ted  semi logar i thmica l ly  as 
a function of the time. Graphica l  resolut ion of 
the  decay curves into the  components  made it pos-  
sible to obtain the  2.62-hr Si ~1 act ivi ty.  The quan t i ty  
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"Fable II. Si concentrations in GaAs crystals 

C r y s t a l  
No. Q u a r t z  t y p e  of b o a t  

S u r f a c e  
t r e a t m e n t  

C r y s t a l  p r i o r  to p p m  
g r o w t h ,  h r  a n a l y s i s  P a r t  of  c r y s t a l  a n a l y z e d  ( w e i g h t / w e i g h t )  

Si  c o n c e n t r a t i o n  

a t o m s / c m  3 

G.E. na tu ra l  fused quartz  

G.E. na tu ra l  fused quartz  

G.E. na tu ra l  fused quartz  

Vitreosi l  na tu ra l  fused 
quar tz  

Spectrosi l  synthet ic  fused 
quar tz  

3 A Bottom section 8 • 4 9.4 • 10 ~ 

5 B Bottom half  20 ___ 10 2.3 • 10 TM 

3 C Surface layer ,  bot tom side 1,500 • 150 1~7 X 10 ~ 
C Surface layer ,  top side <168 <2.0 X 10 ~ 

C and D Bulk crys ta l  <28 <3.3 X 10 TM 

C Surface  layer ,  bot tom side 395 ___ 40 4.6 X 10 TM 

C Surface  layer ,  top side <55 <6.4 X 10 TM 

C and D Bulk crys ta l  1 ___ 1 1.2 X 10 ~ 

3 D Fron t  and rea r  sections 13 _ 2 1.6 • 10 TM 

D Center  section 10 • 2 1.2 • 10 TM 

A = l a p p i n g ;  B ~ s a n d b l a s t i n g ;  C = c a r b o r u n d u m  p a p e r  a b r a s i n g ;  

of s i l icon was  c a l c u l a t e d  on the  bas is  of the  specific 
ne t  b e t a  S i  ~ ac t iv i t i e s  in t h e  g a l l i u m  a r s e n t d e  s a m -  
p les  and  the  c o r r e s p o n d i n g  q u a r t z  s t a n d a r d s  of 
k n o w n  s i l icon contents ,  a n a l y z e d  u n d e r  s im i l a r  con-  
di t ions .  D e t e r m i n a t i o n  of t he  d e c a y  h a l f - l i v e s  and  
the  m a x i m u m  b e t a  ene rg i e s  of t he  r e s o l v e d  c o m p o -  
nen t s  a i d e d  in  t he  iden t i f i ca t ion  of b e t a - r a d i a t i o n -  
e m i t t i n g  nuc l ides .  

G a m m a - r a y  e m i t t e r s  w e r e  iden t i f i ed  b y  g a m m a  
sc in t i l l a t ion  s p e c t r o m e t r y  on the  bas is  of t h e i r  c h a r -  
ac te r i s t i c  e n e r g y  s p e c t r a  a n d  d e c a y  cons tan t s ,  us ing  
s t a n d a r d  s p e c t r a  (7)  as  compar i son .  A b s o l u t e  d i s -  
i n t e g r a t i o n  r a t e s  w e r e  c a l c u l a t e d  b y  i n t e g r a t i n g  the  
a r e a s  u n d e r  t he  c h a r a c t e r i s t i c  p h o t o p e a k s  r e s u l t i n g  
f rom the  success ive  g r a p h i c a l  r e so lu t i on  (8)  of the  
s pec t r a  in to  t he  componen t s .  T y p i c a l  s p e c t r a  f rom 
g a l l i u m  a r s e n i d e  and  t h e  c o r r e s p o n d i n g  q u a r t z  
s t a n d a r d  a r e  s h o w n  in Fig.  1 and  2. C o n c e n t r a t i o n s  
of t h e  d e t e c t e d  e l e m e n t s  w e r e  d e t e r m i n e d  f r o m  the  
t o t a l  n u m b e r  of d i s i n t e g r a t i o n s  and  t h e  m e t h o d  of 
a b s o l u t e  n e u t r o n - a c t i v a t i o n  ca l cu l a t i on  (9) .  

Results 

Success ive  r e m o v a l  of  t h in  su r face  l a y e r s  b y  l a p -  
p i n g  showed  t h a t  each  of t he  five g a l l i u m  a r s e n i d e  
c r y s t a l s  g r o w n  in a c t i v a t e d  q u a r t z  boa t s  was  
c o m p l e t e l y  e n v e l o p e d  in an  i m p u r i t y - e n r i c h e d  
su r f ace  sk in  less t h a n  0.02 m m  thick.  S i l icon  
c o n c e n t r a t i o n s  in these  l a y e r s  r a n g e d  up  to 1500 
p p m  ( T a b l e  I I )  for  g a l l i u m  a r s e n i d e  c ry s t a l  s u r -  
faces  t h a t  h a d  been  in  d i r ec t  con tac t  w i t h  the  q u a r t z  
d u r i n g  t h e  p r e p a r a t i o n .  The  r a d i o a c t i v e  i m p u r i t i e s  
in va r i ous  sec t ions  and  l a y e r s  b e l o w  the  su r f ace  
sk in  w e r e  r a t h e r  h o m o g e n e o u s l y  d i s t r i b u t e d ,  s h o w -  
ing  v a r i a t i o n s  w i t h i n  a f ac to r  of on ly  1.7. Because  
of  the  fas t  c r y s t a l - g r o w t h  r a t e s  necessa ry ,  no  sys -  
t e m a t i c  g r a d i e n t  f r eeze  s e g r e g a t i o n  was  expec t ed ,  
and  none  was  de tec t ed .  The  c o n c e n t r a t i o n s  of s i l -  
icon ins ide  t he  five c r y s t a l s  v a r i e d  f rom 1 to 28 
p p m  b y  we igh t ,  as  s h o w n  in T a b l e  II .  I n  some e x -  
p e r i m e n t s  the  r a d i o a c t i v i t y  d e c a y  m e a s u r e m e n t s  of 
g a l l i u m  a r s e n i d e  and  q u a r t z  s t a n d a r d  s a m p l e s  w e r e  
c o n t i n u e d  fo r  30 d a y s  fo l l owing  the  n e u t r o n  b o m -  
b a r d m e n t  of t he  q u a r t z  boat .  Reso lu t ion  of t he  d e c a y  

D = c h e m i c a l  e t c h i n g  i n  I-IeO2-NaOH so lu t i on .  

curves  o b t a i n e d  iden t i f i ed  c o m p o n e n t  ac t iv i t i e s  w i t h  
h a l f - l i f e  and  b e t a - r a d i a t i o n - e n e r g y  v a l u e s  c o r r e s -  
p o n d i n g  c lose ly  to those  of Si  ~, Cu ~', Na  ~, Sb ~ ,  
and  PC 

D e p e n d i n g  on the  t ime  of ana lys i s ,  d i f f e ren t  r a -  
d ionuc l ides  w e r e  o b s e r v e d  b y  g a m m a  s p e c t r o m e t r y .  
F o r  ins tance ,  30 h r  a f t e r  the  q u a r t z  boa t  a c t i va t i on  
the  nuc l ides  i n d i c a t e d  in  Fig .  1 and  2 d o m i n a t e d  the  
spec t ra .  The  m a x i m u m  at  0.511 Mev in the  Cu ~ 
s p e c t r u m  is caused  b y  the  a n n i h i l a t i o n  r a d i a t i o n  
f rom the  pos i t r ons  a s soc ia t ed  w i t h  the  Cu ~ d i s i n t e -  
gra t ions .  The  un iden t i f i ed  p e a k  a t  t he  1.05 Mev  
e n e r g y  pos i t i on  in Fig .  1 had  a h a l f - l i f e  of 14 hr .  
N u m e r o u s  spe c t r a  w e r e  t a k e n  s e v e r a l  days  and  
w e e k s  l a t e r  w h e n  the  r a d i o a c t i v i t y  of the  15.0 h r -  
Na  ~', 12.8 h r - C u  ~', and  14.2 h r - G a  ~ h a d  d e c r e a s e d  
b e l o w  the  de t ec t i on  l imi t .  The  m a j o r  g a m m a  com-  
p o n e n t  in g a l l i u m  a r s e n i d e  c rys t a l s  g r o w n  in n a t u r a l  
fused  q u a r t z  boa t s  had  a g a m m a  e n e r g y  p e a k  and  
a h a l f - l i f e  c o r r e s p o n d i n g  to A u  1~8 (0.412 Mev,  2.69 
d a y s ) .  E n e r g y  a n d  h a l f - l i f e  m e a s u r e m e n t s  of o t h e r  

o /  ~ ~ .  - -  COMPOSITE 
.~ ~ . . . . . .  Na Z4 

"'~ ~ i 

i /N / ! j  i',! i ~ i l \  
/ '  "%_. \ ~, .- 

~,o~ ~ I  

' \ 1 ; ' I  ; 

i _  J 'Jo I -,oo 
CHANNEL NUMBER 

Fig. I. Resolution of gallium arsenlde gamma-ray spectrum. Sam- 
pie from crystal No. 3 analyzed 30 hr after quartz boat activation. 
Solid line shows experimental composite spectrum. Normalized 
standard spectra as defined. Major energy maxima are indicated in 
Mev. 
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Fig. 2. Resolution of gamma-ray spectrum from quartz. Standard 
sample from quartz boat No. 3 analyzed 30 hr after neutron activa- 
tion. Solid line shows experimental composite spectrum. Normalized 
standard spectra as defined. Major energy maxima are indicated 
in Mev. 

componen t s  in  these g a m m a  spectra  r evea led  the  
presence  of Sb ~ (0.564 Mev, 2.75 days ) ,  Sb 1~ (0.605 
Mev, 60 days ) ,  and  possibly Cr ~1 (0.323 Mev, 27.8 
days) .  Cor respond ing  g a m m a  spectra  f rom the  
n a t u r a l  fused quar tz  w e r e  d o m i n a t e d  by  the  fu l l  
ene rgy  photopeaks  associated w i t h  the  d i s i n t e g r a -  
t ion  of the Sb ~ and  the Sb  1~ nucl ides .  The e n e r g y  
peak  of the  Sb 1:4 isotope became observab le  af ter  the  
sho r t e r - l i ved  ac t iv i ty  f rom Sb ~ w i th  a s imi la r  e n -  
ergy m a x i m u m  had  d i sappeared  f rom the spectra.  
Both radioisotopes were  formed by  the  (n, ~) r e -  
act ion f rom n a t u r a l  a n t i m o n y  (57.25% Sb ~,  
42.75% Sb ~ )  con ta ined  in  the quar tz .  

A l though  the  g a m m a  spectra  of var ious  ga l l i um 
arsen ide  crysta ls  f rom the  n a t u r a l  fused qua r t z  
boats were  s imi la r  in  composi t ion,  the crys ta l  
g rown  in  syn the t ic  fused quar tz  had  cons ide rab ly  
more  complex  spectra  which  were  difficult to r e -  

solve by  i n s t r u m e n t a l  analysis .  Na ~ and  Ga "~ were  
pos i t ive ly  identified,  whi le  the  iden t i t y  of Zn  ~m, 
K% Cu% Sb ~,  W "~, La 1~~ and  Au  ~ was  not  con-  
e lus ive ly  establ ished.  C onc e n t r a t i on  levels  ca lcu-  
la ted on the  basis of (n,  ~/) reac t ions  are s u m m a r i z e d  
in  Tab le  III.  Syn the t i c  fused qua r t z  also has g a m m a  
spectra  which  are di f ferent  f rom those of n a t u r a l  
fused quar tz  b r a n d s  and  are charac ter ized  by  im-  
p u r i t y  concen t ra t ions  orders  of m a g n i t u d e  lower  
(Tab le  I ) .  

Discussion 

The rad ioac t iv i ty  m e a s u r e m e n t s  of the  ga l l i um 
arsen ide  samples  could no t  be s ta r ted  u n t i l  at  least  
12 hr  af ter  the n e u t r o n  b o m b a r d m e n t  of the  quar tz  
boats  had  b e e n  t e r m i n a t e d  because  of the  necessa ry  
man ipu la t i ons ,  p repara t ions ,  and  c rys ta l  growing.  
This t ime  de lay  is the severes t  of the  difficulties in  
the ana lys i s  because  of the  d i mi n i sh i ng  sens i t iv i ty  
and  accuracy  of the  S P  rad ioac t iv i ty  m e a s u r e m e n t s  
and  cannot  be subs t a n t i a l l y  reduced  unless  the  s y n -  
thesis  condi t ions  are a l te red  unrea l i s t i ca l ly .  

F u r t h e r m o r e ,  an  u n f a v o r a b l e  change  of the  rad io -  
ac t iv i ty  composi t ion in  the ga l l ium arsen ide  samples  
takes  place. The  b e t a - r a d i o a c t i v i t y  decay curve  of 
n a t u r a l  fused qua r t z  showed tha t  the SP ~ concen-  
t r a t ions  d u r i n g  the  ear ly  stages of r ad iocoun t ing  are 
abou t  two orders  of m a g n i t u d e  g rea te r  t h a n  the  
l o n g e r - l i v e d  b a c k g r o u n d  r a d i a t i on  levels ;  in  gal -  
l i u m  arsen ide  samples,  however ,  the  r e l a t ive  Ss ~ ac- 
t i v i ty  is sha rp ly  reduced.  These differences in  the r a -  
d ioact ive  i m p u r i t y  concen t ra t ions  in  qua r t z  and  ga l -  
l i u m  arsen ide  indica te  tha t  the  c o n t a m i n a t i o n  process 
proceeds select ively  w i t h  respect  to d i f fe rent  impUr-  
ities. The t r ans f e r  is not  s imply  a d issolu t ion  process 
of quar tz ,  bu t  involves  diffusion of t race  impur i t i e s  
to va r ious  degrees.  G a m m a - r a y  spec t romet ry  sup-  
por ted  these f indings  and  ex tended  t h e m  to add i -  
t i ona l  i m p u r i t y  e lements .  For  ins tance ,  A u  TM r e p r e -  
sented the  ma j o r  rad ioac t ive  cons t i tuen t  in  a "one-  
w e e k - o l d"  ga l l i um arsen ide  sample,  bu t  could no t  
be detected in the  co r respond ing  spect ra  of the  
quar tz  t ube  f rom which  the  boat  had  been  made.  
In  contrast ,  Sb ~ and  Sb ~ were  t a k e n  up  by  the  
ga l l i um arsen ide  to a l imi ted  ex t en t  only,  bu t  r ep re -  
sented  the  ma j o r  res idua l  r ad ioac t iv i ty  in  the  qua r t z  

Table I11. Radiochemica|iy detected elements in GaAs transferred from activated quartz boats 

C r y s t a l  No. 1 Crys t a l  No. 2 C rys t a l  No. 3 C rys t a l  No. 4 C rys t a l  No. 5 
f r o m  f r o m  f r o m  f r o m  Vi t r eos i l  f r o m  Spec t ros i l  

I m p u r i t y ,  G.E. n a t u r a l  G.E. n a t u r a l  G.E. n a t u r a l  n a t u r a l  s y n t h e t i c  
a toms /cm3 fused  q u a r t z  fu sed  q u a r t z  fused  q u a r t z  fu sed  q u a r t z  fused  qua r t z  

Si 9 • 1017 2 N 10 TM <3 X 10 is 1 X 1017 
Z n  . . . .  
Na - -  ~ 4  • lff ~ ,-~5 X 1014 ~5  X 10 ~ 
g . . . .  

Cu - -  - -  < 5  • i0 ~ < 5  • i0 ~' 
Ga  - -  - -  ~ I  X I0 ~4 ~ 2  X I0 ~ 

P - -  <2 X 10 ~ ~ - -  
Sb - -  ~2  X 10 TM ~ - -  
Cr - -  <5 X 10 ~* - -  - -  
W . . . .  

La . . . .  
A u  - -  ~ 3  • 1011 < 5  X i0 I~ < 3  X 10 ~I 

1 X 10 is 
<2 X 101~* 
<5 X 10 TM 

<8 X 1014. 
<2 X 10 =* 
<1 • 10 TM 

<5 • 1015. 

<7 X 10 '=* 
<5 X 10 ~* 
< 3  X 101~ 

- -  No d e t e r m i n a t i o n  m a d e ;  * i d e n t i t y  no t  de f in i t e ly  e s t ab l i shed .  
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after decay of the shorter-l ived nuclides. Controlled 
etching experiments with activated fused quartz  ex- 
cluded the possibility that  the impurities originated 
from the quartz surface, indicating that they must 
have diffused from the bulk toward the inner sur- 
face of the quartz boat. 

The possible sources of error in the analysis were 
carefully examined. The homogeneity of the neutron 
flux within the sample area was demonstrated by 
measuring the induced radioactivity in samples from 
various positions of the quartz boats. Flux harden-  
ing and self-shielding effects (10) by strong absorp- 
tion of thermal  neutrons are considered negligible 
at the quartz thickness of only a few millimeters. 
Surface contamination of the quartz boats was min-  
imized by acid cleaning before and after the work 
at the nuclear reactor facility. 

The estimation of impuri ty  elements other than 
silicon should be considered as semiquantitative be- 
cause it was not possible to include standards dur -  
ing the neutron activation. Consequently, it was 
necessary to use theoretical calculation methods 
which are based on several assumptions. The neu-  
tron flux was known with an accuracy of not better 
than +_ 25%. Nuclear reactions with fast neutrons 
may contribute to the formation of a particular ra-  
dioactive nuclide. For instance, besides the main 
reaction Na ~ (n, ~/) Na ~', radiosodium is also formed 
by the reactions AI ~ (n, a) Na ~ and Mg ~ (n, p) Na ~. 
However, calculations showed that the errors in- 
troduced were less than the uncertainties in the 
neutron flux. 

The possibility of changes in the properties of the 
irradiated quartz used as boat material  and their 
effect on the results were evaluated in the light of 
present l i terature (11-13), but seemed to impose no 
critical complications under the activation condi- 
tions used. While all samples of activated natural  
quartz were typically purple colored from the ion- 
ization of impuri ty-atoms,  synthetic fused quartz 
remained colorless, which is consistent with the 
extremely low impuri ty concentrations in this ma-  
terial. Although the formation of color is the most 
immediately apparent  radiation effect, it is easily 
reversed by annealing at elevated temperature.  

Systematic errors in the radioactivity measure-  
ments were avoided by use of the usual corrections, 
calibrations, and statistical t reatments of the data. 
The determination of the silicon concentration in 
the gallium arsenide was based on a direct com- 
parison with the induced Si ~ activity in the quartz 
boat used, so that error factors associated with the 
activation and the radiocounting were essentially 
eliminated. The accuracy of the silicon analysis was 
curtailed by large proportions of extraneous radio- 
activity from which the Si ~ had to be resolved. The 
specificity of the Si ~ analysis was ascertained by 
demonstrating the absence of interfering radioac- 
t ivity levels from other nuclides with half-lives 
similar to St% Mn ~, the most critical potential im- 
puri ty in gallium arsenide, was looked for by both 
beta-radiat ion transmission measurements designed 
to detect the energetic 2.86 Mev beta rays and by 
gamma- ray  spectrometry to discover the character-  

istic 0.845 Mev major gamma photons emitted by 
this nuclide. Chemical separation of the silicon from 
the gallium arsenide was considered, but was 
avoided after exploratory experiments showed that 
more work was needed to develop a rapid method. 

The radiochemically determined silicon concen- 
trations in the five surface-treated gallium arsenide 
crystals ranging from 1 x 1017 to 3 x 10 ~ Si a toms/  
cm ~ (Table II) checked with the emission spectro- 
graphic analyses for total silicon, but are higher 
than those presently obtained with more refined 
crystal growing techniques. Additional reasons 
might be the polycrystallinity of these ingots, their 
small size which introduced a larger quartz surface 
area per unit weight of gallium arsenide than in 
normally grown crystals, and the rapid pulling rate 
which prevented gradient freeze segregation. For 
comparison, typical published (1) silicon concentra- 
tions compiled from 100 gallium arsenide crystals 
ranged from 5 x 10 ~ to 5 x 10 TM Si a toms/cm ~, with 
the majori ty of data falling between 5 x 10 TM and 
5 x 1017. 

As shown in Table III, the concentrations of other 
radiochemically detected impuri ty  elements in the 
gallium arsenide were in nearly all cases less than 
10 ~ a toms/cm 8. Emission spectrographic analysis also 
showed the usual concentrations of impurities at 
or below the detection limits, including copper, iron, 
and magnesium. 

The transfer of impurities from the quartz to the 
gallium arsenide appears to be possible by several 
routes: (i) adhesion of quartz particles to the crys- 
tal, (it) dissolution of quartz in the melt, (iii) gas 
phase transport  of volatile impurities, and (iv) 
diffusion of impurities through the quartz and the 
gallium arsenide. 

Adhesion of quartz particles to the ingot was ob- 
served with synthetic quartz. Irregular  areas of high 
radioactivity were located by microprobe counting 
on the bottom side of the crystal prior to surface 
treatments.  A high degree of wetting of the gallium 
to the boat was observed during the bake-out,  and 
the gallium arsenide crystal adhered to the surface 
after removal f rom the furnace. Although this con- 
dition cannot be considered typical, it has been 
observed irregularly in production with Spectrosil 
boats and may be caused by the high water -vapor  
content of this quartz, which lowers its softening 
point (5). 

The electrical properties of silicon at concentra-  
tions normally encountered in gallium arsenide sug- 
gest that  this impuri ty is present in the elemental 
state. Experimental  evidence indicates that silicon 
is formed by a chemical reaction of gallium with 
quartz. Silicon dioxide can be reduced by gallium 
at high temperature  to free silicon and volatile 
gallium suboxide (14). Some of the silicon formed 
dissolves in the gallium or the gallium arsenide 
melt. Furthermore,  free silicon gives rise to volatile 
silicon monoxide by reacting with quartz and may  
subsequently deposit on the exposed gallium ar-  
senide surfaces. 

It is clear from the data presented that the ex- 
clusive application of synthetic fused quartz for 
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the preparation of gallium arsenide offers distinct 
advantages in minimizing the impurity transfer. 
I t  is important, however, that  the entire surface 
of the crystals be completely removed before fur-  
ther processing. This removal is best accomplished 
by abrasive blasting, followed by chemical etching. 
Other factors which are beneficial include effective 
surface treatments of the quartz by nitric acid 
cleaning, water rinsing, and vacuum baking; re-  
duction of the reaction temperature  and time as far 
as permissible; and reduction of the gallium ar-  
senide-quartz contact area by growth of large-diam- 
eter crystals. 
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Evaluation of Germanium Epitaxial Films 

J. R. Biard and Stacy B. Watelski 
Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

A method has been developed for rapid and accurate determination of the 
resistivity of p-type epitaxial germanium films deposited on p§ germanium sub- 
strafes. Determination of the resistivity is not dependent on a knowledge of 
film thickness. Data are presented for films with resistivities of 0.05-7.0 ohm-cm 
deposited on 0.002 ohm-cm substrates; film thicknesses range from 0.15 to 
0.6 rail. 

Several methods have been proposed and used to 
determine the resistivity of a p- type  epitaxial ger- 
manium film deposited on a p§ germanium sub- 
strate. Most of these methods relate breakdown, 
diffusion depth, or junction capacitance to resistivity 
and require a lengthy fabrication cycle employing 
exactly repetitive diffusion runs. The most serious 
objections to these methods of resistivity determina-  
tion are the requirements for an optimum surface 
t reatment  and a precise junction delineation. In 
specific instances the resistivity and thickness of the 
films may also become serious objections. The simul- 
taneous epitaxial deposition on an n- type  pilot slice 
along with the normal p§ substrate suffers from par-  
tial or complete thermal conversion of the pilot 
slice and yields erroneous results. 

The ~ purpose of this investigation was to develop 
a rapid and accurate technique for measuring the 
resistivity of p- type  epitaxial germanium films de- 
posited on p§ germanium substrates. This technique, 
which has been developed, is called the elevated 
temperature  technique and is based on the char-  
acteristic variation of resistivity with temperature 
exhibited by most semiconductors. The use of tem- 
perature  as a parameter  makes it possible to de- 
termine the resistivity of an epitaxial film without 
requiring a knowledge of the film thickness. 

The characteristic variation of resistivity with 
temperature  for noncompensated p- type  germanium 
is theoretically calculated using the Brooks-Herr ing 
mobility theory. Only lattice and impuri ty scatter- 
ing are considered in these calculations; other scat- 
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ter ing phenomena such as coulomb, neutral ,  and dis-  
location scat ter ing are considered to have no first 
order  effects on the mobili t ies.  The calculated re -  
s is t ivi ty  vs.  t empera tu re  character is t ics  are com- 
pared  with  those empir ica l ly  measured  using homo- 
geneous p - t y p e  ge rmanium and found to be in good 
agreement .  Results  of the empir ica l  tests form a 
s tandard  of comparison for measur ing  any p - t y p e  
ge rmanium epi tax ia l  film deposited on a p+ ger -  
manium subs t ra te  wi th  an accuracy of ---- 20% 
(95% confidence l imits)  be tween 0.1 and 4.0 ohm- 
c m .  

Discussion 

The resis tance of a semiconductor  sample is de-  
t e rmined  by  the size and shape of the sample  and 
its resis t ivi ty.  Due to the low value of the coefficient 
of expansion of germanium,  var ia t ions  in the re-  
sistance of a semiconductor  sample wi th  t e m p e r a -  
ture  are  almost  en t i re ly  due to the t empera tu re  
dependence of resis t ivi ty.  The equations used for 
calculat ing var ia t ion  of res is t iv i ty  wi th  t empera -  
ture  are given in the Appendix .  As indicated by 
Eq. [1] of the Appendix ,  res is t iv i ty  is control led by 
the number  of free car r ie rs  and the i r  mobil i t ies;  a 
discussion of the theore t ica l  t empe ra tu r e  var ia t ion  
of mobi l i ty  and car r ie r  concentrat ion follows. 

Only impur i ty  scat ter ing and lat t ice scat ter ing 
mobil i t ies wil l  be considered of pr ime impor tance  
for this discussion. The impur i ty  scat ter ing mobil i ty,  
Eq. [7], may  be simplified for analysis  as 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

/z~ ----- K~T s/2 

In (1 + K~T ~) 
K2T ~ 

1 + K~T ~ 

At  increasing t empera tu res  above 100~ the b r ack -  
eted expression remains  re la t ive ly  constant  and the 
resul t ing mobi l i ty  curve follows the T ~/~ slope. For  
t empera tu res  below 20~ the b racke ted  te rm is 
dominant  and, in conjunct ion with  the K1T v~ term, 
yields a mobi l i ty  curve with  a T -~/~ slope. The lat t ice 
scat ter ing mobi l i ty  Eq. [6], Fig. 1, yie lds  a slope of 
T -~3~. When these two mobil i t ies  are combined as in 
the Brooks-Her r ing  equat ion (1),  Eq. [7] of the 
Appendix ,  the  resu l tan t  mobi l i ty  curve ~u is as 
shown in Fig. 1. 

Refer r ing  to Eq. [3], as t empera tu res  increase 
into the in te rmedia te  (ext r ins ic)  range,  P~-~ N~. 
That  is, the number  of free holes caused by  ioniza-  
t ion of the impur i ty  atoms approaches  the magni tude  
of the net  impur i ty  concentrat ion and remains  con- 
stant.  Since for normal  doping ranges p, < <  N,, p 
( the total  number  of f ree  holes) also approaches 
N, and n < <  p. At  high t empera tu re  (in the in t r in -  
sic region)  the  number  of free holes caused by  in-  
tr insic ionization, p,, increases due to the dominant  
exponent ia l  t e rm as does the  number  of 'free elec-  
trons, n,, (n ~ p) .  Thus, the total  number  of free 
holes, p, is de te rmined  by  P, at  in te rmedia te  t em-  
pera tu res  and p, at high t empera tu res  whi le  the 
number  of minor i ty  car r ie r  electrons is negl igible  
at  in te rmedia te  t empera tu res  and de te rmined  by n, 

A u g u s t  1962 
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TEMPERATURE (DEGREES KELVIN) 

Fig. 1. Calculated mobility, resistivity, and free hole concentra- 
tion vs. temperature, p-type germanium, NA = 2 x |0 TM atoms/craB, 
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Fig. 2. Resistivity vs. temperature, p-type germanium 

at high tempera tures .  The curve represent ing  the 
magni tude  of p vs. t empera tu re  is shown in Fig. 1. 

The var ia t ion  of res is t iv i ty  wi th  t empe ra tu r e  may  
be calculated by  combining the character is t ic  curves 
of p, ~LI, n, and ~L~ as d ic ta ted  by  Eq. [ 1 ].1 One such 
curve of p vs. T for a wide range  of t empe ra tu r e  is 
shown in Fig. 1. 

Note that  the point  at  which the total  number  of 
free holes, p, begins to increase  sharp ly  (~400~  
corresponds to tha t  point  at which the resis t ivi ty,  p, 
reaches its inflection point, i.e., beginning of in t r in -  

sic conduction. 

The two arrows at the bot tom of Fig. 1 indicate  
the range  of t empe ra tu r e  (300~176 wi th  which 
this repor t  is main ly  concerned. 

F igure  2 shows the calculated res is t iv i ty  vs.  t em-  
pe ra tu re  character is t ics  of 0.2 ohm-cm p - t y p e  ger-  
manium. A resistor  made  from this ma te r i a l  exhibi ts  
the same value of res is tance at  25~ (extr ins ic  

1 T h e  c o n t r i b u t i o n  of  t h e  m i n o r i t y  c a r r i e r  e l e c t r o n s  is  n e g l i g i b l e  
e x c e p t  in  t h e  i n t r i n s i c  r a n g e  w h e r e  l a t t i ce  s c a t t e r i n g  d o m i n a t e s .  
T h e r e f o r e  o n l y  t h e  l a t t i c e  s c a t t e r i n g  m o b i l i t y ,  /LL~, i s  u s e d  f o r  e lec-  
t r o n s  i n  Eq,  [1].  
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Fig. 4. Calculated resistivity vs .  elevated rebalance temperature 

range)  and 210~ ( intr insic  range) .  F rom Fig. 3 it  
is seen tha t  the e levated  t empera tu re  at which the 
res is t iv i ty  is equal  to the room t empera tu r e  value  
is uniquely  re la ted  to the resis t ivi ty.  Thus, a r e -  
s is t ivi ty measurement  may  be made by balancing 
a ge rmanium resis t ive e lement  in a low-f requency  
a-c  br idge  at room tempera tu re  and de te rmining  
the e levated t empera tu re  of the resis t ive e lement  at 
which the br idge re turns  to the balanced conditions. 

Note in Fig. 3 the re la t ive ly  constant  res is t iv i ty  
corresponding to a doping level  N~ = 1 x 101~ atoms 
cm -8. This doping level  is r epresen ta t ive  of p+-type 
subst ra te  ma te r i a l  used in epi tax ia l  depositions. 

A calculated curve of res is t iv i ty  vs. elevated re -  
balance t empera tu re  is presented  in Fig. 4. 

F igure  5 i l lus t ra tes  the construct ion of the homo- 
geneous ge rmanium resis tors  used for ca l ibra t ion  
purposes.  The resis tance of these ohmic devices is 
pure  spreading resistance,  R ~ p/2d, where  d is the 
d iameter  of the contact  (2). The resis tance of the 
device is d i rec t ly  propor t iona l  to the res is t iv i ty  as 
a resul t  of the constancy of the contact  d iamete r  
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Fig. 6. Calculated and measured resistivity vs .  elevated rebalance 
temperature. 

throughout  the t empera tu re  range. F igure  6 com- 
pares  the measured  and calculated curves of res is-  
t iv i ty  vs. elevated rebalance  t empera tu re  as de te r -  
mined f rom homogeneous resist ive elements  of 
known resis t ivi ty.  Note tha t  in the exper imenta l  case 
a unique re la t ionship  exists be tween res is t iv i ty  and 
e levated rebalance  tempera ture .  Thus it is possible 
to genera te  an exper imenta l  ca l ibra t ion curve for 
a given test set using known homogeneous samples. 

The construct ion detai ls  for ep i tax ia l  resis t ive 
devices are shown in Fig. 7; this type  of mount ing 
is used in de te rmin ing  the res is t iv i ty  of the  ep i tax ia l  
layer.  In order  for the e levated t empera tu re  tech-  
nique to give accurate  resul ts  on ep i tax ia l  samples, 
it is necessary to construct  the ohmic devices such 
that  the t empera tu re  sensit ive par t  of the  total  re -  
sistance is contr ibuted  by the ep i tax ia l  layer .  Such 
a construct ion is possible due to: 

(a)  the use of small  contact  d iamete r  (~1.5 rnfi) 
to take  advantage  of spreading resis tance in the 
substra te  ( subs t ra te  resis tance is usua l ly  less than  
2% of the to ta l  except  for heavi ly  doped thin epi -  
t ax ia l  layers  where  it may  approach 15%);  (b) the  
fact that  the res is t iv i ty  of the heavi ly  doped sub- 

1.0 

o= 
== 
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10.0 

~~MEASURED USING 

P 
Fig. S. Ohmic device. Resistance, R ~ ~-~, where p is the resistiv- 

ity in ohm-cm and d the diameter of contact in cm; d remains con- 

stant throughout temperature range.. .  R ~ p. 
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THERMOCOMPRESSION BOND 
DIRECTLY TO GERMANIUM 
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Fig. 7. Ohmic device. Epitaxial layer resistance, Rz : -~; sub- 

P 
strate resistance, Rs : ~-~, where p is the resistivity in ohm-cm, t 

the thickness of epitaxial layer in cm; A the area of contact in cm~; 
and d the diameter of contact in cm. t and d remain constant 

throughout temperature range, . .  R ~ p. 

s t r a t e  m a t e r i a l  (~0 .002  o h m - c m )  is n e a r l y  i n d e -  
p e n d e n t  of t e m p e r a t u r e  ( co r rec t ions  for  t he  sub -  
s t r a t e  m a y  be  a p p l i e d  w h e r e  n e c e s s a r y ) .  

T h e  tes t  se t  is composed  of a t e m p e r a t u r e  c h a m b e r ,  
an  a - c  r e s i s t ance  b r idge ,  and  a p h a s e - s e n s i t i v e  d e -  
tec tor .  

Results 

B a s e d  on a s t a t i s t i ca l  ana lys i s  of r e s i s t i v i t y  d a t a  
t he  a c c u r a c y  of t he  t e s t  se t  is +_ 20% (95% con -  
f idence l i m i t s )  b e t w e e n  0.1 and  4.0 o h m - c m ,  w i t h  
r e d u c e d  a c c u r a c y  ou t s ide  th is  r ange .  These  l im i t s  
a r e  b a s e d  on r e s i s t i ve  e l e m e n t s  c o n s t r u c t e d  f r o m  
h o m o g e n e o u s  m a t e r i a l  of k n o w n  re s i s t i v i ty .  B y  e x -  
e rc i s ing  e x t r e m e  ca re  in cons t ruc t i on  of t he  t e m -  
p e r a t u r e  c h a m b e r  and  the  i n d i v i d u a l  r e s i s t i ve  e l e -  
m e n t s  i t  m a y  be  poss ib le  for  an  a c c u r a c y  of --  10% 
to be  ach ieved .  

I t  shou ld  be  p o i n t e d  out  t h a t  t he  e l e v a t e d  t e m -  
p e r a t u r e  r e s i s t i v i t y  m e a s u r e m e n t  is a d e s t r u c t i v e  
tes t ;  h o w e v e r ,  t he  v o l u m e  of m a t e r i a l  r e q u i r e d  for  
t he  r e s i s t i ve  e l e m e n t  is smal l .  I f  th i s  t e c h n i q u e  is 
to b e  u sed  as a m e a s u r e  of c a r r i e r  c o n c e n t r a t i o n  i t  
is sub jec t ,  l i ke  t h e  4 - p o i n t  p robe ,  to  e r r o r s  due  to  
c o m p e n s a t i o n  and  i n h o m o g e n e o u s  m a t e r i a l .  

The  i n d i c a t e d  r e b a l a n c e  t e m p e r a t u r e  for  an  in -  
h o m o g e n e o u s  fi lm y i e ld s  an  " a v e r a g e "  v a l u e  for  t he  
f i lm r e s i s t i v i t y  w h i c h  is a func t ion  of t he  i m p u r i t y  
prof i le  w i t h i n  t he  film. F r o m  Fig.  3 i t  m a y  be  seen 
t h a t  the  p o r t i o n  of the  f i lm h a v i n g  a r e s i s t i v i t y  h i g h e r  
t h a n  t h e  i n d i c a t e d  " a v e r a g e "  is a t  a t e m p e r a t u r e  
g r e a t e r  t h a n  i ts  r e b a l a n c e  t e m p e r a t u r e ,  wh i l e  the  
l o w e r  r e s i s t i v i t y  p o r t i o n  is a t  a t e m p e r a t u r e  less  
t h a n  i ts  r e b a l a n c e  t e m p e r a t u r e .  The  prof i le  of the  
f i lm r e s i s t i v i t y  m a y  be  i n c r e m e n t a l l y  d e r i v e d  f rom 
e l e v a t e d  r e b a l a n c e  t e m p e r a t u r e  v e r t i c a l  prof i le  da ta .  
These  d a t a  m a y  be  c o n v e n i e n t l y  o b t a i n e d  b y  b e v e l  
l a p p i n g  a n d  s t a g g e r e d  bonding .  

A n  e x p e r i m e n t  was  p e r f o r m e d  to d e t e r m i n e  the  
q u a n t i t a t i v e  effect  of t he  i n t e r r a c i a l  d i f fus ion g r a d i -  
en t  on th i s  m e a s u r e m e n t  t echn ique .  A h igh  r e s i s t i v i t y  
( > 8  o h m - c m )  p - t y p e  e p i t a x i a l  f i lm was  depos i t ed  
on a h i g h l y  d o p e d  p - t y p e  subs t r a t e ;  f i lm th i cknes s  

was  0.25 mi l  w i t h  a d i f fused  g r a d i e n t  w i d t h  of 0.06 
mi l  as d e t e r m i n e d  b y  c h e m i c a l  de l inea t ion .  Con-  
s i s t en t  r e b a l a n c e  t e m p e r a t u r e  r e a d i n g s  w e r e  ob-  
t a i n e d  t h r o u g h o u t  t he  f i lm th ickness ,  e x c e p t  for  those  
w i t h i n  t h e  i n t e r f a c i a l  d i f fused  reg ion .  

Conclusions 

The  e l e v a t e d  t e m p e r a t u r e  t e c h n i q u e  for  r e s i s t i v i t y  
m e a s u r e m e n t  is a p o w e r f u l  tool  for  e v a l u a t i n g  p -  
t y p e  g e r m a n i u m  e p i t a x i a l  f i lms depos i t ed  on  p§ g e r -  
m a n i u m  subs t r a t e s .  A s i d e  f r o m  r o u t i n e  e v a l u a t i o n  
of e p i t a x i a l  f i lm r e s i s t i v i t y  t h e  t e c h n i q u e  has  also 
been  used  to d e t e r m i n e  r e s i s t i v i t y  prof i les  a t  5.0 
ra i l  i n c r e m e n t s  across  the  face  of e p i t a x i a l  deposi ts .  
Used  in c o n j u n c t i o n  w i t h  b e v e l  l a p p i n g  a n d  s t a g -  
g e r e d  bond ing ,  e p i t a x i a l  depos i t s  m a y  be  p rof i l ed  
for  r e s i s t i v i t y  t h r o u g h  the  t h i cknes s  of t he  l a y e r  in  
0.05 m i l  i nc remen t s .  
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A P P E N D I X  
Equat ions  for calculat ing res is t iv i ty  of p - t y p e  ger-  

manium.  
1 

p = [1] 
e (n~LN + p~L~) 

e -  1.6 • 10 -19 coulomb 

_ / p 2  Px 

n = V T  + - 

P =  v 4 4 - P ~ +  2 

Pz=---- I-- 1 + [3] 
2 --B-- 

B = 2.4147 • 10 ~ T ~/~ e -  1.16o5 x lo~ E~/r; 
�9 , 919, / 

T --  absolute  t empe ra tu r e  in ~ 

E~ = 0.0104 (NA < 2 X 1017 ) ; 

= 0 ( N A = 2  X 10 ~ ) ; : - o o ( N A > 2  X 101~) 

N~: (NA--ND) 

P~ : 1.76 X 10 TM T ~/~ e -~~ [4] 

4.9 X 10 ~ 
# L N  - -  

T E e 6  
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~LI 

t~1(1+0.556 ~ ) 
I.r 

1 + 2.99 

/s 

3.29 X 10 ~ k ~ T a/2 

~ + 0.556. ~ .  

1.05 X i0 ~ 

T 23~ 

( rap)~/~ (P~ + 2ND) 
m / 

In (1 + b) 
l + b  

[5] 

[6] 

(Brooks -Her r ing  equat ion)  [7] 

b = 

K =  16 

1.29 • K ( m* ) T 2 
\ m / 

1 P~ + No ) 
P' + N, (P '  + N.) 

E X P L A N A T I O N  OF SYMBOLS 
p, Resis t iv i ty  in ohm-cm 
e, Electronic charge  in coulombs 
n, Number  of free electrons 
p, Number  of f ree  holes  
P,, Number  of free holes caused by  ionizat ion of im-  

pu r i t y  atoms 
rn~ 

( --m--- ) ,  Effective mass  of hole  

E,,  Act iva t ion  energy  in e lect ron volts  for  Boron 
dopant  

N~, Net  impur i t y  concentra t ion in a toms cm -" 
N~, Major i ty  car r ie r  concentra t ion in atoms cm -" 
No, Minor i ty  ca r r i e r  concentra t ion in atoms cm -~ 
p,, Number  of f ree  holes caused by  int r ins ic  ionizat ion 

if impur i t y  ionizat ion were  not  present  in cm -~ 
n~, N u m b e r  of free electrons caused by  intr insic  ioniza-  

t ion if impur i ty  ionizat ion were  not  p resen t  in cm -" 
~L~, Lat t ice  sca t te r ing  (dr i f t )  mobi l i ty  for  electrons in 

cm~/volt-sec 
~LP, Lat t ice  sca t te r ing  mobi l i ty  for holes in cm~/volt-sec 
~u, Combined la t t ice  and impur i t y  scat ter ing for holes 

in cm~/volt-sec 
~ ,  Sca t te r ing  caused by  ionized impur i ty  atoms 
K, Dielectr ic  constant  for ge rman ium 
T, Absolute  t empera tu re  in ~ 

Thickness Measurement of Epitaxial Films by the 
Infrared Interference Method 

M. P. Albert and J. F. Combs 

Monsanto Chemical Company, St. Louis, Missouri 

ABSTRACT 

The in f ra red  in te r fe rence  measu remen t  has  proved  to be an  accura te  and 
nondes t ruc t ive  means  for  eva lua t ing  the th ickness  of ep i t ax ia l ly  g rown films 
on silicon. The measur ing  technique  is discussed and the  necessary  r e l a t ion -  
ships are  presented.  A f r inge wave leng th  vs. film thickness char t  is constructed,  
which  enables  r ap id  thickness  de te rmina t ion  wi thout  calculation.  The char t  is 
de r ived  for  use  wi th  sil icon films of r e l a t ive ly  low car r i e r  concentra t ion de -  
posi ted  on sil icon subs t ra tes  of high car r ie r  concentra t ion (0.007 o h m - c m - N -  
type ) .  The char t  is most  useful  for low order  in te r fe rence  fr inges including 
12th order .  S imi la r  char ts  a re  appl icable  for o ther  semiconductor  mater ia ls .  

Of t he  v a r i o u s  m e t h o d s  e x a m i n e d  for  m a k i n g  
t h i cknes s  m e a s u r e m e n t s  on e p i t a x i a l  films, the  i n f r a -  
r e d  i n t e r f e r e n c e  m e t h o d  d e s c r i b e d  b y  Sp i t z e r  and  
T a n e n b a u m  (1) has  p r o v e d  to be  bes t  su i t ed  for  mos t  
m e a s u r i n g  app l i ca t ions .  This  m e t h o d  has  t he  a d -  
v a n t a g e s  of b e i n g  accu ra t e ,  qu ick ,  n o n d e s t r u c t i v e ,  
and  w e l l  a d a p t e d  for  r o u t i n e  m e a s u r e m e n t s .  I n t e r -  
f e r ence  f r i nges  a r e  o b s e r v e d  on ly  if  t h e r e  is a d i f f e r -  
ence  b e t w e e n  t h e  op t i ca l  p r o p e r t i e s  of e p i t a x i a l l y  
g r o w n  fi lm and  those  of  t h e  subs t r a t e .  This  r e l a t i o n -  
sh ip  b e t w e e n  f i lm t h i c k n e s s  and  t h e  op t ica l  w a v e -  
l eng ths  of i n t e r f e r e n c e  f r i n g e  m a x i m a  is g iven  b y  a 
c h a r t  w h i c h  is u se fu l  for  r a p i d  and  a c c u r a t e  d a t a  r e -  
duc t i on  w i t h o u t  ca lcu la t ion .  

The  B e c k m a n  s p e c t r o p h o t o m e t e r s  I R - 4  a n d  I R - 5 A  
e q u i p p e d  w i t h  NaC1 opt ics  and  the  B e c k m a n  s p e c u l a r  
re f lec tance  a t t a c h m e n t  w e r e  used  for  th i s  work .  
A d d i t i o n a l  m e a s u r e m e n t s  h a v e  also been  m a d e  w i t h  
K B r  and  CsBr  optics.  

Optical Propert ies  of  Epi taxial  Fi lms  on Sil icon 

The  p r i m a r y  r e q u i r e m e n t  for  p r o d u c t i o n  of i n t e r -  
f e r ence  f r inges  b y  re f lec t ion  f r o m  a f i lm is t h a t  t he  

op t i ca l  cons tan t s  of t he  f i lm differ  f r o m  those  of t he  
s u b s t r a t e  m a t e r i a l .  The  op t i ca l  cons tan t s  of a s i l icon 
e p i t a x i a l  f i lm and  s u b s t r a t e  do no t  differ  s ign i f i can t ly  
un less  t he  f r ee  c a r r i e r  c o n c e n t r a t i o n  at  one side of 
the  i n t e r f ace  is v e r y  high,  a p p r o a c h i n g  d e g e n e r a c y .  

The  re f l ec tance  at  t h e  i n t e r f a c e  b e t w e e n  a n o n a b -  
so rb ing  m e d i u m  (n~) and  an  a b s o r b i n g  s u b s t r a t e  
(r~,ko) at  n o r m a l  inc idence  is 

R = [1]  
(r~ + n~) ~ + k :  

w h e r e  R is the  ref lec tance ,  n is the  r e f r a c t i v e  index ,  
and  ko is the  e x t i n c t i o n  coefficient  of t he  subs t r a t e .  

ak 
ko = - - -  [2]  

4~r 

w h e r e  a is t he  a b s o r p t i o n  coefficient and  ~ is t h e  
w a v e l e n g t h .  

The  inf luence  of t he  v e r y  l a r g e  f ree  c a r r i e r  c oncen -  
t r a t i o n  on the  e l e c t r i c a l  s u s c e p t i b i l i t y  is such  t h a t  as 
t he  op t ica l  w a v e l e n g t h  is i nc r ea sed  the  r e f r a c t i v e  i n -  
dex  decreases ,  and  at  s t i l l  l onge r  w a v e l e n g t h s  t h e  
a b s o r p t i o n  effect  p r e d o m i n a t e s  (2) .  
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Fig. 1. Reflectance spectra of silicon samples showing the effects 
of carrier concentration on the optical constants. Decreasing re- 
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SUBSTRATE 

Using  Sne l l ' s  l a w  (sin r = n~ sin r  and  Eq. [3]  
i t  can  be  shown t h a t  

= 2Tn~ cos ~ '  [4]  

w h e r e  T is t he  f i lm th ickness ,  @ is the  ang le  of i n -  
c idence,  and  ~' is t he  a n g l e  of r e f r ac t ion .  

A t  p o i n t  A, in Fig.  2, the  re f lec ted  r a y  u n d e r g o e s  
a p h a s e  change  of ~r or  )~/2 w h i l e  t he  t r a n s m i t t e d  r a y  
r e m a i n s  in p h a s e  w i t h  t he  i nc iden t  ray .  These  phase  
r e l a t i onsh ip s  a p p l y  to re f lec t ion  f rom an  o p t i c a l l y  
m o r e  dense  ( g r e a t e r  r e f r a c t i v e  i n d e x )  d ie lec t r ic .  

A t  po in t  B the  re f lec ted  r a y  u n d e r g o e s  a phase  
change  w h i c h  m a y  v a r y  f rom 0 to ~ d e p e n d i n g  on the  
op t i ca l  cons tan t s  a t  the  re f lec t ing  in te r face .  H o w e v e r ,  
if w e  l imi t  th is  d i scuss ion  to t he  s p e c t r a l  r eg ion  
w h e r e  the  re f lec t ing  s u b s t r a t e  is k n o w n  to h a v e  a 
l o w e r  r e f r a c t i v e  i n d e x  t h a n  the  f i lm and  also a n e g l i -  
g i b l y  sma l l  e x t i nc t i on  coefficient,  k., the  phase  
change  a t  po in t  B can  be  t a k e n  as zero. 

A t  po in t  C, bo th  t he  t r a n s m i t t e d  and  ref lec ted  r a y s  
a r e  in  p h a s e  w i t h  t he  i n c i d e n t  r ay ,  BC. 

F o r  some w a v e l e n g t h ,  ~o, t h e  op t ica l  p a t h  d i f fe r -  
ence wi l l  be  

= Xo/2 

At this wavelength ray 1 is advanced by ko/2 and 
ray 2 retarded by M/2 giving a net difference of M. It 
is assumed that maxima will occur at wavelengths 
where ray 2 is in phase with ray I. The first (zero 
order) fringe will occur at k0, the next fringe (first 
order) will occur at ~i, where 

= x, + - -  [ 5 ]  
2 

Fig. 2. Ray diagram for reflection from a film deposited on a thick 
substrate. The amplitudes of rays 1, 2, 3, etc., add vectorially 
resulting in maxima and minima in the reflectance spectrum. 

The re f lec tance  cu rves  of Fig.  1 w e r e  o b t a i n e d  
f rom si l icon w a f e r s  p r i o r  to f i lm depos i t ion .  The  d ip  
and  s u b s e q u e n t  r i se  in t h e  re f l ec tance  cu rves  for  
0.0074 o h m - c m  and  0.0014 o h m - c m  N - t y p e  si l icon,  
s im i l a r  to r e f l ec tance  cu rves  shown  in a p a p e r  b y  
S p i t z e r  and  F a n  (3) ,  i d e n t i f y  the  dec r ea s ing  r e f r a c -  
t ive  i n d e x  and  h igh  a b s o r p t i o n  p o r t i o n s  of t he  spec -  
t r u m .  C o n t r a s t e d  to the  v e r y  low r e s i s t i v i t y  s a mp le s  
is t he  50 o h m - c m  s a m p l e  w h i c h  exh ib i t s  a n e a r l y  
cons t an t  r e f l ec tance  i nd i ca t i ng  a r e l a t i v e l y  cons t an t  
r e f r a c t i v e  index .  

Production of Interference Fringes 

F i g u r e  2, a r a y  d i a g r a m  showing  ref lec t ion  f r o m  an  
e p i t a x i a l  f i lm at  ob l ique  inc idence ,  is used  to ca l cu -  
l a t e  the  op t ica l  p a t h  d i f fe rence  b e t w e e n  the  first  and  
second  su r f ace  ref lect ions .  I n t e r f e r e n c e  f r inges  a r e  
o b s e r v e d  w h e n  the  first  and  second  su r f ace  re f lec ted  
r a y s  i n t e r f e r e  l oca l ly  as t he  w a v e l e n g t h  is va r ied .  

The  op t ica l  p a t h  d i f fe rence  is 

= n~(AB -b BC) -- AD [3] 

The refractive index, n~, multiplies the apparent 
optical path in the film, (AB + AC), converting it 
to an equivalent air path. 

and  the  ruth o r d e r  f r i n g e  m a x i m a  wi l l  occur  at  )~ 
w h e r e  

M i n i m a  occur  a t  i n t e r m e d i a t e  w a v e l e n g t h s  w h e r e  
8 ~ m~, (m, an  i n t e g e r ) .  

The  a d d i t i o n a l  ref lec t ions  w h i c h  occur  w i t h i n  the  
f i lm i n t e r f e r e  w i t h  t he  r e s u l t a n t  of r a y s  1 and  2. Each  
succeed ing  r a y  is d e l a y e d  an  a d d i t i o n a l  a m o u n t  
r e l a t i v e  to t h e  p r e c e d i n g  ray .  A t  a f r i nge  m a x i m u m  
these  a d d i t i o n a l  ref lec t ions  a l t e r n a t e l y  a id  and  op -  
pose  w i t h  a ne t  r e su l t  of d e c r e a s i n g  the  f r i n g e  
m a x i m a  b y  a s m a l l  amoun t .  The  a d d i t i o n a l  re f lec-  
t ions also r e d u c e  the  va lue s  of t h e  f r i nge  min ima .  
The  f r inges  g r o w  in i n t e n s i t y  as t he  d i f fe rence  in r e -  
f r a c t i v e  i n d e x  b e t w e e n  f i lm a n d  s u b s t r a t e  increases .  
F r i n g e  i n t e n s i t y  is o b s e r v e d  to i nc rea se  w i t h  bo th  
w a v e l e n g t h  and  dop ing  l eve l  of the  subs t r a t e .  These  
effects a r e  p r e d i c t a b l e  f rom the  inf luence  of w a v e -  
l e n g t h  and  c a r r i e r  c onc e n t r a t i on  on the  suscep t -  
a b i l i t y  (1, 3) .  

Dev ia t i ons  f rom p a r a l l e l i s m  w i t h i n  the  f i lm and  
low g r a d i e n t  i n t e r f aces  a r e  c o m m o n  causes  for  f r i nge  
cance l l a t i on  w h e n  it  w o u l d  a p p e a r  t h a t  t h e r e  is a 
sufficient  d i f fe rence  of op t i ca l  cons tan t s  for  f r inges  
to occur.  

As  the  e x t i nc t i on  coefficient  inc reases  w i t h  in -  
c r eas ing  w a v e l e n g t h  i t  p r e d o m i n a t e s  in d e t e r m i n i n g  
the  i n t e r f ace  ref lec tance ,  Eq. [1] .  R e l a t i v e l y  h igh  
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in t e r f ace  re f l ec tance  is c h a r a c t e r i s t i c  of th is  spec t r a l  
r eg ion  y i e l d i n g  l a r g e  i n t e n s i t y  f r inges .  The  t r a n s i t i o n  
b e t w e e n  low r e f r a c t i v e  i n d e x  and  h igh  e x t i n c t i o n  co-  S~N e 
efficient is a c c o m p a n i e d  b y  a v a r y i n g  phase  change  
upon  ref lec t ion  f rom t h e  in te r face .  The  phase  change  
is n e a r l y  zero  if ko is s m a l l  enough  to be  n e g l e c t e d  
in Eq. [1] ,  and  i t  i nc reases  a p p r o a c h i n g  ~r for  l ong  +, 
w a v e l e n g t h s  and  l a r g e  ko (5) .  

T h e  t r a n s i t i o n a l  r eg ion  shou ld  be  avo ided  w h e n  t~es,Ne 
m a k i n g  th i ckness  m e a s u r e m e n t s  because  of t he  
v a r y i n g  p h a s e  change  w h i c h  i n t roduces  t h i cknes s  
m e a s u r i n g  e r ro rs .  Success ive  f r i n g e  pa i r s  y i e ld  d i f -  
f e r e n t  t h i ckness  va lue s  in th is  reg ion .  -2 

Thickness Computation 

A c o n v e n i e n t  t h i cknes s  r e l a t i o n s h i p  can be ob -  
t a i n e d  f r o m  [4]  and  [6]  u t i l i z ing  t w o  w a v e l e n g t h s  
c o r r e s p o n d i n g  to f r i nge  m a x i m a ,  :t,~ and  ~, . . . .  

x (~,,~ x~+~) 
T = [7]  

2n~ cos 6 ' ( ~  - -  k~§ 

w h e r e  x is an  i n t ege r  r e p r e s e n t i n g  the  n u m b e r  of 
f r inges  occu r r ing  f rom :t,~ to X ..... A n  e q u i v a l e n t  
e x p r e s s i o n  app l i e s  to l i n e a r  w a v e n u m b e r  s p e c t r a  
w h e r e  t h e  f r i n g e  p e r i o d  is un i fo rm.  

E q u a t i o n  [7]  can  be  a p p l i e d  to f r i nge  m i n i m a  as 
w e l l  as m a x i m a  and  i t  is also i n d e p e n d e n t  of the  p h a s e  
change  w h i c h  m a y  occur  at  the  in te r face ,  p r o v i d e d  
the  p h a s e  change  is c o n s t a n t  in  t he  i n t e r v a l  X~ to  

The  v a l u e  for  the  r e f r a c t i v e  i ndex  of the  f i lm g iven  
b y  S a l z b e r g  and  Vi l la  (4)  for  op t i ca l  g r a d e  s i l icon 
a t  10/x is 3.4179, w h i c h  is r o u n d e d  to 3.42 a n d  a s -  
s u m e d  cons t an t  ove r  the  6-16g range .  The  re f l ec tance  
d a t a  also ver i f ies  th is  va lue .  

The  ang le  of inc idence ,  ~, for  t he  B e c k m a n  specu -  
l a r  r e f l ec tance  a t t a c h m e n t  is 30 ~ , w h i c h  c o r r e s p o n d s  
to an ang le  of r e f r a c t i o n  of 8.4 ~ and  cos ~' = 0.99. 
The  r a y s  w i t h i n  t he  f i lm a re  n e a r l y  n o r m a l  to the  s u r -  
face, w h i c h  m a k e s  t he  m e a s u r e m e n t  r e l a t i v e l y  in -  
sens i t ive  to <b- 

The  cons tan t ,  2n~ cos ~b' = 6.77, w h e n  used  w i t h  
Eq. [7]  g ives  film th i cknes s  in t he  s ame  un i t s  as 
those  used  for  w a v e l e n g t h .  

The  cond i t ions  imposed  for  t he  d e v e l o p m e n t  of 
Eq. [7]  w e r e :  

1. F r i n g e  m a x i m a  occur  at  w a v e l e n g t h s  w h e r e  the  
first  and  second  su r f ace  ref lec t ions  a r e  in p h a s e  ( the  
p h a s e  d i f fe rence  is 2vm, m an i n t e g e r ) .  

2. The  p h a s e  change  a t  t he  i n t e r f ace  is zero or  
cons t an t  f r o m  ),~ to ), . . . .  
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Fig. 3. Reflectance spectrum of a silicon epitaxial film showing the 
evaluation of fringe maxima. 
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Fig. 4. Fringe model demonstrating the error which can arise by 
evaluating simple maxima. The desired phase relationship is satis- 
fied at the points of tangency to the fringe envelope. 

Evaluation of Fringe Maxima 

In  t he  p r e c e d i n g  sec t ion  the  i n t e r f e r e n c e  r e l a t i o n -  
sh ips  g iven  w e r e  based  on w a v e l e n g t h  v a l u e s  for  
w h i c h  f r i nge  m a x i m a  occur,  as s t a t ed  in cond i t ion  1. 
Cond i t i on  1 is co r rec t  on ly  for  e q u a l  i n t e n s i t y  
f r inges ,  and  i t  is i nco r r ec t  for  e p i t a x i a l  f i lms w h e r e  
t he  f r inges  g r o w  in i n t e n s i t y  w i t h  i nc rea s ing  w a v e -  
length .  F i g u r e  3 shows  a t y p i c a l  r e f l ec tance  spec -  
t r u m ,  o b t a i n e d  f rom an  e p i t a x i a l  f i lm as d e s c r i b e d  in 
th is  pape r ,  i l l u s t r a t i n g  the  g r o w i n g  i n t e n s i t y  of t he  
f r inges .  

A s impl i f ied  m o d e l  w h i c h  i l l u s t r a t e s  t he  e r r o r  m a d e  
in cond i t ion  1 is g iven  in Fig.  4. I n t e r f e r e n c e  f r inges  
p r o d u c e d  by  two  b e a m s  of cons t an t  i n t e n s i t y  ( i n d e -  
p e n d e n t  of w a v e l e n g t h )  w o u l d  be  of u n i f o r m  i n t e n -  
s i ty  also. H o w e v e r ,  t he  second su r face  ref lec t ion  f rom 
an  e p i t a x i a l  f i lm va r i e s  w i t h  w a v e l e n g t h ,  and  thus  
the  f r inges  v a r y  in i n t e n s i t y  also. F o r  th is  cond i t ion  
the  s imple  m a x i m a  of t he  f r i nge  no  l onge r  c o r r e -  
sponds  to the  w a v e l e n g t h  of 2~rm r e l a t i v e  p h a s e  shif t .  
The  2~m r e l a t i v e  phase  sh i f t  can  be  shown,  b y  
d i f fe ren t i a t ion ,  to c o r r e s p o n d  to the  w a v e l e n g t h  for  
w h i c h  the  f r i nge  c u r v e  is t a n g e n t  to t h e  e n v e l o p e  of 
the  f r inges .  

The  w a v e l e n g t h  va lue s  n e e d e d  for  t he  ca l cu l a t i on  
of f i lm th i cknes s  u t i l i z ing  Eq. [7]  a r e  o b t a i n e d  b y  a 
m e t h o d  of t angen t s .  F o r  each  p o i n t  a t a n g e n t  l ine  is 
d r a w n  a p p r o x i m a t i n g  the  s lope  of t he  e n v e l o p e  f u n c -  
t ion.  The  r e s u l t i n g  po in t  of t a n g e n c y  is t h e  d e s i r e d  
v a l u e  and  w i l l  be  t e r m e d  the  a d j u s t e d  m a x i m u m .  
L a r g e  i n t e n s i t y  f r inges  can  be  e v a l u a t e d  a t  t he  s im-  
p le  m a x i m a  w i t h  sma l l  e r ro r .  

Fringe Chart 

By us ing  Eq. [4]  and  [6] ,  i t  is poss ib le  to e x p r e s s  
f i lm th i cknes s  in t e r m s  of t h e  f r i n g e  o r d e r  and  w a v e -  
l e n g t h  of t he  f r i n g e  m a x i m a  

T = [B] 
2n~ cos ~b' 

E q u a t i o n  [8]  i nc ludes  a p h a s e  change  of ~r a t  t he  fil st 
s u r f a c e  b u t  no p h a s e  change  a t  t h e  in t e r f ace ,  wh i  :h 
is t he  s i t ua t ion  for  s i l icon fi lms on 0.007 ohm cm ~T + 
s u b s t r a t e  in t he  6 to 16~ range .  P l o t t i n g  Eq. [I ], 
Fig.  5, w i t h  t h i cknes s  as a f u n c t i o n  of w a v e l e n g t h  ~ ~r 
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Fig. 5. Fringe chart for silicon epitaxial films, giving the wave- 
lengths of fringe maxima as a function of film thickness. Thickness 
is determined by fitting fringe maxima data on this chart as shown 
by the dashed line. 

i n t ege r  va lue s  of m, r e su l t s  in a f a m i l y  of s t r a i g h t  
l ines  of cons t an t  f r i n g e  order .  A h o r i z o n t a l  l ine,  
T = cons tan t ,  i n t e r sec t s  t he  f r i n g e  o r d e r  t ines  a t  
w a v e l e n g t h  va lue s  c o r r e s p o n d i n g  to  t h e  f r i nge  
m a x i m a  for  t h a t  th ickness .  

Use of the Fringe Chart 

F o r  low o r d e r  f r inges ,  t h r o u g h  10th or  12th order ,  
the  c h a r t  can  b e  used  to s i m p l i f y  conve r s ion  of f r i nge  
w a v e l e n g t h  d a t a  in to  a c c u r a t e  f i lm th i ckness  va lues .  
A n  i m p o r t a n t  s tep  is d e t e r m i n i n g  the  co r rec t  f r i n g e  
w a v e l e n g t h  va lue s  b y  the  t a n g e n t  me thod .  This  
w a v e l e n g t h  e v a l u a t i o n  m e t h o d  is also i m p o r t a n t  
w h e n  Eq. [7]  is used.  E r r o r s  up  to 5% can occur  if 
s imp le  m a x i m u m  va lues  a r e  used  i n s t ead  of t he  a d -  
j u s t e d  va lues ,  e spec i a l l y  if on ly  2 or  3 f r inges  a r e  
ava i l ab le .  

The  c h a r t  w i l l  g ive  r e l i a b l e  t h i cknes s  va lue s  w i t h  
t h r e e  w e l l - d e f i n e d  f r inges .  I m p r o v e d  a c c u r a c y  
ach i eved  b y  use of t he  c h a r t  is due  to the  fac t  t h a t  
a l l  f r i nge  m a x i m a  a re  used,  showing  up  f a u l t y  d a t a  
points .  

Once  t h e  a d j u s t e d  m a x i m u m  va lues  have  been  
d e t e r m i n e d ,  a s t r a i g h t  edge  is pos i t i oned  h o r i z o n t a l l y  
on the  f r i nge  c h a r t  l i n ing  up  the  w a v e l e n g t h  of one 
of t he  f r i nge  m a x i m a  and  a f r i nge  o r d e r  l i ne  for  a 
t r i a l  fit of t h e  r e m a i n i n g  f r inges .  F r i n g e  m a x i m a  
shou ld  fa l l  a t  t he  i n t e r sec t ions  of t he  h o r i z o n t a l  l ine  
wi th  succesMve f r i nge  o r d e r  l ines  (see  Fig.  5).  If  a 
good fit of t he  d a t a  is no t  poss ib le  at  t h a t  th ickness ,  a 
second t r i a l  shou ld  be  m a d e  b y  m o v i n g  the  in i t i a l  
po in t  up  or  down  to t he  n e x t  f r i n g e  o r d e r  and  c h e c k -  
ing  once m o r e  to see  if  t he  o t h e r  f r inges  fit on a 
h o r i z o n t a l  l ine.  W h e n  a good  fit is ob t a ined ,  t he  
h o r i z o n t a l  l ine  is e x t e n d e d  to t h e  r i g h t  m a r g i n  to  
r e a d  fi lm th ickness .  

To a id  in  us ing  the  c h a r t  t he  w a v e l e n g t h s  of a d -  
j u s t e d  m a x i m a  can  be  m a r k e d  on a c a l i b r a t e d  
s t r a i g h t  edge  as t h e y  a r e  r e a d  f rom the  spec t rum.  The  
s t r a i g h t  edge  is t hen  m o v e d  v e r t i c a l l y  across  t he  
char t ,  m a i n t a i n i n g  a ho r i zon t a l  pos i t ion  and  w a v e -  
l e n g t h  r e f e r e n c e  u n t i l  a t h i cknes s  v a l u e  is f o u n d  
w h e r e  t he  m a r k s  a r e  l oca t ed  on consecu t ive  f r i n g e  
o r d e r  l ines.  A d j a c e n t  so lu t ions  shou ld  be  t r i ed ,  
t h i c k e r  and  th inne r ,  un t i l  the  bes t  so lu t ion  is ob -  
t a ined .  

Good  a c c u r a c y  wi l l  r e s u l t  if fou r  or  m o r e  f r inges  
a r e  l oca t ed  on the  char t .  T h r e e  f r inges  wi l l  g ive  d e -  

p e n d a b l e  r e su l t s  t h r o u g h  9th or  10th order .  E q u a t i o n  
[7]  shou ld  be  used  in  p r e f e r e n c e  to  t he  c h a r t  for  
f r inges  of 10th o r d e r  a n d  h ighe r .  

V e r y  t h in  fi lms a r e  diff icult  to m e a s u r e  because  
on ly  one or  two  f r inges  a r e  obse rved .  A d d i t i o n a l  
d a t a  po in t s  can  be  o b t a i n e d  f rom the  f r i n g e  m i n i m a  
which  can also b e  i n c l u d e d  on the  f r i n g e  char t .  
E q u a t i o n s  [7]  and  [8]  a r e  c o n v e r t e d  to e q u i v a l e n t  
m i n i m a  exp re s s ions  b y  s u b t r a c t i n g  Y2 f r o m  the  in -  
t ege r  va lues .  W h e n  us ing  Eq. [7]  t h e  i n t e r v a l  b e -  
t w e e n  a m a x i m u m  a n d  t h e  n e x t  m i n i m u m  is 1/2 
f r inge .  The  m e t h o d  of t a n g e n t s  also app l i e s  to  t h e  
e v a l u a t i o n  of m in ima .  

Experimental Check 

A n  e x p e r i m e n t a l  check  b y  an  i n d e p e n d e n t  t h i c k -  
ness m e a s u r i n g  m e t h o d  was  p e r f o r m e d  to v e r i f y  t he  
a c c u r a c y  of t he  i n t e r f e r e n c e  me thod .  The  c l eavage  
m e t h o d  was  chosen  as t h e  mos t  d e s i r a b l e  a l t e r n a t e  
m e a s u r i n g  me thod .  The  c l e a ve d  w a f e r  is e t c h e d  fo r  
10 to 15 sec in an  HF,  HNO~ ace t ic  ac id  (1 -3 -10  v o l -  
u m e  p a r t s )  e tch  and  t h e n  m e a s u r e d  d i r e c t l y  w i t h  a 
microscope .  The  e tch  de l i ne a t e s  t he  NN + in t e r f ace  
v e r y  well ,  and  the  m e a s u r e m e n t  is r e a s o n a b l y  e a s y  
to make .  The  m a j o r  d i s a d v a n t a g e  of t he  c leavage,  
m e t h o d  is t ha t  i t  is de s t ruc t i ve .  This  m e t h o d  can  be  
u t i l i zed  as a p e r i o d i c  check  on the  i n t e r f e r e n c e  
m e t h o d  and  for  f i lms w h i c h  a r e  no t  suff ic ient ly  p a r -  
a l l e l  to p r o d u c e  f r inges .  

F i v e  d i f fe ren t  s a m p l e s  w e r e  m e a s u r e d  b y  bo th  
c l eavage  and  i n t e r f e r e n c e  me thods .  The  r e su l t s  of 
these  m e a s u r e m e n t s  a r e  t a b u l a t e d .  

S a m p l e  No. 1 2 3 4 5 

T i n  mils ,  i n t e r f e r e n c e  0.24 0.26 0.33 0.83 0.43 
T in mils,  c l e a v a g e  0.26 0.28 0.32 0.82 0.42 
P e r c e n t a g e  d i f fe rence  8% 7% 3% 1.2% 2% 

S a m p l e  4 was  e v a l u a t e d  b y  Eq. [7] ,  and  the  o the r  
s a mp le s  w e r e  m e a s u r e d  us ing  t h e  char t .  

The  a g r e e m e n t  b e t w e e n  t h e  two  m e t h o d s  is v e r y  
good. The  c l eavage  m e t h o d  has  been  r e p o r t e d  to be  
a c c u r a t e  to +--10%. I t  is f e l t  t h a t  i n t e r f e r e n c e  m e t h -  
ods as d e s c r i b e d  a re  w i t h i n  a -----5% a c c u r a c y  range .  

Other Materials 

I n t e r f e r e n c e  m e t h o d s  a r e  a p p l i c a b l e  to e p i t a x i a ]  
f i lms of o t h e r  s e m i c o n d u c t o r s  (1 ) .  A s i m i l a r  f r i n g e  
c h a r t  can  be  c o n s t r u c t e d  fo r  use  w i t h  m a t e r i a l s  o t h e r  
t h a n  si l icon.  E q u a t i o n  [8]  u sed  to  cons t ruc t  t he  c h a r t  
inc ludes  t he  r e f r a c t i v e  i n d e x  of the  f i lm a n d  the  
ang le  of r e f r ac t ion .  These  va lue s  m u s t  be  e v a l u a t e d  
for  each  p a r t i c u l a r  m a t e r i a l  and  re f l ec tance  a p p a r a -  
tus.  S h o u l d  the  r e f r a c t i v e  i n d e x  of the  f i lm v a r y  ove r  
the  s p e c t r a l  r ange ,  w h e r e  t he  f r inges  a r e  obse rved ,  
the  c h a r t  can be  cons t ruc t ed  to i nc lude  this  va r i a t i on .  
The  c h a r t  w o u l d  t h e n  be  a set of c u r v e d  l ines .  
S h o u l d  the  f i lm h a v e  a l o w e r  r e f r a c t i v e  i n d e x  t h a n  
the  subs t r a t e ,  t he  c h a r t  e q u a t i o n  shou ld  be  r e w r i t t e n  
to i nc lude  the  ~r p h a s e  shi f t  a t  t he  in te r face .  H o w -  
ever ,  th is  s i t ua t ion  wi l l  b e  v e r y  c o m p l e x  d u e  to t he  
a t t e n d a n t  h igh  a b s o r p t i o n  of the  f i lm and  v a r y i n g  r e -  
f r a c t i v e  index .  
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Ultrafine Tungsten and Molybdenum Powders 
H. Lamprey and R. L. Ripley 

Technology Department, Union Carbide Metals Company, 
Divisio n of Union Carbide Corporation, Niagara Falls, New York  

ABSTRACT 

A process is descr ibed for producing  tungsten and mo lybdenum meta l  
powder  of 0.01-0.1~ average  par t ic le  d iamete r  by  hydrogen  reduct ion of the  
me ta l  chlorides. Some of the phys ica l  and chemical  proper t ies  of this  ma te r i a l  
a re  discussed, together  wi th  da ta  point ing to meta l lu rg ica l  uses of the  product .  
Safe ty  precaut ions  to be observed in handl ing  these fine powders  are  also de -  
scribed. 

T h e r e  is c o n s i d e r a b l e  ev idence  to i nd i ca t e  t h a t  
m e t a l  c o m p a c t s  m a d e  b y  s i n t e r i n g  u l t r a f i ne  m e t a l  
p o w d e r s  h a v e  i m p r o v e d  e n g i n e e r i n g  p rope r t i e s .  The  
p r o n o u n c e d  effect of g r a i n  size on the  m e c h a n i c a l  
p r o p e r t i e s  of i ron  and  s tee l  ( 1 -5 ) ,  copper  (6 ) ,  z inc 
(7) ,  and  o t h e r  m e t a l s  (8) ,  is c l e a r l y  shown in t he  
l i t e r a t u r e .  In  gene ra l ,  a r e d u c t i o n  in  g r a i n  size is a c -  
c o m p a n i e d  b y  an  i nc rea se  in  ha rdness ,  y i e ld  s t r eng th ,  
and  f r a c t u r e  s t r eng th ,  and  b y  a dec rea se  in t he  d u c -  
t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e .  Ul t ra f ine  g r a i n  
s t r u c t u r e  is also sa id  to  be  t h e  k e y  to i m p r o v i n g  the  
p r o p e r t i e s  of  d i s p e r s i o n - s t r e n g t h e n e d  m e t a l  a n d  a l -  
loy  sys t ems  (9,10).  

In  o r d e r  to e x t e n d  our  k n o w l e d g e  of such effects to 
t he  r e f r a c t o r y  meta l s ,  i t  was  dec ided  to p r o d u c e  
t u n g s t e n  a n d  m o l y b d e n u m  p o w d e r s  for  m e t a l l u r g i c a l  
eva lua t ion .  T h e o r y  p r e d i c t s  t h a t  t he  m a x i m u m  m e -  
chan ica l  benef i ts  shou ld  be  f o u n d  in s in t e red  p r o d -  
uc ts  h a v i n g  g r a i n  d i a m e t e r s  s m a l l e r  t h a n  0.1/~, and  
so our  efforts  w e r e  d i r e c t e d  t o w a r d  p r o d u c i n g  the  
p o w d e r s  in  t he  0.01-0.1/k range .  This  p a p e r  w i l l  be 
r e s t r i c t e d  to de sc r i b ing  p r o d u c t i o n  b y  a c h e m i c a l  
process ,  n a m e l y ,  h y d r o g e n  r e d u c t i o n  of t u n g s t e n  and  
m o l y b d e n u m  ch lo r ides  in t he  v a p o r  s ta te .  

T h e r e  a r e  two  k e y s  to the  p r o d u c t i o n  of u l t r a f ine  
m e t a l  p o w d e r  b y  c h l o r i d e  r e d u c t i o n  processes :  one is 
to c a r r y  out  t he  r e d u c t i o n  in the  v a p o r  phase ,  
w h e r e b y ,  t h r o u g h  con t ro l  of d i lu t ion ,  on ly  a m i n i -  
m u m  n u m b e r  of a t o m s  or  mo lecu le s  of t he  r e a c t i n g  
spec ies  can  ge t  t o g e t h e r  to f o r m  a g g l o m e r a t e s ;  the  
o the r  is to c a r r y  out  t he  r e a c t i o n  in f r ee  space,  a w a y  
f rom sol id  w a l l s  on w h i c h  a con t inuous  m e t a l  p l a t i n g  
can deposi t .  

T h e r m o d y n a m i c  d a t a  c o m p i l e d  b y  G l a s s n e r  (11) 
i nd i ca t e  t h a t  t he  b y - p r o d u c t  HC1 is m o r e  s t ab l e  t h a n  
a n y  of the  t u n g s t e n  and  m o l y b d e n u m  ch lo r ides  b y  
10-20 k c a l / g  a t o m  of ch lo r ine  ove r  the  t e m p e r a t u r e  
r a n g e  f r o m  25 ~ to 900~ Thus,  t he  r e a c t i o n  shou ld  
p roceed  r e a d i l y  at  e l e v a t e d  t e m p e r a t u r e ,  and  no  b a c k  
r e a c t i o n  is to be  e x p e c t e d  as  t h e  p r o d u c t  is cooled.  

The  a p p a r a t u s  used  for  c a r r y i n g  out  t he  r e a c t i o n  is 
s k e t c h e d  in  Fig .  1. Pu r i f i ed  h y d r o g e n  a n d  t u n g s t e n  
or  m o l y b d e n u m  ch lo r ide  vapors ,  c a r r i e d  in a s t r e a m  
of a rgon  if des i red ,  a r e  p r e h e a t e d  to t he  chosen  t e m -  
p e r a t u r e  and  b r o u g h t  t o g e t h e r  in a l a r g e  r e a c t i o n  
space;  t he  gases  r eac t  i m m e d i a t e l y  on con tac t  to f o r m  
s u b m i c r o n  m e t a l  p o w d e r  and  h y d r o g e n  ch lo r ide  
vapor .  

Argon Wil6 
Sh;oth Gas 

~gen 

Preheat Zone 

�9 Flame Reaction 

Reaction Chamber 
(60ram. diameter) 

I 
W Powder 
H?.+HCI 

To Collector 

Fig. I. Quartz apparatus for producing ultrafine tungsten and 
molybdenum by a flame reaction. 
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One p u r p o s e  of f lowing  a r g o n  or  ch lo r ine  t h r o u g h  
t h e  s h e a t h  gas  nozzle  in Fig.  1 is to p r e v e n t  f o r m a t i o n  
of m e t a l  a t  t he  m e t a l  ch lo r ide  orifice t ip ,  w i t h  conse -  
quen t  p l u g g i n g  of t he  a p p a r a t u s .  Ch lo r ine  is s o m e -  
w h a t  m o r e  ef fec t ive  t h a n  a rgon  for  th is  purpose .  The  
gases  i s su ing  f r o m  the  concen t r i c  t ubes  r eac t  as a 
f lame and  the  shea th  gas se rves  to pos i t ion  the  m e t a l  
c h l o r i d e - h y d r o g e n  f lame at  some d i s t ance  f r o m  the  
orifice. 

The  m e t a l  m a y  be  co l lec ted  b y  g r a v i t y  se t t l ing  
w i t h  or  w i t h o u t  t h e  use  of an  e l ec t ro s t a t i c  p r e c i p i -  
t a t o r ;  or  t he  r e a c t i o n  gases  m a y  be  f i l t e red  t h r o u g h  a 
l a rge  d i a m e t e r  co lumn  of s tee l  wool,  t he  t r a p p e d  
p o w d e r  s h a k e n  f ree  of t he  wool  a n d  s e p a r a t e d  f r o m  
s m a l l  s tee l  f r a g m e n t s  b y  m a g n e t i c  means .  W h e n  
us ing  e l ec t ro s t a t i c  p r e c i p i t a t i o n ,  i t  is n e c e s s a r y  to 
p r e v e n t  b r i d g i n g  the  gap  b e t w e e n  the  e l ec t rodes  w i t h  
a conduc t i ng  f i lm of t u n g s t e n  powde r .  W h e n  th is  
b r idg ing  occurs ,  the  a l t e r n a t i n g  h igh  p o t e n t i a l  f ield 
(20,000-50,000v) is no l onge r  pos i t i oned  b e t w e e n  the  
co l lec t ing  e l ec t rodes  b u t  b e t w e e n  the  ins ide  and  o u t -  
s ide  wa l l s  of the  glass  shea th  ove r  t he  "ho t"  e l ec -  
t rode .  W h i l e  th is  o v e r - a l l  p rocess  w o r k s  we l l  for  
p r o d u c i n g  s u b m i c r o n  p o w d e r  d o w n  to 0.01t~ p a r t i c l e  
size, va r i ous  c h e m i c a l  and  m e c h a n i c a l  r e f i nemen t s  
a r e  n e c e s s a r y  to the  process  in o r d e r  to con t ro l  p a r -  
t ic le  sizes w i t h i n  n a r r o w  ranges ,  to o p e r a t e  w i t h  h igh  
m a t e r i a l s  efficiency, and  to p r o d u c e  p o w d e r  of h igh  
pu r i t y .  

The  q u a l i t y  of t he  p o w d e r  p r o d u c e d  d e p e n d s  on a 
n u m b e r  of fac tors ;  one of t h e m  is t he  r e a c t a n t  p r e -  
hea t  t e m p e r a t u r e  j u s t  p r i o r  to mix ing .  As  th is  t e m -  
p e r a t u r e  increases ,  t he  p o w d e r  p r o d u c t  becomes  
s o m e w h a t  f iner  ( T a b l e  I ) ,  and  the  a m o u n t  of ch lo -  
r ine  i m p u r i t y  is r educed .  

Runs  1 t h r o u g h  5 w e r e  a l l  c a r r i e d  out  in t he  a p -  
p a r a t u s  s h o w n  in Fig.  1. The  mo le  r a t i o  of h y d r o g e n  
to ch lo r ine  in the  s y s t e m  was  m a i n t a i n e d  at  3 and  the  
i n e r t  gas  flow was  he ld  cons tan t .  U l t r a f ine  m o l y b -  
d e n u m  p o w d e r  was  also p r e p a r e d  in t he  s ame  a p -  
p a r a t u s  at  a p r e h e a t  and  r e a c t i o n  c h a m b e r  t e m -  
p e r a t u r e  of 800~ This  p o w d e r  con ta ined  0.15% 
oxygen ,  0.~5% chlor ine ,  0.01% sil icon,  0.1% c a r -  
bon,  and  had  a su r face  a r e a  of 11.1 mVg c o r r e s p o n d -  
ing  to an  a v e r a g e  p a r t i c l e  size of 0.05#. 

In  m o s t  of t he  tes t s  r u n  thus  far ,  the  p o w d e r e d  
p r o d u c t  has  a n a l y z e d  a p p r o x i m a t e l y  99.5% meta l ,  
the  b a l a n c e  be ing  l a r g e l y  chlor ine ,  oxygen ,  and  ca r -  
bon,  w i t h  v e r y  sma l l  amounts ,  on the  o r d e r  of 0.01% 
or  less,  of n i t rogen ,  si l icon,  and  h y d r o g e n .  T u n g s t e n  
and  m o l y b d e n u m  ch lo r ides  c o m m o n l y  con ta in  o x y -  
chlor ides ,  and  some of th is  o x y g e n  finds i ts w a y  into 
t he  powde r .  The  ca rbon  i m p u r i t y  gets  in to  t he  sys -  

tern d u r i n g  a p r i o r  pur i f i ca t ion  of ch lo r ine  b y  pas s ing  
it ove r  ho t  c a r b o n  to r e m o v e  o x y g e n a t e d  compounds .  
This  c a r b o n  i m p u r i t y  could  be r e d u c e d  or  e l i m i n a t e d  
if necessa ry .  

O x y g e n  and  ch lo r ine  i m p u r i t i e s  in t he  m e t a l  p o w -  
de r  p r o d u c t s  a r e  p r e s e n t  as l o w e r  v a l e n t  compounds  
and  as c h e m i s o r b e d  gases.  1 X - r a y  d i f f rac t ion  p a t t e r n s  
show the  p re sence  of W~O in the  t u n g s t e n  powde r .  
P a r t  of the  o x y g e n  and  ch lo r ine  can be  r e m o v e d  b y  
p o s t - t r e a t m e n t s  of va r i ous  k inds .  V a c u u m  p u m p i n g ,  
a lone,  is r e l a t i v e l y  ineffect ive .  A p r o d u c t  a n a l y z i n g  
0.39% o x y g e n  and  0.24% ch lo r ine  w i t h  a su r f ace  
a r ea  of 12 m~/g was  h e a t e d  to 800~ for  24 h r  u n d e r  
a flow of d r y  h y d r o g e n .  The  o x y g e n  con ten t  was  r e -  
d u c e d  to 0.21% and  the  ch lo r ine  con t en t  to 0.04%. 
S i m u l t a n e o u s l y ,  t h e  su r face  a r e a  d e c r e a s e d  to 6.49 
m V g  as a r e su l t  of th is  t r e a t m e n t .  Obv ious ly ,  a t u n g -  
s ten  p o w d e r  p r o d u c t  low in o x y g e n  and  c a r b o n  con-  
t en t  is m o r e  eas i ly  o b t a i n e d  b y  a ca re fu l  d i s t i l l a t i on  
of t he  t u n g s t e n  hexach lo r i de .  This  d i s t i l l a t i on  r e -  
moves  the  o x y c h l o r i d e s  and  c h l o r i n a t e d  h y d r o c a r -  
bons  wh ich  c o m m o n l y  c o n t a m i n a t e  t u n g s t e n  h e x a -  
ch lo r ide  m a d e  f r o m  c o m m e r c i a l  chlor ine .  

Powder Properties 

The  p a r t i c l e  sizes of t he  t u n g s t e n  p o w d e r s  w e r e  
d e t e r m i n e d  b y  su r f ace  a r e a  m e a s u r e m e n t s  (12)  and  
conf i rmed  b y  e l ec t ron  m i c r o g r a p h y .  F i g u r e  2 shows a 
t y p i c a l  p h o t o m i c r o g r a p h  o b t a i n e d  at  a magn i f i ca t ion  
of 50,000 d i ame te r s .  The  pa r t i c l e s  a p p r o a c h  sphe re s  
in shape.  T h e r e  is cons ide r ab l e  a g g r e g a t i o n  of p a r -  
t ic les  in th is  p h o t o m i c r o g r a p h .  

The  b u l k  d e n s i t y  of t he  p o w d e r  as co l lec ted  was  
a p p r o x i m a t e l y  0.2 g/cc .  This  is r e m a r k a b l y  low for  
t u n g s t e n  w i t h  a d e n s i t y  of 19.3. 

The  c h e m i c a l  p r o p e r t i e s  of t he  u l t r a f ine  p o w d e r  
a re  g r e a t l y  modi f i ed  b y  the  p r e s e n c e  of the  c h e m i -  

A l l  o x y g e n  ana lyses  in  t h i s  s t u d y  were  d e t e r m i n e d  by  a v a c u u m  
f u s i o n  ana ly s i s  i n  w h i c h  t he  e n c a p s u l a t e d  s a m p l e  is d r o p p e d  in to  an  
i r o n - c a r b o n  m e l t  a t  1800~ and  t h e  r e s u l t i n g  ca rbon  m o n o x i d e  is 
measured. 

Table I. Production of ultrafine tungsten powder by the 
hydrogen reduction of tungsten hexachloride at various 

temperatures 

P r e h e a t  and  r eac t i on  % C h l o r i n e  P r o d u c t  
R u n  No. c h a m b e r  t emp ,  ~ in  p r o d u c t  d i am,  te 

1 430 1.82 0.029 
2 620 0.24 0.025 
3 695 0.10 0.031 
4 800 0.27 0.026 
5 905 0.13 0.021 

Fig. 2. Photomicrograph of ultrafine tungsten powder. Magnifica- 
tion 40,625X. 
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sorbed gas films. Powder  which is r e la t ive ly  free of 
chlorine and oxygen appears  to be much more  reac-  
t ive than powder  made as descr ibed above. F ine ly  
d ivided meta l  powder  is sometimes pyrophoric .  
Grea t  va r iab i l i ty  in the reac t iv i ty  of tungsten pow-  
der toward  air  and wa te r  has been encountered.  
Some samples  oxidize rap id ly  on exposure  to air. For  
example,  when a sample containing 1.5 % of adsorbed 
chlorine was exposed to air  at  room tempera ture ,  
thermocouples  embedded  in the powder  showed t em-  
pe ra tu re  rises of 10-20~ due to air  reaction, but  no 
ignit ion occurred. When a r ed -ho t  wire  was placed 
in the powder ,  the mate r ia l  in the vic ini ty  of the  wire  
reacted,  tu rn ing  ye l low-green ,  the  color of WO3, but  
the remainder  of the powder  was not affected. Other  
samples exposed to air  have become red hot on the 
surface wi th in  a few seconds'  t ime. Factors  such as 
the ra te  of heat  loss f rom the powder  and the degree 
of packing  of the sample  also affect the possibi l i ty  
of ignition. 

More usually,  however,  the tungsten powder  is 
complete ly  inert.  For  example,  a sample of powder  
analyzing 0.10% oxygen, 0.09% chlorine, 0.01% car-  
bon, and 0.01% silicon, and having an average  p a r -  
t icle d iameter  of 0.02#, was hea ted  in air  on a t he r -  
mogravimet r ic  balance of 1 mg sensit ivi ty,  i.e., 0.1% 
of the weight  of the sample. No measurable  weight  
gain occurred unt i l  the t empera tu re  reached 140~ 
when the powder  conver ted rap id ly  and complete ly  
to tungst ic  oxide. The same resul t  was obta ined when  
oxygen was subst i tu ted for air, or when the tung-  
sten powder  was p re t r ea ted  with  hydrogen  at 800~ 
or when it was t r ea ted  wi th  chlorine unt i l  1% by 
weight  was adsorbed;  the ignit ion t empera tu re  in air  
or oxygen was, in all  cases, 130-140~ on the the r -  
mogravimet r ic  ba lance . -Powder  of the same par t ic le  
size, f rom another  batch, containing 0.20% chlorine, 
0.24% oxygen, 0.16% carbon, and 0.16% silicon, be-  
haved identical ly.  

The submicron tungsten powder  phys ica l ly  ad-  
sorbs wa te r  revers ib ly  at  25~ and does not react  
apprec iab ly  wi th  wa te r  up to 1200~ This powder  
chemisorbed several  per  cent of chlorine when ex-  
posed to a 20:80 ch lor ine-a rgon  mix tu re  at  room 
tempera tu re ;  the chlorine, unl ike  wate r  vapor,  was 
not dr iven  off by dry  argon at  room tempera tu re ,  but  
was removed,  together  wi th  a l i t t le  tungs ten  chlo- 
ride, by  argon hea ted  to above 350~ 

These tests indicate  tha t  the fine tungsten powder  
can be handled  safely if a few simple precaut ions  are 
taken.  However ,  any finely d ivided meta l  powder,  
mixed  wi th  air  or other oxidizing agent,  is a po ten-  
t ia l  source of uncontrol lable  reactions.  For  example ,  
when an opera tor  inadver t en t ly  let a small  amount  
of the  fluffy tungs ten  powder  come in contact  wi th  
hot chlorine gas in a large glass receiver,  a violent  
react ion sha t te red  the equipment  and could have in-  
ju red  the operators  if they had  not  been wear ing  
safety clothing and goggles. There is a l imit  to how 
casual ly  any ul traf ine powder  can be handled.  Cur-  
r en t ly  this  p rob lem is being s tudied fu r the r  to t ry  to 
de te rmine  the cause of the va r i ab i l i t y  in pyrophor i -  
ci ty of different  lots of powder.  

U ses 
A few tests have been made to de te rmine  whether  

pressed compacts of ul trafine tungsten powder  would 
have improved  mechanical  propert ies ,  as theory  p r e -  
dicts. Specimens of r a the r  impure  powder  (0.6% 
oxygen and 0.3% chlorine)  were  pressed at  40 tons /  
in2, giving compacts of only about  40% theore t ica l  
density,  p robab ly  because of incomplete  removal  of 
en t rapped  air. The green s t rength  was, however,  
ve ry  good. These specimens s intered poor ly  at  
1750~ giving compacts of 80% theoret ica l  density.  
However,  grain growth  was excessive at  these t em-  
peratures ,  i.e., to about  30/~, and it was immedia te ly  
apparen t  tha t  l o w - t e m p e r a t u r e  s inter ing would have 
to be possible if the desired fine s t ruc ture  is to be 
retained.  Later ,  s imilar  green compacts were  sin- 
te red  at 1550~ for 30 min in hydrogen  a tmospheres  
to give products  of 94% theoret ica l  density.  

These results  point  up a r a the r  r e m a r ka b l e  p rop -  
e r ty  of ul trafine tungs ten  powder :  tha t  it  can be 
s intered effectively at  t empera tu res  nea r ly  a thou-  
sand degrees lower  than  convent ional  tungsten pow-  
der. This seems to be a genera l  phenomenon,  not  
res t r ic ted to tungsten.  Lower ing  of the s inter ing 
t empera tu re  wi th  other  ul trafine meta l  powders  has 
been observed in the  same way.  

Meta l lurgica l  da ta  a re  cur ren t ly  being collected 
on these fine powders,  including pressing, rolling, 
ext ruding,  slip casting, dispersion s t rengthening,  and 
so on. Some of these resul ts  should be avai lab le  soon 
for publicat ion.  The powders ,  because of thei r  un-  
usual  sizes and surface characteris t ics ,  may  have 
unique applicat ions as catalysts ,  fillers, fuels, nuc lea -  
t ion agents in al loy production,  and other  diverse  
applications.  
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ABSTRACT 

The effects of sulfate, thiocyanate ,  chloride,  and hyd rox ide  ions on the  r e -  
duct ion of cupric  ion on passive stainless steel  have been s tudied by  use of po-  
tent iostat ic  techniques.  Specific adsorpt ion  of the  anions catalyzes  the  ra te  of 
the reduct ion  reaction,  and analysis  shows that  the adsorpt ion  follows a po-  
t en t i a l -dependen t  Langmui r  isotherm. A s imple model  is proposed,  based on 
e lect rochemical  kinet ic  theory,  which yields  isotherms having  proper t ies  in 
good agreement  wi th  exper imen ta l  observat ions.  

S tud ie s  on the  k ine t i c s  of e l ec t rode  processes  h a v e  
shown  tha t  an ions  e x e r t  specific effects  in  m a n y  sys -  
tems.  A m o n g  n u m e r o u s  con t r i bu t i ons  to the  l i t e r a -  
t u r e  on this  sub j ec t  a r e  p a p e r s  conce rned  w i t h  t he  
effect of an ions  on the  e x c h a n g e  c u r r e n t  of r e d o x  
sys t ems  (1) ,  on the  cor ros ion  of m e t a l s  (2, 3) ,  and  on 
e l ec t rode  r eac t ions  at  a m e r c u r y  su r f ace  (4) .  F r u m -  
kin (5, 6) and  P ion t e l l i  (7)  h a v e  r e v i e w e d  an ion  
effects in e l e c t r o c a p i l l a r i t y  and  e l ec t rode  k ine t ics ,  
and  the  inf luence  of an ions  in p o l a r o g r a p h y  was  the  
s ub j ec t  of a r e v i e w  b y  B r d i c k a  (8 ) .  E l e c t r o d e  p r o c -  
esses occu r r i ng  on pas s ive  m e t a l s  a re  also af fec ted  
b y  anions,  and  the  s e n s i t i v i t y  of the  e l ec t rode  p o t e n -  
t i a l  of i ron  p a s s i v a t e d  in  C r O j ,  T c O j ,  MOO#, or  W O j  
to add i t i ons  of C1- or SCN- was  n o t e d  b y  S y m p s o n  
and  C a r t l e d g e  (9) .  In  a p r e v i o u s  p a p e r  (10) ,  t he  r e -  
duc t ion  of cupr ic  ion on pas s ive  s t a in less  s tee l  in  
su l f a t e  so lu t ion  was  s t ud i ed  b y  use of po ten t ios t a t i c ,  
ga lvanos t a t i c ,  and  t r a c e r  t echn iques .  This  r e a c t i o n  is 
c a t a l y z e d  b y  the  a d d i t i o n  to so lu t ion  of c e r t a i n  
an ions  (11, 12),  and  the  p u r p o s e  of t he  p r e s e n t  p a p e r  
is to p r e s e n t  r e su l t s  of e l e c t r o c h e m i c a l  m e a s u r e m e n t s  
on the  effects of CI-, SO, =, OH-, and  SCN- ions on the  
k ine t ics  of r e d u c t i o n  of Cu ++ on pa s s ive  s ta in less  steel .  

In  o r d e r  to ob t a in  d e t a i l e d  i n f o r m a t i o n  on the  n a -  
t u r e  of the  an ion  effects,  a ser ies  of p o t e n t i o s t a t i c  
e x p e r i m e n t s  was  p e r f o r m e d .  The  effect of SCN- on 
the  r e d u c t i o n  of Cu ++ on pa s s ive  s ta in less  s tee l  was  
d e t e r m i n e d  in  va r i ous  H=SO4-Na~SO~ solut ions.  These  
r e su l t s  sugges t ed  t ha t  bo th  su l f a t e  ion c o n c e n t r a t i o n  
and  ac id i t y  a r e  i m p o r t a n t  v a r i a b l e s  in the  k ine t i c s  
of the  r e d u c t i o n  reac t ion .  H e n c e  f u r t h e r  e x p e r i m e n t s  
w e r e  p e r f o r m e d  in aqueous  p e r c h l o r a t e  m e d i a  in 
o r d e r  to m i n i m i z e  a n y  effect of c o m p l e x i n g  of cupr i c  
ions b y  an ions  in solut ion.  E x p e r i m e n t s  in p e r c h l o -  
r a t e  so lu t ions  i n c l u d e d  the  effects of CF, SO j ,  and,  
in p a r t i c u l a r ,  OH- ( a c i d i t y )  on the  k ine t i c s  of Cu ++ 
r e d u c t i o n  as a func t ion  of e l ec t rode  p o t e n t i a l  and  
t e m p e r a t u r e .  S ince  i t  was  d e s i r a b l e  to d i s t i ngu i sh  b e -  

1 P r e s e n t  address :  D e p a r t m e n t  of Chemis t ry ,  Ohio Univers i ty .  
Athens ,  Ohio.  

t w e e n  c o m p l e x i n g  and  a d s o r p t i o n  aspec t s  of t he  
an ion  effects,  a c c u r a t e  va lue s  of assoc ia t ion  q u o t i e n t s  
w e r e  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  for  t he  as -  
soc ia t ion  of Cu ++ w i t h  the  an ions  s t ud i e d  u n d e r  con-  
d i t ions  p r e v a i l i n g  in the  p o t e n t i o s t a t i c  e x p e r i m e n t s .  
The  r e su l t s  of t he  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  a r e  
p r e s e n t e d  b e l o w  and  a n a l y z e d  on the  bas is  of e l ec -  
t r o c h e m i c a l  k ine t i c  theory .  

Experimental 
The  e x p e r i m e n t a l  cel l  was  a f i ve -necked ,  sphe r i ca l  

r e a c t i o n  f lask of 500 ml  capac i ty ,  f i t ted  w i t h  a w a t e r -  
cooled condense r  for  use  w i t h  h e a t e d  solut ions .  
S t a n d a r d  t a p e r  p o r t s  p r o v i d e d  space  for  a t h e r m o m -  
e ter ,  the  e n t r y  and  egress  of gas, a p l a t i n u m  p o l a r i z -  
ing  e lec t rode ,  the  s t a in less  s tee l  e l ec t rode  a s sembly ,  
and  for  add i t i ons  of a l iquo ts  of s tock  solut ions .  T e m -  
p e r a t u r e  was  c on t ro l l e d  b y  m e a n s  of a Glasco l  h e a t -  
ing  m a n t l e  o p e r a t e d  f rom a V a r i a c  s u p p l i e d  w i t h  
r e g u l a t e d  vo l tage .  The  c o n s t a n c y  of t he  a m b i e n t  t e m -  
p e r a t u r e  e n s u r e d  con t ro l  of t he  so lu t ion  t e m p e r a -  
t u r e  to a p p r o x i m a t e l y  - -0 .5~ ove r  long  pe r i ods  of 
t ime.  Pu r i f i ed  h e l i u m  or  n i t r o g e n  effused in to  t he  
so lu t ion  at  a cons t an t  r a t e  t h r o u g h  a s i n t e r e d  glass  
d isk;  t he  flow was  sufficient  to ensu re  v igo rous  s t i r -  
r ing.  Res idua l  o x y g e n  was  r e m o v e d  f r o m  the  gas  b y  
use  of a t u b e  f u r n a c e  con ta in ing  h e a t e d  coppe r  t u r n -  
ings,  and  co lumns  of D r i e r i t e  a n d  A s c a r i t e  p r o v i d e d  
f u r t h e r  pur i f ica t ion .  

E l e c t r o d e  p o t e n t i a l  m e a s u r e m e n t s  w e r e  m a d e  us ing  
a L&N p H  I n d i c a t o r  (No. 7664) as a p o t e n t i o m e t e r  
coup led  w i th  a B r o w n  r eco rde r .  Po t e n t i a l s  w e r e  
m e a s u r e d  and  r e c o r d e d  w i t h  t i m e  b y  t h e  d i r ec t  
me thod ,  us ing  a L u g g i n  c a p i l l a r y  b r i d g e d  to a s a t u -  
r a t e d  ca lome l  r e f e r e n c e  e l ec t rode  m a i n t a i n e d  at  
r oom t e m p e r a t u r e .  The  c o n c e n t r a t i o n  of t h e  e l e c t r o -  
l y t e  was  such t h a t  no s igni f icant  ohmic  p o t e n t i a l  d rop  
o c c u r r e d  in so lu t ion  b e t w e e n  the  e l ec t rode  and  the  
t ip  of t h e  r e f e r e n c e  e l ec t rode  c a p i l l a r y  ove r  t he  e n -  
t i r e  r a n g e  of p o l a r i z i n g  c u r r e n t s  e m p l o y e d .  
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Galvanos ta t ic  c i rcui t ry  consisted of h igh-capac i ty  
bat ter ies  furnishing 135v output,  together  wi th  large 
load resistors  in series wi th  the  cell. The concentra-  
tion of cupric ion in solution was a lways  such tha t  
compara t ive ly  small  currents  (usual ly  no grea te r  
than 10 ~a / cm ~) were  sufficient to al low observat ions 
over the ent i re  usable  potent ia l  range  of passive 
stainless steel in the chosen environments .  Currents  
were  measured  by  recording vol tage drop across p re -  
cision resistors  in the  circuit.  The potent ios ta t  used 
in these studies was developed in this l abo ra to ry  
for the special  purpose  of providing an a l l -e lec t ronic  
ins t rument  sui table  for precise control  of electrode 
potent ia ls  in polar izable  systems over ex tended pe-  
riods of time. The potent iostat ,  a s ingle-ampl i f ier  
type,  was constructed using a Reeves Ins t rument  
Corporat ion A-400 Dual  D. C. Amplif ier  (REAC);  
this is a chopper -s tab i l i zed  opera t ional  amplifier  of 
high gain. Max imum output  vol tage was ___100v and 
output  cur ren t  could a t ta in  +--20 ma. Electrode po ten-  
tials were  constant  to wi th in  --+0.1 mv at all  t imes 
when the potent ios ta t  was controll ing,  as could be 
ascer ta ined oscilloscopically. Because of the chopper  
stabil izat ion,  response t ime was slow compared to 
potent ios ta ts  of the s t ra igh t -ampl i f ie r  type,  but  this 
was a negl igible  d i sadvantage  for the present  pu r -  
poses considering the gain in l ong - t e rm s tabi l i ty  and 
precision afforded by  the design adopted.  

Electrodes were  machined f rom type  347 stainless 
steeF in cyl indr ica l  form wi th  a d iameter  of 1 cm 
and a height  of 2 cm, thus permi t t ing  an exposed 
geometr ical  area of 7 cm ~ when mounted  on the elec-  
t rode holder.  A Teflon cyl inder  abut ted  one end of 
the  steel electrode and was fol lowed by a conical 
Teflon piece machined to fit the s tandard  taper  joint  
of the cell. The ent i re  assembly was t ightened by use 
of a stainless steel rod which pene t ra ted  cyl indr ical  
and conical pieces ax ia l ly  and th readed  into the steel  
electrode. A so lu t ion- t ight  seal was easily made, and 
no fu r the r  a t tent ion  was necessary dur ing the l ife of 
the electrode. The surface of the stainless steel e lec-  
t rodes was electropolished in a solution of 60% by 
volume of 85% H~PO, + 20% of 95% H,~SO, + 20% 
of H~O at 65~ for 3-5 min at a cur rent  densi ty  of 
0.5 a m p / c m  ~. This procedure  produced a m i r r o r - l i k e  
surface of reproduc ib le  polar izat ion character is t ics  
in the  solutions studied. Electrodes were  s tored be-  
tween measurements  in t r ip le -d i s t i l l ed  water .  

Al l  solutions were  p repa red  using t r ip le -d i s t i l l ed  
water ,  obta ined by redis t i l l ing  tap dist i l led wa te r  
f rom the l abora to ry  supply  in a two-s tage  quartz  
stil l  manufac tu red  by Heraeus-Quarzschmelze .  Al l  
reagents  used were  analy t ica l  grade. Recrys ta l l iza-  
t ion of crys ta l l ine  reagents  was found to be wi thout  
appreciable  effect on the  results,  and most exper i -  
ments were  per formed  using ana ly t ica l  grade chemi-  
cals wi thou t  fu r the r  purification. 

In potent iosta t ic  exper iments ,  s tainless steel e lec-  
t rodes were  a l lowed to a t ta in  s teady states at  a p r e -  
selected value of electrode potential .  This procedure  

C o m m e r c i a l  t y p e  347 s t a i n l e s s  s t ee l ,  a l t h o u g h  b y  no  m e a n s  a 
s i m p l e  a l loy ,  w a s  cl%osen as  a w o r k i n g  m a t e r i a l  b e c a u s e  i t s  e l e c t r o -  
c h e m i c a l  b e h a v i o r  is  t y p i e a ]  of  t h a t  of  a l a r g e  n u m b e r  of  s t ee l s  of  
s i m i l a r  c o m p o s i t i o n .  I n  a d d i t i o n ,  o u r  e x p e r i e n c e  has  s h o w n  t h a t  t h e  
kine t i c s  of r e d u c t i o n  r e a c t i o n s  a r e  r e l a t i v e l y  i n s e n s i t i v e  to t h e  t y p e  
of s t a i n l e s s  s t e e l  u sed ,  p r o v i d e d  a s t a n d a r d i z e d  m e t h o d  of sur face  
p r e p a r a t i o n  is e m p l o y e d .  
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was t ime-consuming,  as l ong - t e rm t rans ients  are  ob-  
served on passive stainless steel, especial ly  in pe r -  
chlorate  solutions. '  Af te r  a t t a inment  of s teady states, 
al iquots of concentra ted stock solutions were  added 
to the  exper imenta l  solution by  micropipet tes  and 
the appl ied current  necessary to main ta in  the chosen 
potent ia l  constant  was recorded wi th  time. Most ex-  
per iments  were  per formed  in 0.3f NaC10~ acidified 
with  HC10,. Stock solutions of i f  Na~SO, and 5f 
NaC1 in 0.3j ~ NaC10, were  used in exper iments  on the 
effects of SO, = and CI-, respect ively.  In exper iments  
on the effect of SCN-, which were  per formed  in di-  
lute  H~SO,-Na~SO, solutions, f reshly  p repa red  stock 
solutions of 0.25] KSCN dissolved in the exper i -  
menta l  solutions were  used. Exper iments  on the ef -  
fect of acidi ty  were  pe r fo rmed  in 10-~f HC10, W 0.3f 
NaC10, by adding  aliquots of stock solutions of i f  
HC10, + 0.3~ NaC10, or concentra ted HC10,. 

Results 

Data f rom a series of potent iosta t ic  exper iments  on 
the effect of SCN- on the reduct ion of Cu +§ on passive 
stainless steel  in di lute  sulfate solution are shown in 
Fig. 1. Cupric  ion concentra t ion was 2.5 or 5.0 x 10-6f 

in this series; the ove r -a l l  formal  ra te  constant, k, 
was calculated by  dividing the current  densi ty  in 
a m p / c m  ~ by  the cupric ion concentrat ion in moles /  
l i ter.  The sigmoid curves observed in Fig. 1 are 
typica l  of all  the data  obtained in exper iments  on 
the SCN- effect. Evident ly  the ra te  of reduct ion of 
Cu §247 approaches a l imit ing value  at  high [SCN-].  
Solid lines d rawn  through the exper imenta l  data  of 

a T h e  h a l f - t i m e s  of  t r a n s i e n t s  w e r e  f o u n d  to  d e p e n d  g r e a t l y  on  t h e  
a c i d i t y  of  t h e  so lu t i on ,  b e i n g  l e a s t  ( a p p r o x i m a t e l y  5 r a i n  or  less)  i n  
s o l u t i o n s  of  h i g h  p H  ( a p p r o a c h i n g  n e u t r a l i t y ) ,  a n d  i n c r e a s i n g  to 
v a l u e s  of  t h e  o r d e r  of  h a l f  a n  h o u r  a t  l o w  p H .  T h e  n e c e s s i t y  of w a i t -  
i n g  f o r  t r u e  s t e a d y  s t a t e s  i n  t h e s e  p a s s i v e  s y s t e m s  c a n n o t  be  o v e r -  
e m p h a s i z e d .  W h a t e v e r  t h e  n a t u r e  of t h e  t r a n s i e n t s ,  w h e t h e r  t h e y  b e  
d u e  to  r e a d j u s t m e n t  of  c h a r g e  d i s t r i b u t i o n  i n  t h e  p a s s i v e  o x i d e  f i lm,  
t o  c h a n g e  in  t h e  f i lm t h i c k n e s s ,  o r  to s l o w  p r o c e s s e s  a k i n  to a r e a c -  
t i o n  c a p a c i t y  a t  t h e  o x i d e - s o l u t i o n  i n t e r f a c e  (or  a c o m b i n a t i o n  of a l l  
of  t h e s e ) ,  c o n s i d e r a b l e  c h a r g e  is  r e q u i r e d  to  e s t a b l i s h  a n e w  s t e a d y  
s t a t e .  P r e m a t u r e  j u d g m e n t  of  t h e  e x i s t e n c e  of s t e a d y  s t a t e s  or  
a r b i t r a r y  s e l e c t i o n  of t i m e s  f o r  c h a n g i n g  p a r a m e t e r s  s u c h  as a d d e d  
ion  c o n c e n t r a t i o n ,  e l e c t r o d e  p o t e n t i a l ,  o r  a p p l i e d  c u r r e n t  r e s u l t  i n  
c o n f u s i o n  of t h e  d e s i r e d  p r o p e r t i e s  of  t h e  F a r a d a i c  p r o c e s s e s  in  t h e  
s y s t e m  w i t h  p r o p e r t i e s  of  t h e  n o n - F a r a d a i c  p r o c e s s e s  o c c u r r i n g  
d u r i n g  t h e  t r a n s i e n t s .  

"~ I I ~ I �84 ' 

" t "O- -A  

~- 2,0 

-J -2,5 - 

TI A 

-5.0 - -  - ' " 
-oo -5.0 -4.0 -5,0 -2.0 

LOG [SCN'] 

Fig. 1. Effect of SCN- on the reduction of Cu +§ on passive stain- 
less steel in 1 x 10~f H2SO, plus 9 x 10-:f Na2SO,; 65~ nitrogen 
atmosphere. Potential vs. S.C.E. at room temperature. 
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Fig. 2. Effect of acidity and SCN- on the reduction of Cu §247 on 
passive stainless steel in 9 x 10-V Na~SO4; 65~ nitrogen atmos- 
phere. Potential vs. S.C.E. at room temperature. 
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Fig. 3. Effect of SO~ = on the reduction of C u  ++ on passive stain- 
less steel in 3 x 10-1f NaClO~; 85~ helium atmosphere. Potential 
vs. S.C.E. at room temperature. 

Fig. 1 are l ea s t - squa re s  fits of the da ta  w i th  an  ex-  
press ion of the fo rm of Eq. [ 1 ]. 

k = (a + f l y [ X ] ) / ( 1  + 7 [ X ] )  [1] 

In  Eq. [ 1], the  fo rma l  e lec t rochemical  ra te  constant ,  

k, is a f unc t i on  of added  an ion  concen t ra t ion ,  [X] ,  
and  of the  th ree  constants ,  a,  B, and  X. The cons tan t  
a is the  ra te  cons tan t  for the  r educ t ion  reac t ion  in  the  
absence  of added anions,  /9 is the l imi t ing  ra te  con-  
s t an t  for l a rge  [X] ,  and  y m a y  be rega rded  as an 
e q u i l i b r i u m  quo t i en t  for the  in t e rac t ion  be t w e e n  
an ions  and  sys tem reactants .  The m e a n i n g  of the  
cons tan ts  of Eq. [1] is cons idered  f u r t h e r  below. 

E x p e r i m e n t s  on the SCN- effect were  r u n  at sev-  
era l  acidit ies and  at severa l  ove r - a l l  concen t ra t ions  
of sul fa te  ions. The  effect of to ta l  sul fa te  ion concen-  
t r a t i on  was  found  to be s l ight  over  the r ange  10-' to 
10-=f Na=SO,. At  cons tan t  [H+], l i t t le  difference exists  
be tween  ra te  cons tan ts  at  10-'f and  at 10-=f Na,~SO,; 
some change  of ra te  cons tan t  occurs at  10-~f Na=SO,, 
bu t  even  here  the  difference is small .  On the other  
hand,  the effect of SCN- on the  r educ t ion  of Cu +§ de-  
pends  g rea t ly  on the acidi ty  of the solut ion,  as shown 
in  Fig. 2. Chang ing  the acidi ty  of the  solut ion not  
on ly  affects the  ra te  cons tan ts  bu t  also shifts the  
cu rve  pa ra l l e l  to the  log [SCN-] axis. 

Data  on the effect of SO, = on the reduc t ion  of Cu § 
on passive s ta inless  steel  in  pe rch lo ra te  solut ions  are 
shown  in  Fig. 3. Exp lo ra to ry  e xpe r i me n t s  had p r o v e n  
that  NO,- and  C10,- ions have  no effect on the  k ine t ics  
of the r educ t ion  react ion,  so tha t  0.3f NaC10, was 
chosen as i ne r t  e lec t ro ly te  for e xpe r i me n t s  on the 
effects of SO, =, OH-, and  CI-, and  c rys ta l l ine  
Cu(NO~)~-3H~O was used as the source of cupr ic  
ions. Even  at 10-~f SO, =, there  is l i t t le  change  in  the  
r educ t ion  ra te  of Cu +§ especial ly  at lower  acidity.  
These data  are not  ex tens ive  enough  to show defi- 
n i t e l y  w he t he r  or not  a l i m i t i n g  va lue  of ra te  con-  
s t an t  is a t t a ined  at h igh  [SO,=], bu t  the  aspect of the  
curves  suggests not  on ly  the  poss ib i l i ty  of a l imi t ing  
va lue  bu t  also the  poss ib i l i ty  of a common  va lue  in -  
d e p e n d e n t  of acidity.  

The effect of ac idi ty  on cupric  ion reduc t ion  is 
shown  in  Fig. 4 as a func t ion  of electrode potent ia l .  
In  addi t ion  to s tudies  at 25~ potent ios ta t ic  exper i -  
ments  were  r u n  at  45 ~ , 67 ~ , and  85~ F igu re  5, 
showing  da ta  on the effect of t e m p e r a t u r e  at cons tan t  
e lectrode potent ia l ,  demons t r a t e s  tha t  s igmoid curves  
are also ob ta ined  at  the  h igher  t empera tu re s .  Solid 
l ines in  Figs. 4 and  5 are l eas t - squa res  fits of Eq. [1] 
to the  e x p e r i m e n t a l  data.  A l im i t i ng  ra te  cons tan t  
is a t t a ined  at lower  acidit ies in  ana logy  to obse rva -  
t ions on the SCN- effect; this  effect is more  p ro -  
nounc e d  at h igher  t e m p e r a t u r e s  as m a y  be seen in  
Fig. 5. In  addi t ion,  a l imi t ing  ra te  is observed  at the 
h igher  acidit ies (up to 10-15 HC10,) .  

Resul ts  of potent ios ta t ic  e xpe r i me n t s  on the  effect 
of C1- on the reduc t ion  of Cu +§ are shown in Fig. 6 as 
a f unc t i on  of e lectrode po ten t i a l  and  acidity.  Solid 
l ines t h rough  data  ob ta ined  in  10-sf HC10, are leas t -  
squares  fits; l ines  t h rough  data  r e f e r r i ng  to 10"f 
HC10, are  v i sua l  fits. The resul t s  at  low acidi ty  are 
s imi la r  to those shown in  Fig. 1 for the effect of 
SCN-. However ,  the  e x p e r i m e n t s  at h igher  acidi ty  
revea led  a more  complex  behavior .  Curve  E of Fig. 

6 shows the  exis tence  of a m i n i m u m  in the  k v s .  [C1-] 
re la t ionsh ip  at --0 m v  v s .  S.C.E. The inf luence of the  
p h e n o m e n o n  respons ib le  for the  m i n i m u m  in curve  

- 4 . 0 ~ ~ .  ~ L 'o-, t 

~ - 6 . 0  O 

vs S.C.E. (my) 
I A. - t00 
F B. t o  
J C. * ~00 
I D. + 200 .8 .0 L I ~' " ~ -  I ] [ r 

- s . o  - 4 . 0  -3 .o  -2 .o  
�9 OG [H*] 

Fig. 4. Effect of acidity on the reduction of Cu §247 on passive 
stainless steel in 3 x 10-Jf NaClO,; 25~ helium atmosphere. 
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Fig. 5. Effect of temperature on the reduction of Cu +§ on passive 
stainless steel in 3 x 10-1f NaCIO~; helium atmosphere. Electrode 
potential: + 2 0 0  mv vs. S.C.E. at room temperature. 

+ 0  ' -  I ' I ' l ' I  _/A 

~ _~(_ C 

~ , ~  o o ~ ~  

- ../(~# H o ~ L E C T R O D E  POTENTIAL- 
- I  vs S.C.E. (rnv) 

| A.,E. -+0 C.,G. +200 

8L4 , 1 , I ~.,F. t~oo o.,H.§ 
-&O -2 .0  - t . 0  

LOG [C,-] 
Fig. 6. Effect of El- on the reduction of Cu ++ on passive stain- 

less steel in 1 x 10-'~f HCIO~ or 1 x i0-~f HCIO~ plus 3 x 10-1f 
NaCIO~; 85~ helium atmosphere. Potential vs. S.C.E. at room 
temperature.  

E seems  to e x t e n d  also to c u r v e  F, t he  b e h a v i o r  of  
w h i c h  is m o r e  c lose ly  a k i n  to t he  u sua l  s igmoid  r e -  
l a t ion  o b t a i n e d  at  l o w e r  ac id i ty .  S ince  m e a n i n g f u l  
d a t a  could  not  be o b t a i n e d  at  ch lo r ide  ion c o n c e n t r a -  
t ions  m u c h  l a r g e r  t h a n  those  shown  in Fig.  6 w i t h -  
ou t  d ra s t i c  changes  in t he  ionic s t r e n g t h  of t he  so lu -  
t ion,  e v i d e n c e  is insuff ic ient  on the  ques t ion  of 
w h e t h e r  or  no t  r a t e  cons t an t s  a r e  i n d e p e n d e n t  of 
a c id i t y  a t  h igh  [C1-]. 

Discussion 

A t t e m p t s  to  i n t e r p r e t  t h e  p r e v i o u s  o b s e r v a t i o n s  
q u a n t i t a t i v e l y  on the  bas is  of a c o m p l e x i n g  e x p l a n a -  
t ion  e n c o u n t e r e d  difficult ies.  A s s u m i n g  t ha t  cupr ic  
ion  a n d  the  an ions  s t u d i e d  r eac t  to f o r m  1:1 c o m -  
p l exes  in so lu t ion  and  t ha t  r a t e  cons tan t s  d i f fer  for  
r e d u c t i o n  of aquo  ion and  complex ,  one m a y  d e r i v e  
an  e q u a t i o n  for  the  o v e r - a l l  r a t e  cons t an t  w h i c h  has  
the  f o r m  of Eq. [1] .  In  th is  ins tance ,  t he  cons t an t  ~, 
of Eq. [1]  becomes  the  assoc ia t ion  quo t i en t  for  t he  
1:1 a s soc ia t ion  reac t ion .  Va lues  of ~, w e r e  c a l c u l a t e d  
f rom e x p e r i m e n t a l  d a t a '  for  c o m p a r i s o n  w i t h  va lue s  
of t he  1:1 a s soc ia t ion  q u o t i e n t s  o b t a i n e d  f r o m  i n d e -  
p e n d e n t  m e a s u r e m e n t s .  E x a m i n a t i o n  of the  l i t e r a -  
t u r e  showed  tha t  m e a s u r e m e n t s  of the  1:1 assoc ia -  
t ion quo t i en t s  of Cu ++ w i t h  t he  an ions  SO4= and  SCN- 
w e r e  no t  r e p o r t e d  for  t he  e x p e r i m e n t a l  cond i t ions  of 
th is  s tudy .  There fo re ,  these  quo t i en t s  w e r e  m e a s u r e d  
s p e c t r o p h o t o m e t r i c a l l y  as a func t ion  of t e m p e r a -  
t u r e  a t  ionic  s t r e n g t h s  of i n t e re s t .  C o m p a r i s o n  of 
c a l cu l a t ed  v a l u e s  of ~, w i t h  m e a s u r e d  va lue s  of t he  
1:1 assoc ia t ion  quo t i en t s  r e v e a l e d  s h a r p  d i s a g r e e -  
m e n t  b e t w e e n  the  o rde r s  of m a g n i t u d e .  F u r t h e r m o r e ,  
i t  was  f o u n d  t ha t  va lue s  of ~ v a r y  s y s t e m a t i c a l l y  
w i t h  e l ec t rode  po ten t i a l .  These  o b s e r v a t i o n s  fo rced  
a b a n d o n m e n t  of a c o m p l e x i n g  e x p l a n a t i o n  as the  
p r e d o m i n a n t  f ac to r  in  t he  effect  of an ions  on t h e  r e -  
duc t ion  of Cu ++ in t he  p r e s e n t  sys tem.  

4 I f  log  k ' i s  p l o t t e d  a g a i n s t  log  [X],  t he  coo rd ina t e s  of t he  inf lec-  
t i o n  p o i n t  of a c u r v e  o b e y i n g  Eq. [1] are  g i v e n  b y  t h e  f o l l o w i n g  
e q u a t i o n s ;  k ( in f l . )  = ~ / ~  IX] (intl.) = ( 1 / ' y ) ~ / ~ .  These  e q u a t i o n s  
a re  u s e f u l  for  e s t i m a t i n g  ~/ f r o m  g r a p h i c a l  data .  H o w e v e r ,  t h e  a l t e r -  
n a t i v e  p r o c e d u r e  of  c a l c u l a t i n g  ~ f r o m  a l e a s t - s q u a r e s  fit  of Eq.  [1] 
to  e x p e r i m e n t a l  da t a  was  used  here .  

The  p r e v i o u s  d a t a  a r e  b e t t e r  u n d e r s t o o d  if  i t  is a s -  
s u m e d  tha t  t h e  ro le  of the  an ions  l ies  in t h e i r  aff ini ty  
for  t he  su r f ace  of pa s s ive  s ta in less  steel .  The  anions  
m a y  be  spec i f ica l ly  a d s o r b e d  at  the  surface ,  t h e r e b y  
af fec t ing  the  k ine t i c s  of r a t e  p rocesses  occu r r ing  at  
the  o x i d e - s o l u t i o n  in te r face .  A n  e x p r e s s i o n  of t h e  
f o r m  of Eq. [1]  m a y  be d e r i v e d  b y  a s s u m i n g  t h a t  
t h e  n u m b e r  of a d s o r b e d  an ions  is r e l a t e d  to an ion  
c o n c e n t r a t i o n  in so lu t ion  b y  a L a n g m u i r  i so the rm.  
The  L a n g m u i r  i s o t h e r m  is d e r i v e d  f r o m  c o n s i d e r a -  
t ions  of coverage ,  w i t h o u t  r e g a r d  to l a t e r a l  i n t e r a c -  
t ion effects or  change  of a d s o r p t i o n  ene rge t i c s  w i t h  
n u m b e r  of a d s o r b e d  p a r t i c l e s  (13) .  I t  can  be  e x -  
p e c t e d  to ho ld  bes t  for  loca l ized  m o n o l a y e r  a d s o r p -  
t ion  w h e r e  a d s o r b e d  p a r t i c l e s  a r e  r e l a t i v e l y  n o n -  
mob i l e  and  the  a d s o r p t i o n  b o n d  is r e l a t i v e l y  n o n -  
lab i le .  A t  cons t an t  e l ec t rode  p o t e n t i a l  t h e  d a t a  of 
Fig.  1, 2, 4, 5, and  6 a r e  r e p r e s e n t e d  b y  Eq. [1]  to a 
good a p p r o x i m a t i o n ,  and  th is  sugges t s  t h a t  a d s o r p -  
t ion of an ions  on pas s ive  s t a in less  s tee l  i nvo lves  
s t rong  specific i n t e r a c t i ons  w i t h  t he  subs t r a t e .  As  
shown  be low,  c o m b i n a t i o n  of L a n g m u i r  a d s o r p t i o n  
m o d e l  w i t h  t h e  f o r m a l i s m  of e l e c t r o c h e m i c a l  k i n e t i c s  
l eads  to equa t ions  w h i c h  a d e q u a t e l y  desc r ibe  t he  r e -  
sul ts  o b t a i n e d  in th is  s tudy .  

I t  has  been  s h o w n  p r e v i o u s l y  (10) f r o m  ana lys i s  of 
p o l a r i z a t i o n  cu rves  t h a t  t he  r e d u c t i o n  of Cu ++ on p a s -  
s ive  s ta in less  s tee l  p roceeds  b y  a t w o - s t a g e  m e c h a n -  
i sm i n v o l v i n g  a c up rous  i n t e r m e d i a t e .  In  o r d e r  to d e -  
r i ve  an  e x p r e s s i o n  for  t h e  effect  of an ions  on t h e  o v e r -  
a l l  r e d u c t i o n  ra te ,  w e  a s s u m e  for  s i m p l i c i t y  t ha t  t h r e e  
t y p e s  of su r face  a r e  a v a i l a b l e  as r e a c t i o n  s i tes  for  t h e  
r e d u c t i o n  of Cu*+: ( i )  t he  su r f ace  p r e s e n t  a t  h igh  
ac id i ty ,  w h i c h  p r o b a b l y  consis ts  of a d s o r b e d  H~O 
molecu le s  and  m a y  be  ca l led  the  " aquo"  sur face ;  ( i i )  
the  su r face  p r e s e n t  a t  l ow  a c i d i t y  be c a use  of  a d -  
so rp t ion  of OH- ions (or because of desorption of H § 
from the aquo surface), which may be called the "hy- 
droxy" surface; and (iii) the surface resulting from 
specific adsorption of anions, which may be called the 
"an ion ic"  surface .  E q u a t i o n s  [2] ,  [3] ,  and  [4]  show 
the  r e a c t i o n  schemes  at  aquo,  h y d r o x y ,  and  an ionic  
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surfaces, respectively, together with appropriate 
formal electrochemical rate constants for the in- 
dividual charge transfer steps. 

k~ k~ 
Cu ++ ~ Cu + ~ products (aquo surface) [2] 

Cu *+ ~ Cu+ ~ products (hydroxy surface) [3] 
k~ 

Cu ~+ ~ Cu § ~ products (anionic surface) [4] 
ks 

If the fraction of the total electrode surface exist- 
ing as hydroxy surface is designated by 8, the frac- 
tion as anionic surface by ~, and the fraction as aquo 
surface by ( 1 - - 0 -  ~7), the total current density for 
reduction of cupric ion is given by Eq. [5]. 

j /F  = K~(1 - -~ - -  n) + K~O + K~ [5] 

K,, K~, and K~ are the rates of reduction on aquo, hy-  
droxy, and anionic surfaces, respectively, in unffs of 
equivalents/cm~-sec, F is the Faraday, and j is cur-  
rent density in amp/cm ~. K~, K~, and K~ are given by 
Eq. [6], [7], and [8], respectively. 

K~ = k~ Co(a) -5 (k~-- k...)C~(a) [6] 

g~ =~,Co(0) + (~--~)C~(~) [7] 
K~-~k,  Co(~) -5 (k , - -  ks)CR(~?) [8] 

Co (a) and C~ (a) refer to concentrations of cupric and 
cuprous ions, respectively, at the interface of the 
aquo surface, with analogous definitions for Co(8), 
C~(~), Co(~), and C~(~I). 

The flux of each of the six species in Eq. [6], [7], 
and [8] may be related to the bulk concentration of 
cupric ions in solution by using the Nernst diffusion 
layer approximation to Fick's first law. When this is 
done, the results may be substituted into Eq. [6], 
[7], and [8] to give explicit expressions for rates 
of reduction on the several types of surface; these are 
given in Eq. [9], [10], and [11]. 

k~(Do/~0) (~ -SD~I$ , )  
K~ = C ~ -- _ 

k ,  (Do/8o) ( 2k~-5 D~/$~) 
K ~ = C  o _ _ [10] 

k~ (Do/~o) (2k~-sDJS~) 
K.----C ~ _ _ [11] 

In these equations, C ~ is the concentration of cupric 
ions in the bulk of the solution, and Do/8o and D~/8~ 
are ratios of diffusion coefficient to thickness of 
Nernst diffusion layer for cupric ions and cuprous 
ion intermediates, respectively. 

The pertinent adsorption equilibria are given by 
Eq. [12], [13], and [14]. 

OH- -5 aquo surface ~- hydroxy  surface [12] 
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x -5 aquo surface ~ anionic surface [13] 

k~'  
X -5 hydroxy  surface ~- OH- -k anionic surface [14] 

a 

Since charge is transferred during adsorption or de- 
sorption of anions, it is necessary to use formal elec- 
trochemical rate constants to allow for the potential 
dependences of the several processes. Equation [14] 
represents an anion exchange process which is pos- 
sible when more than one kind of anion is available 
for adsorption on the surface. In the cases of 
X = SCN- or CI-, this process probably is only 
slightly potential dependent since no net charge 
transfer is involved. 

Equations relating the rate of change of hydroxy  
and anionic surface fractions to adsorption process 
rate constants and concentrations of OH- and X in 
solution may be solved for 0, V, and ( 1 -  0 -  ~7) at 
equilibrium. These are given by Eq. [15], [16], and 
[17]. 

0 = (I /A) ~(k~/kp) [OH-] -5 k~'/k~[OH-]. 

[(ko/k~)[OH-] -5 ( k J k ~ ) [ X ]  ] }  [15] 
t "  

: ( 1 / A ) ~ ( k J k ~ )  [X] -5 (k~'/k~) IX] .  

[(ko/k~)[OH-] -5 ( kJk~) [X]  ] }  [16] 

1 -  
[17] 

The denominator A which is common to all three 
equations is given explicitly by Eq. [18]. 

A : 1 -5 (kJk~)[OH-] -5 ( kJk~ ) [X]  
1 

-5 (k,'/k~) [OH-] [1 -5 (ko/k~) [OH-] 1 

+ (~;/k~)[X] [1 + (k4k0l[X] ] [9] 
f q 

-5 [ (k.k~' -5 k,'k~)/k~k, ] [OH-] [X]  [18] 

Finally the equation for the over-all  rate constant is 
obtained by combining Eq. [5], [9], [10], [11], [15], 
[16], [17], and [18] and dividing through by C ~ to 

give k- - j /FC ~ 
The quanti ty A occurring in the denominators of 

Eq. [15], [16], and [17] is also the denominator of 

the general equation for k. When the theoretical ex- 

pression for k- is put into the form of Eq. [1], we 
find that the equilibrium quotient ~ takes the form of 
Eq. [19], provided [X] of Eq. [1] is taken to be the 
same as the added ion concentration [X] of Eq. [18], 
etc? 

5 [X] in Eq. [1] may  be [C1-], [SO4=], [SCN-], or [OH-],  whi le  IX] 
of Eq. [18], etc., m a y  be [C1-], [SO4:], or [SCN-]. 

k,[OH-]__ 1 -5 -~"' [OH-] -5 _ ~  -5 _--:-- 1 - 5 - -  [X] -5 _ _ [OH-] 
k~[X] k~ k~ k~ k~ k~ka [19] 

T 
"C t 

1 + ~ [OH-] 
k~ 
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For certain special cases, 7 becomes much simpler. If 
no anions other than OH are present, the equation 
for the over-all  rate constant as a function of [OH-] 
possesses the form of Eq. [20]. 

K, + g~k,[OH-]/k~ 
[20] 

C~ + k~[OH-]/k~) 

7 for this special case is simply the ratio k,/k~, the 
equilibrium quotient for the adsorption reaction of 
Eq. [12]. On the other hand, the theoretical form of 

for experiments performed in strong acid solution 
on the effect of X is given by Eq. [21]. 

= [21] 
C~ + ~ [ X ] / ~ 0 )  

Under these conditions 7 is the simple ratio kJk~, 
which is the equilibrium quotient for the adsorption 
reaction of Eq. [13]. Evidently the complications of 
Eq. [19] arise when the exchange reaction of Eq. 
[14] is important. 

Values of a quanti ty proportional to the equilib- 
r ium quotient for adsorption of OH- on passive stain- 
less steel are shown in Fig. 7 plotted against elec- 
trode potential. The quanti ty ~/of Fig. 7 is related to 

kJk~, the true adsorption quotient (cf. Eq. [20] and 
[12]) ,  by Eq. [22]. 

.y = (ko/kp)Kj  [22] 

K J  of Eq. [22] is the ion product of water (K~ ~= 
[H § [OH-I)  expressed in concentration units. Use of 
Eq. [22] is convenient since values of ~/were deter- 
mined by least-squares fits of Eq. [1] to experi- 
mental  data with IX]  =- 1/[H+]. 

The potential dependence of the equilibrium quo- 

tient kJk~ is assumed to be given explicitly by Eq. 
[23], where Ar is the inner potential difference 
between the layer of specifically adsorbed hydroxide 
ions and the solution and X is the absolute value of 

- 2 . 5  

- 3,0 

- 3 . 5  

),. 

- 4 . 0  

- 4 , 5  

- 5 , 0  

; ' I ' l ' I 

o 

I , I , I , I 
+0 § +200 +300 

ELECTRODE POTENTIAL vs S.C.E. (my) 

Fig. 7. Potential dependence of equilibrium quotient for adsorp- 
tion of OH- on passive stainless steel in 3 x 10-~f NaCIO~ at 85~ 
Potential vs. S.C.E. at room temperature. 
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the charge on the adsorbed ions (X = 1 for OH- ad- 
sorption). 

k~/k~ = (ko/k~) exp ( +XFACa~,/RT) [23] 

• may be assumed to vary  with changes in the 
over-all  inner potential difference between metal 
and solution, Ar the latter being composed addi- 
tively of the potential difference between metal and 
oxide layer, the potential drop across the passive 
film, the potential between the oxide layer and the 
position of the adsorbed ions, and the potential dif- 
ference A~ba~,. Changes of the equilibrium quotient, 

k,/k~, with the over-all potential A~br depend on the 
variation of the specific rate constants for adsorption 
and desorption steps of the reaction of Eq. [12] with 
• the latter being some fraction of ~b~. Combina- 
tion of Eq. [22] and [23] and differentiation with re- 
spect to A~bT leads to Eq. [24]. 

d l n 7  ___XF ( dA~d, ) [24] 
d•162 RT dACr 

The slope of the line in Fig. 7 is +6.75 X 10 -~ (mY -~) 
and 2.303 RT/F = 71 mv at 85~ so that (d~r 
dA~br) : 0.48. On the basis of the stated assumptions, 
this result suggests that  a change in A~bo~,, which af- 
fects adsorption processes, accounts for only ap- 
proximately half of the total change in those com- 
ponents of the over-al l  interracial potential differ- 
ence (Ar which change their values appreciably 
during polarization. 

The temperature dependence of kJk~, the equilib- 
r ium quotient for adsorption of OH-, is shown in the 

Arrhenius- type plot of Fig. 8. Values of k,/k~ were 
computed from Eq. [22] using values of K j  calcu- 
lated according to the method given by Harned and 
Owen (14). The solid lines of Fig. 8 are least-squares 
fits of the data; in spite of scatter, which is expected 
because of the approximate nature of the model used, 
the slopes of the lines are roughly the same. Evalua- 
tion of the ratio ko/k~ of Eq. [23] in terms of thermo- 
dynamic quantities leads to Eq. [25 ], 

ko/k~ = exp (+AS%~,JR) exp (--AH~176 [25] 

where •176 and AH~ a r e  standard entropy and en- 
thalpy of adsorption, respectively. Combination of 

10.0 

9 .0  

J 8 .0  

7.O 
2.7 

o o " - o  

Fig. 8. Temperature dependence of equilibrium quotient for ad- 
sorption of OH- on passive stainless steel in 3 x 10-1f NaCIO,. 
Potential vs. S.C.E. at room temperature. 
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Eq. [23] and [25], followed by differentiation, leads 
to Eq. [26] relating the slope of the lines in Fig. 8 to 
the apparent  standard enthalpy of the adsorption re-  
action (M-/%~). 

-- (XF/T) [dA~.~/d ( l / T )  ]~ 

= - -  R [ d l n  ( k J k ~ ) / d ( 1 / T )  ]~,  [26] 

Use of Eq. [26] with the data of Fig. 8 leads to 
AH%~ = --11.3, --13.0, and --12.3 kcal /mole for 
curves A, B, and C, respectively. Therefore the ad- 
sorption reaction is exothermic. Using an average 
value of AH~176 = --12.2 (--+0.6) kcal/mole and ne-  
glecting the potential dependence of the apparent 
enthalpy of adsorption (cf. Eq. [26]) ,  calculation of 
the standard entropy of the adsorption reaction from 

A o the data in Fig. 8 leads to S ~, +1.7 (_+1.4) e.u. 
Instead of adsorption of OH- onto an aquo surface as 
in Eq. [12], an alternative and electrochemically 
equivalent reaction scheme is given in Eq. [ 12']. 

aquo surface + H~O ~ hydroxy surface 4- H~O § [12'] 

The low value of standard entropy of adsorption cal- 
culated from these data is consistent with the mech- 
anism of Eq. [12'], since proton transfer from an 
aquated surface probably involves less configura- 
tional entropy change than a process involving ad- 
sorption of hydroxide ion. 

Results shown in Fig. 2 on the SCN- effect receive 
qualitative explanation on the basis of Eq. [19]. For 
most choices of rate constants, the numerator of Eq. 
[19] essentially determines the effect of acidity, and 
7 increases with [OH-] as observed. Evidently SCN- 
displaces adsorbed OH- more readily than adsorbed 
H_~O, although information is needed on the relative 

magnitudes of the ratios k J k ,  and k~'/k~', the equi- 
librium quotients of the reactions in Eq. [13] and 
[14], before definite conclusions can be made. As 
seen in Fig. 3, the opposite situation appears to hold 
with SO2 higher [SO ,] being required to produce a 
significant change in rate constant at low acidity 
than at high acidity. 

Under certain conditions, the over-all  rate con- 

stant k varies with added ion concentration [X] in 
the manner  shown in curve E of Fig. 6. Analysis of 
the theoretical model shows that this behavior is 
possible provided the association quotients of Eq. 
[12], [13], and [14] have appropriate values. Spe- 
cifically, these quotients must satisfy the inequality 
of Eq. [27]. 

k~ k~ ~ '  << 0 [27] 

The left-hand side of Eq. [27] must be sufficiently 
negative to compensate for positive terms appearing 
in the equation for the slope of a plot of over-all  
rate constant against added ion concentration. 
Mechanistically, the ratio of aquo to hydroxy  surface 
increases to a maximum at low added ion concentra- 
tions before decreasing at higher [X] because of 
the peculiarities of the mixed isotherm when the 
mechanism of Eq. [14] is important. Since K, < <  K.~ 
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Fig. 9. Effect of acidity on polarization curves for reduction of 
Cu ~* on passive stainless steel in 3 x lO-~f NaCI04; 67~ helium 
atmosphere. Potential vs. S.C.E. at room temperature. 

< K3 in the present system ( [X]  = [C1-]), the over-  
all rate constant goes through a minimum with in- 
creasing [X]. Analysis fur ther  shows that no mini- 
mum should be observed at very high or very low 
acidity, and this is in accord with experimental  ob- 
servation. 

Polarization curves for the reduction of Cu §247 on 
stainless steel in perchlorate medium are similar to 
those observed previously (10) in dilute sulfuric 
acid solution. A typical set of curves is shown in 
Fig. 9; closely analogous results were obtained from 
galvanostatic measurements at other temperatures.  
The change of slope of the polarization curves re-  
sults from a change with potential of the ra te-deter -  
mining step in the mechanisms of Eq. [2] and [3]. 
Examination of Eq. [9] shows that, neglecting dif- 

fusion (Do/8o > >  kl and DR/8~ < <  k~ -k-k~), the rate 
of reduction of Cu ++ on the aquo surface reduces to 
the form of Eq. [28]. 

K, = C~ (k~ q- k~) [28] 

At low potentials-k, > >  k~ and K1 is proportional to 

k~, the rate constant for the reduction of Cu §247 to the 

cuprous intermediate. At high potentials, k~ > >  k~ 

and K, becomes proportional to k~kJk~, implying that 
in this potential region there is virtual equilibrium 
between cupric and cuprous species and that reduc- 
tion of the cuprous intermediate is rate determining. 
Rate control by diffusion (plus convection in stirred 
solution) becomes important  at potentials more 
negative than those shown in Fig. 9. The results of 
Fig. 9 show that the transition between high and low 
potential regions of the polarization curve is essen- 
tially independent of acidity. Since the transition 

occurs when k~ = k~, this observation supports the 
assumption implicit in the derivation of the isotherm 
that the rate constants of the charge transfer steps in 
the mechanisms of Eq. [2], [3], and [4] are inde- 
pendent of acidity. When plotted as a function of 
temperature  at constant acidity, polarization curves 
show that the potential of the transition region in- 
creases with temperature,  implying different ener-  
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get ics  for  t he  a l t e r n a t i v e  modes  of decompos i t i on  of 
the  cup rous  i n t e r m e d i a t e .  

V a l u e s  of d i f f e r en t i a l  c a p a c i t y  for  t he  p r e s e n t  sy s -  
t e m  w e r e  e s t i m a t e d  b y  ana lys i s  of r e co rd ings  of t he  
in i t i a l  p o t e n t i a l - t i m e  t r a n s i e n t s  o b s e r v e d  d u r i n g  the  
e s t a b l i s h m e n t  of n e w  s t e a d y  s ta tes  in  g a l v a n o s t a t i c  
m e a s u r e m e n t s .  A l t h o u g h  this  m a n u a l  p r o c e d u r e  is 
inexac t ,  r e a s o n a b l y  r e p r o d u c i b l e  n u m b e r s  w e r e  ob -  
ta ined .  In  un i t s  of m i c r o f a r a d s / c m  2, t he  c a p a c i t y  of 
the  i n t e r f ace  was  35 to 40 at  +300  rnv vs SCE.,  40 
to  50 a t  +200  mv,  60 to 80 at  +100  mv,  90 to  120 at  
+--0 my,  and  110 to 160 at  - -100 mv.  S l i g h t  i n -  
c reases  of c a p a c i t y  w i t h  t e m p e r a t u r e  w e r e  obse rved ,  
the  r a n g e  of va lue s  in t he  above  l i s t ing  c o r r e s p o n d -  
ing to m e a s u r e m e n t s  a t  25 ~ and  85~ Va lues  of ca -  
p a c i t y  w e r e  f o u n d  to be  i n d e p e n d e n t  of t h e  c u r r e n t  
d e n s i t y  of the  Cu §247 r e d u c t i o n  r e a c t i o n  at  t h e  o x i d e -  
so lu t ion  in te r face .  A s l igh t  ac id i ty  effect was  de t ec t ed ;  
va lues  of c a p a c i t y  i nc r ea sed  w i t h  ac id i t y  at  cons t an t  
po ten t i a l ,  b u t  in no case d id  t he  c a p a c i t y  change  by  
m o r e  t h a n  a f ac to r  of two  over  the  ac id i t y  r ange ,  
10 -~ to 1 0  "~ f HC104. Capac i t i e s  w e r e  also e s s e n t i a l l y  
i n d e p e n d e n t  of a d d e d  an ion  concen t r a t ion ,  so t h a t  
m e a s u r e m e n t s  of c a p a c i t y  in t he  p r e s e n t  s y s t e m  did  
not  a p p e a r  to i nc lude  a c o n t r i b u t i o n  f rom the  r e a c -  
t ion c a p a c i t y  of t he  a d s o r p t i o n  processes .  The  f o r e -  
going  o b s e r v a t i o n s  a l low the  specu l a t i on  t h a t  t he  
c a p a c i t y  of the  i n t e r f ace  is d e t e r m i n e d  l a r g e l y  b y  
the  p r o p e r t i e s  of t h e  pa s s ive  ox ide ;  i.e., t h e  s m a l l e s t  
c a p a c i t y  in t h e  i n t e r f a c i a l  s y s t e m  d e p e n d s  on the  
th i ckness  and  t h e  c h a r g e  d i s t r i b u t i o n  w i t h i n  a n d  on 
each  side of t he  ox ide  l aye r .  

W e  conc lude  f r o m  the  ev idence  p r e s e n t e d  t h a t  t he  
r a t e s  of r e d u c t i o n  r eac t i ons  on pas s ive  s ta in less  s tee l  
a re  sens i t i ve  to specific a d s o r p t i o n  of an ions  f r o m  
solut ion.  To a good a p p r o x i m a t i o n  th is  specific a d -  
so rp t ion  fo l lows  a p o t e n t i a l - d e p e n d e n t  L a n g m u i r  
i so the rm.  A n a l y s i s  of d a t a  on the  a d s o r p t i o n  of h y -  
d r o x i d e  ion y ie lds  r e su l t s  in good a g r e e m e n t  w i t h  
t heo ry ,  t hus  p e r m i t t i n g  ca l cu l a t i on  of the  ene rge t i c s  
of the  a d s o r p t i o n  reac t ion .  A d s o r p t i o n  of an ions  

o t h e r  t h a n  h y d r o x i d e  fo l lows  a s imi la r ,  a l t h o u g h  
m u c h  m o r e  c o m p l e x  i so the rm,  t he  p r o p e r t i e s  of 
w h i c h  a l l ow q u a l i t a t i v e  i n t e r p r e t a t i o n  of sa l i en t  o b -  
se rva t ions .  S i m i l a r  an ion  effects u n d o u b t e d l y  occur  
for  o t h e r  r e d u c t i o n  r eac t i ons  and  in o t h e r  pas s ive  
sys tems ,  for  w h i c h  the  fo rego ing  ana lys i s  m a y  also 
p r o v e  to be  useful .  
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ABSTRACT 

A h i g h - t e m p e r a t u r e  oxide e lec t ro ly te  galvanic  cell of the  type  I-IJH,O, 
P t  [I (ZrO~)o,5(CaO)015 I[ Pt, O3 is described.  Expe r imen ta l  da ta  for  react ion 
of oxygen  wi th  h y d r o g e n - w a t e r  and m e t h a n e - w a t e r  mix tures  a re  given. Open-  
circui t  vol tages for the  hyd roge n -oxyge n  reac t ion  are  close to theoret ical ,  and 
cu r ren t -vo l t age  curves show tha t  the output  of the  cell is l imi ted  essent ia l ly  by  
the  resis tance of the e lectrolyte .  The da ta  suggest  tha t  solid oxide e lec t ro ly te  
cells of this genera l  type may  offer a t t rac t ive  possibi l i t ies  as fuel  cells for  
ut i l iz ing hydrocarbons  as fuel  and oxygen or  air  as oxidant .  

H i g h - t e m p e r a t u r e  g a l v a n i c  cel ls  w i t h  so l id  o x y g e n  
ion conduc t ing  e l ec t ro ly t e s  h a v e  f e a t u r e s  w h i c h  m a y  
m a k e  t h e m  a t t r a c t i v e  as fue l  cells.  C a t a l y t i c  p r o b -  
l ems  a r e  r e d u c e d  at  h igh  t e m p e r a t u r e s ,  and  a m e -  
c h a n i c a l l y  s t ab le  e l e c t r o d e - e l e c t r o l y t e  i n t e r f ace  is 
poss ib le  w i t h  an  a l l - s o l i d  cons t ruc t ion .  

S c h o t t k y  (1)  d i scussed  the  p r o b l e m  of sol id  e l ec -  
t r o l y t e s  f rom t h e  t h e o r e t i c a l  po in t  of v i e w  in 1935 
and  two  y e a r s  l a t e r  B a u r  a n d  P r e i s  (2)  c o n s t r u c t e d  
t h e  first  sol id  o x i d e - e l e c t r o l y t e  fue l  cell .  The  e l e c t r o -  
l y t e  was  in t he  f o r m  of a c e r a mic  t u b e  of (ZrO~)o 8~ 
(Y80~) .. . .  a m a t e r i a l  w h i c h  N e r n s t  h a d  p r e v i o u s l y  
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shown to possess a relatively high ionic conductivity. 
The tube was filled with coke to form the anode and 
surrounded with iron oxide in an air atmosphere to 
form the cathode. An output of less than 1 ma/cm '~ of 
electrolyte area at I050~ and 0.65v was obtained 
and it was concluded that sufficient cation conduc- 
tivity I was occurring to damage the cell. 

A number of researches have contributed informa- 
tion on the physical and chemical properties of ce- 
ramics with high oxygen ion mobility. Nernst (3) 
observed qualitatively the electrolytic evolution of 
oxygen from a rod of (ZrO~)o~ (Y~O~)o.~ (Nernst  
glower}. More recent ly  Weininger  and Zemany  (4) 
made a quant i t a t ive  measurement  of the e lectrolyt ic  
evolut ion of oxygen f rom a Nernst  glower of s imi lar  
composit ion and found tha t  7-80% of the current  
could be accounted for by ionic conduction, depend-  
ing on tempera ture ,  cur rent  flow, and previous  his-  
tory  of the mater ia l .  

Wagner  (5) proposed in 1943 tha t  oxide solid so- 
lutions such as (ZrO~)l_x (CaO)x or (ZrO~)l_~ (Y~O~)x 
contain vacant  oxygen ion sites, one vacancy oc- 
curr ing for each Ca +~ or two Y+~ ions that  subst i tu te  
for Zr +' ions in the f luor i te - type  crys ta l  s tructure.  
He assumed tha t  this would lead to high oxygen 
ion conductivi ty.  Hund (6) de te rmined  the dens i ty  
of these oxides by x - r a y  and pycnometr ic  methods. 
The data  are consistent wi th  the oxygen ion vacancy 
model. 

K inge ry  (7) and co-workers  calculated the ox-  
ygen ion mobi l i ty  in (ZrO~) .... (CaO) .... f rom the 
Nerns t -Eins te in  re la t ion ~ and the diffusion coeffi- 
cient obta ined f rom measurements  of the ra te  of 
exchange of oxygen in the oxide with  O ~. Comparing 
this da ta  wi th  measurements  of electr ical  conduc- 
t iv i ty  of the  oxide they  concluded tha t  the conduc- 
t iv i ty  is whol ly  ionic and tha t  the t ransference  num-  
ber  is near  uni ty  for the oxygen ion. 

K iukko la  and Wagner  (8) and several  other 
authors  have obtained high t empera tu re  t he rmo-  
dynamic  data  using galvanic cells wi th  e lectrolytes  
of zirconia of thor ia  containing CaO, Y~O~, LabOr, 
and other oxides. 

Weissbar t  and Ruka (9, 10) have constructed vac-  
uum t ight  cells of the type  

O~ (p~), Pt  ]1 (ZrO~)os~(CaO) .... II Pt, O~(p~) 

in which the electrode reactions at  t empera tu res  
above 600~ were  shown to correspond closely to 
the revers ib le  react ion 

O~ q- 4e-~ 2 O: [I]  

The voltages obtained are in good agreement with 
the theoretical emf E calculated from the thermo- 
dynamic relationship for reversible transfer of ox- 
ygen from cathode to anode at the given pressures. 

RT Po~ (cathode)  
E = 4/~ I n  [2] 

Po, (anode)  

This shows that  the cells act as oxygen concentra-  
t ion cells. 

C a t i o n  c o n d u c t i v i t y  is  u n d e s i r a b I e  s i nce  i t  r e s u l t s  irL t r a n s f e r  o f  
e l e c t r o l y t e  f r o m  a n o d e  to c a t h o d e  of  t h e  g a l v a n i c  cell .  T h i s  w o u l d  
d a m a g e  t h e  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e s .  

D~ = B ~ k T  w h e r e  D /  is t h e  s e l f - d i f f u s i o n  coef f ic ien t  a n d  B~ is 
t h e  a b s o l u t e  m o b i l i t y  of  t h e  {-th spec ies .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  August 1962 

Pt vs p~-10%Rh 
Thermocouple 

Fig. 1. Schematic diagram o~ galvanic cell with solid oxide elec- 
trolyte. 

F a r a d a y ' s  laws were  found to be obeyed closely 
for cur rent  flow through a cell of this type  as de-  
t e rmined  by microweighing of the oxygen t r ans -  
ferred.  The electronic contr ibut ion to the total  
conduct iv i ty  was found to be less than 0.5% near  
1000~ in an oxygen atmosphere.  

Experimental 
The construct ion of the galvanic  cell  is i l lus t ra ted  

schemat ica l ly  in Fig. 1. I t  is s imilar  to tha t  p re -  
viously descr ibed (9) except  tha t  it is a r ranged  to 
flow gsses past  both electrodes.  

The essent ia l  e lements  of the cell are  the flat 
bot tom port ion of the (ZrO~) .... (CaO) .... tube, which 
acts as the electrolyte,  and two porous p la t inum 
electrodes (9) of less than  0.001 in. thickness.  Cell 
dimensions were  of the order  of 2.5 cm ~ area  and 
0.15 cm thickness. For  these cells contact resistances 
of the order  of 1-2 ohms were  encountered depend-  
ing on the thickness of the porous p la t inum films. 

For  all  exper iments  pure  oxygen at a tmospher ic  
pressure  flowed slowly past  the cathode, and the 
var ious  w a t e r - h y d r o g e n  or w a t e r - m e t h a n e  mix -  
tures  flowed at  a faster  ra te  through the anode 
chamber.  The exper imenta l  a r r angemen t  of the cell 
is designed for cu r ren t -vo l t age  measurements  r a the r  
than for op t imum conversion of fuel. An appreciable  
fract ion of the total  gas flowing through the anode 
chamber  does not  come in contact  wi th  the electrode. 
Consequent ly  a high flow ra te  of gas was used 
to minimize concentrat ion polar izat ion and the rmal  
diffusion effects. The volume of prehea ted  gas flow- 
ing per  minute  into the anode chamber  was about 
3.7 t imes the volume of the chamber.  For  a decrease 
in flow ra te  to one- th i rd  of this value the t empera -  
ture  of a thermocouple  placed near  the anode 
changed less than  1 ~ 

The hydrogen or methane  was first passed through 
wa te r  bubblers  and the effluent gas f rom the anode 
chamber  was analyzed for H~, H~O, CO, CO~, and 
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CH~. Ca lcu l a t i ons  of t he  t h e o r e t i c a l  emf  for  t he  e x -  
p e r i m e n t s  a r e  b a s e d  on these  ana lyses .  

Results and Discussion 

W h e n  c u r r e n t  is d r a w n  f rom a ga lvan i c  cel l  t he  
vo l t age  m a y  be  l o w e r  t h a n  the  o p e n - c i r c u i t  v a l u e  
due  to (a )  a c t i va t i on  po la r i za t ion ,  (b)  c o n c e n t r a t i o n  
po la r i za t ion ,  (c)  ohmic  r e s i s t ance  of t he  cell .  The  
vo l t age  d rop  due  to each  of these  is a func t ion  of t he  
c u r r e n t  dens i ty .  ( a )  d e p e n d s  on the  p a r t i c u l a r  r a t e -  
d e t e r m i n i n g  c h e m i c a l  a n d  e l e c t r o c h e m i c a l  r e a c -  
t ions  at  t he  e lec t rodes ,  (b)  i nvo lves  mass  t r a n s f e r  
of r e a c t a n t s  and  p roduc t s ,  and  (c)  o r d i n a r i l y  d e -  
pends  l a r g e l y  on e l e c t r o l y t e  res i s t ance .  

A c t i v a t i o n  p o l a r i z a t i o n  is f r e q u e n t l y  e n c o u n t e r e d  
in low t e m p e r a t u r e  cells,  and  s igni f icant  r e a c t i o n  of 
h y d r o c a r b o n s  at  t he  fue l  e l ec t rode  is p a r t i c u l a r l y  
difficult  to a t ta in .  In  add i t ion ,  t he  o x y g e n  e l e c t r o d e  
r e a c t i o n  p roceeds  b y  a p e r o x i d e  m e c h a n i s m  w h i c h  
even  in t he  p r e s e n c e  of p e r o x i d e  d e c o m p o s i n g  c a t a -  
lys t s  resu l t s ,  a cco rd ing  to K o r d e s c h  (11) ,  in a l o w e r  
vo l t age  t h a n  the  i dea l  o x y g e n  e l e c t r o d e  va lue .  

A t  h i g h e r  t e m p e r a t u r e s  the  m e c h a n i s m  at  t he  
o x y g e n  e l ec t rode  is d i f ferent .  Thus  the  p e r o x i d e  
r e a c t i o n  is no t  d e t e c t e d  in a fused  c a r b o n a t e  cel l  
w h i c h  has  been  shown  to act  as an  o x y g e n - c a r b o n  
d iox ide  c o n c e n t r a t i o n  cel l  b y  C h a m b e r s  and  T a n -  
t r a m  (12) .  

The  p r e s e n t  sol id  ox ide  cel l  i nvo lves  e v e n  less  
c o m p l i c a t e d  e l ec t rode  r eac t ions  s ince i t  ac ts  as a 
s imple  o x y g e n  c o n c e n t r a t i o n  cel l  (9) .  If  h y d r o g e n  is 
p r e s e n t  a t  t he  anode,  w e  w r i t e  t he  cel l  d i a g r a m -  
m a t i c a l l y  as 

H2/H~O, P t  II (zro ) .... ( C a O )  .... I1Pt,  O2 

The  emf  E is g iven  b y  the  s t a n d a r d  t h e r m o d y n a m i c  
r e l a t i o n  

RT RT P~  
E = E ~ -F In Po~ ( c a t h o d e )  + In ( a node )  

4F 2F P~o 
[3] 

F i g u r e  2 shows  a c o m p a r i s o n  of e x p e r i m e n t a l  and  
t h e o r e t i c a l  o p e n - c i r c u i t  v o l t a g e  va lue s  vs. t h e  
H~/(H~ -t- H20) r a t i o  for  a cons t an t  o x y g e n  p r e s s u r e  
at  the  ca thode .  The  t h e o r e t i c a l  cu rve  is c a l c u l a t e d  
f rom Eq. [3] .  The  e x p e r i m e n t a l  po in t s  a re  b a s e d  on 
t h e  m e a s u r e d  emf  a n d  the  a n a l y t i c a l l y  d e t e r m i n e d  
H J ( H ~  + H~O) mole  ra t io .  A g r e e m e n t  is w i t h i n  5 
m v  of the  t h e o r e t i c a l  va lue .  This  is w i t h i n  t he  e r r o r  
of the  H, and  H,O ana lyses .  1.2 

F i g u r e  3 shows  c u r r e n t - v o l t a g e  cu rves  for  t h e  L.~ ~c 
h y d r o g e n - o x y g e n  r e a c t i o n  in t he  cel l  at  fou r  t e rn -  z 
p e r a t u r e s  at  a p p r o x i m a t e l y  cons t an t  H J ( H ~  -t- H,O) E 

. ?  

ra t ios  a n d  o x y g e n  p re s su re .  The  cu rves  a r e  a l l  ~ .e 
s t r a i g h t  l ines  w i t h  s lopes  Z~E/• a g r e e i n g  w i t h i n  5% ~ 5 
of the  v a l u e s  of r e s i s t ance  d e t e r m i n e d  d i r e c t l y  b y  .4 

. 3  

1000 cycle  a - c  r e s i s t ance  m e a s u r e m e n t s .  F i g u r e  4 2 
shows f u r t h e r  c u r r e n t - v o l t a g e  cu rves  at  two  t e rn -  .~ 

0 

p e r a t u r e s  for  two  d i f fe ren t  w a t e r - h y d r o g e n  ra t ios .  
The  two  sets  of p a r a l l e l  l ines  i nd i ca t e  t ha t  t h e  d - c  
r e s i s t ance  was  the  s ame  at  the  s ame  t e m p e r a t u r e .  
A l t h o u g h  the  i n t e r n a l  r e s i s t ance  of a cel l  s t a y e d  
n e a r l y  cons t an t  d u r i n g  m e a s u r e m e n t s  of i n d i v i d u a l  
c u r r e n t - v o l t a g e  curves ,  v a r i a t i o n s  in e i the r  d i r e c -  
t ion  w e r e  f o u n d  ove r  longe r  p e r i o d s  of t ime ,  even  
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Fig. 2. Comparison of measured voltage with theoretical emf of 
cell, 

09, PtlJ(ZrO) .... (CaO)o.~511Pt, H~/H20 
. . . . . .  Theoretical line; o experimental point; temperature 
1015~ O~ pressure at cathode 731.2 mm. 
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Fig. 3. Current-voltage behavior of cell, 
O~, Ptll(ZrO~) .... (CoO)o.~lJPt, HJH~O 

at O~ pressure ~ 730 mm and H2/(H2-I-H~O) ~ 0.973 for four 
temperatures, o Increasing current; [ ]  decreasing current. 

on open  c i rcui t .  O p e n - c i r c u i t  vo l t ages  w e r e  r e p r o -  
duc ib l e  to abou t  1 m v  in d u p l i c a t e  runs ,  i n d e p e n d e n t  
of t h i s  effect,  w h i l e  t he  s lopes  of t he  c u r r e n t - v o l t a g e  
cu rves  c ha nge d  in a c c o rda nc e  w i t h  t he  m e a s u r e d  
r e s i s t ance  changes .  A c c o r d i n g  to Die tze l  a n d  T o b e r  
(13) t he  l o w e r  t e m p e r a t u r e  l i m i t  for  ex i s t ence  of t he  
f luor i te  phase  in t he  z i r c o n i u m - c a l c i u m  m i x e d  ox ide  
l ies  in  the  n e i g h b o r h o o d  of 850~ bu t  p h a s e  b o u n d -  
a r ies  a r e  v e r y  u n c e r t a i n  s ince  e q u i l i b r i u m  was  no t  
a t t a i n e d  ove r  a w ide  t e m p e r a t u r e  r ange .  This  sug-  
ges ts  t ha t  r e s i s t ance  changes  u n d e r  o p e n - c i r c u i t  
cond i t ions  e n c o u n t e r e d  in t he  p r e s e n t  w o r k  could  
pos s ib ly  be  a s soc ia t ed  w i t h  s low p h a s e  changes  oc-  
c u r r i n g  as a func t ion  of t e m p e r a t u r e ,  compos i t i on  
and  h o m o g e n e i t y  of the  m i x e d  oxide .  

F i g u r e  5 shows  the  c u r r e n t - v o l t a g e  c u r v e  ob -  
t a i n e d  for  a m i x t u r e  of 3.8% m e t h a n e ,  2.1% w a t e r  
and  94.1% N~ as fuel .  The  r a t e  of fue l  flow was  
suff ic ient ly  r a p i d  t h a t  c h e m i c a l  e q u i l i b r i u m  was  not  
a t t a i n e d  for  t he  r e f o r m i n g  r e a c t i o n  and  80% of the  
m e t h a n e  r e m a i n e d  u n d e c o m p o s e d  b y  pa s sage  
t h r o u g h  the  cell .  The  o p e n - c i r c u i t  v o l t a g e  of 0.945v 

/ i 016o  C 

I I 1 I ~L ~b l I 
I0 20 30 40 50 60 70 80 

mo /Cm z 

Fig. 4. Current-voltage behavior of the cell, 
O~, Ptll(ZrO~)o.~ (CaO)o.~511Pt, HJH~O 

at two temperatures for two H2/H20 ratios, o Increasing current; 
A decreasing current; O~ pressure ~ 731 mm. H2/(H2-I-H~O) 
0.97 for curves 1 and 3; HJ(H~ -I- H20) ~- 0.54 for curves 2 and 
4. 
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Fig. 5. Current-voltage behavior of the cell, 
02, Pt[l(ZrO:) .... (CaO)o.~llPt, CHJH20 

Composition of inlet fuel gas: CH4 3.8%, H20 2.1%, N2 94.1%; 
temperature 1015~ o Increasing current; [ ]  decreasing current; 
O~ pressure 731 ram. 

is w i t h i n  5 m y  of t he  v a l u e  c a l c u l a t e d  for  the  s i m -  
p l e  h y d r o g e n - o x i d e  r e a c t i o n  and  a p p r o x i m a t e l y  50 
m v  l o w e r  t h a n  the  v a l u e  for  the  ca rbon  m o n o x i d e -  
o x y g e n  reac t ion .  The  ca lcu la t ions  a r e  based  on the  
HJH~O and  CO/CO~ ra t io s  in the  effluent  gas  f rom 
the  anode  c h a m b e r  and  the  k n o w n  o x y g e n  p r e s s u r e  
at  the  ca thode .  A t  s l ower  flow ra t e s  a h i g h e r  p e r -  
cen tage  of m e t h a n e  was  conver t ed ,  p r o b a b l y  l a r g e l y  
b y  the  r e f o r m i n g  r e a c t i o n  CH, + H~O-* CO + 3H~. 
This  r e su l t s  in h i g h e r  H J H ~ O  and  CO/COs ra t ios  
and  thus  h i g h e r  o p e n - c i r c u i t  vo l tages .  The  d a t a  
i nd i ca t e  t h a t  t he  m a j o r  e l e c t rochemica l  r e ac t i ons  
p r o b a b l y  invo lve  t h e  r e f o r m e d  gases,  H~ a n d  CO 
r a t h e r  t h a n  CH~. The  moles  of CH~ and  H~O d e -  
composed  is cons i s t en t  w i t h  the  CO, COs, and  H~ 
f o r m e d  as d e t e r m i n e d  f r o m  the  ana lys i s  of t he  ex i t  
gases.  This  shows t h a t  c a rbon  f o r m a t i o n  d id  not  
occur  w i t h i n  t he  cell .  H o w e v e r ,  ana ly s i s  of ex i t  gases  
i n d i c a t e d  t h a t  c a rbon  f o r m a t i o n  d id  occur  in  some 
o t h e r  e x p e r i m e n t s  a t  s im i l a r  low H~O/CH, ra t ios .  

The  u l t i m a t e  l i f e  e x p e c t a n c y  of t he  cel l  u n d e r  
o p t i m u m  cond i t ions  has  no t  been  d e t e r m i n e d ,  a l -  
t h o u g h  an  i n d i v i d u a l  cel l  o f  th is  t y p e  us ing  a 30 
to 1 H J H , O  m i x t u r e  as fue l  has  been  o p e r a t e d  con-  
t i n u o u s l y  a t  10 m a / c m  ~ of e l e c t r o l y t e  a r e a  for  two  
m o n t h s  a t  t e m p e r a t u r e s  b e t w e e n  1000 ~ and  1200~ 
Some  p l a t i n u m  loss f r o m  e l ec t rodes  b y  evapora t i on ,  
pos s ib ly  as an  oxide ,  occurs  at  these  t e m p e r a t u r e s .  

The  c u r r e n t - v o l t a g e  d a t a  i nd i ca t e  t h a t  the  cel l  
has  an  o u t p u t  for  the  h y d r o g e n - o x y g e n  r eac t i on  
w h i c h  is e s s e n t i a l l y  r e s i s t ance  l i m i t e d  and  t hus  
shou ld  be  c a p a b l e  of h i g h e r  o u t p u t  b y  s i m p l y  d e -  
c r eas ing  t h e  t h i ckness  of the  e l ec t ro ly t e ,  p r o v i d e d  
con tac t  r e s i s t ances  a r e  low. 

The  s tud ies  n e c e s s a r y  to i m p r o v e  the  cel l  i nc lude  
i nves t i ga t i ons  of the  ca t ion  c o n d u c t i v i t y  and  phase  
s t a b i l i t y  of the  e l ec t ro ly te ,  t h e  e l ec t rode  s t ruc tu re ,  
p r o p e r t i e s  of t h in  f i lms of t he  e l e c t r o l y t e  and  s u b -  
s t i t u t i on  of o the r  e l ec t rodes  and  e l ec t ro ly t e s .  

A c k n o w l e d g m e n t  

The  a u tho r s  wi sh  to t h a n k  W. H i c k a m  and  co-  
w o r k e r s  for  t h e  mass  s p e c t r o m e t r i c  a n a l y s e s  of t he  
gas  samples .  H e l p f u l  d i scuss ions  w e r e  he ld  w i t h  
Y.L. S a n d l e r  and  S. B a r n a r t t .  

Manuscr ip t  received Nov. 6, 1961. This paper  was 
p repa red  for  de l ivery  before  the Los Angeles  Meeting, 
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Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the June  1963 JOVRNAL. 

REFERENCES 
1 W. Schottky,  Wiss. Ver6f]entl. Siemens-Werken,  

14, 1 (1935). 
2. E. Baur  and H. Preis,  Z. Elektrochem., 43, 727 

(1937). 
3. W. Nernst ,  ibid., 6, 41 (1900). 
4. J. L. Wein inger  and P. D. Zemany,  J. Chem. Phys. 

22, 1469 (1954). 
5. C. Wagner,  Naturwissenscha#en, 31, 265 (1943). 
6. F. Hund, Z. physik. Chem., 199, 142 (1952). 
7. W. D. Kingery ,  J. Pappis,  M. E. Doty, and D. C. Hill ,  

J. Am. Chem. Soc., 42, 394 (1959). 
8. K. Kiukko la  and C. Wagner,  This Journal, 1{}4, 379 

(1957). 
9. J. Weissbar t  and R. Ruka,  Rev. Sci. Instr., 32, 593 

(1961). 
10. J. Weissbar t  and R. Ruka,  Pape r  presented  at the 

Elec t rochemical  Society Fa l l  Meeting, Detroit ,  
Mich. (Oct. 2-5, 1961) (Extended  Abs t rac t  No. 44, 
Ba t t e ry  Division) .  

11. K. Kordesch,  Ind. Eng. Chem., 52, 296 (1960). 
12. H. H. Chambers  and A. D. S. Tant ram,  ibid., 52, 295 

(1960). 
13. A. Dietzel  and H. Tober, Ber. deut. keram. Ges., 30, 

47 (1953). 



Studies of the Electrochemical Kinetics of Indium 

I. Kinetics of Deposition and Dissolution in the Indium -I- Indium Sulfate System 
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ABSTRACT 

The kinet ics  of the deposi t ion and dissolution of ind ium (from ind ium 
amalgam)  in ind ium sulfate  solutions at pH 2.5 have been s tudied by  observing 
var ia t ions  of overpoten t ia l  dur ing  ind iv idua l  constant  cur ren t  pulses. The e lec-  
t rode  was in the form of a hanging  drop of the  amalgam,  which  was r enewed  
for each pulse. The s t eady-s ta te  act ivat ion overpoten t ia l  was reached approx i -  
ma te ly  1 msec af te r  appl icat ion of the pulse, which  corresponds to a mean  va lue  
of double l ayer  capaci ty  of 25.4 ~F /cm ~. Plots  of the  act ivat ion overpoten t ia l  vs. 
log cur ren t  densi ty  show good Tafel  re la t ions  in both the  cathodic and anodic 
regions.  Analys is  of these da ta  shows the mechanism to consist of th ree  con- 
secut ive e lect ron t ransfe r  s teps 

§ e-o § e-o + e-o 
In  8+ ~ In 2+ ~ In 1§ ~__ In  ~ 

e-o e -o e -o 

The r a t e -de t e rmin ing  step for both anodic and cathodic polar izat ion is 

+ e -o  

In 3+ ~ In 2+ 
e-o 

for which the transfer coefficient ~ was determined to be approximately 0.83. 

The  m e c h a n i s m  of e l e c t r o c h e m i c a l  depos i t i on  a n d  
d i s so lu t ion  of me ta l s ,  b e c a u s e  of i ts  g r e a t  t h e o r e t i c a l  
and  p r a c t i c a l  i m p o r t a n c e ,  has  been  the  sub j e c t  of 
n u m e r o u s  s tud ies  a n d  discuss ions .  This  p a p e r  dea l s  
w i t h  t h e  m e c h a n i s m  of depos i t i on  and  d i s so lu t ion  
of ind ium,  in  w h i c h  s tud ies  m e t h o d s  s im i l a r  to those  
used  b y  G e r i s c h e r  (1) ,  Berz ins  and  D e l a h a y  (2) ,  
and  M a t t s s o n  and  Bockr i s  (3)  have  been  app l i ed .  
K a n g r o  and  W e i n g ~ r t n e r  (4 ) ,  and  Duid, Kovac ,  and  
L o v r e c e k  (5)  h a v e  a l r e a d y  e s t a b l i s h e d  t h a t  t he  d e p -  
os i t ion  of i n d i u m  ( I I I )  - i on  and  the  d i s so lu t ion  of 
me ta l l i c  ind ium,  r e spec t i ve ly ,  fo l low in a " m a n y  
s t ep"  e l ec t rode  p rocess  ove r  an  ion of l o w e r  v a l e n c y ,  
bu t  h a v e  not  d e t e r m i n e d  e i t he r  t he  e l e c t r o c h e m i c a l  
s tep  in ques t ion  or  t he  r a t e - d e t e r m i n i n g  step.  The  
k ine t i c s  of t he  s y s t e m  h a v e  been  s t u d i e d  1 on bas is  of 
t h e o r e t i c a l  exp re s s ions  for  t h e  k ine t i c s  of " m a n y  
s t ep"  e l e c t r o d e  r eac t ions  (6 ) ,  w i t h  due  cons id e r a t i on  
to poss ib l e  r e a c t i o n  s teps  in t he  e l e c t r o c h e m i c a l  
depos i t i on  and  d i s so lu t ion  of ind ium.  

Experimental 
Apparatus.--The a p p a r a t u s  (Fig .  1) c o m p r i s e d  

an  e l e c t r o l y t i c a l  cel l  w i t h  n i t r o g e n  pur i f i ca t ion  un i t  
and  e l ec t r i ca l  device .  

The  e l ec t ro ly t i c  cel l  r e s e m b l e s  those  used  e a r l i e r  
(1, 2) and  compr i se s  a m a i n  c o m p a r t m e n t  and  a 
r e f e r e n c e  e l e c t r o d e  c o m p a r t m e n t .  The  m a i n  com-  
p a r t m e n t  is s h a p e d  l ike  a vesse l  w i t h  a cap t h r o u g h  
w h i c h  a c a r r i e r  for  m e a s u r i n g  e lec t rode ,  a c a p i l -  
l a r y  w i t h  an  a m a l g a m  r e s e r v o i r  on the  top,  a spoon 

1 F u r t h e r  e x p e r i m e n t s  w i t h  t h i s  s y s t e m  a n d  d e s c r i p t i o n  of d e t a i l s  
of  t h e  a p p a r a t u s  a n d  p r o c e d u r e  w i l l  h e  f o u n d  in  t h e  P h . D .  t h e s i s  of  
V. M a r k o v a e .  

for  ca t ch ing  of  t h e  a m a l g a m  drops ,  a n d  a b u b b l e r  
a r e  f ixed.  T h e  c a r r i e r  is  a g lass  t u b e  w i t h  a th in  
p l a t i n u m  w i r e  sea led  in to  t h e  top.  A f t e r  sea l ing  the  
w i r e  was  cut  l eve l  w i t h  t he  glass  and  e l e c t r o l y t i c a l l y  
g o l d - p l a t e d .  The  m e a s u r i n g  e l ec t rode  is a h a n g i n g  
d rop  of a m a l g a m ,  of d e t e r m i n e d  su r f ace  area ,  on 
w h i c h  the  p o l a r i z a t i o n  t a k e s  p lace .  The  c a r r i e r  for  
t he  m e a s u r i n g  e l ec t rode  passes  t h r o u g h  the  cen t e r  
of t he  cap  into  t h e  cel l  f o l l owing  i ts  v e r t i c a l  axis .  
The  c a p i l l a r y  r e s e m b l e s  t hose  used  in p o l a r o g r a p h y .  
The  c a p i l l a r y  w i t h  r e s e r v o i r  is connec t ed  to t he  m e r -  
c u r y  p r e s s u r e  s y s t e m  b y  m e a n s  of a t y g o n  tube .  
The  p r e s s u r e  s y s t e m  r e g u l a t e s  t he  p r e s s u r e  in  t he  
r e s e r v o i r  and  t hus  r e g u l a t e s  t he  r a t e  of d r o p p i n g  
t h r o u g h  the  cap i l l a ry .  The  spoon  for  ca t ch ing  d rops  

C 0 E G 

Fig. 1. Schematic diagram of apparatus: A, main compartment 
of electrolytic cell; B, reference electrode compartment; C, nitro- 
gen tank; D, washing bottle; E, mercury security valve; F, electric 
furnace with active copper; G, washing bottle; H, drop collector 
containing glass wool; I, capillary with amalgam reservoir; J, 
pressure system; K, glass spoon; SPG, square pulse generator; 
DCA, direct current amplifier; CRO, cathode-roy oscilloscope; O, 
hanging drop electrode; P, reference electrode (S.C.E.). 
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is fastened by its handle  to the cap by  a cyl indr ica l  
ground glass joint  and revolves f ree ly  in the  d i rec-  
t ion and around its ver t ica l  axis. I t  catches the 
drop of amalgam from under  the  capi l la ry  and hangs 
it on the tip of the carr ier .  

The main compar tment  of the cell has in its side 
a tube for the in t roduct ion of nitrogen,  which is 
in t roduced before the electrolysis  so as to remove the 
dissolved oxygen f rom the electrolyte ,  and imme-  
d ia te ly  proceeding each measurement ,  to level  the 
concentrat ion.  In the opposite side of the  main  com- 
pa r tmen t  of the cell an e lec t ro lyt ica l  br idge is bui l t  
in, connecting this compar tment  wi th  the  reference 
electrode compar tment .  The e lect rolyt ical  br idge is 
executed so tha t  one end enters  the main compar t -  
ment  of the cell approx imat ing  the form of a capi l -  
l a ry  to the hanging drop of the measur ing  electrode 
(distance of 3 mm) .  At  the  bot tom of the cell the re  
is a quant i ty  of amalgam of the same composit ion as 
the hanging drop, i.e., the measur ing  electrode. This 
quant i ty  of amalgam is cont inual ly  increased by  the 
drops discharged f rom the car r ie r  of measur ing  
electrode. In the reference electrode compar tment  
there is a s t andard  sa tu ra ted  calomel  electrode in the 
e lec t ro ly te  of the same composit ion as tha t  in  the 
main compar tment  of the cell. During the p re -  
electrolysis,  a p la t inum electrode is put  into this 
compar tment  to serve as an anode instead of the 
calomel electrode. 

Before the  electrolysis  and immedia te ly  proceed-  
ing each measurement ,  purif ied ni t rogen is forced 
through the cell and the electrolyte.  The ord inary  
tank  n i t rogen is purif ied (oxygen removed)  in the 
manner  in t roduced by  Meyer  and Ronge (7),  by  
forcing the gas through a column filled wi th  act ive 
copper, spread on the  infusoria l  earth.  The column 
is heated to 200~ by  an electr ic hea te r  in the 
sheath around the column. The electrolyt ic  cell and 
purification units  are made of Py rex  glass. Al l  jo int  
and stopcocks are  made  in the ground glass tech-  
nique and sealed wi th  dis t i l led water .  

The electr ical  dev ice  (Fig. 2) has three  main  
components:  a squa re -wave  pulse genera tor  SPG, 
a direct  cur rent  amplif ier  DCA, and a ca thode - r ay  
oscilloscope CRO. 

A re lay  RE bui l t  into the genera tor  synchronizes 
the beginning of the squa re -wave  pulse and the t ime 

RE 

Fig. 2. Schematic diagram of electrical arrangement: RE, relay; 
SPG, square pulse generator; TS, time sweep; DCA, direct current 
amplifier; CRO, cathode-ray oscilloscope; AC, switch anodic-catho- 
dic polarization; G, galvanometer; MR, switch measurement regula- 
tion; R1 and R~, resistors (5.6 KS and 56~); MC, switch measure- 
ment-calibration; DC, calibration device; C, electralytical cell. 
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sweep TS, so tha t  the  t ime sweep begins a l i t t le  
earl ier ,  for safety 's  sake. The t ime sweep, bui l t  
into the generator ,  regula tes  the recording t ime 
in a 0.3 msec to 3 sec range. The squa re -wave  pulse 
is e lec t ronical ly  s tabi l ized by  means of a penthode,  
so tha t  changes in the resis tance of the  cell do not 
influence the constant  cur ren t  of a pulse. Pulses 
obta ined cover the range  of 2.0 x 10-%8.0 x 10 -~ amp. 
The switch AC serves to change the direct ion of the  
pulse current .  Before the  measurement  the selected 
cur ren t  is r ead  on the ga lvanometer  G by passing 
the current  through a combinat ion of resistors  R1 
and R~, ins tead of through the cell. The rise t ime of 
a pulse is less than  10 ~sec. 

The direct  cur rent  amplifier  DCA is constructed 
to let  pass a 10 MHz span of frequencies,  which 
makes  possible the observat ion of pulses wi th  rise 
t ime up to 1 ~sec. The factor  of amplif icat ion is 
up to 1.700. The switch MC and a device DC serve 
for the ca l ibra t ion  of the amplifier.  

Procedure.--Before the exper iments  the glass 
appara tus  was washed in chrom-sul fur ic  acid (16 
hr ) ,  washed out in running  water ,  and then washed 
in dis t i l led wa te r  (16 hr ) .  

The composit ion of the  e lect rolyte  used was 
0.116N In~(SO~)~ in 0.5N K~SO,, pH = 2.5 solution. 
The e lect rolyte  was p repa red  by the dissolution of 
a wire  of ve ry  pure  indium 2 in the calculated amount  
of H~SO, with  regard  to indium sulfate and  potas-  
sium sulfate. Once the dissolution was completed 
the corresponding amount  of KOH solution was 
added successively unt i l  a cer ta in  pH value was 
reached. Chemicals  used were  of the ana ly t ica l  r e -  
agent  grade. 

As the measur ing  electrode a hanging drop of 
0.3% by weight  I n - a m a l g a m  was used. I n - a m a l g a m  
in such concentrat ions has the physical  proper t ies  
of l iquids (8).  I t  is p repa red  in the reservoi r  of the 
capi l lary,  covered by  e lect rolyte  in the s t ream of 
nitrogen.  The ra te  of dropping is regula ted  by the 
change of pressure  of ni t rogen in the pressure  sys-  
tem. The presence of n i t rogen e l iminates  the  pos-  
s ibi l i ty  of oxidat ion of I n - a m a l g a m  (9).  The 
size of the drop in the e lect rolyte  depends on the 
d iamete r  of the  capi l lary.  I t  was de te rmined  by 
weighing a number  of drops, and from the weight  
the surface of a drop was set at 2.78 x 10 -~ cm ~. 

The e lec t ro ly te  is in the main compar tment  of 
the cell and in the reference electrode compar tment .  
Before the exper iments  purif ied ni t rogen is forced 
through the cell (12 hr ) .  P re -e lec t ro lys i s  wi th  the 
cur ren t  of 0.32 ma is unde r t aken  as a last  purif ica-  
tion step (10 h r ) .  The mass of amalgam on the bot -  
tom of the main  compar tment  of the cell serves as a 
cathode. A p la t inum electrode in the reference  elec-  
t rode compar tment  serves as an anode. 

Single d-c  squa re -wave  pulses of selected in-  
tens i ty  pass through the hanging drop as the meas -  
ur ing electrode and the amalgam mass as the coun- 
ter  electrode. Resul t ing overpotent ia l  changes are 
recorded in re la t ion to the reference  electrode 
(S.C.E.) over the  d-c  amplifier,  on the screen of the 

F o r  t h e  p r e p a r a t i o n  of  e l e c t r o l y t e  a n d  I n - a m a l g a m  a w i r e  w i t h  
t h e  g u a r a n t e e d  m i n i m u m  p u r i t y  of  99.95% of  i n d i u m  w a s  u s e d  (Dr.  E. 
D u r r w ~ i c h t e r ,  D O D U G O  K . G .  P f o r z h e i m ,  W e s t  G e r m a n y ) .  
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c a t h o d e - r a y  osc i l loscope as t he  o v e r p o t e n t i a l - t i m e  
( , I , -  t )  curves .  The  d u r a t i o n  of pu l ses  and  the  d e -  
g ree  of ampl i f i ca t ion  is su i t ed  to t he  i n t e n s i t y  of 
c u r r e n t  so t ha t  t he  o v e r p o t e n t i a l  can  r e a c h  a con-  
s t an t  v a l u e  be fo re  t h e  c o n c e n t r a t i o n  p o l a r i z a t i o n  
sets in. M e a s u r e m e n t s  w e r e  m a d e  f r o m  low c u r r e n t  
dens i t i e s  to h i g h e r  ones.  F o r  each  pu l se  a n e w  d rop  
of a m a l g a m  was  used.  A l l  t he  ca thod ic  t r a n s i e n t s  
w e r e  t a k e n  first  a n d  t h e n  the  anodic  ones, cove r ing  
the  c u r r e n t  d e n s i t y  r a n g e  of 8.1 x 10 -~ to 2.1 x 10 -~ 
a m p / c m  ~. 

The  o v e r p o t e n t i a l - t i m e  cu rves  on the  sc reen  of 
t he  c a t h o d e - r a y  osc i l loscope  w e r e  p h o t o g r a p h e d  on 
I l f o r d - H P S  6 x 9  cm fi lm w i t h  a Ro l l e i co rd  camera .  

Resul ts  

Overpo ten t ia l - t ime  re la t ionsh ip . - -An  e x a m p l e  of 
e x p e r i m e n t a l l y  o b t a i n e d  m - -  t c u r v e  for  anod ic  
p o l a r i z a t i o n  is shown  in Fig.  3. The  ohmic  o v e r p o -  
t e n t i a l  ~e is r e p r e s e n t e d  b y  the  gap  at  t he  i n i t i a l  

p a r t  of the  curve ,  as has  a l r e a d y  been  done  b y  o the r  
a u t h o r s  (3, 10). In  ca thod ic  cu rves  t he  p a r t  of t he  
ohmic  o v e r p o t e n t i a l  is v e r y  s m a l l  in r e l a t i o n  to  t h e  
to ta l  o v e r p o t e n t i a l  m, w h i c h  is not  t he  case in  a n -  
odic n ~ -  t curves ,  so i t  is v e r y  diff icult  to ob t a in  e x -  
act  and  p rec i se  va lue s  b y  e x p e r i m e n t a t i o n .  To ob -  
t a in  t he  va lues ,  t he  s e n s i t i v i t y  of t he  m e a s u r i n g  
dev ice  was  i nc r ea sed  and  on ly  t he  in i t i a l  p a r t  of 
t he  m - -  t cu rve  was  r eco rded ,  r e g a r d l e s s  of t he  fac t  
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Fig. 3. Curve ~t - -  t for anodic current density 3.6 x 10 -~ 
amp/cm ~. 
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Fig. 4. Tafel line for cathodic polarization, c~ ~ 0.844 
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Fig. 5. Tafel line for anodic polarization, c~ ~ 0.800 

t ha t  o v e r p o t e n t i a l  d id  no t  b u i l d  up  to i ts  s t e a d y -  
s t a t e  va lue .  

The  change  of po ten t i a l ,  m i n u s  t he  ohmic  o v e r -  
po ten t i a l ,  un t i l  the  b u i l d i n g  up  to t he  s t e a d y - s t a t e  
va lue ,  r e p r e s e n t s  a c t i va t i on  o v e r p o t e n t i a l  VA. 

The  l i n e a r  p a r t  of t he  c u r v e  V, - -  t (F ig .  3) co r -  
r e s p o n d s  to t he  cha rg ing  of doub le  l ayer ,  and  f r o m  
the  s lope of th is  p a r t  of t he  cu rve  t h e  d o u b l e - l a y e r  
c a p a c i t y  can  be  c a l c u l a t e d  (11) .  

C = i  - -  t-~o [1]  
d~7 

The  m e a n  va lue ,  o b t a i n e d  f r o m  the  e x p e r i m e n t a l  
da ta ,  is 25.4 k~F/cm =. 

Act iva t ion  overpo ten t ia l -curren t  dens i ty  relat ion-  
s h i p . - - W h e n  the  e x p e r i m e n t a l  va lue s  of a c t i va t i on  
o v e r p o t e n t i a l  ,/A w e r e  p l o t t e d  a ga in s t  t he  l o g a r i t h m  
of c.d. log lo i, cu rves  o b t a i n e d  of ca thod ic  and  a n -  
odic p o l a r i z a t i o n  (Fig .  4, 5) show in one r e g i o n  
Tafe l ' s  l i n e a r  r e l a t ion .  

F u r t h e r ,  e x p e r i m e n t a l  Ta fe l  l ines  w e r e  t r e a t e d  
w i th  an  e a r l i e r  d e v e l o p e d  m e t h o d  (6)  us ing  e x -  
p r e s s ion  for  t he  s lowes t  r e a c t i o n  step,  i.e., r a t e - d e -  
t e r m i n i n g  s tep.  

0 log i_ F 
- -  ( n o *  - -  ~ )  [ 2 ]  

OV 2,303 R T  

O log i+ F 
(n ,  ~ - 1  H-~)  [3]  

0V = '2,303 R T  

i_ and  i§ be ing  p a r t s  of t he  t o t a l  ca thod ic  and  anodic  
c.d. u sed  in t he  s lowes t  r e a c t i o n  step,  OV t he  change  
of po ten t i a l ,  no ~ and  na e t he  o r d i n a l  n u m b e r s  of t h e  
s lowes t  r e a c t i o n  s tep  for  t h e  ca thod ic  a n d  anodic  
p o l a r i z a t i o n  ( s m a l l  i n t e g e r ) ,  ~ t he  t r a n s f e r  coeffi- 
c ien t  (0 < ~ < 1),  F the  F a r a d a y ,  R t h e  gas  cons tan t ,  
and  T the  abso lu t e  t e m p e r a t u r e .  

As  m e n t i o n e d  e a r l i e r  (6)  t he  l e f t  s ides  of the  Eq. 
[2]  and  [3]  r e p r e s e n t  t h e  s lopes  of t he  e x p e r i m e n t a l  
Ta fe l  l ines,  so out  of t he  e x p e r i m e n t a l  d a t a  i t  w a s  
poss ib le  to o b t a i n  ~, no*, a n d  n~*. 

The  ca lcu la t ions  ind ica t e  t ha t  t he  s lowes t  r e a c -  
t ion  s tep  for  t he  ca thod ic  p o l a r i z a t i o n  is t h e  first,  
and  for  t he  anodic  t he  t h i rd ;  for  r e su l t s  see  Tab le  I. 
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Table I. Parameters for the deposition and dissolution of indium 
in 0.116N In2(S04)~ .-f- 0.5N K~SO4, pH 2.5 
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0 l o g  i 
transfer  

0 V  coefficient 

E x p e r i m e n t  c a t h o d i c  a n o d i c  cathodic  anodic  

1 3.00 49.7 0.826 0.880 
2 2.69 47.8 0.844 0.775 
3 2.92 49.2 0.831 0.855 
4 2.69 48.3 0.844 0.800 
5 2.54 47.8 0.853 0.773 

Mean of expe-  
r iments  1-5. 2.77 48.6 0.840 0.817 

Discussion 

Ovevpotential-time curves.--Ohmic o v e r p o t e n t i a l  
~ p l o t t e d  aga in s t  t h e  c u r r e n t  for  i n d i v i d u a l  m e a s -  

u r e m e n t s  shows,  as was  expec ted ,  a l i nea r  r e l a t i o n  
(Fig .  6) .  The  c o r r e s p o n d i n g  r e s i s t ance  R r e p r e s e n t s  
the  s lope  of t he  l ine  and  has  t he  m e a n  v a l u e  of 
33.04 ohms.  The  g e n e r a l  e x p r e s s i o n  for  t he  ca l -  
cu l a t ion  of r e s i s t ance  b e t w e e n  the  H a b e r - L u g g i n  
c a p i l l a r y  a n d  the  e lec t rode ,  g iven  b y  ]Vlattsson and  
Bockr i s  (3) ,  is 

1 ( 1  1 )  [4]  
R -  4.~r.~ r x 

w h e r e  K is t he  specific c o n d u c t a n c e  of t he  solut ion,  
r the  r a d i u s  of the  e lec t rode ,  a n d  x t he  d i s t ance  b e -  
t w e e n  the  t ip  of  t he  H a b e r - L u g g i n  c a p i l l a r y  and  t h e  
cen t e r  of t he  e lec t rode .  Us ing  in our  case  t h e  ~ -va lue  
( for  0.116N In~(SO~), + 0.5N K~SO,, p H  ---- 2.5) 4.45 
x 10 -~ m h o s / c m ,  t h e  r a d i u s  of t he  a m a l g a m  drop  r 
4.7 x 10 ~ cm, x = 3 mm,  the  v a l u e  of R = 32.1 ohms,  
in a g r e e m e n t  w i t h  the  e x p e r i m e n t a l  va lues .  

The  d o u b l e - l a y e r  c a p a c i t a n c e  is c a l c u l a t e d  f r o m  
the  s lope  of the  i n i t i a l  l i nea r  p a r t  of t he  c u r v e  ~, 
-- t .  The  e x p e r i m e n t a l l y  o b t a i n e d  v a l u e  of 25.4 ~ F /  
cm ~ is w i t h i n  the  l im i t s  of e x p e c t e d  va lue s  for  s i m -  
i l a r  sys tems .  

The  s lope  of t he  c u r v e  ~?, - -  t g r a d u a l l y  l eve l s  off, 
and  a f t e r  some t ime,  t~, the  p o t e n t i a l  v a l u e  becomes  
a lmos t  cons tan t .  This  v a l u e  d i m i n i s h e d  b y  ohmic  
o v e r p o t e n t i a l  r e p r e s e n t s  the  a c t i v a t i o n  o v e r p o t e n -  
t i a l  ~ .  The  s t a t e  of t he  " cons t an t "  po ten t i a l ,  in r e -  

100 

2(1 �9 

10 

t [mA] 

Fig. 6. Curve ~1~ - -  i. Slope - -  R = 33.04 ohms 

x - -  cathodic  data;  o - -  anodic data 

l a t i on  to t he  d u r a t i o n  of t he  pulse ,  is def ined  as 14 
r, r 1~ be ing  the  t r a n s i t i o n  t i m e  ( fo r  f lat  su r f ace s )  

~r 1/2" n" F -  C" D 1/~ 
1/2 = [ 5 ]  

2 i  

n be ing  the  n u m b e r  of e l ec t rons  i nvo lved ,  F t he  
F a r a d a y ,  C t h e  c o n c e n t r a t i o n  of  I n  ~ in  m o l e / c m ' ,  D 
the  d i f fus ion  coefficient  of In  ̀+ w i t h  t he  v a l u e  set  a t  
0.5 x 10 -~ cmVsec,  and  i t he  c.d. in a m p / c m  2. 

O n l y  a f t e r  a t i m e  tc, te be ing  tc > v, m o r e  m a r k e d  
c o n c e n t r a t i o n  p o l a r i z a t i o n  occurs ,  w h i c h  m a n i f e s t s  
i t se l f  in t he  r i se  of t he  po ten t i a l .  C o n s i d e r i n g  the  
sho r t  d u r a t i o n  of t h e  c u r r e n t  pu l se  (Fig .  3) t h e r e  
is h a r d l y  a n y  c o n c e n t r a t i o n  po la r i za t ion ,  conse -  
q u e n t l y  i t  can  be  cons ide red  t h a t  t he  b u i l d u p  to t h e  
cons t an t  va lue s  of t he  p o t e n t i a l  i n d e e d  does  r e p -  
r e s e n t  t he  a c t i v a t i o n  ove rpo t en t i a l .  

Activation ovevpotentiaI-logarithms of current 
density curves.--When t he  e x p e r i m e n t a l  v a l u e s  of 
a c t i v a t i o n  o v e r p o t e n t i a l  nA w e r e  p l o t t e d  a ga in s t  t h e  
l o g a r i t h m s  of c.d. loglo i the  cu rves  (Fig .  4, 5) of t h e  
ca thod ic  and  anod ic  p o l a r i z a t i o n  w e r e  ob ta ined .  
Bo th  cu rves  show in the  c.d. r a n g e  2.5 x 10-'-2.5 x 
10 -3 a m p / c m  ~ a m a r k e d  T a f e l  l i n e a r  r e l a t i on .  

C o n s i d e r i n g  Eq. [2]  a n d  [3]  and  the  t h e o r e t i c a l  
d i scuss ion  (6)  i t  is c lea r  t h a t  t he  s lope of t he  Ta fe l  
l ine  is d i r e c t l y  i nd i c a t i ve  of t h e  d e t e r m i n a t i o n  of 
t he  p a r a m e t e r s  of t he  e l e c t r o d e  k ine t i c s  of e l e c t r o -  
c h e m i c a l  p rocesses  w i t h  s e v e r a l  r e a c t i o n  steps.  

The  s lope  of t he  l i n e a r  p a r t  of t he  c u r v e  of t h e  
ca thod ic  p o l a r i z a t i o n  (Fig .  4) is some 20 t i m e s  m o r e  
s teep  t h a n  the  s lope  of t h e  anod ic  c u r v e  (Fig .  5) ,  
and  i t  can  be  s h o w n  eas i ly  t h a t  s m a l l  e x p e r i m e n t a l  
e r ro rs ,  w h i l e  h a v i n g  a ne g l i g ib l e  inf luence  on the  
s lope of ca thod ic  curves ,  can  se r ious ly  inf luence  the  
s lope  of anodic  curves .  Bes ides ,  t h e  Ta fe l  l ine  of 
anod ic  p o l a r i z a t i o n  fo rms  i t se l f  in  a n a r r o w  r eg ion  
of t he  a c t i va t i on  o v e r p o t e n t i a l  (hA ---- 10 - -  40 m v )  
and  in t h e  e x p r e s s i o n  

i = i ~ - - [ i o  I [6]  

t he  c o r r e s p o n d i n g  ca thod ic  p a r t  of c.d. io m u s t  no t  
be  neg lec ted .  F r o m  e xp re s s ion  [6]  i t  fo l lows  t h a t  

io = i + 1iol [ 7 ]  

w h i c h  m e a n s  t h a t  to ge t  t he  co r rec t  anod ic  c.d. u n d e r  
t hese  cond i t ions  the  m e a s u r e d  v a l u e  i o u g h t  to  be  
c o r r e c t e d  b y  t h e  c o r r e s p o n d i n g  ca thod ic  c.d. i0. The  
ca thod ic  c.d. w h i c h  w o u l d  c o r r e s p o n d  to i n d i v i d u a l  
m e a s u r i n g  po in t s  of the  anodic  p o l a r i z a t i o n  can  be  
o b t a i n e d  g r a p h i c a l l y  if t h e  Ta fe l  l ine  of t h e  ca thod ic  
p o l a r i z a t i o n  is e x t r a p o l a t e d  to c o r r e s p o n d i n g  anodic  
ove rpo t e n t i a l s .  T h e  e x e c u t i o n  of th i s  p r o c e d u r e  has  
shown,  as is expec t ed ,  t h a t  t he  co r r ec t i on  va lue s  i~ 
for  t he  m e a s u r i n g  po in t s  of low anod ic  o v e r p o t e n -  
t i a l s  a r e  such t h a t  co r r ec t i on  is jus t i f ied ,  w h i l e  fo r  
t h e  h i g h e r  va lue s  of t he  anod ic  o v e r p o t e n t i a l  t h e  
c o r r e c t i ve  i~ a r e  so smal l ,  t h a t  co r r ec t i on  is of no  
e s sen t i a l  i m p o r t a n c e ,  i.e., t h a t  t h e  second  e l e m e n t  
on the  r i g h t  s ide  of  Eq. [6]  can  be  ignored .  Such  
co r rec t ions  of t h e  m e a s u r i n g  po in t s  of t h e  low o v e r -  
p o t e n t i a l s  of t he  anodic  p o l a r i z a t i o n  p r o v e  the  cor -  
r ec tnes s  of t he  e x t r a p o l a t i o n  of t he  Ta fe l  l ine,  b e -  
cause  t he  c o r r e c t e d  m e a s u r i n g  po in t s  f a l l  j u s t  in to  
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the  e x t r a p o l a t e d  l ine.  This  of course  enab le s  a m o r e  
a c c u r a t e  d e t e r m i n a t i o n  of t h e  l i n e a r  p a r t  of t h e  
Ta fe l  l ine,  e spec i a l l y  i f  i t  is f o r m e d  in t he  n a r r o w  
a r ea  of l ow  ove rpo t en t i a l s .  

Cons ide r ing  the  fac t  t h a t  in  our  case  t he  e x p e r i -  
m e n t a l  e r r o r s  inf luence  t h e  anod ic  c u r v e s  more ,  t h e  
use  of v a l u e s  o b t a i n e d  b y  e x t r a p o l a t i o n  f r o m  the  
ca thod ic  cu rves  is jus t i f ied ,  w h i l e  t he  r e v e r s e  is no t  
the  case. 

F o r  t he  e l e c t r o c h e m i c a l  p rocess  of depos i t i on  and  
d i s so lu t ion  of i n d i u m  in an  aqueous  so lu t ion  the  fo l -  
l o w i n g  r eac t ions  a r e  a s s u m e d  

+e-o +e% +e-o 
In ~+ --> In ~+ > In I+ > In ~ [8] 

--e-. --e-o ~e-o 
In ~ -> In I+ > In 2+ > In "+ [9] 

On g r o u n d s  of exp res s ions  [2] ,  [3] ,  [8] ,  a n d  [9]  
and  the  e x p e r i m e n t a l l y  o b t a i n e d  s lope  of t he  l i nea r  
p a r t  of Ta fe l  l ine  for  t h e  ca thod ic  and  anod ic  p o l a r i -  
zat ion,  ca l cu la t ions  i nd i ca t e  t h a t  the  s lowes t  r e a c t i o n  
s tep  for  the  ca thod ic  p o l a r i z a t i o n  is t he  first, and  fo r  
the  anodic  t he  th i rd .  

C o n s e q u e n t l y  
s low 

In ~,+ + e-o-------> In  s+ [I0] 
and  

s low 

I n  ~+ - -  e-o > I n  s+ [ i i ]  

From this it follows tha t  the reaction step 

+ e~o 
In "+ ~ In s+ [12] 

~e-o 

is the ra te -de te rmin ing  step for the  over-al l  electro- 
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c h e m i c a l  p rocess  of depos i t i on  and  d i s so lu t ion  of i n -  
d ium.  

E x p e r i m e n t s  h a v e  shown  tha t  w h e n  c.d. is i n -  
c r ea sed  above  2.5 x 10 -~ a m p / c m  ~ the  m e a s u r i n g  
po in t s  do no t  fo l low T a f e l  l ine,  b u t  show r e p r o -  
duc ib l e  dev ia t ions .  T h e r e  a r e  i nd i ca t ions  t h a t  in th i s  
c u r r e n t  r eg ion  t h e r e  m a y  be  some o t h e r  p rocesses  
w h i c h  i n t e r f e r e  in t h e  p rocesses  d e s c r i b e d  above .  
The  p h e n o m e n a  w i l l  be  t r e a t e d  in d e t a i l  in f u r t h e r  
inves t iga t ions .  

Manuscr ip t  received Aug. 25, 1961; revised m a n u -  
scr ipt  received March 1, 1962. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the June  1963 JOURNAL. 
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Technical Notes 

A Continuous Flow Cell for Electrochemical Synthesis 
M. J. Allen 

Chemical Research Department, Electro-Optical Systems, Inc., Pasadena, California 

One of the  m o r e  i m p o r t a n t  a spec t s  of o rgan ic  
e l e c t r o c h e m i s t r y  w h i c h  has  r e c e i v e d  l i t t l e  a t t e n t i o n  
in t he  l i t e r a t u r e ,  is the  design,  cons t ruc t ion ,  and  
p e r f o r m a n c e  of e l e c t r o l y t i c  cells .  Two  cel ls  h a v e  
been  d e s c r i b e d  w h i c h  u t i l i ze  po rous  c a r b o n  e lec -  
t r odes  (1)  and  a t h i r d  d e s i g n e d  for  use  w i t h  a 
m e r c u r y  ca thode  (2) .  U n f o r t u n a t e l y  n e i t h e r  of t he  
des igns  can  be  used  w i t h  sol id  or  a m a l g a m  t y p e  
e lec t rodes .  T h e r e f o r e  a cel l  was  d e v e l o p e d  (Fig .  1) 
w h i c h  was  not  on ly  su i t ab l e  for  t he  t y p e  of e l ec t rodes  
men t ioned ,  bu t  also h a d  in c o m m o n  w i t h  t he  p r e -  

v ious ly  r e p o r t e d  cel ls  t he  a d v a n t a g e s  of c o n t i n u -  
ous flow o p e r a t i o n  for  e x t e n d e d  per iods .  

This  cel l  consis ts  of 22 c o m p a r t m e n t s  c o n s t r u c t e d  
of " a n n e a l e d "  p o l y s t y r e n e ,  1/2 in. t h i c k  x 5 in. w i d e  
x 6 in. h igh.  A cen t e r  sec t ion  is r e m o v e d  l e a v i n g  
a c h a m b e r  2 in. w ide  x 4V2 in. high.  A 1/4 in. ho le  is 
d r i l l e d  on one side so t h a t  i t  is f lush w i t h  the  b o t t o m  
of t he  cen t e r  sect ion,  and  on the  o the r  s ide  so t h a t  
t h e  hole  is 23/s in. to cen t e r  f r o m  the  top. A p p r o x -  
i m a t e l y  1/2 in. of t he  ou t s ide  po r t i on  of each  of these  
holes  is b o r e d  out  ( a p p r o x i m a t e l y  13/32 in.)  so as 
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Fig. 1. Cell for continuous flow operation 
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to loose ly  accep t  a 11/2 in. l e n g t h  of 1/4 in. ID p o l y -  
s t y r e n e  tub ing .  These  a r e  c e m e n t e d  in p lace  b y  
d r o p p i n g  m e t h y l e n e  ch lo r ide  w i t h  a h y p o d e r m i c  
s y r i n g e  and  fine n e e d l e  in t he  space  b e t w e e n  the  
p o l y s t y r e n e  t u b i n g  and  the  p la te .  The  b o n d  is qu i t e  
sol id  and  l e a k - f r e e  w i t h i n  an  hour .  A b o t t o m  ou t l e t  
for  d r a i n a g e  of each  c o m p a r t m e n t  is f a b r i c a t e d  in  
t he  s a m e  m a n n e r .  

The  end p l a t e s  consis t  of 1/~ in. s tock  s tee l  t h r o u g h  
w h i c h  seven  holes  h a v e  been  d r i l l e d  to a c c o m m o -  
d a t e  21 in. l eng ths  of 3/8 in. rod,  t h r e a d e d  on each  
end.  N e x t  to t h e  i n n e r  face  of these  end  p l a t e s  is 
p l aced  a 1 in. t h i c k  x 5 in. w ide  x 6 in. h igh  p o l y -  
s t y r e n e  sheet ,  f o l l owed  b y  an  e l ec t rode  ( a p p r o x -  
i m a t e l y  1/16 in. t h i c k )  w i t h  a connec to r  flap, a 
n e o p r e n e  g a s k e t  (1 /16  in. t h i c k ) ,  a p o l y s t y r e n e  
c o m p a r t m e n t ,  a n  i o n - e x c h a n g e  t y p e  m e m b r a n e  b e -  
t w e e n  2 n e o p r e n e  gaske t s ,  a n o t h e r  c o m p a r t m e n t ,  a 
f loat ing e l ec t rode  b e t w e e n  2 n e o p r e n e  gaske t s ,  a n -  
o the r  c o m p a r t m e n t ,  etc. Each  c o m p a r t m e n t  con-  
t a ins  a p p r o x i m a t e l y  54.5 ml.  The  ac t ive  e l ec t rode  
a r ea  was  32.26 cm ~. 

In  p r a c t i c e  t he  oppos ing  e l ec t ro ly t e ,  e.g., c a t h o -  
ly t e  and  ano ly te ,  a r e  p u m p e d  t h r o u g h  a l t e r n a t e  
t y g o n  t ube  connec t ed  c o m p a r t m e n t s ,  u t i l i z ing  a 
S i g m a m o t o r  p u m p .  The  r a t e  of flow is so a d j u s t e d  
t h a t  w h e n  the  e l e c t r o l y t e  con ta in ing  the  d e p o l a r i z e r  
comes f r o m  the  l as t  c o m p a r t m e n t ,  the  r e a c t i o n  is 
comple te .  If  cool ing is f o u n d  n e c e s s a r y  in the  p r o c -  
ess, i t  is poss ib le  to p lace  glass  cool ing coils w i t h i n  
each  c o m p a r t m e n t .  I t  is, of course,  obvious  t ha t  the  
su r face  of the  first  f loat ing e l ec t rode  fac ing  the  
ca thode ,  for  e x a m p l e ,  wi l l  be  pos i t ive ,  i t s  r e v e r s e  
su r f ace  nega t ive ,  and  so on to t he  p o w e r  connec t ed  
anode.  

Experimental 
In  o r d e r  to s t u d y  the  o p e r a t i o n a l  cha r ac t e r i s t i c s  

of th is  cell ,  t he  r e d u c t i o n  of p - h y d r o x y b e n z a l d e h y d e  
to i ts c o r r e s p o n d i n g  h y d r o b e n z o i n  was  i n v e s t i g a t e d  
at  a t in  ca thode .  F o r  c o m p a r i s o n  purposes ,  b a t c h -  
t y p e  e x p e r i m e n t s  w e r e  p e r f o r m e d  u n d e r  con t ro l l ed  
po ten t i a l ,  as w e l l  as cons t an t  c u r r e n t  d e n s i t y  cond i -  
t ions.  In  each  b a t c h - t y p e  e x p e r i m e n t  t he  c a t h o l y t e  
cons i s ted  of 12g (0.098 mole )  p - h y d r o x y b e n z a l d e -  
h y d e  d i s so lved  in 100 m l  2N NaOH.  The  a n o l y t e  con-  
s i s t ing  of 2N N a O H  was  s e p a r a t e d  f rom t h e  c a t h o -  

ly re  b y  an  " A l u n d u m  ''1 m e m b r a n e .  The  t in  e l ec t rode  
a r ea  was  93.3 cm ~. A p l a t i n u m  anode  was  used  in 
these  e x p e r i m e n t s  and  the  t e m p e r a t u r e  m a i n t a i n e d  
b e t w e e n  24~ ~ The  r e f e r e n c e  p o t e n t i a l  u sed  in  
the  con t ro l l ed  p o t e n t i a l  e x p e r i m e n t s  was  s im i l a r  to 
t ha t  p r e v i o u s l y  r e p o r t e d  in  t he  l i t e r a t u r e  (3) .  A t  
a p o t e n t i a l  of - -1 .8v vs. SCE the  in i t i a l  c u r r e n t  
d e n s i t y  was  0.064 a m p / c m  ~. The  c u r r e n t  p l a t e a u e d  
at  0.0048 a m p / c m  ~, and  d u r i n g  the  course  of t he  
r e a c t i o n  1.14 t imes  the  t h e o r e t i c a l  c u r r e n t  (10,850 
cou lombs )  was  passed ,  y i e l d  9.8g ( 8 1 . 3 % ) ,  m p  
214~ ~ (3) ,  c u r r e n t  eff iciency 71%. Ut i l i z ing  
cons t an t  c u r r e n t  d e n s i t y  cond i t ions  (0.064 a m p / c m  ~) 
for  1.14 t imes  t h e o r y  in o r d e r  to d u p l i c a t e  the  10,850 
cou lombs  passed  in t he  p r e v i o u s  t y p i c a l  con t ro l l ed  
p o t e n t i a l  e x p e r i m e n t  gave  a y i e ld  of 7.9g (65 .6%) ,  
c u r r e n t  eff iciency 57.3%. The  l o w e r  efficiency of 
the  cons t an t  c u r r e n t  d e n s i t y  e x p e r i m e n t s  was  due  
to t he  p a r t i a l  use  of t h e  c u r r e n t  t o w a r d  the  l a t t e r  
p a r t  of the  e x p e r i m e n t  for  h y d r o g e n  p roduc t ion .  
This  was  i n d i c a t e d  b y  gas  evo lu t ion  at  t he  ca thode  
d u r i n g  th is  per iod .  A n  e x p e r i m e n t  was  p e r f o r m e d  
at  the  l o w e r  c u r r e n t  d e n s i t y  of 0.0048 a m p / c m  ~. 
Af t e r  t he  pa s sage  of 10,850 cou lombs  the  c a t h o l y t e  
was  e x a m i n e d  and  found  no t  to con ta in  a n y  d e t e c t -  
ab le  a m o u n t  of t he  de s i r ed  hydr~benzo in .  

The  c a t h o l y t e  for  a t y p i c a l  con t inuous  flow cel l  
e x p e r i m e n t  cons i s t ed  of 244g (2.0 mo le )  p - h y d r o x y -  
b e n z a l d e h y d e  d i s so lved  in 2000 m l  2N NaOH.  The  
a n o l y t e  was  a so lu t ion  of 2N NaOH.  The  11 ca thode  
c o m p a r t m e n t s  w e r e  f i l led w i t h  a p p r o x i m a t e l y  600 
ml  of the  c a t h o l y t e  f rom the  r e se rvo i r ;  t he  anode  
c o m p a r t m e n t s  w e r e  f i l led w i t h  the  2N NaOH.  A 
c u r r e n t  d e n s i t y  of 0.064 a m p / c m  ~ (2.1 a m p / e l e c -  
t r ode )  was  used.  T h e  p robe ,  a s a t u r a t e d  ca lome l  
e l ec t rode  p l a c e d  at  t he  su r f ace  of t he  first  and  las t  
ca thode ,  i n i t i a l l y  i n d i c a t e d  a r e f e r e n c e  p o t e n t i a l  of 
--1.8v. T h e  c a t h o l y t e  was  r e c i r c u l a t e d  t h r o u g h  t h e  
ca thode  c o m p a r t m e n t s  a t  t he  r a t e  of 25 m l / m i n  
u n t i l  t he  r e f e r e n c e  p o t e n t i a l  a t  t he  l as t  ca thode  
r e a c h e d  a p o t e n t i a l  of --2.0v,  a t  w h i c h  t i m e  the  
r e a c t e d  c a t h o l y t e  was  d e l i v e r e d  to a r e c e i v e r  and  
f r e sh  u n r e a c t e d  c a t h o l y t e  p e r m i t t e d  to e n t e r  t he  
cell .  The  r a t e  of f low was  t h e n  so a d j u s t e d  t ha t  t he  
p o t e n t i a l  and  the  l a s t  ca thode  d id  no t  go above  
- -2 .0v  vs. SCE. The  flow r a t e  for  t h e  c a t h o l y t e  was  
12.5 m l / m i n  and  for  the  a n o l y t e  5 m l / m i n .  The  
a p p l i e d  v o l t a g e  v a r i e d  f rom 30-36v. A f t e r  162 ra in  
a t o t a l  of 224,000 cou lombs  (1.16X t h e o r y )  has  
been  passed .  Yie ld  184.7g ( 7 5 . 7 % ) ,  m p  214~ ~ 
c u r r e n t  eff iciency 65%. 

Discussion 

F r o m  the  r e su l t s  o b t a i n e d  a con t inuous  flow cel l  
a p p e a r s  to be  m o r e  efficient t h a n  a b a t c h  t y p e  cel l  
o p e r a t i n g  u n d e r  t he  s ame  cons t an t  c u r r e n t  d e n s i t y  
condi t ions .  This  i n c r e a s e d  efficiency can  be  a t t r i b -  
u t e d  to t he  fac t  tha t ,  in a flow cel l  o p e r a t i o n  of t he  
t y p e  desc r ibed ,  the  p o t e n t i a l  a t  the  e l ec t rode  s u r -  
face  does no t  r e a c h  d e s t r u c t i v e  he igh t s  w h i c h  m i g h t  
r e su l t  in u n d e s i r a b l e  s ide  r eac t ions ;  t he  d e p o l a r i z e r  
is be ing  r e p l e n i s h e d  at  t he  e l ec t rode  su r f ace  at  such 
a r a t e  as to e n a b l e  m a x i m u m  use of t h e  e l ec t r i c  

1 N o r t o n  C o m p a n y ,  Worces ter ,  Mass. 



Vol. 109, No. 8 

c u r r e n t  for the r educ t ion  process;  we are dea l ing  
essen t ia l ly  wi th  a f lowing film in  which  the  pa th  
the  depolar izer  m u s t  t r a v e l  to reach  the  e lec t rode  
is shor ter  t h a n  in  a s t i r red  solut ion.  

Manuscript  received Oct. 13, 1961; revised manuscr ip t  
received Feb. 8, 1962. This paper  was prepared for 
delivery before the Detroit  Meeting, Oct. 1-5, 1961. 
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Thermal Oxidation of GaAs 
Henry T. Minden 1 

General Electric Company, Syracuse, New York 

Oxide  m a s k i n g  (1) is the  key  t e chn ique  in  the  
fabr ica t ion  of m o d e r n  sil icon semiconduc tor  devices. 
If a si l icon single crys ta l  wafer  is exposed to oxy -  
gen u n d e r  cont ro l led  condi t ions  an  amorphous  l ayer  
of silica wi l l  fo rm (2).  This  l ayer  is imperv ious  to 
the diffusion of doping impur i t i e s  into the wafer .  By 
e tching  holes in  the  silica, diffusion can be localized 
for the  purposes  of device p repara t ion ,  and  the  oxide 
protects  the  p - n  j unc t i ons  f rom a t tack  by  ambien ts .  

To de t e rmine  w h e t h e r  this  t echnology  can be 
car r ied  over  to ga l l i um arsenide,  a br ief  s tudy  of 
the t h e r m a l  ox ida t ion  of this  m a t e r i a l  was  u n d e r -  
taken.  Wafers  were  placed in  a s imple  t ube  f u r -  
nace t h rough  which  gas flowed in  the  conven t iona l  
m a n n e r .  Best  resu l t s  in  t e rms  of the  evenness  of 
the oxide were  ob ta ined  wi th  pu re  oxygen,  and  a 
flow ra te  of about  1.3 l / r a i n  was  used in  the  r u n s  
repor ted  here.  T e m p e r a t u r e s  b e t w e e n  600 ~ and  
900~ were  used. Below 600 ~ the  ox ida t ion  was  
negl ig ible ,  whi le  above 900 ~ the  sample  t ended  to 
b u r n  up. In  genera l ,  inc reas ing  the t e m p e r a t u r e  
m e r e l y  increased  the  ra te  of oxidat ion,  whi le  the 
charac te r  of comparab le  films was  the same. 

F i lms  of i n t e r m e d i a t e  th ickness  (1000A to 
~6000A)  showed typ ica l  i n t e r f e r ence  colors. F i lms  
which  were  e i ther  too t h in  or too th ick  to show 
in te r f e rence  colors were  gold or b rown.  E v e n  th icke r  
films were  t r a n s p a r e n t  and  glassy in  appearance .  
The th ickes t  films wh ich  were  fo rmed  at 900~ 
were  whi te ,  obvious ly  crys ta l l ine ,  and  somewha t  
w a x y  in  tex ture .  In  some expe r imen t s  wa t e r  vapor  
was in t roduced  in to  the  oxygen  s t ream.  This  had  
no d i sce rnab le  effect at t e m p e r a t u r e s  be low abou t  
800 ~ . Above  800 ~ whi te ,  ha rd  c rys ta l l ine  spots 
formed;  these  spots grew to cover a lmost  the  whole  
surface.  This  oxide could easi ly  be flaked off the  
wafer ,  whereas  the  t h i n n e r  layers  were  qu i te  ad -  
he ren t .  

Ox ida t ion  on the  (110) sur face  of ga l l i um a r -  
senide was  s lower  and  more  u n i f o r m  t h a n  on e i ther  
(111) surface.  F ine  wh i t e  pi ts  t ended  to form u n d e r  
the oxide on the  l a t t e r  surfaces,  whereas  even,  gold 
films could r ead i ly  be p roduced  on the  (110) su r -  
face by  oxida t ion  at  700 ~ for l/a hr. Th icker  films 
t ended  to have  ex tens ive ly  p i t ted  and  i r r egu l a r  su r -  
faces u n d e r  the  oxide layer .  The  ex t en t  of ox ida t ion  
on po lyc rys ta l l ine  surfaces va r i ed  m a r k e d l y  f rom 
g ra in  to gra in .  No difference was  no ted  b e t w e e n  
the ox ida t ion  of n and  p mate r ia l .  

E lec t ron  diffract ion p ic tures  consisted of sharp  
1 P r e s e n t  a d d r e s s :  S p e r r y  R a n d  R e s e a r c h  C e n t e r ,  S u d b u r y ,  M a s s a -  

c h u s e t t s .  

r ings  which  had  spots charac ter i s t ic  of pa r t i a l  or i -  
en t a t i on  of the crys ta l l i tes  in  the  film. I n d e x i n g  of 
the  r ings  showed u n e q u i v o c a b l y  tha t  the  film con-  
sisted of fl GabOn, the  commones t  form of ga l l i um 
oxide. This was the  on ly  phase  found  in  all  the  films 
inves t igated ,  regardless  of the  th ickness  of the film 
and  the  t e m p e r a t u r e  of oxidat ion.  In  none  of the  
samples  inves t iga ted  were  there  a ny  e lec t ron  di f -  
f rac t ion  r ings  wh ich  could be a t t r i b u t e d  to an  a r -  
senic con t a in ing  phase. The whi te  oxide fo rmed  in  
the  presence  of w a t e r  vapor  was  flaked off and  ex-  
a m i n e d  by  powder  x - r a y  diffract ion.  This  too r e -  
vea led  the presence  of on ly  fl Ga=O~. 

Severa l  samples  of n GaAs were  oxidized on the  
(110) face at  700 ~ for 1/z h r  to fo rm an  a t t rac t ive ,  
u n i f o r m  gold film. P a r t  of the  surface  was  covered 
w i th  b lack  wax,  a nd  the  oxide on the  exposed su r -  
face was  dissolved in  w a r m  concen t ra t ed  h y d r o -  
chloric acid. The  w a x  was  removed,  and  the  sample  
was  sealed in  an  evacua ted  tube  w i th  a t race  of 
zinc metal .  The  zinc was  diffused in to  the  wafe r  at  
800 ~ for 1/2 hr. Af te r  diffusion the r e m a i n i n g  oxide 
was  r emoved  wi th  w a r m  hydrochlor ic  acid and  the 
surface  probed  wi th  a hot  point .  The  surface  was p 
at bo th  the  masked  and  u n m a s k e d  areas.  The  p e n e -  
t r a t i on  of the  zinc t h r o u g h  the  oxide could no t  be 
cor re la ted  w i th  a n y  macroscopic  imper fec t ion  in  
the  film. It  is p r e s u m e d  tha t  the  mic roc rys ta l l ine  
n a t u r e  of the  oxide film a l lowed ex tens ive  g r a in  
b o u n d a r y  diffusion to the  surface of the  ga l l i um 
arsenide.  F i n a l l y  an  oxidized and  an  unox id ized  
wafe r  were  s i m u l t a n e o u s l y  hea ted  to 950 ~ in  an  
a rgon  a tmosphere  ove rn igh t ;  both  samples  were  r e -  
duced to a drople t  of ga l l ium.  It is felt  t ha t  the  oxide 
does no t  p r e v e n t  the  outdif fus ion of a rsenic  f r o m  
ga l l i um arsenide.  

F r o m  these  d i scourag ing  bu t  fa i r ly  clear  resul ts ,  
i t  does not  appear  t ha t  t h e r m a l  oxide m a s k i n g  is 
r ead i ly  appl icable  to ga l l i um arsenide.  
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Solid Solubilities of Antimony, Arsenic, and Bismuth in 
Germanium from a Saturation Diffusion Experiment 
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In  the  cour se  of g r o w i n g  a r s e n i c - d o p e d  g e r -  
m a n i u m  c r y s t a l s  for  E s a k i  diodes ,  i t  was  no ted  (1)  
t ha t  a n o m a l o u s l y  l ow c a r r i e r  concen t r a t i ons  w e r e  
o b t a i n e d  in c r y s t a l s  g r o w n  f r o m  the  m o r e  h e a v i l y  
d o p e d  mel ts .  M i n d e n  (2)  and  C a r d o n a  and  S o m -  
mer s  (3)  also have  r e p o r t e d  t h a t  on ly  a f r ac t i on  of 
the  a r sen ic  p r e s e n t  in  h e a v i l y  d o p e d  m a t e r i a l  is 
electrically act ive.  F u r t h e r m o r e ,  i t  has  been  shown  
(4)  t ha t  a p p r o p r i a t e  h e a t  t r e a t m e n t  and  q u e n c h i n g  
p r o c e d u r e s  can  l e a d  to  s ign i f ican t  i nc reases  in  c a r -  
r i e r  concen t ra t ions ,  t hus  i n d i c a t i n g  a p r e c i p i t a t i o n  
effect. E v e n  a f t e r  quench ing ,  h o w e v e r ,  t h e r e  r e -  
m a i n e d  a d i s c r e p a n c y  of a b o u t  a f ac to r  of two  b e -  
t w e e n  the  c a r r i e r  c o n c e n t r a t i o n s  and  t h e  a r sen ic  
concen t r a t i ons  e x p e c t e d  f r o m  a v a i l a b l e  so l idus  
cu rve  d a t a  (5) .  As  p o i n t e d  out  p r e v i o u s l y  (5) ,  t h e  
e v a p o r a t i o n  t e c h n i q u e  used  to d e t e r m i n e  th is  so l idus  
cu rve  was  qu i t e  c o n d u c i v e  to the  f o r m a t i o n  of oc-  
c lus ions  con t a in ing  a r sen i c  and  hence  could  l e a d  to 
h igh  resu l t s .  

In  o r d e r  to o b t a i n  an  u n a m b i g u o u s  check  on the  
so l idus  c u r v e  a long t e r m  s a t u r a t i o n  d i f fus ion e x -  
p e r i m e n t  has  been  c a r r i e d  out  a t  a t e m p e r a t u r e  
w h e r e  a sol id  so lub i l i t y  of a r sen ic  in g e r m a n i u m  
in excess  of  1 x l0  g a t o m s / c c  w o u l d  be  e x p e c t e d  
f rom the  so l idus  curve .  By  us ing  a d i f fus ion t e c h -  
n ique  the  p r e s e n c e  of g e r m a n i u m  a r s e n i d e  occ lu -  
sions, f o r m e d  in g r o w n  c rys t a l s  b y  t r a p p i n g  of t h e  
me l t  d u r i n g  g rowth ,  shou ld  be  e l i m i n a t e d .  In  a d d i -  
t ion  to a rsenic ,  a n t i m o n y  and  b i s m u t h  w e r e  also 
d i f fused  in to  g e r m a n i u m  in the  s ame  e x p e r i m e n t .  
The  p u r p o s e  of t he  p r e s e n t  p a p e r  is to p r e s e n t  t h e  
r e su l t s  of chemica l ,  opt ica l ,  and  e l ec t r i ca l  m e a s u r e -  
m e n t s  on the  r e s u l t i n g  samples .  

Experimental 
A v a i l a b l e  d i f fus ion  coefficient  d a t a  (6)  i n d i c a t e d  

t h a t  a t  a t e m p e r a t u r e  of abou t  865~ one m i g h t  
ob t a in  e s s e n t i a l l y  c o m p l e t e  s a t u r a t i o n  of g e r m a n i u m  
samp le s  of a r e a s o n a b l e  t h i ckness  in a r e a s o n a b l e  
l e n g t h  of t ime.  Acco rd ing ly ,  the  s amp le s  w e r e  d i f -  
fused  for  97 days  at  a t e m p e r a t u r e  of 865 ~ ___ 5~ 

Fig. 1. Schematic diagram of the experimental arrangement dur- 
ing the diffusion run. 

S q u a r e  w a f e r s  and  rods  of s ingle  c r y s t a l  u n d o p e d  
g e r m a n i u m  w e r e  sealed,  t o g e t h e r  w i t h  h i g h - p u r i t y  
( ~ 9 9 . 9 9 9 9 % )  arsenic ,  a n t i m o n y ,  or  b i smu th ,  in 
e v a c u a t e d  ( ~  10 -6 m m  Hg)  v i t r e o u s  s i l ica  tubes .  
The  w a f e r s  [150 x 150 x (10-25)  mi l s ]  a n d  rods  [500 
x (15-25)  x (15-25)  mi l s ]  w e r e  o f  v a r i o u s  t h i c k -  
nesses  to p e r m i t  a check  for  s a t u r a t i o n  a t  t he  end  
of the  e x p e r i m e n t .  As  s h o w n  in Fig.  1 " q u a r t z "  
woo l  (99.9% p u r e )  was  used  to s e p a r a t e  t he  v a r i -  
ous s a m p l e s  to p e r m i t  f r ee  access  of t h e  i m p u r i t y  
vapor .  To p r e v e n t  r a n d o m  m e l t i n g  of t he  g e r m a n i u m  
s a m p l e s  t he  t ubes  w e r e  p l a c e d  in  a s l igh t  t h e r m a l  
g r a d i e n t  ( o n l y  < 1-2 ~ ove r  t he  l e n g t h  of t h e  s a m p l e  

t u b e ) .  The  a m o u n t s  of t he  g roup  V i m p u r i t y  e l e -  
m e n t s  c o n t a i n e d  in  t he  t u b e s  w e r e  suff icient  to fo rm  
and  m a i n t a i n  a l i qu idus  a l l oy  w i t h  some of t he  g e r -  
m a n i u m  in t h e  h o t t e r  ends  of t he  t ubes  d u r i n g  t h e  
course  of t he  e x p e r i m e n t .  S ince  the  p a r t i a l  p r e s s u r e  
of a r sen ic  (and,  in th is  t e m p e r a t u r e  range ,  p r o b a b l y  
t h a t  of a n t i m o n y )  ove r  t he  l i q u i d u s  a l loys  dec reases  
w i t h  i nc r ea s ing  t e m p e r a t u r e  (4)  no m e l t i n g  of t he  
g e r m a n i u m  shou ld  occur  in  t h e  coole r  p o r t i o n s  of 
t he  tube .  In  t he  case  of b i s m u t h  w h e r e  t he  p r e -  
d o m i n a n t  v a p o r  species  is t he  m o n o m e r ,  i n s t ead  
of the  t e t r a m e r  or  d imer ,  as in the  case  of the  o t h e r  
two  impur i t i e s ,  i t  is d o u b t f u l  w h e t h e r  t he  b i s m u t h  
p a r t i a l  p r e s s u r e  b e h a v e s  in t he  s ame  way .  In  fact ,  
t h e r e  was  ev idence  of r a n d o m  m e l t i n g  in t he  t ubes  
con t a in ing  b i smuth .  

One s t r i k i n g  f e a t u r e  of th is  e x p e r i m e n t  was  t he  
p r e s e n c e  of a c o n s i d e r a b l e  a m o u n t  of t r a n s p o r t  of 
g e r m a n i u m  t h r o u g h  the  v a p o r  phase ,  e spec i a l l y  in 
t he  t ube  con t a in ing  arsenic .  This  is i l l u s t r a t e d  in 
Fig .  2 w h i c h  shows  two  e x a m p l e s  of depos i t i on  of 
g e r m a n i u m  on the  g e r m a n i u m  wafers .  T h e  p r e s e n c e  
of th is  v a p o r  t r a n s p o r t  caused  some  di f f icul ty  s ince  
t he  rods  b e c a m e  t a p e r e d  and  w e r e  u n s u i t a b l e  for  
Ha l l  effect or  r e s i s t i v i t y  m e a s u r e m e n t s .  The  m e c h -  
a n i s m  r e spons ib l e  for  th is  t r a n s p o r t  is no t  k n o w n .  
One  i n t e r p r e t a t i o n  of t he  p r e s e n t  r e su l t s  is t ha t  
t r a n s p o r t  in t h e  s l igh t  t h e r m a l  g r a d i e n t  v i a  a v o l a -  
t i l e  G e - A s  species  was  a f ac to r  s ince t he  a m o u n t  
of t r a n s p o r t e d  m a t e r i a l  was  so m u c h  g r e a t e r  in t h e  
t ubes  c o n t a i n i n g  arsenic .  H o w e v e r ,  t he  p r e s e n c e  
of o x y g e n  a n d  t r a n s p o r t  v i a  G e O ( g )  is a d i s t i nc t  
pos s ib i l i t y  a n d  p e r h a p s  e i t he r  or  bo th  m e c h a n i s m s  
w e r e  ope ra t i ve .  H o l o n y a k ,  J i l l son ,  and  B e v a c q u a  
(7)  h a v e  o b s e r v e d  a s i m i l a r  t r a n s p o r t  of s i l icon 
w i t h  g roup  V i m p u r i t i e s  and  do no t  b e l i e v e  t h a t  
o x y g e n  is r e spons ib l e .  

The  a r s e n i c -  and  a n t i m o n y - d o p e d  g e r m a n i u m  
samp le s  w e r e  a n a l y z e d  c h e m i c a l l y  for  t he  i m p u r i t y  
concen t r a t i on  b y  us ing  s p e c t r o p h o t o m e t r i c  me thods .  
(The  c o n c e n t r a t i o n  of b i s m u t h  was  too low for  
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Fig. 2. Two examples of vapor transported germanium deposited 
an the Ge wafers. The major faces of the wafers are {111} surfaces. 

ana lys i s  b y  these  t echn iques . )  I n  b o t h  cases  t he  
g e r m a n i u m  was  r e m o v e d  b y  d i s t i l l a t i on  as  t h e  
chlor ide .  The  a n t i m o n y  and  a r sen ic  con ten t s  w e r e  
t hen  d e t e r m i n e d  b y  the  i o d o a n t i m o n i t e  and  h e t e r o -  
po ly  m o l y b d e n u m  b lue  m e t h o d s  (8, 9) ,  r e spec t i ve ly .  
In  o r d e r  to  i n su re  t h a t  on ly  d i f fused  m a t e r i a l  w a s  
ana lyzed ,  t he  w a f e r s  w e r e  l a p p e d  to e l i m i n a t e  a n y  
t r a c e  of v a p o r  depos i t ed  g e r m a n i u m  (Fig .  2) .  The  
s amp le s  w e r e  t h e n  e t ched  to r e m o v e  a n y  c o n t a m -  
inan t s  i n t r o d u c e d  in t he  l a p p i n g  p rocess  and  a n -  
a lyzed .  I n  t h e  case  of a r sen i c  one  of t h i c k e s t  a n d  
one of t he  t h i n n e s t  w a f e r s  w e r e  a n a l y z e d  to  d e -  
t e r m i n e  w h e t h e r  sufficient  t i m e  h a d  e l apsed  for  
s a t u r a t i o n  of t he  g e r m a n i u m  b y  arsenic .  

Op t i c a l  r e f l ec t iv i ty  m e a s u r e m e n t s  w e r e  m a d e  on 
the  a r s e n i c -  and  a n t i m o n y - d o p e d  s amp le s  b y  us ing  

O F  Sb ,  As ,  B i  i n  G e  735 

the  s ame  t e chn iques  d e s c r i b e d  p r e v i o u s l y  (4) .  The  
c a r r i e r  concen t r a t i ons  w e r e  d e t e r m i n e d  f r o m  t h e  
k n o w n  v a r i a t i o n  of t h e  r e f l ec t iv i ty  m i n i m u m  w i t h  
c a r r i e r  c o n c e n t r a t i o n  in  h e a v i l y  d o p e d  m a t e r i a l s  
(4) .  (The  op t i ca l  m e t h o d  is no t  a p p l i c a b l e  to t he  
b i s m u t h - d o p e d  s a m p l e s  because  of t he  l ow concen -  
t r a t i o n  of b i s m u t h . )  To t e s t  for  s a t u r a t i o n  in t h e  
a n t i m o n y - d o p e d  s amp le s  one w a f e r  w a s  m e a s u r e d  
n e a r  t he  su r f ace  a n d  t h e n  l a p p e d  d o w n  for  a m e a s -  
u r e m e n t  n e a r  t he  m i d d l e  of t h e  sample .  One a r sen ic  
s a m p l e  was  h e a t e d  to 850 ~ • 5~ for  30 ra in  and  
q u e n c h e d  in a j e t  of n i t r o g e n  as  d e s c r i b e d  p r e -  
v i o u s l y  (4) ,  f o l l owing  w h i c h  the  r e f l ec t iv i ty  w a s  
m e a s u r e d .  

By  us ing  v a n  de r  P a u w ' s  m e t h o d  (10) room t e m -  
p e r a t u r e  H a l l  effect and  r e s i s t i v i t y  m e a s u r e m e n t s  
w e r e  m a d e  on d i sks  cu t  f r o m  t h e  wafe r s .  The  c a r -  
r i e r  concen t r a t ion ,  n, was  c a l c u l a t e d  f r o m  the  H a l l  
coefficient  a s s u m i n g  a H a l l  to d r i f t  m o b i l i t y  r a t i o  
of un i ty .  As  a check  on the  r e s i s t i v i t y  m e a s u r e -  
ments ,  t w o - p o i n t  p r o b e  m e a s u r e m e n t s  w e r e  m a d e  
on  some rods  cut  f r o m  t h e  wafe r s .  The  r e su l t s  
a g r e e d  to w i t h i n  3% or  b e t t e r  w i t h  t he  d a t a  ob-  
t a i n e d  b y  the  d i sk  me thod .  

Results and Discussion 
The  most  i m p o r t a n t  r e su l t s  of t he  va r i ous  m e a s -  

u r e m e n t s  a r e  s u m m a r i z e d  in  T a b l e  I w h i c h  g ives  n 
and  C, ' ,  t he  c o n c e n t r a t i o n  of t he  i m p u r i t y .  A m o r e  
d e t a i l e d  d i scuss ion  of the  i n d i v i d u a l  sy s t ems  is g iven  
be low.  

Antimony.--Saturation of t he  g e r m a n i u m  b y  the  
a n t i m o n y  was  ach i eved  as e v i d e n c e d  b y  t h e  fac t  
t h a t  w i t h i n  e x p e r i m e n t a l  e r r o r  the  pos i t ions  of t h e  
r e f l ec t iv i ty  m i n i m a  at  t he  su r f ace  (14.2-14.5#) and  
n e a r  the  m i d d l e  (14.3-15.1#) of a 23 mi l  t h i c k  
w a f e r  w e r e  iden t i ca l .  (The  a t t e n u a t i o n  d i s t ance  for  
the  op t ica l  m e a s u r e m e n t  is < 1 mi l  for  these  s a m -  

p les . )  The  c h e m i c a l  ana lyses ,  p e r f o r m e d  on t w o  
sets  of f ou r  w a f e r s  each,  y i e l d e d  i d e n t i c a l  r e su l t s  
of 0.036 w / o  a n t i m o n y ,  b e l i e v e d  to be  a c c u r a t e  to 
b e t t e r  t h a n  --+5% of t he  a n t i m o n y  conten t .  The  
a g r e e m e n t  a m o n g  the  i m p u r i t y  and  c a r r i e r  concen -  
t r a t i o n s  s u m m a r i z e d  in  T a b l e  I is w e l l  w i t h i n  e x -  
p e r i m e n t a l  e r ro r .  The  mos t  l i k e l y  v a l u e  of t he  e q u i -  
l i b r i u m  sol id  so lub i l i t y  is b e l i e v e d  to be  (1.00 ---- 
0.05) x 10 ~ a toms /cc .  

The  a v a i l a b l e  sol id  so lub i l i t y  d a t a  (4, 5, 11-13) 
a r e  p r e s e n t e d  in Fig .  3 in  t h e  f o r m  of a log k vs. 
1/T plot ,  w h e r e  k is t h e  d i s t r i b u t i o n  coefficient,  
b a s e d  on the  l i qu idus  d a t a  of T h u r m o n d  and  K o w a l -  
ch ik  (14) .  I n c l u d e d  in th i s  p lo t  is a p o i n t  o b t a i n e d  
f r o m  r e s i s t i v i t y  m e a s u r e m e n t s  on a p o l y c r y s t a l l i n e  
s a m p l e  g r o w n  at  ~ 708~ b y  the  sea l ed  t u b e  t h e r -  

Table I. Summary of chemical, optical, and electrical data 

n (cm -~) n (cm -a) Cx ~ ( a toms /cc )  
I m D u r i t y  ( re f lee t iv i ty)  (Hal l  effect)  ( chemica l )  

Ant imony  1.08 • 0.07 • 10 ~ 1.02 X 10 ~g 9.5 X 10 TM 

Bismuth  - -  3.5 • 10 TM 

Arsenic  5.0 X 10 ~ 4.8 X 10 ~ 7.3 X 1019 
Arsenic* 7.5 • 10 l~ 7.4 • 1019. 

* Hea t  t r e a t ed  a t  870~ and  q u e n c h e d .  
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Fig. 3. Plot of log k as a function of 1/T for antimony in ger- 
manium. 

mal gradient  technique described previous ly  (15). 1 
With the except ion of a few of the points  due to 
Zhurk in  e t  al. (13), there  is good agreement  among 
the var ious  sets of data  which were  obtained by  
crys ta l  pul l ing (12, 13) rad io t racer  diffusion p ro -  
file (11), solvent  evapora t ion  and cooling (4),  
the rmal  gradient ,  and sa tura t ion  diffusion methods. 
Since the  sa tura t ion  diffusion technique should yie ld  
an unambiguous  equi l ibr ium solid solubi l i ty  and 
since the agreement  wi th  an adjacent  solvent evap-  
ora t ion-cool ing da ta  point  is ve ry  good, the curve 
has been revised f rom tha t  given in ref. (4) to 
favor  the lower values of k obta ined f rom these ex-  
per iments  and from the the rmal  gradient  exper i -  
ment2 This results  in a r e la t ive ly  slight modifica- 
t ion of the previous solidus curve (5).  The revised 
solidus curve, shown in Fig. 4, is based on the log 
k vs .  1 / T  plot  in Fig. 3 and on the l iquidus curve 
(14). 

A r s e n i e . - - C h e m i c a l  analyses on two wafers  of 
different  th icknesses  (10-15 and 20-25 mils)  gave 
ident ical  values of the amount  of arsenic (0.17 w / o )  

Z This  s a m p l e  c o n t a i n e d  smal I  a m o u n t s  o f  occ luded  a n t i m o n y  
w h i c h  cou ld  n o t  be  s epa ra t ed  c h e m i c a l l y  f r o m  the  a n t i m o n y - d o p e d  
g e r m a n i u m  so t h a t  no r e l i ab l e  c h e m i c a l  ana lyses  cou ld  be  run .  How-  
ever ,  two  rods  we re  cu t  f r o m  sec t ions  w h i c h  a p p e a r e d  to  c o n t a i n  no 
s ign i f i can t  n u m b e r  of  occlusions .  T h e  r e s i s t i v i t i e s  of these  two  rods  
w e r e  1.25 • 10 -8 and  1.42 • 104  o h m - c m  c o r r e s p o n d i n g  to a car-  
r i e r  c o n c e n t r a t i o n  of  (8.6 -~ 0.5) • 10~s em-8. 

The  a g r e e m e n t  b e t w e e n  t he  s a t u r a t i o n  d i f fu s ion  p o i n t  a nd  t he  ad-  
j a c e n t  s o l v e n t  e v a p o r a t i o n - c o o l i n g  p o i n t  of Sp i t z e r  et al. in Fig .  3 
ind ica te s  t h a t  e q u i l i b r i u m  da t a  we re  also o b t a i n e d  f r o m  the  l a t t e r  
e x p e r i m e n t s  and  also s u p p o r t s  t he  e a r l i e r  conc lus ion  t h a t  no s igni f i -  
c a n t  " f a c e t "  effect  (16, 17) w a s  p r e s e n t  in  t h e  c ry s t a l  g r o w t h  w o r k  
(4).  
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Fig. 4. Solidus curves for the Sb-Ge, As-Ge, and Bi-Ge systems 
calculated from the log k vs. 1/T plots in Fig. 3, 5, and 6, 
respectively. 

indicat ing sa tura t ion  had been achieved. (The 
chemical  analysis  is bel ieved to be accurate  to be t -  
ter  than --+10% of the  arsenic content .)  This fact  
and the excel lent  agreement  be tween the value  of 
n in the quenched sample and the arsenic concen- 
t ra t ion  indicate  tha t  a re l iable  value of the  equi-  
l ib r ium solid solubi l i ty  has been obta ined?  The 
sa tura t ion  diffusion va lue  obtained here  is about 
a factor  of two lower  than  expected from the solidus 
curve repor ted  previously.  Hence, the  la t te r  is in 
error,  p robab ly  due to fa i lure  to e l iminate  arsenide  
occlusions." A revised solidus curve is p lo t ted  in 
Fig. 4 based on avai lab le  l iquidus da ta  (14) and on 
the log k vs .  1 / T  plot  shown in Fig. 5 which includes 
the crysta l  pul l ing da ta  of J i l lson and Scheckler  
(18) and the rad io t racer  diffusion profile data  of 
Thurmond and Kowalch ik  (19).s 

These exper iments  also indicate  that  the presence 
of micro-occlusions of ge rman ium arsenide is not 
necessary for nucleat ion of the  prec ip i ta t ion  of a r -  
senic as pos tu la ted  ear l ie r  (4).  The p robab i l i ty  is 
tha t  dislocations serve as nucleat ion sites. In the 
present  samples the  dislocation densi ty  of the  or ig-  
inal  wafers  was the  order  of 10L10 ~ cm -~. However,  
even if one should s tar t  wi th  dislocation free ger -  
manium, Prussin  (20) has shown tha t  dislocations 
may  be in t roduced in the  process of diffusion. 

B i s m u t h . - - S i n c e  no chemical  analyses were  made, 
the identification of n in Table I wi th  the b ismuth  

a The  fac t  t h a t  t h e  Ha l l  effect  and  r e s i s t i v i t y  m e a s u r e m e n t s  on t he  
a r sen ic -  and  a n t i m o n y - d o p e d  s a m p l e s  a re  cons i s t en t  w i t h  ou r  ea r l i e r  
r e s i s t i v i t y  vs.  n c u r v e s  (4) d e m o n s t r a t e s  c o n c l u s i v e l y  t h a t  t h e  d i f -  
f e rence  i n  m o b i l i t y  b e t w e e n  a n t i m o n y -  and  a r s e n i c - d o p e d  m a t e r i a l  
i s  a n  i n h e r e n t  p r o p e r t y  and  is  no t  due  to t h e  p re sence  of occ luded  
m a t e r i a l  such  as g e r m a n i u m  arsen ide .  

One  f u r t h e r  o b s e r v a t i o n  r e m a i n s  to  be  exp la ined ,  n a m e l y ,  t h e  
a p p a r e n t  a t t a i n m e n t  of  a v e r y  s m a l l  a m o u n t  of  0.0003-0.0004 o h m - c m  
m a t e r i a l  i n  a t h e r m a l  g r a d i e n t  c rys ta l  (4), F r o m  t h e  p r e s e n t  w o r k  i t  
w o u l d  seem t h a t  t h i s  w a s  j u s t  a s p u r i o u s  resul t .  H o w e v e r ,  i t  i s  pos-  
s ib le  t h a t  t h i s  s m a l l  r e g i o n  g r e w  on  a (111} face t  and  b y  t h e  f ace t  
effect  t r a p p e d  i n  a n o n e q u i l i b r i u m  a m o u n t  of arsenic .  A face t  effect  
of  a b o u t  a f ac to r  of t w o  has  b e e n  r e p o r t e d  for  a r sen ic  in  g e r m a -  
n i u m  (17). 

5 The  c u r v a t u r e  i n  t h e  log  k vs. 1 / T  p l o t  d e r i v e s  f r o m  the  r e su l t s  
of t h e  q u e n c h i n g  e x p e r i m e n t s  on  A s - d o p e d  samples  p r e p a r e d  b y  
t h e r m a l  g r a d i e n t  c r y s t a l l i z a t i o n  r e p o r t e d  ea r l i e r  (4).  The  p r e s e n t  
q u e n c h i n g  e x p e r i m e n t s  i n d i c a t e  t h a t  t h e  t o t a l  a r sen ic  in  so l id  so lu -  
t i o n  can b e  q u e n c h e d  in  t h e  e l ec t r i ca l ly  a c t i v e  s ta te .  There fo re ,  i t  
was  a s s u m e d  t h a t  t h e  m a x i m u m  f igure  fo r  t h e  q u e n c h e d - i n  car r ie rs ,  
8.1 • l0  w cm -s, r e p r e s e n t e d  t he  a r sen ic  c o n c e n t r a t i o n  c o r r e s p o n d i n g  
to  a m e l t  c o m p o s i t i o n  b e t w e e n  25 and  40 mo le  % a rsen ic  [see Tab le  
I, ref.  (4) ] .  T h e  p o i n t s  j o i n e d  by  t he  dashed  t i e  l ine in  F ig .  5 r ep re -  
sent  t he  v a l u e s  of  k and  1 / T  c o r r e s p o n d i n g  to  t he  m e l t  compos i t i ons  
of  25 a n d  40 m o l e  % arsenic ,  t he  t r u e  v a l u e  l y i n g  s o m e w h e r e  a l o n g  
t he  t ie  l ine .  I f  t he  8.1 • 1019 cm ~ f igu re  was  no t  t he  t o t a l  a r sen ic  
concen t r a t i on ,  t h e n  a m i n i m u m  v a l u e  s h o u l d  l ie  s o m e w h e r e  on the  
t ie  l ine .  
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c o n c e n t r a t i o n  is obv ious ly  no t  as c e r t a i n  as in  t h e  
a r sen i c  a n d  a n t i m o n y  e x p e r i m e n t s  due  to t he  pos -  
s ib i l i t y  of i m p u r i t y  c o n t a m i n a t i o n .  H o w e v e r ,  t he  
l i ke l i hood  of s igni f icant  c o n t a m i n a t i o n  is s l igh t  in  
v i ew  of (a )  t he  r e l a t i v e l y  l ow concen t r a t i ons  of 
t he  m o r e  so lub le  i m p u r i t i e s  in  t h e  s i l ica  and  b i s -  
mu th ,  (b)  the  low di f fus ion coefficient  of these  i m -  
p u r i t i e s  (e.g., A1 and  B) and  (c)  p e r h a p s  mos t  i m -  
po r t an t ,  the  " g e t t e r i n g "  ac t ion  of t he  l i qu id  B i - G e  
phase .  Thus ,  w e  b e l i e v e  t h e  v a l u e  o~ n m a y  b e  t a k e n  
as equa l  to the  b i s m u t h  concen t ra t ion .  E x c e p t  for  a 
v a l u e  of the  d i s t r i b u t i o n  coefficient  a t  the  m e l t i n g  
po in t  of g e r m a n i u m ,  no o the r  sol id  so lub i l i t y  d a t a  
h a v e  been  r e p o r t e d  for  b i smu th .  

Ut i l i z ing  these  two  d a t a  points ,  an  a p p r o x i m a t e  
e s t i m a t e  of t he  t e m p e r a t u r e  d e p e n d e n c e  of t he  d i s -  
t r i b u t i o n  coefficient,  k, m a y  be  o b t a i n e d  as shown  
in Fig .  6. Th is  e s t i m a t e  is b a s e d  on  cons ide ra t i ons  
of t h e  d e p a r t u r e s  f rom i d e a l i t y  in t h e  l i qu id  and  
sol id  phases  as d i scussed  p r e v i o u s l y  for  t h e  A1-Ge  
and  G a - G e  sys t ems  (15).  Speci f ica l ly ,  the  d i s t r i b u -  
t ion coefficient  is g iven  b y  k = TL/T, SF, w h e r e  L is 
the  a c t i v i t y  coefficient of t he  i m p u r i t y  in t he  l i q u i d u s  
a l loy ,  ~,s is t h e  a c t i v i t y  coefficient  of t h e  n e u t r a l  
i m p u r i t y  species  in t he  sol id  (bo th  r e f e r r e d  to t he  
s a m e  s t a n d a r d  s t a t e ) ,  a n d  F ,  is t he  f r ac t i on  of t h e  
i m p u r i t y  a toms  w h i c h  r e m a i n  n e u t r a l  in the  so l idus  
a l loy.  I t  is r e a s o n a b l e  to a s sume  t h a t  log T, s is a 
l i n e a r  func t ion  of 1/T.  Thus,  b y  p l o t t i n g  log k" vs. 
1/T,  w h e r e  k" = k F J ~  ~ ---- 1/T, s, for  t he  two  a v a i l -  
ab le  d a t a  po in t s  and  e x t r a p o l a t i n g  one can ob t a in  
k" and  hence  k at  a l o w e r  t e m p e r a t u r e  if one k n o w s  
F ,  and  T ~. The  va lue s  of F ,  w e r e  o b t a i n e d  f rom the  
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t r e a t m e n t  of  B l a k e m o r e  (21) w h i l e  T ~ w a s  a p p r o x -  
i m a t e d  f r o m  t h e  d a t a  of T h u r m o n d  and  K o w a l c h i k  
(14) .  In  the  t e m p e r a t u r e  r a n g e  cove red  on ly  a s m a l l  
d e p a r t u r e  f r o m  l i n e a r i t y  is p r e d i c t e d  as shown  in 
Fig.  6. A n  e s t i m a t e  of t he  so l idus  c u r v e  b a s e d  on 
th is  a p p r o x i m a t i o n  is p l o t t e d  in  F ig .  4. I t  shou ld  b e  
s t r e s sed  t h a t  t h e r e  a r e  s e v e r a l  poss ib l e  sources  of 
e r r o r  in th is  a p p r o x i m a t i o n  w h i c h  is c a r r i e d  out  
he r e  in l ieu  of o t h e r  e x p e r i m e n t a l  da ta .  

S u m m a r y  

The  p r e s e n t  w o r k  has  y i e l d e d  u n a m b i g u o u s  d e -  
t e r m i n a t i o n s  of t he  e q u i l i b r i u m  sol id so lub i l i t i e s  of 
a r sen i c  and  a n t i m o n y  at  one t e m p e r a t u r e .  I t  is b e -  
l i eved  t h a t  these  d a t a  r e p r e s e n t  t h e  mos t  def in i t ive  
e q u i l i b r i u m  sol id  s o l u b i l i t y  m e a s u r e m e n t s  to da t e  
for  a n y  i m p u r i t y  in g e r m a n i u m  or  s i l icon e x c e p t  
p e r h a p s  for  fas t  d i f fusers  such as copper ,  l i t h ium,  
etc.,  w h e r e  s a t u r a t i o n  is r e a d i l y  ach ieved .  W h i l e  t he  
a n t i m o n y  r e s u l t  ag rees  we l l  w i t h  p r e v i o u s  m e a s u r e -  
ments ,  t he  a r sen ic  v a l u e  ind ica t e s  t he  p r e v i o u s  
so l idus  d a t a  a r e  in e r r o r  b y  a b o u t  a f ac to r  of two.  
A n  e s t i m a t e  of t he  B i - G e  so l idus  c u r v e  has  been  
m a d e  b a s e d  on a sol id  s o l u b i l i t y  m e a s u r e m e n t  w h i c h  
was  no t  qu i t e  as conc lus ive  as the  a r sen ic  a n d  a n -  
t i m o n y  resu l t s .  
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A Simple Technique for Seeding and Growing Oriented, Relatively 
Unstrained, Single Crystal Antimony, Square-Sectioned Rods 

Seymour Epstein 1 
U. S. Army  Signal Research and Development Laboratory, Foot Monmouth, New Jersey 

S y s t e m a t i c a l l y  p r e p a r i n g  o r i en ted ,  s q u a r e - s e c -  
t ioned,  long,  s ing le  c r y s t a l  rods  of a n t i m o n y  a n d  i ts  
d i lu t e  a l loys  w i t h  t in,  h a v i n g  u n i f o r m  a n d  r e p r o -  
duc ib l e  e l ec t r i ca l  p r o p e r t i e s  and  d imens ions ,  p r e -  
sents  m a n y  difficult ies.  F o r  e x a m p l e ,  m e c h a n i c a l  
cu t t ing ,  in a d d i t i o n  to cold  w o r k i n g  the  c rys ta l ,  
u s u a l l y  i n t roduces  f issures;  t he se  f r e q u e n t l y  cause  
l a rge  changes  in t he  r e s i s t i v i t y  or  b r e a k  t h e  spec i -  
men,  a cco rd ing  as t h e  p r i n c i p a l  p l a n e  is p a r a l l e l  or  
no t  p a r a l l e l  to t he  rod ' s  longes t  d imens ion .  Ac id  
cu t t ing ,  on the  o t h e r  hand ,  is c h a r a c t e r i z e d  b y  n o n -  
u n i f o r m  rod  faces.  These  diff icul t ies  can  be  a vo ide d  
b y  g r o w i n g  o r i e n t e d  c rys t a l s  in t he  d e s i r e d  shape ,  
a t e c h n i q u e  first  u sed  b y  K a p i t z a  (1)  for  b i s m u t h  
and  soon a f t e r  b y  o the r s  (2)  for  b i s m u t h  and  h i g h e r  
m e l t i n g  p o i n t  ma t e r i a l s .  In  p r inc ip l e ,  a n y  one of 
these  modi f ied  a p p a r a t u s e s  a r e  d i r e c t l y  a p p l i c a b l e  to 
a n t i m o n y ,  and  Rausch  (3 ) ,  us ing  H a s l e r ' s  mod i f i ca -  
t ion,  has  g r o w n  c i r c u l a r - s e c t i o n e d  a n t i m o n y  rods  in 
the  two  p r i n c i p a l  o r i en ta t ions .  H o w e v e r ,  our  e x p e r i -  
ence w i t h  t hese  modi f ica t ions  and  the  cond i t ions  
i m p l i e d  or  specif ied ( s low r a t e s )  is t ha t  w e  w e r e  
ab le  to seed  a n d  g r o w  on ly  rods  in w h i c h  the  c - p l a n e  
is p a r a l l e l  to t he  rod  axis .  The  s ame  r e su l t  was  o b -  
t a i n e d  w i t h  ou r  o w n  mbdi f ied  a p p a r a t u s  on ly  u n t i l  
bo th  a fas t  r a t e  of c ry s t a l l i z a t i on ,  no t  less  t h a n  2 
c m / m i n ,  and  a c r u c i b l e  m a t e r i a l  of low t h e r m a l  
c o n d u c t i v i t y  r e l a t i v e  to  a n t i m o n y  w e r e  used .  U n d e r  
these  cond i t ions  s eed ing  and  g r o w i n g  s ing le  c r y s t a l  
a n t i m o n y  rods ,  w h o s e  axes  a r e  at  e i t he r  0 ~ 45 ~ 
and  90 ~ w i t h  t h e  < 1 1 1 >  d i rec t ion ,  becomes  a lmos t  
a r o u t i n e  ope ra t ion .  The  rods  a r e  6 cm or  m o r e  long  
and  have  n e a r l y  squa re ,  3 m m  • 3 ram, cross  sec -  
t ions.  

Our  modi f ied  a p p a r a t u s  also a l lows  for  e a sy  con-  
t ro l  of t he  b i n a r y  axis  o r i en ta t ion ,  and  the  g r o w t h  
of rods  seeded  in a r b i t r a r y  o r i en t a t i ons  a p p e a r s  pos -  
sible.  The  fas t  r a t e  of g r o w t h  also min imizes  t he  
s e g r e g a t i o n  of a d d e d  i m p u r i t i e s  and  does  no t  a p p e a r  
to s t r a in  t h e  rods.  

In  these  e x p e r i m e n t s  t h e  u n d o p e d  a n t i m o n y  is 
n o m i n a l l y  99.997% p u r e  and  is u sed  as s u p p l i e d  b y  

1 Most  of  t h i s  m a t e r i a l  is i n c l u d e d  in  a D i s s e r t a t i o n  on  t he  " G a l -  
v a n o m a g n e t i c  E f f e c t s  a n d  B a n d  S t r u c t u r e  of P u r e  and  T i n - D o p e d  
A n t i m o n y  S i n g l e  C r y s t a l s , "  s u b m i t t e d  in  p a r t i a l  f u l f i l l m e n t  of  the  
r e q u i r e m e n t s  for  t h e  Doctor  of  P h i l o s o p h y  (in Phys ics )  d e g r e e  at  the  
P o l y t e c h n i c  I n s t i t u t e  of  B r o o k l y n  (1961), to be  s u b m i t t e d  fo r  p u b l i -  
ca t ion .  

t he  B r a d l e y  Min ing  C o m p a n y ,  S a n  F ranc i sco ,  C a l -  
i fo rn ia .  

Description of Apparatus and Procedure 
The  t e c h n i q u e  combines  m a n y  of t he  d e s i r a b l e  

f e a t u r e s  of t h e  e a r l i e r  ones (1, 2) .  I t  consis ts  of 
seed ing  and  r e c r y s t a l l i z i n g  p r e c a s t  rods  in  a p a r t l y  
enc losed  c r u c i b l e  mold .  The  m o t i o n  of t he  t e m p e r a -  
t u r e  g r a d i e n t  t h r o u g h  the  rod  is o b t a i n e d  b y  cu t t i ng  
off the  h e a t e r  p o w e r ;  bo th  f u r n a c e  and  c ruc ib l e  a r e  
s t a t i ona ry .  The  l a t t e r  can  be  t a k e n  apa r t ,  p e r m i t -  
t ing  s t r a in  f r ee  r e m o v a l  of the  r e c r y s t a l l i z e d  rod.  
The  fu rnace ,  c r u c i b l e  mold ,  seed o r i e n t i n g  j igs  and  
p rocedure ,  a n d  seed ing  and  g r o w i n g  p r o c e d u r e  a r e  
n e x t  desc r ibed .  

Furnace . - -By  not  i n su l a t i ng  the  f u r n a c e  f r o m  i ts  
a m b i e n t  r oom t e m p e r a t u r e ,  r a p i d  h e a t  d i s s ipa t ion  
and  cool ing r a t e s  a r e  m a d e  poss ib le .  S i m p l e  in d e -  
s ign  and  cons t ruc t ion ,  i t  consis ts  of two  concent r ic ,  
c l ea r  V y c o r  tubes ,  1 and  3 in. in d i a m e t e r ,  w i t h  a 
con t inuous  n i c h r o m e  h e a t e r  e l e m e n t  u n i f o r m l y  
w o u n d  on the  ou t s ide  of t he  i n n e r  tube .  The  spac ing  
b e t w e e n  a d j a c e n t  t u r n s  is abou t  % in. so t h a t  t h e  
f u r n a c e  c h a r g e  can  be  seen.  Two  t e m p e r a t u r e  zones,  
one  40 ~ a b o v e  the  o ther ,  a r e  used;  a s l igh t  g r a d i e n t  
ex i s t s  w i t h i n  each.  The  two  zones and  t h e i r  g r a d i -  
en t s  a r e  o b t a i n e d  b y  s t r e t c h i n g  t h e  h e a t e r  e l e m e n t ,  
i n i t i a l l y ,  a c lose w i r e - w o u n d  he l ix .  F o r  a w i r e  d i a m -  
e t e r  of 0.062 in. a n d  a t o t a l  zone l e n g t h  of 5 in. t he  
h e a t e r  r e s i s t ance  is 12 ohms;  abou t  600 w a t t s  a r e  
sufficient  to me l t  a n t i m o n y .  The  g r ad i en t ,  t h e  f u r -  
nace  a n d  rod  axes ,  and  the  g r o w t h  d i r e c t i o n  a r e  
pa ra l l e l .  

Crucible mold . - -Square  cross  sect ions  a r e  ob -  
t a i n e d  in t he  m a n n e r  p r e s c r i b e d  b y  H a s l e r  (2 ) .  
S q u a r e  p r e c a s t  rods  a r e  r e c r y s t a l l i z e d  in a c ruc ib l e  
c h a m b e r  of t he  s ame  shape  and  d ime ns ions  as t he  
rod.  This  t e c h n i q u e  also se rves  to m i n i m i z e  s t r a i n -  
ing  of t h e  s ing le  c r y s t a l  rod  due  to a n t i m o n y ' s  e x -  
pa ns ion  u p o n  sol idif icat ion.  S t r a i n i n g  w h i l e  r e -  
m o v i n g  t h e  rod  f r o m  the  m o l d  is a vo ide d  b y  d e s i g n -  
ing  t h e  m o l d  so t h a t  i t  can be  t a k e n  apa r t .  

The  bas ic  c ruc ib le ,  Fig .  1, is m a d e  u p  of t w o  
th in  s la ts  for  s ide wal l s ,  a t h in  b o t t o m  slat ,  a top  
cover  (no t  s h o w n ) ,  a n d  two  c h a n n e l e d  ho ld ing  
blocks .  I t  is t a k e n  a p a r t  b y  a x i a l l y  s l id ing  the  h o l d -  
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Fig. 1. Basic crystal growing crucible. The crucible is held to- 
gether by the two channelled blocks. After the rod is recrystallized 
it is separated from the crucible by taking the latter apart. 

ing blocks away  from the  slats, which, if they  do 
not adhere  to the rod, s imply  fal l  away.  The slats 
are 1/16 in. thick;  the i r  remain ing  dimensions are 
de te rmined  by  the size of the rod. The top cover is 
about  1/4 in. thick for added weight .  

Many crucible  mater ia l s  exist  which ne i ther  ad-  
here to nor react  wi th  an t imony at  t empera tu res  
below 700~ in the argon a tmosphere  used. In add i -  
tion, a sui table  mate r ia l  must  have a low heat  con- 
duct iv i ty  re la t ive  to the substance being crys ta l l ized 
(4).  One such mate r i a l  is the minera l  pyrophyl l i te .  ~ 
Its advantage  over most other mater ia l s  is tha t  it  
can be easi ly machined before it is fired, and it was 
chosen because of this addi t ional  proper ty .  (With  
carbon crucibles, we were  able  to obtain only the 
90~ rods, where  the growth  direct ion is 
the p re fe r red  one, and at  lower yield.)  

Seed orienting jigs and p~ocedure.--Three ori-  
enting jigs, schemat ica l ly  shown in Fig. 2, have been 
convenient ly  used, a l though wi th  t ru ly  pe rpend icu-  
lar  rod faces only one is required.  A holding block 
is pa r t  of each j ig and positions it accura te ly  in 
re la t ion to the  rod chamber.  The remain ing  par t s  of 
the j igs are, of course, used to orient  the pr inc ipa l  
and b ina ry  crys ta l lographic  axes. The j ig of Fig. 
2(a)  provides  a flat hor izontal  surface which is 
para l le l  to and at the same level  as the bot tom of 
the  crucible  chamber;  that  of Fig. 2 (b)  provides  an 
inclined p lane  at 45~ the th i rd  jig, Fig. 2(c) ,  aligns 
a screw, on which a 90~ is grooved, along the 
crucible axis. 

The ini t ia l  seed is a single crys ta l  chip cleaved 

Spectroscopic analys is  of the  recrysta l l ized rods does not  show 
contaminat ion.  

(a) (bl 

(c) 

Fig. 2. Schematic representation of orienting jigs. Jig (a) can be 
used to obtain arbitrary orientations, jig (b) to obtain the 45 ~ and 
0 ~ orientations, or multiples of the inclination angle, from 90 ~ 
oriented rods; jig (c) to adjust secondary axis orientation of 0 ~ 
rods. Each jig is attached and referenced to the crucible by the 
channelled holding block which is an integral part of each jig. 

in the pr inc ipa l  plane.  The b ina ry  direct ions are  
known from the direct ions of three  lines in the p r in -  
cipal p lane which make  acute angles of 60 ~ wi th  one 
another.  To seed a 90~ rod, the  cleaved 
plane is placed in contact  wi th  the  flat of j ig  2 (a )  
and the b ina ry  axis di rect ion at  the desired angle 
wi th  the crucible  axis. Because the  resul t ing 90 ~ 
rod 's  ver t ica l  faces may  not  be prec ise ly  at  r ight  
angles to the bot tom surface, j ig 2 (b)  is used for  
genera t ing  seeds in the 45 ~ and 0~ 
The bot tom surfaces of the 90 ~ rod and, in turn,  of 
the 45 ~ rod i t  seeds, a re  p laced on the incline. 
Al ignment  of the  seed rod and crucible  axes is 
assured if a pa r t  of each seed rod is inser ted  into 
the  mold chamber.  To change the b ina ry  axis or i -  
enta t ion of the 0~  rods, j ig 2(c)  is used. 
The seed is placed in the  groove and the screw 
turned  through an appropr ia te  angle. 

Once a set of accura te ly  or iented square-sec t ioned 
seed rods is obtained,  each or ienta t ion is reproduced  
by innoculat ing other  rods. No special  j ig  is r e -  
quired.  Each seed rod is s imply  placed in the cru-  
cible chamber  wi th  its bot tom face referenced 
against  the  bot tom of the  mold. 

Seeding and growing procedure.--Successful seed-  
ing is not difficult. I t  is ne i ther  necessary to fuse the 
seed to the precas t  rod wi th  a reducing flame pr ior  
to mel t ing in the  crucible nor to use f reshly  cleaved 
or etched surfaces, as some of the ear l ier  researchers  
found necessary for b i smuth  (2).  Sat i s fac tory  con- 
tact  is obta ined s imply by  pushing one against  the 
other. The rod and seed are  jo ined by  mel t ing the 
former  back to the  l a t t e r  at  the  t ime the single c rys-  
ta l  is to be grown. As a genera l  rule,  a min imum 
of the seed is mel ted;  usua l ly  3 mm or less is sat is-  
factory.  However ,  the amount  appears  not to be 
cr i t ical  because seeding was successful when lengths 
up to 15 mm were  inadver t en t ly  used. For  a given 
hea ter  power  the posit ion of the seed junct ion in 
the furnace  de termines  the amount  of the  seed 
melted.  This posit ion also appears  to be a factor  
which influences the f requency of successful seed-  
ing. The op t imum locat ion is the  region of the steep 
grad ien t  be tween  the  zones. 

In order  not  to stress the  junct ion and to watch  
the wet t ing  process, about  2 m m  of the precas t  rod 
and the seed are  not covered. Because of this, sur -  
face tension may  act to form a blob at  the  junction.  
If the  blob extends  too far  above the crucible walls,  
the seed or ienta t ion f requent ly  does not  survive.  

The procedure  for mel t ing  and resol id i fy ing the 
precast  rod is simple, once the  op t imum posi t ion and 
the corresponding hea ter  power  are determined.  
With  the seed junct ion p rope r ly  placed the system is 
flushed with  argon; a posi t ive pressure  is main ta ined  
and the hea te r  circuit  is closed. Melt ing begins in 
nea r ly  10 min and is completed  in about  2 min. A 
few seconds af ter  the  seed is wetted,  the  hea ter  c i r -  
cuit  is opened. Al though the growth  ra te  could not 
be de te rmined  accurate ly ,  it  is not less than  the 2 
c m / m i n  ra te  ment ioned nor g rea te r  than  10 cm/min ;  
more than  l ikely,  it is about  6 cm/min .  The resul t ing  
rods are ei ther  t he rma l ly  etched or etched in di lute  
aqua regia  to br ing out any  gross gra in  s tructure.  
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A m e a s u r e  of t h e  q u a l i t y  of the  rods  is o b t a i n e d  
b y  de sc r i b ing  some of t h e i r  p h y s i c a l  p r o p e r t i e s  and ,  
w h e r e  poss ib l e  and  m e a n i n g f u l ,  b y  c o m p a r i n g  these  
w i t h  those  of bo th  s l o w - g r o w n  cast  s ingle  c r y s t a l  
a n t i m o n y  rods  a n d  o the r  s ing le  c r y s t a l  spec imens  
cut  f r o m  l a r g e  s l o w - g r o w n  ingots .  The  p r o p e r t i e s  
e x a m i n e d  a r e  t h e i r  r o o m  t e m p e r a t u r e  m e c h a n i c a l  
behav io r ,  t h e i r  a b i l i t y  to r e c r y s t a l l i z e  in the  solid,  
t h e i r  r o o m  t e m p e r a t u r e  g a l v a n o m a g n e t i c  coefficients,  
the  s e g r e g a t i o n  of a d d e d  i m p u r i t y  due  to n o r m a l  
f reez ing ,  t h e i r  fine s t ruc tu re ,  t h e  v a r i a t i o n  of one 
of t he  t w o  p r i n c i p a l  r e s i s t i v i t y  coefficients w i t h  
t e m p e r a t u r e ,  a n d  t h e  l i qu id  h e l i u m - r o o m  t e m p e r a -  
t u r e  r e s i s t i v i t y  ra t io .  O u r  c h a r a c t e r i z a t i o n  is for  
the  mos t  p a r t  q u a l i t a t i v e .  

A l l o w i n g  for  a n i s o t r o p y  in m e c h a n i c a l  behav io r ,  
the  u n w o r k e d  u n d o p e d  a n t i m o n y  rods  a r e  i n v a r i a b l y  
m o r e  p la s t i c  t h a n  c o r r e s p o n d i n g l y  o r i e n t e d  m a c h i n e d  
spec imens .  U n w o r k e d  rods  of the  45 ~ and  90 ~ o r i -  
e n t a t i o n  can  be b e n t  and  t w i s t e d  eas i ly ;  t he  0 ~ rods  
a re  b r i t t l e .  F o r  o r i e n t a t i o n s  w h e r e  i t  is no t  p a r a l l e l  
to t he  rod  axis ,  t he  c - p l a n e  is t h e  one a long  w h i c h  
the  rods  b r e a k  w h e n  d r o p p e d  or  o t h e r w i s e  s t ressed .  
W h e r e  t he  p r i n c i p a l  p l a n e  is v e r y  close to be ing  
pa ra l l e l ,  t h e  rods  a lmos t  i n v a r i a b l y  b r e a k  a long  
s e c o n d a r y  c l eavage  p l a n e s  whose  t r aces  on the  c-  
p l a n e  a r e  t he  l ines  g iv ing  the  b i n a r y  axes  d i rec t ions .  
The  c l eavages  a n d  b r e a k s  a r e  s h a r p  and  w e l l - d e -  
f ined as s h o w n  in Fig.  3. A l l o y  rods  a r e  in  g e n e r a l  
less p l a s t i c  t h a n  t h e i r  u n d o p e d  a n t i m o n y  c o u n t e r -  
p a r t s  and  a p p e a r  to become  b r i t t l e  as t i n  is added .  

Before  b r e a k i n g ,  no t  a l l  rods  of a g iven  o r i e n t a -  
t ion d e f o r m  to t he  s ame  ex ten t .  This  n o n u n i f o r m i t y  
m a y  be due  to t h e  fac t  t h a t  t he  one r a t e  of g r o w t h  
used,  or  some  unspec i f ied  f a c t o r ( s ) ,  u n k n o w i n g l y  
and  u n c o n t r o l l a b l y  v a r i e d  s l igh t ly .  A n  e x c e p t i o n a l l y  
p la s t i c  rod,  w h i c h  w e  h a v e  no t  been  ab le  to r e p r o -  
duce,  has  been  ben t  t h r o u g h  n e a r l y  95 ~ and  tw i s t ed .  
The  rod  is a s ingle  c r y s t a l  in  the  r eg ion  of d e f o r m a -  
t ion whose  ~ 1 1 1 )  ax i s  is n e i t h e r  p a r a l l e l  to t he  
l a t e r a l  faces  nor  m a k e s  an  ang le  of 0 ~ 45 ~ or  90 ~ 
w i t h  t he  rod  axis .  A n o t h e r  i n t e r e s t i n g  d i f fe rence  
b e t w e e n  ou r  cas t  a n d  cu t  s ingle  c r y s t a l  rods  is t h a t  
m a n y  of  t h e  l a t t e r  r e c r y s t a l l i z e  in  t he  so l id  a t  
t e m p e r a t u r e s  j u s t  b e l o w  the  m e l t i n g  po in t  and  none  
of t he  f o r m e r  do. 

T h e  n o n u n i f o r m i t y  also e x t e n d s  to t he  r o o m  t e m -  
p e r a t u r e  e l ec t r i ca l  p r o p e r t i e s  in t he  f o r m  of s p u r i -  
ous f luc tua t ions  a b o u t  an  a v e r a g e  v a l u e  for  a g iven  
a l loy.  A n  e x a m p l e  of th is  is the  s p r e a d  in p11, t he  r e -  
s i s t iv i ty  in the  c -p l anes ,  and  p33, t h e  r e s i s t i v i t y  across  
the  c -p lanes .  Va lues  for  t he se  are,  r e spec t i ve ly ,  43-  
46 x 104 o h m - c m  and  32-36 x 10 -6 o h m - c m  for  p u r e  
a n t i m o n y  and  38-39 x 10 -6 o h m - c m  and  42-45 x 10 -~ 
o h m - c m  for  n o m i n a l l y  0.8% t i n - d o p e d  spec imens .  
These  n u m b e r s  show the  p e r c e n t a g e  f luc tua t ion  to  be  
o r i e n t a t i o n  dependen t ,  and ,  indeed ,  the  s p r e a d  in r e -  
s i s t i v i t y  for  45 ~ o r i e n t e d  rods  of a g iven  a l l oy  is a l -  
most  m i d w a y  b e t w e e n  the  s p r e a d s  for  t he  0 ~ and  90 ~ 
rods.  On th is  bas is  i t  can  be  conc luded  t h a t  t h e  n o n -  
u n i f o r m  qua l i t i e s  of t he  rods  a r e  caused  b y  m i n o r  
f laws and  i n h o m o g e n e i t i e s  a s soc ia t ed  w i t h  t he  p r i n -  
c ipa l  p l anes ,  p r o b a b l y  the  s ame  ones w h i c h  d e t e r -  
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m i n e  the  p l anes  of h ighes t  s t ress ,  or  t he  w e a k e s t  
ones, a t  w h i c h  a rod  wi l l  b r eak .  The  n u m b e r s ,  t o -  
g e t h e r  v~ith the  s p r e a d  in  r e s i s t iv i t i e s  for  our  0.2% 
al loys ,  also show the  f luc tua t ions  to dec rea se  on the  
a d d i t i o n  of t in  in a m o u n t s  up  to 0.8%. 

C o m p a r e d  to i n d e p e n d e n t l y  o b t a i n e d  p u b l i s h e d  
va lues  m e a s u r e d  on spec imens  cu t  f r o m  B r i d g m a n  
g r o w n  ingots  of the  s a m e  n o m i n a l  a n d  p r o b a b l y  
Iower  p u r i t y  s tock  (5) ,  our  a v e r a g e  v a l u e s  for  pll 
and  p,, a t  r o o m  t e m p e r a t u r e  a g r e e  to w i t h i n  3% bu t  
our  H a l l  coefficients and  mos t  of t he  m a g n e t o r e s i s t -  
ance  coefficients a r e  l o w e r  b y  10% a n d  20%, r e s p e c -  
t ive ly .  This  a g r e e m e n t  for  t h e  p's a n d  t h e  d i s a g r e e -  
m e n t  for  t h e  H a l l  a n d  m a g n e t o r e s i s t a n c e  coefficients,  
t he  l a t t e r  l a r g e r  t h a n  the  fo rmer ,  canno t  be  a c -  
coun t ed  for  b y  d i f fe rences  in p u r i t y  and  a re  c o m -  
p a t i b l e  w i t h  d i f fe ren t  s ta tes  of s t r a in  in  t he  u n -  
w o r k e d  and  cut  rods.  A pos i t i ve  a s s i g n m e n t  is no t  
poss ib le  f r o m  our  da ta .  Theory ,  h o w e v e r ,  does p o i n t  
to s t r a in  d e p e n d e n t  coefficients (6 ) .  

Fig. 3. Oriented single crystal antimony rods cleaved in the 
principal plane. The cleaved surfaces are unpolished and mirror 
the black stripes. Rod a has been grown in the 0 ~ orientation; rods 
b and c in the 45 ~ and 90 ~ orientations, respectively. The region 
marked x is the seeding junction. The 45 ~ and 90 ~ specimens are 
cleaved by placing the tip of a thin blade on the edge of the rod 
and, with the blade parallel to the cleavage plane, pressing the 
blade into the rod; rod a is split by inserting the blade into a 
small crack obtained in the way just described and then sliding 
the blade, which is parallel to the cleavage plane, along the rod. A 
secondary cleavage plane on which fracture takes place bounds 
the right end of rod a. 

Fig. 4. An exceptionally plastic antimony rod. In response to a 
slight torque, the rod has simultaneously bent and twisted in the 
large single crystal region shown by the number 2. The traces of 
slip planes can be seen at the bend. Differently oriented grains 
at the ends of the rod, marked by 1 and 3, are clearly visible. 
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The segregat ion of t in due to normal  freezing in 
the rods was checked by  measur ing  pll or p~ and 
spectroscopic sampling along the rod. On some long 
specimens where  the  res is t ivi t ies  did va ry  wi th  
length,  the end - to - end  change is less than  1% and 
or ientat ion independent .  Spectroscopic sampling 
shows some local fluctuations in doping, but  these 
can be minimized by  using zone- level led  s tar t ing 
stock. 

As to fine structure,  the dislocation densi ty  on a 
(111) plane appears  to be about the 10~/cm: value 
recent ly  repor ted  by Wernick  and co-workers  for 
zone-refined,  99.999% pure,  s lowly grown, an t imony 
crystals  (7).  We also find, in agreement  wi th  the i r  
observations,  low-angle  grain boundar ies  on some 
pr inc ipa l  p lane surfaces. Because our etching tech-  
niques are  ra the r  c rude  and not reproducible ,  our 
agreement  and d isagreement  may  not  be significant. 

Consistent  wi th  low-ang le  gra in  boundar ies  bu t  
not necessar i ly  d i rec t ly  re la ted  to them are  s l ight ly  
spli t  back reflection Laue  spots. The amount  of 
spl i t t ing is less than tha t  obta ined from specimens 
grown by Br idgman and horizontal  techniques at  
slow rates  and s l ight ly  more than tha t  obta ined from 
one careful ly  selected s low-grown Czochralski  speci-  
men. The sl ight  degree of misor ienta t ion  does not  
p reven t  the rods, as we have s ta ted before, f rom be-  
ing sharp ly  cleaved at  room tempera ture ,  nor does it 
dis tor t  the image mi r ro red  in the  pr inc ipa l  c leavage 
plane, Fig. 3. 

A complete evaluat ion  should include extens ive  
data  on thei r  electronic proper t ies  at low t empera -  
tures. In this  connection our r emarks  are l imi ted  to 
the genera l  features  of the t empera tu re  var ia t ion  
of res is t iv i ty  be tween room t empera tu re  and 77~ 
and to a br ief  discussion of known values  for 
p~l(4 .2~176 Our undoped and 0.2% 
t in -doped  crystals  respect ive ly  reproduce  Lane  and 
Dodd's (8) curves for cast, 3 mm diameter  (9),  
undoped and 0.25% t in-doped,  s low-grown,  single 
crys ta l  rods, and our 0.8% al loy da ta  fal l  on the i r  
0.5% al loy curve. Also in good agreement  wi th  the  
cast undoped an t imony curve are a few of our un-  
doped specimens cut from large  s low-grown ingots. 
The remainder ,  however,  have the same t e m p e r a -  
ture  coefficient of res is t iv i ty  but  prescr ibe  curves 
which are shif ted u p w a r d  by  constant  a rb i t r a ry  
amounts.  Al though a deta i led definit ive explana t ion  
of these observat ions  is not  w a r r a n t e d  because the  
possible var iables  involved were  not sys temat ica l ly  
controlled,  i t  would appear  tha t  the  amount  of 
defects in the cast s low- and fa s t -g rown rods, and 
in selected specimens cut from large  s low-grown 
ingots, is about  the same. We would  also expect  to 
reproduce  Browne and Lane 's  (9) value  of 0.0012 
for pll(4.2~176 even though thei r  nom-  
inal  pu r i ty  is 99.94%, for Steele (5),  on cut speci-  
mens of about  0.5 mm x 2 mm, obtained a value of 
0.014 on what  appears  to be the same an t imony stock 
as ours but  zone-ref ined to 99.999%. With higher  
pur i ty  mate r ia l s  a value  of 0.0017 (10) has been 
repor ted  for roughly  2 mm thick specimens (11). 
Using u l t r apu re  ant imony,  less than  1 par t  in 107, 
Datars  (11), who, incidental ly ,  gives 0.0017 as the 

upper  l imi t  for cyclotron resonance in ant imony,  re -  
ports  a value of 0.0005. This marked  dependence of 
the 4.2~ res is t iv i ty  on low- leve l  impur i ty  content  
plus our ten ta t ive  conviction about  the in te rna l  con- 
di t ion of our cast rods suggest  tha t  the technique 
descr ibed can yield low res is t iv i ty  rat io  crystals.  

Conclusion 
From the observed propert ies ,  the unworked  

single c rys ta l  an t imony  rods grown at a fast  r a te  
appear  to be re la t ive ly  uns t ra ined  compared to rods 
p repa red  by  most other techniques.  Their  p roper t ies  
are reproducib le  wi th in  specifiable l imits,  and, a l -  
though some proper t ies  differ f rom those of cut rods, 
the differences appear  to reflect f avorab ly  on the 
technique. The rods are  adequate  for measur ing  the 
room t empera tu r e  ga lvanomagnet ic  coefficients of 
pure  and t in -doped  ant imony,  the purpose  for which 
this  technique was developed,  and ought  to be sat is-  
fac tory  for cyclotron resonance and anomalous 
skin effect exper iments  where  a long mean  free 
pa th  is necessary  provided  sufficiently pure  s tar t ing 
mate r i a l  is used. The technique is appl icable  to the 
b i smu th -an t imony  al loy system, and an t imony- r i ch  
al loy rods have been grown in the nonprefer red ,  
0 ~ or ienta t ion wi th  the condit ions op t imum for pure  
ant imony.  
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of Thin Films Prepared by Halide Reduction 
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A wide ly  used method for the p repara t ion  of thin 
films of e lementa l  and compound semiconductors  or 
meta ls  is the hydrogen  reduct ion of the  appropr ia te  
halides. The inherent  f lexibi l i ty  of this method 
makes  it possible to p repa re  films with  a large  va -  
r i e ty  of compositions by appropr ia t e  ad jus tments  of 
the vapor  phase in t roduced to the reduct ion vessel. 
However,  the  precise composit ion control  requi red  
for research and device purposes has, heretofore,  
made  it necessary to mete r  accura te ly  the very  small  
amounts  of hal ide  vapors  requ i red  in the reduct ion 
process. Meter ing of components  is e l imina ted  wi th  
the s t eady-s ta te  evapora t ion  method, here in  dis-  
cussed. In essence, this  is a s imple and efficient 
method for main ta in ing  a fixed vapor  phase com- 
posit ion dur ing  the evapora t ion  of b ina ry  or mul t i -  
component  solutions, the composition obtained being 
that  of the s tar t ing l iquid used. 

The object ive  in s t eady-s ta te  evapora t ion  is to 
promote  evapora t ion  f rom the surface of a l iquid  
column using a car r ie r  gas such as hydrogen with  
the rmal  and mechanical  agi ta t ion of the l iquid e l imi-  
nated. Under  these conditions, the surface layers  of 
the l iquid become enriched in the const i tuents  wi th  
lower vapor  pressures.  Diffusion in the l iquid resul ts  
in an exponent ia l  concentrat ion gradient  in the re -  
gion near  the surface. S teady  state is reached when 
the composit ion at  the l iquid surface is such tha t  the  
gas phase in equi l ib r ium with  this l iquid is tha t  of 
the bulk  liquid. For  an ideal  b ina ry  system, s teady 
state is real ized when the l iquid surface has the 
composition N, p,'/Nb p,~ where  Na/N~ is the mole 
rat io of the const i tuents  ini t ial ly,  wi th  p," and p~" 
being the vapor  pressures  of the pure  consti tuents.  

Using this evapora t ion  method, once s teady s tate  
has been established,  the gas phase  composit ion wi l l  
remain  invar ian t  so long as the gas flow rate,  t em-  
pera ture ,  and the composition gradient  near  the 
l iquid surface are  not  changed significantly. Con- 
vent ional  means of main ta in ing  t empera tu re  and 
gas flow are adequate,  and control  of the l iquid 
concentrat ion gradient  can be real ized by  contain-  
ing the l iquid in a porous medium such as a glass 
fr i t  filter. The fine capi l lar ies  in such filters effec- 
t ive ly  block the rmal  and mechanical  agitat ion.  
Moreover  since the quant i ty  of l iquid held in the 
fr i t  is small  and the ra te  of l iquid t ranspor t  through 
the capi l lar ies  is high the diffusion gradient  is r e -  
s tr icted to a small  region near  the  f r i t  surface. In 
consequence, this evapora tor  design is insensi t ive 
to minor  fluctuations in t empe ra tu r e  and gas flow 
rate. A majo r  change in e i ther  t empera tu re  or flow 
ra te  will  resul t  in a la rge  t rans ient  change in com- 
posit ion of the evapora t ing  liquid. I t  should be 

noted that  as soon as the new s teady state is es tab-  
l ished the evapora t ing  l iquid wil l  r ever t  to its or ig-  
inal  composition. Since the same s teady  s ta te  is 
achieved for any  t empera tu re  at which the solution 
remains  l iquid and for any main ta inab le  evapora -  
t ion rate,  control  of these var iables  makes  it pos-  
sible to va ry  the  quan t i ty  of vapors  in t roduced to 
the react ion vessel over a wide range. 

The appara tus  for s t eady-s t a t e  evapora t ion  and 
hal ide  reduct ion is shown in Fig. 1. With  this ap-  
pa ra tus  it is possible to ca r ry  out all  operat ions re -  
qui red to obtain s teady s ta te  by  p roper  man ipu l a -  
t ion of the stop cocks. Ini t ia l ly ,  the hal ide  mix tu re  
is forced above the glass fr i t  by  apply ing  hydrogen  
pressure  to the reservoir .  The pressure  wi thin  the 
reservoir  and evapora t ion  chamber  is then equalized 
which allows the l iquid to d ra in  back into the res-  
ervoir.  Due to capi l lar i ty ,  the l iquid column wil l  
remain  in contact  wi th  the frit ,  and the upper  sur-  
face of the f r i t  wi l l  be uni formly  wet. The l iquid 
level  in the reservoir  should be below the frit ,  but  
other  control  of this height  is not requi red  since 
cap i l l a r i ty  .and the cohesive s t rength  of the l iquid 
wil l  support  the column in contact  wi th  the  f r i t  
against  an apprec iable  g rav i ty  head. Af te r  these 
p re l imina ry  operations,  the desired hydrogen  flow 
is main ta ined  for a per iod of 10 min which is ade-  
quate  to establ ish s t eady-s t a t e  conditions. Fo l low-  
ing this, the gaseous mix tu re  can be in t roduced to 
the reduct ion chamber  for film deposition. 

While  this evapora tor  has been designed p r i -  
mar i ly  to main ta in  a uni form vapor  phase compo- 
sition for the p repara t ion  of films wi th  uniform 
composition, it  is possible when desired to produce 
t empora r i ly  sharp concentrat ion gradients  by pe r -  
tu rb ing  the evapora t ion  rate.  With  an increase in 
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Fig. 1. Apparatus for steady-state evaporation and halide 
reduction. 
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evapora t ion  rate,  solutes with lower vapor  pressure  
than the solvent  wil l  increase in concentrat ion,  the 
effect being grea ter  the la rger  the  difference be-  
tween the solute and solvent vapor  pressures.  So- 
lutes wi th  higher  vapor  pressures  than the solvent 
s imi lar ly  decrease in concentrat ion for an increase 
in evapora t ion  rate.  A decrease in evapora t ion  ra te  
from the ini t ia l  s t eady-s ta te  ra te  resul ts  in solute 
concentrat ion changes the opposite of those s tated 
above. Since the composition of the vapor  differs 
f rom tha t  of the l iquid only dur ing the t rans ient  
per iod while  s teady state is being reestabl ished,  it 
is possible to produce sharp gradients  in the de-  
posi ted films. In the case of semiconductors,  wi th  
the proper  balance of donor and acceptor halides, 
in for example  SiCL, it should be possible to p ro-  
duce p -n  junctions.  The mechanism here is analo-  

gous to that  for ra te  grown junct ions from the melt. 
The mathemat ics  for solute d is t r ibut ion  dur ing 
solidification has been developed by  Smith,  Teller,  
and Rut ter  (1) and this may  be used as a guide in 
ut i l izing the pe r tu rbed  s t eady-s t a t e  evaporator .  
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Nature of the Damaged Layer on Abraded Silicon Specimens 
R. Stickler and G. R. Booker 

Research and Development Center, Westinghouse ELectric Corporation, Pittsburgh, Pennsylvania 

The damaged  layer  associated with  semiconductor  
surfaces a f te r  abras ive  t rea tments  has been inves t i -  
gated extens ively  dur ing the last few years ;  for 
a rev iew see ref. (1). However,  most  of the work  
was di rec ted  toward  de te rmining  the depth of the 
layer  r a the r  than the na ture  of the layer.  Severa l  
invest igators  (2-5) hold the view that  the damaged  
layer  consists of a na r row outer  region of cracked 
ma te r i a l  together  with a wide inner  region of high 
dislocation densi ty mater ia l .  On the other hand, 
Pugh and Samuels  (6) recent ly  concluded tha t  the 
ent i re  l ayer  consists of cracked mater ia l ,  and tha t  
dislocations are  not present.  However,  both groups 
of invest igators(6,  7) found that  dislocations were  
formed if abraded  specimens were  subsequent ly  
annealed.  We have invest igated the damaged layer  
associated with  abraded  Si specimens by chemical ly  
th inning the specimens and examining  them by 
t ransmission electron microscopy. Some p re l imina ry  
results  are  described.  

Procedure and Results 
Silicon slices were  cut, chemical ly  polished with  

CP4 to remove the surface damage  ar is ing from the 
cutting, and abraded  unid i rec t ional ly  for ,a few 
minutes  on one side using a No. 400 SiC paper  wi th  
wate r  as a lubricant .  The slices were  then chemical ly  
polished f rom the unabraded  side using an H N O J H F  
solution (8) unt i l  port ions of the slices were  only 
a few 1000A thick. These specimens were  then 
mounted  on a t i l t ing specimen stage, and the thin 
port ions were  examined  in t ransmission in the 
electron microscope. 

The micrographs  show areas corresponding to 
regions below the Vs of grooves gouged out of the 
surface by  the abras ive  particles.  Direct ly  beneath  
the Vs, two types of s t ruc ture  were  observed. The 
less common type (Fig. 1) consisted of numerous  
single, and sometimes superposed,  electron in te r -  

ference fr inge systems. The fringes were  in general  
curved and were  not or iented along crys ta l lographic  
directions. These fringes are of the kind which 
would resul t  if small  blocks of ma te r i a l  located 
di rec t ly  above one another  were  s l ight ly  misal igned,  
as in cracking. 

The second more common type  of s t ructure  (Fig. 2) 
consisted of an i r r egu la r  ne twork  running  along 
the length of the grooves. The s t ructure  comprised 
intersect ing lines or iented along crys ta l lographic  
directions and appears  to be a severe ly  s t ra ined  dis-  
location network.  

The regions d i rec t ly  adjacent  to these two types 
of s t ructure  main ly  exhibi ted  only a surface t ex tu re  
s tructure.  The appearance  of this s t ructure  sug- 

Fig. 1. Silicon abraded with No. 400 SiC paper. Electron inter- 
ference fringes arising from cracked material are present. Trans- 
mission electron micrograph 50,000X. 
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Fig. 2. Silicon abraded with No. 400 SiC paper. Severely strained 
dislocation network is present. Transmission electron micrograph 
100,O00X. 

gested tha t  it  arose dur ing the abras ion process by 
small  pieces of ma te r i a l  being chipped away  from 
the surface. 

If the type  of s t ruc ture  shown in Fig. 2 does con- 
sist of s t ra ined  dislocation networks,  then one 
would expect  the dislocations to r ea r range  them-  
selves dur ing  an anneal ing  t r ea tmen t  and to assume 
a more equi l ib r ium form, idea l ly  a hexagonal  ne t -  
work. Accordingly,  Si slices were  abraded  with  No. 
400 SiC paper,  annealed  at 850~ for 1 hr  in a 
hydrogen  a tmosphere  and then p repa red  for t r ans -  
mission electron microscope examinat ion  as p re -  
viously described.  

The anneal ing  t r ea tmen t  had two effects. Firs t ,  
a r ea r rangemen t  of the dislocations in the ne tworks  
occurred (Fig. 3), many  areas  adopt ing an approx i -  
mate ly  hexagonal  form. Second, single dislocation 
lines ran  ou tward  f rom the edges of the  ne tworks  
(Fig. 3) into the  surrounding,  p rev ious ly  dis locat ion-  
free, regions. I t  is p r e sumab ly  this la t te r  type  of 
dislocation which was revealed  by  Faus t  (7) and 
Pugh and Samuels  (6). 

Summary and Conclusions 

When silicon specimens were  abraded  wi th  No. 
400 SiC paper,  the regions d i rec t ly  beneath  the 
grooves gouged out by  the abras ive  par t ic les  were  
heavi ly  damaged.  The damage consisted of severe ly  
s t ra ined dislocation ne tworks  and cracks. Anneal ing  
of the abraded  specimens at  850~ caused the dis-  
locations wi th in  the ne tworks  to r ea r range  them-  
selves into an approx imate ly  hexagonal  form, and 

Fig. 3. Silicon abraded with No. 400 SiC paper and annealed at 
850~ for 1 hr. Dislocations within the network have rearranged 
themselves into an approximately hexagonal form, and single dis- 
locations (D) have propagated from the network into the surround- 
ing regions. Transmission electron micrograph 50,000X. 

single dislocation l ines to propagate  ou tward  from 
both ne tworks  and cracks into the sur rounding 
regions. 

Convent ional  meta l lograph ic  techniques would in 
most instances not reveal  the indiv idual  disloca-  
tions of such ne tworks  because of the small  distance 
be tween the dislocations (<1000A).  Moreover,  such 
ne tworks  would etch as grooves, and hence would 
not be dis t inguishable  f rom cracks. However,  the 
single dislocations formed dur ing  anneal ing  are 
re la t ive ly  wide ly  spaced, and are read i ly  revealed.  

Manuscript received Apri l  12, 1962. 

Any discussion of this paper wi]l appear in a Discus- 
sion Section to be published in the June I963 JOURNAL. 
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Silver-Silver Chloride Electrodes Using 
Optical Silver Chloride Crystals 

J. Greyson 
Thomas J. Watson Research Center, International Business Machines Corporation, York town Heights, New York 

For  a c u r r e n t  inves t iga t ion  of m e m b r a n e  po-  
tent ia ls ,  we r equ i r e  s i l ve r - s i l ve r  chlor ide e lectrodes  
which  can m a i n t a i n  s tab i l i ty  for long t ime per iods 
even  w h e n  subjec ted  to f r e q u e n t  moves  f rom one 
d i lu te  (less t h a n  1M) aqueous  chlor ide solut ion to 
another .  A ve ry  s imple  p r epa ra t i on  which requ i res  
on ly  rou t ine  l abora to ry  p recau t ions  and  yields elec-  
t rodes wi th  exce l len t  s tab i l i ty  is descr ibed in  this  
note. 

Electrode Preparation 
Si lver  chlor ide optical  c rys ta l  sheet, 1 1 m m  thick,  

is cut  in to  smal l  sections abou t  0.5 cm on an  edge. 
A piece of 0.030-in. s i lver  wi re  ~ is hea ted  over  a 
b u n s e n  f lame un t i l  the end  mel ts  to a smal l  sphere  
and  whi le  hot is pressed in to  an  edge of one of the  
sections. The  wire  mus t  be hot enough  to me l t  the  
crys ta l  a r o u n d  itself to secure an  adequa te  e lec t r i -  
cal and  mechan ica l  connect ion.  A piece of glass 
tubing ,  somewha t  shor ter  t h a n  the s i lver  wire,  and  
p rev ious ly  filled wi th  Apiezon  W is w a r m e d  to 
soften the filling. The wire  is pushed  th rough  the  
tube  d r a w i n g  the crys ta l  as close to the end  as pos-  
sible. Af te r  the a s sembly  has cooled, the crys ta l  is 
r insed  severa l  t imes successively and  b r ie f ly  in  
r eagen t  g rade  concen t ra t ed  n i t r i c  acid, water ,  and  
concen t ra t ed  a m m o n i u m  hydroxide ,  and  is f inal ly  
washed  for severa l  m i n u t e s  in  dis t i l led  water .  Using 
the  crystal  as the cathode and  p l a t i n u m  wire  or foil 
as the anode,  a deposi t  of meta l l ic  s i lver  is developed 
on the  crys ta l  surface  by  i m m e r s i n g  it in  a 0 .05-0.IN 
redis t i l led  hydroch lor ic  acid solu t ion  and  then  slowly 
w i t h d r a w i n g  it whi le  pass ing  about  I0 ma  of cu r -  
rent .  The s i lver  deposit  forms at the  contact  of the  
crys ta l  and  the wi re  and  grows down  the  surface  in  
a t h in  jagged  l ine.  Af te r  ob t a in ing  the  in i t i a l  de-  
posits, a group of electrodes are cathodized in  the  
same solu t ion  for 30-40 rain at a c u r r e n t  of 2-3 ma  
per  electrode. D u r i n g  this per iod  the in i t i a l  deposits 
b roaden  and  become more  diffuse. The  c u r r e n t  is 
r eversed  on comple t ion  of ca thodiz ing and  the elec-  
t rodes are anodized at  0.2-0.3 m a / e l e c t r o d e  for 2-3 
rain. They  are then  washed  for a few m i n u t e s  in  
dis t i l led wa te r  and  can be used. 

Electrode PerSormance 

Tan iguch i  and  Janz  (1) have  defined "bias  po-  
t en t i a l "  as the difference in  po ten t i a l  b e t w e e n  a 
pai r  of iden t ica l  e lectrodes i m m e r s e d  in  a u n i f o r m  
solution.  The  t e r m  is used t h roughou t  the fo l low-  
ing  to charac ter ize  electrode pe r fo rmance .  

Bias po ten t ia l s  of all  e lectrode pairs  were  me a s -  
ured,  in i t i a l ly  and  for one week  thereaf ter ,  in  0 . IN 

1 H a r s h a w  C h e m i c a l  C o m p a n y ,  C l e v e l a n d ,  Ohio .  

2 S p e c t r o s c o p i c a l l y  a n a l y z e d  g r a d e ,  f f a r r e l l - A s h  Co., N e w t o n v i l l e ,  
Mass .  

HC1. Af te r  the  first week,  the  m e d i u m  was changed  
per iodical ly .  No a t t e mp t  was made  to s t i r  the so lu-  
t ions or f ree t hem of oxygen.  Po t en t i a l  m e a s u r e -  
me n t s  were  made  wi th  negl ig ib le  c u r r e n t  flowing 
by  us ing  a mic rovo l tme te r  wi th  a 6 m e g o h m  inpu t  
impedance  or a Rub icon  Por t ab le  P o t e n t i ome te r  in  
con junc t ion  wi th  a Ke i th l ey  151R Nul l  Detector  
wi th  an  i npu t  impedance  of 100,000 ohms. 

Three  groups of electrodes were  p r epa red  at  d i f -  
f e ren t  t imes, the  second group four  hours  af ter  the 
first a nd  the  third,  four  days later .  Of the  first 
g roup  of four,  two were  r emoved  a n d  used for 
m e a s u r e m e n t s  of cell potent ia ls .  Al l  possible pairs  
in  the  second two groups,  each composed of six 
electrodes,  a nd  the r e m a i n i n g  two of the first group 
were  compared  at r egu la r  t ime  in terva ls .  The  two 
in  use for cell po ten t ia l  m e a s u r e m e n t s  were  per iod i -  
cal ly r e t u r n e d  to the bias po ten t ia l  cell a nd  com-  
pared  wi th  al l  the  rest. 

W i t h i n  a ny  of the groups of electrodes which  were  
p repa red  s imul t aneous ly ,  the  bias po ten t ia l s  n e v e r  
exceeded --+0.1 m y  ( and  f r e q u e n t l y  were  less t h a n  
--+0.05 m v )  w i th in  30 rain af ter  comple t ion  of anodiz-  
ing. The  average  of the abso lu te  va lues  of the  bias 
po ten t ia l s  for e lect rode pai rs  w i th in  a s i m u l t a n e -  
ously  p repa red  group was abou t  0.07 m v  in i t ia l ly .  
Af te r  100 hr  in  hydroch lor ic  acid this  average  va lue  
decreased to abou t  0.05 mv.  Changes  in  media  (i.e., 
0.01N l i t h i um chloride,  0.1N sod ium chlor ide)  caused 
an  in i t i a l  r ise in  bias potent ia ls ,  bu t  w i t h i n  30 m i n  
the average  of the absolu te  va lues  reduced  to tha t  
in  the  hydroch lor ic  acid. The  electrodes which  were  
per iodica l ly  r e t u r n e d  to the  bias cell a lways  com-  
pa red  to those of the  same group w i t h i n  0.1 m y  
w i t h i n  30 rain. 

A n e w l y  p r epa red  electrode was usua l ly  about  
1 m v  nega t ive  wi th  respect  to an  old one. This va lue  
increased  to --0.15 m v  in  abou t  100 hr  wi th  a ha l f  
t ime  of about  15 hr. Changes  in  the n a t u r e  of the  
s u r r o u n d i n g  solut ions did no t  affect the m a g n i t u d e  
of the potent ia l s  b e t w e e n  n e w  and  old electrodes.  I t  
is i n t e r e s t i ng  to note  tha t  in  us ing  s t a n d a r d  p r e -  
pa ra t ive  techniques ,  n e w  electrodes are posi t ive 
wi th  respect  to older  ones. Janz  (2) has discussed 
this  effect a nd  has  po in ted  out  tha t  it  m a y  arise 
f rom a deple t ion  of solute  in  the electrode pores 
d u r i n g  long anodiz ing  periods. In  the p resen t  t ech-  
n i que  the  rat io of ca thodiza t ion  to anod iza t ion  is 
high, and  solute m a y  concen t ra te  in  the  e lect rode 
pores g iv ing  rise to a reversa l  in  polar i ty .  

We have  e x a m i n e d  severa l  o ther  character is t ics  
of these electrodes.  The e l ec t r i ca l . r e s i s t ance  of a 
pa i r  is a p p r o x i m a t e l y  500 ohms. In  d i lu te  e thano l -  
HC1 solutions,  bias  po ten t ia l s  were  l a rger  by  an  
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o r d e r  of m a g n i t u d e  ( >  1.0 m v )  t h a n  in aqueous  
solut ions .  O v e r  the  t e m p e r a t u r e  r a n g e  5~176 
b ias  p o t e n t i a l s  r e m a i n e d  less t h a n  0.1 my.  A f t e r  
pa s s ing  10 ~a for  1 rain,  t he  b ias  p o t e n t i a l  r e d u c e d  
to the  p r e p o l a r i z i n g  v a l u e  in u n d e r  60 min  w i t h  a 
ha l f  t ime  of abou t  1 min.  

These  e l ec t rodes  a r e  used  as p robes  to m e a s u r e  
m e m b r a n e  po t en t i a l s  b e t w e e n  ch lo r ide  solut ions .  
W i t h i n  15 m i n  a f t e r  cel l  a s s e m b l y  the  p o t e n t i a l  
r eaches  a v a l u e  (P1) w h i c h  r e m a i n s  s t e a d y  w i t h i n  
20 ~v for  30 m i n  or  more .  The  e l ec t rodes  a r e  i n t e r -  
changed ,  and  a p o t e n t i a l  P,  is d e t e r m i n e d  in the  
s ame  way .  The  cel l  p o t e n t i a l  is t a k e n  as 1/2 (P1 + P,)  
w h i l e  V2 ( P 1 -  P,)  m a y  be  c o m p a r e d  w i t h  the  b ias  
p o t e n t i a l  B for  t he  s a m e  e l ec t rodes  in a m i x t u r e  of 
t he  so lu t ions  in the  two  cel l  c o m p a r t m e n t s .  W e  find 
1/2 ( P 1 - - P ~ ) -  B is a t  mos t  40 ~v. A s low v a r i a t i o n  
in b ias  p o t e n t i a l  has  been  n o t e d  in m o v i n g  the  

p robes  t h r o u g h  a success ion  of so lu t ions  of v a r y i n g  
compos i t ion  a n d  c o n c e n t r a t i o n  bu t  t he  abso lu t e  
m a g n i t u d e  has  n e v e r  e x c e e d e d  0.15 m v  even  a f t e r  
s e v e r a l  w e e k s  of use. 
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Ion  e x c h a n g e  m e m b r a n e  h y d r o g e n - o x y g e n  fue l  
cel ls  e m p l o y i n g  p r o t o n  or h y d r o x y l  ion conduc t ing  
m e m b r a n e s  as the  e l e c t r o l y t e  and  gas  b a r r i e r  a r e  
u n d e r  d e v e l o p m e n t  at  p r e s e n t  ( 1 -4 ) .  The  o rgan ic  
ion e x c h a n g e  m e m b r a n e s  e m p l o y e d  in these  cel ls  
h a v e  h igh  c o n d u c t i v i t i e s  (5 ) ,  so t ha t  the  i n t e r n a l  
r e s i s t ances  of t h e s e  cel ls  a re  r e l a t i v e l y  low. H o w e v e r ,  
i t  w o u l d  be  d e s i r a b l e  in some cases  to e m p l o y  sol id  
e l e c t ro ly t e s  w i t h  g r e a t e r  t h e r m a l  s t ab i l i t y ,  o x i d a -  
t ion  res i s t ance ,  and  r e s i s t ance  to ion iz ing  r ad i a t i on .  
The  o p e r a t i o n  of a cel l  e m p l o y i n g  such  an e l e c t r o -  
ly te ,  z i r c o n i u m  phospha t e ,  has  been  r e p o r t e d  b y  
D r a v n i e k s  and  B r e g m a n  (6) .  

S ince  ionic sol ids in g e n e r a l  a r e  no ted  for  be ing  
r e l a t i v e l y  poor  ionic conduc to r s  a t  l ow  t e m p e r a t u r e s  
w h e n  c o m p a r e d  w i t h  aqueous  e l e c t r o l y t e  solut ions ,  
i t  is p e r t i n e n t  to m e n t i o n  the  d e s i r e d  conduc t iv i ty ,  
and  the  o r d e r  of m a g n i t u d e  of the  c o n d u c t i v i t y  ob -  
s e rved  for  some t y p e s  of ionic conduc t ion  in solids.  
Broe r s  (7)  has  e s t i m a t e d  t ha t  t he  specific r e s i s t ance  
shou ld  be  no h i g h e r  t h a n  10 o h m - c m  in o r d e r  t h a t  
the  ohmic  vo l t age  d rop  in the  e l e c t r o l y t e  wi l l  not  
be too grea t .  Ionic  conduc t ion  b y  l a t t i ce  v a c a n c y  
m i g r a t i o n  u s u a l l y  y i e ld s  room t e m p e r a t u r e  specific 
r e s i s t ances  of the  o r d e r  of l0  s to 10 ~ o h m - c m .  I t  is 
poss ib le  to i nc rea se  the  n u m b e r  of vacanc ies ,  and  
also t he  conduct ion ,  b y  dop ing  w i t h  the  p r o p e r  i m -  
p u r i t y ,  b u t  in g e n e r a l  t he  m a x i m u m  c o n d u c t i v i t y  
o b s e r v e d  a t  r o o m  t e m p e r a t u r e  is of t he  o r d e r  of 
10 -~ ohm-~cm -1. Doped  ox ides  of Zr ,  W, etc., have  
been  e m p l o y e d  in fue l  cel ls  (7)  as ox ide  ion con-  
duc tors ,  b u t  in o r d e r  to i nc rea se  t he  c o n d u c t i v i t y  to 
a r e a s o n a b l e  v a l u e  t he  t e m p e r a t u r e  m u s t  be  m a i n -  
t a i n e d  at  or  above  1000~ 

In  a few i so la ted  cases  t h e  c o n d u c t i v i t i e s  e n -  
c o u n t e r e d  in i n t e r s t i t i a l  ion m i g r a t i o n  a r e  v e r y  high.  
A g I  u n d e r g o e s  a phase  t r a n s i t i o n  at  146~ w h e r e i n  
t he  s i lve r  ions become  a lmos t  c o m p l e t e l y  mob i l e  

in a f ixed l a t t i ce  of iod ide  ions (8) ,  and  b a t t e r i e s  
have  been  des igned  a r o u n d  th is  p r o p e r t y  (9) .  H o w -  
ever ,  m e a s u r e m e n t  of the  p r o t o n  c o n d u c t i v i t y  in  
sol id  h y d r a t e d  a c e t y l e n e  d i c a r b o x y l i c  acid,  w h i c h  
has  a h igh  d e n s i t y  of ac id  g roups  ( a l t h o u g h  a w e a k  
a c i d ) ,  y i e lds  a specific r e s i s t ance  of 3 x 10 ~ o h m - c m  
at  50~ (10).  I ce  has  been  d o p e d  w i t h  H F  to in -  
c rease  the  p r o t o n  dens i ty ,  t h e r e b y  p r o d u c i n g  a mode  
of conduc t ion  s o m e w h a t  ana logous  to t h a t  of a q u e -  
ous solut ions ,  bu t  in so do ing  the  specific r e s i s t ance  
was  d e c r e a s e d  to on ly  a b o u t  10 ~ o h m - c m  (11) .  

The  specific r e s i s t ances  of h y d r a t e d  o rgan ic  ion 
e x c h a n g e  m e m b r a n e s  can  r u n  as low as 10 o h m - c m .  
Because  of t he  l a rge  d i f fe rence  b e t w e e n  th is  v a l u e  
and  the  va lues  m e n t i o n e d  above,  r e a s o n a b l e  c o n d u c -  
t iv i t i e s  m i g h t  be  a t t a i n e d  on ly  in a m a t e r i a l  w h i c h  
conduc t s  b y  a s im i l a r  aqueous  me c ha n i sm ,  such as 
in z i r c o n i u m  p h o s p h a t  e (6) .  The  a m o r p h o u s  a lu -  
minos i l i ca t e s  and  the  zeol i tes  also show ca t ion  e x -  
change  p r o p e r t i e s  (12) ,  b u t  t h e y  a r e  r e l a t i v e l y  u n -  
s t ab l e  in acids,  so t ha t  t h e y  a r e  not  r e a d i l y  h y d r o -  
g e n - e x c h a n g e d  to fo rm p r o t o n - c o n d u c t i n g  sol id  e lec -  
t ro ly t e s .  

Recen t  i nves t i ga t i ons  of i no rgan ic  ion e x c h a n g e r s  
for  use  in n u c l e a r  r e a c t o r  w a t e r  pu r i f i ca t ion  have  
dea l t  w i t h  t he  phospha t e s ,  a r sena tes ,  t ungs t a t e s ,  
and  m o l y b d a t e s  of z i rcon ium,  tho r ium,  and  t i t a n i u m  
(13) .  A m p h l e t t  (14)  has  m a d e  an  e x t e n s i v e  s t u d y  
of the  p r o p e r t i e s  of z i r con ium phospha te ,  wh ich  a p -  
p e a r s  to be one  of t h e  m o r e  s t ab le  h y d r o g e n  e x -  
changers .  He  r e p o r t s  t h a t  i t  can  be  r e f luxed  in w a t e r  
for  s e v e r a l  w e e k s  w i t h o u t  a p p r e c i a b l e  b r e a k d o w n .  
I t  is an  a m o r p h o u s  solid f o r m e d  b y  the  p r e c i p i t a -  
t ion  of a so lub le  z i r cony l  sa l t  w i t h  p h o s p h o r i c  acid,  
cons i s t ing  e s s e n t i a l l y  of an  O - Z r - O - Z r  cha in  w i t h  
- O - P O ( O H ) 2  g roups  a t t a c h e d  to each  Zr  a tom.  
N a t u r a l l y  the  n u m b e r  of p h o s p h a t e  g roups  p e r  Zr  
a t o m  is going  to d e p e n d  on the  cond i t ions  u n d e r  
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which  it is made,  and  the  cross l inkage  b e t w e e n  ad-  
j acen t  phospha te  groups  by  d e h y d r a t i o n  is going 
to depend  on the  t h e r m a l  t r e a t m e n t  of the  product .  
Z i r c o n i u m  phospha te  p r e p a r e d  us ing  an  excess of 
phosphoric  acid and  not  sub jec ted  to h igh t e m p e r a -  
tu re  has a h igh dens i ty  of rep laceab le  p ro tons  and  
is r e l a t ive ly  insoluble .  

Experimental 
Preparation of zirconium phosphate.--The zir-  

con ium phosphate  employed  in  these conduc t iv i ty  
m e a s u r e m e n t s  was  p r epa red  as follows: 20g of 
ZrO (NO,)~-2H_~O were  dissolved in  500 cm 3 of water .  
To this  a so lu t ion  of 50 cm 3 of 86.3% phosphoric  
acid in  250 cm ~ of wa te r  was  added rapid ly .  The 
solut ion was s t i r red  r ap id ly  d u r i n g  the  addi t ion  of 
the reagents ,  and  the s t i r r ing  was  con t inued  for 
about  5 min .  Wa te r  was  added so tha t  the  tota l  
vo lume  was increased  to 3.5 li ters,  and  the solids 
were  a l lowed to settle. The  solids were  washed  by  
decan ta t ion  several  t imes,  and  were  f inal ly  f i l tered 
and  dr ied  ove rn igh t  at 60~ More wa t e r  was  added 
to the  solid product ,  and  the  gel par t ic les  b roke  
apar t  wi th  aud ib l e  c rack l ing  to a final p roduc t  h a v -  
ing a par t ic le  size in  the  r ange  0.1-0.5 ram. 

D u r i n g  the  p r e p a r a t i o n  the  ra t io  of phosphorus  
to z i r con ium in  the  s t a r t ing  solut ions  was high, ap-  
p r o x i m a t e l y  10, so tha t  the  solid p roduc t  wou ld  be 
the n o r m a l  phospha te  ZrO(H~PO,)~, which  has the 
m a x i m u m  h y d r o g e n  content .  

Preparation of powder compacts for conductivity 
measurements.--Since there  were  no par t ic les  of 
the  p roduc t  la rge  enough  for use  in  conduc t iv i ty  
measu remen t s ,  it was necessa ry  to employ  powder  
compacts.  These were  17.0 m m  in d i ame te r  and  
about  3 m m  thick.  The  densi t ies  of the  compacts  fell  
in  the r ange  2.0-2.2 g / c m  ~. On soaking in  water ,  the  
pel lets  were  observed to unde rgo  a 20-30% increase  
in  volume,  a l though  the  pel lets  r e t a ined  the i r  shape 
and  appeared  to suffer no  degrada t ion  of m e c h a n -  
ical propert ies .  Because of this expans ion  conve n -  
t ional  electrodes,  such as those made  f rom con-  
duc t ing  paints ,  could no t  be employed.  In  order  to 
overcome this  difficulty, 100 mg of f inely d iv ided  
z i rcon ium phosphate  and  50 mg  of p l a t i n u m  black 
were  mixed,  and  one hal f  of this m i x t u r e  was spread  
over each face of the compact  af ter  it had  been  
fo rmed  at a p ressure  of 13,000 psi. Af te r  a final 
press ing  at 33,000 psi the  electrode layers  showed 
no t e n d e n c y  to peel  off when  the  pel lets  were  soaked 
in  water .  The  electrodes so fo rmed  showed a r e -  
s is tance of on ly  a few ohms f rom one poin t  to a n -  
other  on each face. 

Conductivity measurements.--For m e a s u r e m e n t s  
of conduc t iv i ty  vs. t e m p e r a t u r e  the appa ra tu s  shown 
in  Fig. 1 was placed in  an  oven. P l a t i n u m  disks 
were  pressed aga ins t  each face of the  compact ,  and  
si l icone r u b b e r  gaskets  p r e v e n t e d  the  escape of w a -  
ter  vapor  f rom the appara tus .  Therefore ,  the meas -  
u r e m e n t s  were  conduc ted  u n d e r  condi t ions  of con-  
stant water content. A General Radio Company type 
1650A Impedance Bridge was used for the measure- 
ments, with a variable capacitor across one leg of 

the bridge to balance out capacitive effects in the 
sample. 

I O N I C  C O N D U C T I V I T Y  O F  Z r  P H O S P H A T E  
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Fig. 1. Conductivity apparatus 
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Fig. 2. Thermogram for zirconium phosphate 

The f r e q u e n c y  dependence  of the  conduc t iv i ty  
was low, as is seen in  Tab le  I, an  ind ica t ion  tha t  
e lectrode po la r iza t ion  effects were  absen t  (15).  

Results and Discussion 
Thermogravimetric analysis.--In order  to ob ta in  

a rough  idea as to the  t h e r m a l  s tab i l i ty  of the  z i r -  
con ium phospha te  a t h e r m o g r a v i m e t r i c  ana lys i s  was  
conducted  on the  m a t e r i a l  as dr ied  at  60~ at  a 
hea t ing  ra te  of 5 ~  This  is shown  in  Fig. 2. 
W h e n  p repa red  in  the m a n n e r  descr ibed p rev ious ly  i t  
should have  a composi t ion  n e a r  ZrO (H~PO4)~.XI~O. 
If one assumes  tha t  the f inal  p roduc t  has the  e m -  
pi r ica l  f o r mu l a  ZrP~OT, as is done in  the  s t a n d a r d  
phospha te  ana lys i s  for z i rconium,  the  two b reaks  
in the curve  cor respond closely to the  loss of one 
w a t e r  molecule  at 470~ and  ano the r  at 600~ b y  
the  condensa t ion  of ad jacen t  phospha te  groups.  The  
w a t e r  lost at lower  t e m p e r a t u r e s  is w a t e r  o r ig ina l ly  
r e t a ined  in  the  gel s t ruc ture ,  a nd  the  in i t i a l  com-  
posi t ion is t h e n  a p p r o x i m a t e l y  ZrO(H~PO,)~. 1.6H~O. 

On soaking in  w a t e r  the  v o l u m e  of the  compact  
used for the  conduc t iv i ty  m e a s u r e m e n t s  increased  

Table I. Frequency dependence of conductivity 

R e s i s t a n c e ,  
F r e q u e n c y ,  c p s  o h m s  • 10 -4 

2000 3.98 
1000 4.00 
500 4.00 
200 4.02 
100 4.02 

50 4.02 
25 4.02 
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Fig. 3. Specific resistance of zirconium phosphate vs. I / T  

by 22%. Assuming the increase in volume was due 
to the  addi t ion of wa te r  wi th  a densi ty  of 1.0, and 
since the densi ty  of the compact  in i t ia l ly  was 2.0, the 
composi t ion of the  soaked compact  should be ap -  
p rox ima te ly  ZrO(t-I~PO,)~. 3.6H~O. 

Conduc t iv i t y  m e a s u r e m e n t s . - - M e a s u r e m e n t s  of 
conduct ivi ty  vs. t empe ra tu r e  were  carr ied  out on 
a pel le t  immedia te ly  af te r  press ing from zirconium 
phosphate  dr ied at 60~ and on the same pel le t  
af ter  pa r t i a l  and complete  hydrat ion.  The t e m p e r a -  
ture dependence  of res is t iv i ty  p can usual ly  be 
expressed over  na r row ranges by  an equation of the 
form p ~ poe a/~r, where  E is an act ivat ion energy  
for the conduction process. Therefore,  E can be ob- 
ta ined f rom the slope of a plot  of log p vs. 1/T.  
Figure  3 contains plots  of log p vs. 1 / T  for the sam-  
ples in each of the three  states of hydrat ion.  I t  is 
seen that  the act ivat ion energy  decreases from 9.8 
kca l /mo le  to 2.6 kca l /mo le  as the sample becomes 
more hydra ted .  The act ivat ion energy for the soaked 
pel le t  falls  in the range normal ly  found for con- 
duction in aqueous solutions (5).  If the assumption 
is made  that  there  is a solution of 2H~PO~ uni ts  for  
eve ry  3.6H90 molecules, a rough calculat ion of the  
expected conduct iv i ty  can be made using the second 
ionization constant  of phosphoric acid. The above 
ra t io  of H~PO,/H~O corresponds to a 75% solution 
of phosphoric  acid, which would  have  a densi ty  of 
1.58 g / cm ~. K~ for phosphoric  acid at 25~ is 6.2 x 
10 ~ (16), and this would resul t  in a pro ton  concen- 
t ra t ion of about  9 x 10-~g equiva len t / l i t e r .  Since 
each cubic cent imeter  of solid would contain about  
0.80 cm ~ of the above solution, and since the equiv-  
a lent  ionic conductance of protons is about  350 
ohm-~-cm =, the conductance would be of the  order  
of 3 x 10-'ohm -~. This would correspond to a spe-  
cific res is tance for  the solid of about  3000 ohm-cm. 
This is about  a factor  of 5 g rea te r  than the specific 
resis tance of 550 ohm-cm observed on this mate r ia l  
at 25~ Considering the assumptions involved,  e s -  

pecia l ly  the assumption tha t  IG for the phosphoric  
acid is not affected by  react ion with the hydra t ed  
zirconium oxide, the agreement  is within reason. It 
has a l r eady  been observed by Amphle t t  tha t  a t i t r a -  
t ion curve of zirconium phosphate  vs. NaOH does 
not give two inflection points character is t ic  of K~ 
and K9 for phosphoric  acid, but  gives a re la t ive ly  
smooth curve. 

Act ivat ion  energies were  calculated f rom the 
slopes of the three  curves at  the low end of the t em-  
pe ra tu re  range.  They are 9.8, 6.4, and 2.6 kca l /mo le  
for increasing degrees of hydrat ion.  The last  value 
corresponds to the  t empera tu re  var ia t ion  observed in 
aqueous solutions as a resul t  of the decrease in vis-  
cosity wi th  increas ing tempera ture .  

Effect of cont inuous wash ing  on the conduct iv i ty .  
- - B e c a u s e  of the na ture  of the zirconium phosphate,  
it would be expected tha t  continuous washing would 
hydrolyze  the solid, re leas ing phosphoric  acid and 
eventua l ly  convert ing the zi rconium phosphate  to 
zirconium hydrox ide  (hydrous  zirconium oxide) .  
The compact employed in the measurements  above 
was washed continuously,  and the conduct ivi ty  was 
measured  af ter  2 and 22 days. These resul ts  are also 
shown in Fig. 3. The figure shows tha t  the conduc- 
t iv i ty  decreased,  a l though the  slope of the plot  r e -  
mained re la t ive ly  constant. This would indicate  tha t  
the mode of conduction remained  the same, namely,  
t r anspor t  of H § ions in an aqueous system, but  that  
the number  of cur ren t  carr iers  (H + ions) decreased 
as a resul t  of the  hydrolys is  ment ioned above. 

Fuel  cell using a z i rconium phosphate  membrane .  
- - A  cell s imi la r  to tha t  of Dravnieks  and Bregman 
was p repared  by  press ing a 1 mm thick disk f rom 
90% zirconium phosphate  and 10% powdered  Teflon 
at  a pressure  of 35,000 psi. This was soaked in water ,  
each face was spr inkled  wi th  Pt  black, and a P t  
screen was placed against  this in a s imple hyd ro -  
gen-oxygen  fuel  cell configuration. The polar iza t ion  
curve for  this  cell is shown in Fig. 4. The resis tance 
of the membrane  as calculated f rom the slope of the  
polar izat ion curve was 110 ohms, which agrees 
roughly  wi th  the measured  value  of 150 ohms. This 
value  of 110 ohms corresponds to a specific resis tance 
of about  6000 ohm-cm, showing tha t  the Teflon 
b inder  in this case decreased the conduct ivi ty  sub- 
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Fig. 4. Polarization curve for H2-02 fuel cell with zirconium 
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s t an t i a l l y .  Obv ious ly ,  i t  is d e s i r a b l e  to i n c r e a s e  t h e  
c o n d u c t i v i t y  b y  b e t t e r  m e m b r a n e  cons t ruc t i on  and  
b y  the  use  of h i g h e r  t e m p e r a t u r e s .  Because  of t he  
aqueous  m e c h a n i s m  of ion t r a n s p o r t  p r e s s u r i z a t i o n  
w o u l d  b e  r e q u i r e d  a b o v e  100~ 

I t  is e v i d e n t  t h a t  such a m e m b r a n e  has  two  m a j o r  
d r a w b a c k s  f r o m  t h e  s t a n d p o i n t  of fue l  cel l  a p p l i -  
ca t ions :  ( A )  L o w  conduc t iv i t y .  This  m i g h t  be  p a r -  
t i a l l y  o v e r c o m e  if suff ic ient ly  th in  m e m b r a n e s  cou ld  
b e  f ab r i ca t ed .  (B)  Changes  due  to hyd ro ly s i s .  

Manuscr ip t  received Nov. 13, 1961; rev ised  m a n u -  
script  received March  16, 1962. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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The Chemical Polishing of Rare Earth Tellurides 
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T h e r e  is a g r o w i n g  in t e r e s t  in the  s e m i c o n d u c t i n g  
c o m p o u n d s  of the  r a r e  e a r t h  meta l s ,  and  s e v e r a l  
c o m p o u n d s  h a v e  been  r e p o r t e d  (1)  w i th  i n t e r e s t i n g  
t h e r m o e l e c t r i c  p rope r t i e s .  One  of the  p r o b l e m s  a s -  
soc ia ted  w i t h  the  e l ec t r i ca l  m e a s u r e m e n t s  on these  
c o m p o u n d s  is the  p r e p a r a t i o n  of r e p r o d u c i b l e  su r -  
faces.  Mechan i ca l  po l i sh ing  can  be  emp loyed ,  b u t  
i t  g e n e r a t e s  a s t r a i n e d  su r f ace  w h i c h  gives  r i se  to 
a n o m a l i e s  in the  su r f ace  p r o p e r t i e s  of the  samples .  
A chemica l  or  e l e c t r o c h e m i c a l  m e t h o d  g e n e r a l l y  is 
p r e f e r r e d  in  t h e  p r e p a r a t i o n  of s e m i c o n d u c t o r  s u r -  
faces  for  e l ec t r i ca l  and  op t ica l  m e a s u r e m e n t s .  

W e  have  i n v e s t i g a t e d  a v a r i e t y  of c h e m i c a l  
e tches  for  t he  r a r e  e a r t h  t e l l u r i d e s  and  the  m a i n  
p r o b l e m  was  t ha t  of f inding  a r e a c t i v e  m e d i u m  t h a t  
could  d i s so lve  the  m e t a l  and  the  t e l l u r i u m  at  c o m -  
p a r a b l e  r a t e s  u n d e r  cond i t ions  w h i c h  w o u l d  p r o -  
duce  a po l i shed  sur face .  A s a t i s f a c t o r y  c h e m i c a l  
po l i sh  was  found  for  t he  sesqu i -  and  h i g h e r  t e l -  
lu r ides ,  and  i t  cons i s ted  of 10 m l  g lac ia l  acet ic  ac id  
and  1 m l  b romine .  I t  gave  an  e tch  r a t e  on La~Te~ 
at  r oom t e m p e r a t u r e  of 0.84 g / s e c  m ~ w h e n  f r e s h l y  
p r e p a r e d .  A n  e tch ing  p e r i o d  of 20-60 sec a p p e a r e d  
sa t i s f ac to ry .  The  e tch  r a t e  could  be  i n c r e a s e d  b y  the  
a d d i t i o n  of e t h y l  a lcohol ,  and  an  e tch  r a t e  of 1.63 
g / s e c  m s was  ob t a ined  w i th  5 mI HAc,  5 m l  EtOH,  
and  1 ml  Br.  The  g r a d u a l  h e a t i n g  of t he  l a t t e r  e t ch  
due  to the  e x o t h e r m i c  B r / E t O H  r e a c t i o n  also i n -  
c r ea sed  the  e tch  ra te .  A n  in f e r io r  po l i sh  was  ob-  

t a i n e d  in the  p r e s e n c e  of excess  a m o u n t s  of a lcohol  
or  w h e n  the  e tch  was  not  s t r i c t l y  f resh.  

A n  i n t e r e s t i n g  o b s e r v a t i o n  was  o b t a i n e d  w i t h  
La,Te:~ in e tches  composed  of HBr ,  H~O, and  Br ,  e.g., 
10 ml  f u m i n g  HBr ,  30 m l  H~O, 1 m l  Br.  I n i t i a l l y ,  
the  s a m p l e  a c q u i r e d  a h igh  a p p a r e n t  pol ish ,  bu t  a 
c o n t i n u e d  e x p o s u r e  to the  e tch  u n d e r  qu ie scen t  con-  
d i t ions  l ed  to t he  f o r m a t i o n  of long,  t w i s t e d  t e l -  
l u r i u m  w h i s k e r s  w h i c h  g r e w  p r o f u s e l y  and  v e r y  
r a p i d l y  f rom the  su r f ace  of t he  sample .  The  in i t i a l  
po l i sh  was  f o u n d  to be  d u e  to t h e  f o r m a t i o n  of a 
t e l l u r i u m  p h a s e  on the  su r f ace  wh ich  could  be r e -  
m o v e d  qu i t e  r ead i ly .  The  g r o w t h  of t he  t e l l u r i u m  
w h i s k e r s  a p p e a r e d  to d e p e n d  on the  f o r m a t i o n  of 
h i g h l y  mob i l e  t e l l u r i u m  a t o m s  in the  c r y s t a l  l a t t i c e  
b y  the  p r e f e r e n t i a l  d i s so lu t ion  of t he  r a r e  e a r t h  
me ta l ,  and  i t  is a p h e n o m e n o n  w h i c h  l ends  i t se l f  to 
e x p e r i m e n t a t i o n  in  t he  i n t e r e s t i n g  f ield of c ry s t a l  
g r o w t h  mechan i sms .  
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Gallium Phosphide Crystal Growth 
by Vapor Phase Iodide Transport 

A. S. Ro# 
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The g r o w t h  of sma l l  G a P  c r y s t a l s  f rom t h e  v a p o r  
phase  has  been  r e p o r t e d  b y  A n t e l l  and  Effer  b y  m i x -  
ing  G a I  and  p h o s p h o r u s  and  s lowly  cool ing f r o m  
1050~ in a q u a r t z  t u b e  (1) .  G e r s h e n z o n  and  M i k u l -  
y a k  (2)  a l l o w e d  Ga~O to r eac t  w i th  p h o s p h o r u s  at  
abou t  1000~ in a sea led  q u a r t z  t u b e  and  o b t a i n e d  
t h in  w h i s k e r s  and  f i l aments  of G a P  up  to 0.2 m m  in 
wid th .  E p i t a x i a l  f i lms of G a P  h a v e  been  g r o w n  b y  
F rosch  and  F o y  (3)  and  b y  Moest  and  S h u p p  (4) .  
t t o l o n y a k  r e p o r t e d  g r o w t h  of m a s s i v e  p o l y c r y s t a l s  
of G a P  u s i n g  ha l ides  as t r a n s p o r t  agen t s  (5) .  

1 P r e s e n t  addres s :  I srae l  Atomic  E n e r g y  Commission,  Rehovoth ,  
Israel ,  

The  e x p e r i m e n t s  r e p o r t e d  he re  desc r ibe  t he  
g r o w t h  of G a P  s ingle  c rys t a l s  whose  sizes w e r e  up  
to 2 m m  in each  d imens ion .  G r o w t h  was  f rom the  

v a p o r  phase  a t  t e m p e r a t u r e s  b e t w e e n  780 ~ and  
935~ and  abou t  a t m o s p h e r i c  p r e s s u r e  in a sea led  
q u a r t z  t u b e  con ta in ing  a p o l y c r y s t a l l i n e  G a P  source  

( a b o u t  0.5g),  H~, and  L, w i t h  i n i t i a l  mo le  r a t io s  of 
8 :7 :1 .  The  t u b e  was  18 cm long and  of 2 cm in -  
s ide  d i a m e t e r .  A t e m p e r a t u r e  g r a d i e n t  p r o v i d e d  

the  p o t e n t i a l  for  t he  ne t  r e a c t i o n  of t r a n s f e r -  

r i ng  G a P  f rom the  source  to a l o w e r  t e m p e r a -  

750 



Vol. 109, No. 8 G R O W T H  O F  G a P  C R Y S T A L S  751 

Fig. 1. GaP single crystals grown at 946~ at a point of 5~ 
below source temperature. 

ture .  L a r g e r  c ry s t a l s  w e r e  o b t a i n e d  w h e n  the  g r a -  
d i e n t  a long  the  t ube  was  smal l .  The  l a r g e s t  c r y s -  
ta l s  were ,  in  gene ra l ,  f o u n d  at  t he  m i d d l e  of t he  
t ube  r a t h e r  t h a n  at  t he  cooles t  end.  F i g u r e  1 shows  
s e v e r a l  c ry s t a l s  over  2 m m  in size g r o w n  a t  946~ 
at  a po in t  5~ b e l o w  the  t e m p e r a t u r e  of the  source  
ma te r i a l .  S m a l l e r  c r y s t a l s  w e r e  o b t a i n e d  w i t h  l a r g e r  
g rad ien t s .  W h e n  the  cold  end  was  r e d u c e d  to 780~ 
w i t h  t he  source  a t  950~ a g g r e g a t e s  of c r y s t a l l i t e s  
a p p r o x i m a t e l y  0.02 m m  in size depos i t ed  at  t he  cold  
end.  In  one case, a s i m i l a r  g r a d i e n t  p r o d u c e d  G a P  
need les  w i t h  t y p i c a l  d i m e n s i o n s  of 0.1x0.4x2 ram.  

The  t r a n s p o r t  r a t e  i n c r e a s e d  w i t h  the  source  t e m -  
p e r a t u r e .  F o r  a t e m p e r a t u r e  d i f fe rence  of 50~ b e -  
t w e e n  t h e  source  and  the  co lde r  end  of t h e  t u b e  and  
w i t h  the  source  at  850 ~ and  950~ the  t r a n s p o r t  
r a t e s  w e r e  25 and  75 m g / h r ,  r e spec t i ve ly .  

The  c rys t a l s  a d h e r e d  s t r o n g l y  to t he  qua r t z .  The  
con tac t  a r ea  was  o b s e r v e d  b y  r e v e r s i n g  the  t e m -  
p e r a t u r e  g r a d i e n t  and  t r a n s f e r r i n g  t h e  G a P  to a 
cooler  r eg ion  of the  tube .  G a l l i u m  p h o s p h a t e  a n d  
a - q u a r t z  c rys t a l s  ~0.1 m m  in size w e r e  s ide r e a c -  
t ion  p roduc t s .  These  w e r e  iden t i f i ed  b y  x - r a y  d i f -  
f r ac t i on  m e a s u r e m e n t s .  T y p i c a l  G a P  c r y s t a l s  w e r e  
a n a l y z e d  s p e c t r o g r a p h i c a l l y  a f t e r  r e m o v i n g  the  r e -  
g ions  a d h e r i n g  to t he  q u a r t z  b y  e tch ing .  The  con-  
c e n t r a t i o n s  of d e t e c t a b l e  impur i t i e s ,  Ca, Mg, A1, Si, 
Fe,  and  Ni, w e r e  less t h a n  50 ppm.  The  c r y s t a l s  w e r e  
a l w a y s  n - t y p e ,  sugges t ing  t h a t  S i  was  t h e  d o m i n a n t  
e l e c t r i c a l l y  ac t ive  i m p u r i t y .  

The  r e su l t s  of these  p r e l i m i n a r y  e x p e r i m e n t s  in -  
d ica te  t he  f e a s i b i l i t y  of r e l a t i v e l y  r a p i d  g r o w t h  of 
l a rge  G a P  c rys t a l s  a t  c o m p a r a t i v e l y  low t e m p e r a -  
t u r e  and  p re s su re .  

Manuscr ip t  received March 22, 1962. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Sect ion to be publ i shed  in the  June  1963 JOURNAL. 
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Polarization Studies on High-Temperature Fuel Cells 
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ABSTRACT 

Immobilized-electrolyte,  h igh- tempera ture  fuel cells of nonconvent ional  de- 
sign were operated successfully on a wide var ie ty  of fuel gases. This design 
permits the incorporation of a reference electrode and avoids gasketing prob-  
lems for low-pressure operation. The performance of these cells was compared 
with pre l iminary  results on free electrolyte and solid electrolyte cells. Oscillo- 
scopic observations of polarization decay indicated that ohmic rather  than con- 
centrat ion or activation polarization limits the performance of matr ix  cells in 
most instances. 

It  is wel l  k n o w n  tha t  gaseous fuel  cell react ions  
take place w i t h i n  a r e la t ive ly  res t r ic ted  reac t ion  
zone since the fue l  m u s t  m a k e  s i m u l t a n e o u s  contac t  
wi th  the  e lect rode and  electrolyte .  The re  are  th ree  
genera l  approaches  tha t  have  been  used in  the  de-  
v e l o p m e n t  of h i g h - t e m p e r a t u r e  fuel  cells which  in  
p r inc ip le  fulfil l  this  r e q u i r e m e n t .  These are  m a t r i x  
cells, solid e lec t ro ly te  cells, and  cells us ing  gas dif-  
fus ion  electrodes in  f ree  electrolyte .  Most of the 
resul ts  p r e sen t ed  here  are  concerned  wi th  m a t r i x  
cells, a l though  some p r e l i m i n a r y  resul ts  on gas d i f -  
fus ion  and  solid e lec t ro ly te  cells are also p resen ted  
as a comparison.  

The advan t age  of a solid e lec t rolyte  in ach iev ing  
a t h r ee -phase  reac t ion  zone w i thou t  the  difficulties 
of we t t i ng  was  recognized by  Schot tky  (1) .  How-  
ever,  it was  Baur  and  co -worke r s  (2-4)  who con-  
duc ted  ex tens ive  e x p e r i m e n t s  on solid e lec t ro ly te  
cells. No prac t ica l  solid e lect rolytes  were  found  
despi te  the  m a n y  sys tems tha t  were  studied.  In  his 
w e l l - k n o w n  thesis  on h i g h - t e m p e r a t u r e  fuel  cells, 
Broers  (5) conc luded  tha t  a good solid e lec t ro ly te  
migh t  neve r  be found  and  tha t  a salt  which  t r a n s -  
ports  o x y g e n - c o n t a i n i n g  ions such as a ca rbona t e  
salt  would  be second best  to an  ideal  solid e lec t ro-  
lyte. The cell he developed wi th  these thoughts  in  
m i n d  essen t ia l ly  consists  of a c a r b o n a t e - i m p r e g n a t e d  
disk covered wi th  me t a l  ca ta lys t  powders  and  cu r -  
r en t  collectors and  wi th  anode and  cathode com-  
p a r t m e n t s  bu i l t  up  by  gaskets  and  spacers. 

This  d i sk - t ype  cons t ruc t ion  served as a s t a r t ing  
po in t  for our  research  on h i g h - t e m p e r a t u r e  cells. 
Fue l  cells of this  des ign were  r u n  on a wide  va r i e t y  
of fuel  gases. The pe r fo rmance  da ta  ob ta ined  were  
about  the  same as repor ted  by  Broers  (5) ,  i.e., a 
c u r r e n t  dens i ty  of 50 m a / c m  ~ at a p p r o x i m a t e l y  0.7v 
on h y d r o g e n  wi th  s l ight ly  lower  opera t ing  levels  
on ca rbon  monox ide  and  h y d r o c a r b o n  fuels. H o w -  
ever,  because  of the  h igh  opera t ing  t e m p e r a t u r e s  
and  corrosive n a t u r e  of the ca rbona te  me l t  u n d e r  
these condit ions,  it was difficult to ob ta in  a we l l -  
gasketed  sys tem wi th  this  design. 

A t u b u l a r  cell des ign  was decided to be a be t t e r  
l abo ra to ry  approach  to the  m a t r i x  cell since gaske t -  
ing p rob lems  wou ld  be e l imina ted .  A cell of this  

type  is shown in  Fig. 1. The porous ceramic  tube  is 
i m p r e g n a t e d  by  i m m e r s i o n  at 700~ wi th  a t e r n a r y  
eutect ic  a lka l i  ca rbona te  which  has a me l t i ng  po in t  
s l ight ly  u n d e r  400~ (6) .  The  ins ide  of the  t ube  is 
ca ta lyzed as an  anode or fuel  e lectrode a nd  the  ou t -  
side as a cathode. Cata lys ts  were  n o r m a l l y  appl ied  
as s l u r ry  powders  to the  surface  and  ba ke d  at  500~ 
pr ior  to f ixing the  pe r fo ra ted  foil collector in  place. 
Ai r  and  ca rbon  dioxide are the  cathode gases n o r -  
ma l l y  used. 

This cons t ruc t ion  r ead i ly  pe rmi t s  the  incorpora -  
t ion  of a re fe rence  electrode as shown. The  re fe rence  
electrode in  this case should be r eve r s ib l e  to O~ and  
CO, which  are the act ive cathode gases. Broers  (5) 
suggested tha t  s i lver  was  a good COs, O5 electrode,  
bu t  did not  repor t  the  use of a re fe rence  electrode in  
his studies.  The r eve r s ib i l i t y  of the  s i lver  e lect rode 
was  checked in  a concen t r a t i on  cell  of the  type  
r ep resen ted  in  the fo l lowing equa t ions  

cathodic 
1/2 O5 + COs + 2e 4" CO,~: [1] 

anodic  

Ag, CO.(PC), O=(P~)/CO.~:/O~(P"), CO~(P"), Ag [2] 

2.3 R T  (P"o. )  ~/~ P%o~ 
E -- - -  log [3] 

(+) 

2F (P~ lz" P%o~ 

F~ 'NLET 

. 

L:,22 
Fig. 1. Tubular fuel cell 
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E q u a t i o n  [1]  r e p r e s e n t s  t he  r e v e r s i b l e  r eac t i on ;  
Eq. [2]  is a r e p r e s e n t a t i o n  of the  c o n c e n t r a t i o n  cell ,  
and  Eq.  [3]  is an  exp re s s ion  for  the  N e r n s t  p o t e n t i a l  
one w o u l d  ca l cu l a t e  a t  low and  m o d e r a t e  p r e s s u r e s  
for  a r e v e r s i b l e  e lec t rode .  

By ho ld ing  t h r e e  p a r t i a l  p r e s s u r e s  cons t an t  and  
v a r y i n g  the  four th ,  N e r n s t  d e p e n d e n c e  of p o t e n t i a l  
was  o b s e r v e d  on v a r i a t i o n  of e i t h e r  CO~ or  O2 p a r t i a l  
p re s su res .  This  is s h o w n  for  CO~ v a r i a t i o n  in Fig.  2. 
The  so l id  l ine  was  o b t a i n e d  f r o m  e x p e r i m e n t a l  r e -  
sul ts  and  the  l o w e r  c u r v e  f r o m  p o t e n t i a l s  c a l c u l a t e d  
us ing  the  N e r n s t  equa t ion .  The  2 - m y  d i s p l a c e m e n t  
t h a t  is o b s e r v e d  is a t t r i b u t e d  p r i n c i p a l l y  to e r ro r s  
in f l o w - m e t e r  a d j u s t m e n t s .  The  N e r n s t  s lope  con-  
s i s t e n t l y  o b s e r v e d  in these  e x p e r i m e n t s  d e m o n -  
s t r a t e d  the  r e v e r s i b i l i t y  of the  p o w d e r e d  s i lve r  e l ec -  
t rode  as a CO_~, O_~ e lec t rode .  N e r n s t  d e p e n d e n c e  was  
o b s e r v e d  d o w n  to 400~ 

F i g u r e  3 shows  one of t he  w a y s  t u b u l a r  cel ls  can  
be  s i m p l y  b u i l t  in to  b a t t e r i e s  b y  j o in ing  t a p e r e d  sec-  
t ions.  The  ser ies  connec t ions  can  t h e n  be  m a d e  in -  
t e r n a l l y  and  c o m m o n  gas  feeds  used.  S e v e r a l  t u b u -  
l a r  m u l t i c e l l  b a t t e r i e s  h a v e  been  made ,  and  no spe -  
c ia l  diff icul t ies  w e r e  e n c o u n t e r e d  in t h e i r  ope ra t ion .  

In  F i g u r e  4 a r e  s h o w n  t y p i c a l  a n o d e - r e f e r e n c e ,  r e -  
s i s t a n c e - f r e e  I p o l a r i z a t i o n  cu rves  for  s e v e r a l  gases.  
The  r e f e r e n c e  e l e c t r o d e  in  a l l  cases  is c a r b o n  d i o x -  
ide  and  o x y g e n  on p o w d e r e d  s i lver .  T h e r e  is v e r y  
l i t t l e  p o l a r i z a t i o n  ou t s ide  of r e s i s t i ve  effects for  
these  gases  a b o v e  600~ One canno t  be  su re  if  t he  
h y d r o g e n - c o n t a i n i n g  gases  a r e  a c t u a l l y  g a l v a n i c a l l y  
u t i l i zed  or  w h e t h e r  t h e y  a re  r u n n i n g  on t h e r m a l l y  
p r o d u c e d  h y d r o g e n .  The  ca rbon  m o n o x i d e  was  
c a r e f u l l y  d r i e d  to con ta in  less t h a n  s e v e r a l  p p m  
w a t e r  vapor ,  so t h a t  a d i r ec t  g a l v a n i c  u t i l i z a t i on  a p -  

z T h e  r e s i s t ance - f r ee  p o l a r i z a t i o n  da t a  w e r e  o b t a i n e d  u s i n g  a Kor -  
d e s c h - M a r k o  PUlSe-cur ren t  i n t e r r u p t e r  (7).  The  i n s t r u m e n t a t i o n  u s e d  
to  d i s t i n g u i s h  b e t w e e n  o h m i c  a n d  a c t i v a t i o n  p o l a r i z a t i o n  w a s  s i m i l a r  
t o  t h e  e l e c t r o n i c  c o m m u t a t o r  desc r ibed  i n  t he  l i t e r a t u r e  by  S t a i cop -  
ou lous  and  c o - w o r k e r s  (8).  
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Fig. 2. Potential dependence on partial pressure of C02 
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Fig. 4. Resistance-free polarization curves for various fuel gases 
at 610~ 

p e a r s  to be  t he  case. H o w e v e r ,  one canno t  o v e r l o o k  
the  pos s ib i l i t y  t ha t  a n y  of the  fuels  m a y  act  as a 
r e d u c i n g  a g e n t  to keep  the  o x y g e n  p a r t i a l  p r e s s u r e  
low, r e s u l t i n g  in  a c o n c e n t r a t i o n  cel l  ba sed  on the  
r e a c t i o n  g iven  in Eq. [1] ,  w h i c h  has  been  shown  to 
be  r e v e r s i b l e  on  s i lver .  T h e  cel l  p o t e n t i a l  w o u l d  
c o r r e s p o n d  to the  p a r t i a l  p r e s s u r e  d i f fe rence  of o x -  
y g e n  across  t he  cel l  caused  b y  c h e m i c a l  u t i l i z a t i o n  
at  t he  anode  b y  the  fuel .  I d e n t i c a l  p r o d u c t s  a r e  n o r -  
m a l l y  o b t a i n e d  w h e t h e r  t he  fue l  r eac t s  c h e m i c a l l y  
first  or  w h e t h e r  i t  is g a l v a n i c a l l y  u t i l i zed  d i r ec t ly .  
So, t he  ques t ion  of w h e t h e r  or  no t  the  fue l  is ga l -  
v a n i c a l l y  u t i l i z ed  in  a h i g h - t e m p e r a t u r e  cel l  c anno t  
be  dec ided  on the  bas is  of p r o d u c t  ana lys i s .  

In  F i g u r e  5 a r e  shown  the  o p e r a t i n g  cel l  vo l t ages  
as a func t ion  of c u r r e n t  d e n s i t y  for  s e v e r a l  fuels .  
The  p o t e n t i a l s  a r e  m u c h  l o w e r  t h a n  for  t h e  a n o d e -  
r e f e r e n c e  ( r e s i s t a n c e - f r e e )  p o l a r i z a t i o n  cu rves  of 
t he  p r e v i o u s  f igure.  The  d o t t e d  l ine  r e p r e s e n t s  t he  
r e s i s t a n c e - f r e e  ce l l  p o t e n t i a l  d r a w n  in as a c o m -  
par i son .  So, w h i l e  r e s i s t a n c e - f r e e  p o t e n t i a l s  a t  p r a c -  
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Fig. 3. Three cell battery Fig. 5. Operating voltages for various fuels at 610~ 
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Fig. 6. Oscilloscope trace of anode-reference potential for 
methane at 500~ and 25 ma/cm -~. 
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Fig. 8. Oscilloscope trace of anode-cathode potential for methane 
at 600~ and 25 ma/cm ~. 

t i ca l  c u r r e n t  dens i t i e s  look  qu i t e  p romis ing ,  t he  
h igh  cel l  r e s i s t ance  d r a s t i c a l l y  r educes  t he  cel l  o u t -  
put .  

Osci l loscopic  o b s e r v a t i o n s  of p o l a r i z a t i o n  d e c a y  
ind i ca t e  t ha t  a b o v e  500~ t h e r e  is v i r t u a l l y  no ac -  
t i v a t i o n  p o l a r i z a t i o n  a s soc ia t ed  w i t h  any  fuel ,  even  
m e t h a n e  at  m o d e r a t e  c u r r e n t  dens i t ies .  F i g u r e  6 
shows  an  osc i l loscope  t r ace  of t h e  a n o d e - r e f e r e n c e  
p o t e n t i a l  for  m e t h a n e  at  500~ and  25 m a / c m  ". The  
long  l ine  r e p r e s e n t s  the  a n o d e - r e f e r e n c e  p o t e n t i a l  
d u r i n g  t h e  c u r r e n t - o n  per iod .  The  c u r r e n t - o f f  p e r i o d  
is a p p r o x i m a t e l y  80 t~sec. T h e r e  is no ev idence  of 
a c t i va t i on  p o l a r i z a t i o n  he re  s ince  th is  w o u l d  show 
up  as  a s loped  l ine  or  c u r v e  on th i s  t ime  scale.  The  
v i r t u a l l y  i n s t a n t a n e o u s  p o t e n t i a l  c h a n g e  is a t t r i b u t e d  
to ohmic  p o l a r i z a t i o n  and  c o r r e s p o n d s  to a p p r o x -  
i m a t e l y  90 my.  T h e r e  also a p p e a r s  to be a b o u t  150 
m v  of  c o n c e n t r a t i o n  p o l a r i z a t i o n  s ince  t h e  o p e n - c i r -  
cu i t  p o t e n t i a l  is t h a t  m u c h  b e l o w  the  c u r r e n t - o f f  
po r t i on  of the  t race .  This  l a t t e r  d i f fe rence  f r o m  o p e n -  
c i rcu i t  v o l t a g e  m a y  also be  p a r t i a l l y  a t t r i b u t e d  to 
vo l t age  d r o p s  w i t h i n  t he  pores  of the  porous  e lec -  
t rodes ,  b u t  th is  is no t  b e l i e v e d  to be  a s igni f icant  
c o n t r i b u t i o n  s ince  th is  d i f fe rence  is on ly  s e v e r a l  
m i l l i vo l t s  w h e n  h y d r o g e n  is u sed  as fuel .  

The  h igh  c o n c e n t r a t i o n  po la r i za t ion ,  in th is  case, 
sugges t s  t h a t  h y d r o g e n  r e s u l t i n g  f r o m  the  t h e r m a l  
decompos i t i on  of m e t h a n e  is t he  g a l v a n i c a l l y  ac t ive  
species  u n d e r  these  condi t ions .  This  pos s ib i l i t y  was  
d i scussed  above.  W i t h  i nc r ea s ing  t e m p e r a t u r e s ,  con-  
c e n t r a t i o n  p o l a r i z a t i o n  dec rea se s  to a p p r o x i m a t e l y  
80 m v  a t  600~ A t  t e m p e r a t u r e s  a b o v e  800~ t h e r e  
was  no a p p r e c i a b l e  c o n c e n t r a t i o n  p o l a r i z a t i o n  d i f -  
f e r ence  b e t w e e n  h y d r o g e n  and  m e t h a n e .  This  ques -  
t ion could  not  be  r e s o l v e d  s ince  m e t h a n e  p o l a r i z a -  
t ion  cu rves  at  s e v e r a l  t e m p e r a t u r e s  cou ld  no t  be  
r e p r o d u c e d  w i t h  a d i lu t e  m i x t u r e  of h y d r o g e n  in 
i ne r t  gas  w i t h  our  fue l  cel l  sys tem.  

l lggiggi/ggggggl 
U n l l n l n l n l l  
BIIIIBIIBIIRIBIIIBImll 

Fig. 7. Oscilloscope trace of anode-reference potential for pro- 
pane on a poorly catalyzed electrode. 

E v i d e n c e  of a c t i v a t i o n  p o l a r i z a t i o n  on a p o o r l y  
c a t a l y z e d  e l ec t rode  is s h o w n  in Fig .  7. Th is  was  fo r  
p r o p a n e  fue l  a t  25 m a / c m  ~ at  600~ The  d i f f e ren -  
t i a l  c a p a c i t a n c e  o b t a i n e d  f r o m  the  i n i t i a l  s lope  of 
t h e  a c t i va t i on  p o l a r i z a t i o n  was  a p p r o x i m a t e l y  6 
~ F / c m  ~ on th is  e lec t rode .  This  ind ica t e s  t h a t  t h e  
ef fec t ive  su r f ace  a r e a  is p r o b a b l y  less  t h a n  the  geo-  
m e t r i c a l  s u r f a c e  area .  In  Fig .  8 is shown  the  a n o d e -  
ca thode  p o t e n t i a l  a t  the  s ame  c u r r e n t  d e n s i t y  w h i c h  
shows  the  200 m v  of ohmic  p o l a r i z a t i o n  a s soc ia t ed  
w i t h  the  w h o l e  ce l l  a t  25 m a / c m  ~ a n d  600~ M e t h -  
ane  was  the  fue l  gas  used.  This  shows  also t h a t  
t h e r e  is no ev idence  of a c t i va t i on  p o l a r i z a t i o n  at  t he  
c a thode  u n d e r  these  condi t ions .  

As  e v i d e n c e d  b y  the  p e r f o r m a n c e  d a t a  p r e sen t ed ,  
t h e  m a i n  l i m i t a t i o n  on the  p e r f o r m a n c e  of m a t r i x  
cel ls  is t he  h igh  cel l  r e s i s t ance .  The  r e s i s t i v i t y  of 
t he  m e l t  is i nc r ea sed  b e c a u s e  of  i ts  d i l u t i on  in  t h e  
c e r a mic  m a t r i x  a n d  the  con tac t  r e s i s t a nc e  is h igh  
be c a use  i t  r e su l t s  f r om a ser ies  of p o i n t  con tac t s  
r a t h e r  t h a n  a con t inuous  con tac t  a rea .  A c o n t i n u -  
ous con tac t  a r e a  canno t  be  used  be c a use  of t he  3-  
p h a s e  r e q u i r e m e n t s  of gas  e l ec t rodes  a n d  the  r e -  
q u i r e d  none l e c t ron i c  c onduc t i ng  p r o p e r t i e s  of t he  
m a t r i x .  T h e  m i n i m u m  d i l u t i o n  effect  on  p o t e n t i a l  
can  be  e s t i m a t e d  f r o m  the  fo l lowing  cons ide ra t i ons  
a s s u m i n g  a m i n i m u m  c u r r e n t  d e n s i t y  of 100 m a / c m  ~ 
is r e q u i r e d  for  p r a c t i c a l  ope ra t ion .  

p Z 
E = I R = I - - - -  

D A  
1.0 0.4 c m  

= 0.1 a m p  x ohm c m  - -  - -  0.133v [4 ]  
0.3 1 cm "~ 

w h e r e  E is t h e  p o t e n t i a l  loss, / t h e  c u r r e n t  (0.1 
a m p ) ,  p t h e  r e s i s t i v i t y  of  m e l t  (1 o h m - c m ) ,  R the  
cel l  r e s i s t ance  (p l/A), D the  d i l u t i on  effect  of 30% 
porous  m a t r i x ,  and  I the  t h i ckness  of m a t r i x  (0.4 
cm) ,  

Contac t  r e s i s t ances  for  1 cm ~ w e r e  d e t e r m i n e d  e x -  
p e r i m e n t a l l y .  F o r  po rous  i m p r e g n a t e d  ma t r i ce s ,  0.4 
cm in th ickness ,  t he  con tac t  r e s i s t a n c e / c m  2 at  each  
face  was  a p p r o x i m a t e l y  equa l  to t he  r e s i s t a n c e / c m  2 
of t h e  i m p r e g n a t e d  m a t r i x .  The re fo re ,  t he  o v e r - a l l  
loss in cel l  v o l t a g e  due  to ohmic  effects a b o v e  for  a 
m a t r i x  cel l  u s ing  a 30% po rous  m a t r i x  is. 0.133 + 
2 (0.133),  or  a p p r o x i m a t e l y  0.4v. This  r e duc e s  w o r k -  
ing  vo l t ages  a t  100 m a / c m  2 to at  l eas t  0.8v w i t h o u t  
cons ide r ing  f o r m s  of p o l a r i z a t i o n  and  is in accord  
w i t h  w o r k i n g  vo l t ages  o b s e r v e d  e x p e r i m e n t a l l y .  

The  longes t  p e r i o d  a t u b u l a r  m a t r i x  cel l  has  been  
r u n  was  for  10 w e e k s  of i n t e r m i t t e n t  ope ra t ion .  T h e  
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cell was tu rned  off at night  and heated up again 
the next  morning and consequent ly  went  through 
approx ima te ly  50 heat ing and cooling cycles. In 
order  to main ta in  operat ion for even this length of 
time, it  was necessary to provide  for per iodic  ad- 
dition of carbonate  to the matr ix .  This was accom- 
pl ished by using a reservoir  cap, containing t e rna ry  
alkal i  carbonate,  which was di rec ted  into the tube 
wal l  through careful ly  machined tube channels. The 
procedure  was only pa r t i a l ly  successful. It prolonged 
the life of the cell, but  resul ted  in the accumulat ion 
of excess e lect rolyte  at the base of the cell. Fa i lu re  
was a t t r ibu ted  pr inc ipa l ly  to cracks and de te r io ra -  
t ion of the MgO ma t r i x  and to loss of electrolyte .  

Because of the inherent  l imi ta t ion  on per formance  
a t t r ibu ted  to the high cell resis tance of ma t r ix  cells, 
control led porosi ty  meta l  electrodes used direct ly  
in the mel t  have been inves t iga ted  in ours and other  
laborator ies  (9, 10). Here the impor tan t  3-phase  
react ion sites a re  provided  wi th in  the pores of an 
electronic conductor,  and the e lect rolyte  is not di -  
luted so tha t  cell resis tance is much lower than with 
ma t r ix  cells. However,  the free carbonate  e lectrolyte  
represents  a h ighly  corrosive envi ronment  under  
these conditions. Some p re l imina ry  resul ts  that  have 
been obta ined wi th  diffusion cells are summar ized  
in Fig. 9. The "a" curves represent  res i s tance- f ree  
potent ia ls  for matr ix ,  1, and free electrolyte,  2, cells. 
Al though res i s tance- f ree  potent ia ls  are  significantly 
higher  for ma t r ix  cells than  for the porous metal  
electrodes used thus far, the working  cell potent ia ls  
("b"  curves)  are much higher  at  modera te  and high 
current  densit ies for free e lectrolyte  cells due to 
their  low cell resistance. 

Polar iza t ion  measurements  have been made on 
solid e lect rolyte  cells using the ca lc ia-s tabi l ized z i r -  
conia e lectrolyte  invest igated by Kingery  (11), Wag-  
ner  (12), and others (13),  and which has been ap-  
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Fig. 9. Comparison of matrix and free electrolyte cells 
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Fig. 10. Oscilloscope trace of anode-reference potential for 
hydrogen at 900~ and 10 ma/cm -~. 

plied to h i g h - t e m p e r a t u r e  fuel  cell technology by  
groups at  West inghouse (14, 15) and the Ins t i tu te  
of Gas Technology (16). F igure  10 shows an oscil- 
loscope t race of the decay pa t t e rn  for this type  of 
cell. The fuel gas was hydrogen,  oxygen was the 
cathode gas, and the operat ing t empera tu re  was 
900~ No carbon dioxide need be added to the 
cathode gas since the cathode react ion is bel ieved to 
be as given in Eq. [5]. 

1/20~ + 2e = O = [5] 

Oxide ion t ranspor t  from cathode to anode occurs 
via oxide ion vacancies in t roduced in the cubic zir-  
conia lat t ice by subst i tut ion of calcium ( + 2 )  cations 
for zirconium ( + 4 )  cations. 

No act ivat ion polar izat ion was observed at the 
anode at these t empera tu res  and a current  densi ty 
of 10 ma/cm% al though there  is considerable  ohmic 
polar izat ion due to the high res is t iv i ty  of the solid 
electrolyte.  The e lec t ro ly te  thickness was 1.5 mm, 
and the effective res is t iv i ty  for the e lec t ro ly te  and 
cata lys t  used was app rox ima te ly  1000 ohm-cm. 

The current  densi ty  at prac t ica l  operat ing voltages 
was only a few m a / c m  2. The high res is t iv i ty  of the 
solid e lect rolyte  is p r inc ipa l ly  responsible  for the 
re la t ive ly  low opera t ing  level. P rac t ica l  cells, the re -  
fore, would require  the use of thin, impervious,  solid 
e lect rolyte  films. 

In conclusion then, on the basis of work  on ma t r i x  
cells and p re l imina ry  work  with  gas diffusion and 
solid e lec t ro ly te  systems, it appears  that ,  a l though 
formidable  problems remain  to be solved wi th  e a c h  
approach before dependable  h i g h - t e m p e r a t u r e  fuel 
ba t ter ies  wil l  be produced,  most of these problems 
are of a prac t ica l  nature.  The output  of ma t r i x  cells 
and solid e lect rolyte  cells was l imi ted  pr inc ipa l ly  
by high cell resis tance r a the r  than other  forms of 
polarizat ion.  The life of ma t r i x  and especial ly gas 
diffusion cells was l imi ted  ma in ly  by  the lack of 
inexpensive,  stable mater ia l s  which were  able to 
wi ths tand  the combinat ion of high t empera tu re  and 
corrosive environment .  

The solid e lect rolyte  cell because of its s implici ty,  
appa ren t  s tabi l i ty ,  less corrosive na ture  could be-  
come a prac t ica l  h i g h - t e m p e r a t u r e  fuel  cell system 
if opera t ing  levels are improved.  At  any rate,  it 
appears  a t t rac t ive  compared  to the h ighly  corrosive 
molten carbonate  systems. 
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The Lithium Hydride Electrode 
Maurice E. Indig and Richard N. Snyder 
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ABSTRACT 

The anodic character of a soluble l i th ium hydride electrode was studied 
electrochemically in  the l i th ium chloride-potassium chloride eutectic for pos- 
sible consideration as a high-energy,  low-weight  electrode material.  The results 
show that  cur ren t  densities as high as 1.55 amp/cm ~ (10 amp/ in2)  can be ma in -  
tained on the l i th ium hydride anode without  appreciable polarization. Variation 
of coulombic efficiency and gassing studies led to the postulation of a one and 
two electron oxidation of l i th ium hydride. The oxidation was found to be quite 
dependent  on current  density and the physical na ture  of the grid. 

L i t h i u m  hydr ide ,  molecu la r  we igh t  7.95, is one of 
the  sa l ine  hydr ides  wi th  a w e l l - k n o w n  reduc ing  
character .  Whi le  u n d e r g o i n g  chemical  or e lec t ro-  
chemical  react ions,  the  nega t ive  hyd r ide  ion can be 
oxidized to the H ~ or the  H + state. Ce r t a in ly  free 
ene rgy  cons idera t ions  a l low for the  one -e l ec t ron  oxi-  
dat ion.  A ca lcu la t ion  found  in  L a t i m e r  (1) based on 
the  solid h y d r i d e  and  the  me ta l  ion gives an  E ~ for 
the  reac t ion  LiH --> Li § + 1/2H~ + l e  as 2.32v. In  the  
e lectrolysis  of m o l t e n  l i t h i u m  hydr ide  by  Moers (2) 
and  la te r  by  Pe te rs  (3) ,  it  was  no ted  tha t  h y d r o g e n  
was l ibe ra ted  solely at  the  anode,  which  ind ica ted  
the one -e l ec t ron  ox ida t ion  of the  nega t ive  h yd r i de  
ion. However ,  a s tudy  by  Giana tas io  (4) of sol id-  
solid react ions  of l i t h i u m  hydr ide  w i th  l i t h i u m  chlo-  
r ide  and  b e r y l l i u m  chlor ide ind ica ted  the  two- e l e c -  
t ron  ox ida t ion  can occur. In  the  la t te r  w o r k  both  
l i t h i u m  chlor ide  and  b e r y l l i u m  chloride were  r e -  
duced to the  meta l s  by  l i t h i u m  hyd r ide  w i t h  h y d r o -  
gen chlor ide evolved as one of the products .  

A l t h o u g h  l i t h i u m  h y d r i d e  reacts  spon taneous ly  
wi th  water ,  it has been  found  to dissolve wi thou t  de-  
composi t ion in  the  60-40 mole % l i t h i u m  chlor ide-  
po tass ium chlor ide eutect ic  (5) .  The use of L iH in  a 
fused s a l t - t ype  b a t t e r y  appeared  a t t rac t ive  due  to its 
low molecu l a r  we igh t  and  even  lower  e q u i v a l e n t  

weight ,  based on the  two-e l ec t ron  oxidat ion.  

Experimental 
Cell s t~dies . - - In  the in i t i a l  e x p e r i m e n t a l  work  

smal l  pel le t  cells, which  consisted of a l i t h i u m  h y -  
dr ide  anode,  a LiC1-KC1 eutect ic  e lect rolyte ,  a n d  a 
CaCrO~ cathode, were  compacted  in  a d ry  a rgon  a t -  
mosphere .  The compact ion  was  accompl ished  wi th  a 
j ackscrew press  u n d e r  2100 k g / c m  ~ (15 t o n s / i n ? )  
and  resu l ted  in  pel lets  tha t  were  0.95 cm (0.375 in.)  
long wi th  an  exposed electrode area  of 0.97 cm ~ 
(0.150 in.S). 

The  pel le t  cells were  encased  in  s i lver  cups which  
served as con ta ine rs  and  electrode connectors .  Ac t i -  
va t ion  hea t  was suppl ied  ex te rna l ly .  The  pe l le t  cells 
we re  d ischarged th rough  an  e x t e r n a l  va r i ab le  re -  
sistor which  held the cells at  a cons tan t  voltage.  In  
all  the  e x p e r i m e n t a l  work  r eagen t  g rade  LiH, as 
suppl ied  by  the  L i t h i u m  Corpora t ion  of Amer ica ,  
was used. 

Single electrode s tudies . - - In  order  to charac ter ize  
the  proper t ies  of the  LiH electrode,  a series of s ingle  
e lect rode s tudies  was  conducted.  Powdered  LiH and  
dry  eutect ic  electrolyte ,  0.35 and  35g, respect ively ,  
were  loaded into a 347 s ta inless  steel crucible,  which  
con ta ined  a n icke l  screen electrode of 50 mesh  wi th  
an exposed electrode area  of 6.45 cm ~ (1 in. ~) and  a 
n icke l  wi re  re fe rence  electrode.  The  s ta inless  steel 
c ruc ib le  also served as the  coun te r  electrode. Detai ls  
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Fig. 1. Discharge cell assembly 

of the cell assembly are shown in Fig. 1. The stainless 
steel crucible  was loaded into a P y r e x  furnace  tube 
and res is t ively  heated to 300~ under  continuous 
vacuum. At  this t empera tu re  a s t ream of d ry  argon 
was introduced,  and the  heat ing was continued unt i l  
fusion occurred. At  380~ the LiH was anodical ly  
discharged by  means of a d -c  power  supply.  Single 
electrode measurements  were  obtained be tween the 
nickel  work ing  e lect rode and nickel  reference elec-  
t rode wi th  a potent iometer .  The poten t ia l  de t e rmin -  
ing species on the nickel  work ing  and nickel  r e fe r -  
ence electrodes were  l i th ium hydr ide  and its oxida-  
t ion products.  

In separa te  runs the current  was var ied  f rom 
0.0775 to 1.55 a m p / c m  ~ (0.5-10 a m p / i n ? ) .  In the  
higher  cur rent  discharges f rom 0.775 to 1.55 a m p /  
cm ~ (5-10 amp / in2 ) ,  the LiH concentrat ion was in-  
creased to 3.3 % in the e lect rolyte  in order  to increase 
the  run  time. In these discharges  the  argon flow was 
cut off, and the gas evolved dur ing the oxidat ion  of 
the  LiH was collected in a 1000 ml gas buret .  At  
open-c i rcui t  conditions, jus t  pr ior  to any discharge 
and jus t  af ter  t e rmina t ion  of a discharge,  the vol tage  
be tween  the reference and the work ing  electrode 
was zero. 

In addi t ion to the nickel  screen electrodes of 50 
mesh size, nickel  screen electrodes of 100 mesh size 
and nickel  ba t t e ry  p laques  of 80% porosi ty  were  
used as discharge electrodes. 

The coulombic efficiency was de te rmined  by  con- 
s iderat ions of the weight  of a l i th ium hydr ide  sample 
and the to ta l  coulombs passed dur ing discharge,  as 
compared  to the theore t ica l  coulombic capacity,  
based on the two-e lec t ron  oxidation.  

Concentration potential studies.--The effect of 
concentrat ion on the potent ia l  of the LiH electrode 
was s tudied in a cell shown in Fig. 2. Nickel  screen 
electrodes of 100 mesh size were  suspended in each 
compar tment  of the cell, which contained different  

~- 1Ni plaque window 

L;H . . . . . . . . .  t i o n ~ l ~  ~ ~ TM . . . . . .  tration ~2 

t h e r m ~ "~ ~ 1 ! ! ~ ~!ii:~176 u pie 

Fig. 2. Concentration cell 

September 1962 

amounts  of LiH dissolved in the KC1-LiC1 eutectic. 
The furnace  appara tus  and methods of p repara t ion  
were  s imilar  to those descr ibed in the cons tan t -cur -  
rent  discharges.  Poten t ia l  measurements  were  ob- 
ta ined under  open-c i rcui t  condit ions be tween  385 ~ 
and 575~ 

R e s u l t s  a n d  D i s c u s s i o n  

The Ag-LiH/KC1-LiC1/CaCrO~-Ag pel le t  cells 
gave an open-c i rcui t  vol tage of 2.15v. F lash  currents  
of 3.1 a m p / c m  ~ (20 amp/ in2 )  could be obtained.  
Dur ing a typ ica l  discharge the cell vol tage was held 
constant  at l v  and in a 4 -min  per iod the cur ren t  
densi ty  g radua l ly  decreased f rom 0.775 to 0.31 a m p /  
cm ~ (5-2 amp / in2 ) .  When the cell vol tage dropped 
below 1v, the discharges were  terminated .  These 
pel le t  cell discharges indicated that  LiH could serve 
as an effective anodic depolar izer .  

The effect of the different  e lectrode mater ia l s  in 
the constant  cur rent  discharges is shown in Fig. 3, 4 
and 5. In Fig. 3 it is observed tha t  the polar izat ion 
voltage,  including the ohmic contribution,  was 
higher  for the 50 mesh nickel  screen electrodes than 
for the p laque electrodes, a l though the effective dis-  
charge t imes for the screen electrodes were  longer 
than for the p laque electrodes. In Fig. 4 the cu r ren t -  
vol tage plots indicate  the polar izat ion of the p laque 
electrodes was 50 my lower  than  the screen elec- 
t rodes throughout  the discharges.  The 100 mesh 
nickel  screen electrodes had ex t rapo la ted  polar iza-  
t ion values  tha t  were  in close agreement  wi th  the 
p laque  electrodes. The slope of the cu r ren t -vo l t age  
plots was 0.108 ohms. This is in excel lent  agreement  
wi th  the 0.105 calcula ted resis tance of the in te rna l  
discharge circuit.  Thus, the p la teau  polar izat ion 
values,  excluding IR drop, were  constant  in all the 
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Fig. 3. Discharge curves for 1% LiH solutions at various rates 
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Fig. 4. Polarization voltage including ohmic contribution vs. 

current density. 



Vol. 109, No. 9 T H E  L I T H I U M  H Y D R I D E  E L E C T R O D E  759 

�9 6C ._e 
v 

5c 

E 

~ 2C 

~ IC 

o - - N I  screen {50 mesh) 
- - - - N ;  screen (100 mesh) 
. . . . .  Ni p laque (80% porasity~ 

amps/in 2 

0.5 1.~0 1.5 
amp/cm2 

Current Density 

Fig. 5. Coulombic efficiency vs. current density 

775 

750 

725 

700 

675 
E 

650 

625 

600 

! For 2e change / % / , /  
/ 10~| actlv~ty ratio / i~".~ I 
" /  / /  

i /  LiH ratio 

/ ,~, L ~  | 5.37.., 

78 80 90 100 110 120 130 140 150 160 
Millivolts 

Fig. 7. Temperature vs. voltage for concentration cell 

m e a s u r e d  cases  and  h a d  va lue s  of 50 m v  for  the  
p l a q u e  a n d  100 m e s h  n i cke l  sc reen  e l ec t rodes  and  
100 m v  for  t he  50 m e s h  n i cke l  sc reen  e lec t rode .  

The  sc reen  e l ec t rodes  gave  cons i s t en t ly  h i g h e r  
cou lombic  efficiency t h a n  t h e  p l a q u e  e l ec t rodes  as 
shown  in Fig .  5. B a s e d  on the  p r o p o s e d  t w o - e l e c t r o n  
ox ida t ion ,  a cou lombic  efficiency of 71% was  ca l cu -  
l a t e d  for  a p a r t i c u l a r  d i scharge .  The  v a r i a t i o n s  of 
t he  cou lombic  eff iciency and  the  l a r g e  a m o u n t  of h y -  
d r o g e n  gas  p r o d u c e d  d u r i n g  d i s c h a r g e  sugges t ed  t h a t  
two  c o m p e t i n g  r eac t i ons  w e r e  occur r ing .  These  m a y  
be  g iven  as:  

L i H ~  Li  § + H § + 2e [1]  

L i H ~  Li  + + u + l e  [2]  

I t  is e v i d e n t  t h a t  r e a c t i o n  [1 ] w o u l d  r e su l t  in  tw ice  
t h e  cou lombic  efficiency of r e a c t i o n  [2] .  In  o r d e r  to 
v e r i f y  t he  p r o p o s e d  reac t ions ,  a V - t u b e  s ta in less  
s tee l  a p p a r a t u s ,  shown  in Fig .  6, was  b u i l t  to m e a s -  
u r e  h y d r o g e n  evo lu t ion  a t  t he  a n o d e  or  c a thode  
u n d e r  v a r i o u s  loads.  I f  h y d r o g e n  was  d e t e c t e d  a t  the  
anode,  r e a c t i o n  [2]  h a d  occur red .  I f  h y d r o g e n  was  
d e t e c t e d  a t  t h e  ca thode ,  r e a c t i o n  [1]  h a d  o c c u r r e d  
fo l l owed  b y  a r e d u c t i o n  of t he  h y d r o g e n  ion. I t  can  
be  sa id  t h a t  h y d r o g e n  was  p r o d u c e d  at  bo th  t he  c a t h -  
ode a n d  a n o d e  c o m p a r t m e n t s .  H o w e v e r ,  the  gass ing  
at  t he  c a thode  c o m p a r t m e n t  was  s l igh t  a t  low c u r r e n t  
dens i t i e s  and  r e a c h e d  a m a x i m u m  at  0.31 to 0.465 
a m p / c m  ~ (2-3  amp/ in .S) ,  w h i c h  c o r r e s p o n d s  to t he  
m a x i m u m  in Fig .  5, t he  cou lombic  eff iciency c u r v e  
for  the  50 m e s h  n i cke l  screen.  

The  effect of c o n c e n t r a t i o n  on p o t e n t i a l  can  be  
seen in  Fig .  7. In  th is  case, if  a o n e - e l e c t r o n  p rocess  
is a s sumed ,  t he  s lope  of the  l ines  is 2.30 R/F,  a n d  if  
c o n c e n t r a t i o n s  a r e  s u b s t i t u t e d  for  ac t iv i t ies ,  t he  b e -  
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Fig. 6. V-tube cell assembly 

h a v i o r  is e s s e n t i a l l y  Ne rns t i an .  The  d a s h e d  l ines  r e p -  
r e s e n t  N e r n s t i a n  b e h a v i o r  fo r  t he  one -  and  t w o -  
e l ec t ron  p rocesses  a s s u m i n g  a 10 to  i a c t i v i t y  ra t io .  
I t  can  be  no ted  t ha t  the  b e h a v i o r  u n d e r  o p e n - c i r c u i t  
cond i t ions  c lose ly  a p p r o a c h e s  t he  o n e - e l e c t r o n  
process .  

One of t he  mos t  i n t e r e s t i n g  and  puzz l ing  fac ts  to 
e m e r g e  f r o m  the  d a t a  is t h e  d i f fe rence  in  cou lombic  
efficiency b e t w e e n  t h e  L i H  e l ec t rodes  of 50 m e s h  
n i cke l  sc reen  and  the  p l a q u e  e lec t rodes .  A p p a r e n t l y  
t he  o n e - e l e c t r o n  o x i d a t i o n  of L i H  t a k e s  p l a c e  on the  
p l a q u e  e lec t rodes ,  and  a m i x e d  anod ic  o x i d a t i o n  
occurs  on the  50 m e s h  screen ,  t he  t w o - e l e c t r o n  p r o c -  
ess occu r r ing  mos t  r e a d i l y  a t  a c u r r e n t  d e n s i t y  b e -  
t w e e n  0.31 to 0.465 a m p / c m  s (2-3  amp/ in .S) .  

The  lower  p o l a r i z a t i o n  v a l u e s  on t h e  p l a q u e  a n d  
100 mesh  sc reen  a r e  e x p l a i n e d  b y  t h e i r  l a r g e r  effec-  
t ive  su r f ace  area .  H o w e v e r ,  t h e  i n c r e a s e d  p o l a r i z a -  
t ion  on the  50 m e s h  sc reen  e l ec t rodes  cou ld  d r i v e  t he  
o x i d a t i o n  of L i H  t o w a r d  t h e  t w o - e l e c t r o n  p rocess  
and  thus  accoun t  for  t h e  h i g h e r  cou lombic  efficiency. 

A ca l cu l a t i on  of i �9 t ~/s, w h e r e  i is c u r r e n t  in a m p /  
c m  ~ a n d  t is t ime  in seconds,  a t  t he  k n e e s  of t he  d i s -  
c h a r g e  cu rves  fo r  t h e  50 m e s h  Ni  screen ,  l e d  to a 
cons t an t  a v e r a g e  v a l u e  of 10.2. This  sugges t ed  t h a t  
t he  o x i d a t i o n  is a d i f f u s i o n - l i m i t e d  s i t ua t ion  and,  
w h e n  the  h y d r i d e  c o n c e n t r a t i o n  in ~he b u l k  e l e c t r o -  
l y t e  dec reases  b e l o w  a c e r t a i n  va lue ,  p o l a r i z a t i o n  
becomes  a pp re c i a b l e .  A t  c u r r e n t  dens i t i e s  b e l o w  
0.155 a m p / c m  ~ (1 a m p / i n ,  s) th is  m o d e l  b r e a k s  down.  
This  is no t  u n e x p e c t e d  as, a t  l ow  c u r r e n t  dens i t ies ,  
d i f fus ion  l i m i t a t i o n s  w o u l d  b e c o m e  neg l ig ib le .  
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ABSTRACT 

Changes in micros t ruc ture  have been observed dur ing  the forming of the 
posi t ive and negat ive  plates  which provide  clues as to the  op t imum condit ions 
for formation.  The micros t ruc ture  produced  was found to be dependent  on the 
condit ions under  which  forming  took place. The conversion to lead dioxide  in 
the  posi t ive pla te  was found to be in i t ia ted  on the surface of a definite type  of 
crystal ,  as ye t  not  identified. The quant i ty ,  size, and shape of this c rys ta l  
va r i ed  wi th  the  t empe ra tu r e  and specific g rav i ty  of the e lec t ro ly te  and wi th  the  
cur ren t  densi ty  employed.  The  indicat ions were  that  a basic sulfate  c rys ta l  was 
being conver ted  d i rec t ly  to lead  dioxide,  wi thout  change in ex te rna l  form, 
th rough  some sol id-s ta te  reaction.  The conversion to lead in the negat ive  plate  
was definitely by  solut ion of the  lead  sulfa te  and deposi t ion of reduced  lead. 
The form and size of the lead  crys ta ls  in the  negat ive  could also be var ied  
wi th  method of forming,  but  not  to the ex ten t  of those in the  posi t ive plate.  
While  there  was indicat ion that  subsequent  l ife of the posit ive p la te  might  
depend on the micros t ruc ture  developed dur ing  forming,  there  was no such 
corre la t ion found for the  nega t ive  plate.  

P l a t e s  for  l e a d - a c i d  s t o r age  b a t t e r i e s  of t he  t y p e  
used  for  a u t o m o t i v e  p u r p o s e s  u s u a l l y  have  as a sup -  
p o r t  a l e ad  a l loy  g r id  in to  w h i c h  is s p r e a d  a p a s t e l i k e  
m a t e r i a l  cons i s t ing  of a m i x t u r e  of l e ad  ox ides  to 
w h i c h  sufficient  d i lu t e  su l fu r i c  ac id  has  been  a d d e d  
to p r o d u c e  a w o r k a b l e  pas te .  Reac t ion  of the  ox ides  
w i th  t he  su l fu r ic  ac id  p r o d u c e s  a m i x t u r e  of l e ad  su l -  
fa te  a n d  bas ic  l e a d  su l fa t e s  t h a t  sets  t he  p a s t e  in to  
a c e m e n t l i k e  mass.  E l ec t ro ly s i s  in d i l u t e  su l fu r i c  ac id  
t hen  p r o d u c e s  an  o x i d a t i o n  to l e a d  d i o x i d e  a t  t he  
pos i t ive  p l a t e  and  r e d u c t i o n  to a sponge l ike  mass  of 
l e ad  c r y s t a l s  a t  t he  nega t i ve .  The  c h e m i s t r y  of th is  
p rocess  has  been  v e r y  t h o r o u g h l y  inves t iga t ed ,  b u t  
t he  p h y s i c a l  changes  t h a t  a c c o m p a n y  these  r eac t i ons  
have  been  l a r g e l y  ignored ,  and  l i t t l e  or  no a t t e m p t  
has  been  m a d e  to d e t e r m i n e  the  c ry s t a l l ogenes i s  in  
t he  process .  

Us ing  the  m e t h o d s  t h a t  h a v e  been  d e s c r i b e d  p r e v i -  
ous ly  (1)  an  a t t e m p t  was  m a d e  to s t u d y  t h e  changes  
in m i c r o s t r u c t u r e  t h a t  a c c o m p a n y  t h e  s o - c a l l e d  f o r m -  
ing, or  conve r s ion  of t h e  l o w e r  ox ides  of l e ad  to l e a d  
d i ox ide  and  sponge  lead.  T h e  e x p e r i m e n t a l  m e t h o d s  
we re  e x t r e m e l y  s imple ,  and  h i n d s i g h t  has  shown  
tha t  the  mic roscop ica l  o b s e r v a t i o n s  shou ld  h a v e  been  
s u p p l e m e n t e d  w i th  d a t a  conce rn ing  s ingle  e l ec t rode  
and cel l  po t en t i a l s  d u r i n g  ope ra t ion ,  the  capac i t i e s  
d e v e l o p e d  b y  the  v a r i o u s  t r e a t m e n t s ,  etc. These  d e r -  
e l ic t ions  wi l l  be  r e m e d i e d  in f u t u r e  inves t iga t ions ,  
b u t  a t  the  t i m e  this  e x p e r i m e n t  was  b e g u n  i t  was  i n -  
t e n d e d  on ly  to  i n v e s t i g a t e  t he  s u i t a b i l i t y  of t he  
me thod .  The  w e a l t h  of i n f o r m a t i o n  o b t a i n e d  f rom 
the  s t u d y  of t he  f e w  s a m p l e s  p r e p a r e d  was  f a r  b e -  
y o n d  e x p e c t a t i o n s  a n d  p r o d u c e d  m o r e  ques t ions  t h a n  
could  be a n s w e r e d  w i t h  t he  l i m i t e d  d a t a  t h a t  h a d  
been  r e c o r d e d  conce rn ing  the  e x p e r i m e n t a l  cond i -  
t ions.  E x p e r i m e n t a t i o n  is con t inu ing  u n d e r  cond i -  
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t ions  conduc ive  to the  a t t a i n m e n t  of m o r e  c o m p l e t e  
da ta ,  and  the  r e su l t s  w i l l  be  r e p o r t e d .  M e a n w h i l e ,  in  
v i ew  of r e c e n t l y  p u b l i s h e d  w o r k  b y  o the r  i n v e s t i g a -  
tors  i t  a p p e a r s  a d v i s a b l e  to r e p o r t  on th is  phase  of 
the  i nve s t i ga t i on  and  to po in t  out  i ts  poss ib le  c o r r e -  
l a t ion  w i t h  t h e i r  da ta .  

As  wi l l  be  shown  in t he  d e s c r i p t i o n  of the  e x p e r i -  
m e n t a l  r e su l t s  and  s u b s e q u e n t  d iscuss ion ,  t he  fo l -  
l owing  obse rva t ions ,  a m o n g  others ,  w e r e  m a d e  w h i c h  
a r e  c ons ide r e d  of p r i m e  i m p o r t a n c e  in  in f luenc ing  
the  course  of f u t u r e  inves t iga t ion .  

1. T h e r e  w e r e  o b s e r v e d  to be  two  or  m o r e  d i s t i nc t  
species  of c r y s t a l  p r e s e n t  in  t he  pos i t i ve  p la te .  These  
could  be  f o r m e d  e i t h e r  d u r i n g  m i x i n g  and  d r y i n g  or  
a t  a v e r y  e a r l y  s t age  of fo rma t ion .  These  s e p a r a t e  
c r y s t a l  species  could  be  r e a d i l y  d i s t i n g u i s h e d  b y  
mic roscop ic  e x a m i n a t i o n  be c a use  of r a d i c a l l y  d i f fe r -  
en t  c ry s t a l  h a b i t  and  c h e m i c a l  r e ac t i v i t y .  T h e y  h a v e  
not,  as yet ,  been  s e p a r a t e d  and  iden t i f i ed  w i t h  a def i -  
n i t e  chemica l  compos i t ion ,  b u t  a re  a s s u m e d  to be  
a m o n g  the  fo rms  of su l f a t e  w h i c h  h a v e  b e e n  found  
in u n f o r m e d  b a t t e r y  p a s t e  b y  va r i ous  w o r k e r s .  These  
fo rms  are:  n o r m a l  l e ad  su l fa te ,  PbSO4; monobas i c  
l ead  su l fa te ,  P b S O , ' P b O ;  the  m o n o h y d r a t e  of l e a d  
t r i ba s i c  su l fa te ,  PbSO~" 3PbO" H~O; and  t e t r a b a s i c  l e ad  
su l fa te ,  PbSO~" 4PbO. 

2. One of t he se  c r y s t a l  forms,  in t he  u n f o r m e d  
pos i t i ve  p la te ,  cons i s ted  of n e e d l e l i k e  or  r e c t a n g u l a r  
c rys ta l s ,  u s u a l l y  w i t h  much  g r e a t e r  l e n g t h  t h a n  
b r e a d t h .  The  conve r s ion  to l e a d  d iox ide  was  a l w a y s  
o b s e r v e d  to i n i t i a t e  on t h e  su r f ace  of c r y s t a l s  of th is  
type ,  w h i c h  w e r e  in con tac t  w i t h  the  m e t a l  gr id ,  and  
to s p r e a d  f r o m  one  c r y s t a l  to  a n o t h e r  of th i s  t y p e  a t  
po in t s  of contact .  The  c r y s t a l s  w e r e  t hus  c o n v e r t e d  
into  l e ad  d iox ide  w i t h o u t  change  of form.  C r y s t a l s  of 
th is  t y p e  wi l l  be  r e f e r r e d  to as t y p e  A in t he  subse -  
q u e n t  d iscuss ion.  F r o m  e v i d e n c e  a c c u m u l a t e d  b y  
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o the r s  i t  is conc luded  t h a t  the  l a r g e  t y p e  A c rys t a l s  
m u s t  consis t  of e i the r  the  m o n o h y d r a t e  of t r i ba s i c  
l ead  su l fa te ,  PbSO~. 3PbO-H20,  or  the  t e t r a b a s i c  l e ad  
su l fa te ,  PbSO, -4PbO.  A f t e r  c r y s t a l s  of th is  t y p e  had  
been  c o n v e r t e d  to l e ad  d i o x i d e  t h e r e  was  a s l ower  
b u t  con t inuous  conve r s ion  of a n o t h e r  t y p e  of c r y s t a l  
also f o u n d  in t he  u n f o r m e d  pas te .  

3. This  second  f o r m  of c r y s t a l  in the  u n f o r m e d  
pos i t i ve  p l a t e  a l w a y s  cons i s ted  of v e r y  smal l ,  r e g u l a r  
p o l y h e d r o n s  of  n e a r l y  e q u a l  size w h i c h  w e r e  not  
c h a n g e d  in size, shape ,  or  q u a n t i t y  b y  a n y  m e t h o d  of 
f o r m i n g  used  in  t he  e x p e r i m e n t a l  ser ies .  This  c r y s -  
t a l  form,  s u b s e q u e n t l y  r e f e r r e d  to as t y p e  B, a p -  
p e a r e d  to conve r t  to l e ad  d iox ide  w i t h  g r e a t e r  diffi- 
cu l ty  t h a n  d id  the  t y p e  A c rys ta l s ,  and  was  c o n v e r t e d  
on ly  a f t e r  a long t i m e  and  a f t e r  t he  p r i o r  ox i -  
da t i on  of t he  t y p e  A. I t  is b e l i e v e d  t h a t  th is  t y p e  of 
c r y s t a l  r e p r e s e n t e d  e i t h e r  monobas i c  l ead  su l fa te ,  
PbSO~.PbO,  or  n o r m a l  l e a d  su l fa te ,  PbSO4. 

4. I t  was  no ted  t h a t  t he  l e ad  d i o x i d e  t h a t  f o r m e d  
on the  su r f ace  of t he  l a rge  c rys t a l s  of r e c t a n g u l a r  or  
n e e d l e l i k e  fo rm ( t y p e  A )  w a s  a l w a y s  h a r d e r  and  
m o r e  dense  t h a n  t h a t  w h i c h  f o r m e d  on the  s m a l l  
r e g u l a r  p o l y h e d r o n s  ( t y p e  B) .  Ev idence  a c c u m u -  
l a t e d  b y  o the r s  s u p p o r t s  the  a s s u m p t i o n  t h a t  ~-PbO~ 
is f o r m e d  on the  t y p e  A c rys t a l s  w h i l e  fl-PbO~ is 
f o r m e d  on the  t y p e  B c rys ta l s .  

5. T h e  l a r g e  r e c t a n g u l a r  or  n e e d l e l i k e  c rys t a l s  
( t y p e  A )  w e r e  sens i t ive  to the  f o r m i n g  condi t ions ,  
and  the  size, shape ,  and  q u a n t i t y  of these  c rys t a l s  
could  b e  a l t e r e d  c o n s i d e r a b l y  b y  changes  in t e m -  
p e r a t u r e ,  specific g r a v i t y  of e l ec t ro ly t e ,  or  c u r r e n t  
dens i ty .  U n d e r  c e r t a i n  condi t ions  t he  size and  shape  
of these  c r y s t a l s  b e c a m e  such tha t ,  on fo rma t ion ,  t he  
~-PbO~ tha t  f o r m e d  on t h e i r  su r faces  c r e a t e d  a ha rd ,  
dense  n e t w o r k  or  c e l l u l a r  s t r u c t u r e  t h r o u g h o u t  t he  
ac t ive  m a t e r i a l .  

6. E x a m i n a t i o n  of cyc led  and  f loated p l a t e s  ob -  
t a i n e d  f r o m  c o m m e r i c a l  sources  i n d i c a t e d  t h a t  th is  
n e t w o r k  r e m a i n e d  u n c h a n g e d  b y  se rv ice  cond i t ions  
wh ich  sugges t ed  t h a t  the  c r ea t i on  of such a ce l l u l a r  
s t r u c t u r e  w o u l d  a id  m a t e r i a l l y  in pos i t i ve  p l a t e  ac -  
t ive  m a t e r i a l  r e t en t ion ,  and  i t  has  been  found  b y  e x -  
a m i n a t i o n  of a l i m i t e d  n u m b e r  of c o m m e r c i a l  p l a t e s  
t ha t  ac t ive  m a t e r i a l  r e t e n t i o n  is i ndeed  b e t t e r  in t h e  
p r e s e n c e  of such a s t ruc tu re .  

I t  shou ld  be r ea l i zed  t h a t  the  e x p e r i m e n t a l  d a t a  
f r o m  a mic roscop ic  e x a m i n a t i o n  of th is  sor t  consis t  
of n u m e r o u s  p h o t o m i c r o g r a p h s  w h i c h  a r e  be s t  e x -  
a m i n e d  s i m u l t a n e o u s l y  or  in v a r i o u s  def in i te  c o m b i -  
na t ions  to de tec t  c r y s t a l l o g r a p h i c  changes .  The  l i m i -  
t a t i ons  i m p o s e d  b y  p u b l i c a t i o n  r e q u i r e  a condensed  
w r i t t e n  d e s c r i p t i o n  t h a t  is a d m i t t e d l y  confus ing  and  
l a ck ing  in  convic t ion .  F o r  t hose  suff ic ient ly  i n t e r -  
ested,  m o r e  c o m p l e t e  r e p o r t s  w i t h  a d d i t i o n a l  i l l u s -  
t r a t i o n s  a r e  a v a i l a b l e  (1)  w h i c h  cover  v a r i o u s  phases  
of th is  work .  

The  r e m i n d e r  shou ld  also be  i n c l u d e d  t h a t  th is  
se r ies  of e x p e r i m e n t s ,  d e a l i n g  w i t h  t he  m e c h a n i s m  
of fo rming ,  was  p e r f o r m e d  on a u t o m o t i v e  t y p e  p l a t e s  
of one compos i t ion  and  m a n u f a c t u r e  only .  P r e l i m i -  
n a r y  e x a m i n a t i o n  of o the r  t y p e s  of p l a t e  i nd i ca t e  
tha t ,  in genera l ,  t h e i r  c ry s t a l l ogenes i s  is s o m e w h a t  
d i f ferent ,  b u t  f o r m i n g  b e h a v i o r  is s i m i l a r  to  t h a t  
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outlined for this plate. Exceptions have been found, 
however, even in such a preliminary examination so 
that it would be unwise to regard this behavior as 
universal. 

Experimental Procedure 
The  mic roscop i ca l  m e t h o d  was  b a s e d  on the  i m -  

p r e g n a t i o n  of samples ,  o b t a i n e d  at  v a r i o u s  s tages  in  
t he  f o r m i n g  process  and  u n d e r  v a r i o u s  c on t ro l l ed  
cond i t ions  of fo rming ,  w i t h  an  e p o x y  res in  and  the  
s u b s e q u e n t  e x a m i n a t i o n  a t  bo th  low and  h igh  m a g -  
n i f ica t ion  of t he  m i c r o s t r u c t u r e  r e v e a l e d  b y  sec t ion-  
ing  and  po l i sh ing  the  spec imens .  F o r  conven ience  the  
e x p e r i m e n t  was  d i v i d e d  into  two  par t s .  The  f irst  
d e a l t  w i t h  an  e x a m i n a t i o n  of t he  changes  in s t r uc -  
t u r e  t h a t  occu r r ed  as the  f o r m i n g  process  p roceeded ,  
the  second w i t h  t he  changes  t h a t  cou ld  be  i n d u c e d  
by  a l t e r i n g  the  f o r m i n g  cond i t ions  f rom those  com-  
m o n l y  e m p l o y e d  b y  i ndus t ry .  

F o r  t he  f irst  p a r t  of the  e x p e r i m e n t  a ser ies  of cel ls  
w e r e  c o n s t r u c t e d  each  cons i s t ing  of one pos i t ive  and  
one n e g a t i v e  p l a t e  s e p a r a t e d  b y  a d i s t ance  of a p -  
p r o x i m a t e l y  1.3 cm. These  p l a t e s  w e r e  o b t a i n e d  in an  
u n f o r m e d  bu t  d r i e d  cond i t ion  f rom a m a n u f a c t u r e r  
of s t o r a ge  ba t t e r i e s .  The  e l e c t r o l y t e  cons i s ted  of su l -  
fu r ic  ac id  d i l u t e d  w i t h  w a t e r  to a specific g r a v i t y  of 
1.05. No effort  was  m a d e  to con t ro l  t he  t e m p e r a t u r e  
of th is  e x p e r i m e n t ,  b u t  i t  r e m a i n e d  f a i r l y  cons t an t  a t  
a b o u t  27 ~ 

F o l l o w i n g  the  i n f o r m a t i o n  g iven  by  Vina l  (2 ) ,  the  
c u r r e n t  d e n s i t y  used  was  0.25 a m p / d m  ~ ( a p p r o x i -  
m a t e l y  2.5 a m p / f V ) .  The  cel ls  w e r e  connec t ed  in 
se r ies  so t h a t  t h e  s ame  c u r r e n t  pa s sed  t h r o u g h  all .  A 
cei l  w a s  r e m o v e d  at  1/2-hr i n t e r v a l s  d u r i n g  the  first  
8 hr,  a t  1 -h r  i n t e r v a l s  for  t he  n e x t  4 hr ,  a n d  f ina l ly  
at  2 - h r  i n t e r v a l s  un t i l  no f u r t h e r  change  could  be  
de tec ted .  The  p l a t e s  w e r e  t h o r o u g h l y  w a s h e d  i m -  
m e d i a t e l y  a f t e r  r e m o v a l  and  a f t e r  d r y i n g  w e r e  i m -  
p r e g n a t e d  w i t h  an  e p o x y  res in ,  us ing  va c uum.  The  
p la t e s  w e r e  t hen  cut  in such a m a n n e r  t h a t  sec t ions  
cou ld  be  o b t a i n e d  across  the  g r id  t h i cknes s  bo th  
h o r i z o n t a l l y  and  v e r t i c a l l y  and  also p a r a l l e l  to t he  
p l a t e  su r face  b u t  a t  v a r i e d  dep th s  b e n e a t h  the  s u r -  
face. In  th is  m a n n e r  and  a f t e r  su i t ab l e  po l i sh ing  a 
r a t h e r  c o m p l e t e  p i c tu r e  of w h a t  had  h a p p e n e d  could  
be ob ta ined .  

To p r o d u c e  the  second  ser ies  of s a mp le s  i n d i v i d u a l  
cel ls  w e r e  p r e p a r e d  as in t he  p r e v i o u s  case. The  cel ls  
w e r e  a r r a n g e d  in g roups  w i t h  each  g r o u p  h a v i n g  
ac id  of a d i f f e ren t  specific g r a v i t y ,  r a n g i n g  f r o m  1.05 
for  the  lowes t  to 1.45 for  t he  h ighest .  One cel l  f r om 
each  ac id  g r o u p  was  t hen  p l aced  in a cons t an t  t e m -  
p e r a t u r e  ba th ,  and  these  cel ls  w h e n  connec t ed  in  
ser ies  w e r e  a l l  o p e r a t e d  at  t he  s ame  c u r r e n t  dens i ty .  
This  was  r e p e a t e d  at  c u r r e n t  dens i t i e s  of  0.023, 0.23, 
and  2.3 a m p / d m  2. The  w a t e r  b a t h  was  t hen  r a i s ed  to 
a h i g h e r  t e m p e r a t u r e  and  the  process  r e p e a t e d  w i t h  
a n e w  set of s a m p l e s  t a k e n  f r o m  each ac id  g roup  as 
be fore .  T e m p e r a t u r e s  e m p l o y e d  v a r i e d  f rom 4 ~ to  
80~ The  t i m e  t h a t  c u r r e n t  f lowed was  so a d j u s t e d  
t h a t  r e g a r d l e s s  of c u r r e n t  d e n s i t y  each cel l  r e c e i v e d  
the  s a m e  t o t a l  q u a n t i t y  of e l ec t r i c i ty .  A n  a u t o m a t i c  
l eve l ing  dev i ce  a d d e d  w a t e r  to m a i n t a i n  t he  e l e c t r o -  
l y t e  a t  cons t an t  level .  In  th is  and  also t he  p r e v i o u s l y  
d e s c r i b e d  ser ies  t he  u n f o r m e d  p l a t e s  w e r e  a l l o w e d  to 
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stand for 30 min at  room t empera tu re  in e lec t ro ly te  
of the same concentrat ion as employed in the  exper i -  
ment  to insure  tha t  the plates  were  thoroughly  wet  
wi th  e lect rolyte  and tha t  gas evolution, apparen t ly  
f rom carbonates  which had formed in the dr ied  
plate,  was finished so tha t  e lec t ro ly te  could enter  the 
pores of the plate.  As ment ioned above all  cells re -  
ceived the same tota l  quan t i ty  of electr ici ty ,  an 
amount  selected so tha t  no cell would have pla tes  so 
complete ly  formed as to make  observat ion and com- 
parison difficult and which would resul t  in approx i -  
ma te ly  one - th i rd  the amount  requi red  for theore t i -  
cal ly complete  formation.  

As before,  the  samples were  p repa red  for micro-  
scopical examinat ion  immedia te ly  on removal  from 
the electrolyte.  The samples were  compared for s imi-  
lar i t ies  and differences at var ious  magnifications 
ranging f rom a low of 13 d iameters  to a high of 1000 
d iameters  to avoid the possibi l i ty  of overlooking any 
fea ture  because of its magni tude.  

Observat ions 

The progress  of the  forming process, the accom- 
panying  changes in color, and the var ia t ion  in the 
re la t ive  amount  of lead dioxide and lead produced 
under  different  condit ions of forming were  r ead i ly  
vis ible  to the unaided  eye on examinat ion  of the 
polished sections, but  the~details of the process were  
not revea led  unt i l  microscopic examinat ion  was 
made of each specimen. In i t ia l ly  the unformed posi-  
t ive pla te  was a l ight  ye l low color while  the un-  
formed negat ive  appeared  gray.  Under  the micro-  
scope, using polar ized light,  both the posi t ive and 
negat ive  p la tes  appeared  to be yellow, a l though the 
nega t ive  was of a much l ighter  hue. The ini t ia l  soak-  
ing caused considerable  increase  in the amount  of 
sulfate which was made evident  to the unaided  eye 
by a fading of the yel low color in the  posi t ive plate ,  
but  which did not become evident  in the  negat ive  
unt i l  examinat ion  under  considerable  magnification. 
Under  the microscope the resul t ing  whi te  or l ight  
yel low background  caused the format ions  of the r ed -  
d i sh -b rown lead dioxide or metal l ic  lead to stand out 
clearly.  

The Mechanism of Formation--Positive Plate 

In both the posi t ive and negat ive  p la te  the conver-  
sion to lead dioxide and lead, respect ively,  i nva r i ab ly  
began at the  grid member .  At  low magnification the 
posi t ive pla te  react ion was observed to proceed out-  
wa rd  f rom the grid as a fa i r ly  un i form cyl inder  of 
lead dioxide with  the exception tha t  react ion ap-  
peared  to slow down as the surface of the  p la te  was 
reached, so that  the cyl inder  became ovoid wi th  its 
g rea te r  d iamete r  pa ra l l e l  to the pla te  surface. There  
was a th in  surface layer  in which conversion to lead 
dioxide  did not  take  place  unt i l  quite la te  in the  p ro -  
cess so tha t  the  last  port ions of the  p la te  to form 
were  at  the surface and at  points m i d w a y  be tween 
grid members .  The mate r i a l  wi th in  the cyl indr ica l  
area  of react ion was not un i fo rmly  conver ted to lead 
dioxide, but  in cross section presented  a fe rn l ike  ap-  
pearance  as if the react ion were  proceeding by  the  
format ion of b ranched  fi laments of lead dioxide. 
These fea tures  are i l lus t ra ted  in Fig. 1. 

September 1962 

Fig. 1. Upper photograph: Cross section through the positive 
plate. The light areas represent unformed positive paste, the dark 
areas result from conversion of paste to reddish-brown PbO~. Dark 
triangular area at top center is cross section of small lead alloy 
horizontal grid member as is also the dark line bisecting the lower 
photograph horizontally. Lower photograph: Section of same plate 
parallel to surface. Formation took place at room temperature, in 
t.OS sp gr electrolyte, at 0.25 amp/dm 2 current density. Total time 
of formation was 6 hr. Note that cross section gives less misleading 
view of total area of formation than does plane section since latter 
gives widely varying areas at different depths. Magnification ap- 
proximately 8X. 

Examina t ion  at  higher  magnificat ion revea led  tha t  
the formed port ions of the posi t ive pla te  were  made 
up of at least  two var ie t ies  of crystal .  Most numerous  
were  the po lyhedra l  crystals  of near ly  equal  size, 
herein des ignated as type  B. These were  in te rspersed  
with la rger  crystals  of a different  configuration, 
herein des ignated  as type  A. 

The small,  po lyhedra l  crystals ,  type  B, were  usu-  
al ly quite regu la r  in form, but  so small  (2 or 3~) 
tha t  the general  impression was of a rough sphere. 
These po lyhedra l  crystals  p redomina ted  under  all  of 
the conditions where  format ion to lead dioxide had 
occurred. Crystals  ident ical  in size and shape to these 
but  consisting of sulfate were  found in the unformed 
port ions of the same pla te  and in the or iginal  dr ied 
paste of the plates  as received f rom the manufac-  
turer.  These crystals  did not va ry  significantly in 
size, shape, or number  under  any of the forming 
conditions used. I t  appeared  that  the po lyhedra l  
crys ta ls  of sulfa te  were  being conver ted d i rec t ly  into 
lead dioxide wi thout  ex te rna l  change of form. It  was 
found moreover  tha t  this conversion occurred sub-  
sequent  to and wi th  grea te r  apparen t  difficulty than  
that  which took place on a second form of sulfate 
present  in the paste. 

This second form of c rys ta l  ( type  A) appeared  
usual ly  in the formed areas  of the p la te  as long 
needle l ike  or rec tangu la r  crysta ls  of lead dioxide. 
[The excel lent  electron micrographs  of Buskirk,  
Boyd, and Smith  (3) show thin  plates  of rec tangula r  
form at the surface of formed posit ive plates. There 
is a possibi l i ty  tha t  the crys ta ls  here in  descr ibed may  
be of a s imilar  form and appear  needle l ike  only as a 
consequence of having been sectioned edgewise. 
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While the term needlelike will appear frequently in 
the subsequent discussion as a description of the 
actual appearance of the crystal in the section, the 
above possibility should be retained in mind.] This 
type A crystal varied in size, shape, uniformity, and 
quanti ty depending on the conditions under which 
forming took place, as will be discussed in a later 
section. The size of these type A crystals varied with 
the conditions from a maximum of about 150~ in 
length when long and needlelike to a minimum of 
about 10~ when short and rectangular.  Crystals 
similar in size, shape, and frequency of occurrence 
were always found in the unformed portions of the 
same plate, indicating that these crystals were being 
converted directly from a sulfate to type A lead di- 
oxide crystals without change in external form. 

In the dried unformed plates as received from the 
manufacturer,  the small, polyhedral  crystals of type 
B predominated. Only a few of the type A crystals 
were formed and these were all long, slender needles 
with no hint of the rectangular structure seen in 
some of the plates after forming under certain con- 
ditions. Examination of unformed plates f rom sev- 
eral manufacturers,  however, disclosed that in some 
of these the rectangular crystals of large size ( type 
A) predominated. Thus it appears that  the presence 
of the type A crystals can be induced either by 
certain conditions associated with paste composi- 
tion, temperature,  t ime of drying, specific gravi ty 
of the acid, etc., during pasting, or by the control 
of similar conditions in the forming process. In 
the present experiment it was certain that crystal 
structure of the crystals of type A was modified 
(and, in some instances, the number  of crystals 
was changed) either during the soaking prior to 
passage of current  or in that  period at the begin- 
ning of current flow when no conversion to lead di- 
oxide could be detected. 

Fig. 2. Large needlelike crystals of what is presumed to be a 
basic sulfate over~oid with hard Pb02. Each needlelike crystal is 
surrounded by a slightly less dark area of soft PbO~ that formed 
on crystals of a much smaller type and at a later time than the 
overlay on the needlelike crystals. The white or very light areas 
represent unformed paste. Compare with Fig. 3. Formed at 4oC, in 
1.25 sp gr electrolyte and 0.25 amp/dm ~ current density. Photo- 
graphed by polarized light. Magnification approximately 650X. 
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Fig. 3. More detailed view, of crystals s:m~lar to those shown in 
Fig. 2, obtained by relief polishing. The hard dense PbO~ stands 
in relief, outlining the original crystal of basic sulfate, and because 
of its hardness is brightly reflecting. The softer Pb02 surrounding 
these needles is featureless and dark in color wEle some as yet 
unformed paste may be seen as a featured, light colored material 
at upper and lower right margin. Photograph represents the type 
of crystal obtained when positive plate was formed at 30~ in 
1.05 sp gr electrolyte and 0.25 amp/dm ~ current density. Magnifi- 
cation approximately 6SOX. 

It was also found that the initial oxidation always 
began on the surface of the larger crystals of type A, 
forming a hard dense layer of lead dioxide that 
cause2 these crystals to appear much darker  than 
th~ small polyhedrons when illuminated by polarized 
light and to stand outlined in relief when subjected 
to relief polishing and oblique illumination with un-  
polarized light, Fig. 2 and 3. The reaction spread 
promptly and rapidly from one to another of this 
type A crystal wherever  there were points of contact 
either with the grid or other crystals on which this 
lead dioxide layer had already formed. At a later 
stage in the forming reaction, and much more slowly, 
the small polyhedral  sulfate crystals (type B) were 
converted to a softer, lighter hued lead dioxide. The 
fernlike appearance of the conversion boundary  ob- 
served at lower magnification was a result of the 
initial stage of the reaction rapidly spreading through 
a thinly dispersed mass of the large crystals to cover 
a fairly large area while some of the small polyhe- 
dral grains in the spaces between these larger crystals 
remained unchanged at this stage. As a consequence 
an area of small polyhedrons adjacent to each large 
crystal was converted to lead dioxide which was 
sufficient in extent both to mask the outline of the 
original large crystal and to make the area visible at 
low magnification, but insufficient to completely fill 
the area between the points of pr imary reaction. 
(Since the conversion of both the large needlelike, 
and the small polyhedral  crystals of lead sulfate to 
lead dioxide appeared to take place without change 
in external form of the crystal, the terms type A and 
type B will be used to identify the corresponding 
crystal shape in both its sulfate and dioxide form.) 

It was also established that the presence of the 
large type A crystals was not absolutely essential for 
the conversion of the small polyhedral  sulfate crys- 
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ta l s  to  l e ad  d i o x i d e  c rys t a l s  of t y p e  B. H o w e v e r ,  in  
the  absence  of the  fo rmer ,  the  p rocess  was  e x t r e m e l y  
s low and  r e q u i r e d  a m u c h  g r e a t e r  t o t a l  q u a n t i t y  of 
e l ec t r i c i t y  to conve r t  a g iven  a r e a  of p l a t e  t h a n  w h e n  
t h e y  w e r e  p resen t .  F o r  r easons  t h a t  w i l l  be  o u t l i n e d  
l a t e r  in  t he  p a p e r  i t  is a s s u m e d  t h a t  t he  in i t i a l  f o r -  
m a t i o n  p rocess  t h a t  r e s u l t e d  in t he  p r o d u c t i o n  of 
ha rd ,  dense  l ead  d iox ide  on the  su r f ace  of t he  l a r g e  
c rys t a l s  p r o d u c e d  the  r h o m b i c  fo rm of l ead  d iox ide ,  
~-PbO~, w h e r e a s  t he  l a t e r  conve r s ion  of the  s m a l l  
p o l y h e d r a l  c ry s t a l s  to a sof ter ,  l i gh t e r  co lo red  l ead  
d i ox ide  p r o d u c e d  the  t e t r a g o n a l  fo rm,  fl-PbO~. 

E f]ect of Changing the Forming Condit ions--  

Positive Plate 

As to t he  second  p a r t  of t he  e x p e r i m e n t ,  t h a t  of 
s t u d y i n g  t h e  effect  of changes  in f o r m i n g  condi t ions ,  
v e r y  def in i te  a n d  s igni f icant  changes  w e r e  no ted ,  
e spec i a l l y  in t he  pos i t i ve  p la te .  In  t he  first  p lace ,  a l -  
t h o u g h  a l l  of t he  s a m p l e s  r e c e i v e d  the  s ame  to t a l  
q u a n t i t y  of e l ec t r i c i ty ,  t h e r e  was  a dec ided  d i f fe rence  
in the  a m o u n t  of l e ad  d iox ide  fo rmed .  I t  w o u l d  be  
be t t e r ,  pe rhaps ,  to say  t h a t  the  a r e a  of l e ad  d iox ide  
in c o m p a r a b l e  sect ions  v a r i e d  r a t h e r  t h a n  the  a m o u n t  
s ince some d o u b t  r e m a i n s  w h e t h e r  those  p l a t e s  t h a t  
e x h i b i t e d  the  g r e a t e s t  a p p a r e n t  c o v e r a g e  b y  l e ad  d i -  
ox ide  w o u l d  have  i ndeed  had  the  g r e a t e s t  capac i ty .  
This  is because  u n f o r m e d  m a t e r i a l  r e m a i n e d  in a l l  
r e a c t e d  areas ,  and  in some cases  r e a c t e d  a r eas  of 
sma l l  e x t e n t  had  also a n o t i c e a b l y  lesser  a m o u n t  of 
u n r e a c t e d  m a t e r i a l  w i t h i n  th is  a r e a  or, in  o the r  
words ,  a m u c h  h i g h e r  d e n s i t y  of r e a c t e d  p a r t i c l e s  p e r  
un i t  area .  Neve r the l e s s ,  the  size of the  a r ea  con-  
v e r t e d  to l e ad  d iox ide  a p p e a r s  to be  a good m e a n s  of 
j u d g i n g  the  efficiency of t he  process  for  s e v e r a l  r e a -  
sons. In  o r d e r  to  r e a c h  the  p l a t e  i n t e r i o r  w h e r e  r e a c -  
t ion  beg ins  the  e l e c t r o l y t e  m u s t  diffuse t h r o u g h  a 
r e l a t i v e l y  nonporous  pas te ,  cons i s t ing  l a r g e l y  of l e ad  
su l fa t e  w h i c h  is a v e r y  poor  conduc to r  of e l ec t r i c i t y  
as  wel l .  Those  p a r t i c l e s  t h a t  a r e  c o n v e r t e d  to l e ad  
d i o x i d e  i m m e d i a t e l y  become  a much  b e t t e r  con-  
duc to r ,  and  because  t he  l e ad  d iox ide  has  a l e s se r  spe -  
cific v o l u m e  than  the  l e ad  su l fa t e  t he  p l a t e  becomes  
m o r e  po rous  to the  flow of e l ec t ro ly t e .  The  g r e a t e r  
t he  a r e a  of f o r m a t i o n  for  a g iven  to t a l  cu r r en t ,  t he  
m o r e  eas i ly  should  the  ba l ance  of the  u n f o r m e d  
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Fig. 4. This graph shows how the area of formed material in the 
positive plate varied as the specific gravity and temperature were 
changed although all samples received the same total quantity of 
electricity, using a current density of 0.025 amp/dm ~. 
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Fig. 5. As for Fig. 4, this graph shows variation of area of 
formed material in the positive plate with variation of temperature 
and specific gravity, but at a higher current density. The total 
quantity of electricity that these samples received was the same 
as in Fig. 4, but the much lower average area of formation was 
apparently caused by the use of the higher current density of 0.25 
amp/dm ~. 

C:Y 
Fig. 6. Graph similar to Fig. 4 and 5 but showing the lowered area 

of forming in the positive plate when a current density of 2.5 
amp/dm 2 was used. Comparison of Fig. 4, 5, and 6 indicates a maxi- 
mum in area of formation at temperatures in the region of 40 ~ 
60oc, at the lowest specific gravity of 1.05 and at the lowest 
current density used, 0.025 amp/dm "~. 

m a t e r i a l  be c o n v e r t e d  to l e ad  d iox ide  because  of t he  
m o r e  e x t e n d e d  c i rcu i t  p a t h s  and  g r e a t e r  p o r o s i t y  
u n d e r  these  condi t ions .  A ca re fu l  s t u d y  at  h i g h e r  
magn i f i ca t ion  i n d i c a t e d  t ha t  even  w i t h  m o r e  r e a c t e d  
pa r t i c l e s  p e r  un i t  a r e a  those  p l a t e s  w i t h  a sma l l  t o t a l  
a r ea  of r e a c t i o n  could  no t  be  as c o m p l e t e l y  f o r m e d  
as those  w i t h  a l a r g e r  a r ea  of r eac t ion .  

F o r  t he  p u r p o s e  of e v a l u a t i n g  resu l t s ,  t he re fo re ,  
an  e s t i m a t e  was  m a d e  of t he  a r e a  of t he  p l a t e s  in -  
vo lved  in t he  f o r m i n g  reac t ion ,  i gno r ing  the  a c t u a l  
d e n s i t y  of f o r m e d  pa r t i c l e s  w i t h i n  th is  a rea .  F r o m  
these  e s t ima tes ,  b a s e d  on an  a v e r a g e d  v a l u e  of t he  
p l a t e  surface ,  the  sect ions  p a r a l l e l  to t he  su r f ace  and  
cross  sect ions,  the  g r a p h s  shown  in Fig .  4, 5, and  6 
w e r e  p r e p a r e d .  Each  g r a p h  r e p r e s e n t s  t he  v a r i a t i o n  
in t he  t o t a l  a r e a  of f o r m e d  m a t e r i a l  w i t h  changes  in 
ac id  specific g r a v i t y  and  t e m p e r a t u r e  w h e n  the  c u r -  
r en t  d e n s i t y  and  to t a l  c u r r e n t  a r e  m a i n t a i n e d  con-  
s tant .  The  success ive  g r a p h s  show the  change  in area ,  
a t  a g iven  ac id  specific g r a v i t y  and  t e m p e r a t u r e ,  w i t h  
change  in c u r r e n t  dens i ty .  The  r e su l t s  i nd i ca t e  t ha t  
the  a r e a  of f o r m a t i o n  c o n t i n u o u s l y  i n c r e a s e d  w i t h  
de c r e a s ing  specific g r a v i t y  of e l e c t r o l y t e  and  w i t h  
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decreasing cur ren t  density.  In genera l  the m a x i m u m  
area  of formed lead dioxide,  for a given specific g rav-  
i ty and current  density,  appeared  be tween 40 ° and 
60°C. 

The micros t ruc ture  of the  posi t ive p la te  was also 
found to va ry  with  the  condit ions used in forming. 
This was not t rue  of the small  po lyhedra l  crystals  
previous ly  re fe r red  to as type B which appa ren t ly  
re ta ined  the same size and shape regardless  of con- 
ditions, but  appl ied to the la rger  crystals  of type  A 
on which the forming process appeared  to ini t ia te  
and which changed shape, size, and f requency of 
occurrence wi th  changes in conditions. The subse-  
quent  descr ipt ion of the changes in crys ta l  form is 
incomplete.  There were  not only var ia t ions  in form 
that  are not included, but  var ia t ions  in size and f re-  
quency of occurrence for a given type  tha t  would  be 
superfluous to describe. The main point  to be made is 
that  change from one form to another  of the type  A 
crysta l  was reproduc ib ly  obtained and tha t  definite 
correla t ion could be d rawn be tween  exper imenta l  
conditions and the obtained microstructure .  It might  
be wise to re i te ra te  tha t  the subsequent  descript ion 
refers  only to the changes that  occurred in the la rger  
crysta ls  of type  A tha t  produce the ini t ia l  and ha rder  
form of lead dioxide, and not  to the small  po lyhedra l  
crystals  tha t  produced the subsequent  softer form of 
lead dioxide, and which appa ren t ly  were  not influ- 
enced by the forming conditions. 

The large crystals  of lead dioxide fell  into several  
main categories,  and as has been mentioned,  var ied  
in size f rom 10 to 150ft. At  the  lowest  current  density,  
t empera tu re ,  and specific gravi ty,  Fig. 4, the  area of 
formed lead dioxide was near  the maximum.  Yet 
under  these condit ions the lead dioxide  so formed did 
not seem to be much ha rder  than  the original  lead 
sulfate, because rel ief  polishing produced only a un i -  
formly  smooth section in which the unformed areas  
could not be dis t inguished from those where  fo rma-  

t ion to lead dioxide had  occurred. (Relief polishing, 
done on a very  soft lap wi th  l ight  pressure,  tends to 
p re fe ren t ia l ly  remove  the softer  mater ia l ,  leaving 
the ha rde r  exposed in re l ief  on the  surface. A n y  such 
i r regu la r i ty  in surface can be easi ly detected by  us-  
ing oblique i l luminat ion  for the  microscope.) It was 
found, however,  that  this apparen t ly  soft ma te r i a l  
contained la rge  numbers  of ex t r eme ly  long and thin 
needle l ike  crysta ls  of lead dioxide,  Fig. 7. These only 
became visible when the section was examined  by  
polar ized light. It is bel ieved tha t  these long crystals  
consisted of the hard,  dense modification of lead di-  
oxide, but  tha t  because of their  thinness they  could 
not be resolved in the  rel ief  polishing process. I t  is 
significant tha t  in the as yet  unformed port ions of the 
same pla te  there  were  found sulfate  crystals  of s imi-  
lar  shape and size. 

When samples were  compared in which the t em-  
pe ra tu re  and current  densi ty  used in the forming had 
been the same, but  in which the specific gravi t ies  of 
e lec t ro ly te  had  differed, the area of format ion  was 
found to decrease wi th  each increase in specific g rav-  
ity. At  the same t ime the crystals  of type  A in the 
micros t ruc ture  were  found to become increas ingly  
shorter,  thicker ,  and more rec tangu la r  in outl ine as 
the specific g rav i ty  increased to about 1.25. As the 
crysta ls  became shorter  and more rec tangula r  in 
shape they also increased in thickness,  and it was 
found tha t  a ha rder  l ayer  of lead dioxide had  formed 
on the surface of the crys ta l  than  on the in ter ior  and 
tha t  this ha rd  ma te r i a l  out l ined the boundar ies  of the 
or iginal  crystal ,  Fig. 8. Thus, each increase in specific 
g rav i ty  of e lec t ro ly te  produced s t ructures  tha t  were  
more c lear ly  out l ined and had a more definite de-  
marcat ion  between the outer  coating and the interior .  
Above a specific g rav i ty  of 1.25 this demarca t ion  be-  
came increas ingly  less dist inct ,  and at the highest  
value of specific g rav i ty  the formed area  was small  

Fig. 7. Illustrating the very long and thin needlelike crystals pro- 
duced at low specific gravity of electrolyte, 1.05, and low tem- 
perature, 4°C. Such crystals were visible only by polarlzed light. 
These were produced at a current density of 2.5 amp/dm 2. At 
lower current densities they are even longer, but more difficult to 
see. Dark line at left is a portion of the grid. Compare these 
crystals with those of Fig. 2. Magnification approximately 650X. 

Fig. 8. Illustrating the more rectangular type of crystal obtained 
with increasing specific gravity of electrolyte. Compare this figure 
where forming was at a specific gravity of 1.25 with Fig. 3, where 
the specific gravity was 1.0S. Current density and temperature were 
as in Fig. 3. A portion of the grid metal alloy with segregated 
light-colored particles of antimony appears as a dark material 
at the left side of the photograph. Magnification approximately 
650X. 
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and appeared  to be uni formly  soft. In this case no 
large crystals  could be fcund with  e i ther  rel ief  pol-  
ishing or polar ized light,  and it must  be concluded 
tha t  condit ions were  unfavorable  to the i r  formation.  
Under  these conditions only the  small  polyhedrons  
were  detected in e i ther  the formed or unformed por -  
tions of the  plate.  

I t  was found tha t  for a given specific g rav i ty  of 
e lect rolyte  and current  densi ty  tha t  the area of for -  
mat ion was at  a m a x i m u m  be tween  40~176 and 
decreased at both higher  and lower temperatures .  
Tempera tu re  also influenced the microstrueture .  
Thus, if at  the lowest  t empe ra tu r e  there  were  pres -  
ent only the long needle l ike  crysta ls  s imilar  to those 
shown in Fig. 7, these were  replaced  at a h igher  t em-  
pe ra tu re  by the shorter,  harder ,  more rec tangula r  
forms shown in Fig. 8, but  usual ly  of l a rger  size. This 
l a t tc r  form was almost  inva r i ab ly  found at  those 
t empera tu res  where  the area  of format ion was at a 
maximum.  At  st i l l  h igher  t empera tu re s  the open 
rec tangular  forms were  replaced  by  large  rough, i r -  
r egu la r ly  shaped par t ic les  tha t  had a un i form ha rd -  
ness throughout  thei r  cross section, Fig. 9, but  which 
were  not ve ry  numerous.  In general ,  the effect of a 
t empera tu re  increase was to produce shorter,  th icker  
crystals ,  wi th  a more i r regu la r  outl ine than  those 
formed under  otherwise  equivalent  condit ions but  at 
a lower  t empera ture .  

Comparison of Fig. 4, 5, and 6 shows that  wi th  a 
given t empera tu re  and specific g rav i ty  ihere  was an 
increasingly large  area  of format ion as ihe  current  
densi ty was decreased. The microcrys ta ls  formed at 
the three  current  densit ies emplcyed  had roughly  
the same shape when compared at equivalent  t em-  
pe ra tu re  and specific g rav i ty  of e lect rolyte  except  
that  the indiv idual  crysta ls  were  much smal ler  and 
more numerous  for each increase in current  density.  

Mechanism of Formation--Negative Plate 
The process of format ion in the negat ive  pla te  

fol lowed a quite different  course f rom that  in the 
positive. In i t ia l ly  reduct ion took place at the nega-  
t ive grid jus t  as oxidat ion also or iginated at the grid 
of the posi t ive plate.  But whereas  the  lead dioxide 
formed a more or less uni form cyl inder  of react ion 
around the grid the negat ive  pla te  react ion proceeded 
at  once to the  surface by  the most  direct  route.  This 
route  was usual ly  along both sides of any cracks tha t  
opened to the surface. Wherever  the react ion reached 
the surface it spread  rap id ly  to cover it, so that  the 
two surfaces of the p la te  were  quickly  conver ted to 
crystals  of lead a l though the in ter ior  of the pla te  re -  
mained unformed unt i l  long af te rward ,  Fig. 10. This 
was quite the  opposite to what  occurred in the posi-  
t ive plate,  and erroneous conclusions would have 
been obtained if the p la te  had not been sectioned. 

In ~he or iginal  dried,  unformed,  negat ive  p la tes  
used for these exper iments  only the small  po lyhedra l  
lead sulfate crysta ls  were  found. In the formed or 
pa r t i a l ly  formed plates  this also appeared  to be the  
case. During the forming these crysta ls  were  ob- 
served to become t rans lucent  and finally to dissolve 
in the immedia te  v ic in i ty  of lead crystals  a l r eady  
formed or at the grid. Under  the  conditions used for 
the first pa r t  of the exper iment ,  where  a s tudy was 
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Fig. 9. The large irregular crystals that appear at high tempera- 
ture. Note that these are hard and dense throughout and are 
surrounded by an area of the softer lead dioxide, which is shown as 
the dark featureless material surrounding the large grains. Do not 
confuse this with the dark appearing grid at the left of the picture. 
Unformed paste also appears at the right. Formed at 80~ 
specific gravity and current density were as in Fig. 8. Magnifica- 
tion approximately 650X. 

Fig. 10. Upper photograph: Cross section through negative plate 
after 6 hr forming time, showing how surface is formed prior to the 
interior. The two oval dark areas are cross sections through grid 
members as is the dark line that bisects the lower photograph 
horizontally. Lower photograph: Plane section of negative plate 
with 2 hr forming time. Note that formation does not proceed 
uniformly from the grid, but preferentially along the sides of 
cracks that allow entrance of electrolyte. Conditions of formation 
the same as for Fig. 1. Magnification approximately 8X. 

made of sections removed  at  var ious  stages of the 
forming process, the lead crysta ls  tha t  formed at  the 
grid or on .o the r  lead crysta ls  in contact  wi th  the 
grid were  observed to have long needle l ike  s t ruc ture  
and to be so densely in te rmingled  as to make  difficult 
indiv idual  examinat ion,  Fig. 11. 

Ef/ect of Changing the Forming Conditions-- 
Negative Plate 

In the negat ive  p la te  it was found tha t  the greates t  
area  of formed mate r i a l  was at a specific g rav i ty  of 
e lect rolyte  of about  1.25, be tween  30 ~ and 60~ and 
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Fig. 13. Graph showing a very slight increase in area of formed 
material over the previous figure, but here the current density was 
increased to 0.25 amp/din ~. 

Fig. 11. Appearance of lead crystals in the negative plate. Such 
crystals are scattered fairly uniformly throughout the area where 
formation has occurred. The area containing such crystals increased 
with the time of forming rather than the number of crystals per 
unit area. As a result the material in the area between crystals, as 
shown here, would not be converted until quite late in the process. 
Toward the end of the forming period, however, the number of 
crystals of lead would enormously increase and would no longer 
be individually distinguishable. Magnification approximately 200X. 

t h a t  c u r r e n t  d e n s i t y  d id  not  h a v e  v e r y  m u c h  effect 
w h e n  the  t e m p e r a t u r e  and  specific g r a v i t y  was  as 
s t a t ed  above ,  Fig.  12, 13, and  14. A s  can  be  seen  f r o m  
Fig.  12 the  lowes t  c u r r e n t  d e n s i t y  d id  cause  an  i n -  
c rease  of t he  a r e a  of f o r m e d  m a t e r i a l  w h e n  f o r m i n g  
took  p l ace  in  low specific g r a v i t y  e l ec t ro ly t e ,  b u t  the  
a m o u n t  does  not  a p p e a r  to be  s ignif icant .  The  com-  
b i n a t i o n  of h igh  t e m p e r a t u r e  a n d  h igh  ac id  g r a v i t y  
not  on ly  p r o d u c e d  no f o r m i n g  b u t  caused  ac tua l  
s h e d d i n g  of p l a t e  m a t e r i a l .  

W h e n  the  n e g a t i v e  p l a t e s  w e r e  e x a m i n e d  a t  h igh  
magn i f i ca t ion  i t  was  found  t h a t  c o n s i d e r a b l e  change  
o c c u r r e d  in  t he  s t r u c t u r e  of the  l e ad  c rys t a l s  w h e n  
t h e  cond i t ions  of f o r m i n g  w e r e  va r i ed .  S ince  the  l e ad  
c rys t a l s  w e r e  de f in i t e ly  f o r m e d  b y  depos i t i on  f r o m  
so lu t ion  a f t e r  the  d i s so lu t ion  of t h e  n e c e s s a r y  a m o u n t  
of l e ad  su l f a t e  t h e i r  s t r u c t u r e  d id  no t  d e p e n d  on the  
p re sence  of a n y  p a r t i c u l a r  k i n d  of c r y s t a l  b u t  on ly  
on the  a v a i l a b i l i t y  of l ead  ion. 
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Fig. 12. Graph showing that a maximum occurred in the area of 
formed material of the negative plate when the electrolyte had a 
specific gravity of between 1.15 and 1.25 and was used at about 
40oc. The same total quantity of electricity was employed for all 
samples and the current density was 0.025 amp/dm ~. 
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Fig. 14. Graph showing the somewhat lower area of formed ma- 
terial obtained when the current density was further increased to 
2.5 amp/dm ~. Comparison of Fig. 12, 13, and 14 with Fig. 4, 5, and 
6 indicates that current density had a more pronounced effect on 
positive plate formation than on that of the negative plate. 

Two m a i n  t y p e s  of s t r u c t u r e  w e r e  obse rved .  De-  
p e n d i n g  on the  cond i t ions  e m p l o y e d  t h e  l e ad  c r y s t a l s  
w e r e  e i t he r  long  a n d  n e e d l e l i k e  or  r o u g h l y  spher ica l .  
I t  was  suspec t ed  t h a t  t he  n e e d l e l i k e  c r y s t a l s  a t  t imes  
h a d  a b r a n c h e d  s t ruc tu re ,  b u t  t h e y  w e r e  u s u a l l y  so 
c lose ly  i n t e r m i n g l e d  t ha t  i t  was  diff icult  to d e t e r m i n e  
this ,  Fig .  15. F o r  t h e  s ame  r e a s o n  t h e r e  was  a pos -  
s ib i l i t y  t ha t  t he  s o - c a l l e d  s p h e r i c a l  c rys t a l ,  s ince  i t  
showed  no c l e a r l y  def ined  faces,  m i g h t  in  r e a l i t y  be  
a mass  of n e e d l e l i k e  f i l amen t s  r a d i a t i n g  f r o m  a c o m -  
m o n  nuc leus  b u t  w i t h  each  n e e d l e  so fine as  to be  
b e l o w  t h e  l i m i t  of op t i ca l  m ic roscope  r e s o l u t i o n  t hus  
g iv ing  the  i m p r e s s i o n  of a sol id  s p h e r i c a l  objec t ,  
Fig .  16. 

The  m a j o r  change  in c r y s t a l  a p p e a r a n c e  p r o d u c e d  
b y  v a r y i n g  t h e  f o r m i n g  cond i t ions  was  to a l t e r  t h e  
size of these  c r y s t a l s  and  to c o n v e r t  one t y p e  in to  t he  
o ther .  The  l a r g e s t  c r y s t a l s  of t he  n e e d l e l i k e  a p p e a r -  
ance  w e r e  p r o d u c e d  w h e n  t e m p e r a t u r e ,  specific 
g r a v i t y ,  and  c u r r e n t  d e n s i t y  w e r e  a l l  a t  t h e  m i n i -  
m u m  of  t he  ser ies .  The  c r y s t a l s  d id  no t  a p p e a r  v e r y  
sens i t ive  to changes  in  t e m p e r a t u r e  w i t h i n  t he  r a n g e  
i nves t i ga t ed .  T h e r e  was  a s l igh t  t endency ,  h o w e v e r ,  
for  t he  a v e r a g e  c r y s t a l  size to b e c o m e  s m a l l e r  as  t h e  
t e m p e r a t u r e  was  inc reased .  C h a n g e  in  t h e  specific 
g r a v i t y  of e l e c t r o l y t e  h a d  t h e  mos t  effect on c r y s t a l  
a p p e a r a n c e .  W h e n  the  specific g r a v i t y  was  i n c r e a s e d  
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Fig. 15. View of the unusually large dendritic type crystals of 
lead formed in the negative plate at 4~ an electrolyte specific 
gravity of 1.05 and at a current density of 0.025 amp/dm ~. The 
long lead filaments appear to have an irregular and porous surface 
that may possibly consist of much smaller secondary filaments. Mag- 
nification approximately 650X. 

Fig. 16. View of the spherical type of lead crystals formed in the 
negative plate when the specific gravity of electrolyte was 1.45, the 
temperature 4~ and the current density 2.5 amp/dm 2. Magnifica- 
tion approximately 650X. 

the crystals  were  found to become coarser,  tha t  is, 
the needle l ike  forms became short  and thick and ap-  
peared  in dense groups. At  the higher  specific g rav i -  
ties these groups appeared  to be replaced  by the 
spherical  par t ic les  of lead which, as has been said, 
might  possibly be composed of many  ex t r eme ly  
small  needle l ike  forms. 

At  a constant  t empera tu re  and specific gravi ty ,  
forming at an increased current  densi ty  produced 
smal ler  crysta ls  in the same manner  as tha t  caused 
by increasing the t empera tu re  when specific g rav i ty  
and current  densi ty  were  held constant.  

The most extens ive  area  of format ion occurred 
in the samples wi th  the needle l ike  crysta ls  and the 
min imum area  of format ion  in those plates  con- 
ta ining the spherical  par t ic les  of lead. The area  of 
format ion was more extensive when the needle l ike  
crysta ls  were  of smal l  size than  when they  were  
large. 

Discussion 

The da ta  obtained are insufficient to a r r ive  at any 
definite conclusions, but  some very  in teres t ing sup- 
posit ions can be made, pa r t i cu la r ly  in the case of 
the posit ive plate.  There was definite evidence tha t  
a par t i cu la r  large  type of crys ta l  was the first to 
undergo react ion to form the lead dioxide. At  the 
same t ime it was found that  forming could take  place 
in the absence of this type  of crys ta l  but  apparen t ly  
at a much slower rate.  

It therefore  appears  obvious that  this type  of 
crys ta l  which produces a crys ta l  s t ruc ture  and affin- 
i ty for oxygen so different f rom that  of the far  more 
numerous  small  regula r  polyhedrons  must  represent  
a different  chemical  compound. While  de te rmina t ion  
of the ident i ty  of these compounds was not a t t empted  
in the present  exper iment  it  is possible to make  
a ten ta t ive  identif ication based on prev ious ly  pub-  
l ished work. 

Lander  (4) establ ished the composition of three  
compounds obta ined by boil ing wate r  suspensions 
of lead monoxide, PbO, and lead sulfate, PbSO,, in 
the proper  ratios. Two of these compounds were  
found to be basic sulfates:  te t rabas ic  lead sulfate, 
PbSO, '4PbO and monobasic lead sulfate, PbSO~ 
PbO. The th i rd  compound appeared  to be a hydra te  
and was t en ta t ive ly  identified as the monohydra te  
of t r ibasic  lead sulfate,  PbSO~'3PbO'H~O. Ika r i  (5) 
s tudied the p repara t ion  of the monohydra te  of t r i -  
basic lead sulfate and concluded that  its format ion 
was modified by  the par t ic le  size of the PbO used 
and by whether  the red or yel low modification was 
employed.  The method of d ry ing  and the amount  
of CO... in the dry ing  a tmosphere  also influenced the 
yield. Takagaki  (6-8) and Ikari ,  Yoshizawa and 
Okada (9, 10) s tudied the basic oxides that  were  
found in pas ted  plates  made f rom various rat ios 
of PbO and PbSO,. They found var ia t ions  in the 
amount  of basic oxides and the points of max ima  
depending on whe ther  they  used the red or yel low 
form of PbO and on the size of the lead monoxide 
particles.  They agreed on the addi t ional  significant 
observat ion tha t  the te t rabas ic  lead sulfate  was en-  
t i re ly  absent  f rom those pastes  tha t  were  dr ied  at  
t empera tu res  below 60~ and was found in pastes 
that  were  dr ied above 80~ or s team dried,  ap-  
pa ren t ly  formed at the h igher  t empe ra tu r e  by  the 
decomposit ion of the hydra t ed  t r ibasic  salt  into the 
te t rabas ic  and monobasic forms. 

The theoret ica l  points of max ima  in the PbO, 
PbSO, mix tures  should occur at  approx ima te ly  25 
weight  percent  of the  lead sulfate  for the format ion 
of te t rabas ic  lead sulfate, PbSO4-4PbO; at approx-  
imate ly  31% of lead sulfate for the format ion 
of the  monohydra te  of t r ibasic  lead sulfate, PbSQ," 
3PbO.H_~O; and at approx ima te ly  58% of lead sul-  
fate  for the format ion of monobasic lead sulfate,  
PbSO4"PbO. None of the authors  cited above re-  
por ted  agreement  wi th  the theoret ica l  percentages  
under  all  of the  conditions invest igated,  but  Ikari ,  
u  and Okada (9) appeared  to a t ta in  
agreement  wi th  these values  when using s team 
dr ied pastes made from ei ther  modification of the 
lead monoxide wi th  mean par t ic le  size of 0.9~ or 
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less. Takagaki  (6) appa ren t ly  reached agreement  
only when using the yel low modification and s team 
drying,  but  par t ic le  size was not specified. 

In summariz ing the work  of these var ious  authors  
it would appear  tha t  in mix tures  containing f rom 
0 to 25% PbSO~ the unreac ted  PbO wil l  diminish 
to insignificant amounts  and the PbSO~'3PbO'H~O 
wil l  increase to a m a x i m u m  at 25% PbSO4. Provided  
the t empera tu re  of mixing has been main ta ined  
below 60~ no crystals  of PbSO~-4PbO would be 
expected.  If the t empera tu re  has exceeded this value  
the amount  of PbSO,-3PbO'H~O found in this  
region wil l  decrease g rea t ly  and be replaced by  in-  
creas ingly  la rge  amounts  of PbSO,-4H~O as the 
amount  of PbSO4 in the or ig inal  mix tu re  increases 
toward  25%. Paste  mix tures  wi th  f rom 25 to 60% 
wil l  contain increas ingly  large amounts  of PbSO~- 
PbO while  PbSO~'3PbO.H~O in significant amounts  
will  d i sappear  at about 45-50% and PbSO, .4PbO 
wil l  l ikewise become insignificant at about 31%. 
Paste  mix tures  above 60% PbSO4 wil l  contain in-  
creasing amounts  of unreac ted  lead sulfate and de-  
creasing amounts  of PbSO~'PbO as the PbSO~ con- 
tent  in the or iginal  mix tu re  increases toward  100%. 

Ikari ,  Yoshizawa, and Okada (9) and Dodson (11) 
found tha t  the amount  of a-PbO~ found in a formed 
pasted p la te  increased as the specific g rav i ty  of the 
e lectrolyte  used in forming decreased and as the 
densi ty  of the or iginal  paste  used in forming in-  
creased. They also found tha t  the  amount  of a-PbO.o 
increased as the t empera tu re  used in format ion was 
increased,  but  the t empera tu res  used in thei r  exper i -  
ments  apparen t ly  did not exceed 60~ The Japanese  
authors  also showed tha t  an incubat ion period, af ter  
e lec t roformat ion  began, was requi red  before PbO~ 
could be detected in the paste. Both Dodson and the 
Japanese  workers  repor ted  that  ~-PbO~ was formed 
first, fol lowed at  a la te r  stage in the e lect roforming 
by increasing amounts  of fl-PbO~. Compar ing  these 
observat ions wi th  those in the present  paper  that  the 
first conversion to PbO~ is at the surface of a pa r -  
t icular  species of crystal ,  tha t  these crysta ls  in-  
crease in number ,  length and regu la r  habi t  wi th  de-  
creasing e lect rolyte  specific gravi ty ,  cur rent  density,  
and tempera ture ,  and tha t  these crystals  appa ren t ly  
form as a first step in electrolysis,  develops a strong 
suspicion tha t  the hard  dense surface layer  on these 
crystals  must  be the a-PbO~ observed by the ear l ie r  
workers  employing x - r a y  analysis.  F u r t h e r  data  
from the cited papers  indicate tha t  max imum for-  
mat ion of a-PbO~ occurred under  condit ions tha t  
would cause max imum format ion of PbSO,-3PbO- 
H..,O. This indicates tha t  the observed crystals  on 
which the PbO.. format ion first occurred were  p rob-  
ably  the monohydra te  of the t r ibasic  lead sulfate. 
Doubt  is cast on this conclusion by Takagaki ' s  photo-  
micrographs  (7) which show crysta ls  s imilar  in size 
and shape to those repor ted  in the present  paper  but  
which he identified as the te t rabas ic  lead sulfate, 
PbSO~'4PbO. However,  since the format ion of ~- 
PbO~ is genera l ly  observed as a surface layer  on the 
under ly ing  crys ta l  it is p robable  tha t  in this layer  
of the crys ta l  there  has occurred some change pr ior  
to PbO~ formation.  This might  be caused by  the 

t rans format ion  of PbSO~'3PbO'H~O into PbSO," 
4PbO and PbSO4"PbO, as repor ted  by  Lander  (4) 
or the format ion of some as yet  unidentified, re la -  
t ive ly  unstable,  in te rmedia te  compound on the crys-  
tal  surface. It is evident  tha t  fu r ther  invest igat ion 
will  be requi red  to sett le this. 

On the basis of the foregoing some very  in te res t -  
ing speculat ion is in order  concerning the ever  
present  p roblem of increasing the efficiency and 
longevi ty  of ba t t e ry  plates. For  if a continuous film 
of hard  dense lead dioxide is being formed on the 
surface of a pa r t i cu la r  crystal ,  the presence of a 
sufficient number  of such crystals  of the proper  size 
and shape should ensure a continuous ne twork  of 
such hard  s t ruc ture  throughout  the p la te  and the 
separat ion of the softer ma te r i a l  into small  cells 
held together  by the hard  film, somewhat  as shown 
in Fig. 17. This hard  lead dioxide film should have 
a grea ter  densi ty  than  the sur rounding softer  ma-  
te r ia l  and therefore  grea ter  electr ical  conductivi ty.  
If it  does consist of a-PbO~ then this would as- 
sured ly  be t rue  because of the grea te r  oxygen de-  
ficiency. Less electr ical  resis tance would therefore  
be encountered be tween the grid and the more dis-  
tant  port ions of the active mate r ia l  and the electron 
flow would be expedi ted.  

Perhaps  an even more impor tan t  point  would be 
the possibi l i ty  of prolonging p la te  life by  the re -  
tent ion of active mater ia l .  Ikar i ,  Yoshizawa, and 
Okada (13, 14) and Dodson (12) showed tha t  the 
discharge capaci ty  of the a-PbO~ was not as great  
as tha t  of the  B-PbO~. In exper iments  wi th  solid 
electrodes of the two forms of lead dioxide (13) 
the Japanese  workers  showed tha t  the dischargeable  
thickness when the porosi ty  of the mate r ia l  was 
zero was be tween 0.3 and 0.4tL on a-PbO,~ and about 
1~ on fi-PbO_~. Prov ided  a sufficiently thick film of 

Fig. 17. Photomicrograph illustrating a type of structure that 
might ass:st in active-material retention and electrical conductance 
for the positive plate. Here the original crystals have been overlaid 
by a hard, dense surface layer of what is presumably a-Pb02. These 
crystals are sufficiently interlaced so that this surface layer of PbO~ 
when envisioned in three dimensions could act as a cellular net- 
work throughout the paste. Crystals were formed at 40~ 0.23 
amp/dm 2 current density, and 1.05 sp gr of electrolyte. Magnifica- 
tion approxlmatety 650X. 
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~-PbO~ was  p r e s e n t  i n i t i a l l y  on the  a p p r o p r i a t e  c r y s -  
t a l  fo rms ,  i t  can  be  seen t h a t  t he  su r face  l a y e r  of 
l ead  su l fa t e  f o r m e d  b y  the  i n i t i a l  d i s cha rge  w o u l d  
be c o n v e r t e d  to fi-PbO.~ on the  n e x t  cha rge  cycle  
and  t ha t  s u b s e q u e n t  c h a r g e - d i s c h a r g e  cycles  w o u l d  
t e n d  to t a k e  p l a c e  in  th is  su r face  l a y e r  and  t ha t  
p e n e t r a t i o n  in to  the  u n d e r l y i n g  a -PbO2 w o u l d  oc-  
cur  v e r y  s l owly  or  not  a t  all .  I t  has  been  r e p o r t e d  
b y  Ika r i ,  Yosh izawa,  and  O k a d a  (13) t h a t  w h e n  
l a y e r s  of ~-PbO~ w e r e  p r e s e n t  u n d e r  the  fl-PbO.~ 
t ha t  d i s cha rge  of  the  fl-PbO~ occu r r ed  first, f o l l owed  
b y  the  d i s cha rge  of t he  ~-PbO... These  e x p e r i m e n t e r s  
have  also r e p o r t e d  t h e  i n t e r i o r  of p l a t e s  to be  
s t r o n g l y  a l k a l i n e  even  a f t e r  long i m m e r s i o n  in acid,  
and  i t  is l i k e l y  t h a t  the  i n t e r i o r  of a t w o - l a y e r  coa t -  
ing  such as has  been  p r o p o s e d  w o u l d  r e m a i n  p e r -  
m a n e n t l y  in a s t a t e  of low h y d r o g e n  ion c o n c e n t r a -  
t ion.  The  p r e s e n t  a u t h o r s  in t he  l igh t  of t he  f o r e -  
going  r e p o r t s  see no r ea l  obs tac le  to t he  f o r m a t i o n  
of a n e t w o r k  of ,~-PbO.o t h r o u g h o u t  the  mass  of ac -  
t ive  m a t e r i a l  t h a t  w o u l d  s e r v e  s i m u l t a n e o u s l y  as a 
con t inuous  c u r r e n t  p a t h  and  a b i n d e r  to r e t a i n  and  
s u p p o r t  t he  b a l a n c e  of t h e  p a s t e  m a d e  up  of sma l l  
p o l y h e d r o n s  of fl-PbO~. By  the  m e c h a n i s m  p r e -  
v ious ly  o u t l i n e d  th is  n e t w o r k ,  p r o v i d e d  i t  h a d  suf -  
f icient th ickness ,  w o u l d  be cove red  b y  an  ou te r  l a y e r  
of ~-PbO~ w h i c h  w o u l d  p ro t ec t  t he  u n d e r l y i n g  
s t r u c t u r e  and  a l t e r n a t e  f r o m  PbO.~ to P b S O ,  w i t h  
each  cyc le  of c h a r g e  a n d  d i scharge .  The  u n d e r l y i n g  
a-PbO.~ w o u l d  not  cyc le  at  a l l  o r  conve r s ion  w o u l d  
be  at  such  a s low r a t e  t h a t  m a n y  cycles  w o u l d  be r e -  
q u i r e d  to d e s t r o y  it. 

In  an  a t t e m p t  to conf i rm th is  l ine  of r ea son ing  an  
e x a m i n a t i o n  was  m a d e  of a l i m i t e d  n u m b e r  of p l a t e s  
t ha t  w e r e  a v a i l a b l e  w i t h  k n o w n  p e r f o r m a n c e  da ta .  
I t  was  f o u n d  t h a t  in  a l l  cases  of success fu l  p e r -  
f o r m a n c e  a t y p e  of s t r u c t u r e  such as has  been  a n -  
t i c i p a t e d  a n d  d e s c r i b e d  a b o v e  was  p r e s e n t  a n d  s t i l l  
v i s ib le ,  for  e x a m p l e ,  in  p l a t e s  t ha t  h a d  b e e n  on 
open c i r cu i t  for  fou r  yea r s ,  or on f loat  for  n ine .  F o r  
t he  cases  of unsuccess fu l  o p e r a t i o n  i t  was  f o u n d  t h a t  
a h a r d  n e t w o r k  was  c o m p l e t e l y  l a ck ing  a l t h o u g h  
h a r d  i so la ted  p a r t i c l e s  w e r e  occas iona l ly  p resen t .  
I t  was  r e p o r t e d  b y  B u r b a n k  (15) ,  who  s t ud i e d  the  
x - r a y  d i f f rac t ion  p a t t e r n  of some of these  p la tes ,  
t ha t  those  p l a t e s  h a v i n g  the  t y p e  of s t r u c t u r e  d e -  
s c r ibed  a b o v e  also gave  ev idence  of l a rge  a m o u n t s  
of ~-PbO~ w h e r e a s  those  in w h i c h  i t  was  absen t  d id  
not.  The  absence  of the  a b o v e  d e s c r i b e d  n e t w o r k  
of h a r d  m a t e r i a l  and  the  s i m u l t a n e o u s  absence  of 
~-PbO~ in p l a t e s  w i t h  u n s a t i s f a c t o r y  p e r f o r m a n c e  
a p p e a r s  s ignif icant .  

F u r t h e r  con f i rma t ion  is s u p p l i e d  b y  the  w o r k  of 
Dodson  (12) in w h i c h  he  r e p o r t e d  t h a t  on SAE 
O v e r c h a r g e  L i fe  Tes ts  t h e  b a t t e r i e s  con t a in ing  ~-  
PbO~ o u t l a s t e d  p r o d u c t i o n  ba t t e r i e s ,  and  the  s ame  
a p p e a r e d  to be  t r u e  of S A E  Cyc le  L i f e  Tes ts  a l t h o u g h  

the  t es t  r e su l t s  w e r e  no t  as conc lus ive  as  in  t he  
f o r m e r  case. 

S ince  the  r e p o r t s  of Dodson  and  of t he  v a r i o u s  
J a p a n e s e  w o r k e r s  p r e v i o u s l y  c i t ed  i nd i ca t e  t he  
s teps  n e c e s s a r y  to p r o d u c e  a p a s t e  w i t h  t h e s e  c h a r -  
ac te r i s t i c s  i t  shou ld  p r o v e  to be  a r e l a t i v e l y  s imple  
m a t t e r  to p r o d u c e  a pos i t ive  pas t e  of good r e t e n -  
t ion  and  long l i fe  shou ld  these  suppos i t ions  p r o v e  to 
be correc t .  

In  the  case  of t he  n e g a t i v e  p l a t e  t he  bas ic  cause  
of f a i l u r e  is no t  loss of ac t ive  m a t e r i a l ,  b u t  a p p e a r s  
to be  t h r o u g h  t h e  f o r m a t i o n  of l a rge  su l f a t e  c ry s t a l s  
t ha t  b lock  the  pores  of t h e  p l a t e  and  t h r o u g h  a 
g r a d u a l  conve r s ion  of t he  n e e d l e l i k e  l e a d  c rys t a l s  
to p o l y h e d r a l  fo rms  w i t h  m u c h  less r e a c t i v e  sur face .  
T h e r e  was  no i nd i c a t i on  f r o m  the  fo rego ing  e x p e r i -  
m e n t  t h a t  a n y  so lu t ion  to th i s  p r o b l e m  could  be  
f o u n d  in t he  m e t h o d  used  fo r  t he  f o r m i n g  process .  
He re  the  mechan i c s  of t he  p rocess  r e q u i r e  the  so lu -  
t ion  a n d  r e p r e c i p i t a t i o n  of t h e  c r y s t a l s  a l t e r n a t e l y  
e i t he r  as l e ad  or  as l e ad  su l fa t e  acco rd ing  to w h e t h e r  
t he  cel l  is c h a r g i n g  or  d i scha rg ing .  I t  does  no t  a p -  
p e a r  l i k e l y  t h a t  t he  f o r m  of c r y s t a l  p r o d u c e d  by  the  
f o r m i n g  process  could  ex i s t  long enough  to h a v e  
a n y  p r o l o n g e d  effect on p e r f o r m a n c e .  

Manuscr ip t  received Jan.  16, 1962; revised manuscr ip t  
rece ived  May 18, 1962. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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ABSTRACT 

The ox ide -me ta l  in terface  of samples  of two i ron-  and n icke l -conta in ing  
a luminum alloys and commercia l  a luminum was examined  by  opt ical  micro-  
scopy af te r  short  exposures  to h i g h - t e m p e r a t u r e  pure  water .  The in i t ia l  a t t ack  
proceeds fas ter  on the  second phase par t ic les  in the  a luminum than  on the sur -  
rounding  matr ix ,  but  wi th  t ime a reversa l  in re la t ive  corrosion rates  occurs. The 
t ime at  which this reversa l  occurs var ies  wi th  t empera ture ,  and af ter  i t  occurs 
the a luminum ma t r i x  surface recedes  pas t  the second phase  par t ic les  leaving 
them isolated and not  fu r the r  corroded.  The method of p repa r ing  the sample  for  
examina t ion  is descr ibed briefly. 

D r a l e y  et al. (1 -3 )  h a v e  shown  t h a t  a l u m i n u m  
can be  m a d e  v e r y  m u c h  m o r e  r e s i s t a n t  to co r ros ion  
in  h i g h - t e m p e r a t u r e  w a t e r  b y  a l l o y i n g  w i t h  ca thod ic  
meta l s ,  such as i ron  a n d  nickel .  K r e n z  and  B ie f e r  
(4, 5) h a v e  r e p o r t e d  c o n s i d e r a b l e  t e s t i ng  of two 
such a l loys  ( a l loy  10155 and  a l loy  10157) d e v e l o p e d  
at  A t o m i c  E n e r g y  of C a n a d a  Ltd. ,  and  h a v e  c o r r e -  
l a t e d  the  e n h a n c e d  p r o p e r t i e s  of these  a l loys  w i t h  
p re sence  of second  p h a s e  pa r t i c l e s  in  t he  m e t a l  and  
t h e i r  size and  d i s t r i bu t i on .  This  r e q u i r e m e n t  for  
a u n i f o r m  fine d i s t r i b u t i o n  of second  p h a s e  p a r t i c l e s  
h a d  a lso  been  p u t  f o r w a r d  b y  D r a l e y  a n d  R u t h e r  (6 ) ,  
Cor iou  et al. (7) ,  and  B r o w n  et  aI. (8) .  Ca r l s e n  (9)  
has  m a d e  o b s e r v a t i o n s  on the  b e h a v i o r  of second  
phase  m a t e r i a l  w h e n  s e g r e g a t e d  in g r a i n  b o u n d a r i e s  
of cas t  a l loys  and  s h o w e d  t h a t  a t t a c k  o c c u r r e d  m o r e  
r a p i d l y  in t hese  reg ions .  H o w e v e r ,  in  t he  p r e v i o u s  
w o r k  no specific i n f o r m a t i o n  was  o b t a i n e d  as  to 
h o w  t h e  second  p h a s e  p a r t i c l e s  t h e m s e l v e s  b e h a v e d .  

The  p r o g r a m  of i n v e s t i g a t i o n  a t  t he  N a v a l  R e -  
sea rch  E s t a b l i s h m e n t  has  c o n c e n t r a t e d  on the  i n i t i a l  
p e r i o d  of f i lm fo rma t ion ,  and  f i lms f r o m  spec imens  
e x p o s e d  for  pe r i ods  v a r y i n g  f r o m  1 ra in  to 7 h r  
have  been  e x a m i n e d  b y  e l ec t ron  and  op t i ca l  m i c r o s -  
copy.  Some  of t h e  r e su l t s  of th is  w o r k ,  as r e p o r t e d  
p r e v i o u s l y  (10-12) ,  h a d  r e v e a l e d  the  b e h a v i o r  of 
second  p h a s e  p a r t i c l e s  a t  t he  m e t a l - o x i d e  i n t e r f a c e  
a f t e r  7 h r  of e x p o s u r e  and  the  r e l a t i o n  b e t w e e n  
these  p a r t i c l e s  and  topo log ica l  f e a t u r e s  of t h e  i n -  
n e r m o s t  and  o u t e r m o s t  su r f ace  of t he  ox ide  film. 
More  r e c e n t l y ,  c o m p l e t e  sets  of e x p o s u r e s  w e r e  
c o m p l e t e d  on  c o m m e r c i a l  a l u m i n u m  a n d  two  spe -  
c ia l  i r o n -  a n d  n i c k e l - c o n t a i n i n g  a l loys  ove r  t he  t i m e  
r a n g e  1 m i n  to 7 h r  a t  5 d i f fe ren t  t e m p e r a t u r e s .  Each  
m e t a l - o x i d e  i n t e r f ace  was  e x a m i n e d  in d e t a i l  on 
c ro s s - s ec t i oned  s a m p l e s  us ing  spec i a l l y  d e v e l o p e d  
m e t a l l o g r a p h i c  t e chn iques  (13-15) .  B y  fo l lowing  the  
cond i t ion  of t he  o x i d e - m e t a l  i n t e r f a c e  d u r i n g  the  
in i t i a l  s t ages  of corros ion,  th is  w o r k  has  y i e l d e d  

n e w  i n f o r m a t i o n  on the  b e h a v i o r  of second  p h a s e  
pa r t i c l e s .  

Experimental 
The  t e c hn ique s  and  a p p a r a t u s  used  in  o b t a i n i n g  

c o r r o d e d  s a m p l e s  a r e  s t a n d a r d  and  have  been  used  
b y  the  a u tho r s  a l r e a d y  c i ted  as  w e l l  as n u m e r o u s  
others .  As  the  focus in th is  w o r k  was  on shor t  e x -  
posu re  t imes ,  s l igh t  modi f ica t ions  w e r e  m a d e  in  t he  
m o r e  u s u a l  a p p a r a t u s  and  these  have  been  d e s c r i b e d  
p r e v i o u s l y  in  d e t a i l  (10) .  I n  br ie f ,  a t a n d e m  a u t o -  
c l ave  s y s t e m  was  used  so t h a t  h e a t e d  w a t e r  a t  t he  
p r o p e r  t e m p e r a t u r e  cou ld  be  b r o u g h t  in con tac t  w i t h  
an a n n e a l e d  m e t a l  spec imen ,  h e l d  at  t e s t  t e m p e r a -  
t u r e  in a rgon,  b y  t u r n i n g  a v a l v e  connec t ing  bo th  
au toc laves .  The  e x p o s u r e  p e r i o d  w a s  t e r m i n a t e d  
b y  open ing  an  ex i t  v a l v e  and  a l l o w i n g  the  w a t e r  
to escape  as s team.  

The  n o m i n a l  compos i t i on  of t he  a l loys  used  is 
s h o w n  in T a b l e  I. This  m a t e r i a l  was  o r i g i n a l l y  sup -  
p l i ed  b y  A t o m i c  E n e r g y  of C a n a d a  L td .  as  1/2 in. 
e x t r u d e d  rod  and  l a t e r  m a t e r i a l  w a s  o b t a i n e d  f r o m  
the A l u m i n u m  C o m p a n y  of C a n a d a  as  cas t  100-1b 
ingots  w h i c h  w e r e  s u b s e q u e n t l y  g iven  t h e  s ame  
p h y s i c a l  t r e a t m e n t  as  the  e a r l i e r  m a t e r i a l  and  f ina l ly  
e x t r u d e d  as ~/2 in. d i a m e t e r  rod.  In  t he  cas t  m a t e r i a l  
t h e  second  phase  p a r t i c l e s  w e r e  s e g r e g a t e d  in  g r a i n  
bounda r i e s ,  b u t  in t he  e x t r u d e d  rod  the  second  p h a s e  
m a t e r i a l  was  d i spe r sed .  In  a l l oy  10155 the  second  
p h a s e  p a r t i c l e s  w e r e  l a r g e r  and  m o r e  i r r e g u l a r l y  
d i s t r i b u t e d  t h a n  in 10157. Such  o b s e r v a t i o n s  h a d  
also b e e n  m a d e  e a r l i e r  b y  B ie f e r  (4)  in his  w o r k  
w i t h  t hese  a l loys .  

S p e c i m e n s  3 /8  in. in  d i a m e t e r  a n d  5/16 in. l ong  
w e r e  cut  and  m a c h i n e d  f r o m  the  e x t r u d e d  1/2 in. 
rod,  and  t h e n  one  end  was  po l i shed  m e t a l l o -  
g r a p h i c a l l y  to 0.25~ d i a m o n d  in b a t c h e s  of 14 in a 
spec ia l  j ig .  F o l l o w i n g  th is  t he  s a m p l e s  w e r e  d e -  
g r e a se d  in  r e f luxed  t r i c h l o r e t h y l e n e  for  2 hr .  The  
spec imens  w e r e  m o u n t e d  on s ta in less  s tee l  r a c k s  
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Table I. Nominal composition of alloys 

A l l o y  % Ni  % Fe  % Si  

10155 0.5 0.5 0.2 
10157 2.0 0.5 0.2 

2S 
(Commercia l )  Fe ~ Si 0.4% total  for typical  mater ia l .  

wh i l e  in  t he  a u t o c l a v e  and  s u b s e q u e n t l y  a n n e a l e d  
for  2 h r  in  a rgon  at  344~ in t he  d r y  au toc lave .  
A f t e r  th is  p rocedure ,  the  s amp le s  w e r e  t hen  b r o u g h t  
to the  tes t  t e m p e r a t u r e  w h i l e  in a rgon,  and  w a t e r  

September 1962 

h a d  gone  t h r o u g h  the  c l ean ing  and  a n n e a l i n g  cycle,  
bu t  h a d  no t  been  e x p o s e d  to h i g h - t e m p e r a t u r e  w a t e r  
showed  no a t t a c k  of the  second  phase  pa r t i c l es .  W i t h  
10155 the  second  p h a s e  p a r t i c l e s  w e r e  l a r g e r  t h a n  
w i th  10157, and  the  p i t s  in t h e m  w e r e  c o r r e s p o n d -  
i n g l y  l a rge r .  

E x a m p l e s  of cond i t ions  a t  t he  m e t a l - o x i d e  in -  
t e r f ace  for  t he se  a l loys  a r e  shown  in Fig .  1-4. F i g u r e  
1 shows  the  m e t a l - o x i d e  i n t e r f a c e  of 10155 a f t e r  1 
min  of e x p o s u r e  at  150~ a n d  the  m o r e  r a p i d  a t -  
t a ck  on the  second  phase  p a r t i c l e s  is c l e a r l y  seen. 
Such  b e h a v i o r  also occu r r ed  at  t he  h ighes t  t e m p e r a -  
t u r e  of e x p o s u r e  as can be  seen  in  Fig .  2 a t  350~ at  t he  p r o p e r  t e m p e r a t u r e  a d m i t t e d  to the  a u t o -  

clave.  S a m p l e s  w e r e  e x p o s e d  a t  5 t e m p e r a t u r e s  ove r  
t he  r a n g e  150~176 and  for  8 t imes  v a r y i n g  f rom 
1 m i n t o  7 h r .  

A f t e r  exposure ,  the  s amp le s  w e r e  e x a m i n e d  in 
cross  sect ion.  To r e v e a l  g r e a t e r  de t a i l  a t  the  o x i d e -  
m e t a l  i n t e r f a c e  the  fo l lowing  t e c h n i q u e  was  used.  
The  spec imens  w e r e  coa ted  w i t h  a th in  f i lm of a l u -  
m i n u m  b y  v a c u u m  e v a p o r a t i o n ,  m o u n t e d  in d i a l l y l  
p h t h a l a t e  p las t ic ,  and  c ro s s - s ec t i oned  b y  g r i n d i n g  
on the  s a m p l e  p r e p a r a t i o n  whee l .  This  p r o c e d u r e  
has  been  d e s c r i b e d  in d e t a i l  p r e v i o u s l y  (13-15)  and  
leads  to m o u n t e d  spec imens ,  w i t h  e x c e l l e n t  edge  
p r e s e r v a t i o n ,  c l e a r l y  r e v e a l i n g  the  de ta i l  a t  t he  i n -  
t e r face .  

A f t e r  m o u n t i n g  and  cross  sect ioning,  t he  spec i -  
mens  w e r e  po l i shed  down  to 0.25/x d i a m o n d  on 
w a x e d  P e l l o n  1 d i sks  g i v e n  a f inal  po l i sh  to 0.1/x 
us ing  G a m a l .  2 F o l l o w i n g  pol i sh ing ,  spec imens  w e r e  
e t ched  for  a p p r o x i m a t e l y  3 sec in  d i l u t e  H F  (10 
d rops  of 28% H F  in 100 ml  w a t e r ) .  The  e t ch ing  t i m e  
was  g o v e r n e d  b y  the  t h i ckness  of the  e v a p o r a t e d  
a l u m i n u m  film, and  w h e n  this  was  th in ,  t he  s a m -  
p les  w e r e  g iven  a l i g h t e r  etch.  The  spec imens  w e r e  
t hen  w a s h e d  in w a t e r  and  alcohol ,  ho t  a i r  dr ied ,  
and  e x a m i n e d .  A l l  g r i n d i n g  a n d  po l i sh ing  d o w n  
to 0.25# was  done  w i t h  k e r o s e n e  as a l ub r i c an t ,  
wh i l e  po l i sh ing  w i t h  G a m a l  was  done  in w a t e r .  
The  spec imens  w e r e  p h o t o g r a p h e d  at  a magn i f i ca -  
t ion  of 800 us ing  35 m m  fi lm to r e c o r d  the  da ta .  
The  po l i sh ing  t e c h n i q u e  is c u r r e n t l y  u n d e r g o i n g  
f u r t h e r  r e f i n e m e n t  a n d  w i l l  be  d e s c r i b e d  in  d e t a i l  
e l s e w h e r e  w h e n  fu l ly  deve loped .  F o r  each  e x p o s u r e  
cond i t ion  at  l eas t  one r e p r e s e n t a t i v e  p h o t o g r a p h  
was  t aken ,  and  for  t h i c k e r  cor ros ion  f i lms at  l o n g e r  
e x p o s u r e  t imes  and  h i g h e r  t e m p e r a t u r e s  m o r e  t h a n  
one p h o t o g r a p h  was  t aken .  

Results 

In  g e n e r a l  t he  r e su l t s  for  v e r y  sho r t  exposures ,  
i.e., 1-30 min ,  r e v e a l e d  c o n s i d e r a b l e  d i f fe rence  
f rom the  b e h a v i o r  a t  the  i n t e r f a c e  p r e v i o u s l y  ob -  
s e rved  for  t he  7 -h r  samples .  The  d i f fe rence  was  a r e -  
ve r sa l  in  t h e  e l e c t r o c h e m i c a l  b e h a v i o r  of t he  second  
p h a s e  pa r t i c l es .  W h e r e a s  in the  p r e v i o u s l y  d e s c r i b e d  
7 - h r  work ,  the  second p h a s e  pa r t i c l e s  of t he  a l loys  
w e r e  o b s e r v e d  to be u n c o r r o d e d  and  s t a n d i n g  p r o u d  
of the  sur face ,  a t  1 ra in  t h e y  w e r e  m o r e  r a p i d l y  co r -  
r o d e d  t h a n  the  s u r r o u n d i n g  a l u m i n u m ,  and  p i t t i n g  
i n i t i a t e d  in t he  second phase  pa r t i c l e s .  B l a n k s  t h a t  

1 Geosc i ence  I n s t r u m e n t s  Co rpo ra t i on .  

F i s h e r  Sc ient i f ic  Co. G a m m a  A l u m i n a .  

B y  10 m i n  of e x p o s u r e  at  th i s  h i g h e r  t e m p e r a t u r e  
the  r e v e r s a l  in  r e l a t i v e  r a t e s  h a d  occu r r ed  and  the  
a l u m i n u m  m a t r i x  was  r e c e d i n g  fas ter .  F i g u r e  3, 

Fig. i. Cross section of 10155 alloy at IO00X after exposure to 
water at 150~ for 1 min. 

Fig. 2. Cross section of 10155 alloy at IO00X after exposure to 
water at 350~ for 1 min. 

Fig. 3. Cross section of 10155 alloy at IO00X after exposure to 
water at 350~ for 2 hr. 
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Fig. 4. Cross section of 10157 alloy at IO00X after exposure to 
water at 250~ for 1 min. 

taken  af ter  2 hr  exposure  at 350~ shows small  
second phase par t ic les  jus t  isolated wi th in  the oxide 
and in the process of being isolated at the oxide-  
meta l  interface,  as the a luminum ma t r i x  recedes 
past  them. In Fig. 4 the interface of 10157 af ter  1 
min exposure  at 250~ is shown. Again  with  this 
a l loy it is seen tha t  the  ini t ia l  corrosion a t tack  pro-  
ceeds r ap id ly  on the second phase  part icles.  The 
empty  pits in the  a luminum are p re sumab ly  the 
sites of smal l  second phase par t ic les  tha t  have been 
complete ly  corroded. A summary  of the behavior  

of the par t ic les  at the corroding interface  is given 
in Table II. 

The behavior  of 2S, a l though analogous, does not 
follow such c lear ly  defined trends.  With  this  ma te -  
rial,  several  types  of behavior  can be dis t inguished 
in the second phase particles.  The very  small  ones 
tha t  a lways  appeared  blue under  the microscope 
were  invar iab ly  uncorroded and remained  so and 
were  usual ly  even tua l ly  isolated from the su r round-  
ing a luminum matr ix .  The la rger  par t ic les  were  
in i t ia l ly  more r ap id ly  corroded;  some appeared  to 
main ta in  the more  rapid  corrosion over the  ent ire  
range of t imes and t empera tu res  invest igated,  while  
others appeared  to change, since with  t ime the 
a luminum around them corroded faster  than the 
part icles.  The la t te r  tendency resul ts  in an even-  
ing out of the surface over  some sections and the 
pa r t i a l  or complete isolation of the remnants  of the 
second phase par t ic les  in the oxide. The par t ic les  
that  did not change continued to corrode faster  than 
the sur rounding aluminum, leading to deep i r regu la r  
pits. Gra in  bounda ry  a t tack  leading in f rom the 
surface was observed at higher  t empera tu res  and 
appeared  consis tent ly  at 350~ With  2S at  longer  
exposure  t imes there  were  also a few examples  of 
slower corroding second phase par t ic les  p ro t rud ing  
through the me ta l -ox ide  interface,  and the corro-  
sion of the a luminum for regions immedia te ly  sur -  

Table II. Summary of interfacial corrosion behavior 

T i m e  of  
expo-  A l u m i -  More  r a p i d l y  c o r r o d i n g  phase  a t :  
sure ,  a u r a  
ra in  a l loy  150~ 200~ 250~ 300~ 350oc 

1 10155 2nd  p h a s e  pa r t i c l e s  2nd  phase  pa r t i c l e s  2nd p h a s e  pa r t i c l e s  2nd phase  pa r t i c l e s  2nd  phase  pa r t i c l e s  
5 10155 2nd  phase  pa r t i c l e s  2nd phase  pa r t i c l e s  2nd p h a s e  pa r t i c l e s  2nd phase  pa r t i c l e s  2nd phase  pa r t i c l e s  

10 10155 2nd p h a s e  pa r t i c l e s  2nd phase  pa r t i c l e s  M a t r i x  b e g i n n i n g  to M a t r i x  b e g i n n i n g  to  cor-  M a t r i x  
cor rode  f a s t e r  rode  fas te r  

15 10155 2nd  p h a s e  pa r t i c l e s  2nd phase  pa r t i c l e s  M a t r i x  M a t r i x  M a t r i x  
30 10155 M a t r i x  b e g i n n i n g  to cor-  M a t r i x  b e g i n n i n g  to M a t r i x  M a t r i x  M a t r i x  

rode  f a s t e r  r ecede  fas te r  
60 10155 M a t r i x  M a t r i x  M a t r i x  M a t r i x  M a t r i x  

120 10155 M a t r i x  M a t r i x  M a t r i x  M a t r i x  M a t r i x  
420 10155 M a t r i x  M a t r i x  M a t r i x  M a t r i x  M a t r i x  

1 10157 2rid p h a s e  pa r t i c l e s  2nd phase  pa r t i c l e s  2nd phase  pa r t i c l e s  2nd phase  pa r t i c l e s  a t  2nd p h a s e  pa r t i c les ,  m a t r i x  
some areas,  m a t r i x  a t  b e g i n n i n g  to  cor rode  
o the r s  f a s t e r  

5 10157 2nd p h a s e  pa r t i c l e s  2nd p h a s e  pa r t i c l e s  a t  2nd phase  pa r t i c l e s  a t  some 
some areas,  m a t r i x  a t  areas,  m a t r i x  a t  o the r s  

2nd  phase  pa r t i c l e s  M a t r i x  b e g i n n i n g  to 
cor rode  f a s t e r  

10 10157 2nd  phase  p a r t i c l e s  2rid p h a s e  p a r t i c l e s  M a t r i x  
15 10157 2rid phase  pa r t i c l e s  2nd  phase  pa r t i c l e s  M a t r i x  
30 10157 M a t r i x  b e g i n n i n g  to cor-  M a t r i x  b e g i n n i n g  to M a t r i x  

rode  f a s t e r  cor rode  f a s t e r  
60 10157 M a t r i x  M a t r i x  M a t r i x  

120 10157 M a t r i x  M a t r i x  M a t r i x  
420 10157 M a t r i x  M a t r i x  M a t r i x  

1 2S 2nd  phase  pa r t i c l e s  ex-  2nd  phase  pa r t i c l e s  2nd  p h a s e  pa r t i c l e s  
cept  for  some  sphe r -  excep t  for  some in  some areas ,  m a -  
ical  ones  s p h e r i c a l  oues  t r i x  in  o t h e r s  

5 2S 2nd phase  pa r t i c l e s  ex-  2nd  phase  pa r t i c l e s  M a t r i x  
cep t  fo r  some  sphe r -  excep t  fo r  some 
ical  ones  s p h e r i c a l  ones 

10 2S S a m e  as above ,  b u t  m a -  2nd  p h a s e  pa r t i c l e s  M a t r i x  
t r i x  s h o w e d  s igns  of  in  some  areas ,  ma -  
f a s t e r  c o r r o s i o n  i n  t r i x  in  o the r s  
some a reas  

15 2S M a t r i x  i n  some areas .  2nd  phase  pa r t i c l e s  M a t r i x  
2nd p h a s e  p a r t i c l e s  in  in  some areas,  ran- 
o the rs  t r i x  in  o the r s  

30 2S M a t r i x  M a t r i x  M a t r i x  

60 2S M a t r i x  M a t r i x  M a t r i x  

120 2S M a t r i x  M a t r i x  M a t r i x  

420 2S M a t r i x  M a t r i x  M a t r i x  

o the r s  
M a t r i x  
M a t r i x  
M a t r i x  

M a t r i x  
M a t r i x  
M a t r i x  

2nd  p h a s e  pa r t i c l e s  in -  
t e r g r a n u l a r  co r ros ion  

2nd phase  pa r t i c l e s  in -  
t e r g r a n u l a r  cor ros ion  

Ma t r i x .  Some  l a rge  2nd  
phase  pa r t i c l e s  cor-  
roded  fas te r .  I n t e r -  
g r a n u l a r  co r ros ion  

Ma t r i x .  Some  l a rge  2nd  
phase  pa r t i c l e s  cor-  
roded  fas ter .  I n t e r -  
g r a n u l a r  co r ros ion  

Mat r ix .  Some  l a rge  2nd  
phase  pa r t i c l e s  cor-  
roded  fas ter .  I n t e r -  
g r a n u l a r  cor ros ion  

Mat r ix .  Some  l a rge  2nd  
phase  pa r t i c l e s  cor-  
roded  fas ter .  I n t e r -  
g r a n u l a r  co r ros ion  

Mat r ix .  Some  l a rge  2nd 
phase  pa r t i c l e s  cor-  
roded  fas ter .  I n t e r -  
g r a n u l a r  cor ros ion  

Mat r ix .  Some  l a rge  2nd 
p h a s e  pa r t i c l e s  cor-  
roded  fas ter .  I n t e r -  
g r a n u l a r  cor ros ion  

M a t r i x  
M a t r i x  
M a t r i x  

M a t r i x  
M a t r i x  
M a t r i x  

Mat r ix ,  i n t e r g r a n u l a r  p lu s  
a t t a c k  on  second phase  

M a t r i x  a n d  i n t e r g r a n u l a r  
co r ros ion  

M a t r i x  a n d  i n t e r g r a n u l a r  
co r ros ion  

M a t r i x  a n d  i n t e r g r a n u l a r  
co r ros ion  

M a t r i x  a n d  i n t e r g r a n u l a r  
co r ros ion  

M a t r i x  a n d  i n t e r g r a n u l a r  
cor ros ion  

M a t r i x  a n d  i n t e r g r a n u l a r  
cor ros ion  

M a t r i x  and  i n t e r g r a n u l a r  
cor ros ion  
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Fig. 5. Cross section of 2S alloy at 1000X after exposure to water 
at 150~ for 1 min. Fig. 7. Cross section of 10157 at IO00X after exposure to water 

at 150~ far 10 min. 

Fig. 6. Cross section of 2S at IO00X after exposure to water at 
250~ for 2 hr. 

rounding these par t ic les  resembled  tha t  of the  spe-  
cial alloys. 

Typical  behavior  for 2S is shown in Fig. 5 and 6. 
In Fig. 5 af ter  1 rain of corrosion at  150~ it can 
be seen tha t  a large  second phase par t ic le  has 
corroded faster  than  the matr ix .  In Fig. 6 the in t e r -  
face af ter  2 hr  exposure  at 250~ is seen. At  the  
ex t reme  lef t  of the figure is an oxide filled cavi ty  
wi th  pieces of second phase par t ic les  isolated in 
the oxide. To the r ight  of this  can be seen one of 
the  small  b lue  second phase par t ic les  tha t  were  
a lways  observed to be s lower corroding than  the 
sur rounding a luminum, and on the ex t reme  r ight  
a large  second phase par t ic le  becoming isolated in 
a pi t  fo rmed in the  now more r ap id ly  corroding 
sur rounding a luminum. 

The vacuum evapora ted  film of a luminum on all  
samples va r ied  in thickness,  and when thin, a l imi t a -  
t ion was imposed on the t ime a specimen could be 
etched to br ing up microst ructure ,  lest  this a lumi -  
num bounda ry  be etched off. For  this  reason the 
contrast  of the photographs  presented  var ies  to some 
extent,  wi th  the micros t ruc ture  etched up more 
c lear ly  in the  case of th ick  a luminum covering films 
than  thin  ones. This difference can be seen by  com- 
par ing  Fig. 4 and 7. 

Observat ions on the whole of the sample in te r -  
face r a the r  than on the fields of view selected for 
pho tography  show tha t  the conclusions as to the 
behavior  of second phase  par t ic les  are genera l ly  
correct  and tha t  the summary  in Table II  is a val id  
one for thei r  behavior .  

Fig. 8. Electron micrograph of the inner surface corrosion film 
on 10155 alloy at 6000)( after exposure to water at 300~ for 1 
min. 

Electron micrographs  of the surface of the oxide 
film give corroborat ing evidence of the pi t t ing of 
the second phase part icles.  Electron micrographs  of 
the ox ide -me ta l  in terface  of 1 and 5 min samples, 
which were  previous ly  repor ted  (10, 12), showed 
tha t  the film pro t rudes  into cavit ies in the metal .  
In the ear l ie r  reports ,  i t  was p resumed tha t  these 
mounds on the unders ide  of the film were  due to 
excessive corrosion of a luminum around the second 
phase part icles,  and the depressions observed in 
the mounds corresponded to the a l r eady  isolated 
second phase part icles .  The cross sections of samples 
exposed 1 min show tha t  this is not the case, but  
that  the pi t t ing to which the mounds correspond is 
in the second phase par t ic les  themselves.  F igure  8 
shows an electron micrograph  of the inner  surface 
(ox ide -meta l  in terface)  of the oxide film on 10155 
al loy at 6000X af ter  1 min exposure  to wate r  at  
300~ showing typica l  mounds. 

Discussion and  Results 

The resul ts  of the  present  s tudy show that,  in 
the  ea r ly  stages of corrosion, the  second phase pa r -  
ticles in the al loys tested, wi th  the exceptions noted 
for 2S, corrode fas ter  in i t ia l ly  than the sur rounding 
a luminum,  but  subsequent ly  a reversa l  of behavior  
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occurs.  S t i m u l a t i o n  of a p r e f e r e n t i a l  a t t ack ,  b y  
ca thodic  c u r r e n t  dens i t i e s  of t he  o r d e r  of 0.1 m a / c m  ~ 
a t  100~ has  been  o b s e r v e d  b y  Ca r l s en  (9, 16) in  
t he  eu tec t ic  p r e c i p i t a t e d  in  t he  g r a i n  b o u n d a r i e s  of 
cas t  i r on  and  n i cke l  con t a in ing  a l u m i n u m  al loys .  
One poss ib l e  e x p l a n a t i o n  of our  o b s e r v a t i o n s  of 
m o r e  r a p i d  i n i t i a l  co r ros ion  of second  phase  p a r -  
t ic les  could  be  b a s e d  on Ca r l s en ' s  concept  of ca thod ic  
s t imu la t i on .  H o w e v e r ,  o t h e r  w o r k  done  b y  us  on 
the  effects of  ca thod ic  p o l a r i z a t i o n  on the  cor ros ion  
of t he  a l loys  d e s c r i b e d  in  th is  p a p e r  has  shown  no 
effect of c u r r e n t  dens i t i e s  of up  to 0.1 m a / c m  ~ a n d  
g r e a t e r  ove r  a 24 h r  p e r i o d  at  300~ Thus  C a r l s e n ' s  
o b s e r v a t i o n s  m a y  no t  be  e x t r a p o l a t e d  u n e q u i v o c a l l y  
to our  o p e r a t i n g  condi t ions .  F i g u r e  2 shows t h a t  the  
p r e f e r e n t i a l  a t t a c k  is s t i l l  occu r r i ng  at  the  m u c h  
h i g h e r  t e m p e r a t u r e s .  A n  a l t e r n a t e  e x p l a n a t i o n  is 
t h a t  t he  second p h a s e  p a r t i c l e s  a r e  i n i t i a l l y  anodic ,  
bu t  t h a t  once a f i lm fo rms  ove r  the  s p e c i m e n  the  
r a t e  of  a t t a c k  on  t h e  p a r t i c l e s  s lows  d o w n  w h i l e  
t h a t  on t h e  a l u m i n u m  cont inues .  The  i n f o r m a t i o n  
on h a n d  at  p r e s e n t  does  no t  a l l o w  an  u n e q u i v o c a l  
choice of e i t he r  a l t e r n a t e ,  b u t  t he  au tho r s  p r e f e r  
t he  l a t t e r .  

R e g a r d l e s s  of w h i c h  poss ib le  e x p l a n a t i o n  is co r -  
rec t  t he  in i t ia l ,  m o r e  r a p i d  a t t a c k  on the  second  
phase  p a r t i c l e s  m u s t  p r o d u c e  an  ox ide  fi lm e n r i c h e d  
in  d i s so lved  i ron  a n d  n i cke l  w h i c h  m a y  affect  t he  
s u b s e q u e n t  co r ros ion  b e h a v i o r  of t he  a l loys .  Thus  
D r a l e y  et al. (6)  h a v e  f o u n d  m a r k e d  inf luence  of 
such v a r i a b l e s  as  s t a r t  up  t i m e  on the  cor ros ion  r e -  
s i s tance  of a l u m i n u m  al loys ,  t h e  n i c k e l -  and  i r o n -  
con ta in ing  a l loys  showing  b e t t e r  r e s i s t ance  to  s t e a m  
w i t h  a s low s t a r t  up  t h a n  w i t h  a fas t  one. O u r  d a t a  
i nd i ca t e  m o r e  co r ros ion  of t he  second  p h a s e  p a r -  
t ic les  a t  low t e m p e r a t u r e  t h a n  a t  h igh,  a n d  thus  a 
s low s t a r t  up  w o u l d  y i e l d  an  in i t i a l  f i lm m o r e  e n -  
r i ched  in  i ron  and  n i c k e l  t h a n  those  w i t h  fas t  s t a r t  
up. In  add i t ion ,  p o l a r i z a t i o n  m e a s u r e m e n t s  m a d e  
in si tu in au toc l aves  have  i n d i c a t e d  t h a t  t he  r e s i s t -  
ance  of t he  fi lms on i ron  and  n i c k e l  con t a in ing  a l -  
loys  is c o n s i d e r a b l y  less t h a n  t h a t  of 2S. C u r r e n t -  
v o l t a g e  cu rves  o b t a i n e d  on spec imens  w i t h  p r e -  
f o r m e d  fi lms ind ica t e  t h a t  t he  f i lms on the  a l loys  
have  m a n y  d i f fe ren t  p r o p e r t i e s  t h a n  those  on 2S, 
e.g., t h e y  do  not  show the  s ame  r e c t i f y i n g  p r o p -  
e r t i e s  and  t h e y  r e q u i r e  less e n e r g y  to p r o m o t e  a d -  
d i t i o n a l  conduc t i ng  e l ec t rons  f r o m  the  va l ence  b a n d s  
of t he  oxide .  Such  p r o p e r t i e s  m u s t  be  r e l a t e d  to t he  
d i s so lved  i ron  and  n i cke l  ions  in  t he  a l u m i n u m  oxide .  

W i t h  t he  pa s sage  of t ime,  t he  n o n c o r r o d i n g  sec-  
ond p h a s e  pa r t i c l e s  p r o t r u d e  and  e v e n t u a l l y  b e c o m e  
i so l a t ed  in  the  ox ide  w h e r e  t h e y  can  ac t  to  dec rea se  
f u r t h e r  i ts  r e s i s t ance  b y  p r o v i d i n g  a m e t a l l i c  p a t h  
t h r o u g h  an  o t h e r w i s e  i n su l a t i ng  m e d i u m .  The  e f -  

fec ts  of d e c r e a s e d  ox ide  r e s i s t ance  b y  th is  m e c h -  
anism,  in  caus ing  t h e  h y d r o g e n  d i s cha rge  to occur  
at  t he  ox ide  w a t e r  i n t e r f ace ,  h a v e  been  d i scussed  b y  
B r o w n  (8) as one a l t e r n a t e  e x p l a n a t i o n  to D r a l e y ' s  
o r i g i n a l  h y p o t h e s i s  t h a t  t he  i r on  a n d  n i c k e l  a l l o y -  
ing  e l e m e n t s  func t ion  as ca thodes  for  t he  d i s c h a r g e  
of h y d r o g e n  ( 1 - 3 ) .  

The  d a t a  p r e s e n t e d  in  th is  p a p e r  show tha t  t he  
ro le  of t he  second  p h a s e  p a r t i c l e s  is no t  as s i m p l e  
as o r i g i n a l l y  conce ived  and  t h a t  ideas  on w h a t  ac -  
t u a l l y  occurs  m u s t  be  modi f i ed  in t he  l igh t  of t he  
i n f o r m a t i o n  p r e s e n t e d .  
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On The Defect Structure of Ta 
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ABSTRACT 

The defect  s t ruc ture  of Ta20~ has been s tudied by  measurements  of the  elec-  
t r ica l  conduct ivi ty  and the weight  change of Ta~O~ as a funct ion of the pa r t i a l  
pressure  of oxygen. Ta~O~ exhibi ts  p - t y p e  conduct iv i ty  at  pressures  close to 1 
arm oxygen and n - t y p e  conduct iv i ty  at lower  oxygen pressures.  The defect  
s t ruc ture  is in t e rp re ted  in terms of in ters t i t ia l  oxygen ions (p - type)  and oxy -  
gen vacancies (n - t ype ) .  Ta~O~ has been found to have  a small  homogenei ty  
range.  The hea t  of fo rmat ion  of oxygen  vacancies is AH~ ~ 150 kca l /mole .  

T a n t a l u m  is r e c e i v i n g  c o n s i d e r a b l e  a t t e n t i o n  as a 
m a t e r i a l  for  h i g h - t e m p e r a t u r e  app l i ca t ions .  A m a -  
j o r  s h o r t c o m i n g  of t a n t a l u m  u n d e r  such cond i t ions  
is, howeve r ,  i ts  g r e a t  r e a c t i v i t y  w i t h  o x y g e n  and  
o the r  gases.  

A b o v e  800~ and  d u r i n g  in i t i a l  s tages  t a n t a l u m  
shows a p a r a b o l i c  o x i d a t i o n  b e h a v i o r  (1) .  This  is 
i n t e r p r e t e d  in  t e r m s  of a r a t e - d e t e r m i n i n g  t r a n s -  
p o r t  of o x y g e n  ions  t h r o u g h  a g r o w i n g  ox ide  scale  
cons i s t ing  of Ta~O~. F o r  a b e t t e r  u n d e r s t a n d i n g  of 
t he  o x i d a t i o n  m e c h a n i s m  it  was  d e s i r a b l e  to s t u d y  
the  de fec t  s t r u c t u r e  of Ta~O~. F o r  th is  p u r p o s e  the  
e l e c t r i c a l  c o n d u c t i v i t y  of Ta20~ has  been  s t ud i e d  as 
a func t ion  of o x y g e n  p r e s s u r e  at  h igh  t e m p e r a t u r e s .  
In  add i t ion ,  a t t e m p t s  h a v e  been  m a d e  to s t u d y  the  
w e i g h t  change  of Ta.~O~ u n d e r  c o r r e s p o n d i n g  cond i -  
t ions.  The  w o r k  also cons t i tu te s  p a r t  of a m o r e  gen -  
e ra l  s t u d y  of de fec t  s t r u c t u r e s  and  di f fus ion in  m e t a l  
ox ides  ( 2 - 5 ) .  

A c c o r d i n g  to L a g e r g r e n  and  Magne l i  (6) and  
W a s i l e w s k i  (7)  Ta~O~ exis t s  in two  modi f ica t ions  
w i th  a t r a n s i t i o n  t e m p e r a t u r e  of 1320 ~ _+ 20~ The  
l o w - t e m p e r a t u r e  modif ica t ion ,  B-Ta~O~, is i so s t ruc -  
t u r a l  w i t h  t he  l o w - t e m p e r a t u r e  modi f i ca t ion  of 
Nb~O~, T-Nb~O~ (8 -10) .  In  d i s a g r e e m e n t  w i t h  the  
above  r e su l t s  S c h b n b e r g  (11) f o u n d  no  h i g h - t e m -  
p e r a t u r e  modi f i ca t ion  of Ta~O~. The  m e l t i n g  po in t  
of Ta~O~ is a p p r o x i m a t e l y  1470~ 

A t t e m p t s  to r e d u c e  Ta~O~ w i t h  t a n t a l u m  m e t a l  
h a v e  m o s t l y  p r o v e d  unsuccess fu l  (6, 7, 12).  H o w -  
ever ,  L a p i t s k y ,  S imanov ,  and  A r t a m o n o v a  (13) r e -  
p o r t  h a v i n g  p r o d u c e d  TaO b y  r e d u c t i o n  of Ta.~O~ 
w i t h  t a n t a l u m  meta l ,  m a g n e s i u m ,  ca rbon  monox ide ,  
or  ca rbon .  

T h e r e  does  not  a p p e a r  to h a v e  been  a n y  p r e v i o u s  
i nves t i ga t i ons  of the  de fec t  s t r u c t u r e  of Ta~O~. 

Material and Methods 
The  s tud ies  on Ta~O~ w e r e  c a r r i e d  out  in con-  

j u n c t i o n  w i t h  i nves t i ga t i ons  of t he  o x i d a t i o n  b e -  
h a v i o r  of t a n t a l u m .  The  ox ide  was  t h e r e f o r e  p r e -  
p a r e d  b y  ox id iz ing  t a n t a l u m  m e t a l  p o w d e r  in  air .  
The  t a n t a l u m  p o w d e r  was  supp l i ed  b y  N a t i o n a l  
R e s e a r c h  Corpora t ion .  The  a m o u n t  of i m p u r i t i e s  in 
t he  m e t a l  p o w d e r  was  as fo l lows :  Fe,  Cr, Ni, and  
Nb, each  0.01%; Si and  A1, each  ~ 0 . 0 2 5 % ;  Mg, Ti, 
Zr,  Cu, and  Co, each  ~0 .005%.  Spec imens  w e r e  p r e -  

p a r e d  by  s i n t e r i n g  c o l d - p r e s s e d  ox ide  p o w d e r  in  
a i r  a t  1400~ A f t e r  th is  t r e a t m e n t  t he  spec imens  
had  a d e n s i t y  of a p p r o x i m a t e l y  65% of t h e o r e t i c a l  
d e n s i t y  (8.73 g/cm~).  

The  t h e r m o g r a v i m e t r i c  m e a s u r e m e n t s  w e r e  c a r -  
r i ed  out  w i t h  a q u a r t z  h e l i x - t y p e  a p p a r a t u s .  M e a s -  
u r e m e n t s  w e r e  c a r r i e d  out  in  1 a t m  O8 and  in m i x -  
t u r e s  of CO + CO~ w i t h  a t o t a l  gas  p r e s s u r e  of 1 
a tm.  D e t a i l e d  desc r ip t i ons  of bo th  t he  a p p a r a t u s  
and  the  p r o c e d u r e  used  h a v e  been  g iven  e l s e w h e r e  
(2) .  

In  the  m e a s u r e m e n t s  of e l ec t r i ca l  c o n d u c t i v i t y  
t he  spec imen  h a d  a c y l i n d r i c a l  shape  w i t h  a d i a m -  
e t e r  of 1.4 c m  and  a l e n g t h  of 1.3 cm. Two  P t - 1 0 %  
Rh  p l a t e s  s e r v e d  as e lec t rodes .  In  t he  m e a s u r e m e n t s  
of t h e r m o e l e c t r i c  fo rce  a s m a l l  p l a t i n u m  w o u n d  
f u r n a c e  was  p l a c e d  in con tac t  w i t h  one of t he  
e lec t rodes .  The  t e m p e r a t u r e  of  t he  spec imens  was  
m e a s u r e d  w i t h  two  P t - P t  10% Rh  t h e r m o c o u p l e s  
m e l t e d  to the  e lec t rodes .  The  r e s i s t ance  of the  spe -  
c imen  was  m e a s u r e d  w i t h  a W h e a t s t o n e  b r idge .  

M e a s u r e m e n t s  w e r e  c a r r i e d  out  in p u r e  o x y g e n  
and  in m i x t u r e s  of CO + CO~. D u r i n g  m e a s u r e m e n t s  
a t  low o x y g e n  p ressu res ,  o x y g e n  was  c o n t i n u o u s l y  
p u m p e d  t h r o u g h  the  sys tem.  M e a s u r e m e n t s  w e r e  
t a k e n  at  bo th  i nc r e a s ing  and  de c r e a s ing  p a r t i a l  
p r e s s u r e s  of oxygen .  A m o r e  d e t a i l e d  de sc r ip t i on  of 
t he  a p p a r a t u s  and  the  p r o c e d u r e  has  been  g iven  
e l s e w h e r e  (4 ) .  

Results and Discussion 

Thermogravimetric studies.--By c o m p a r i n g  w i t h  
t h e r m o g r a v i m e t r i c  s tud ies  on a-Nb~O.~ (2)  i t  was  
e x p e c t e d  t ha t  the  de fec t  s t r u c t u r e  of TabOo could  
be  s t u d i e d  b y  the  s a m e  t echn ique .  S e v e r a l  a t t e m p t s  
w e r e  t h e r e f o r e  m a d e  to s t u d y  the  w e i g h t  change  of 
Ta,O5 spec imens  as a func t ion  of o x y g e n  p r e s s u r e  
at  t e m p e r a t u r e s  of 1200~176 H o w e v e r ,  in t hese  
s tud ies  on ly  v e r y  s m a l l  w e i g h t  changes  w e r e  o b -  
s e rved  w h e n  e q u i l i b r a t i n g  the  spec imens  succes-  
s ive ly  in 1 a t m  O,, in m i x t u r e s  of CO + CO~, and  in 
p u r e  CO. If  t he  f o r m u l a  of the  ox ide  is w r i t t e n  as 
Ta ro  .... t he  m a x i m u m  w e i g h t  loss o b s e r v e d  in going 
f r o m  1 a t m  O~ to 1 a t m  CO (po~ ~ 10 -1~ - -  10 -~' a t m )  
c o r r e spond  to a change  in  t he  v a l u e  of x of abou t  
0.005-0.006 at  the  i n d i c a t e d  t e m p e r a t u r e s .  F u r t h e r -  
more ,  because  of the  s m a l l  m a g n i t u d e  of t he  w e i g h t  
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changes  i t  was  no t  poss ib le  to e v a l u a t e  t h e i r  o x y g e n  
p r e s s u r e  dependence .  

The  sma l l  we igh t  changes  m a y  of course  be  due  
to s low k ine t ics .  H o w e v e r ,  spec imens  w e r e  h e l d  in 
CO a t m o s p h e r e s  for  pe r i ods  up  to 2-3 h r  w i t h o u t  
a n y  f u r t h e r  w e i g h t  loss. F u r t h e r m o r e ,  in t he  e l ec -  
t r i c a l  c o n d u c t i v i t y  s tud ies  at  t he  s ame  t e m p e r a t u r e s  
e q u i l i b r i u m  was  e s t a b l i s h e d  as fas t  as t he  o x y g e n  
p r e s s u r e  cou ld  be  c h a n g e d  f r o m  one v a l u e  to ano the r .  
Thus  i t  a p p e a r s  t h a t  t he  s m a l l  w e i g h t  losses a r e  no t  
due  to s low k ine t i c s ;  r a t h e r ,  i t  is conc luded  t h a t  
th is  ref lec ts  a v e r y  s m a l l  h o m o g e n e i t y  r a n g e  for  
Ta~O~ a n d  a c o r r e s p o n d i n g l y  l a rge  f ree  e n e r g y  and  
h e a t  of f o r m a t i o n  of defects .  As  d i scussed  b e l o w  
th i s  conc lus ion  was  also conf i rmed  b y  the  e l ec t r i ca l  
c o n d u c t i v i t y  m e a s u r e m e n t s .  

F r o m  t h e  a b o v e  v a l u e s  ( x = 0 . 0 0 5  a t  10 -~ a t m )  a 
r o u g h  e s t i m a t e  m a y  be  m a d e  of t he  p a r t i a l  m o l a r  

f r ee  e n e r g y  of d issoc ia t ion .  This  is g iven  b y  AGo, 
- -RT In  po~, a n d  a t  x = 0.005 a n d  T = 1500~ the  

v a l u e  of AGo~ is a b o u t  100 k c a l / m o l e .  
Stzbdies of electrical conduc t iv i t y . - -The  r e su l t s  of 

t he  s tud ies  of e l ec t r i ca l  c o n d u c t i v i t y  as  a func t ion  
of o x y g e n  p r e s s u r e  a r e  shown  in Fig.  1, in w h i c h  the  
l o g a r i t h m  of t he  r e s i s t ance  of t he  spec imen  has  been  
p lo t t ed  as a func t ion  of t he  l o g a r i t h m  of t he  p a r -  
t i a l  p r e s s u r e  of o x y g e n  at  t e m p e r a t u r e s  r a n g i n g  
f r o m  877~176 The  r e su l t s  a t  1380~ sugges t  
an  a n o m a l o u s  behav io r .  This  m a y  be  due  to the  
fac t  t h a t  one  is d e a l i n g  w i t h  the  h i g h - t e m p e r a t u r e  
modi f i ca t ion  of TarO, u n d e r  these  condi t ions .  

F r o m  Fig.  1 i t  is seen t ha t  t he  o x y g e n  p r e s s u r e  
d e p e n d e n c e  is a func t ion  of the  p a r t i a l  p r e s s u r e  of 
oxygen .  E x p r e s s i n g  the  r e s i s t ance  as 
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R = c o n s t .  po$ [1]  

i t  is f o u n d  t h a t  t he  e x p o n e n t  n has  a v a l u e  of 1/6  
at  t he  l o w e r  o x y g e n  p ressu res .  W i t h  i nc r ea s in g  p a r -  
t i a l  p r e s s u r e  of o x y g e n  n inc reases  to 1 / 5 - 1 / 4 ,  a f t e r  

w h i c h  the  v a l u e  of n a g a i n  dec reases  and  the  r e -  
s i s tance  goes t h r o u g h  a m a x i m u m .  A t  o x y g e n  p r e s -  
sures  h i g h e r  t h a n  t h a t  of t he  m a x i m a  n t a k e s  on 
s m a l l  n e g a t i v e  va lues .  The  m a x i m a  in t he  r e s i s t a nc e  

777 

-t J 6 
LOG p02 ,ATM 

Fig. 2. Thermoelectric force of Ta205 specimen as a function of 
the logarithm of the partial pressure of oxygen. 

b e c o m e  m o r e  p r o n o u n c e d  and  a r e  f o u n d  to be d i s -  
p l aced  t o w a r d  l o w e r  o x y g e n  p r e s s u r e s  w i t h  d e -  
c r ea s ing  t e m p e r a t u r e .  

A pos i t i ve  v a l u e  of n i nd i ca t e s  n - t y p e  c o nduc -  
t i v i t y  in the  oxide ,  w h i l e  a n e g a t i v e  v a l u e  sugges t s  
p - t y p e  conduc t i v i t y .  The  m a x i m a  in t he  r e s i s t ance  
vs. po~ cu rves  thus  sugges t  a t r a n s i t i o n  f r o m  an  n -  
t y p e  to a p - t y p e  c onduc t i v i t y .  

To s t u d y  this ,  m e a s u r e m e n t s  of t h e r m o e l e c t r i c  
fo rce  w e r e  c a r r i e d  out.  Resu l t s  a r e  g i v e n  in  Fig .  2. A 
pos i t i ve  t h e r m o e l e c t r i c  fo rce  was  f o u n d  a t  o x y g e n  
p r e s s u r e s  h i g h e r  t h a n  those  of t he  m a x i m a ,  w h i l e  a t  
l o w e r  o x y g e n  p r e s s u r e s  a n e g a t i v e  t h e r m o e l e c t r i c  
fo rce  was  obse rved .  On th is  bas is  i t  is conc luded  
t h a t  t h e  m a x i m a  do r e p r e s e n t  t r a n s i t i o n s  for  n -  to 
p - t y p e  conduc t i v i t y .  

The  p - n  t r a n s i t i o n  t a k e s  p l ace  at  l o w e r  o x y g e n  
p r e s s u r e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e .  This  r e l a -  
t i onsh ip  is i l l u s t r a t e d  in  Fig.  3 w h e r e  t he  l o g a r i t h m  
of t he  o x y g e n  p r e s s u r e  at  t h e  p - n  t r a n s i t i o n s  is 
p l o t t e d  as a func t ion  of t he  r e c i p r o c a l  abso lu t e  t e m -  
p e r a t u r e .  

F o r  an  n - c o n d u c t i n g  o x i d e  w i t h  a de fec t  s t r u c t u r e  
i n v o l v i n g  o x y g e n  vacanc ies ,  t he  de fec t  s t r u c t u r e  

// i / . /  IlT/'C / /~  
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Fig. 1. Logarithm of the resistance of Ta20, specimen as a func- 
tion of the logarithm of the partial pressure of oxygen. 

-2 
p - t y p e  

~"  o 

n-type \ ~ , ~  

Ta205 

I I I I 
6,0 ?,0 8,0 9,0 

104 *K 
T 

800*C 

Fig. 3. Logarithm of the oxygen pressure at p-n transitions as a 
function of the reciprocal absolute temperature. Open circles taken 
from Fig. 2, values at 877 ~ and 9770C from maxima in Fig. I .  
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m a y  be  d e s c r i b e d  b y  the  fo l lowing  equa t ions  (2, 4) 

O [  = Ov + 1 / 2 0 ~  (~) ; Equi l .  const .  = K ,  [2]  

Ov ~ Ov. + e- ; Equi l .  const .  = K ,  [3]  

Ov. = Ov.. + e- ; Equi l .  const .  = Ko [4]  

Nil  ~ e* + e- ; Equi l .  const .  = Ks [5]  

Ov deno tes  an  o x y g e n  v a c a n c y  w i t h  two  t r a p p e d  
e lec t rons ,  Ov" and  Ov" r e p r e s e n t  s i ng ly  and  d o u b l y  
ion ized  o x y g e n  vacanc ies ,  r e spec t i ve ly ,  e + deno te s  an  
e l ec t ron  ho le  and  e- an  e l ec t ron  in  t he  conduc t ion  
band .  E q u a t i o n  [5]  desc r ibes  i n t r i n s i c  ioniza t ion .  

By a p p l y i n g  the  cond i t ion  of e l e c t r o n e u t r a l i t y  and  
the  l aw  of mass  ac t ion  the  c o n c e n t r a t i o n  of e lec t rons ,  
[ e - l ,  is g iven  b y  

[e-]  2 = Kog~po2 - ~  (2K~ + [ e - l )  + Ks [e-]  [6]  

The  f o l l o w i n g  l i m i t i n g  cond i t ions  m a y  be  cons ide red :  
i. if  i n t r i n s i c  i on iza t ion  (Eq. [ 5 ] )  p r e d o m i n a t e s  

[ e - ]  = ~ .2  , ~  [7]  

ii. if  i n t r i n s i c  i on iza t ion  is neg l ig ib l e  and  if  

( a )  2[Ov-]  > >  [Ov..]  (i.e., [e-]  > >  2K~) 

[e-]  = (K ,Kb)  ~/~ po2 -~:~ 
[ 8 ]  

(b )  2[Ov-]  < <  [Ov..]  (i.e.,  [e-]  < <  2K~) 

[e-]  = ( 2KaK,Ko ) 1/~ po21/~ [9]  

Thus  for  an  ox ide  w i t h  o x y g e n  vacanc ie s  t he  v a l u e  
of the  e x p o n e n t  n (Eq. [ 1 ] )  m a y  v a r y  f r o m  n = u 
to n = 0 d e p e n d i n g  on the  r e l a t i v e  v a l u e s  of K, ,  Kb, 
Ko, a n d  Ks. 

The  t e m p e r a t u r e  d e p e n d e n c e  of t he  e q u i l i b r i u m  
cons tan t s  m a y  be  e x p r e s s e d  as 

K = Ko  e -E/~ [10] 

w h e r e  E is equa l  to AH, (Eq. [ 2 ] ) ,  Eb (Eq. [ 3 ] ) ,  Eo 
(Eq. [ 4 ] ) ,  and  Ed/, (Eq. [ 5 ] ) .  AH, r e p r e s e n t s  t he  
h e a t  of f o r m a t i o n  of a n  o x y g e n  v a c a n c y  w i t h  two  
t r a p p e d  e lec t rons ,  Eb and  E~ deno te  the  ion iza t ion  
ene rg i e s  of t h e  first  and  second  t r a p p e d  e lec t rons ,  r e -  
spec t ive ly ,  and  Ed r e p r e s e n t s  the  i n t r i n s i c  e n e r g y  
gap.  

A p - t y p e  c o n d u c t i v i t y  in ox ides  m a y  be  a s c r i b e d  
e i t h e r  to ca t ion  vacanc ie s  or  to i n t e r s t i t i a l  o x y g e n  
ions. M a r k e r  s tud ies  in  connec t ion  w i t h  i n i t i a l  p a r a -  
bol ic  o x i d a t i o n  of t a n t a l u m  at  1 a t m  O2 a t  t e m p e r a -  
t u r e s  above  800~ sugges t  t ha t  o x y g e n  ions a r e  t he  
mos t  m o b i l e  spec ies  in Ta~O~ (1) .  I t  t hus  seems  r e a -  
sonab le  to a s sume  t h a t  t he  p - t y p e  c o n d u c t i v i t y  in 
Ta~O~ at  t he  h i g h e r  o x y g e n  p r e s s u r e s  m a y  be  a s c r i b e d  
to i n t e r s t i t i a l  oxygen .  

Defec t  s t r u c t u r e s  i n v o l v i n g  i n t e r s t i t i a l  o x y g e n  has  
been  cons ide red  u n l i k e l y  on the  g r o u n d s  of an  u n -  
f a v o r a b l e  size fac to r  of the  O-2-ion (14) .  H o w e v e r ,  
i n t e r s t i t i a l  o x y g e n  shou ld  no t  be  e x c l u d e d  on the  
bas is  of size cons ide ra t i ons  a lone ;  f ac to rs  such  as  
p o l a r i z a b i l i t y  of t h e  o x y g e n  ions  a n d  t h e  c o r r e -  
s p o n d i n g l y  b e t t e r  a c c o m m o d a t i o n  shou ld  also be  
t a k e n  in to  account .  F u r t h e r m o r e ,  i n t e r s t i t i a l  o x y g e n  
m a y  also be  p r e s e n t  as s ing ly  ion ized  ions, w h i c h  a r e  
m o r e  f a v o r a b l e  f r o m  a size s t andpo in t .  

I n t e r s t i t i a l  o x y g e n  m a y  be  d e s c r i b e d  b y  the  e q u a -  
t ion  

1/2  O~ ---- Oi -2 + 2e+; Equi l .  const .  = Ke [ I I ]  

w h e r e  Oi -2 r e p r e s e n t s  an  i n t e r s t i t i a l  o x y g e n  ion. 
A p p l y i n g  t h e  l a w  of mass  ac t ion  a n d  c o m b i n i n g  

Eq. [5]  and  [ I l l  the  c o n c e n t r a t i o n  of cha rge  c a r r i e r s  
is g i v e n  b y  

[e+] ~ : 2K,po~ "/~ + Ks [e  +] [12]  

E q u a t i o n  [11] cou ld  of cour se  be  cons ide red  in  
m o r e  de ta i l ,  s i m i l a r l y  to Eq. [3] ,  [4] ,  [5] ,  a n d  [6] .  

The  p r e s e n t  r e su l t s  a r e  i n t e r p r e t e d  in  t e r m s  of t he  
a b o v e  cons ide ra t ions .  A t  t h e  m a x i m a  in t h e  r e s i s t -  
ance  vs.  po2 cu rves  (Fig .  1),  w h e r e  the  c o n d u c t i v i t y  
is i n d e p e n d e n t  of o x y g e n  p re s su re ,  i t  is conc luded  
t h a t  t h e  c o n d u c t i v i t y  is e s s e n t i a l l y  d e t e r m i n e d  b y  the  
i n t r i n s i c  i on iza t ion  (Eq. [ 7 ] ) .  A t  o x y g e n  p r e s s u r e s  
h i g h e r  t h a n  those  of t he  m a x i m a  the  de fec t  s t r u c t u r e  
p r e d o m i n a n t l y  i nvo lves  i n t e r s t i t i a l  o x y g e n  ions  (Eq. 
[12] )  and  at  t he  l o w e r  o x y g e n  p r e s s u r e s  p r e d o m i -  
n a n t l y  o x y g e n  vacanc ie s  (Eq. [6]  ).  A t  t he  m a x i m a  i t  
is also b e l i e v e d  t h a t  t he  o x i d e  has  an  a p p r o x i m a t e l y  
s to i ch iome t r i c  compos i t i on  w i t h  some a n t i - F r e n k e l  
de fec t  s t r u c t u r e  ( i n v o l v i n g  bo th  o x y g e n  vacanc ie s  
a n d  o x y g e n  i n t e r s t i t i a l  ions )  of the  o x y g e n  la t t i ce .  
The  f o r m u l a  of  Ta,O~ is c o n s e q u e n t l y  c ons ide r ed  to 
be  Ta20~+,_,, w h e r e  y r e p r e s e n t s  the  f r a c t i o n a l  a m o u n t  
of i n t e r s t i t i a l  o x y g e n  and  x o x y g e n  vacanc ies .  

A p lo t  of the  r e s i s t ance  at  t he  m a x i m a  as a f u n c -  
t ion  of t he  r e c i p r o c a l  abso lu t e  t e m p e r a t u r e  g ives  a 
v a l u e  for  t he  a c t i va t i on  e n e r g y  of t h e  i n t r i n s i c  con-  
duc t iv i t y .  This  is shown  in Fig .  4. A n  a p p r o x i m a t e l y  
s t r a i g h t  l ine  r e l a t i o n  is o b t a i n e d  w i t h  an  a c t i v a t i o n  
e n e r g y  of 41.2 k c a l / m o l e  or  1.79 ev. Th is  i nd i ca t e s  
t h a t  t he  i n t r i n s i c  e n e r g y  gap  in  Ta205 is e q u a l  to 3.58 
ev. As  a c o m p a r i s o n  i t  has  been  f o u n d  t h a t  t h e  i n -  
t r in s i c  e n e r g y  gap  in  r u t i l e  (TiO2) has  a v a l u e  of 
3.04 to 3.12 ev  (15-17) .  I t  shou ld  b e  e m p h a s i z e d  t ha t  
for  Ta,  Oo the  e v a l u a t i o n  neg lec t s  bo th  t he  effect of 
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Fig. 4. Logarithm of the resistance of Ta205 specimen at the 
maxima in log R vs. log Po2 curves (Fig. 1) as a function of the 
reciprocal absolute temperature. 
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mobi l i ty  of the charge car r ie rs  which has a negat ive  
t empera tu re  coefficient (17) and the effect of the 
proposed a n t i - F r e n k e l  d isorder  of the oxygen lat t ice 
under  these conditions. 

At  oxygen pressures  smal ler  than  those of the 
max ima  the intr insic  ionization becomes of less r e l a -  
t ive importance.  With  decreasing oxygen pressure  
and depending on the t empera tu re  the value  of n 
(Eq. [1])  reaches values  of 1/4 to 1/5. At  the very  
lowest  oxygen pressure  n is equal  to 1/6. 

The la t te r  value  of n is concluded to reflect a de-  
fect s t ruc ture  p redominan t ly  involving doubly  ion-  
ized oxygen vacancies (Eq. [9 ] ) .  Correspondingly  a 
value  of n = 1/4 is concluded to reflect a defect  
s t ruc ture  in te rms of s ingly ionized oxygen vacan-  
cies (Eq. [8 ] ) .  

In order  to expla in  the change in oxygen pressure  
dependence f rom n = 1/4 to n = 1/6 (e.g., a t  877~ 
it is necessary to assume tha t  the ionization energies 
of t r apped  electrons, i .e. ,  Eb and E0, decrease wi th  
increasing defect concentrations.  The same in t e rp re -  
ta t ion has been given of changes in the oxygen pres-  
sure dependence of the  e lectr ical  conduct iv i ty  in 
~-Nb~O~ (4) and of s imi lar  changes in t he rmograv i -  
metr ic  studies on ru t i le  (5).  In the l a t t e r  cases it  has 
been proposed tha t  the ionization energies may  be 
expressed as 

E, = Eo - -  aIW/~ [13] 

where  E, represents  the  ionization energy, Eo is the 
ionization energy for an isolated donor, and N is the 
number  of donors. Equat ion [13] was or iginal ly  p ro -  
posed by Pearson and Bardeen (18) for electron 
holes in silicon. As discussed by  Cronemeyer  in con- 
nection with  studies of in f ra red  absorpt ion of re -  
duced ru t i l e  a s imi lar  behavior  is expected for oxide 
semiconductors  (15). 

According to Eq. [13], E, changes r ap id ly  when 
degeneracy (E, = 0) is approached.  This may  in tu rn  
expla in  qua l i t a t ive ly  the  re la t ive ly  rap id  change in 
oxygen pressure  dependence in going f rom a value  of 
n = 1/4 to 1/6 (e.g., at  877~ in Fig. 1). 

When n ---- 1/6 the  t empera tu re  dependence of the 
car r ie r  concentra t ion is given by  

: (2Ko,Ko~Koo) po~ e x p ( - -  ) 
[e-] ~/~ _~/~ ~H~ + Eb + E~ 

3RT 
[14] 

Ko,, Kob, and Koo represent  p re -exponen t i a l  factors 
according to Eq. [10]. 

A plot  of the logar i thm of res is tance as a function 
of the reciprocal  absolute  t empera tu re  when n = 1/6 
(e.g. ,  at po~ ---- 10 -~ a tm)  is given in Fig. 5, and as 
seen the  act ivat ion energy equals 50 kca l /mole .  This 
expe r imen ta l ly  observed act ivat ion energy also in-  
cludes the  effect of ca r r ie r  mobi l i ty  which has a neg-  
at ive t e m p e r a t u r e  coefficient. Thus depending on the 
re la t ive  impor tance  of the mobil i ty,  it  may  be con- 
eluded tha t  1/3 (~/-/~ + E~ + Ec) ~ 50 kca l /mo le  or 
(,Xl--I= -t- Eb "t- Eo) ~-- 150 kca l /mole .  In te rms of the 
theory  of decreasing ionization energy wi th  increas-  
ing defect concentrations,  Eb and Eo may  be con- 
s idered negl ig ib ly  small  when n = 1/6, and thus 
(AH~ + Eb + Eo) ~ ~H~. 

ON T H E  D E F E C T  S T R U C T U R E  O F  Ta205 
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Fig. 5. Logarithm of the resistance of Ta205 specimen at 
Po2 = 1 0 - ~  arm as a function of the reciprocal absolute temperature. 

According to Eq. [8] the  t empera tu re  dependence 
of the  charge car r ie r  concentrat ion when  n ~ 1/4 
should equal  

( ~H~ + E~ ) 
= (Ko~Kob) po= exp 2 R T  [e-] 1/~ -~/, [15] 

If Eb is assumed smal l  under  these conditions the 
act ivat ion energy for the charge car r ie r  concentra-  

150 
l ion should be about  2 75 kca l /mole .  

F rom the present  resul ts  it  is difficult to evaluate  
the  t empe ra tu r e  dependence of the resis tance (or 
conduct iv i ty)  under  these conditions. For  the  resul ts  
at 877 ~ and 927~ it has, however ,  been a t t empted  to 
d raw the curves wi th  values  of n = 1/4. This is indi-  
cated by  the s t ippled lines in Fig. 1. These two curves 
suggest an act ivat ion energy of about  70-75 kca l /  
mole for the conduct ivi ty  when n = 1/4. Al though 
no great  accuracy can be c la imed for such evaluat ion  
from but  two tempera tures ,  the resul ts  indicate  sa t -  
isfactory agreement  wi th  the above in terpre ta t ion .  

A corresponding t r ea tmen t  for the p - t y p e  conduc-  
t iv i ty  does not  appear  possible because of the lack of 
knowledge  of the  exact  oxygen pressure  dependence 
under  these conditions. F rom the resul ts  it is difficult 
to resolve the  contr ibut ion from intr insic conduct iv-  
i ty and tha t  of the  p - t y p e  conduct ivi ty  resul t ing  
f rom in ters t i t ia l  oxygen. However ,  the  fact  tha t  the  
max ima  become more  pronounced at decreasing t em-  
pera tu res  suggests tha t  the p - t y p e  conduct ivi ty  has 
a smal ler  ac t iva t ion  energy than  the intr insic  con- 
duct ivi ty.  This also explains  tha t  the m a x i m a  are  
displaced towards  lower oxygen pressures  at the 
lower  tempera tures .  

The t rans i t ion  f rom the l o w - t e m p e r a t u r e  to h igh-  
t empera tu re  modification of Ta~O~ has been repor ted  
to take  place  at about  1320~ (6, 7). This t rans i t ion  
may  be expected to influence the electr ical  conduc-  
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t i v i t y  in  Ta~O~. The  r e su l t s  a t  1380~ also show 
a n o m a l i e s  w h i c h  m a y  be  t r a c e d  to such effects.  

F r o m  Fig.  5 i t  is seen  t ha t  a t  po~ = 10 -2 a t m  t h e r e  
is no change  in  t he  ac t i va t i on  e n e r g y  at  t he  t r a n s i t i o n  
t e m p e r a t u r e .  This  m a y  ind i ca t e  t h a t  t he  t r a n s i t i o n  
t e m p e r a t u r e  is a func t ion  of t he  o x y g e n  p re s su re ,  
a n d  t h a t  t h e  l o w - t e m p e r a t u r e  modi f i ca t ion  is s t ab l e  
even  at  1380~ a t  o x y g e n  p r e s s u r e s  s m a l l e r  t h a n  
abou t  10 -8 a tm.  A n  a l t e r n a t i v e  i n t e r p r e t a t i o n  m a y  
also be  t h a t  t he  h e a t  of f o r m a t i o n  of o x y g e n  v a c a n -  
cies a r e  no t  a p p r e c i a b l y  d i f fe ren t  in t he  two  modi f i -  
ca t ions  of Ta~O~. 

S i m i l a r l y  f r o m  Fig.  4 i t  is a lso  seen t h a t  no c h a n g e  
in  t he  a c t i v a t i o n  e n e r g y  is o b s e r v e d  a t  t he  t r a n s i t i o n  
t e m p e r a t u r e .  This  thus  i nd i ca t e s  t h a t  t he  i n t r i n s i c  
e n e r g y  gap  is no t  a p p r e c i a b l y  d i f f e ren t  for  t he  two  
Ta~O~ modi f ica t ions .  

A s  s h o w n  a b o v e  the  v a l u e  of t he  h e a t  of f o r m a t i o n  
of  o x y g e n  vacanc i e s  in  fl-Ta20~ w a s  f o u n d  to be  
(AH~ + Eb ~ E~) - -  150 k c a l / m o l e .  The  c o r r e s p o n d -  
ing  v a l u e  for  a-Nb20~ has  been  f o u n d  f r o m  t h e r m o -  
g r a v i m e t r i c  s tud ies  to be  103 k c a l / m o l e  (2 ) .  Thus  
the  h e a t  of f o r m a t i o n  of o x y g e n  vacanc ie s  is 1.5 t imes  
l a r g e r  for  fl-Ta~O~ t h a n  for  a-Nb~O~. F o r  a-Nb~Oo the  
v a l u e  of  x was  f o u n d  to be  a b o u t  0.01 a t  1227~ a n d  
at  an  o x y g e n  p r e s s u r e  of 10 -1" a tm.  On the  bas is  of 
t he  d i f fe rences  in h e a t  of f o r m a t i o n  of o x y g e n  v a c a n -  
cies in a-Nb~O~ a n d  in fl-Ta~O~ a n d  a s s u m i n g  t h e  
s ame  e n t r o p y  change  for  t he  de fec t  e q u i l i b r i u m  in 
t he  two  oxides ,  i t  m a y  be  e s t i m a t e d  t h a t  t he  v a l u e  of 
x in  Ta~O~ u n d e r  t h e  s a m e  cond i t ions  shou ld  be  
a b o u t  x ~ 10 -~. This  thus  e x p l a i n s  t he  v e r y  s m a l l  
w e i g h t  changes  o b s e r v e d  in t h e  t h e r m o g r a v i m e t r i c  
s tud ies  on Ta~O~. Cons ide r ing  the  e x p e r i m e n t a l  e r ro r s  
i n v o l v e d  in  w e i g h t  m e a s u r e m e n t s ,  i t  also a p p e a r s  
i mposs ib l e  on th is  bas i s  to s t u d y  the  de fec t  s t r u c t u r e  
of Ta~O~ b y  t h e r m o g r a v i m e t r i c  t echn iques .  

Be low a b o u t  700~176 the  de fec t  r eac t ions  a p -  
p a r e n t l y  become  s luggish ,  and  s e v e r a l  hours  ( a n d  
a t  l o w e r  t e m p e r a t u r e s  even  d a y s )  w e r e  n e e d e d  to 
e s t ab l i sh  an  a p p a r e n t  e q u i l i b r i u m .  T h e r e f o r e  t he  
o x y g e n  p r e s s u r e  d e p e n d e n c e  of t h e  c o n d u c t i v i t y  was  
no t  s t u d i e d  in  d e t a i l  u n d e r  these  condi t ions .  H o w -  
ever ,  t he  t e m p e r a t u r e  d e p e n d e n c e  a t  1 a t m  O2 was  
m e a s u r e d  d o w n  to 450~ In  these  m e a s u r e m e n t s  
e q u i l i b r a t i o n  pe r i ods  of 1 d a y  w e r e  used.  The  r e su l t s  
a r e  s h o w n  in Fig.  6, w h i c h  g ives  t he  l o g a r i t h m  of the  
e l e c t r i c a l  r e s i s t ance  of the  s p e c i m e n  as a func t ion  of 
t he  r e c i p r o c a l  abso lu t e  t e m p e r a t u r e .  A c h a n g e  in  the  
a c t i v a t i o n  e n e r g y  is o b s e r v e d  in t he  t e m p e r a t u r e  
r a n g e  600~176 and  at  t he  l o w e r  t e m p e r a t u r e s  t he  
ac t i va t i on  e n e r g y  a m o u n t s  to a b o u t  14 k c a l / m o l e  or  
0.61 ev. This  m a y  ref lect  conduc t ion  due  to i m p u r i t i e s  
in t he  oxide .  

In  t h e  a b o v e  d i scuss ion  of t he  de fec t  s t r u c t u r e  of 
Ta~O~ effects of i m p u r i t i e s  h a v e  no t  been  cons idered .  
I m p u r i t i e s  m a y  of course  g r e a t l y  affect  t he  de fec t  
s t r u c t u r e  and  t h e  a s soc ia t ed  e l ec t r i c a l  conduc t i v i t y .  
In  t he  p r e s e n t  w o r k  i t  is no t  poss ib le  to  e v a l u a t e  
e v e n t u a l  effects of i m p u r i t i e s  p r e s e n t  in t h e  oxide .  
W h e n  cons ide r ing  i m p u r i t i e s  i t  is l i k e l y  t h a t  these  
h a v e  l a r g e r  effect c lose to s t o i c h i o m e t r y  w h e r e  t he  
de fec t  r e ac t i ons  such  as Eq. [2] ,  [3] ,  and  [4]  a r e  of 
m i n o r  r e l a t i v e  i m p o r t a n c e .  In  f u t u r e  s tud ies  in th is  
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Fig. 6. Logarithm of the resistance of Ta~05 specimen at 1 atm 02 
as a function of the reciprocal absolute temperature. 

i n s t i t u t e  t he  effect of k n o w n  a m o u n t s  of i m p u r i t i e s  
on t h e  de fec t  s t r u c t u r e  of Ta~O~ wi l l  be  s tud ied .  

In  th is  connec t ion  i t  is of i n t e r e s t  to no te  t ha t  r u t i l e  
d o p e d  w i t h  s m a l l  a m o u n t s  of F e  +~ (0.02 and  0.2 mo le  
% ) exh ib i t s  s i m i l a r  t r a n s i t i o n s  f r o m  n -  to p - t y p e  
c o n d u c t i v i t y  as o b s e r v e d  in t he  p r e s e n t  w o r k  (16) .  
The  t r a n s i t i o n s  t a k e  p l ace  a t  l o w e r  o x y g e n  p r e s s u r e s  
for  the  m o r e  h e a v i l y  d o p e d  sample .  U n d o p e d  r u t i l e  
on ly  shows  n - t y p e  c o n d u c t i v i t y  b e l o w  1 a t m  O~. This  
m a y  ind i ca t e  t h a t  an  n - t y p e  to p - t y p e  t r a n s i t i o n  
t a k e s  p l a c e  at  a h i g h e r  o x y g e n  p r e s s u r e  t h a n  1 a t m  
for  t h e  u n d o p e d  oxide .  

A t  h igh  t e m p e r a t u r e s  n - c o n d u c t i n g  r u t i l e  has  a 
de fec t  s t r u c t u r e  i n v o l v i n g  o x y g e n  vacanc ie s  (5 ) .  A s  
for  Ta~O~ i t  m a y  be  p r o p o s e d  t ha t  p - c o n d u c t i n g  r u t i l e  
at  h igh  t e m p e r a t u r e s  also invo lves  i n t e r s t i t i a l  o x y -  
gen.  In  t hese  t e r m s  i t  m a y  be  conc luded  t h a t  t r i v a -  
l en t  i ron  in  r u t i l e  has  d i f fe ren t  r e l a t i v e  effects on the  
de fec t  r e ac t i ons  i n v o l v i n g  i n t e r s t i t i a l  o x y g e n  and  
o x y g e n  vacanc ie s  (Eq.  [11]  and  Eq. [2] ,  [3] ,  a n d  
[4 ] )  so as to cause  a d i s p l a c e m e n t  of t he  t r a n s i t i o n  
of n -  to p - t y p e  c o n d u c t i v i t y  to l o w e r  o x y g e n  p r e s -  
sures.  The  e x a c t  m e c h a n i s m  i n v o l v e d  is diff icult  to 
e l u c i d a t e  at  p r e s e n t  and  wi l l  h a v e  to a w a i t  f u r t h e r  
s tud ies  on th is  sys tem.  

The  p r e s e n t  w o r k  on Ta~O~ is of i m p o r t a n c e  for  t h e  
u n d e r s t a n d i n g  of t he  o x i d a t i o n  m e c h a n i s m  of t a n t a -  
l u m  at  h igh  t e m p e r a t u r e s .  A d e t a i l e d  d i scuss ion  of 
the  effect of t h e  t r a n s i t i o n  f r o m  n -  to p - t y p e  c o n d u c -  
t i v i t y  on the  o x i d a t i o n  b e h a v i o r  wi l l ,  h o w e v e r ,  be  
g iven  e l s e w h e r e  (1) .  
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The Anodic Oxidation of Iron in a Neutral Solution 
I. The Nature and Composition of the Passive Film 
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ABSTRACT 

Iron  was anodica l ly  oxidized in a bora te -bor ic  acid buffer solut ion of pH 
8.4 in the  potent ia l  range  ex tending  f rom the active region to oxygen  evolution.  
In  the  act ive region there  appeared  to be some Fe.O, on the surface. In  the  
passive region the i ron  was covered wi th  an oxide film 10-30A thick, depending 
on the potential .  The s tructure,  of the  film was s tudied by  its cathodic behavior  
and e lect ron diffract ion and was found to consist  of an inner  "Fe~O4" and an  
outer  "7-Fe~O," layer .  The outermost  pa r t  of the  film had a defect  s t ruc ture  
of the genera l  fo rmula  Fe~~ The thicknesses of the  layers  and 
the number  of defects were  found to be funct ions of the  anodic potent ial .  The 
chemical  react ions involved in the anodic pass ivat ion and the subsequent  ca -  
thodic reduct ion processes a re  discussed. 

The  p h e n o m e n o n  of " p a s s i v i t y "  of i ron  w a s  f irst  
no t ed  ove r  one h u n d r e d  y e a r s  ago b y  F a r a d a y  and  
Schbnbe in ,  a n d  s ince  t h a t  t ime  the  f ac to r s  con t ro l l i ng  
t h e  e s t a b l i s h m e n t  a n d  m a i n t e n a n c e  of th is  s t a t e  have  
been  i n v e s t i g a t e d  b y  m a n y  w o r k e r s  ( 1 - 5 ) .  T h e r e  is 
as y e t  no c o m m o n l y  accep t ed  v i e w  of t he  n a t u r e  of 
t he  p a s s i v e  f i lm or  t he  ro le  t ha t  i t  p l a y s  in pa s s iv i t y .  
In  th is  i n v e s t i g a t i o n  the  e l e c t r o c h e m i c a l  qua n t i t i e s  
i n v o l v e d  in  t he  anod ic  f o r m a t i o n  a n d  s u b s e q u e n t  
ca thod ic  r e d u c t i o n  of pas s ive  f i lms on i r on  in  a n e u -  
t r a l  b o r a t e - b o r i c  ac id  buf fe r  so lu t ion  w e r e  m e a s u r e d  
and  compared .  F r o m  t h e  r e su l t s  i n f o r m a t i o n  has  
been  o b t a i n e d  r e g a r d i n g  the  c h e m i c a l  r e ac t i ons  in 
t he  p a s s i v a t i o n  and  r e d u c t i o n  p rocesses  and  on the  
th ickness ,  c h e m i c a l  compos i t ion ,  and  s t r u c t u r e  of  t he  
pas s ive  film. 

Experimental 
Materials.--Ferrovac i ron  shee ts  of 5 x 1 cm w i t h  

s m a l l  h a n d l e s  w e r e  u s e d  as  t e s t  spec imens .  2 A f t e r  
po l i sh ing  w i t h  4 /0  e m e r y  pape r ,  t h e  spec imens  w e r e  

1 N.R.C.  P o s t d o c t o r a t e  R e s e a r c h  Fe l l ow .  P r e s e n t  a d d r e s s :  F a c u l t y  
of  Sc i ence ,  H o k k a i d o  U n i v e r s i t y ,  S a p p o r o ,  J a p a n .  

s T h e  c o m p o s i t i o n  of  t h e  i r o n  w a s :  C 0.007 ( % ) ,  N 0.0002, O 0.013, 
P 0.0002, S 0.0017, Si  0.0095, A1 0.001-0.003, Cu  0.001-0.003, M n  0.002- 
0.004, P b  n o n e  d e t e c t e d  ~0 .01 ,  Srt n o n e  d e t e c t e d  40 .004 .  

e l e c t r o p o l i s h e d  in a m i x t u r e  of g l ac ia l  ace t ic  and  
70% p e r c h l o r i c  ac ids  (20 :1 )  a t  a c.d. of 0.45 a m p /  
cm ~ (6 ) .  T e m p e r a t u r e  of t h e  b a t h  was  k e p t  b e t w e e n  
15 ~ a n d  17 ~ a n d  po l i sh ing  was  done  in  10-sec b u r s t s  
to avo id  ove rhe a t i ng .  A t o t a l  t h i cknes s  of m o r e  t h a n  
201z was  d i s so lved  so as to r e m o v e  t h e  d e f o r m e d  l a y e r  
due  to ab ras ion .  The  s p e c i m e n  was  w i t h d r a w n  f rom 
the  b a t h  and  i m m e d i a t e l y  w a s h e d  w i t h  a j e t  s t r e a m  
of a n h y d r o u s  m e t h y l  a lcohol ,  t h e n  d r i e d  q u i c k l y  b y  
a b s o r b i n g  t h e  m e t h a n o l  w i t h  F i s h e r  l ens  pape r .  
E l e c t r o n  mic roscop ic  o b s e r v a t i o n  (Fig .  1 0 ( a ) )  i n d i -  
ca t ed  a v e r y  s m o o t h  su r f ace ;  t h e  su r f a c e  r o u g h n e s s  
f ac to r  w o u l d  be  v e r y  close to u n i t y  (6, 7).  This  p r o -  
c e d u r e  was  fo l l owed  b y  a n n e a l i n g  in  a h y d r o g e n  
a t m o s p h e r e  for  abou t  2 h r  a t  700~ The  spec imens  
were  e l e c t ropo l i she d  aga in  fo r  a sho r t  p e r i o d  j u s t  
be fo re  m e a s u r e m e n t .  

A d e a e r a t e d  e q u i v o l u m e  m i x t u r e  of 0.15N sod ium 
b o r a t e  and  0.15N bor ic  ac id  so lu t ions  was  u sed  for  
bo th  t he  anod ic  p a s s i v a t i o n  a n d  the  ca thod ic  r e d u c -  
t ion  e x p e r i m e n t s .  The  p H  of th is  so lu t ion  is 8.41. 
T h e  so lu t ion  was  k e p t  in a s to rage  vesse l  u n d e r  a 
s t r e a m  of n i t r o g e n  w h i c h  was  pur i f i ed  b y  b u b b l i n g  
t h r o u g h  F i e s e r ' s  so lu t ion  and  t hen  pas s ing  t h r o u g h  
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a c o l u m n  of f ine ly  d i s p e r s e d  coppe r  on K i e s e l g u h r ,  
h e a t e d  to 220~ The  o x y g e n  con ten t  of t he  so lu t ion  
was  checked  b y  an  e l e c t r o c h e m i c a l  m e t h o d  w i t h  a P t  
ca thode ,  and  i t  was  f o u n d  t h a t  t he  c o n c e n t r a t i o n  was  
less  t h a n  1 x 10 -7 m/1. The  c o r r e s p o n d i n g  l i m i t i n g  
d i f fus ion  c u r r e n t  of oxygen ,  0.04 ~ a / c m  ~, w o u l d  no t  
h a v e  a f fec ted  t h e  r e su l t s  of the  e x p e r i m e n t s .  

CelL--The e l ec t ro ly t i c  cel l  u sed  was  s im i l a r  to 
t ha t  d e s c r i b e d  b y  Oswin  and  Cohen  (8) .  I t  h a d  a 
c a p a c i t y  of a b o u t  80 m l  and  was  u s u a l l y  f i l led w i t h  
30 m l  of t he  solut ion.  So lu t ion  could  be  t r a n s f e r r e d  
f r o m  the  s to rage  vesse l  to t he  cel l  or  r e m o v e d  f r o m  
the  cel l  for  ana lys i s  u n d e r  a n i t r o g e n  a t m o s p h e r e  
t h r o u g h  a t h r e e - w a y  s o l u t i o n - l u b r i c a t e d  g lass  s t o p -  
cock at  the  bo t tom.  F o r  the  p u r p o s e  of  p o l a r i z i n g  the  
s p e c i m e n  two  a u x i l i a r y  P t  e l ec t rodes  w e r e  p rov ided .  
The  one e m p l o y e d  for  t he  ca thod ic  r e d u c t i o n  of t he  
s p e c i m e n  cons i s ted  of a set  of two  P t  w i r e s  sea l ed  a t  
the  top  of g lass  s ide  a rms .  The  o the r  was  a c y l i n d r i c a l  
P t  shee t  h a v i n g  a l a rge  g e o m e t r i c a l  su r face  a r e a  (80 
cm ~) f ixed in  pos i t i on  so as to s u r r o u n d  the  spec imen ,  
be ing  used  on ly  for  the  anodic  p a s s i v a t i o n  e x p e r i -  
ment .  The  s p e c i m e n  was  s u s p e n d e d  on a h e a v y  t u n g -  
s ten  w i r e  sea led  in to  t he  b a l l - j o i n t  on the  top  of the  
cell,  and  the  p o t e n t i a l  of the  s p e c i m e n  was  m e a s u r e d  
aga in s t  a s a t u r a t e d  ca lome l  e l ec t rode  v i a  a sa l t  
b r i d g e  f i l led w i t h  t he  e l ec t ro ly t i c  solut ion.  

Electrical circuit.--A schema t i c  d i a g r a m  of the  
e l ec t r i ca l  c i r cu i t  used  is shown  in Fig.  1. The  r i g h t -  
h a n d  s ide  is a po t en t i o s t a t i c  p o l a r i z a t i o n  c i r cu i t  e m -  
p l o y e d  to a p p l y  a cons t an t  anodic  p o t e n t i a l  to t h e  
spec imen .  The  des ign  of the  p o t e n t i o s t a t  is b a s i c a l l y  
t h a t  of G e r i s c h e r  a n d  S t a u b a c h  (9) .  I t  consis ts  of a 
d i f f e r en t i a l  ampl i f i e r  h a v i n g  an  ampl i f i ca t ion  f ac to r  
of 600 and  a b a n d  w i d t h  of abou t  5 kc / sec .  Ze ro  po in t  
d r i f t  was  f o u n d  to be  less t h a n  5 m y / d a y .  The  change  
of c u r r e n t  w i t h  t ime  a f t e r  a p p l y i n g  a cons t an t  p o t e n -  
t i a l  was  fo l l owed  b y  r e c o r d i n g  the  ohmic  d rop  across  
a s t a n d a r d  r e s i s t ance  of 100 ohms  i n s e r t e d  in t he  
po l a r i z i ng  c i rcu i t  in  t he  u s u a l  way .  A r e c o r d e r  of t he  
d i r ec t  w r i t i n g  o sc i l l og raph  t y p e  ( r a n g e  0-200 m v )  
was  used  for  the  in i t i a l  c u r r e n t  of s e v e r a l  m i l l i -  
a m p e r e s ,  a n d  i t  was  then  s w i t c h e d  ove r  to a s t r i p  
c h a r t  r e c o r d e r  of h i g h e r  s e n s i t i v i t y  ( r a n g e  0-10 m y )  
w h e n  t h e  c u r r e n t  w e n t  d o w n  to a b o u t  100 #a. The  
r e sponse  t imes  of these  r e c o r d e r s  w e r e  a b o u t  1/100 
sec and  1 sec for  t he  fu l l  scale  sh i f t  of  t he  needle ,  and  
c h a r t  speeds  w e r e  25 m m / s e c  and  8 m m / m i n ,  r e -  
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Fig. 1. Schematic representation of circuit. A, specimen; B, aux- 
iliary Pt electrode; C, saturated calomel electrode; D, differential 
amplifier; E, output tube of the amplifier; F, current-recorder; G, 
vacuum tube voltmeter with recorder; H, signal voltage; I, 
micraammeter. 

spec t ive ly .  As  has  been  p o i n t e d  out  r e c e n t l y  b y  Wi l l  
(10) and  o the r s  (11) ,  t h e  t i m e  r e q u i r e d  to a t t a i n  a 
cons t an t  p o t e n t i a l  is a f u n c t i o n  of t he  t o t a l  i m p e d -  
ance  in the  p o l a r i z i n g  c i rcui t ,  so t ha t  an  effort  was  
m a d e  to k e e p  the  r e s i s t ance  of t he  cel l  and  of t he  
r e c o r d e r  low so as to o b t a i n  a cons t an t  p o t e n t i a l  
w i t h i n  5 sec. T h e  l e f t - h a n d  s ide  of t he  f igure  is a 
g a l v a n o s t a t i c  p o l a r i z a t i o n  c i r cu i t  cons i s t ing  of a 
t r a n s i s t o r  rec t i f ie r  of 30v o u t p u t  vo l t a ge  and  v a r i a b l e  
l a r g e  res i s t ance .  I t  was  u sed  m a i n l y  to a p p l y  a con-  
s t an t  ca thod ic  c u r r e n t  to t he  spec imen .  The  change  
of p o t e n t i a l  w i t h  t i m e  d u r i n g  ca thod ic  r e d u c t i o n  was  
r e c o r d e d  w i t h  a S p e e d - o - M a x  r e c o r d e r  ( r a n g e  0-100 
m v )  t h r o u g h  an  e l e c t r o n - t u b e  p o t e n t i o m e t e r  h a v i n g  
an  i n p u t  i m p e d a n c e  of a b o u t  108 ohms.  The  d i r ec t i on  
of p o l a r i z a t i o n  could  be c h a n g e d  r a p i d l y  b y  m e a n s  of 
a m u l t i p l e  swi tch .  A l l  t he  e x p e r i m e n t s  w e r e  con-  
duc t ed  at  r o o m  t e m p e r a t u r e ,  w h i c h  r a n g e d  f r o m  
24 ~ to 25.5~ and  p o t e n t i a l  d a t a  g iven  he re  a r e  a l -  
w a y s  r e f e r r e d  to the  s a t u r a t e d  ca lome l  e lec t rode .  

Analysis.--Colorimetric a n a l y s i s  of t he  so lu t ion  
for  i ron  b y  the  o r t h o p h e n a n t h r o l i n e  m e t h o d  could  be  
c a r r i e d  ou t  a f t e r  a n y  d e s i r e d  p e r i o d  of t ime  of c a t h -  
odic or  anodic  p o l a r i z a t i o n  b y  r e m o v i n g  the  spec i -  
m e n  q u i c k l y  f r o m  the  so lu t ion  w h i l e  t he  p o l a r i z a t i o n  
was  going  on and  d u m p i n g  t h e  so lu t ion  f r o m  the  
cell .  The  t e c h n i q u e  of ana lys i s  can  be  b r ie f ly  d e -  
s c r i be d  as fo l lows :  The  a n a l y t i c a l  r e a g e n t  was  m a d e  
up  f r o m  200 m l  of 0.25% o - p h e n a n t h r o l i n e ,  300 m l  of 
3 % h y d r o x y l a m i n e - h y d r o c h l o r i d e  and  500 ml  of 10 % 
acet ic  acid,  and  i t  was  s to red  in  a r e f r i g e r a t o r .  Ten  
mi l l i l i t e r s  of the  m i x e d  r e a g e n t  was  t r a n s f e r r e d  to a 
50 ml  v o l u m e t r i c  flask, b e i n g  fo l l owed  b y  the  a d d i t i o n  
of t he  ~olut ion and  w a s h i n g s  to t he  m a r k .  The  a m o u n t  
of ace t ic  ac id  in t he  r e a g e n t  h a d  been  chosen  so as to 
m a k e  the  p H  of t he  f inal  m i x t u r e  abou t  4. M e a s u r e -  
m e n t  of op t i ca l  d e n s i t y  in  a 50 m m  si l ica  cel l  was  
c a r r i e d  out  30 ra in  a f t e r  m i x i n g  w i t h  a B e c k m a n  
Mode l  B s p e c t r o p h o t o m e t e r  a t  508 mp. E x p e r i m e n t a l  
e r r o r  of the  ana lys i s  is c l a i m e d  to be  less t h a n  • 
1.0%. The  l i m i t i n g  s e n s i t i v i t y  of th is  m e t h o d  is 0.05 
#g F e  §247 in t he  t o t a l  solut ion.  

Results 
Anodic polarization curve.--The n e a r l y  s t a t i o n a r y  

anod ic  p o l a r i z a t i o n  c u r v e  o b t a i n e d  b y  m e a n s  of t he  
p o t e n t i o s t a t  is shown  in Fig .  2. Be fo re  t he  m e a s u r e -  
m e n t  of each  poin t ,  t he  s p e c i m e n  was  p r e t r e a t e d  at  a 
ca thod ic  c u r r e n t  of  10 ~ a / c m  ~ un t i l  the  a i r - f o r m e d  or  
pa s s ive  ox ide  f i lm was  c o m p l e t e l y  r e m o v e d .  This  
cou ld  be c he c ke d  b y  the  ca thod ic  p o t e n t i a l  m e a s u r e -  
m e n t s  w h i c h  wi l l  be  d e s c r i b e d  la te r .  The  so lu t ion  
was  c h a n g e d  a f t e r  t he  ca thod ic  t r e a t m e n t .  The  t r a n -  
s i t ion  f r o m  t h e  ac t ive  and  the  p a s s i v e  s ta tes  t a k e s  
p l ace  in  t he  p o t e n t i a l  r eg ion  f r o m  --650 m v  to --550 
m v  (E~I). In  t he  pas s ive  p o t e n t i a l  r eg ion  f rom --550 
to +850  my,  t he  m a g n i t u d e  of the  c u r r e n t  fa l l s  to 
less t h a n  0.01 ~ a / c m  ~ a f t e r  10 h r  of po la r i za t ion ,  a n d  
even  t hen  i t  was  s t i l l  t e n d i n g  to dec rea se  w i t h  t ime.  
B e y o n d  a p o t e n t i a l  of abou t  +850  m v  (Eo~), t he  c u r -  
r en t  aga in  beg ins  to i nc rea se  s t e e p l y  w i t h  p o t e n t i a l  
p r e s u m a b l y  be c a use  of the  onse t  of o x y g e n  evolu t ion .  

Potentiostatic measurement of the amount of film. 
- - E a c h  e x p e r i m e n t  was  s t a r t e d  f rom the  c o m p l e t e l y  
r e d u c e d  su r f ace  condi t ion .  The  c h a n g e  in t he  anod ic  
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Fig. 2. Anodic polarization curve 
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Fig. 3. Change of current with time after applying anodic polar- 
ization. Dotted circle, E= = + 6 0 0  my, 20 min additional cathodic 
treatment after completing the reduction; dotted tr iangle, E, 
+ 6 0 0  mv, just after completing the reduction; inverted dotted tri- 
angle, E, = + 2 0 0  my, just after completing the reduction; 
dotted square, E= = - -300  my, just after completing the reduction. 

current i= with time t~ was followed immediately 
after applying a constant passive potential. Log-log 
plots of the i. -- t, relationship obtained at three pas- 
sive potentials are shown in Fig. 3. The relatively 
large current  of the order of 1 m a / c m  8 flowing in the 
initial period of time decreases rapidly, but  the 
change then becomes much slower. While the shape 
of the initial part  of the curve is markedly dependent 
on the impedance of the polarizing circuit, the suc- 
ceeding part  of the curve is a straight line of slope 
approximately 45 ~ independent for both applied 
potentials and practical values of the circuit element; 
the point of transition between these two parts of the 
curve is quite dependent on the impedance. The 
linear relation was ascertained to continue for at 
least 15 hr. This relationship has been reported by 
many workers for the passivation of iron and other 
metals (12). The charge passed can be calculated by 
graphic integration of the curve. For different values 
of impedance, and consequently for different shapes 
and heights of the initial part  of the curve, it is still 
an experimental  fact that  the total charge passed up 
to the transition point is a constant for a constant 
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applied potential. Thus, the amount  of charge passed 
during 1 hr of polarization was calculated, and the 
results obtained for the various anodic potentials Ea 
ranging over the passive region are shown in Fig. 4. 
The amount of charge Q. accumulated in the film was 
then obtained by subtracting the equivalent cou- 
lombs for the amount  of iron found in the solution 
from the total charge passed. The dissolution of iron 
occurs as ferrous ion below --200 my, the amount  
being increased as the potential is lowered. In the 
potential range between 0 to W850m, the relation 
between Q~ and E. is essentially a straight line hav-  
ing a slope of 0.34 mC/cmV100 mv. This slope is 
similar to that  roughly estimated by Weil (13) for 
passive iron in phthalate buffer solution at pH 6. A 
slight negative deviation from the linear relationship 
is observed in the potential region below about 0 mv 
(E~). The fact that  Q. commences to increase steeply 
with potential beyond +850 mv would be explained 
as being due to the oxygen evolution reaction. Hence, 
the amount of the oxide film above +850 mv cannot 
be determined by this method. 

The effect of time of polarization t~ on the Q. --  
E= curve is roughly estimated as shown in Fig. 5, 
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Fig. 4. Effect of potential on the amount of charge passed dur- 
ing 1 hr anodic polarization . . . .  o . . . ,  Total amount of charge 
passed; - - / , k ~ ,  amount of charge corresponding to the Fe ++ 
dissolution; o~__,  amount of charge for the formation of pas- 
sive f i lm; e, amount of charge for a [112] single crystal specimen. 
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Fig. 6. Change of potential with time during galvanostatic anodic 
polarization (c.d. ~ 31.4 ~a/cm ~, amount of corrosion = 0.28 
~g Fe+*/cm~ = 0.97 mC/cm~). 

a s s u m i n g  t h a t  the  l i n e a r  r e l a t i o n  b e t w e e n  log is and  
log t ,  does  no t  d e p e n d  on the  a p p l i e d  p o t e n t i a l  and  
t h a t  i t  w i l l  a lso ho ld  for  up  to 50 hr .  I t  can  be  seen 
t h a t  t h e  cu rves  do no t  change  v e r y  m u c h  f r o m  the  
one o b t a i n e d  for  one h o u r ' s  e x p e r i m e n t  even  if  t he  
p o l a r i z a t i o n  is c o n t i n u e d  for  50 hr .  

Galvanostatic measurement for the amount of 
film.--The a m o u n t  of c h a r g e  r e q u i r e d  to p a s s i v a t e  
a spec imen ,  w h i c h  h a d  been  p r e t r e a t e d  b y  ca thod ic  
po la r i za t ion ,  was  e s t i m a t e d  b y  the  g a l v a n o s t a t i c  
m e t h o d  for  c o m p a r i s o n  w i t h  the  r e s u l t  o b t a i n e d  b y  
t h e  po t en t i o s t a t i c  me thod .  A c u r r e n t  h i g h e r  t h a n  the  
m a x i m u m  c u r r e n t  w h i c h  is o b s e r v e d  in  the  ac t ive  
p o t e n t i a l  r eg ion  of t h e  p o l a r i z a t i o n  c u r v e  (Fig .  2) 
was  app l i ed ,  and  the  r e s u l t i n g  change  of p o t e n t i a l  
w i th  t i m e  t or  cha rge  pa s sed  was  fo l lowed .  The  r e -  
sul t  is shown  in Fig .  6. Two  w a v e s  a r e  o b s e r v e d  in 
t he  i n i t i a l  and  m i d d l e  p a r t s  of t he  curve .  The  f irst  
t r a n s i t i o n  poin t ,  A, is in  t he  p o t e n t i a l  r e g i o n  of E ,  ~ 
w h e r e  t he  t r a n s i t i o n  f r o m  the  ac t ive  to t he  pa s s ive  
s t a t e  t a k e s  p l ace  in  t he  p o t e n t i o s t a t i c  e x p e r i m e n t s .  
The  second  t r ans i t i on ,  B, a t  a b o u t  0 m v  c o r r e s p o n d s  
to t he  po in t  E~ ~ on the  p o t e n t i o s t a t i c  p o l a r i z a t i o n  
c u r v e  w h e r e  a n e g a t i v e  d e v i a t i o n  in t he  Q~ - -  Eo 
cu rve  was  obse rved .  P o i n t  C c o r r e s p o n d s  to t he  o x -  
y g e n  evo lu t ion  p o t e n t i a l  E~ ~. A s i m i l a r  t y p e  of c u r v e  
was  r e p o r t e d  b y  H e u s l e r  and  W e l l  (14) for  i ron  in  
an  a m i n o - a c e t i c  ac id  buf fe r  so lu t ion  of pI-t 9.3. The  
q u a n t i t y  of cha rge  a c c u m u l a t e d  in the  f i lm Q, was  
o b t a i n e d  b y  s u b t r a c t i n g  the  e q u i v a l e n t  cou lombs  for  
the  a m o u n t  of i ron  f o u n d  in so lu t ion  f rom the  t o t a l  
c h a r g e  passed ,  a s s u m i n g  t h a t  t he  cor ros ion  h a d  oc-  
c u r r e d  as  F e  --> F e  ~§ + 2e b e f o r e  the  p o i n t  A was  
reached .  The  r e su l t  is shown  in Fig.  5 as crosses.  The  
Q~ - -  E~ c u r v e  o b t a i n e d  b y  th i s  m e t h o d  is qu i t e  s i m -  
i l a r  to t h a t  o b t a i n e d  b y  the  p o t e n t i o s t a t i c  m e t h o d  for  
a v e r y  sho r t  p e r i o d  of  p o l a r i z a t i o n  such  as  s e v e r a l  
minu tes .  Th is  me thod ,  h o w e v e r ,  seems  to h a v e  d i s -  
a d v a n t a g e s  for  the  p u r p o s e  of o b t a i n i n g  a r e p r o -  
duc ib l e  pas s ive  cond i t ion  or  for  con t ro l l i ng  the  f i lm 
th i ckness  of  t h e  s p e c i m e n  at  a c e r t a i n  pa s s ive  p o -  
t en t ia l .  

Cathodic reduction curve.~The anod ic  p a s s i v a -  
t ion  e x p e r i m e n t s  w e r e  i m m e d i a t e l y  fo l l owed  b y  
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Fig. 7. Effect of anodic polarization and time of polarization on 
the cathodic reduction curve. 

m e a s u r e m e n t  of t he  ca thod ic  r e d u c t i o n  cu rve ;  t he  
change  of ca thod ic  p o t e n t i a l  E~ w i t h  t i m e  or  a m o u n t  
of c h a r g e  Q o was  t r a c e d  at  a cons t an t  c.d. of a b o u t  
10 ~a/cm".  T y p i c a l  ca thod ic  r e d u c t i o n  cu rves  ob -  
t a i n e d  for  v a r i o u s  p a s s i v a t i n g  cond i t ions  a r e  shown  
in Fig.  7. T h r e e  a r r e s t s  or  two  w a v e s  can  be  seen  in  
the  curves ,  and  the  po in t s  of inf lect ion c o r r e s p o n d -  
ing  to these  a r r e s t s  a p p e a r  a r o u n d  --550 mv,  - -920 
mv,  and  "10O0 my,  r e spec t i ve ly .  The  p o t e n t i a l  for  
t he  first  a r r e s t  is in  t h e  s a m e  p o t e n t i a l  r eg ion  w h e r e  
the  a c t i v e - p a s s i v e  t r a n s i t i o n  occurs  (E J ) .  In  g e n -  
e ra l ,  t he  change  f r o m  the  f irst  to t he  second  w a v e  
becomes  m u c h  m o r e  c l e a r l y  def ined  and  m o r e  cha rge  
seems  to be  a s soc ia t ed  w i t h  bo th  waves ,  the  m o r e  
pos i t i ve  t he  anodic  p o t e n t i a l  a n d  the  l onge r  t he  t ime  
i t  is app l i ed .  Thus,  t he  a m o u n t  of cha rge  Q / a n d  Q /  
a s soc ia t ed  w i t h  these  two  w a v e s  is m e a s u r e d  as a 
func t ion  of p a s s i v e  po t en t i a l ,  a n d  t h e  t i m e  of p o -  
l a r i za t ion ,  and  t h e  r e su l t s  a r e  shown  in Fig .  8 and  
Fig.  9. ~ I t  m i g h t  be  i n t e r e s t i n g  to po in t  out  h e r e  tha t  
t he  s lope  of t h e  Q [  - Ea cu rve  (Fig .  8) changes  a t  

8 T h e  i n t e r s e c t i o n  o f  t h e  e x t r a p o l a t e d  l i n e s  o f  t h e  d e s c e n d i n g  p a r t  
o f  the  first w a v e  a n d  t h e  s e c o n d  a r r e s t ,  a n d  t h e  p o i n t  o f  i n f l e c t i o n  
b e t w e e n  t h e  s e c o n d  a r r e s t  a n d  t h e  t h i r d  p l a t e a u  a r e  u s e d  f o r  c a l -  
c u l a t i o n  o f  c o u l o m b s  passed. 
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Fig. 8. Effect of anodic polarization on the first and second waves 
of the cathodic reduction curve (t~ = 1 hr). 1,1', Total amount of 
charge for the complete cathodic reduction; 2, amount of charge 
for the first wave of cathodic reduction. 
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Fig. 9. Effect of time of anadic polarization on the amount of 
charge for the first and the second waves of the cathodic reduction 
curve (E~ ~ 4-600 my). I ,  amount of charge for the first wave; 
2, amount of charge for the second wave. 

the  s ame  c h a r a c t e r i s t i c  po t en t i a l s  of E /  a n d  E, '  as 
is s h o w n  in Fig.  4, a n d  t h a t  Qol a p p r o a c h e s  zero  at  
the  t r a n s i t i o n  p o t e n t i a l  b e t w e e n  t h e  ac t ive  a n d  the  
pas s ive  s t a tes  E~. 

Cohen  and  his  c o - w o r k e r s  (8, 15) h a v e  r e c e n t l y  
o b t a i n e d  the  ca thodic  r e d u c t i o n  c u r v e  for  ox id i zed  
i ron  in  a n e u t r a l  bo ra t e -HC1  b u f f e r  so lu t ion  a t  a 
c.d. s i m i l a r  to ours ,  and  h a v e  f o u n d  b y  m e a n s  of 
e l e c t r o n - d i f f r a c t i o n  t h a t  the  compos i t i on  of t he  o x -  
ide  w h e n  the  first  w a v e  a p p e a r s  a r o u n d  - -850 m v  
is a -Fe20 ,  and  u n r e d u c i b l e  m a g n e t i t e  r e m a i n s  on 
the  second  p l a t e a u  of a b o u t  - -930 mv.  S t o c k b r i d g e ,  
Sewel l ,  and  Cohen  (16) h a v e  f u r t h e r  s t ud i ed  the  
ca thod ic  r e d u c t i o n  of t h in  a i r - f o r m e d  ox ide  f i lms 
on i ron  and  have  a s c e r t a i n e d  t ha t  w h e n  t h e  f irst  
w a v e  a p p e a r e d  a t  a m u c h  h i g h e r  p o t e n t i a l  ( - -500 
m v  vs. S.C.E. a t  p H  7.6) t h a n  t h a t  for  a-FelOn, i t  
was  m a i n l y  d u e  to t he  ex i s t ence  of T-Fe~O, as t he  
o u t e r  l a y e r  of the  film. Hence ,  b y  r e f e r r i n g  to t hese  
resu l t s ,  t he  f irst  and  the  second  w a v e s  and  the  t h i r d  
p l a t e a u  o b s e r v e d  he re  in  t he  ca thod ic  r e d u c t i o n  
cu rve  a r e  p r o b a b l y  r e l a t e d  to a s t r u c t u r e  of a su r -  
face  of  3,-FelOn, m a g n e t i t e ,  a n d  the  b a r e  me ta l ,  
r e spec t i ve ly .  The  m a g n e t i t e  l a y e r  seems  to be  c o m -  
p l e t e l y  r e d u c i b l e  in th i s  case. This  r e d u c i b i l i t y  of 
t he  m a g n e t i t e  is conf i rmed  b y  the  fac t  t h a t  if c a t h -  
odic r e d u c t i o n  is u sed  as t he  p r e t r e a t m e n t  for  an  
anodic  p a s s i v a t i o n  a n d  if t he  r e d u c t i o n  has  been  
c a r r i e d  on u n t i l  t he  t h i r d  p l a t e a u  or  the  b a r e  s u r -  
face  cond i t ion  is ' a t t a ined ,  t h e n  t h e  i ,  - -  L c u r v e  or  
t he  a m o u n t  of c h a r g e  Q,  a c c u m u l a t e d  d u r i n g  the  
anodic  pos s iva t i on  becomes  r e p r o d u c i b l e  and  i n d e -  
p e n d e n t  of t he  p r e v i o u s  t r e a t m e n t  of the  s p e c i m e n  

Fig .  3) .  A n  e l ec t ron  d i f f rac t ion  e x a m i n a t i o n  (cf. b y  
ref lec t ion  was  m a d e  for  t he  pa s s ive  f i lm of  a b o u t  
15~  p r o d u c e d  at  --190 m v  on a [112] s ingle  c r y s t a l  
s p e c i m e n  (cf. Fig .  4) .  The  p a t t e r n  s h o w n  in Fig.  
10 ind ica t e s  a cubic  s t r u c t u r e  of t h e  f i lm h a v i n g  an  
a v e r a g e  l a t t i ce  p a r a m e t e r  of a = 8.37 ----- 0.04A. 
This  cou ld  also be  e x p l a i n e d  b y  the  concep t  t h a t  t h e  
o u t e r  and  the  i n n e r  l a y e r s  of pa s s ive  f i lm a re  m a i n l y  
composed  of y-Fe.oO~ and  Fe,O,  (17) .  A n  a t t e m p t  to  
ob t a in  a re f lec t ion  d i f f rac t ion  p a t t e r n  for  t he  f i lm 
of a b o u t  30A o b t a i n e d  a t  h i g h e r  pa s s ive  p o t e n t i a l  

Fig. 10. Electronmicrograph of surface and electron diffraction of 
passive film. Series treatment of surface, Pt-C replicas, co-evapo- 
rated at 45 ~ magnification 100,000X. (a) Electropolished; (b) 
aaodlcally passivated for 1 hr at 4-600 my; (c) cathodically reduced 
at 10 ~a/cm~; (d) reflection electron diffraction of anodically passi- 
vated 112 single crystal, 112 surface from 111 azimuth. Specimen 
was passivated at 4-190 my for 1 hr, film thickness ca. 15/~. do~) 

~37 • 0.04A., (e) transmission electron diffraction of passive 
film stripped from polycrystolline specimens passivated at 4-850 
mv for 1 hr. d~loo) ~ 8.40 _ 0.04A.. 

was  also made ,  b u t  no c lea r  i n f o r m a t i o n  was  o b -  
t a ined .  A t r a n s m i s s i o n  p a t t e r n  s h o w i n g  t h e  s t r u c -  
t u r e  of cubic  i ron  ox ide  w a s  o b t a i n e d  fo r  a f i lm of 
s im i l a r  t h i ckness  s t r i p p e d  f r o m  a p o l y c r y s t a l l i n e  
spec imen  b y  the  i o d i n e - m e t h a n o l  m e t h o d  (Fig .  10).  

As  a m a t t e r  of  in te res t ,  c a thod ic  r e d u c t i o n  cu rves  
w e r e  o b t a i n e d  for  spec imens  w h i c h  w e r e  a n o d i c a l l y  
p o l a r i z e d  a t  n e a r l y  s t e a d y  s t a tes  in  t h e  ac t ive  p o -  
t e n t i a l  reg ion .  O n l y  the  second  w a v e  of t he  curve ,  
w h i c h  could  no t  be  c l e a r l y  def ined,  was  obse rved .  
This  w o u l d  i n d i c a t e  t h a t  in  t he  ac t ive  r e g i o n  no 
f e r r i c  o x i d e  is fo rmed ,  b u t  t h a t  t h e r e  m a y  be  some 
m a g n e t i t e  p r e s e n t  on the  sur face .  The  Q~ - -  E= c u r v e  
in  Fig .  8 shows  a m a x i m u m  a m o u n t  of  c h a r g e  of  
a b o u t  3 m C / c m  ~ at  E~ ---- - -660 m v  w h i c h  ag rees  w i t h  
t he  p o t e n t i a l  w h e r e  m a x i m u m  anod ic  c u r r e n t  is o b -  
se rved .  

Ferrous ion dissolution during cathodic reduction. 
- - T h e  a m o u n t  of t he  f e r rous  i r on  d i s so lu t ion  W~e§ 
a t  v a r i o u s  s tages  of t he  ca thod ic  r e d u c t i o n  w a s  m e a s -  
u r e d  for  a spec imen  w h i c h  was  p o l a r i z e d  a n o d i c a l l y  
at  4-600 m v  for  1 hr .  The  r e su l t s  o b t a i n e d  a re  s h o w n  
t o g e t h e r  w i t h  t he  ca thod ic  r e d u c t i o n  c u r v e  in  Fig .  11. 
T h e  b r o k e n  l ine  OA ind ica t e s  t he  r e l a t i o n s h i p  b e -  
t w e e n  W~++ and  Q~ w h i c h  w o u l d  be  e x p e c t e d  if t h e  
ca thod ic  r e d u c t i o n  f r o m  f e r r i c  o x i d e  to f e r r o u s  ion 
fo l l owed  the  r e a c t i o n  

Fe20~ 4- 6H § 4- 2e --> 2Fe  ++ 4- 3H~O 

w i t h  a c u r r e n t  eff iciency of 100%. As  can  be  noted ,  
t h e r e  is a d i s t i nc t  n e g a t i v e  d e v i a t i o n  f rom the  t h e o -  
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Fig. 11. A m o u n t  of ferrous ion f ound  in the solution during 
cathodic polarization (E~ = + 6 0 0  my, t~ ~ 1 hr). 

r e t i c a l  l ine  OA in t he  e a r l y  p a r t  of the  r e d u c t i o n  
process ,  f o l l owed  b y  a sec t ion  L M  in w h i c h  ca thod ic  
r e d u c t i o n  is e s sen t i a l l y  100% efficient. T h e  r e d u c t i o n  
efficiency t h e n  beg ins  to d r o p  s h a r p l y  f r o m  the  po in t  
M o n w a r d .  This  p o i n t  c o r r e s p o n d s  to t he  p o i n t  of  
inf lect ion a t  t h e  second  w a v e  of  t he  r e d u c t i o n  curve ,  
and  the  r e d u c t i o n  eff iciency f ina l ly  becomes  n e a r l y  
zero  a t  po in t  N. No change  in t he  F e  §247 ion c o n c e n t r a -  
t ion is o b s e r v e d  u n t i l  t h e  po in t  P t h a t  c o r r e s p o n d s  
to t he  end  of t h e  m a g n e t i t e  w a v e  is r eached .  A d rop  
in  Fe  §247 c o n c e n t r a t i o n  is o b s e r v e d  a f t e r  c o m p l e t i n g  
the  r e d u c t i o n  of t he  ox ide  film. 

S i m i l a r  cu rves  for  f i lms f o r m e d  a t  o the r  p o t e n -  
t i a l s  a r e  s h o w n  in  Fig .  12. In  a l l  cases  t hese  show 
the  n e g a t i v e  d e v i a t i o n  f r o m  100% c u r r e n t  eff iciency 
at  low v a l u e s  of  Q~. In  e v e r y  case  100% c u r r e n t  e f -  
f ic iency ( c o r r e s p o n d i n g  to po in t  L in Fig.  11) is 
r e a c h e d  a t  a ca thod ic  r e d u c t i o n  p o t e n t i a l  of - -700 
my.  I f  w e  a s sume  t h a t  t he  ca thod ic  p rocesses  b e -  
t w e e n  M and  N on Fig.  11 consis t  of 100% c u r r e n t  
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efficiency of r e d u c t i o n  of 7-Fe.~O3 to d i s so lved  F e  §247 
ion and  low c u r r e n t  eff iciency r e d u c t i o n  of Fe30, to 
t he  me ta l ,  t hen  e x t r a p o l a t i o n  of LM to t he  l ine  a t  
w h i c h  the  m a x i m u m  a m o u n t  of d i s so lved  f e r rous  
ion is o b s e r v e d  g ives  t h e  a c t u a l  a m o u n t  of cha rge  
QoB r e q u i r e d  to r e d u c e  the  o u t e r  l aye r .  

A ser ies  of e x p e r i m e n t s  w e r e  t h e n  m a d e  to d e -  
t e r m i n e  the  n u m b e r  of  cou lombs  r e q u i r e d  to r e a c h  
--700 m v  a n d  the  a c c o m p a n y i n g  a m o u n t  of i ron  in 
so lu t ion  for  s p e c i m e n s - w h i c h  h a d  been  a n o d i c a l l y  
t r e a t e d  for  1 h r  a t  v a r i o u s  p o t e n t i a l s )  T h e  m a x i m u m  
a m o u n t  of d i s so lved  i ron  W~e++ m'x w h i c h  could  be  
p r o d u c e d  was  also m e a s u r e d  b y  a n a l y z i n g  t h e  so lu -  
t ion  w h e n  ca thod ic  r e d u c t i o n  h a d  been  c a r r i e d  on 
to a b o u t  t he  m i d d l e  p a r t  of the  second w a v e  of t he  
r e d u c t i o n  curves .  The  t h e o r e t i c a l  n u m b e r  of cou -  
l o m b s  for  t he  r e d u c t i o n  of  s t o i ch iome t r i c  f e r r i c  o x -  
ide  Qr was  c a l c u l a t e d  f r o m  the  e x p e r i m e n t a l  v a l u e  
of W . . . .  ~,x. Q oB was  o b t a i n e d  as d e s c r i b e d  above .  
The  re su l t s  a r e  shown  in Fig .  13. As  can  be  seen 
the  d e v i a t i o n  ( Q ~ B -  Q ~ )  becomes  l a r g e r  as t h e  
a p p l i e d  anod ic  p o t e n t i a l  E~ is ra i sed .  Inf lec t ion  po in t s  
on t h e  cu rves  a p p e a r  a r o u n d  0 m v  and  +850  mv,  
i.e., in  t he  s a m e  p o t e n t i a l  r eg ions  E$ and  E2 w h e r e  
t h e  c h a r a c t e r i s t i c  inf lec t ion  a p p e a r s  in  t h e  Q~ - E~ 
c u r v e  shown  in Fig.  4. 

D i s c u s s i o n  

Anodic Reactions 

In  t he  ac t ive  r eg ion  the  r eac t i ons  a r e  p r o b a b l y  

F e ~  F e  §247 + 2e [1]  

3Fe  + 4H~O ~ Fe~O~ + 8H* + 8e [2]  

A t  th is  s t age  t h e r e  a l w a y s  a p p e a r s  to b e  some m a g -  
ne t i t e  on the  sur face ,  as j u d g e d  f rom the  ca thod ic  
r e d u c t i o n  po ten t i a l s .  

W h e n  the  anod ic  p o t e n t i a l  is m a d e  m o r e  pos i t ive ,  
i.e., e l e c t r o c h e m i c a l  cond i t ions  a r e  m o r e  ox id iz ing ,  

S i n c e  c h a n g i n g  t h e  s o l u t i o n  i m m e d i a t e l y  f o l l o w i n g  a n o d i c  po l a r -  
i z a t i on  h a d  b e e n  f o u n d  n o t  to a f f ec t  t h e  b e h a v i o r  on  c a t h o d i c  r e d u c -  
t ion ,  t h e  s o l u t i o n  w a s  c h a n g e d  t w i c e  j u s t  b e f o r e  c a t h o d i c  r e d u c t i o n  
f o r  t h e  c z s e  w h e r e  a n o d i c  p o l a r i z a t i o n  h a d  b e e n  a t  p o t e n t i a l s  < - - 2 0 0  
m v  o r  > + 850 m y  in  o r d e r  to  r e m o v e  f e r r o u s  i o n s  o r  o x y g e n  w h i c h  
h a d  b e e n  p r o d u c e d  d u r i n g  a n o d i c  po l a r i z a t i on ,  
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the outer  pa r t  of the Fe,O, is conver ted to 7-Fe,O, 
by react ions such as 

2Fe + 3H~O ~ 7-Fe~O~ + 6I-I § + 6e [3] 

2Fe~O, -F H=O --> 37-Fe,Os + 2H § + 2e [4] 

It  is p robable  tha t  the oxidat ion takes  place  through 
react ion [4]. The oxidat ion of magnet i te  to 7-Fe ,  O, 
by  air  or oxygen at room tempera tu res  has been  ob- 
served previous ly  (16), and the  anodic oxidat ion 
was discussed in a previous paper  (18). Under  the 
more s t rongly  oxidizing conditions of higher  poten-  
t ials dur ing anodic polar iza t ion  the  outer  l aye r  of 
the 7-Fe,O, may  be oxidized even more to form a 
cation vacancy s t ruc ture  which is stil l  in the cubic 
system by the react ion 

( 2 - - x ) 7 - -  Fe~O~ + 3xH~O --> 

2Fe2 § Fe~_~+[3,. O~ + 6xH + + 6xe [5] 

Some electron diffraction evidence for this  t ype  of 
vacancy s t ruc ture  leading to a lowered  lat t ice pa -  
r ame te r  of the  cubic oxide has been repor ted  else-  
where  for films formed by  electropol ishing (19). 

In essence the above discussion t rea ts  the  anodic 
passivat ion system in a manner  s imi lar  to the 
t r ea tmen t  given for air  oxidat ion of iron where  the  
oxide is formed by  a r e - a r r a n g e m e n t  of oxygen and 
iron ions to form a lat t ice in which the oxygens 
form a face-cen te red  cubic la t t ice  wi th  iron atoms 
fitted into oc tahedra l  and t e t r ahed ra l  sites. The ox-  
idat ion of magnet i te  to ~-Fe~O~ and of 7-Fe,  O, to 
the vacancy s t ruc ture  oxide t ake  place by  diffusion 
of iron ions out of the lat t ice accompanied by  ox-  
idat ion to a h igher  va lency state. 

On the basis of the above considerat ions the film 
formed by  anodic polar izat ion would  have the  com- 
posit ion shown in Fig. 14. Because of the close crys-  
ta l lographic  resemblance  of the oxides and the 
thinness of the film phase boundar ies  are p robab ly  
not sharp. However ,  in genera l  the phase next  to 
the meta l  most closely resembles  Fe~O, and tha t  
next  to the  solution a cation vacancy cubic oxide 
containing iron of a va lency grea ter  than  three,  
wi th  ~/-Fe~O~ between them. 

Cathodic Reactions 

The cathodic reduct ion curve has three  p la teaus  
corresponding to three  electrochemical  reactions. 
These can be considered to be 

F ~+ F ~+m e~ e . . . . .  �9 O~+3H=O + 

( 2 + 2 x ) e ~  ( 2 - - x ) F e  ++ + 6OH- [6] 

Fe~O, + 4H=O + 8e-~ 3Fe + 8 OH- [7 ] 

2H~O + 2e ~ H~ + 2 OH- [8] 

In contras t  to the  resul ts  of Hancock and Mayne 
(20) which indica ted  tha t  7-Fe=O~ was  reduced to 
metal l ic  iron, the data  obtained here  show tha t  the 
reduct ion product  is a lways  Fe ++ ion in solution. In 
the middle  par t  of the first wave  of the reduct ion 
curve ( f rom --700 mv to --900 mv)  where  ~/-Fe=O, 
is being reduced to ferrous ion wi th  a lmost  100% 
current  efficiency, any other side reactions such as 
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hydrogen evolut ion or the conversion of ~,-Fe~O~ to 
Fe~O, (13, 14) are  not l ike ly  to occur. Hydrogen  evo-  
lution, even wi thout  polarizat ion,  cannot be ex-  
pected above --750 mv at  the pH of solution used. 
The lower current  efficiency of reduct ion observed 
dur ing the ea r ly  per iod (above --700 my)  must  
therefore  be due to a cation vacant  (high iron va l -  
ence) oxide? In Eq. [6] showing the reduct ion of 
the outer  ~-ferr ic  oxide layer  wi th  the cation vacant  
s t ruc ture  in the outermost  part ,  the va lue  of x may  
va ry  f rom some finite value  to zero consistent wi th  
s tabi l i ty  of the s t ruc ture  and the appl ied  anodic 
potential .  The change of polar izat ion poten t ia l  E~ 
with  Qc in the  first wave  could be in te rp re ted  as 
being due to the gradua l  decrease of defect  concen- 
t ra t ion  at the oxide surface and to the  increase of 
Fe +§ ion concentrat ion in the solution with  the  t ime 
of cathodic reduction.  

In the second wave of the reduct ion curve except  
for the in i t ia l  per iod of reduction,  Fe~O, is the only 
oxide present ,  and no ferrous  ion is produced in so- 
lution. The Fe~O, is reduced d i rec t ly  to iron wi th  a 
low current  efficiency, as is shown in Eq. [7], the 
accompanying react ion p robab ly  being hydrogen  
evolut ion on the surface of oxide, which wil l  be 
fu r the r  discussed below. Af te r  complet ing the re -  
duct ion of Fe~O,, a po ten t ia l  which is character is t ic  
of hydrogen evolut ion on iron (the th i rd  p la teau)  
is reached.  At  this stage there  appears  to be some 
redeposi t ion of i ron f rom the ferrous  ion in the 
solution. The concept of the complete  reduct ion of 
the  magne t i t e  l ayer  is suppor ted  by  the fact tha t  
the number  of coulombs used dur ing anodic ox ida-  
t ion af ter  complete  cathodic reduct ion is independent  
of the t ime of cathodic reduct ion or of the  thickness 
of the  previous  oxide before cathodic reduct ion (cf. 
Fig. 3). If the  magnet i te  l aye r  was not  complete ly  
reduced, a ve ry  marked  change was observed in the 
number  of coulombs used dur ing subsequent  anodic 
passivat ion.  

The fer rous  ion dissolution observed in the  in i t ia l  
period of the second wave (or in the  final per iod of 

s A n  i n t e r p r e t a t i o n  of t he  l ow  c u r r e n t  eff iciency of  r e d u c t i o n  cou ld  
also be  m a d e  b y  a s s u m i n g  e i t h e r  a n  o x y g e n  r i ch  t y p e  of ox ide  or  an  
3bsorp+}on of  o x y g e n  a t o m s  on t he  su r face  of a s t o i c h i o m e t r i c  ox ide  
l ayer .  H o w e v e r ,  t h e  f i rs t  idea  is d i s ca rded  because  too  m u c h  e n e r g y  
is needed  to  i n s e r t  o x y g e n  ions  i n  t he  i n t e r s t i t i a l  pos i t i ons  of  th e  
c rys t a l  la t t ice .  The  second p o s s i b i l i t y  d id  no t  fit t h e  e x p e r i m e n t a l  
r e su l t s  on t he  decay  of  t h e  pa s s ive  p o t e n t i a l  w h i c h  w i l l  b e  de sc r ibed  
in  a f o l l o w i n g  pub l i c a t i on .  
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t he  first  w a v e )  is p r o b a b l y  to be  i n t e r p r e t e d  as due  
to t h e  r e d u c t i o n  of 7 - f e r r i c  ox ide  s t i l l  r e m a i n i n g  
as i so l a t ed  a r e a s  on the  su r face  of t he  u n d e r l y i n g  
m a g n e t i t e  l aye r .  This  w o u l d  b e  e x p e c t e d  a t  t h e  i~, 
ca thod ic  c u r r e n t  d e n s i t y  used  for  t he  r e d u c t i o n  of /za/cm2 
such t h in  films. The  r e l a t i v e l y  h igh  c.d. was  r e -  

5 
q u i r e d  in  o r d e r  to avo id  s e l f - c o r r o s i o n  or  a u t o r e -  10 
duc t ion  of  films. Thus  in th i s  s t age  the  r e d u c t i o n  of 20 
7-Fe~O, to F e  +§ ion, t he  r e d u c t i o n  of Fe,O,  to m e t a l l i c  
i ron  and  the  evo lu t i on  of h y d r o g e n  on the  ox ide  
a r e  a l l  t a k i n g  p l a c e  s i m u l t a n e o u s l y .  The  l a c k  of 
s h a r p  def in i t ion  in t he  t r a n s i t i o n  b e t w e e n  the  f irst  
and  the  second  w a v e s  of the  ca thod ic  r e d u c t i o n  
cu rve  is r e l a t e d  to t he  a b o v e  s i tua t ion .  

C o m p o s i t i o n  of  t h e  F i l m  

The  th i ckness  and  compos i t i on  of t h e  fi lms f o r m e d  
d u r i n g  anodic  p a s s i v a t i o n  h a v e  b e e n  c a l c u l a t e d  f rom 
the  n u m b e r  of  cou lombs  u sed  fo r  anod ic  t r e a t m e n t  
and  a s t u d y  of t he  ca thod ic  r e d u c t i o n  data .  

In  o r d e r  to  ca l cu l a t e  t he  e x a c t  n u m b e r  of cou-  
l o m b s  as soc ia t ed  w i t h  t he  anodic  f o r m a t i o n  of p a s -  
s ive  f i lm i t  is n e c e s s a r y  to cons ide r  the  a m o u n t  of 
cha rge  for  t he  poss ib l e  s ide reac t ions .  Thus,  t he  
a m o u n t  of c h a r g e  e q u i v a l e n t  to t he  f e r ro us  ion  
d i s so lu t ion  w h i c h  w a s  f o u n d  on ly  in  t he  p o t e n t i a l  
r eg ion  b e l o w  --200 m v  was  s u b t r a c t e d  f rom the  
t o t a l  c h a r g e  pa s sed  d u r i n g  t h e  p a s s i v a t i o n  e x p e r i -  
ment .  The  second  p o s s i b i l i t y  is t he  o x y g e n  evo lu t ion  
reac t ion .  A l t h o u g h  the  e q u i l i b r i u m  p o t e n t i a l  for  
o x y g e n  evo lu t i on  in  th is  so lu t ion  is a b o u t  +480  m v  
t h e r e  is no change  in  t h e  p o l a r i z a t i o n  c u r v e  u n t i l  
a b o u t  + 9 0 0  m v  w h i c h  ind i ca t e s  a h igh  o v e r v o l t a g e  
for  o x y g e n  evolu t ion .  The  fac t  t h a t  t h e r e  is no d i s -  
c o n t i n u i t y  in t he  p o l a r i z a t i o n  c u r v e  and  also in t he  
Qo - E c u r v e  a t  +480  m v  w o u l d  i nd i ca t e  t ha t  o x y -  
gen  f o r m a t i o n  p l a y s  no p a r t  in t h e  p a s s i v a t i o n  p r o c -  
ess. H o w e v e r ,  due  to o x y g e n  evo lu t i on  a b o v e  +900  
my,  th i cknesses  could  no t  be  c a l c u l a t e d  a b o v e  t h a t  
p o t e n t i a l 3  The  t h i r d  poss ib l e  r e a c t i o n  is t h e  o x i d a -  
t ion  of h y d r o g e n  p r o d u c e d  d u r i n g  the  ca thod ic  p r e -  
t r e a t m e n t  to h y d r o g e n  ions  at  t he  e a r l y  s t age  of 
pass iva t ion .  The  pos s ib i l i t y  of th is  r e a c t i o n  is d i s -  
coun ted  for  two  reasons .  F i r s t ,  t he  n u m b e r  of cou-  
l ombs  r e q u i r e d  for  anod ic  p a s s i v a t i o n  was  i n d e -  
p e n d e n t  of t he  t i m e  of  ca thod ic  t r e a t m e n t  a f t e r  t he  
m a g n e t i t e  was  reduced .  Second,  a n y  co r r ec t i on  for  
h y d r o g e n  o x i d a t i o n  at  t h e  l ow p a s s i v a t i o n  po ten t i a I s  
w o u l d  r e d u c e  the  a m o u n t  of m a g n e t i t e  only ,  and  
even  a sma l l  co r r ec t i on  w o u l d  e l i m i n a t e  it. This  is 
c o n t r a r y  to the  o b s e r v a t i o n  t h a t  t he  p o t e n t i a l  w a v e  and  
for  m a g n e t i t e  is a l w a y s  o b s e r v e d  d u r i n g  ca thod ic  r e -  
duct ion .  On th is  basis ,  t he  r o u g h  e s t i m a t i o n  of f i lm 
th i ckness  is f irst  m a d e  a s s u m i n g  a r o u g h n e s s  f ac -  
to r  of  1.2, a d e n s i t y  of  o x i d e  of  5, and  an  a v e r a g e  
f i lm compos i t i on  of FelOn. The  r e s u l t  is shown  in 
Fig .  5. H o w e v e r ,  co r r ec t ions  to t he  t h i ckness  a r e  
r e q u i r e d  because  of  a c h a n g e  of f i lm compos i t i on  
w i t h  t he  d i s t a n c e  o u t w a r d  f r o m  the  m e t a l / o x i d e  in -  
t e r f ace  as d e s c r i b e d  be low.  

Ca thod ic  r e d u c t i o n  of t he  ou te r  l a y e r  of the  ox ide  
p r o d u c e s  f e r r o u s  ion in  solu t ion .  In  t h a t  t he  r e d u c -  

6 E s t i m a t i o n  of  t h e  t h i c k n e s s  of  the  outer  ferric  ox ide  l a y e r  b y  
m e a n s  of  the  ca thod ic  r e d u c t i o n  t e c h n / q u e  is poss ib l e  e v e n  fo r  t h e  
s p e c i m e n  prepolarized above  + 900 m y  as w i l l  be  seen  be low,  i f  the  
s o l u t i o n  is c h a n g e d  j u s t  be fore  t h e  r e d u c t i o n  so as to  e l i m i n a t e  oxy -  
g en  p r o d u c e d  d u r i n g  t h e  anod ic  po la r i za t ion .  

Table I. Effect of current density on the cathodic reduction curve 

Ea = - - 1 8 2 m v ,  ta = l h r  Ea = + $50 my,  ta = 1 h r  

Qc 1, A, Qc 1, A, 
m C / e m  ~ % m C / e m  ~ % 

0.796 +3.9 1.572 +0.9 
0.766 - -  1.558 - -  
0.762 --0.5 1.548 --0.6 

t ion  is done  a t  cons t an t  c u r r e n t  t he  t ime  d u r i n g  
r e d u c t i o n  is a m e a s u r e  of c h a r g e  passed .  I r o n  in  so-  
lu t ion  m a y  also be  f o r m e d  b y  au to reduc t ion .  To 
check  th is  point ,  ca thod ic  r e d u c t i o n  was  c a r r i e d  
out  a t  t h r e e  d i f fe ren t  c u r r e n t  dens i t i e s  w i t h  a n e g -  
l i g ib l e  effect on t h e  n u m b e r  of cou lombs  Q o~ for  t he  
f irst  wave .  This  is shown  in T a b l e  I a n d  ind i ca t e s  
t h a t  t h e r e  is no a u t o r e d u c t i o n  d u r i n g  the  ca thodic  
r educ t ion .  A n  a u t o r e d u c t i o n  r e a c t i o n  w o u l d  r e d u c e  
the  n u m b e r  of cou lombs  r e q u i r e d  for  ca thod ic  r e -  
duc t ion .  

A c o m p a r i s o n  was  t h e r e f o r e  m a d e  b e t w e e n  the  
cou lombs  pas sed  d u r i n g  ca thod ic  r e d u c t i o n  and  the  
t h e o r e t i c a l  cou lombs  r e q u i r e d  for  t h e  p r o d u c t i o n  of 
Fe  +§ f r o m  F%O. at  va r i ous  po in t s  on the  ca thod ic  r e -  
duc t ion  c u r v e  (Fig .  13).  The  excess  of e x p e r i m e n t a l  
to t h e o r e t i c a l  c h a r g e  (QoB - -  Q ~ )  be fo re  m a g n e t i t e  
was  u n c o v e r e d  was  a t t r i b u t e d  to the  p re sence  of 
F r  § ion in  t h e  o u t e r  l a y e r  of t he  ox ide .  

I f  w e  a s sume  t h a t  t h e  v a c a n c y  s t r u c t u r e  is asso-  
c ia ted  w i t h  t he  p r e s e n c e  of F r  § in t he  ou te r  l a y e r  
of the  film, t he  n u m b e r  of e l ec t rons  r e q u i r e d  to r e -  
duce  the  f i lm wi l l  be  g r e a t e r  t h a n  the  n u m b e r  based  
on a s t o i c h i o m e t r i c  f i lm of  7-FelOn. The  p r o p o r t i o n  
of F e  s§ (or  vacanc ies}  can  b e  c a l c u l a t e d  as fol lows.  
The  c h a r g e  passed  in r e d u c i n g  a f e r r i c  ox ide  f i lm 
c on t a in ing  F r  + to f e r r o u s  i ron  in  so lu t ion  is 

Q ,  (W~.§ WF~§ + (4W . . . .  (s~)/A [9]  

w h e r e  WF,.+ ~ [ ~ g / c m  ~] is  t he  m a x i m u m  a m o u n t  of 
f e r rous  ion d i s so lu t ion  d u r i n g  the  ca thod ic  r e d u c -  
t ion,  W~.,~ ~ [ ~ g / c m  s] is t h e  a m o u n t  of h e x a v a l e n t  
i ron  ion or  t he  a m o u n t  of v a c a n c y  in  t h e  o u t e r  l a y e r  
of the  film, a n d  A [0.5787 # g / m C ]  is the  e l e c t r o -  
c h e m i c a l  e q u i v a l e n t  of i ron  for  t he  o n e - e l e c t r o n  r e -  
ac t ion  F r  + + e -~ F e  ~. A c c o r d i n g l y ,  t he  e xp re s s ion  
for  t he  a m o u n t  of h e x a v a l e n t  and  t r i v a l e n t  ion  in 
t he  f i lm is 

1 
WFo~J ~' = - -  (QoB.A --  WF~§247 ~ )  [10]  

3 

WFe3+ (~) ~ T~VFe++ m a X -  WFe6+ (S) 

1 
- -  ( 4 W  . . . .  m"X--Q~n 'A)  [111 
3 

The  a m o u n t  of c h a r g e  Qo(O, [ m C / c m " ]  used  for  t he  
anod ic  f o r m a t i o n  of t he  ou te r  ox ide  l a y e r  f r o m  m e t -  
a l l ic  i ron  is t hen  c a l c u l a t e d  b y  r e f e r r i n g  to Eq. [10] 
and  [11] as 

Q (O~ = 6 W  . . . .  cS~/A + 3 W  . . . .  ~S~/A = 2WF~+§ + QoB 

[12] 

The  d i f f e rence  b e t w e e n  th is  and  the  t o t a l  cha rge  Q~ 
[ m C / c m  "] pa s sed  d u r i n g  anodic  p a s s i v a t i o n  w o u l d  
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Table II. Results of calculation 

Ea, WFe++max , Qc n, Wye~+(S), WFeZ+(~), X Qa, Qa(~ Qa (M), WFe (M), Qc, Qc -- Qc B, ~c (M), ~WFe (~), 

rnv  # g / c r n  '~ m C / c m  2 /~g/cm 2 # g / c m  2, - -  m C / c m  ~ m C / c m  e mC/c rn2  # g / e r a  8 m C / c m  ~ m C / c m :  % /~g/cm 2 

--500 0.228 0.46, 0.01~ 0.20, 0.12~ 1.82 1.23, 0.58~ 0.12: 1.52 1.09 53.7 0.350 
--400 0.300 0.63~ 0.028 0.27s 0.138 2.34 1.67a 0.668 0.14~ 1.84 1.20 55.8 0.44* 
--300 0.37~ 0.79~ 0.028 0.34* 0.137 2.79 2.08~ 0.71a 0.15~ 2.13 1.34 53.2 0.530 
--200 0.442 0.938 0.03~ 0.408 0.14o 3.19 2.46~ 0.72~ 0.158 2.46 1.52 47.8 0.600 
--100 0.50~ 1.07o 0.03~ 0.47~ 0.13~ 3.57 2.82~ 0.74* 0.16~ 2.76 1.69 44.1 0.670 

0 0.568 1.19~ 0.041 0.52, 0.13~ 3.93 3.14. 0.78~ 0.178 3.08 1.89 41.4 0.730 
100 0.607 1.29, 0.04~ 0.560 0.14, 4.27 3.392 0.878 0.19~ 3.41 2.12 41.4 0.798 
200 0.64* 1.39~ 0.05, 0.582 0.15~ 4.61 3.61o 0.99~ 0.20~ 3.76 2.37 41.9 0.84. 
300 0.67~ 1.49~ 0.06~ 0.618 0.16~ 4.94 3.83~ 1.10~ 0.240 4.09 2.60 42.6 0.91~ 
400 0.71~ 1.59~ 0.062 0.64~ 0.17~ 5.27 4.050 1.21~ 0.26~ 4.42 2.83 42.9 0.97~ 
500 0.74, 1.69o 0.07~ 0.67o 0.187 5.60 4.272 1.32~ 0.288 4.78 3.09 42.9 1.03, 
600 0.78~ 1.78~ 0.98, 0.700 0.19~ 5.94 4.49~ 1.44, 0.31, 5.16 3.37 42.7 1.09~ 
700 0.81~ 1.88~ 0.092 0.728 0.20~ 6.27 4.70~ 1.56~ 0.33o 5.51 3.62 43.1 1.15~ 
800 0.86o 2.018 0.102 0.75~ 0.21~ 6.60 4.98~ 1.68~ 0.36o 5.77 3.76 44.9 1.22~ 
850 0.890 2.09~ 0.10~ 0.78~ 0.21~ 6.77 5.17o 1.60o 0.34. 5.85 3.75 42.7 1.23~ 
900 0.94~ 2.24* 0.11~ 0.82~ 0.22~ 7.03 5.51o 1.52o 0.330 5.94 3.70 41.1 1.27~ 
920 0.98~ 2.370 0.12~ 0.86, 0.20~ 7.22 5.78o 1.43~ 0.31o 5.97 3.60 39.7 1.29s 
937 1.07o 2.84~ 0.192 0.878 0.30, 7.85 6.53~ 1.31, 0.280 5.99 3.15 41.6 1.35, 

g ive  t h e  a m o u n t  of c h a r g e  r e q u i r e d  to  f o r m  t h e  i n -  
n e r  m a g n e t i t e  l a y e r  QJ~). Thus,  

Q,<,~) = Q,, _ QjO) [13]  

The  a m o u n t  of i ron  in  t he  m a g n e t i t e  WF, <~) [ ~ g / c m  ~] 
is 

W~j~ , = 3 A • q , "  [14] 
8 

so t h a t  t h e  t o t a l  a m o u n t  of i r o n  in  t he  pas s ive  f i lm 
is 

W~/~)  = W~8+ (~) + W . . . .  (~ + W ~ J  ) [15] 

C o m p a r i s o n  b e t w e e n  Q J"' a n d  the  a m o u n t  of cha rge  
for  t he  second  w a v e  of t he  ca thod ic  r e d u c t i o n  curve ,  
w h i c h  is r e a s o n a b l y  e x p r e s s e d  as  the  d i f fe rence  b e -  
t w e e n  t h e  t o t a l  a m o u n t  of c h a r g e  for  t he  ca thod ic  
r e d u c t i o n  Q~ and  Q~", w o u l d  g ive  t he  a v e r a g e  c u r -  
r en t  eff iciency of t he  r e d u c t i o n  r e a c t i o n  of m a g -  
n e t i t e  ~o~. 

Q (M) 

~o("' - -  • 100 ( % )  [16] 
Q ~  Q /  

The  poss ib l e  s ide  r e a c t i o n  w h i c h  occurs  s i m u l -  
t a n e o u s l y  w i t h  m a g n e t i t e  r e d u c t i o n  w o u l d  be  h y -  
d r o g e n  e v o l u t i o n  on bo th  t he  m a g n e t i t e  a n d  b a r e  
m e t a l  sur face .  T h e  v a l u e  of t he  s u b s c r i p t  x in  t he  
f o r m u l a  of n o n s t o i c h i o m e t r i c  ox ide  w h i c h  exp re s se s  
the  a v e r a g e  de fec t  c o n c e n t r a t i o n  in  t he  o u t e r  l a y e r  
is o b t a i n e d  as 

2W~oo+ (~) 2 (Q~" A - -  W .... '~"~) 
W . . . .  (8) + 2WFee+(S) 2WFe++ max + Q / . A  

[ 1 7 ]  

By us ing  the  equa t ions  d e s c r i b e d  above ,  t h e  c o m p o -  
s i t ion  of the  f i lm for  va r i ous  p a s s i v e  po t en t i a l s  was  
ca lcu la ted .  The  e x p e r i m e n t a l  d a t a  for  Q~, Q~ 
W . . . .  ~'~ and  Q,~ w h i c h  a r e  s h o w n  r e s p e c t i v e l y  in  
F ig .  4, 8, a n d  13 w e r e  used,  t he  r e su l t s  o b t a i n e d  
be ing  s u m m a r i z e d  in  Tab le  II  and  also in Fig .  15 
and  16. I n  t hese  r e su l t s ,  t h e  c h a r a c t e r i s t i c  p o t e n t i a l s  
E# (--550 m y ) ,  E2 (0 m y )  and  E~ 2 ( + 8 5 0  m v )  a r e  
aga in  recognized .  E :  is r e l a t e d  to t he  t r a n s i t i o n  p o -  
t en t i a l  b e t w e e n  t h e  p a s s i v e  and  t h e  ac t ive  s t a tes  

o b s e r v e d  in  t h e  m e a s u r e m e n t  of t h e  anod ic  p o l a r i z a -  
t ion  c u r v e  a n d  also to t he  f irst  a r r e s t  of t he  ca thod ic  
r e d u c t i o n  curve .  I t  is c l e a r l y  seen  t h a t  "~-Fe202" 
w h i c h  is t h e  c h a r a c t e r i s t i c  m a t e r i a l  for  t h e  p a s s i v e  
s t a t e  c o m m e n c e s  to b e  p r o d u c e d  and  r e d u c e d  a b o v e  
and  b e l o w  th is  po ten t i a l .  A c c o r d i n g l y ,  E# a p p e a r s  
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to be  the  t h r e s h h o l d  p o t e n t i a l  a b o v e  w h i c h  T-Fe~Os 
is s tab le .  A t  t he  c h a r a c t e r i s t i c  p o t e n t i a l  E0, a d e -  
c rease  in  t he  s lope  of W r ~  cs~ - -  E,  c u r v e  a n d  an  in -  
c rease  in  t h e  s lope  of bo th  WF~+ ~s~ - -  E ,  and  WF. ~ - -  
E,  c u r v e  w e r e  obse rved .  The  a v e r a g e  c u r r e n t  effi- 
c i ency  of t he  r e d u c t i o n  of Fe~O, (~)~'~) dec reases  
w i t h  p o t e n t i a l  up  to E~ 2 and  s t ays  cons t an t  a t  a b o u t  
42% a b o v e  E,  ~. This  w o u l d  sugges t  t ha t  a change  in 
t he  n a t u r e  of t he  Fe~O, l a y e r  occurs  b e l o w  th is  p o -  
t en t ia l .  A t  t he  o x y g e n  evo lu t i on  p o t e n t i a l  E~ ~, a 
s teep  i nc rea se  in  bo th  WFo~+ c~ a n d  WF~+ ~s~ is o b -  
se rved ,  w h i l e  W ~  ~ beg ins  to d e c r e a s e  s t e ep l y  w i t h  
po t en t i a l .  ~ 

The  r e l a t i o n  b e t w e e n  to t a l  f i lm th i cknes s  and  
p o t e n t i a l  shown  in Fig .  16 was  e s t i m a t e d  acco rd ing  
to Eq. [15] b y  a s s u m i n g  t h a t  the  a v e r a g e  d e n s i t y  of 
bo th  l a y e r s  is 5 and  t h e  r o u g h n e s s  f ac to r  of t he  s u r -  
face  is 1.2. A f i lm th i cknes s  of a b o u t  10A a t  t he  
p a s s i v a t i o n  p o t e n t i a l  E .  ~ c o r r e s p o n d s  to t he  o r d e r  of 
one un i t  ce l l  l e n g t h  of an  i r on  ox ide  of sp ine l  s t r u c -  
tu re .  I t  is not  s u r p r i s i n g  t h a t  t he  i n d i v i d u a l  t h i c k -  
ness of 3,-Fe~O~ or  Fe~O, l a y e r  a t  E~ ~ is less t h a n  the  
un i t  ce l l  l eng th ,  because  some con t inuous  change  in 
s t r u c t u r e  w i t h  t he  d i s t ance  shou ld  be  cons ide red  for  
such a t h in  ox ide  film, as is e m p h a s i z e d  above .  The  
to t a l  f i lm th i cknes s  r a n g e s  f rbm 10 to 30A ove r  t he  
pas s ive  p o t e n t i a l  reg ion .  The  a p p a r e n t  field s t r e n g t h  
in t he  f i lm was  e s t i m a t e d  f r o m  the  r e su l t s  shown  in 
Fig.  5 b y  d i v i d i n g  the  i nc rea se  in p o t e n t i a l  b y  the  
inc rease  in  f i lm th i ckness  for  a n u m b e r  of consecu -  
t i ve  po in t s  on the  c u r v e  a n d  was  f o u n d  to be  5.8 x 
10 ~ v / c m  a n d  7.0 x 10 ~ v / c m  b e l o w  and  above  E,  ~ so 
t h a t  the  a p p a r e n t  specific c o n d u c t a n c e  of t he  f i lm is 
8.6 x 10 -~ a n d  7.1 x 10 -~ m h o  cm ~ for  an  anod ic  c u r -  
r en t  d e n s i t y  of 0.05 g a / c m  ~. These  va lue s  w o u l d  be  
c ons ide r ed  to c o r r e s p o n d  to ca t ion ic  c o n d u c t i v i t y  of 
t he  f i lm w h i c h  a p p a r e n t l y  con t ro l s  the  r a t e  of 
g r o w t h  of t he  f i lm in t he  n o n s t e a d y  cond i t ion  of 
pass iv i ty .  The  s igni f icance  of the  c h a r a c t e r i s t i c  p o -  
t e n t i a l  E~ ~ and  the  ro le  of defec t s  in  t he  m e c h a n i s m  
of p a s s i v i t y  w i l l  be  d i scussed  in  a fo l lowing  p u b -  
l ica t ion .  

Rela t ionsh ip  b e t w e e n  Compos i t ion  
and Anod ic  Po ten t ia l  

In  t he  ac t ive  region ,  t h a t  is a t  p o t e n t i a l s  b e l o w  
--500 mv,  t h e r e  a p p e a r s  to be  a film, no t  n e c e s s a r i l y  
cont inuous ,  of Fe~O, on the  meta l .  A b o v e  th is  p o -  
t e n t i a l  bo th  Fe~O, and  T-Fe~O~ a re  fo rmed .  The  m a -  
j o r  p a r t  of t he  pas s ive  f i lm is f o r m e d  w i t h i n  the  first  
10 sec of p o l a r i z a t i o n  (cf. Fig.  5) .  H o w e v e r ,  t he  

7 The  v a l u e  of WFe (M) o b t a i n e d  a b o v e  t he  o x y g e n  e v o l u t i o n  p o t e n -  
t i a l  is  p r o b a b l y  no t  cor rec t  because  a c e r t a i n  n u m b e r  of  cou lombs  
used  for  o x y g e n  e v o l u t i o n  w o u l d  be  i n c l u d e d  i n  t he  t o t a l  a m o u n t  of 
cha rge  Qa passed  d u r i n g  t h e  anod ic  po la r i za t ion .  H o w e v e r ,  i f  a cor-  
r e c t i on  w e r e  m a d e  fo r  t h e  p a r t i a l  a m o u n t  of  c h a r g e  fo r  o x y g e n  p ro -  
duc t ion ,  t he  decrease  of W~e (M) w i t h  p o t e n t i a l  w o u l d  be m u c h  
s teeper . '  
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compos i t ion  of the  f i lm is v e r y  d e p e n d e n t  on the  po -  
t e n t i a l  of fo rma t ion .  Up  to ~ 8 5 0  m v  t h e r e  is an  i n -  
c rease  in  t h i ckness  of the  Fe~O,, Fe~O~ and  the  p e r  
cen t  vacanc ies .  This  is as  one  w o u l d  e x p e c t  if  t he  
ou te r  l a y e r  of  f i lm is f o r m e d  b y  anodic  o x i d a t i o n  
of m a g n e t i t e  a n d  i f  the  t h i ckness  of t he  t o t a l  f i lm 
r e q u i r e d  to d e c r e a s e  t he  m i g r a t i o n  r a t e  b e l o w  0.01 
~ a / c m  2 is d i r e c t l y  d e p e n d e n t  on the  p o t e n t i a l  d rop  
across  t he  film. In  t h a t  a m o r e  pos i t ive  anod ic  p o -  
t e n t i a l  is the  e q u i v a l e n t  of a m o r e  s t r o n g l y  ox id i z -  
ing  e n v i r o n m e n t ,  t he  i n c r e a s e  in vacanc ie s  w i t h  i n -  
c r ea sed  anodic  p o t e n t i a l  is also r ea sonab l e .  
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ABSTRACT 

Studies  on the factors under ly ing  the morphology  of etched s t ructures  are  
presented.  The impor tance  of coulomb input  and cur ren t  dens i ty  are  eva lua ted  
for  the i r  contr ibut ion  to the  morphologica l  effects observed.  Expe r imen ta l  
resul ts  on studies conducted both wi th  single crysta ls  and po lycrys ta l s  a re  
presented.  

The  f u n d a m e n t a l  p a r a m e t e r s  u n d e r l y i n g  the  e t c h -  
ing  of a l u m i n u m  foi l  for  c a p a c i t o r  a p p l i c a t i o n s  a r e  
complex .  The  e s t ab l i sh ing  of the  p rocess ing  v a r i a b l e  
a f fec t ing  the  m o r p h o l o g y  and  i ts  c o r r e l a t i o n  w i t h  
e l e c t r i c a l  p r o p e r t i e s  of e t ched  foi ls  a r e  of g r e a t  i n -  
te res t .  

A n u m b e r  of s tud ies  on the  e t ch ing  b e h a v i o r  of 
a l u m i n u m  h a v e  been  r e p o r t e d  in  t h e  l i t e r a t u r e  (1 -5 ) .  
These  s tudies ,  h o w e v e r ,  a r e  on ly  r e l a t e d  b u t  no t  
t r u l y  p e r t i n e n t  to t h e  w o r k  d i scussed  h e r e  i n a s m u c h  
as t h e y  dea l  w i t h  c h e m i c a l  and  no t  e l e c t r o c h e m i c a l  
e t ch ing  processes .  

In  t he  w o r k  to be  r e p o r t e d  the  a u t h o r s  a t t e m p t  to 
e s t ab l i sh  t he  ro le  of p rocess ing  v a r i a b l e s  in t h e  e l ec -  
t r o c h e m i c a l  e t ch ing  process .  The  m o r p h o l o g i c a l  
p a r a m e t e r s  r e v e a l e d  as func t ions  of t he se  e t ch ing  
v a r i a b l e s  a r e  eva lua t ed ,  in o r d e r  to e s t ab l i sh  t h e i r  
c o r r e l a t i o n  to e l e c t r i c a l  p r o p e r t i e s  of i n t e re s t .  The  
r e l a t i v e  s igni f icance  of t he  d i f fe ren t  v a r i a b l e s  is d i s -  
cussed.  

Experimental Conditions 
These  s tud ies  w e r e  c o n d u c t e d  on a n n e a l e d  h i g h -  

p u r i t y  0.0035 in. foi l  m e e t i n g  t h e  spec i f ica t ions  for  
99.99% A1 a n d  on s ing le  c r y s t a l s  of  s e l ec t ed  o r i e n t a -  
t ions.  A l l  e t ch ing  e x p e r i m e n t s  w e r e  c o n d u c t e d  in a 
s i m p l e  cel l  m a i n t a i n i n g  a 2 in. c a t h o d e - a n o d e  spac -  
ing  t h r o u g h o u t  t he  s tud ies ;  64.5 cm ~ spec imens  w e r e  
used  in  a l l  e t ch ing  e x p e r i m e n t s .  The  10% NaC1 e t c h -  
ing  e l e c t r o l y t e  used  in  th is  s t u d y  was  p r e p a r e d  f rom 
de ion ized  w a t e r  w i t h  r e s i s t i v i t y  b e t t e r  t h a n  106 o h m -  
c m  and  99.99% NaC1. A l l  e t ch ing  was  p e r f o r m e d  
u n d e r  s t a t i o n a r y  condi t ions .  

W e i g h t  loss, c a p a c i t a n c e  a t  6, 75, and  550v, a n d  
m o r p h o l o g i c a l  changes  in  t h e  e t ched  m a t e r i a l  w e r e  
used  as ind ices  for  the  v a r i a b l e s  i nves t iga t ed .  

C a p a c i t a n c e  m e a s u r e m e n t s  w e r e  c o n d u c t e d  in  a c -  
c o r d a n c e  w i t h  p r o c e d u r e  g iven  in  T a b l e  I for  6v da ta ,  
Tab le  II  for  75v da ta ,  a n d  T a b l e  I I I  for  550v da ta ;  
12.9 c m  ~ spec imens  w e r e  used  in  a l l  e l e c t r i c a l  tes ts .  
A c u r r e n t  d e n s i t y  r a n g e  of  0.00698-0.489 a m p / c m  ~ 

Table I. Procedure for 6v data 

Formation electrolyte Measuring electrolyte Forming procedure Measuring procedure 

Ammonium pen tabora te  
8O g/1. 

Solut ion res is t iv i ty  30 
ohm-cm.  

Tempera tu re  65~ 

Ammonium pen tabora te  
8O g/1. 

Solut ion res is t iv i ty  30 
ohm-cm.  

Tempera tu re  65~ 

1. A p p l y  23.3 m a / c m  ~ un-  
t i l  6v is reached.  

2. Hold at  6v for 30 rain. 

3. Record leakage  current .  

Record capaci ty  into ~F/cm 2. 
Record % dissipat ion fac-  
tor. 

Table II. Procedure for 75v data 

Formation electrolyte Measuring electrolyte Forming procedure Measuring procedure 

A m m o n i u m  d ihydrogen  
phosphate  1 g/1. 

Deminera l ized  wa te r  10 ~ 
ohm-cm or bet ter .  So-  
lut ion res is t iv i ty  400 
ohm-cm at 90~ 

Boric acid 27.5g and am-  
monium pen tabora te  
20g/final l i ter  of so-  
lution. Deminera l ized  
wa te r  10 e ohm-cm or 
bet ter .  Solut ion res i s -  
t iv i ty  190 ohm-cm at 
25~ 

i.  A p p l y  15.5 m a / c m  2 un-  
t i l  75v is reached and 
main ta in  vol tage  for  
30 min. 

2. Record leakage  current .  

Record capaci ty  in ~F/cm ~. 
Record % diss ipat ion fac-  
tor. 
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Table III. Procedure for 550v data 

September 1962 

Forming electrolyte Measuring electrolyte Forming procedure Measuring procedure 

100g boric acid per final 
l i ter of solution. 

Demineralized water  10 ~ 
ohm-cm or better.  

Solution resist ivity 3000 
ohm-cm at 90~ 

Tempera ture  9 0 ~  

27.5 g/boric acid 20g of 
ammonium pentabo-  
rate per final l i ter of 
solution. 

Demineral ized water  
10 -~ ohm-cm or bet-  
ter. Solution resist iv-  
i ty  190 ohm-cm at 
2 5 ~  

Temperature  25~ 

was inves t iga ted  at  38.7, 72.9, and  108.5 cou l ombs /  
cm ~. These  va lues  were  selected a r b i t r a r i l y  for this  
s tudy.  The  s ingle  c rys ta l  c u r r e n t  densi t ies  are  ca lcu-  
la ted  on basis  of square  cen t ime te r s  of p ro jec ted  area. 

All capac i tance  m e a s u r e m e n t s  were  made  w i t h  a 
G e n e r a l  Radio 1611-A capaci tance  b r idge  w i th  an  
accuracy  of _+ 1%. Po la r i z ing  c u r r e n t  was no t  u t i l -  
ized in  the  measu remen t s .  M e a s u r e m e n t s  were  made  
at  a f r e q u e n c y  of 60 cps. The  b r idge  c i rcui t  is so a r -  
r a n g e d  tha t  a m a x i m u m  of 1 v - a m p  of reac t ive  power  
is de l ivered  to the  sample.  

Leakage  c u r r e n t  and  d iss ipa t ion  factors  were  also 
m e a s u r e d  and  fel l  in to  a r ange  cons idered  to be good 
by  the  capaci tor  i ndus t ry .  I t  is hoped  tha t  these  fac-  
tors wi l l  be  the  subjec t  of f u t u r e  s tudy  in  connec t ion  
w i th  d i f fe ren t  anodiz ing  electrolytes .  A l l  pho to -  
micrographs ,  un less  o therwise  specified, are  a t  750X. 

Low index  p lanes  (100),  (110),  (111) of s ingle  
crys ta ls  of a l u m i n u m  g r o w n  f rom the  mel t  of 99.99% 
A1 were  also used  in  these  studies.  The  o r i en ta t ions  
were  d e t e r m i n e d  in  accordance  w i th  classic Laue  
back  reflect ion method,  and  all  m e a s u r e m e n t s  are  ac-  
cura te  w i t h i n  2 ~ . C u r r e n t  dens i ty  and  a m o u n t  of 
charge w i t h  which  al l  these s ingle  crys ta l  p lanes  
were  processed were  selected on the  basis  of the  
po lyc rys t a l l i ne  e tch ing  exper iments .  Af te r  care fu l  
cut t ing ,  the  c rys ta l  faces selected for these  s tudies  
were  we t  g r o u n d  t h r o u g h  0, 00, 000, and  0000 cor-  
r u n d u m  papers  p r io r  to f inal  wet  d i amond  abras ive  
polish on ro t a t ing  wheel .  Sur face  areas  of these faces 
needed  for ca lcu la t ions  of c u r r e n t  densi t ies  were  
m e a s u r e d  b y  a p l an ime te r .  Al l  surfaces,  o ther  t h a n  
the  one of in teres t ,  were  masked  wi th  Hysol  epoxy 
res in  af ter  m a k i n g  su i t ab le  e lect r ical  connect ions .  

Exper imental  Results 

Electrical measurements.--Capacitance and  we igh t  
loss da ta  ob ta ined  in  the  course  of these  s tudies  for 
spec imens  etched at  38.7, 72.9, and  108.5 cou l ombs /  
cm ~ are p lo t ted  in  Fig. 1. These da ta  give the  c u r r e n t  
dens i ty  dependence  of process ing as func t ion  of 
a m o u n t  of charge  passed, we igh t  loss, and  capaci-  
t ance  for 6, 75, and  550v. Each po in t  r epresen t s  the  
a r i thme t i c  average  of m e a s u r e m e n t s  conduc ted  on 3 
i n d e p e n d e n t l y  processed specimens.  Capac i t ance  of 
a n n e a l e d  foil, before  e tching  or c leaning,  was  me a s -  
u r ed  and  gave resul t s  of 0.23 /~F/6.45 cm ' at 550% 
0.91 /~F/6.45 cm ~ at  75v, and  17 /~F/6.45 cm ~ at  6v. 

1. Hydrate sample in  boil-  
i ng  d e m i n e r a l i z e d  
water  for 5 min. 

Measure capacity and re-  
cord in  ~F/cm ~. 

2. Apply 38.7 ma / c m ~ un -  
til 400v is reached. 

3. Decrease current  to 25.7 
m a / c m  ~ and hold u n -  
til voltage reaches 
550v. Hold voltage at 
550v for 30 min. 

4. Record leakage current .  

Etch rat ios  can be es tab l i shed  f rom these  data.  The 
capaci tance  appears  to v a r y  in  a s imi la r  fashion  as a 
f unc t i on  of the  c u r r e n t  dens i ty  at  the  di f ferent  cou-  
lomb levels.  Some differences in  this  mode  of v a r i a -  
t ion  are observed  as, for example ,  the  a p p a r e n t  
r each ing  of a p l a t eau  va lue  at  the  h igh c u r r e n t  d e n -  
si ty for the  72.9 c o u l o m b / c m  ' m e a s u r e m e n t s ,  wi th  
ind ica t ions  of c on t i nua l  increase,  bu t  at a lower  rate,  

740-- ~ i  I~,i . . . . . . . . . . . . .  2 --]40 

--120 CJ E 
.720 - 

~: -,oo 
~oo- ~% 

_z , , -80 
6Bo- ~ o 

-6o 

o ~60-- 
THEORETICAL WEICHT LOSS - - 40  

~40 - --20 r~C~TA~OE AT 75V 

CAPACITANOE AT 550V 
�9 �9 0 .~o i .,~ j~ .~,~ .so 062 

520 
72 9 GOULOUMBS/C m~ 

.500  - - I 00  c~  

r 4 { ] 0 - -  , ~  WEIGHT LOSS - - 80  

e60 -  - - 60  

440  THEORETICAL WEIGHT LOSS - - 40  o ~ 

420  - - 20  
CaP~OITaNOE AT 75 V 

GAPAGITANr E AT 550V 

I =1 �9 [ I 
0 400  

062  125 25  375  50 
- - t 20  

~80-- --I00 

38 7 COULOMBS/cm 2 

260~ ,  ws  LOSS - - 80  

_z 

o THEORETICAL WEIGHT LOSS u 

~o-/ _,o~ 
,200-- ~ --20 

CAPACITANCE AT 75V 

- -  CAP~;ITANCE AT 550V 
,eo [ I ~ I 0 

0 062 .~25 5 375  50  

APPARENT CURRENT DENSITY (amp/era z )  

Fig. 1. Data for 99.99% AI processed at 38.7, 72.9, and 108.5 
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w i t h  i n c r e a s e  of c u r r e n t  d e n s i t y  for  bo th  t he  38.7 
a n d  108.5 c o u l o m b / c m  ~ m e a s u r e m e n t s ,  th is  be ing  
t r u e  for  the  6v fo rma t ion .  These  t r e n d s  a r e  i n t e r e s t -  
ing,  b u t  i t  is f e l t  t h a t  m u c h  a d d i t i o n a l  d a t a  a r e  
n e e d e d  b e f o r e  q u a n t i t a t i v e  f u n c t i o n a l  r e l a t i o n s  can  
be  de r ived .  A t  t he  p r e s e n t  these  cu rves  wi l l  be  con-  
s i d e r e d  on ly  as  i n d i c a t i v e  of s igni f icant  t r ends .  

The  w e i g h t  loss d e p e n d e n c e  on the  c u r r e n t  d e n s i t y  
a p p e a r s  to  be  d i f fe ren t  w i t h  t he  d i f fe ren t  a m o u n t s  of 
cha rge  passed .  T h e r e  is some s i m i l a r i t y  b e t w e e n  the  
72.9 a n d  108.5 c o u l o m b / c m  ~ w e i g h t  loss curves ,  b u t  
th is  is on ly  as a first  o r d e r  a p p r o x i m a t i o n .  The  cu rves  
t h e m s e l v e s  a r e  e x t r e m e l y  i n t e r e s t i n g  because  of pos -  
s ib le  p rocess ing  s ignif icance,  b u t  to these  a u t h o r s  
t h e y  a r e  diff icult  to i n t e r p r e t  fu l ly .  W e i g h t  loss is 
p l o t t e d  aga in s t  c u r r e n t  d e n s i t y  c a l c u l a t e d  on the  
basis  of  the  i n i t i a l  su r f ace  a r e a  of the  samples ,  i g n o r -  
ing the  fac t  t h a t  t he  r ea l  su r face  a r e a  was  c o n t i n u -  
a l l y  c h a n g i n g  and  a t  each  m e a s u r i n g  l eve l  was  sub -  
s t a n t i a l l y  d i f fe ren t  f r o m  the  in i t i a l  su r face  area .  

The  w e i g h t  loss is b a s i c a l l y  a func t ion  of t he  
a m o u n t s  of cha rge  passed ,  the  efficiency of the  p r o -  
cess, and  the  in i t i a l  conf igura t ion  of t he  surface .  The  
e x a c t  n a t u r e  of th is  func t ion  is no t  known .  The  
w e i g h t  loss va lue s  o b t a i n e d  in th is  s t u d y  a re  a b o v e  
the  ( c a l c u l a t e d )  t h e o r e t i c a l  w e i g h t  loss d a t a  w h i c h  
a r e  p l o t t e d  as a s t r a i g h t  l ine  in  t he  s ame  figures.  I t  
a p p e a r s  t h a t  the  mos t  l i k e l y  r e a s o n  for  th is  d i s c r e p -  
ancy  is t he  h igh  p e r c e n t a g e  of edge  a r e a  r e l a t i v e  to 
t h e  s a m p l e  size w h i c h  m u s t  c o n t r i b u t e  to n o n u n i f o r m  
c u r r e n t  d e n s i t y  d i s t r i bu t ions .  In  a d d i t i o n  the  pos -  
s ib i l i ty  of  c h e m i c a l  a t t a c k  s u p e r i m p o s e d  on the  
anod ic  d i s so lu t ion  exis ts .  Loss of g r a in s  f r o m  the  foi ls  
is also l i k e l y  as a consequence  of p r e f e r e n t i a l  g r a i n  
b o u n d a r y  a t t ack .  I t  w o u l d  be  d e s i r a b l e  to s t u d y  f u r -  
t he r  t he  w e i g h t  loss d e p e n d e n c e  and  to e s t ab l i sh  t he  
r ea l  s igni f icance  of th is  f ac to r  in  the  e t ch ing  process .  

Morphology.--Figure 2 shows  the  s t r u c t u r e s  of 
foi ls  e t ched  a t  c u r r e n t  dens i t i e s  of 0.489, 0.243, 0.118, 
0.061, 0.030, 0.015, and  0.007 a m p / c m  ~ w i t h  72.9 cou -  
l o m b s / c m  ~. A c l e a r l y  m a n i f e s t e d  s y s t e m a t i c  i nc rea se  
in  the  d i m e n s i o n  of s t r u c t u r a l  d e t a i l  w i t h i n  t he  
e t ched  s t r u c t u r e  is o b s e r v e d  as t he  c u r r e n t  d e n s i t y  
dec reased .  F i n e  su r f ace  de t a i l s  l e a d i n g  to h igh  ca -  
pac i t i e s  of f o r m e d  foi ls  r e s u l t  f r o m  e tch ing  w i t h  h igh  
dens i t i e s  w h i l e  r a t h e r  coarse  s t r u c t u r e s  a r e  o b s e r v e d  
in the  l ow r a n g e  of c u r r e n t  dens i t i e s  s t u d i e d  w i t h  
c o r r e s p o n d i n g  dec rease  of capac i t i e s  for  t he  f o r m e d  
foils. In  pass ing  f r o m  the  r eg ion  of e x t r e m e  f ineness  
of d e t a i l  to t he  r e l a t i v e l y  coarse  s t r u c t u r e s  shown  
t h e r e  a p p e a r s  to be  a r a n g e  of c u r r e n t  d e n s i t y  w h e r e  
s t r u c t u r e - s e n s i t i v e  de t a i l s  in the  foi l  a re  r e v e a l e d .  

F/g. 2. Etched structures produced at current densities of 0.489, 
0.243, 0.118, 0.061, 0.030, 0.015, and 0.007 amp/cm ~ and 72.9 
coulombs/cm 2. Magnification 350X. 
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Fig. 3. Etched configuration associated with poligonized grain 
boundaries. 

Fig. 4. Etched configuration associated with slip elements 

Conf igu ra t ion  of these  i nd i ca t e s  t he  pos s ib i l i t y  of 
these  be ing  d i s loca t ion  a r r a y s  a s soc ia t ed  w i t h  p o l i -  
gon ized  s u b - b o u n d a r i e s  and  s l ip  l ines.  This  a p p e a r s  
to be  t r u e  in t he  m i d d l e  r a n g e  of the  c u r r e n t  dens i t i e s  
i n v e s t i g a t e d  a n d  in p a r t i c u l a r  a t  abou t  0.118 and  0.061 
a m p / c m  ~. F i g u r e  3 shows conf igura t ion  b e l i e v e d  as -  
soc ia ted  w i t h  a po l i gon i zed  g r a i n  b o u n d a r y  w h i l e  
Fig.  4 shows conf igura t ion  a s soc ia t ed  w i t h  t he  3 s l ip 
e l e m e n t s  of th is  la t t ice .  

To ge t  a d d i t i o n a l  de t a i l s  on the  s t r u c t u r e s  a set  of 
spec imens  w e r e  e t ched  at  38.7 c o u l o m b / c m  2 and  c u r -  
r e n t  dens i t i e s  of 0.015, 0.061, 0.243, and  0.489 a m p /  
cm ~ and  e x a m i n e d  also b y  e l ec t ron  mic roscopy .  F i g -  
u r e  5 shows  bo th  op t ica l  and  e l ec t ron  op t i ca l  d e t a i l  
on t h e s e  s t ruc tu re s .  This  set  of m i c r o p h o t o g r a p h s  as 
w e l l  as m o r p h o l o g i c a l  de t a i l s  o b s e r v e d  w i t h  e x p e r i -  
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Table IV. Single crystal processing data 

September 19"32 

E t c h i n g  
E t c h i n g  current  

C r y s t a l  Su r f ace  cu r r en t ,  dens i t y ,  E t c h i n g  C o u l o m b s /  S t r u c t u r e  
i den t i f i c a t i on  a rea /cm2 a m p  a m p / e r a  2 tinae, r a in  cm ~ O r i e n t a t i o n  m a n i f e s t a t i o n  

NO1 5.54 0 . 3 7 8  0.0693 10.66 43.6 (110) Delineate ~100~ 
NOR 4.84 0 . 6 0 8  0.125 5.33 40.2 (110) Delineate ~100~ 
NO5 4.77 0 . 2 8 8  0.0817 10.66 38.7 (100) Delineate ~100~ 
NO3 5.68 0 . 3 4 3  0.0686 10.66 38.7 (111) 3-directional pitting 
l l0An 6.26 0 . 3 7 8  0.0623 10.66 38.7 (110) Delineate ~100~ 
NO2 5.48 0 . 3 3 2  0.0712 10.66 38.7 (100) approx. Delineate ~100~ 
Coarse grained 22.19 1 .35  0 .00176  10.66 38.7 (110) (100) (110) Delineate <100~ 
Cube geometry 6.45 3.90 0.605 10.66 38.7 (110) (111) and Delineate <100> 

approx. 100 face Grossly overetched. No visible 
structural detail. 

100~ AN 6.26 0 . 1 2 5  0.0199 30 35.9 (110) Delineate ~100~ 
NO32 5.68 0 . 1 1 4  0.0148 30 36.7 (111) Delineate ~100~ 

ments at  108.5 cou lomb/cm ~ level  show, qui te  con- 
clusively,  the impor tance  of cur rent  densi ty  in p ro -  
ducing a given s t ructure ,  wi th  the amount  of charge 
passed having appa ren t ly  only secondary impor -  
tance. This is pa r t i cu l a r ly  observable  when Fig. 2 and 
5 are compared.  The discussion hereto only con- 
s idered the size of the s t ruc tura l  detai l  wi thout  con- 
s idera t ion of the c rys ta l lographic  pa ramete r s  in-  
volved. 

Af ter  discussing the exper iments  conducted with  
single crysta ls  the authors  wi l l  come back to the 
crys ta l lographic  pa ramete r s  involved both in the  
single and po lycrys ta l l ine  mater ia l .  

Single crystal experiments.--As a l ready  stated, a 
number  of low index planes  were  cut and polished 
from single crystals ,  and Table IV gives the exper i -  
menta l  var iab les  under  which these crystals  were  
processed as wel l  as a br ief  indicat ion of resul ts  ob-  
served. In essence, it  is indicated tha t  the 100 d i rec-  
tions within each of these planes were  del ineated.  
Etching is a resul t  of dissolution along ~ 1 0 0 ~  d i rec-  
tions both wi thin  the p lane  and normal  to it; these 
manifes t  themselves  as rec t i l inear  grooves (Fig. 6) 
in addi t ion to much deeper  etched s t ructures  in 

which the 90 ~ symmet ry  e lements  can also be seen. 
Etching on the (110) is typified by a series of pa r a l -  
lel  grooves or only 1/2 of the symmet ry  elements  
shown in the  <100~,  demons t ra t ing  as in the x - r a y  
Laue  back  reflection photographs,  4-fold and 2-fold 
symmetry ,  respect ively.  F igure  7 shows s t ruc ture  
produced by etching at 0.061 and 0.020 a m p / c m  ~, 
respect ively.  This figure also asserts  the t r end  toward  
coarser  s t ructures  as observed wi th  the po lyc rys ta l -  
l ine samples as a consequence of etching at  lower 
cur ren t  density.  F igure  8 shows the appearance  of a 
(11i)  face af ter  etching under  conditions, given in 
Table IV for crys ta l  NO32. The 3 <100> direct ions 
wi th in  the  (111) plane are  del ineated,  and this type  
of micro deta i l  leads to the observed etching and 
gross mate r ia l  removal .  

Discussion of  Results and Conclusions 

Considering the data  presented  the significant role 
of cur rent  densi ty  in the etching process is c lear ly  

Fig. 6. Characteristic etch on a (100) crystal face processed 
with 0.0605 amp/cm ~ and 38.7 coulombs/cm 2. 

Fig. 5. Structure of foils etched at 0.0152, 0.0605, 0.242, and 
0.48 amp/cm 2 at 38.7 coulombs/cm 2. Note the conversion from 
angular to bulbous structural detail with corresponding increase 
of detail size. 

Fig. 7. Characteristic etch on a (110) crystal face processed with 
0.0605 amp/cm ~ and 0.0202 amp/cm ~ at 38.7 coulomhs/cm :. 
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Fig. 8. Characteristic etch on a (111) crystal face processed with 
0.0605 amp/cm 2 and 38.7 coulombs/cm ~. 

e x p e r i m e n t a l  cond i t ions  of th is  s tudy .  C h e m i c a l  
e t ch ing  processes  w i t h  d i f fe ren t  e l e c t ro ly t e s  t e n d  to 
change  th is  b e h a v i o r  (1) .  A n u m b e r  of g ra ins  w h i c h  
a r e  a p p a r e n t l y  of s u b s t a n t i a l l y  h i g h e r  i n d e x  do no t  
a p p e a r  to e x h i b i t  the  100 c r y s t a l l o g r a p h i c  f ea tu res ,  
b u t  i n s t e a d  t e n d  to show e s s e n t i a l l y  n o n c r y s t a l l o -  
g raph ic ,  a lmos t  spher ica l ,  s t r u c t u r a l  de ta i l s .  The  
m e c h a n i s m  and  e x a c t  r easons  l e a d i n g  to these  d i f fe r -  
en t  m o r p h o l o g i c a l  m a n i f e s t a t i o n s  a r e  not  f u l l y  u n d e r -  
stood.  I t  is h o p e d  t h a t  c o n t i n u a t i o n  of t he  w o r k  i n i -  
t i a t e d  and  r e p o r t e d  he re  w i t h  s ingle  c r y s t a l s  w i l l  
l e a d  to t he  e v e n t u a l  u n d e r s t a n d i n g  of t he se  o b s e r v a -  
t ions.  The  a b i l i t y  to con t ro l  v a r i a t i o n  of s t r u c t u r a l  
d e t a i l  t h r o u g h  con t ro l  of  c u r r e n t  d e n s i t y  a p p e a r s  to 
be  a s tep  in t he  r i g h t  d i r ec t ion  in the  ques t  of m a n u -  
f a c t u r i n g  good c u s t o m  p r o p e r t y  e t ched  foil.  The  fu l l  
u n d e r s t a n d i n g  of t he  p h e n o m e n o n  a n d  t h e  t r u e  r e -  
l a t i onsh ips  i n v o l v e d  a re  y e t  to be  e s t ab l i shed .  

d e m o n s t r a t e d .  The  e l e c t r o l y t e  compos i t ion  a n d  t e m -  
p e r a t u r e  can  p l a y  an  i m p o r t a n t  role,  bu t  in th is  s t u d y  
t h e y  h a v e  no t  been  inves t iga t ed .  As  one inc reases  
c u r r e n t  d e n s i t y  a t  a g i v e n  a m o u n t  of cha rge  pa s sed  
the  e tched  s t r u c t u r e  becomes  finer, and  an  inc rease  
in the  su r face  a r e a  is o b s e r v e d  b y  the  i nc r ea sed  ca -  
p a c i t a n c e  of the  foil.  W i t h i n  t h e  c u r r e n t  d e n s i t y  
r a n g e s  s t ud i ed  i t  a lso a p p e a r s  t ha t  one t ends  to r e a c h  
a l i m i t i n g  v a l u e  a b o v e  w h i c h  c a p a c i t a n c e  canno t  be  
g r e a t l y  i m p r o v e d  even  b y  s igni f icant  i nc rea se  in t he  
a m o u n t  of cha rge  passed .  This  c a p a c i t a n c e  b e h a v i o r ,  
n a m e l y ,  t he  i nc rea se  of c apac i t ance  w i t h  inc rease  of 
c u r r e n t  dens i ty ,  can  w e l l  be  i n t e r p r e t e d  b y  the  a n a l -  
ys is  of t h e  m o r p h o l o g y  of the  e t ched  s t r u c t u r e s  con-  
d u c t e d  in th is  s tudy .  

The  s igni f icant  c r y s t a l l o g r a p h i c  f ac to r s  r e m a i n  
cons t an t  and  a re  no t  sub j ec t  to v a r i a t i o n  b y  e i t he r  
cou lomb  or  c u r r e n t  d e n s i t y  va r i a t ion .  On the  bas is  of 
obse rva t i ons  m a d e  on the  s ingle  c rys t a l s  i t  can be  
s t a t ed  t ha t  t h e  < 1 0 0 >  d i rec t ions  a p p e a r  to p l a y  a 
mos t  i m p o r t a n t  ro le  in t he  e t ch ing  p rocess  u n d e r  t he  
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Polarization and Inhibition of Steel in the 
NH4NO:NH/H O System 

J. D. Goodrich 1 and Norman Hackerman 

Department of Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

Anodic  and cathodic polar izat ion for the system steel-NH~NO3-NH~-H~O were  
measured  with  and wi thout  added inhibi tor .  Phenomena  typical  of pass ivat ion 
were  obtained on anodic polarizat ion.  Steel  de l ibe ra te ly  covered with  thin oxide 
showed s imilar  effects and provides  the  basis for  a discussion of the possibi l i t ies  
of bulk  oxide as the cause of passivity.  Al though this is shown to be feasible,  
i t  is by  no means conclusive since charge needed for ac t ive-pass ive  t rans i t ion  
is ve ry  much less than  tha t  equiva len t  to bu lk  oxide i ron t ransi t ion.  Inhib i t ion  
by  SCN- operates  by  rep lacement  of the reduct ion react ion NO~ ~ to NO~- by  
H~O to I~2. 

Disso lu t ion  r a t e s  h a v e  been  r e p o r t e d  for  th is  sys -  
t e m  (1) as h igh  as 29,000 todd  a t  30~ The  p r i m a r y  
ca thod ic  r e a c t i o n  i nvo lves  r e d u c t i o n  of NO~- to  NO~-. 

1 P r e s e n t  add re s s :  D e p a r t m e n t  of C h e m i s t r y ,  L o u i s i a n a  S ta te  U n i -  
v e r s i t y  a t  A l e x a n d r i a ,  A l e x a n d r i a ,  Lou i s i ana .  

F o r m a t i o n  of an  i r o n - a m m o n i a  c o m p l e x  was  offered 
as the  p r i m a r y  effect r e s p o n s i b l e  for  t he  h igh  d i s -  
so lu t ion  r a t e s ?  The  o x i d a t i o n  p r o d u c t  was  r e p o r t e d  

2 The  poss ib i l i t y  of a m o r e  s t ab le  p r o d u c t  such  as " a m m o n i u m  
b e x a n i t r i t o f e r r a t e  ( I I ) "  is be ing  considered a t  t h i s  t ime .  
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as be ing  a h y d r a t e d  or  a m m o n i a t e d  f o r m  of f e r r o u s  
h y d r o x i d e .  

S e v e r a l  i n t e r e s t i n g  fac ts  a rose  f r o m  e a r l i e r  w o r k  
(2)  on th is  sys tem.  The  o p e n - c i r c u i t  d i s so lu t ion  p o -  
t e n t i a l  was  f o u n d  to c h a n g e  abou t  0.2v in  an  anod ic  
d i r ec t ion  w h e n  the  i n h i b i t o r  SCN- was  added .  Also,  
an  i n a c t i v e  to ac t ive  t r a n s i t i o n  was  o b s e r v e d  w h e n  
the  s y s t e m  was  s u b j e c t e d  to s t ress .  F o r  e x a m p l e ,  
r a t e s  c h a n g e d  f r o m  n e a r  0 to 29,000 m d d  in  some  
cases  w h e n  s m a l l  s t resses  w e r e  app l i ed .  Th is  i n v e s t i -  
ga t i on  a t t e m p t s  to e x p l a i n  t hese  and  o the r  p h e -  
n o m e n a  e x h i b i t e d  b y  th i s  sys tem.  

E x p e r i m e n t a l  

P o l a r i z a t i o n  d a t a  w e r e  t a k e n  bo th  p o t e n t i o s t a t i -  
c a l l y  and  g a l v a n o s t a t i c a l l y ,  bu t  un less  s t a t ed  the  d a t a  
w e r e  o b t a i n e d  b y  t h e  f o r m e r  p rocedu re .  A n  e l ec t ron ic  
" W e n k i n g "  po ten t io s t a t ,  modi f ied  for  use  w i t h  U.S. 
tubes ,  was  used  in  c o n j u n c t i o n  w i t h  a L&N s t u d e n t -  
t y p e  p o t e n t i o m e t e r .  A l l  c u r r e n t s  w e r e  t i m e  d e p e n d e n t  
as usual .  The  va lue s  g iven  he re  w e r e  cons t an t  for  
a t  l eas t  5 min .  A l l  po in t s  on the  cu rves  a r e  a v e r a g e s  
of t w o  or  m o r e  m e a s u r e m e n t s ,  and  the  d a t a  w e r e  a l l  
w i t h i n  • 3% of the  ave rages .  T h e  so lu t ion  c o m p o s i -  
t ion  in  a l l  e x p e r i m e n t s  was  as fo l lows :  NtLNO,,  66.4; 
NH,, 14.3; H~O, 19.3 w / o .  The  NH,NO,  was  r e a g e n t  
g r a d e  and  gave  a n e g a t i v e  tes t  for  n i t r i t e  ion. D i s -  
t i l l ed  w a t e r  and  a n h y d r o u s  NH~ w e r e  used  w i t h  no 
f u r t h e r  pur i f ica t ion .  The  so lu t ions  w e r e  he ld  a t  25 ~ 
• 1~ and  w e r e  no t  s t i r red .  A n  H - t y p e  cel l  was  used  
w i t h  t h e  a r m  con ta in ing  the  s tee l  t e s t  e l e c t r o d e  h a v -  
ing  a 50 m l  capac i ty .  A r e f e r e n c e  s a t u r a t e d  ca lome l  
e l ec t rode  m a d e  con tac t  w i t h  t he  t es t  so lu t ion  v i a  a 
KNO~ sa l t  b r idge .  No j u n c t i o n  p o t e n t i a l  co r rec t ions  
w e r e  app l i ed .  The  tes t  e l ec t rode  of t y p e  MICO s tee l  
( shou ld  be  d e s i g n a t e d  as D269B) was  m o u n t e d  in 
paraff in,  w h i l e  t h e  p o l a r i z i n g  e l ec t rode  cons i s t ed  of a 
co i led  p l a t i n u m  w i r e  4 c m  long.  This  s tee l  was  ob -  
t a i n e d  f r o m  t h e  U. S. S t ee l  C o m p a n y  w i t h  t he  c o m -  
pos i t ion  in w / o  g iven  as 0.048 C, 0.32 Mn, 0.006 Si, 
and  0.028 S. 
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E ( v o l t s  ) vs  S.C.E. 

R e s u l t s  

Upon  ca thod ic  p o l a r i z a t i o n  a c u r v e  was  o b t a i n e d  
(Fig .  1) w h i c h  e x h i b i t e d  no r e a d i l y  d i s c e r n i b l e  
" T a fe l "  reg ion .  Gas  was  no t  e vo lve d  b e l o w  10 m a /  
cm 2, b u t  a b o v e  th is  h y d r o g e n  was  p r o d u c e d  as shown  
b y  gas  c h r o m a t o g r a p h y .  The  absence  of gas  evo lu t i on  
b e l o w  10 m a / c m  ~ s u b s t a n t i a t e s  the  p r o p o s i t i o n  t h a t  
t h e  r e d u c t i o n  r e a c t i o n  was  NO~- to NO2-. A s s u m i n g  a 
t w o - e l e c t r o n  c h a n g e  in  t h e  o v e r - a l l  r eac t ion ,  p o i n t  X 
(Fig .  1) is o b t a i n e d  f r o m  the  i n t e r c e p t  of t h e  m e a s -  
u r e d  s t e a d y - s t a t e  d i s so lu t ion  p o t e n t i a l  a n d  f r o m  the  
d i s so lu t ion  r a t e s  v i a  F a r a d a y ' s  l aw.  If  t he  r a t e  cou ld  
h a v e  been  d e t e r m i n e d  in th is  s y s t e m  f r o m  a p o l a r i z a -  
t ion  c u r v e  w h i c h  e x h i b i t e d  a d i s t inc t  T a f e l  l ine,  po in t  
X shou ld  l ie  on th i s  l ine.  F r o m  the  s lope  of  t he  l ine  
t h r o u g h  th i s  p o i n t  a n d  t a n g e n t  to t h e  c u r v e  a v a l u e  
of 0.03 • 0.01v was  o b t a i n e d  for  t he  Ta fe l  b. Of 
course ,  t h e  m e t h o d  is sub jec t  to e r r o r  if  c o n c e n t r a -  
t ion  p o l a r i z a t i o n  is con t ro l l i ng  to a n y  a p p r e c i a b l e  
degree .  

F i g u r e  2 g ives  a t y p i c a l  anod ic  p o l a r i z a t i o n  c u r v e  
for  th is  sys tem.  I t  is c h a r a c t e r i s t i c  of p a s s i v a t i o n  of 
i ron  or  s tee l  in  o t h e r  solut ions .  T h e r e  is no d i s t i n c t l y  
l i n e a r  p o r t i o n  in  t he  r eg ion  of ac t ive  i ron  d isso lu t ion ,  
i.e., --0.6 to - -0 .8v  b u t  a g a i n  a l i ne  was  c o n s t r u c t e d  
b y  us ing  po in t  B. I t  has  a s lope  of 0.07 • 0.01v, abou t  
t he  s ame  as for  i ron  d i s so lu t ion  gene ra l l y .  Gas  e v o l u -  
t ion  occu r r i ng  in  t he  r eg ion  of + 0 . 8 v  was  s h o w n  to 
be o x y g e n  b y  f lame tes ts .  

G a l v a n o s t a t i c  anodic  p o l a r i z a t i o n  gave  Fig .  3, 
a g a i n  t y p i c a l  of such cu rves  for  F e  in o t h e r  solut ions .  
I t  is s im i l a r  to Fig.  2 b e t w e e n  the  o p e n - c i r c u i t  p o -  
t e n t i a l  and  an  a p p a r e n t l y  c r i t i ca l  c u r r e n t  dens i ty ,  
b u t  d i s con t inuous  f r o m  t h e r e  to o x y g e n  evolu t ion .  
D e c re a s ing  t h e  c u r r e n t  d e n s i t y  once o x y g e n  e v o l u -  
t ion  occurs  g ives  a cu rve  w h i c h  is s i m i l a r  to  a l l  of t he  
c u r v e  of Fig.  2. I f  t he  a p p l i e d  c u r r e n t  is t u r n e d  off 
a f t e r  t he  o x y g e n  evo lu t i on  r eg ion  is r eached ,  t h e  
e l ec t rode  m a i n t a i n s  a p o t e n t i a l  w i t h i n  t he  r eg ion  
--0.4 to + 0 . 7 v  un less  d i s t u r b e d .  In  s u m m a r y ,  th is  is 
t y p i c a l  p a s s i v i t y  behav io r .  

Effect of inhibitocs.--The i n h i b i t o r  eff iciency of 
SCN- is qu i t e  h igh  as shown  b y  t h e  w e i g h t - l o s s  d a t a  
of T a b l e  I for  d i f fe ren t  NH,SCN concen t ra t ions .  

The  o p e n - c i r c u i t  p o t e n t i a l  c h a n g e d  170-200 m y  
in t he  anod ic  d i r ec t i on  w h e n  th is  i n h i b i t o r  was  added .  
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Fig. 1. Cathodic polarization curve (potentiostatically), steel Fig. 2. Anodic polarization curve (potentiostatically), steel 
D269B, 25 ~ ~ 1 ~ E vs. Log i. D269B, 25 ~ • 1 ~ E vs. Log i. 
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Fig. 3. Anodic polar izat ion  curve (ga lvanosta t ica l ly ) ,  steel D269B, 
25 ~ • 1~ E vs. Log i. 

Anodic and cathodic polar izat ion curves, such as 
those in Fig. 4, were  obtained for steel  inhibi ted  wi th  
0.013M NH,SCN. Linear  plots extending over severa l  
log cycles were  obtained. The slope of the cathodic 
curve is 0.11 • 0.005v and that  of the anodic curve is 
0.05 • 0.005v. The effects shown in Fig. 4 are for the 
steel in the act ive state. Polar iz ing anodical ly  to cur-  
ren t  densit ies higher  than shown on Fig. 4 gives a 
discontinuous curve (s imi lar  to Fig. 3) wi th  gal-  
vanostat ic  measurements  while potent iosta t ic  meas-  
u rements  y ie ld  a curve s imilar  to Fig. 2. Thus the 
inhibi t ion has not induced passivity.  

In this  case, hydrogen  evolut ion occurred im-  
media te ly  upon cathodic polarizat ion.  Anodic po la r i -  
zation to posi t ive enough potent ia ls  give curves l ike 
those of Fig. 2 or 3, depending on the procedure  used. 

The open-c i rcui t  potent ia l  of steel in NH~OH solu-  
tions is ve ry  near  tha t  of the steel in the solutions in 
this s tudy inhibi ted  with  SCN-, e.g., --0.95v. The dis-  
solution ra tes  are also similar,  near  30 todd at  30~ 

Inhibi t ion by  other su l fur -conta in ing  compounds, 
such as thiourea,  2, 3-quinoxal inedi th iol ,  mercap to -  
acetic acid, and sodium sulfide, was as complete as 
wi th  SCN-. In each case, the potent ia l  shif ted 170- 
200 mv in the  anodic direction.  

The dissolution ra te  of inhibi ted  steel (SCN-) in-  
creased s l ight ly  when oxygen was bubbled  over i ts 
surface. 

Active-inactive transitions.--Steels with  poten-  
t ials of the  order  of --0.78v were  a lways  active, and 
those wi th  potent ia ls  more posi t ive than --0.3v were  
a lways  inactive.  Sample  act ivat ion was accompanied 
by  an increase in ra te  by  as much as 1000 t imes and 
a shift  of po ten t ia l  of 400-500 mv in an anodic d i rec-  

Tab le  I. Ef fect  of  N H 4 S C N  on dissolution rate  

M x 102 N H 4 S C N  R a t e ,  todd ,  30~ 

0 22,200 
0.086 13,500 
0.22 11,000 
0.46 150 
0.65 50 
1.3 50 
2.4 25 
3.3 30 

I0,000 
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Fig. 4. Anodic (A) and ca thodic  (B) polar izat ion  (potentiostatic- 
ally), steel D269B, 25 ~ • 1~ 0.013M NH4SCN, E vs. Log i. 

tion. Act iva t ion  was obtained by  appl icat ion of small  
stresses, by  acid pickling, by  p re -exposu re  to hot d ry  
H~, among other  methods.  

A series of exper iments  were  per formed  in which 
the steel samples used throughout  this work  were  
heated at  750~ in a s t ream of dry  H2 for 1 hr  and 
then placed in the NH,NO2-NH~-H~O solution wi th -  
out coming into contact  wi th  air. This was done 
by  closing the hea ted  tube, reducing the pressure,  
and placing one end in the solution. Al l  samples 
showed high dissolution ra tes  in the NH~NO~-NH~- 
H,O sys tem af ter  being subjected to the  h i g h - t e m -  
pe ra tu re  H~ t rea tment .  A set of steel samples wi th  
p re formed  thin  (blue)  oxide on them was k ind ly  
p rov ided  by  John Griess of Oak Ridge Nat ional  Lab -  
oratory.  These lay inact ive for months in this solu-  
tion, but  were  ac t iva ted  by  the high t empera tu re  H~ 
t rea tment .  Oxide covered steel  a lways  exhib i ted  
open-c i rcu i t  potent ia ls  in the  region --0.4 to § 0.7v. 

Conclusions 
Cer ta in ly  the changes shown in Fig. 2 and 3 indi-  

cate tha t  the steel is being passivated.  The fact  tha t  
the  anodical ly  t r ea ted  steels and the oxide covered 
steel exhibi t  s imi lar  potentials ,  --0.4 to +0.7v, and 
equal ly  low rates  suggest tha t  an oxide film is in-  
volved in both cases. The insolubi l i ty  of Fe,O, in 
NH,NO~-NH3 solutions as repor ted  by  Leonard  (3) 
would jus t i fy  this viewpoint .  Also, the inac t ive-  
active t rans i t ion  resul t ing in potent ia l  changes of 
400-500 mv in a cathodic direct ion when small  
stresses are appl ied  could be caused by  oxide crack-  
ing. Cer ta in ly  it is difficult to expla in  it on the basis 
of stress effect alone. Yet the a rgument  is not con- 
clusive because in the anodic polar izat ion the to ta l  
number  of coulombs passed be tween  active dissolu-  
t ion ( therefore  clean steel surface) and E of about  
--0.4 in Fig. 2 is manifold  less than tha t  equivalent  
to the blue oxide of the de l ibe ra te ly  coated samples. 
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Thus, one is left  wi th  the conclusion tha t  the meta l  
un i formly  covered by thin film s imply lends i tself  
ve ry  read i ly  to self-passivat ion,  given tha t  a small  
amount  of dissolution occurred. 

Of in teres t  is the fact  tha t  oxygen is not needed in 
this system; and of considerable  significance is the 
fact tha t  the iron appeared  to be in the diposi t ive 
oxidat ion state in the solution. 

The smal l  differences be tween  the slopes of the 
inhibi ted and uninhib i ted  anodic curves, e.g., 0.05 
and 0.07v, shows tha t  the anodic react ion is being 
affected to only a small  ex tent  by SCN-, a l though 
they might  be affected impor tan t ly .  However,  the 
slope of the cathodic curves changed considerably  
(0.03-0.11) even when tak ing  into account the large  
exper imenta l  e r ror  in the slope of Fig. 1. This indi-  
cates a change of reaction. The format ion of hydro -  
gen gas on cathodic polar iza t ion  of the inhibi ted sys-  
tem (Fig. 4) confirms the rep lacement  of NO~--~NO~- 
by H~O-*H~. The observed increase of ra te  by a hy-  
drogen depolar izer  such as oxygen fu r the r  subs tan-  
t iates this. Cessation of the NO~- reduct ion react ion 
by inhibi t ion resul ts  in a system which is essent ia l ly  
Fe-NH3-H~O, and it is a fact tha t  iron in NH~- 
NH4NO~-H_~O-NH4SCN exhibi ts  the same potential .  
--0.95v, and ra te  as does iron in NI-I4OH. Thus, the 

effect is l a rge ly  one of a l te ra t ion  of the cathodic re -  
action. 

Al though sulfur  appears  to be the e lement  respon-  
sible for inhibi t ion in these exper iments ,  no a t tempt  
is made  to expla in  its function at  this time. 
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The Effect of Some Addition Agents on the Kinetics 
of Copper Electrodeposition from a Sulfate Solution 

I. Cathode Potential-Current Density Relation 

D. R. Turner and G. R. Johnson 1 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The mechanism whereby certain organic addition agents modify the crystal 
growth of copper electrodeposits was studied with the aid of cathode polariza- 
tion measurements and microscopic examination of the deposit. Thiourea and 
1(-) cystine refine grain size and brighten the deposit. The effect is attributed 
to a degradation of the additive at the cathode surface with the formation of 
sulfide ions and precipitation of CuS. The normal crystal growth habit is modi- 
fied by the incorporation of copper sulfide into the deposit. Gelatin, a grain 
refiner and hardener, modifies crystal growth of copper electrodeposits by being 
adsorbed on growth sites thereby interfering with normal growth. Glycine, 
a "leveling" agent, affects cathode polarization only between about 0.1 and 
1 ma/cm ~. Additions of up to 0.1 g/1 dextrin have no effect on the cathode 
polarization curve for copper plating. 

The purpose  of this work  was to s tudy the mech-  
anism of addi t ion agents  in electroplat ing.  An addi -  
t ion agent  is defined as any mate r ia l  which is added 
to an e lec t ropla t ing  ba th  for the specific purpose of 
modifying the physical  proper t ies  of the deposit.  

Re la t ive ly  small  amounts  of addi t ion agents have 
large  effects on physical  proper t ies  of deposits such 
as brightness,  smoothness, hardness,  and ducti l i ty.  
Most addi t ion agents are  organic compounds, but  
occasionally inorganic  mate r ia l s  are employed.  Or-  
ganic addi t ion agents are used in concentrat ions f rom 

1 Present  address: Sprague Electric C o m p a n y ,  N o r t h  A d a m s ,  Mass. 

10 -8 to 10-lM, while  inorganic mate r ia l s  (usual ly  co- 
deposi t ing metals)  may  range f rom 10~M up to con- 
centra t ions  which give deposits be t t e r  descr ibed as 
alloys. 

Prac t ica l ly  all commercia l  e lec t ropla t ing baths 
contain one or more addi t ion agents.  In spite of this 
extensive use, however,  l i t t le  is known about  how 
addi t ion agents function. The ar t  of e lec t ropla t ing is 
stil l  far  ahead of the science. This is not because of a 
lack of effort, but  r a the r  it is an indicat ion of the 
degree of difficulty encountered in conducting signi-  
ficant exper iments  or in ca r ry ing  out r igorous theo-  
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r e t i c a l  a n a l y s e s  of e l e c t r o p l a t i n g  processes .  The  d i f -  
f icu l ty  l ies  in  the  fac t  t h a t  the  p rocess  of e l e c t r o -  
p l a t i n g  con ta ins  a l a r g e  n u m b e r  of v a r i a b l e s ,  and  
some a re  not  eas i ly  con t ro l l ed .  A t t e m p t s  to con t ro l  as 
m a n y  v a r i a b l e s  as poss ib l e  o f ten  l e ad  the  e x p e r i -  
m e n t e r  to a l a r g e  c u m b e r s o m e  p i ece  of a p p a r a t u s  
w h i c h  on ly  g ives  up  d a t a  at  a p a i n f u l l y  s low ra te .  
The  t h e o r e t i c i a n  m u s t  m a k e  a g r e a t  m a n y  a s s u m p -  
t ions  to m a k e  a n y  h e a d w a y ,  and  these  of ten  d e s t r o y  
the  v a l u e  of the  effort .  A d d i t i o n  agen t s  a p p e a r  to 
w o r k  b y  s o m e h o w  i n t e r f e r i n g  w i t h  t he  n o r m a l  c r y s -  
t a l  g r o w t h  of e l ec t rodepos i t s .  This  i n t e r f e r e n c e  
shou ld  m o d i f y  the  k ine t i c s  of e l ec t rodepos i t ion .  One 
m e t h o d  of s t u d y i n g  the  k ine t i c s  of e l e c t r o d e  p rocesses  
is b y  m e a n s  of a n a l y z i n g  e l ec t rode  p o t e n t i a l - c u r r e n t  
d e n s i t y  d a t a  ( p o l a r i z a t i o n  c u r v e s ) .  This  t e c h n i q u e  
was  a p p l i e d  in the  w o r k  to be  d e s c r i b e d  in th is  pape r .  

As  m a n y  of the  k n o w n  v a r i a b l e s  as poss ib le  w e r e  
c on t ro l l ed  w i t h o u t  m a r k e d l y  i n t e r f e r i n g  w i t h  t he  
process  of o b t a i n i n g  da ta .  The  s i m p l e s t  p l a t i n g  sy s -  
t e m  is one w h i c h  depos i t s  m e t a l  f r o m  u n c o m p l e x e d  
ions in so lu t ion  and  w h e r e  t h e r e  is on ly  one e l ec t ron  
t r a n s f e r r e d  fo r  each  m e t a l  a t o m  depos i t ed .  S t r a n g e  
as i t  m a y  seem, t h e r e  is no p l a t i n g  s y s t e m  in p r a c t i -  
cal  use  w h i c h  m e e t s  t he  two  r e q u i r e m e n t s .  As  a c o m -  
p romise ,  w e  chose  to w o r k  w i t h  copper  p l a t e d  f rom 
an  ac id  su l f a t e  so lu t ion .  This  is a s imple  sa l t  so lu-  
t ion,  b u t  a two  e l ec t ron  t r a n s f e r  is invo lved .  

General theory 05 electrodeposition.--In o r d e r  to 
u n d e r s t a n d  h o w  a d d i t i o n  agen t s  work ,  i t  is d e s i r a b l e  
first  to have  some concep t  of how m e t a l  ions a r e  d i s -  
c h a r g e d  and  b u i l t  in to  a c r y s t a l  l a t t i c e  in t he  absence  
of a d d i t i o n  agents .  In  the  d iscuss ion  to fo l low,  the  
process  of m e t a l  ion d e s o l v a t i o n  or  s t r i p p i n g  of c o m -  
p l e x  ion l i gands  p r i o r  to m e t a l  depos i t i on  wi l l  not  be  
cons ide red  a l t h o u g h  i t  c e r t a i n l y  is p a r t  of t he  o v e r -  
a l l  m e c h a n i s m .  I t  has  been  sugges t ed  t h a t  m e t a l  e l ec -  
t r o d e p o s i t i o n  occurs  in t h r e e  s teps :  ( i )  c h a r g e  t r a n s -  
fe r  to g ive  a d a t o m s  (o r  a d i o n s ) ;  ( i i )  su r f ace  d i f fu-  
s ion of  a d a t o m s ;  and  ( i i i )  a d a t o m  depos i t i on  in to  
k i n k  s i tes  on the  ca thode .  A d a t o m s  m a y  c a r r y  some 
pos i t i ve  c h a r g e  w h i c h  is d i s c h a r g e d  w h e n  the  a d a t o m s  
a re  i n c o r p o r a t e d  in to  t h e  c r y s t a l  la t t ice .  The  r a t e  of 
m e t a l  depos i t i on  is g e n e r a l l y  cons ide red  to be  d e t e r -  
m i n e d  b y  e i t he r  t he  in i t i a l  c h a r g e  t r a n s f e r  p rocess  
or  t he  su r face  d i f fus ion of a d a t o m s  ( 1 - 4 ) .  In  coppe r  
p l a t i n g  f rom ac id  solut ions ,  M a t t s s o n  and  Bockr i s  
(3)  h a v e  shown t h a t  t he  r a t e - d e t e r m i n i n g  s t ep  a t  

low c u r r e n t  dens i t i e s  ( <  io ~ 3 m a / c m  ~) is su r f ace  
d i f fus ion of a d a t o m s  w h i l e  a t  h igh  c u r r e n t  dens i t i e s  
the  c h a r g e  t r a n s f e r  p rocess  is con t ro l l ing .  B a r n e s  
(5)  found  a c o r r e l a t i o n  b e t w e e n  c r y s t a l  g r o w t h  h a b i t  
and  the  o v e r p o t e n t i a l  a b o v e  3 m a / c m  ~ w h i c h  was  e x -  
p l a i n e  d in t e r m s  of ad ion  m o b i l i t y  ove r  t he  c r y s t a l  
su r f ace  a n d  s u p e r s a t u r a t i o n .  

The  t h e o r e t i c a l  r a t e  equa t ion  for  t he  cha rge  t r a n s -  
fe r  p rocess  is 

i = i~-F io---- i o [ e x p ( - ~ F v A . )  - - e x p  (a~F~?;  ~ ] 
RT -R-T-- - /  

w h e r e  i is t he  ne t  p l a t i n g  c u r r e n t  dens i ty ,  io is t he  
t o t a l  p l a t i n g  c.d. ( c a thod i c  c u r r e n t s  t a k e n  as -F) ,  i~ 
is t he  d e p l a t i n g  c.d., ao is t he  ca thod ic  t r a n s f e r  co-  
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efficient  ( t h a t  p o r t i o n  of t he  a c t i v a t i o n  o v e r p o t e n t i a l ,  
,TA, w h i c h  l ower s  the  e n e r g y  b a r r i e r  for  p l a t i n g ) ;  io 
is t h e  e x c h a n g e  c.d., ~,  is t he  anodic  t r a n s f e r  coeffi- 
c ient ;  R, T, and  F have  t h e i r  u s u a l  m e a n i n g .  The  
d i s c h a r g e  of cupr i c  ions is a two  e l ec t ron  t r a n s f e r  
p rocess  p e r  ion, t hus  ~ -F ~o ---- 2. I f  t he  a c t i va t i on  
o v e r p o t e n t i a l  is m o r e  n e g a t i v e  t h a n  a b o u t  50 mv,  t he  
second  t e r m  in t h e  b r a c k e t s  of Eq. [1]  can  be  n e g -  
lec ted ,  i.e., the  anod ic  or  d e p l a t i n g  cu r ren t ,  i~, is 
ne g l i g ib l e  as compared to io a n d  

RT 
On r e a r r a n g i n g :  

RT RT 
~?~ = In i o - - -  in  i [3]  

~oF ~oF 

and  

RT 
a --  - -  ln io  

2.3RT 
b 

and  we  have  t h e  Ta fe l  e q u a t i o n  

- - v ~  = a -F b l o g i  [ 4 ]  

The  k ine t i c  p a r a m e t e r s  ~c and  io a r e  eas i ly  d e t e r -  
m i n e d  f rom e x p e r i m e n t a l  d a t a  b y  p l o t t i n g  w a g a i n s t  
log i. A b o v e  --50 mv,  t h e  vA-log i cu rve  is l inea r .  
The  s lope b is e q u a l  to 0.059/~c at  25~ w h i l e  a 
s t r a i g h t  l ine  e x t r a p o l a t i o n  to the  c u r r e n t  d e n s i t y  
axis  a t  ,TA ~- 0 g ives  io ( see  Eq. [ 3 ] ) .  

Experimental and Apparatus Procedure 

C a r e f u l  c ons ide r a t i on  was  g iven  to the  des ign  of 
the  e l e c t r o l y t i c  ce l l  in  o r d e r  to ach ieve  u n i f o r m  c u r -  
r e n t  d i s t r i b u t i o n  ove r  t h e  ca thode  su r f a c e  w h i l e  
p e r m i t t i n g ,  a t  t he  s ame  t ime ,  an  a c c u r a t e  m e a s u r e -  
m e n t  of t he  ca thode  po ten t i a l .  A c ro s s - s ec t i on  v i e w  
of t he  a r r a n g e m e n t  used  is shown  in Fig.  1. I t  is a 
modi f ied  fo rm of a cel l  dev i sed  b y  B a r n a r t t  (6)  
for  anod ic  s tudies .  

The  ca thode  is OFHC ~ coppe r  m a c h i n e d  to a sphe re  
w i t h  a c y l i n d r i c a l  pos t  for  s u p p o r t  and  e l ec t r i ca l  
contact .  A g lass  s l eeve  m a s k s  the  c y l i n d r i c a l  p o r -  
t ion  so on ly  the  s p h e r i c a l  su r face  is exposed .  The  
end of t he  g lass  s l eeve  is beve led ,  as shown  in 

2 O x y g e n - f r e e  h igh  conduct ivi ty .  

Fig. 1. Cross-section view of electrolytic cell 
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Fig.  1, to avo id  a c u r r e n t  m a s k i n g  effect b y  t h e  
s l eeve  a r o u n d  t h a t  p o r t i o n  of t he  sphe re  (6) .  A 
s m a l l  hole  is d r i l l e d  in to  t he  top  of t he  c y l i n d e r  to 
t a k e  the  OFHC coppe r  w i r e  w h i c h  conduc t s  c u r r e n t  
to the  ca thode .  The  top  of the  c y l i n d e r  is squeezed  
in  a v i se  to f a s t e n  the  c o p p e r  w i r e  w i t h o u t  r e s o r t i n g  
to a c o n t a m i n a t i n g  solder .  P r i o r  to use,  t h e  c o p p e r  
sphe re s  a r e  e l e c t r o p o l i s h e d  in 50% ( b y  v o l u m e )  
o r t h o p h o s p h o r i c  ac id  and  r i n s e d  in 10% ( b y  vo l -  
u m e )  su l fu r i c  acid.  The  ca thode  a s s e m b l y  is m o u n t e d  
to t he  cel l  b y  m e a n s  of a ba l l  and  socket  g r o u n d  
glass  j o i n t  so t h e  e l ec t rode  can  be  pos i t i oned  close 
to bu t  no t  t ouch ing  the  c a p i l l a r y  t ip  l e ad ing  to t he  
r e f e r e n c e  e lec t rode .  

The  cel l  is c o n s t r u c t e d  f r o m  a 500 m l  r o u n d  b o t -  
t o m  f lask w h i c h  se rves  as t he  ca thode  c o m p a r t m e n t .  
I t  is s e p a r a t e d  f r o m  the  s ide  a r m  a n o d e  c h a m b e r  b y  
a m e d i u m  p o r o s i t y  s i n t e r e d  glass  disk.  In  a d d i t i o n  
to the  open ing  for  t he  c a t h o d e  a t  t he  top  of the  flask, 
t h e r e  a r e  t h r e e  o t h e r  por ts .  On ly  the  one  to  t h e  
r e f e r e n c e  e l ec t rode  is shown  in Fig.  1, to s i m p l i f y  
t he  d r a w i n g .  The  o the r  two  a re  at  r i g h t  ang les  to 
t he  one shown,  one p r o j e c t s  o u t w a r d  and  the  o t h e r  
i n w a r d  f r o m  the  i l l u s t r a t ion .  S t a n d a r d  t a p e r  g r o u n d  
glass  jo in t s  w e r e  used  t h r o u g h o u t .  The  jo in t s  w e r e  
p r o t e c t e d  f r o m  f r eez ing  b y  us ing  t a p e r e d  p o l y -  
e t h y l e n e  s leeves .  One  of t he  p o r t s  no t  s h o w n  in 
Fig.  1 is fo r  a gas  b u b b l e r  so t ha t  o x y g e n  and  o t h e r  
gases  can  be  d i sp l aced  f rom the  p l a t i n g  so lu t ion  b y  
h y d r o g e n  gas. B u b b l i n g  h y d r o g e n  ove r  the  c a thode  
also p r o v i d e d  a c o n v e n i e n t  m e a n s  of s t i r r i n g  the  
so lu t ion  to m i n i m i z e  c o n c e n t r a t i o n  po la r i za t ion .  
The  o t h e r  p o r t  no t  s h o w n  w a s  used  to a d d  or  w i t h -  
d r a w  m a t e r i a l  f r o m  t h e  ca thode  c h a m b e r .  

I n i t i a l  e x p e r i m e n t s  w e r e  c a r r i e d  out  us ing  a 
s a t u r a t e d  KC1 ca lomel  r e f e r e n c e  e lec t rode ,  b u t  i t  
p r o v e d  to be  u n s a t i s f a c t o r y  s ince  ch lo r ide  ions d i f -  
fused  into  the  ca thode  c h a m b e r  and  gave  a n o m a l o u s  
resu l t s .  A coppe r  p l a t e d  copper  r e f e r e n c e  e l e c t r o d e  
in t he  coppe r  p l a t i n g  so lu t ion  w o r k e d  v e r y  well .  
The  copper  r e f e r e n c e  e l ec t rode  h a d  an  a d d e d  a d -  
v a n t a g e  in  t h a t  t he  ca thode  p o t e n t i a l s  m e a s u r e d  
w e r e  p o l a r i z a t i o n  va lues .  Connec t ing  the  r e f e r e n c e  
e l ec t rode  to t he  ca thode  was  done  w i t h  a s y p h o n  
as shown  in Fig.  1. The  glass  is d r a w n  to a fine ca -  
p i l l a r y  t ip  at  one end ( ~ 0 . 4  m m  OD) and  p l u g g e d  
w i t h  r o l l e d - u p  f i l ter  p a p e r  at  t he  o t h e r  end.  T h e  
IR  d r o p  i n c l u d e d  in t he  e l ec t rode  p o t e n t i a l  m e a s -  
u r e m e n t  was  c o m p u t e d  to be  neg l ig ib le ,  < ---1 my,  
in  the  h i g h l y  conduc t ing  p l a t i n g  solut ion.  

The  a n o d e  for  t he  p l a t i n g  e x p e r i m e n t s  was  a cop-  
p e r  p l a t e d  p l a t i n u m  w i r e  w o u n d  on a gas  b u b b l i n g  
p lug .  The  coppe r  was  p l a t e d  f r o m  a pur i f i ed  so lu -  
t ion.  H y d r o g e n  gas was  b u b b l e d  ove r  t he  a n o d e  
c o n t i n u o u s l y  to avo id  c o n c e n t r a t i o n  g r a d i e n t s  in  
t h e  so lu t ion  and  to sweep  out  a n y  o x y g e n  p roduced .  
The  h y d r o g e n  b u b b l e d  t h r o u g h  bo th  t he  a n o d e  and  
ca thode  c h a m b e r s  was  v e n t e d  t h r o u g h  gas  t r aps .  

The  en t i r e  cel l  up  to t he  so lu t ion  l eve l  was  i m -  
m e r s e d  in  a w a t e r  t h e r m o s t a t  set  a t  25.0 ~ _+ 0.01~ 

The  e l e c t r o l y t e  used  in th is  s t u d y  cons i s ted  of 
1M C u S O ~ + I M  HfSO,. In  o r d e r  to d e t e r m i n e  the  
t r ue  effect of t he  a d d i t i o n  agen t s  to b e  s tud ied ,  the  
p l a t i n g  so lu t ion  m u s t  be  pur i f ied  of a l l  i m p o r t a n t  
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impur i t i e s ,  i no rgan i c  as  w e l l  as o rganic .  Our  first  
conce rn  was  to d e t e r m i n e  if  i t  was  n e c e s s a r y  to 
p u r i f y  r e a g e n t  g r a d e  chemica l s  of t r a c e  i n o r g a n i c  
impur i t i e s .  C o p p e r  su l f a t e  was  r e c r y s t a l l i z e d  3 
t imes  us ing  f r e s h l y  de ion ized  w a t e r  f i l t e red  f r ee  of 
bac t e r i a .  S u l f u r i c  ac id  was  pu r i f i ed  b y  d i s t i l l a t i on  
and  on ly  the  m i d d l e  p o r t i o n  of the  d i s t i l l a t e  was  
col lec ted .  The  ca thode  p o t e n t i a l - c u r r e n t  d e n s i t y  
cu rves  o b t a i n e d  in  t he  h i g h l y  pur i f i ed  so lu t ion  w e r e  
not  s ign i f i can t ly  d i f fe ren t  f r o m  the  r e su l t s  o b t a i n e d  
w i t h o u t  i m p r o v i n g  r e a g e n t  p u r i t y .  I t  was  i m p o r t a n t  
to r e m o v e  a l l  s u r f a c e - a c t i v e  m a t e r i a l  f r o m  the  p l a t -  
ing  solut ion ,  h o w e v e r .  This  was  done  b y  pa s s ing  
t h e  p l a t i n g  so lu t ion  t h r o u g h  a c a r e f u l l y  p r e p a r e d  
" C h r o m a t o g r a p h  t y p e "  c o l u m n  c on t a in ing  a b o u t  12 
lb  of B a k e r  a c t i v a t e d  a l u m i n a  and  a b o u t  1/2 lb  of 
Darco  R e d  L a b e l  a c t i v a t e d  carbon .  A IM H~SO, 
so lu t ion  was  used  to w a s h  the  c o l u m n  b e f o r e h a n d  
and  also as t he  d i sp l ac ing  l i qu id  to e x t r a c t  t he  d e -  

. s i r ed  a m o u n t  of p l a t i n g  solut ion .  I t  was  c u s t o m a r y  
to m a k e  up  and  t r e a t  f ive l i t e r s  of p l a t i n g  so lu t ion  
at  a t ime.  Of this ,  fou r  l i t e r s  w e r e  co l lec ted  and  
s to red  in a g l a s s - s t o p p e r e d  P y r e x  bot t le .  The  m a -  
t e r i a l  in  t h e  p u r i f y i n g  co lumn  was  used  to t r e a t  on ly  
one b a t c h  of p l a t i n g  solut ion.  

Th iourea ,  1 ( - )  cys t ine ,  g lyc ine ,  ge la t in ,  and  
d e x t r i n  w e r e  used  as a d d i t i o n  agents .  Most  of  t he se  
m a t e r i a l s  a r e  used  in  t he  c o m m e r c i a l  p l a t i n g  of 
coppe r  f r o m  ac id  su l f a t e  solut ions .  T h i o u r e a  ref ines  
t h e  g r a i n  size a n d  b r i g h t e n s  t he  deposi t .  1 ( - )  Cys -  
t i ne  is no t  c o m m o n l y  used  in ac id  copper  p la t ing .  
H o w e v e r ,  i ts  c h e m i c a l  s t r u c t u r e  is s i m i l a r  to t h i -  
o u r e a  so one w o u l d  e x p e c t  a s i m i l a r  b e h a v i o r  as an  
a d d i t i o n  agent .  G l y c i n e  affects  t h e  m i c r o d i s t r i b u t i o n  
of coppe r  p l a t i n g  and  is ca l l ed  a " l e v e l i n g "  agent .  
G e l a t i n  is a co l lo ida l  m a t e r i a l  w h i c h  r educes  g r a i n  
size and  h a r d e n s  t he  deposi t .  D e x t r i n  is g e n e r a l l y  
used  w i t h  t h i o u r e a  a n d  e n h a n c e s  b r i g h t e n i n g .  The  
s t r u c t u r a l  f o r m u l a s  of t h e  a d d i t i v e s  a r e  g iven  in 
Fig.  2 for  t he  p u r p o s e  of no t i ng  the  p a r t s  of s t r u c -  
t u r e  t h e y  have  in  common.  A l l  con ta in  a m i n e  g roups  
e x c e p t  dex t r in .  The  su l fu r  in t h i o u r e a  and  1 ( - )  cys -  

THIOUREA 
NH 

/ 2 
S = C  

\ 

NH 
2 

I (--) CYSTINE 

NH 

-- S -- C H  -- CH 

COOH 

NH 
2 

GLYCINE CH 
2 

COOH 

GELATINE (PURIFIED CALF SKIN--PROTEINS) 

DEXTRIN (POLYSACCHARIDE) (C H 0 ) 
6 10 5 x 

Fig. 2. Structural form of addition agents 
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t ine  is an  ac t ive  g r o u p  s ince  t h e  c o r r e s p o n d i n g  o x -  
y g e n  s u b s t i t u t e d  c o m p o u n d s  such  as u r ea  a r e  no t  
effect ive  as a d d i t i o n  agents .  

The  a d d i t i o n  agen t s  w e r e  d i s so lved  in  a s a m p l e  
of p l a t i n g  so lu t ion  a n d  t h e n  a d d e d  to t h e  ba th .  
The  speed  of a d d i t i o n  agen t  d i s so lu t ion  in t he  s a m -  
p l e  so lu t ion  w a s  i n c r e a s e d  m a r k e d l y  b y  d ipp i ng  the  
b e a k e r  in to  an  u l t r a son i c  c l e ane r  t a n k .  

S ince  m a n y  p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  to be  
made ,  i t  was  cons ide red  w o r t h w h i l e  to deve lop  an  
a p p a r a t u s  w h i c h  w o u l d  a u t o m a t i c a l l y  p lo t  e l e c t r o d e  
p o l a r i z a t i o n - l o g  c u r r e n t  d e n s i t y  curves .  A b l o c k  
d i a g r a m  of the  a p p a r a t u s  is g iven  in Fig .  3. The  
con t ro l  un i t  in  t he  cen t e r  of t he  d i a g r a m  is t he  h e a r t  
of t he  a r r a n g e m e n t .  A 21 con t ac t -6  sec t ion  s tep  b y  
s t ep  r e l a y  is a c t u a t e d  at  1-mAn i n t e r v a l s  us ing  a 
s y n c h r o n o u s  m o t o r - c a m - m i c r o s w i t c h  pu l s i ng  d e -  
vice.  Each  t i m e  the  s t epp ing  r e l a y  is ac tua ted ,  the  
c u r r e n t  f r o m  the  p o w e r  s u p p l y  to the  cel l  is changed .  
This  is done  b y  chang ing  the  r e s i s t ance  in t h e  c i r -  
cu i t  of a Te l e t ron i c s  Mode l  PS-110  cons t an t  c u r r e n t  
p o w e r  supp ly .  As  the  ce l l  c u r r e n t  changes  w i t h  each  
r e l a y  step,  a n o t h e r  e l ec t r i ca l  c i r cu i t  p r o v i d e s  a 
v o l t a g e  w h i c h  deflects  t he  pen  a long  the  X - a x i s  of 
a L&N X - Y  r e c o r d e r  in  p r o p o r t i o n  to t he  l o g a r i t h m  
of t he  ca thode  c u r r e n t  dens i ty .  The  v o l t a g e  b e t w e e n  
the  coppe r  sphe re  and  coppe r  r e f e r e n c e  e l e c t r o d e  
is pa s sed  t h r o u g h  a c a thode  f o l l o w e r - t y p e  amp l i f i e r  
to t he  r e c o r d e r  to avo id  d r a w i n g  an  excess ive  c u r -  
r e n t  f r o m  e i t he r  e lec t rode .  J u s t  be fo re  t he  p l a t i n g  
c u r r e n t  is changed ,  t h e  X - Y  r e c o r d e r  pen  m a k e s  a 
do t  on the  p a p e r  as s h o w n  in Fig.  3. A d i r ec t  p lo t  
of p o l a r i z a t i o n - l o g  c u r r e n t  dens i ty ,  speeds  d a t a  
ana lys i s  s ince  t he  a p p a r e n t  e x c h a n g e  c u r r e n t  and  
Tafe l  s lope  can  be  r e a d  off i m m e d i a t e l y .  

Results and  Discussion 

Purified solutions.--Initiat e x p e r i m e n t s  w e r e  c a r -  
r i ed  out  in  1M coppe r  su l f a t e  + 1M su l fu r i c  ac id  
so lu t ion  f ree  of a d d i t i o n  agents .  A n o d i c  as we l l  as 
ca thod ic  p o l a r i z a t i o n  cu rves  w e r e  o b t a i n e d  and  a 
s u m m a r y  of t he  r e su l t s  a r e  g iven  in  Fig .  4. The  res t  
p o t e n t i a l  of a coppe r  e l ec t rode  in  t h e  p l a t i n g  so lu-  
t i on  at  25~ is + 0 . 3 1 v  vs. H~ e lec t rode .  A Ta fe l  
s lope  of 100 --+ 3 m y / c u r r e n t  decade  was  o b s e r v e d  
w h e n  ca thod ic  ( c o p p e r  p l a t i n g )  and  43 ---- 3 m y /  
c u r r e n t  d e c a d e  w h e n  anod ic  ( d e p l a t i n g  c o p p e r ) .  
These  v a l u e s  w e r e  o b t a i n e d  f r o m  six  ca thod ic  and  
5 anod ic  p o l a r i z a t i o n  curves .  The  c o r r e s p o n d i n g  
t r a n s f e r  coefficients f r o m  b = 0.059/a  a r e  ao ---- 0.59 
--+0.02 and  a ,  = 1.38 --+ 0.10. The  s u m  of a ,  and  a ,  
is 1.97 -+ 0.12, c lose  to t he  t h e o r e t i c a l  v a l u e  of 2. 
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Fig. 3. Block diagram of apparatus for automatically recording 
electrode potential-log current density curves. 
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Fig. 4. Anodic and cathodic polarization curves for a copper elec- 
trode in purified IM CuSO~ + IM H~S04. 

Both  the  anodic  and  ca thod ic  Ta fe l  s lopes  e x t r a p o -  
l a t e  to an  e x c h a n g e  c u r r e n t  d e n s i t y  of abou t  3 
m a / c m  ~. 

The  t r a n s f e r  coefficients and  e x c h a n g e  c u r r e n t  
d e n s i t y  o b t a i n e d  in th is  s t u d y  ag ree  c lose ly  w i t h  
r e su l t s  o b t a i n e d  b y  M a t t s s o n  a n d  Bockr i s  (3)  who  
used  a cons t an t  c u r r e n t  p u l s e d  p l a t i n g - d e p l a t i n g  
t echn ique .  T h e y  c o n c l u d e d  t h a t  the  r a t e - d e t e r m i n -  
ing  r e a c t i o n  at  h igh  c u r r e n t  dens i t i e s  ( >  50 m y )  
for  p l a t i n g  and  d e p l a t i n g  copper  in  ac id  su l f a t e  so -  
lu t ions  is 

w h i l e  

S L O W  
Cu +§ + e- ( ) Cu* [5a]  

R A P I D  
Cu + + e -  ( ) Cu [5b]  

ex i s t s  in  r e v e r s i b l e  e q u i l i b r i u m  w i t h  Cu a t  t h e  e l ec -  
t r o d e  sur face .  

Plating on single crystal copper.--The r e su l t s  of 
e l e c t r o p l a t i n g  coppe r  f rom a d d i t i v e - f r e e  so lu t ions  
on s ing le  c r y s t a l  coppe r  w i l l  be  m e n t i o n e d  h e r e  as 
b a c k g r o u n d  m a t e r i a l  for  t he  d i scuss ion  to fo l low 
on t h e  effect of ge l a t i n  in  ac id  copper  p l a t ing .  Cop-  
p e r  was  e l e c t r o p l a t e d  on the  (100) face  first  a t  1 
m a / c m  2 c u r r e n t  d e n s i t y  and  l a t e r  a t  10 m a / c m E  
P h o t o m i c r o g r a p h s  w e r e  t a k e n  of t he  s a m e  a r e a  
a f t e r  a sequence  of anod ic  e t ch ing  a n d p l a t i n g  op -  
e ra t ions .  These  a r e  g iven  in  Fig .  5. T h e  e tch  p i t s  in  
Fig.  5A a re  s q u a r e  s h a p e d  as e x p e c t e d  for  t he  (100) 
face.  Ou t l ines  of t h e  e tch  p i t s  a r e  b a r e l y  v i s ib l e  
a f t e r  1 h r  p l a t i n g  a t  1 m a / c m  ~ ( B ) ;  h o w e v e r ,  a 
fou r  s ided  p y r a m i d a l  c r y s t a l  has  s t a r t e d  g r o w i n g  
ou t  of t h e  sur face .  A f t e r  2 h r  p l a t i n g  a t  1 m a / c m  ~ 
(C) ,  t h e  p y r a m i d  has  g r o w n  and  no n e w  ones 
a p p e a r e d  in the  a r e a  v iewed .  Next ,  t h e  su r f ace  
was  a n o d i c a l l y  e t ched  in  the  p l a t i n g  so lu t ion  for  
10 ra in  a t  1 m a / c m  ', Fig.  5D. S q u a r e  e tch  p i t s  w e r e  
a g a i n  e v i d e n t  w h i c h  i n d i c a t e d  t h a t  coppe r  h a d  d e -  
pos i t ed  as a s ing le  c r y s t a l  w i t h  t he  same  o r i e n t a t i o n  
as t he  base  l aye r .  L a r g e  s teps  a p p e a r e d  on the  p y r a -  
m i d  faces.  W h e n  coppe r  p l a t i n g  was  r e s u m e d  a t  t e n  
t imes  the  o r ig ina l  c u r r e n t  dens i ty ,  10 m a / c m  ', t h e  
p l a t i n g  t i m e  was  r e d u c e d  b y  a f ac to r  of t e n  in  o r d e r  



802 JOURNAL OF THE ELECTROCHEMICAL SOCIETY September 1962 

Fig. 5. Photomicrographs of the same area on a single crystal of 
copper (100) after anodic etching and copper plating at 1 and 
10 ma/cm "~. 750X before reduction. 

to c o m p a r e  depos i t s  of t he  s ame  th ickness .  In  Fig.  
5E, t w o  t h i n g s  a r e  i m m e d i a t e l y  e v i d e n t :  ( i )  t he  
n u m b e r  of p y r a m i d s  g r o w i n g  has  i n c r e a s e d  m a r k -  
ed ly ,  and  ( i i )  t he  o r ig ina l  p y r a m i d  a p p e a r s  
t r unca t ed .  A l l  t he  p y r a m i d s  g r o w i n g  a t  10 m a / c m  ~ 
p l a t i n g  c.d. e v e n t u a l l y  become  t r u n c a t e d .  P r e v i o u s  
w o r k e r s  (7, 8),  r e p o r t i n g  on the  c r y s t a l  g r o w t h  
f o r m  in coppe r  p la t ing ,  h a v e  s t a t ed  t h a t  an  a b r u p t  
t r a n s i t i o n  occurs  f r o m  p y r a m i d a l  g r o w t h  to cubic  
l a y e r  g r o w t h  at  a c r i t i ca l  c u r r e n t  d e n s i t y  ( ~ 2  
ma /cm~) .  O u r  r e su l t s  show t h a t  even  a b o v e  the  c r i t -  
ica l  c.d., copper  c r y s t a l s  beg in  to g r o w  as p y r a m i d s  
and  l a t e r  deve lop  flat  tops  and  conve r t  to cubic  l a y e r  
g rowth .  

Effect o~ addition agents.--The effect  of t h iou rea ,  
1 ( - )  cys t ine ,  g lyc ine ,  ge la t in ,  and  d e x t r i n  in the  
copper  su l f a t e  b a t h  on the  ca thode  p o t e n t i a l - c u r -  
r en t  d e n s i t y  r e l a t i o n  was  d e t e r m i n e d  a t  v a r i o u s  
a d d i t i o n  a g e n t  concen t ra t ions .  A d d i t i o n s  of up  to 
0.1 g/1 d e x t r i n  h a d  no effect  on the  ~- log  i c u r v e  
for  c o p p e r  p la t ing .  A l l  the  o t h e r  a d d i t i v e s  d id  i n -  
f luence the  p o l a r i z a t i o n  c u r v e  and  each  one  b e h a v e d  
d i f f e ren t ly .  T h e  r e p r o d u c i b i l i t y  of t he  p o l a r i z a t i o n  
cu rves  v a r i e d  w i t h  t h e  a d d i t i o n  a g e n t  and  e x p e r i -  
m e n t a l  condi t ions .  Thus  i t  is pos s ib l e  to g ive  on ly  
a q u a l i t a t i v e  e v a l u a t i o n  of the  resu l t s .  

T h i o u r e a  in ac id  coppe r  su l f a t e  so lu t ions  d i s -  
p laces  t he  res t  p o t e n t i a l  of a coppe r  e l ec t rode  in  
t he  pos i t i ve  d i rec t ion .  A t  low t h i o u r e a  c o n c e n t r a -  
t ions,  10-~M, the  e l ec t rode  p o t e n t i a l  r e q u i r e s  s e v e r a l  
hours  to r e a c h  a s t e a d y  va lue .  The  p o t e n t i a l  change  
inc reases  w i t h  t h i o u r e a  c o n c e n t r a t i o n  a n d  r eaches  a 
l i m i t i n g  v a l u e  of  a b o u t  + 1 5  my,  w i t h  r e spec t  to 
a coppe r  r e f e r e n c e  in a d d i t i v e - f r e e  solu t ion ,  a t  a b o u t  
10~M, th iou rea .  

The  p o t e n t i a l  of a copper  e l e c t r o d e  in t he  ac id  
copper  p l a t i n g  so lu t ion  con ta in ing  t h i o u r e a  is a 
m i x e d  p o t e n t i a l  b e t w e e n  the  e q u i l i b r i u m  r e d u c t i o n  
p o t e n t i a l  of t h i o u r e a  and  the  d i s so lu t ion  p o t e n t i a l  
of copper .  In  effect, t h i o u r e a  causes  copper  to cor -  
r ode  in ac id  coppe r  p l a t i n g  solut ions .  

W h e n  a coppe r  e l ec t rode  is m a d e  ca thod ic  in 1M 
C u S O , + I M  H~SO, w i t h  t h i o u r e a  at  low c u r r e n t  d e n -  
si t ies,  t he  e l e c t r o d e  p o t e n t i a l  r e m a i n s  n e a r  t h e  r e s t  
p o t e n t i a l  up  to abou t  0.1 m a / c m  ~ w h e r e  an  a b r u p t  
change  occurs .  This  is s h o w n  in Fig.  6 w h e r e  c a t h -  
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Fig. 6. Effect of thiourea concentration on the cathode potential- 
current density relation in copper plating. 

ode p o t e n t i a l - c u r r e n t  d e n s i t y  cu rves  a r e  g iven  for  
v a r i o u s  t h i o u r e a  concen t ra t ions .  The  c u r r e n t  d e n -  
s i ty  at  the  s tep  in  p o t e n t i a l  a p p e a r s  i n d e p e n d e n t  
of t h i o u r e a  concen t r a t ion ,  b u t  the  s tep  h e i g h t  i n -  
c reases  w i t h  t h i o u r e a  concen t ra t ion .  The  cu rves  for  
4 x 10-' and  4 x 10~M th iou rea ,  show t h a t  t h e r e  
is a r eg ion  b e t w e e n  a b o u t  5 and  50 m a / c m "  p l a t i n g  
c.d. w h e r e  t h e  e l ec t rode  p o t e n t i a l  is l o w e r  w i t h  
a d d i t i o n  agen t  t h a n  w i t h o u t  it. A l l  t he  cu rves  r e a c h  
the  l o w e r  end  of t he  T a f e l  l ine  at  a b o u t  20 m a / c m  ~. 
The  t r a n s f e r  coefficient  for  coppe r  p l a t ing ,  ~o, d e -  
r i v e d  f r o m  the  T a f e l  slope, dec reases  w i t h  i n c r e a s -  
ing  t h i o u r e a  c o n c e n t r a t i o n  and  r eaches  a l i m i t i n g  
v a l u e  of a b o u t  0.2 a t  a b o u t  10~M th iou rea .  The  
c o r r e s p o n d i n g  e x c h a n g e  c u r r e n t  dens i ty ,  io, o b t a i n e d  
b y  e x t r a p o l a t i n g  t h e  T a f e l  l ine  to zero po la r i za t ion ,  
i n c r e a s e d  a b r u p t l y  a t  l ow  t h i o u r e a  c o n c e n t r a t i o n s  
to abou t  10 m a / c m  ~, and  t hen  i t  g r a d u a l l y  d e c r e a s e d  
w i t h  i nc r ea s ing  t h i o u r e a  b a c k  to  the  o r ig ina l  v a l u e  
of 3 m a / c m  ' a t  a b o u t  4 x 10~M th iourea .  

A n  i n t e r p r e t a t i o n  of t he  effect of t h i o u r e a  on 
c o p p e r  p l a t i n g  f r o m  ac id  su l f a t e  so lu t ions  and  the  
p o l a r i z a t i o n  cu rves  in Fig.  6 is a i d e d  b y  m e a s u r e -  
m e n t s  of t he  ca thod ic  p l a t i n g  efficiency w i t h  and  
w i t h o u t  t h i o u r e a  o v e r  a r a n g e  of c u r r e n t  dens i t ies ,  
Fig.  7. These  e x p e r i m e n t s  w e r e  c a r r i e d  out  w i t h  
c y l i n d r i c a l  coppe r  ca thodes  (5.0 cm ~ su r f ace  a r e a )  
in  u n s t i r r e d  solut ions .  C a t h o d e  efficiencies w e r e  d e -  
t e r m i n e d  f r o m  the  w e i g h t  ga in  a f t e r  p l a t i n g  to a 
t h e o r e t i c a l  depos i t  t h i cknes s  of 0.005 in. a s s u m i n g  
100% efficiency. B e l o w  a b o u t  1 m a / c m  ~ c u r r e n t  
dens i ty ,  t he  ca thode  efficiency for  coppe r  p l a t i n g  
decreases .  W i t h  t he  a d d i t i v e - f r e e  solut ion,  t he  d e -  
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c rease  can  be  a t t r i b u t e d  e i t he r  to t he  r e d u c t i o n  ot 
d i s so lved  o x y g e n  or  to t he  i n c o m p l e t e  r e d u c t i o n  of 
some cup r i c  ions. The  effect  is  m u c h  g r e a t e r  w i t h  
t h i o u r e a  w h i c h  sugges t s  t h a t  e i t he r  t h i o u r e a  is r e -  
d u c e d  a t  t he  ca thode  or  i t  c o m p l e x e s  cup rous  ions 
as t h e y  f o r m  so t h a t  a g r e a t  p o r t i o n  of cupr i c  ions  
a r e  not  c o m p l e t e l y  r e d u c e d  to copper .  L lop i s  and  
c o - w o r k e r s  (9 ) ,  us ing  r a d i o a c t i v e  t r ace r s ,  f o u n d  
su l fu r  b u t  no t  c a r b o n  in t h e  copper  depos i t  w h e n  
the  p l a t i n g  b a t h  c o n t a i n e d  th iou rea .  This  ind ica t e s  
t h a t  t h e  t h i o u r e a  m o l e c u l e  comes  a p a r t  in  t he  
course  of e l e c t rop l a t i ng .  T h e r e  a r e  t w o  poss ib i l i t i e s :  
( i )  t h i o u r e a  h y d r o l y z e s  to u r e a  and  H~S, or  ( i i )  
t h i o u r e a  is r e d u c e d  f o r m i n g  p e r h a p s  NH,CN and  
H~S. The  l a t t e r  m e c h a n i s m  a p p e a r s  to be  t he  mos t  
l i k e l y  one of t he  two  a l t h o u g h  t h e r e  is no p roo f  to 
offer a t  th is  t ime .  The  s o l u b i l i t y  p r o d u c t  of CuS in 
aqueous  so lu t ions  is v e r y  low, 8.5 x 10 -~ ( M / L )  ~ in 
wa t e r .  Thus,  CuS wi l l  p r e c i p i t a t e  a t  the  ca thode  
su r f ace  a t  a r e l a t i v e l y  low sulf ide ion  concen t r a t i on .  
The  p o t e n t i a l  s tep  in Fig .  6 at  0.1 m a / c m  ~ m a y  b e  
the  po in t  a t  w h i c h  CuS beg ins  to p r e c i p i t a t e  and  
i n t e r f e r e  w i t h  n o r m a l  c r y s t a l  g rowth .  B e l o w  the  
e x c h a n g e  c u r r e n t  d e n s i t y  ( ~ 3  ma /cm~) ,  t he  r a t e  
of c r y s t a l  g r o w t h  w i t h o u t  a d d i t i o n  a g e n t  is con-  
t r o l l ed  b y  su r face  d i f fus ion of copper  ada toms .  
T h e r e f o r e  CuS m a y  i n t e r f e r e  w i t h  c r y s t a l  g r o w t h  
b y  i n h i b i t i n g  the  su r f ace  d i f fus ion  of coppe r  a d a t o m s  
to g r o w t h  si tes.  C o p p e r  sulf ide  m a y  even  b l o c k  a 
g r o w t h  s i te  and  force  r enuc l ea t i on .  The  i nc rea se  in 
s tep  h e i g h t  w i t h  h i g h e r  t h i o u r e a  concen t r a t i ons  m a y  
be  i n t e r p r e t e d  to m e a n  t h a t  t he  ca thode  su r face  
r eaches  t he  mass  t r a n s f e r  l i m i t i n g  condi t ion .  

The  d e p o l a r i z i n g  effect of r e l a t i v e l y  s m a l l  a m o u n t s  
of  t h i o u r e a  in  t he  p l a t i n g  so lu t ion  at  a b o u t  10 
m a / c m  ~ has  also been  o b s e r v e d  b y  o the r s  (10, 11).  
S ince  the  Ta fe l  s lope  inc reases  w i t h  t h i o u r e a  con-  
cen t r a t ion ,  t h e  a p p a r e n t  " T a f e l "  e x c h a n g e  c u r r e n t  
d e n s i t y  at  4 x 104 and  4 x 10-~M t h i o u r e a  is l a r g e r  
w i t h  t he  a d d i t i v e  t h a n  w i t h o u t  it. W e  h a v e  no s a t i s -  
f a c t o r y  e x p l a n a t i o n  for  th is  a n o m a l y .  The  r e s u l t  
sugges t s  tha t ,  as t h e  c u r r e n t  increases ,  t h i o u r e a  d e -  
l ays  t he  t r a n s i t i o n  of t h e  r a t e - d e t e r m i n i n g  s tep  in 
coppe r  p l a t i n g  f rom su r f ace  d i f fus ion  of a d a t o m s  
to cha rge  t r a n s f e r  acco rd ing  to Eq. [5a] .  

As  s t a t e d  ea r l i e r ,  d e x t r i n  b y  i t se l f  does  no t  affect  
the  T-log i c u r v e  for  coppe r  p l a t ing .  D e x t r i n  does  
a p p e a r  to e n h a n c e  the  effect  of t h iou rea .  H o w e v e r ,  
t h e  r e su l t s  w e r e  e r ra t i c ,  no t  r e p r o d u c i b l e ,  and  wi l l  
no t  be  d i scussed  f u r t h e r .  

The  effect of t he  o t h e r  " a c t i v e "  a d d i t i o n  agen t s  
a t  a c o n c e n t r a t i o n  of a b o u t  10~M on the  T-log i 
r e l a t i o n  in ac id  su l f a t e  coppe r  p l a t i n g  is shown  in 
Fig .  8. The  cu rves  o b t a i n e d  w i t h  no a d d i t i v e  and  
4 x 10~M t h i o u r e a  a r e  i n c l u d e d  fo r  compar i son .  
1 ( - )  Cys t ine  and  t h i o u r e a  h a v e  a s i m i l a r  effect  on 
the  v- log  i cu rve  e x c e p t  t h a t  1 ( - )  cys t ine  does  no t  
sh i f t  t he  r e s t  p o t e n t i a l  and  a hys t e r s i s  loop was  ob -  
s e r v e d  b e t w e e n  i nc r ea s ing  and  dec r ea s ing  c u r r e n t  
curves .  The  s ame  i nh ib i t i ng  effect of p r e c i p i t a t e d  
CuS is p r o p o s e d  for  t he  effect of 1 ( - )  cys t ine  on 
coppe r  p la t ing .  Sul f ide  ions a r e  f o r m e d  b y  h y d r o -  
lys is  or  ca thod ic  r e d u c t i o n  of 1 ( - )  cys t ine .  1 ( - )  
Cys t e ine  m a y  be  an  i n t e r m e d i a t e .  
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Fig. 8. Cathode potential-current density curves for copper plot- 
ing with and without the various addition agents. 

G l y c i n e  affects  the  v - l o g  i c u r v e  on ly  b e t w e e n  
a b o u t  0.1 and  1 m a / c r a t  The  r e m a i n d e r  of t he  cu rve  
is e s s e n t i a l l y  t he  s ame  as t he  n o - a d d i t i v e  curve .  
G l y c i n e  is n o t e d  as a l eve l ing  agen t  in  a c i d - c o p p e r  
p la t ing .  The  m e c h a n i s m  w h e r e b y  m e t a l  d i s t r i b u t i o n  
is a f fec ted  b y  g lyc ine  does  no t  i nvo lve  an  a p p r e -  
c i ab le  change  in  the  k ine t i c s  of coppe r  e l e c t r o d e p o -  
si t ion.  

T h e  l a rge s t  p o l a r i z a t i o n  effect a t  low c u r r e n t  
dens i t i e s  was  o b t a i n e d  w i t h  ge l a t i n  as shown  in 
Fig.  8. The  T-log i c u r v e  w i t h  i nc rea s ing  c u r r e n t  
has  t he  s ame  g e n e r a l  f o r m  as t he  n o - a d d i t i v e  cu rve  
excep t  t ha t  is is d i s p l a c e d  a b o u t  one o r d e r  of m a g -  
n i t u d e  l o w e r  in  c u r r e n t  dens i ty .  A t  a c r i t i ca l  c u r -  
r en t  d e n s i t y  of a b o u t  3 m a / c m  ~, a s h a r p  b r e a k  oc-  
curs  in  the  curve ,  and  the  ca thode  p o t e n t i a l  d e -  
c reases  up  to  a b o u t  30 m a / c m "  w h e r e  i t  a g a i n  i n -  
creases .  On d e c r e a s i n g  the  c u r r e n t  f r o m  50 m a / c m  ~, 
t h e  T-log i c u r v e  t r a c e d  is d i f fe ren t  f r o m  the  i n -  
c r e a s i n g  c u r r e n t  curve .  The  s h a r p  b r e a k  in t he  ~- log  
i c u r v e  for  coppe r  p l a t i n g  f r o m  ac id  so lu t ions  con-  
t a i n ing  ge l a t i n  has  been  o b s e r v e d  before .  Lyz lov  
and  c o - w o r k e r s  (12) p r o p o s e d  tha t ,  b e l o w  the  c r i t -  
ica l  c u r r e n t  dens i ty ,  a sma l l  p o r t i o n  of  t he  su r face  
is ac t ive  and  ge l a t i n  a c c u m u l a t e s  on these  i so l a t ed  
ac t ive  si tes.  T h e y  sugges t  t h a t  a l l  t h e  c a thode  s u r -  
face  becomes  ac t ive  w h e n  the  c u r r e n t  d e n s i t y  e x -  
ceeds  t he  c r i t i ca l  va lue .  

A s igni f icant  f ac to r  in i n t e r p r e t i n g  the  r e su l t s  o b -  
t a i n e d  w i t h  ge l a t i n  is t h a t  t he  b r e a k  in t he  ~?-log i 
c u r v e  occurs  at  a b o u t  t he  t r a n s i t i o n  c u r r e n t  d e n s i t y  
at  w h i c h  p y r a m i d a l  c r y s t a l  g r o w t h  changes  to cubic  
l a y e r  g r o w t h  in copper  p l a t i n g  (7, 8) .  W e  p ropose  
t ha t  b e l o w  the  c r i t i ca l  c.d. ge l a t i n  mo lecu l e s  i nh ib i t  
p y r a m i d a l  g r o w t h  b y  a d s o r b i n g  on t h e  s c r e w  d i s -  
loca t ions  t h a t  g e n e r a t e  t he  p y r a m i d s  as i l l u s t r a t e d  
in  Fig.  9. A ge l a t i n  mo lecu l e  a d s o r b e d  on one of 
t h e  s teps  can  be  b u r i e d  b y  a d v a n c i n g  s t eps  w h e r e a s  
a m o l e c u l e  on the  in i t i a l  g r o w t h  s i te  a t  t h e  top of 
the  p y r a m i d  cannot .  The  ne t  r e s u l t  is t h a t  g e l a t i n  
b locks  p y r a m i d a l  g rowth ,  and  cubic  l a y e r  g r o w t h  
p r e d o m i n a t e s  even  b e l o w  3 m a / c m t  This  is d e m -  
o n s t r a t e d  in  F ig .  10. Coppe r  w a s  p l a t e d  on t h e  (100) 
face  of a coppe r  s ing le  c r y s t a l  fo r  1 h r  a t  1 m a / c m  ~ 
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Fig. 9. Mechanism for inhibiting pyramidal crystal growth of 
copper with gelatin molecules. 

Fig. 10. Copper plating on (100) face of single crystal copper 
with and without gelatin at 1 mo/cm ~. 

first  w i t h o u t  a d d i t i o n  agen t  and  t hen  w i t h  0.01 g/1 
ge la t in .  The  r e su l t s  a r e  a p p a r e n t  f r o m  the  p h o t o -  
m i c r o g r a p h s  (750X) .  The  cubic  l a y e r  g r o w t h  p r e -  
d o m i n a t e s  t h r o u g h o u t  w h e n  ge l a t i n  is added .  

A t  t he  t r a n s i t i o n  c u r r e n t  dens i ty ,  t he  a d a t o m s  
or  ad ions  r e a c h  s u p e r s a t u r a t i o n  (8) ,  and  the  n a t u r a l  
c r y s t a l  g r o w t h  h a b i t  becomes  cubic  l a y e r  g r o w t h  
w i t h o u t  ge la t in .  In  o r d e r  to m a i n t a i n  t he  p o l a r i z a -  
t ion  effect  a b o v e  3 m a / c m  ~, t he  g e l a t i n  w o u l d  need  
to i nh ib i t  cubic  l a y e r  g rowth .  The  c o n c e n t r a t i o n  of 
ge l a t i n  ava i l ab l e ,  h o w e v e r ,  is insuff icient ,  and  the  
ca thode  p o t e n t i a l  dec reases  w i t h  i nc r ea s ing  c u r r e n t  
d e n s i t y  u n t i l  t he  p o l a r i z a t i o n  due  to cha rge  t r a n s -  
fe r  aga in  i nc reases  t h e  ca thode  p o t e n t i a l  a b o v e  30 
m a / c m  ~. 

The  hys t e r e s i s  effect o b s e r v e d  on dec r ea s ing  the  
c u r r e n t  f r o m  50 m a / c m  ~ w i t h  g e l a t i n  and  1( - )  cy s -  
t ine  w a s  no t  o b s e r v e d  w i t h  r o t a t i n g  d i sk  e l ec t rodes  
(13) .  Bo th  a scend ing  and  d e s c e n d i n g  n- log  i cu rves  
w e r e  i den t i ca l  in f o r m  w i t h  t he  a scend ing  c u r v e  
for  ge l a t i n  shown  in Fig .  8. This  sugges t s  t h a t  the  

S e p t e m b e r  1962 

hys t e r e s i s  effect in  these  s tudies ,  us ing  s p h e r i c a l  
e lec t rodes ,  is the  r e s u l t  of ineff ic ient  s t i r r ing .  

Conclusions 

T h i o u r e a  and  1 ( - )  cys t ine  h a v e  s im i l a r  b e h a v i o r  
as a d d i t i o n  agen t s  in  ac id  c o p p e r  p la t ing .  Bo th  a d -  
d i t ion  agen t s  con ta in  su l fu r  groups ,  and  i t  is p r o -  
posed  t ha t  t h e y  a r e  e i t he r  h y d r o l y z e d  or  e l e c t r o -  
c h e m i c a l l y  r e d u c e d  d u r i n g  p l a t i n g  to f o r m  sulf ide 
ions w h i c h  p r e c i p i t a t e  coppe r  as CuS a t  t he  c a thode  
surface .  T h e  d e p o l a r i z a t i o n  effect of r e l a t i v e l y  low 
t h i o u r e a  concen t r a t i ons  in  t he  v i c i n i t y  of 10 m a / c m  ' 
sugges t s  t h a t  t he  k ine t i c s  of copper  e l e c t r o d e p o -  
s i t ion  is l im i t ed  b y  su r f ace  d i f fus ion of a d a t o m s  up  
to a h i g h e r  c u r r e n t  d e n s i t y  w i t h  s m a l l  a m o u n t s  of 
t h i o u r e a  t h a n  w i t h o u t  it. H i g h e r  t h i o u r e a  concen -  
t r a t i o n s  i nh ib i t  t he  su r f ace  d i f fus ion of a d a t o m s  as  
expec ted .  

G l y c i n e  has  o n l y  a s m a l l  effect  on the  ca thode  
p o t e n t i a l - c u r r e n t  d e n s i t y  r e l a t ion .  The re fo re ,  wh i l e  
g lyc ine  has  a p r o f o u n d  effect  on the  d i s t r i b u t i o n  
of coppe r  p l a t i n g  on a mic rosca le ,  i t  does not  i n -  
f luence the  k ine t i c s  of coppe r  depos i t ion .  

G e l a t i n  a p p e a r s  to affect  t he  c r y s t a l  g r o w t h  of 
coppe r  e l ec t rodepos i t s  b y  a m e c h a n i s m  i n v o l v i n g  
the  a d s o r p t i o n  of ge l a t i n  at  g r o w t h  sites.  R e l a t i v e l y  
few ge l a t i n  mo lecu l e s  a r e  n e e d e d  to i nh ib i t  p y -  
r a m i d a l  c r y s t a l  g r o w t h  as  c o m p a r e d  to cubic  l a y e r  
g rowth .  

D e x t r i n  b y  i t se l f  has  no effect on the  k ine t i c s  of 
coppe r  e l ec t rodepos i t ion .  I t  does  a p p e a r  to e n h a n c e  
the  effect  of t h iou rea ,  b u t  these  r e su l t s  a r e  not  con-  
c lus ive .  

Manuscr ip t  rece ived  Feb.  7, 1962; rev ised  manuscr ip t  
received Apr i l  2, 1962. This paper  was p repa red  for  
de l ivery  before  the  Det ro i t  Meeting, Oct. 1-5, 1961. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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ABSTRACT 

Two types  of ca r r i e r  in ject ion e lect roluminescence can occur in GaP. The 
luminescence resu l t ing  f rom minor i ty  car r ie r  in ject ion at  a p - n  junct ion  (p -n  
luminescence)  r epor ted  here  and previous ly  by  others  peaks  near  5650 and 
7000A in Zn-doped  GaP. A much lower  efficiency luminescence resul ts  f rom 
ma jo r i t y  ca r r i e r  exci ta t ion  at  e lect rode ba r r i e r s  in appa ren t ly  junc t ion - f r ee  
crysta ls  and does not  seem to resul t  f rom an ava lanche  b r e a k d o w n  process. The 
emission spec t rum for this form of exci ta t ion peaks  at  5800 and 6500A and is the  
same for n-  and p - t y p e  ma te r i a l  (wi th  the  addi t ion of the  7000A "Zn" emission 
f rom Zn-doped,  p - t y p e  ma te r i a l ) .  The  5800A emission is a t t r ibu ted  to recombi -  
nat ion across the  band  gap, the  6500A emission to recombina t ion  at  deep donor 
levels,  and  the 7000A emission to recombina t ion  at  deep - ly ing  Zn acceptor  
levels.  The 77~ photoluminescence peak ing  at  6300A, r epor ted  prev ious ly  by  
others, is also a t t r ibu ted  to recombina t ion  at  the  donor levels.  The shif t  in the  
peak  for the  band gap emission to 5800A, r a the r  than  5650A as in the  corre-  
sponding p - n  luminescence band,  is suggested to be caused by  the  high field at  
the  e lect rode bar r ie r .  Photoluminescence and photoconduct ion exci ta t ion 
spec t ra  were  also ob ta ined  and are  consis tent  wi th  these hypotheses.  

U n t i l  r ecen t ly ,  l i t t l e  i n f o r m a t i o n  was  a v a i l a b l e  on 
the  l u m i n e s c e n t  p r o p e r t i e s  of GaP.  The  o b s e r v e d  
e l e c t r o l u m i n e s c e n c e  has  been  a t t r i b u t e d  to m i n o r i t y  
c a r r i e r  i n j ec t ion  a t  p - n  j unc t i ons  (1 -3 )  and  to a v a -  
l anche  b r e a k d o w n  a t  m e t a l  con tac t s  or  a t  r e v e r s e  
b i a s e d  p - n  j u n c t i o n s  (1, 3) .  Emis s ion  b a n d s  p e a k i n g  
at  ene rg ie s  less  t h a n  t h e  b a n d  gap  w e r e  o b s e r v e d  and  
d e s c r i b e d  as r e s u l t i n g  f r o m  i m p a c t  e x c i t a t i o n  of 
l u m i n e s c e n t  cen t e r s  (3) ,  i n d i r e c t  r e c o m b i n a t i o n  of 
f ree  e l ec t rons  w i t h  f r ee  holes  (4) ,  r e c o m b i n a t i o n  at  
Cu or  Zn i m p u r i t y  cen te r s  (1, 3) ,  or  r e c o m b i n a t i o n  
a t  l eve l s  r e s u l t i n g  f r o m  Ga  a n d  P vacanc ie s  (5 ) .  R e -  
cent ly ,  two  d e t a i l e d  s tud ies  of e l e c t r o l u m i n e s c e n c e  
a t  p - n  j u n c t i o n s  in  G a P  have  been  p u b l i s h e d  (6, 7) ; 
t h e s e  also differ  on s e v e r a l  po in t s  of b o t h  o b s e r v a t i o n  
and  i n t e r p r e t a t i o n .  

The  l u m i n e s c e n c e  r e s u l t i n g  f r o m  m i n o r i t y  c a r r i e r  
i n j ec t ion  at  a p - n  j u n c t i o n  dif fers  s ign i f i can t ly  f r o m  
t h e  l u m i n e s c e n c e  r e s u l t i n g  f r o m  m a j o r i t y  c a r r i e r  
e x c i t a t i o n  at  e l e c t r o d e  b a r r i e r s  in  a p p a r e n t l y  j u n c -  
t i o n - f r e e  c rys ta l s .  I f  j u n c t i o n s  a r e  p resen t ,  bo th  p r o -  
cesses m a y  occur  s i m u l t a n e o u s l y ;  th is  cou ld  account  
for  some of t he  d i s a g r e e m e n t  a m o n g  the  o b s e r v a t i o n s  
of o thers .  

The  r e su l t s  r e p o r t e d  he re  sugges t  t h a t  t h e r e  a r e  
t h r e e  m a j o r  r a d i a t i v e  r e c o m b i n a t i o n  processes  ac t ive  
in our  c rys ta l s ,  i n d i r e c t  e l e c t r o n - h o l e  r e c o m b i n a t i o n  
across  t h e  b a n d  gap,  r e c o m b i n a t i o n  of a f ree  hole  
w i t h  an  e l ec t ron  in  a donor  l eve l  of u n k n o w n  or ig in ,  
and  in  Z n - d o p e d  c rys t a l s  r e c o m b i n a t i o n  of f ree  e l ec -  
t rons  w i t h  d e e p - l y i n g  Zn accep to r  levels .  The  o b -  
s e r v e d  l u m i n e s c e n c e  d e p e n d s  on w h i c h  a r e  d o m i -  
nan t ,  and  th is  in  t u r n  d e p e n d s  on the  exc i t a t i on  p r o -  
cess and  the  c o n d u c t i v i t y  t y p e  of t he  r e c o m b i n a t i o n  
region .  Some  of t h e  d i s a g r e e m e n t  a m o n g  e a r l i e r  ob -  
s e rva t i ons  can  b e  r e s o l v e d  if a l l o w a n c e  is m a d e  for  
t he  t y p e  of exc i t a t i on  and  t h e  r e l a t i v e  p r o b a b i l i t i e s  
of t he  v a r i o u s  r e c o m b i n a t i o n  m e c h a n i s m s  poss ib le .  

Description of Crystals 
A l l  of t he  c rys t a l s  s t u d i e d  w e r e  p r e p a r e d  b y  the  

so lu t ion  g r o w t h  m e t h o d  of Wolff,  Keck ,  and  B r o d e r  
(8)  in  sealed,  e va c ua t e d ,  s i l ica  tubes .  So lu t ions  of t he  
o r d e r  of 10 at. % of  p h o s p h o r u s  in g a l l i u m  w e r e  
h e a t e d  to 1300~ m a i n t a i n e d  at  th is  t e m p e r a t u r e  for  
a t  l eas t  2 hr,  and  t h e n  cooled to r o o m  t e m p e r a t u r e  in 
24 h r  fo l lowing  a p r o g r a m m e d  p a r a b o l i c  cool ing 
curve .  ( I n c r e a s i n g  the  cool ing  t i m e  to 72 h r  h a d  no 
s ign i f ican t  effects on the  c r y s t a l  g r o w t h . )  The  q u a r t z  
t ubes  o f t en  e x p a n d e d ,  i n d i c a t i n g  t ha t  t he  d i s soc ia t ion  
p r e s s u r e s  w e r e  g r e a t e r  t h a n  10 a t m  a t  these  g r o w t h  
t e m p e r a t u r e s .  D opa n t s  (e.g., Zn m e t a l )  w e r e  m i x e d  
w i t h  t he  g a l l i u m  p r i o r  to evacua t ion .  S t a r t i n g  m a t e -  
r i a l s  of a t  l e a s t  99.999% p u r i t y  w e r e  used  in a l l  
cases.  

The  c rys t a l s  se lec ted  for  s t u d y  a re  of two  types ,  
( i )  p l a t e l e t s  w i t h  (111) m a j o r  faces,  t h a t  a r e  1 m m  or  
less in  t h i ckness  and  r a n g e  f r o m  a f ew  m i l l i m e t e r s  to  
a c e n t i m e t e r  in  t h e  o the r  d imens ions ,  and  ( i i )  < 1 1 1 ~  
axis  need le s  a c e n t i m e t e r  or  m o r e  in  l e n g t h  and  of 
t r i a n g u l a r  cross  sec t ion  w i t h  s ides  of t he  o r d e r  of a 
t e n t h  of a m i l l i m e t e r  or  less.  The  need le s  a r e  f o u n d  
a t  t h e  oppos i t e  end  of  t h e  g r o w t h  vesse l  f r o m  the  
so lu t ion  and  a r e  o f ten  i n t e r m i n g l e d  w i t h  depos i t s  of 
m i x e d  ox ides  of ga l l i um.  The  v a p o r  p h a s e  g r o w t h  
and  p r o p e r t i e s  of s im i l a r  need le s  h a v e  been  d e -  
s c r ibed  b y  G e r s h e n z o n  and  M i k u l y a k  (9) .  S o m e  r e -  
su l t s  of x - r a y  d i f f rac t ion  i nd i ca t e  t h a t  t he  p l a t e - l i k e  
c r y s t a l s  m a y  not  be  s ingle  b u t  m a y  con ta in  one or  
m o r e  180 ~ t w i n  p lanes .  The  needles ,  h o w e v e r ,  a r e  
s ingle  c rys ta l s .  

S p e c t r o g r a p h i c  a n a l y s e s  i nd i ca t e  t h a t  t he  on ly  
m a j o r  i m p u r i t y  in t he  c r y s t a l s  is Si, in t he  concen -  
t r a t i o n  r a n g e  of 10-100 ppm.  The  source  of the  Si  i m -  
p u r i t y  is u n k n o w n ;  i t  is b e l i e v e d  to r e su l t  f r o m  a 
h i g h - t e m p e r a t u r e  r e a c t i o n  b e t w e e n  Ga  and  s i l ica  
(14) .  In  add i t ion ,  1 p p m  or  less of F e  and  Mg a re  
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found  in u n d o p e d  G a P  c rys t a l s  and  in  t he  in i t i a l  
phosphorus .  Cu and  Ag, in abou t  t he  same  c onc e n -  
t r a t i o n s  as t he  F e  and  Mg, a r e  f o u n d  in Z n - d o p e d  
c r y s t a l s  and  in  t he  in i t i a l  Zn. 

The  c rys t a l s  w e r e  s e p a r a t e d  m e c h a n i c a l l y  f rom 
t h e  Ga  so lven t  and  t h e n  bo i l ed  in a b o u t  a 1:1 m i x -  
t u r e  of c o n c e n t r a t e d  HC1 and  w a t e r .  In  mos t  cases, 
th is  t r e a t m e n t  was  sufficient  to r e m o v e  a l l  t he  su r -  
face  Ga.  The  s amp le s  s t u d i e d  w e r e  c a r e f u l l y  se lec ted ;  
c ry s t a l s  w i t h  occ luded  g a l l i u m  or  obvious  g r a i n  
b o u n d a r i e s  w e r e  no t  used.  E l ec t rodes  of  v a r i o u s  
m e t a l s  in  the  fo rm of po in t  and  a r e a  con tac t s  w e r e  
t r i ed .  The  l u m i n e s c e n t  p r o p e r t i e s  d id  no t  d e p e n d  on 
the  e l ec t rode  m e t a l ;  hence  s i lve r  p a s t e  or  u l t r a s o n i -  
ca l l y  a p p l i e d  In  w e r e  used  in mos t  cases. 

Ha l l  effect m e a s u r e m e n t s  h a v e  shown  tha t  u n -  
d o p e d  c r y s t a l s  a r e  n - t y p e  w i t h  r o o m  t e m p e r a t u r e  
c a r r i e r  concen t r a t i ons  in  the  r a n g e  of 10~-10 ~ e lec -  
t r o n s / c c  a n d  a donor  ion iza t ion  e n e r g y  of 0.07 ev. 
The  Z n - d o p e d  c rys t a l s  d i scussed  in th is  a r t i c l e  a r e  
p - t y p e  w i t h  a b o u t  2 x 1017 h o l e s / c c  a t  r o o m  t e m p e r a -  
tu re  and  an  a c c e p t o r  ion iza t ion  e n e r g y  of 0.03 ev;  
s p e c t r o g r a p h i c  ana lys i s  ind ica tes  10-100 p p m  of Zn 
in these  c rys ta l s .  Room t e m p e r a t u r e  mob i l i t i e s  for  
bo th  e l ec t rons  a n d  ho les  a r e  in  t he  50-100 cm2/v sec 
range .  

Apparatus 

E l e c t r o l u m i n e s c e n c e  emiss ion  spec t r a  w e r e  m e a s -  
u r e d  w i t h  d - c  exc i t a t ion .  The  s a m p l e  was  m o u n t e d  
a t  t he  e n t r a n c e  s l i t  of a Bausch  and  L o m b  g r a t i n g  
m o n o c h r o m a t o r  (Mode l  33-86-45) .  A P h o t o v o l t  
p h o t o m e t e r  w i t h  a 1P21 p h o t o m u l t i p l i e r  s e r v e d  as 
t he  de tec to r ,  and  its o u t p u t  was  r e c o r d e d  on a Mose -  
ley  X - Y  r e c o r d e r  whose  X - a x i s  was  s u i t a b l y  coup led  
to the  w a v e l e n g t h  d r i v e  of the  m o n o c h r o m a t o r .  
P h o t o l u m i n e s c e n c e  emiss ion  and  exc i t a t i on  s p e c t r a  
w e r e  s i m i l a r l y  o b t a i n e d  e x c e p t  t h a t  a l igh t  p ipe  was  
used  to channe l  the  e m i t t e d  l igh t  to the  m o n o c h r o -  
m a t o r  or  the  exc i t i ng  l i gh t  to t h e  s a m p l e  so t h a t  t he  
s a m p l e  could  be  i m m e r s e d  in l i qu id  n i t rogen .  The  
p h o t o l u m i n e s c e n c e  is on ly  o b s e r v a b l e  at  l ow  t e m -  
p e r a t u r e  because  of t e m p e r a t u r e  q u e n c h i n g  (5, 7).  
The  p h o t o m u l t i p l i e r  was  c a l i b r a t e d  a g a i n s t  a t h e r m o -  
couple ,  and  a l l  spec t r a  w e r e  co r r ec t ed  for  t he  con-  
s t an t  i nc iden t  e n e r g y  r e sponse  of t h e  p h o t o m u l t i p l i e r .  
The  s p e c t r a l  r a n g e  cove red  was  l i m i t e d  to w a v e -  
l eng ths  s h o r t e r  t h a n  8000A b y  the  o v e r - a l l  s e n s i t i v -  
i t y  of t h e  sys tem.  

The  p h o t o c o n d u c t i v i t y  exc i t a t i on  s p e c t r u m  was  
o b t a i n e d  w i t h  a P e r k i n - E l m e r  Mode l  99 d o u b l e - p a s s  
m o n o c h r o m a t o r .  The  r e s u l t i n g  13 cps  p h o t o c u r r e n t  
was  ampl i f i ed  b y  a 13 cps t w i n - t e e  ampl i f ie r .  The  
i n c i d e n t  e n e r g y  was  m e a s u r e d  w i t h  a P e r k i n - E l m e r  
t h e r m o c o u p l e  and  as soc ia t ed  Mode l  107 13 cps a m -  
plif ier .  A n  i sophoton ic  co r r ec t i on  was  a p p l i e d  to th is  
spec t rum.  

Electro luminescence at a p -n  Junction 

A n  in i t i a l  o b j e c t i v e  of th is  w o r k  was  to s t u d y  the  
r e d  emiss ion  t ha t  h a d  been  r e p o r t e d  to r e su l t  f r o m  
dop ing  G a P  w i t h  Zn (3) .  Z n - d o p e d  c rys t a l s  w e r e  
p r e p a r e d ,  t he  "Zn" r ed  emission was  obse rved ,  and  
the  emiss ion  s p e c t r u m ,  w h i c h  p e a k s  a t  7000A, was  
d e t e r m i n e d  (10) .  L i g h t  emiss ion  was  o b s e r v e d  on ly  

at  t he  n e g a t i v e  e l ec t rode  (3, 10).  In  some s amp le s  
w i t h  i d e n t i c a l l y  p r e p a r e d  e l ec t rodes  the  r e d  emiss ion  
o c c u r r e d  at  on ly  one e lec t rode .  N e g a t i v e  b ias  on the  
o t h e r  e l e c t r o d e  p r o d u c e d  on ly  an  emiss ion  of  m u c h  
l o w e r  i n t e n s i t y  and  y e l l o w  in color.  ( I t s  s p e c t r u m  
h a d  a s h o u l d e r  a t  a b o u t  5900A and  t h e n  i n c r e a s e d  
out  to 6500A, t he  de t ec t ion  l i m i t  for  t h a t  p a r t i c u l a r  
m e a s u r e m e n t . )  The  s i m i l a r i t y  to t he  p - n  l u m i n e s -  
cence r e p o r t e d  b y  o the r s  (6, 7) sugges t s  t h a t  th is  
a s y m m e t r y  r e su l t s  f r o m  the  p r e s e n c e  of  j u n c t i o n s  in 
t he  c rys ta l .  C r y s t a l s  c on t a in ing  bo th  p and  n r eg ions  
have  been  f o u n d  and  d i scussed  (5, 7).  Z n - d o p e d  
c r y s t a l s  p r e p a r e d  w i t h  h i g h e r  p u r i t y  s t a r t i n g  m a t e -  
r i a l s  and  i m p r o v e d  g r o w t h  cond i t ions  d id  not  e x h i b i t  
th is  a n o m a l o u s  behav io r ,  i n d i c a t i n g  the  absence  of  
junc t ions .  

One Z n - d o p e d  c r y s t a l  was  found,  h o w e v e r ,  t ha t  
had  a j u n c t i o n  l oc a t e d  n e a r  t he  c r y s t a l  sur face .  I t  
was  c h a r a c t e r i z e d  b y  an  a s y m m e t r i c a l  c u r r e n t - v o l t -  
age  c h a r a c t e r i s t i c  w i t h  a rec t i f i ca t ion  r a t i o  of t he  
o r d e r  of 100. Emiss ion  f rom the  junc t ion ,  not  in con-  
t ac t  w i t h  t he  e lec t rode ,  could  be  seen c l e a r l y  as a 
b r i g h t  spot.  The  r o o m  t e m p e r a t u r e  emiss ion  spec -  
t r u m  for  f o r w a r d  b ias  is shown  in Fig.  1; i t  consis ts  
of  a n a r r o w  b a n d  (0.1 ev  at  ha l f  m a x i m u m ) ,  p e a k i n g  
in the  g r e e n  n e a r  5650.& as r e p o r t e d  by  o the r s  (4, 6, 
7) and  the  p r e v i o u s l y  r e p o r t e d  "Zn"  b a n d  (7, 10) 
p e a k i n g  n e a r  7000A. 1 The  effect on the  s p e c t r u m  of 
a b s o r p t i o n  b y  the  c r y s t a l  was  d e t e r m i n e d  b y  m e a s -  
u r i n g  on ly  t he  l i gh t  e scap ing  t h r o u g h  the  b a c k  side 
of  the  c rys t a l ;  l i gh t  e m i t t e d  at  the  j u n c t i o n  had  to  
pass  t h r o u g h  at  l eas t  1 m m  of c ry s t a l  be fo re  e n t e r i n g  
the  m o n o c h r o m a t o r .  This  r e s u l t  is also shown  in Fig .  
1. I t  can  be  seen t ha t  t he  shape  of the  7000A b a n d  is 
unaf fec ted  b y  a b s o r p t i o n  w h e r e a s  t he  5650A b a n d  is 
a t t e n u a t e d  w i t h  t h e  a t t e n u a t i o n  b e c o m i n g  m o r e  
s e v e r e  at  s h o r t e r  w a v e l e n g t h s .  The re  is, h o w e v e r ,  no 
sh i f t  in  t he  peak .  

S ince  s im i l a r  r e su l t s  have  been  p r e s e n t e d  in  de ta i l  
b y  others ,  as i n d i c a t e d  above ,  th is  d i scuss ion  has  
been  i n c l u d e d  on ly  for  c ompa r i son  w i t h  t h e  r e s u l t s  
d e s c r i b e d  in the  fo l lowing  sect ions.  

1 E r r o r s  i n  t h e  c o r r e c t i o n  f o r  t h e  p h o t o m u l t i p l i e r  s p e c t r a l  r e s p o n s e  
a n d  in  t h e  w a v e l e n g t h  m e a s u r e m e n t s  p r e v e n t  t h e  d e t e r m i n a t i o n  of  
t h e  p e a k  w a v e l e n g t h s  to  b e t t e r  t h a n  ~ 5 0 A .  A l t h o u g h  t h e  p e a k s  i n  
F ig .  1 a r e  a t  a b o u t  5550 a n d  6900A, t h e  r e s u l t s  of  s e v e r a l  m e a s u r e -  
m e n t s  ind ica te  t h a t  5650 a n d  7000A a r e  r e a s o n a b l e  cho i ce s  f o r  t h e  
p e a k  w a v e l e n g t h s .  S i n c e  o t h e r  w o r k e r s  h a v e  r e p o r t e d  t h e s e  to  be  
t h e  p e a k  w a v e l e n g t h s ,  w e  h a v e  u s e d  t h e  s a m e  d e s i g n a t i o n  t h r o u g h -  
ou t  t h i s  a r t i c l e .  
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Fig. 2. Emission spectra from metal-crystal contact to a-type 
crystal and p-type crystal. 

Elec t ro luminescence  at  a M e t a l - C r y s t a l  Contac t  

There is genera l  agreement  tha t  e lec t ro lumines-  
cence is never  observed at ohmic contacts to GaP. 
Ord inary  meta l  contacts, e.g., Ag paint ,  u l t rasoni -  
cal ly appl ied  In, pressure  contacts, however,  do not 
make  ohmic contact  to GaP wi thout  special  t r e a t -  
ment  to pene t ra te  the surface oxide (13). Samples  
wi th  symmet r ica l  contacts behave l ike two rectifiers 
opposed in series; b reakdown potent ia ls  = are usual ly  
be tween 1 and 5v. The cur ren t -vo l t age  charac ter i s -  
tics are  often asymmetr ica l ,  as shown by Wolff et al. 
(3).  Kinks  in the character is t ics  as repor ted  by  Gor-  
ton et al. (11) have also been observed,  but  are not 
usual. 

The electroluminescence at a me ta l - c ry s t a l  contact  
is at  least  one or two orders  of magni tude  lower  in 
efficiency than the p - n  luminescence. Since GaP has 
a high index of refract ion,  3.4 (12), the crysta ls  ap-  
pear  to glow uniformly.  However,  microscopic ex-  
aminat ion  indicates  that  the emission is ac tual ly  
localized close to one electrode. The emission has 
been repor ted  to occur only at the  negat ive  e lect rode 
(3, 10). However,  observat ions of apparen t ly  junc -  
t ion- f ree  crysta ls  3 have  shown tha t  the emission is 
at  the negat ive  electrode for n - t y p e  crystals  but  at 
the posi t ive electrode for p - t y p e  crystals,  indicat ing 
tha t  this  process is governed by ma jo r i t y  carriers .  

The emission spec t rum obtained with  ma jo r i ty  
car r ie r  exci ta t ion consists of two bands  wi th  half  
widths  of about  0.2 ev and peaking  at about  5800 and 
6500A; in the  crystals  made  p - t y p e  by Zn-doping  the 
peak  at 7000A is also observed. In Fig. 2, two typica l  
spectra  are shown, one for an n - t y p e  crys ta l  and one 
for a p - t y p e  crystal .  In this figure it can also be ob-  
served tha t  (i)  there  is no detectable  emission at  
wavelengths  shorter  than the absorpt ion edge, (ii) 
the 5800A band  is shif ted to longer wavelengths  in 
the p - t y p e  crystal ,  and (i i i)  the 6500A band of the 
p - t y p e  crys ta l  has a smal ler  re la t ive  ampl i tude  than  
it has in the n - t y p e  crystal .  

The first observat ion is general ;  we have never  
detected emission wavelengths  shor ter  than the ab-  

2 T h e  r e c t i f i c a t i o n  c h a r a c t e r i s t i c  is "soft.'" T h e  a p p l i e d  v o l t a g e  a t  
w h i c h  t h e  k n e e  o c c u r s  in  t h e  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  is t a k e n  
to  b e  t h e  b r e a k d o w n  p o t e n t i a l .  

T h e  b a s i s  f o r  t h i s  d e s c r i p t i o n  is  g i v e n  in  t h e  D i s c u s s i o n  s e c t i o n .  

sorption edge for any  of our crystals .  The second and 
th i rd  effects do not  resul t  f rom the difference in con- 
duc t iv i ty  type,  but  r a the r  f rom heat ing of the sample. 
For  the  measurements  shown in Fig. 2, the power  
dissipat ion in the p - t y p e  crys ta l  was 0.37w; in the 
n - type  crys ta l  it  was only about  0.05w. Power  dis-  
s ipat ions grea te r  than  1.5w (as great  as 3.0w in some 
cases) wi l l  produce incandescence in crystals  of the 
same size and mounted  in the same way. The energy 
shift  of the  5800A band computed f rom the peak  
positions in Fig. 2 is close to 0.05 ev; this is roughly  
consistent wi th  the the rmal  shift  of the band gap, 
5.5 x 10-" e v / ~  (12), for the p - t y p e  crys ta l  at  about  
120~ 

Grimmeiss  et  al. (5, 7) have suggested tha t  both 
ga l l ium and phosphorus vacancies p lay  an impor tan t  
role in the observed luminescence. This conclusion 
suggests tha t  the  emission spectra  of crysta ls  p re -  
pared  in different envi ronments  would differ. Since 
the vapor  phase  env i ronment  in which the needles 
are  grown would tend to be much less r ich in Ga 
than the solution in which Ga is present  in large ex-  
cess, the emission spectra  of needle  crysta ls  were  
de te rmined  for comparison wi th  the spectra  found 
for so lu t ion-grown crystals .  The electroluminescence 
of the needle crystals  is ident ical  to tha t  found for 
n - t y p e  so lu t ion-grown crystals ,  as shown in Fig. 3. 
These needles have at least  an order  of magni tude  
higher  resistance than the so lu t ion-grown crystals  
(6) and therefore  requi re  h igher  voltages for ob- 
servable  electroluminescence.  The two curves shown 
in Fig. 3 were  taken  at about  100v-10 ma and 20v- 
2 ma, respect ive ly  (about  40 ma at 7 or 8v is usual  
for comparable  l ight  emission f rom solu t ion-grown 
crys ta ls ) .  The shift  of the 5800A band (to 6000A) 
and the quenching of the 6500A band, for  the  h igher  
power  dissipation, are s imilar  to that  for solut ion-  
grown crystals.  The shift to 6000A, assuming a band 
gap transi t ion,  indicates  a crys ta l  t empera tu re  of the 
order  of 200~ for the higher  power  dissipation. 

Photo~uminescence  and Photoconduc~iv i t y  

At l iquid ni t rogen tempera ture ,  most  of the solu- 
t ion-grown GaP exhibi ts  a red fluorescence which is 
quenched on heating.  The emission spect rum for 
3650A exci ta t ion peaks  at about  6300A and is almost 
ident ical  with the photoluminescence spec t rum re -  
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Fig. 3. Emission spectra from metal contact to n-type needle 
crystal for two currents. 
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Fig. 5. Excitation spectrum of photucurrent in n-type needle 
crystal. 

por ted  by Grimmeiss  and Koelmans  (5).  Zn-doped  
samples gave the same spect rum and appeared  to 
have addi t ional  emission near  7000A, but  the differ-  
ence be tween  the emission at 7000A and the back-  
ground of scat tered l ight  was not outside of exper i -  
menta l  error.  The 7000A "Zn" photoluminescence 
has, however ,  been observed by  Gr immeiss  et aI. (7).  
The exci ta t ion spec t rum ( re la t ive  photoluminescent  
br ightness  vs. incident  wave leng th  for constant  in-  
cident energy)  follows the fundamenta l  absorpt ion 
as shown for powdered,  undoped mate r ia l  in Fig. 4. 
The decrease at short  wavelengths  is p robab ly  caused 
by  the increased absorpt ion and scat ter ing of the ex-  
cit ing l ight  in the powder  sample, a l though a differ-  
ence in surface vs. bulk  efficiency may  also be in-  
volved. No exci ta t ion was observable  wi th  wave -  
lengths longer than 5500A. 

Photoconduct iv i ty  can be observed in many  of 
these crystals.  I t  is difficult to measure  in the  r e l a -  
t ive ly  low resistance,  so lu t ion-grown crystals  be-  
cause of the large  d a r k - c u r r e n t  noise. In the high 
resis tance needles, however ,  photocurrents  are  easi ly 

observed.  Since no short  circuit  photovol ta ic  effects 
could be observed,  these are bel ieved to be bulk  
photocurrents  r a the r  than  ba r r i e r  l ayer  photoeffects. 
The photocur ren t  exci ta t ion spec t rum for a needle 
c rys ta l  wi th  In electrodes is shown in Fig. 5. The ap-  
pl ied vol tage was of the order  of 45v which was well  
above the b reakdown  vol tage of these contacts. This 
spec t rum follows the opt ical  absorption,  but  extends 
to wavelengths  as long as 6800A. However,  no long 
wave length  max ima  were  observed.  The photocur -  
rent  var ied  l inear ly  wi th  l ight  in tens i ty  over  the  
range  of l ight  levels used for this measurement .  

Discussion of Results 
A complete explana t ion  of the observed lumines-  

cence of GaP requires  an unders tanding  of the  
mechanisms of both exci ta t ion and recombinat ion.  
In GaP, e lectroluminescence is exci ted by  in jec-  
t ion of e i ther  minor i ty  or ma jo r i ty  carriers .  How-  
ever, the possibil i t ies for thei r  recombinat ion  and 
therefore  the possible emission spectra  are  nu-  
merous. Reasonable  arguments ,  suppor ted  by  ex-  
per iment ,  have  been given for (i) indirect  recom-  
binat ion of free electrons and free holes across the 
band gap (2, 6), (i i)  recombinat ion  at levels re -  
sul t ing f rom both P and Ga vacancies, (iii) recom- 
binat ion at deep- ly ing  Zn acceptor  levels (7),  ( iv)  
recombinat ion  at deep donor levels of unknown 
origin (6),  and (v)  recombina t ion  at  impac t - ion -  
ized centers associated wi th  excess Ga or Zn (3).  
If the recombinat ion  processes tha t  are opera t ive  
are  competi t ive,  both the conduct ivi ty  type  of the 
recombinat ion  region and the exci ta t ion mechanism 
can be expected to influence the re la t ive  magni tudes  
of the  various possible emission bands. A discussion 
of the exci ta t ion and recombinat ion  mechanisms 
indicated by our resul ts  and thei r  re la t ion to p re -  
vious work, follows. 

Excitation by majority carrier injection.--It  has 
been pointed out (3, 6) tha t  a contact ba r r i e r  or 
p - n  junct ion must  be presen t  for e lec t ro lumines-  
cence to occur in GaP; no luminescence is observed 
with  ohmic contacts. GaP forms a protec t ive  oxide 
layer  on its surface (13) which accounts for its s ta-  
bi l i ty,  in contrast  to its cousins, A l P  and AlAs, 
which decompose cont inuously in moist  air  (3).  
This oxide serves as an insulat ing layer  between 
meta l  contacts and the GaP bu lk  unless special 
means are  employed to make  ohmic contact  by  pen-  
e t ra t ion  or e l iminat ion  of the  in te rvening  oxide. The 
rec t i fy ing contacts thus obtained b reak  down and 
luminesce for appl ied potent ia ls  of only a few volts 
(except  for the high resis tance needles) .  This lu -  
minescence is exci ted by  m a j o r i t y  car r ie r  injection, 
occurr ing at the posit ive contact  to p - t y p e  mate r ia l  
and the negat ive  contact to n - t y p e  mater ia l .  

If p - n  junct ions are  present ,  however,  they  could 
dominate  both the electr ical  character is t ics  and the 
l ight  emission. This may  account for the observa-  
tions of essent ia l ly  only the fo rward  bias p - n  lu-  
minescence in Zn-doped  GaP (3, 5, 7, 10) wi th  
nonohmic contacts. The presence of junct ions may  
resul t  f rom an inhomogeneous d is t r ibut ion  of the 
Zn acceptors in the normal ly  n - t y p e  so lu t ion-grown 
GaP, s imilar  to tha t  found in InSb (16). 
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Gershenzon and Mikulyak (6) have proposed 
three excitation mechanisms for light emission from 
reverse biased p-n  junctions: an avalanche process 
for diffused junctions, tunneling through the nar-  
rower alloyed junctions, and thermal  generation of 
carriers in the depletion layer for prebreakdown 
emission. For all three mechanisms the emission 
spectrum was a broad, essentially structureless band 
with a significant portion at wavelengths shorter 
than the absorption edge, similar to the emission 
spectrum at breakdown of junctions in silicon (17). 
This indicates that  the pair production threshold 
was exceeded in all three cases. Such reverse bias 
p -n  luminescence cannot account for our observa- 
tions of the metal-crystal  contact luminescence be- 
cause of the absence of emission at wavelengths 
shorter than the absorption edge, because of the 
structure of the emission spectrum, and because only 
a linear dependence of photocurrent  on light in- 
tensity was found in samples biased above break-  
down. 

It is possible that the electrode barrier  is lowered 
sufficiently by the applied electric field for the 
most energetic carriers to surmount it; their en- 
ergies, however, are below the pair production 
threshold. The crystal will still have a higher re-  
sistance than with ohmic contacts since only the 
most energetic carriers contribute to the current;  
a reduction in resistance by about two orders of 
magnitude was found when ohmic contacts were 
made. The resistance should show some dependence 
on the work function of the metal contact. No sys- 
tematic variation with electrode metal was found, 
but low work function metals such as In have been 
reported to make a low resistance contact to GaP 
(18, 19). 

Recombination processes for p -n  luminescence.--  
Gershenzon and Mikulyak (6) found the room tem- 
perature emission spectrum with forward bias to 
consist of a narrow band (-~3kT band width) peak- 
ing at 5650A, and a red band peaking at about 
6700A. No emission bands characteristic of the dif- 
fused impurities were found. Both bands were ob- 
served to shift to shorter wavelengths on cooling 
by approximately the band gap shift of 5.5 x 104 
e v / ~  (12). They attributed the 5650A emission to 
indirect recombination across the band gap and 
the 6700A emission to recombination of an in- 
jected h01e with the electron in a deep (0.3 ev) donor 
level known to be present in all their material. 

Grimmeiss et al. (7) also found the 5650A band, 
but observed no shift in emission peak with tem- 
perature. They found a second band at 7000A in 
both electroluminescence and photoluminescence 
from Zn-doped samples which also showed little 
wavelength shift with temperature. They attr ibuted 
the 5650A band to recombination of a free hole with 
the electron in a shallow (0.07 ev) donor level and 
attributed the donor levels to phosphorus vacancies. 
The 7000A band was attr ibuted to recombination at 
a deep (0.4 ev) Zn acceptor level. A 6200A emission 
band was found in undoped n- type  material  only, 
although a corresponding photoluminescence emis- 
sion band was found for both n -and  p- type  material. 

CONDUCTION BAND 

T B 
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VALENCE BAND 

CONDUCTION BAND 

" $ 

VALENCE BAND 

N-TYPE P-TYPE 

Fig. 6. Simplified energy band model illustrating major radiative 
recombination mechanisms in GaP; e--electron, ~ h o l e .  

The p -n  luminescence emission spectrum reported 
here for Zn-doped samples resembles that  of Grim- 
meiss et al. rather than that reported by Gershen- 
zon and Mikulyak. However, a plausible explana- 
tion can be given for the differences in emission 
spectra found by different observers if considera- 
tion is given to the conductivity type of the recom- 
bination region. This is illustrated by the model 
shown in Fig. 6. Only three recombination processes 
are considered in this model, (A) electron-hole re-  
combination across the band gap, (B) recombination 
of a free electron with the hole in a deep (0.4 ev) 
Zn acceptor level,' and (C) recombination of a free 
hole with the electron in a deep (0.3 ev) donor level 
of unknown origin. The shallow donor and acceptor 
levels responsible for the conductivity are not in- 
cluded. The donor concentration is assumed the 
same in both n-  and p- type  material  since no donors 
were deliberately introduced and the undoped ma-  
terial is n-type.  The acceptor concentration, how- 
ever, will vary  from greater than the donor con- 
centration in the p-region to less than the donor 
concentration in the n-region. Free holes injected 
into the n-region can recombine with either the 
donor (largely occupied because of its depth) or 
acceptor electron; these levels will then recapture 
electrons from the majori ty carrier population. 
However, the donor concentration exceeds the ac- 
ceptor concentration in the n-region and process C 
will dominate the emission. Since Gershenzon and 
Mikulyak (6) have shown that recombination oc- 
curred in the n-region in their diodes, this argument  
accounts for their inability to observe emission bands 
characteristic of the Zn and Cd acceptors they in- 
troduced. 

Let us now consider the recombination of electrons 
injected into the p-region. The deep acceptor levels 
are largely un-ionized because of their depth, and 
the acceptor concentration now exceeds the donor 
concentration. For this case, process B will dominate 
the emission. 

Process A will occur in both regions with a prob-  
ability dependent on its cross-section relative to the 
probabilities for B and C. These, in turn, depend on 
both their cross sections and the relative concentra- 
tions of donors and acceptors. 

We conclude that the emission spectrum for n-  
region recombination should consist principally of 
the 5650A band and the 6500A band as observed by 

I t  h a s  b e e n  s h o w n  p r e v i o u s l y  (7, 10) t h a t  t h e  7000A b a n d  r e s u l t s  
f r o m  Z n - d o p i n g .  S ince  t h e  a c t i v a t i o n  e n e r g y  fo r  Zn  accep tors  is  0.03 
e v  (Ha l l  e f fec t ) ,  Zn  m u s t  b e  a t  l e a s t  a d o u b l e  accep tor  in  G a P  s i m -  
i l a r  to  C u  i n  G a A s  (15). 



810 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1962 

Gershenzon and Miku lyak  (6).  For  p - reg ion  recom- 
binat ion the spec t rum wil l  consist p r inc ipa l ly  of the 
5650A band and an emission character is t ic  of the ac-  
ceptor  if it  gives rise to deep levels ( the 7000A band 
with  Zn-doping)  as repor ted  by  Grimmeiss  et al. (7) 
and here. 

In the  model,  the  t rans i t ion  producing the 5650A 
band  is shown as the suggested band gap recombina-  
t ion (4, 6) r a the r  than the free hole capture  at  a 
shallow donor level  suggested by Grimmeiss  et al. 
(7). Our results  for the p - n  luminescence are  insuf-  
ficient to make  a choice be tween these two hypo-  
theses, but  the a rguments  jus t  presented  deal  only 
wi th  the  impur i ty  recombinat ion  and are va l id  in 
e i ther  case. However,  the resul ts  wi th  ma jo r i t y  ca r -  
r ier  excitat ion,  discussed below, do indicate  a band  
gap transi t ion.  

Recombination w i th  Majori ty  Carrier Excitation. 
- - T h e  model  discussed in the previous  section must  
also be consistent wi th  the results  found wi th  m a j o r -  
i ty  car r ie r  excitat ion,  namely,  the  emission of the 
6500A band from both n-  and p - t y p e  mater ia l ,  the  
emission peak  at 5800A in contrast  to the 5650A peak  
in the p - n  luminescence,  and the low rad ia t ive  effi- 
ciency re la t ive  to the p - n  luminescence. 

These spectra  are  dis t inct ly  different  f rom those 
found for both  fo rward  and reverse  biased p - n  junc -  
tions. It is this  fact, as wel l  as the  different  charac te r  
of the cu r ren t -vo l t age  character is t ics  for the me ta l -  
crys ta l  contact, on which the designat ion of these 
crystals  as apparen t ly  junc t ion- f ree  is based. In 
crystals  bel ieved to contain junctions,  the more effi- 
cient p - n  luminescence dominates,  and the emission 
resul t ing f rom ma jo r i t y  car r ie r  exci ta t ion appears  as 
a low level  background  (10). 

The recombinat ion  level  for the 6500A emission 
should be s i tuated about  0.3 ev f rom one of the band 
edges. If it  were  near  the valence band, effects due to 
an impur i ty  absorpt ion at about 2.0 ev should be ex-  
pected in the exci ta t ion spect rum of photo lumines-  
cence. (The 6350A photoluminescence and 6500A 
electroluminescence may  be assumed to resul t  f rom 
recombinat ion  at the same level.)  Since such effects 
are not observed, We conclude tha t  the l o w - t e m p e r a -  
tu re  photoluminescence and 6500A elec t ro lumines-  
cence resul t  f rom recombinat ion  of a free hole wi th  
the electron in a 0.3 ev deep donor level  as indica ted  
in the energy band  model. This could be the  same 
donor level  pos tu la ted  by  Gershenzon and Mikulyak.  

With  ma jo r i ty  car r ie r  excitat ion,  the 6500A emis-  
sion, a t t r ibu ted  to n - t y p e  recombinat ion  wi th  p - n  
luminescence, is observed from both n-  and p - t y p e  
crystals.  This lack of dependence of emission spec- 
t rum on conduct ivi ty  type,  the low efficiency of the  
ma jo r i ty  car r ie r  exci ta t ion re la t ive  to the p - n  lumi -  
nescence, and the absence of any super l inear  de-  
pendence of br ightness  on current  as found for  p - n  
luminescence (6, 7), all  suggest tha t  the  recombina-  
t ion kinet ics  for ma jo r i t y  car r ie r  exci ta t ion are  con- 
t ro l led  by  a small  free car r ie r  popula t ion  r a the r  than  
the recombinat ion  center  concentrations.  Since the  
results  indicate  a band  gap transi t ion,  minor i ty  ca r -  
r iers  must, somehow, be involved.  Approx ima te  cal-  
culations indicate  tha t  minor i ty  car r ie r  densit ies less 

than  101~ can account for the observed intensit ies.  
However,  the  room t empera tu re  np product  for GaP 
is of the  order  of unity,  so there  are  no minor i ty  ca r -  
riers.  We can only suggest tha t  minor i ty  carr iers  are  
produced in the ba r r i e r  region by some mechanism 
such as electric field or impact  ionization of impur i -  
ties. The 6500A band  wil l  then  be produced by  hole 
capture  at  the occupied donor levels in n - t y p e  c rys -  
tals; in p - t y p e  crystals  the  donor is ionized and must  
first capture  a minor i ty  electron. As long as the mi -  
nor i ty  car r ie r  densi ty  is ve ry  much smal ler  t han  the 
donor concentrat ion the 6500A emission wil l  be ob- 
served f rom crystals  of both conduct ivi ty  types.  For  
la rger  minor i ty  car r ie r  densities,  as in p - n  lumines-  
cence, the 6500A emission f rom p - t y p e  crysta ls  is 
obscured by the other, much more efficient emission 
bands. 

We tu rn  now to the 5800A band. The shift  of emis-  
sion peak  with  t empe ra tu r e  (high current  effect) and 
the sharp cut-off at short  wavelengths  suggest tha t  
this emission is produced by band  gap recombina-  
tion. The fact  tha t  the emission peaks at 5800A ra the r  
than  5650A as in the p - n  luminescence could resul t  
f rom the effect of the  high field at the electrode ba r -  
r ier  on the absorpt ion edge or the band gap. F ie ld -  
induced strains  or possibly the F ranz -Ke ldysch  (20, 
21) effect could produce such a shift  in the  emission 
band  edge. Considerat ion was given to the possibi l i ty  
tha t  the 5800A emission might  be the 5650A emission 
shif ted by absorption,  which might  occur if it  or ig i -  
nated deep in the crystal .  The measurements  shown 
in Fig. 1, however,  e l iminate  absorpt ion as a possible 
explanat ion.  

Gr immeiss  et al. have a t t r ibu ted  some of the lumi -  
nescent  centers  to levels resu l t ing  f rom Ga and P 
vacancies. Since our  v a p o r - g r o w n  crysta ls  showed 
the same luminescence as so lu t ion-grown crystals  
a l though thei r  g rowth  envi ronments  were  different, 
and since the 0.07 ev donor identif ied as a phos-  
phorus vacancy by  Grimmeiss  et al. is found in crys-  
tals p r epa red  in different labora tor ies  and in wide ly  
different environments ,  impur i t ies  such as silicon 
and oxygen [possibly f rom a h i g h - t e m p e r a t u r e  re -  
action of ga l l ium wi th  silica (14)]  seem more l ike ly  
suspects than  lat t ice vacancies. 

Summary of Results 
The emission spect ra  produced by  ma jo r i ty  car r ie r  

inject ion f rom a me ta l - c ry s t a l  contact  consist of two 
emission bands  peaking  at  5800 and 6500A and addi -  
t ional  emission at 7000A in crysta ls  made  p - t2pe  by  
Zn-doping.  The 6500A band  and the l o w - t e m p e r a -  
ture  photoluminescence are a t t r ibu ted  to recombina-  
t ion at a donor level  s i tuated about  0.3 ev below the 
conduction band. The 5800A band is suggested to be 
band gap recombinat ion  in the  high field region of 
the e lectrode ba r r i e r  where  the emission band edge 
has been shif ted to longer wavelengths  as a conse- 
quence of the high electr ic field at  the e lectrode ba r -  
rier.  The ma jo r i t y  car r ie r  inject ion is suggested to 
occur by the rmal  exci ta t ion over  the electrode b a r -  
r ier  which is lowered by  the appl ied field. The charge 
car r ie r  energies, however,  are less than  requi red  for 
pa i r  product ion since the emission spectra  and de-  
pendence of photocur ren t  on l ight  in tens i ty  are not  
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character is t ic  of avalanche b reakdown processes. 
The low efficiency for this form of exci ta t ion is sug- 
gested to be a consequence of a r e la t ive ly  small  con- 
centra t ion of minor i ty  carr iers  produced by  electr ic 
field or impact  ionization of impuri t ies ,  which con- 
t rol  the recombinat ion  kinetics.  

Considerat ion of compet i t ive  recombinat ion  p ro -  
cesses in a simplified energy band model  has been 
used to demons t ra te  tha t  the emission spec t rum for 
p -n  luminescence wil l  be as repor ted  here and else-  
where  (7) for p - reg ion  recombinat ion.  For  n - reg ion  
recombinat ion,  however,  the 6500A band wi l l  be 
dominant ,  as found by  Gershenzon and Miku lyak  
(6).  This is not the case wi th  ma jo r i t y  car r ie r  exc i ta -  
t ion where  the re la t ive  concentrat ions of recombina-  
tion centers  do not  enter  significantly into the re -  
combinat ion kinetics;  the emission is control led by 
the small  minor i ty  car r ie r  popula t ion  produced in 
the ba r r i e r  region. 
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Effect of Cupric Ion on the Electrical Properties 
of the Germanium-Aqueous Electrolyte Interface 

P. J. Boddy and W. H. Brattain 
Bell Telephone Laboratories, Murray Hill, New Jersey 

ABSTRACT 

The capacity of the germanium-aqueous  electrolyte inter lace measured at 
high frequency after interact ion with cupric ion in concentrations of the order 
of 10-TM cannot be interpreted as simply that  of the semiconductor space charge. 
Since the deviation is in the direction of larger observed capacity the data can 
be understood in terms of a capacity in parallel  with the semiconductor space 
charge, i.e., fast surface states in the vicini ty of the Fermi  level. Conductance 
measurements  allow the extra  capacity to be determined as a funct ion of 
surface potential.  From the form of this relat ionship the data are shown to be 
consistent with two charge traps, the parameters  of which are v ~ +1.9 kT/e, 
Nt ,~ 1 • 10 ll cm -~ and ~' ---- --1.2 kT/e, N% ~ 1.9 X 101~ cm -~. Surface recombi-  
nation, which is not present  at a significant level orr the freshly anodized surface 
in  the absence of cupric ion, appears as a result  of the interaction. These data 
identify the recombinat ion center as that  with v' ~ --1.2 kT/e, the capture cross 
section for holes being 400 times greater than that for electrons. The phenomena 
are similar  to those on the dry etched surface, and a common origin for the 
states is indicated. 

The electr ical  proper t ies  of g e r m a n i u m  surfaces  
af ter  anodic  e tching  in  ca re fu l ly  pur i f ied solut ions 
have  been  discussed in  a p rev ious  c o m m u n i c a t i o n  
(1) .  The m a j o r  conclus ion to be d r a w n  f rom these  
expe r imen t s  is the absence  of a s ignif icant  dens i ty  
of fast  surface  states over  a r ange  of about  200 mv  
each side of the  midd le  of the  ene rgy  gap. It  has 
been  repor ted  tha t  e tched g e r m a n i u m  surfaces in  
gaseous amb ien t s  are  gene ra l l y  n - t y p e ,  bu t  tha t  the  
presence  of t races  of ce r ta in  impur i t i es ,  i nc lud ing  
cupr ic  ion, in  the  f inal  r inse  w a t e r  resul t s  in  the  
surface becoming  p - t y p e  (2) .  We have  observed  a 
s imi la r  p h e n o m e n o n  on a g e r m a n i u m  surface  in  
contact  wi th  an  aqueous  so lu t ion  con ta in ing  cupr ic  
ion and  have  d e t e r m i n e d  some of the  e lectr ical  
changes  occur r ing  at  the  surface as a resu l t  of this  
in te rac t ion .  

Experimental Method 
The m e a s u r e m e n t  of the  d i f ferent ia l  capaci ty  of 

the g e r m a n i u m - s o l u t i o n  in te r face  by  a c u r r e n t  
pulse  me thod  and  the  br idge  electrodes used in  
these expe r imen t s  have  been  p rev ious ly  descr ibed 
(1) .  The two electrodes were  12.5 o h m - c m  n - t y p e  
and  25.5 o h m - c m  p - t y p e  wi th  the  t h in  a r m  or ien ted  
to the  (100) plane.  

The  so lu t ion  was  M/10  K~SO,, phospha te  buffered  
to pH 7.4. Pur i f ica t ion  was effected by  ge t t e r ing  
wi th  crushed g e r m a n i u m  produced  in situ by  the  
coll ision of smal l  pieces ag i ta ted  by  rap id  s t i r r ing .  
So lu t ion  was  i n t roduced  in to  the  cell  t h rough  fil ter 
paper  tha t  had  p rev ious ly  been  washed  wi th  sev-  
era l  por t ions  of pur i f ied solut ion.  Ni t rogen,  which  
had been  passed over  hot  copper gauze, d isplaced 
the air  in  the cell. 

Di lu te  solut ions  of cupr ic  n i t r a t e  or sul fa te  were  
made  of sufficient concen t r a t i on  t ha t  w h e n  a few 
mi l l i l i t e r s  we re  added to the  pur i f ied so lu t ion  in  

the  cell (ca. 250 ml )  a f inal  concen t r a t i on  of 10 -8- 
1 0 - ~ M  was achieved.  

The t h in  a r m  of the electrode was etched in i t ia l ly ,  
and  b e t w e e n  each add i t ion  of cupr ic  ion  to the  so lu-  
t ion, in  CP-4.  Before the  CP-4  etch the  electrode 
was d ipped for abou t  10 sec in  hydrof luor ic  acid 
con ta in ing  5% n i t r i c  acid, p roduc ing  a gold-colored  
stain.  The a dva n t a ge  of this  p rocedure  was  tha t  the  
"gold film" was i n s t a n t a n e o u s l y  a t t acked  by  CP-4  
and  even  af ter  d issolu t ion  of the film (ca. 5 sec) 
the  e tching  c on t i nue d  u n i f o r m l y  over  the  whole  
surface.  Wi thou t  the  gold film, CP-4  was  in i t i a l ly  
act ive on ly  on ce r ta in  areas  of the  t h in  arm,  a l -  
t hough  e tching  wou ld  become u n i f o r m  af ter  15-20 
sec. However ,  it  was  des i red to keep the  ma te r i a l  
r emoved  by  e tching  down  to a m i n i m u m ,  cons is ten t  
w i th  a u n i f o r m l y  etched surface,  a nd  the  gold film 
t echn ique  seemed to afford a me thod  of doing this. 
Af te r  r i n s ing  in  g e r m a n i u m - g e t t e r e d  deionized 
water ,  the electrodes were  pu t  in to  the  cell and  
anod ica l ly  etched at abou t  200 ;~a cm -~ for 5 m i n  
( n - t y p e  electrodes i l l u m i n a t e d ) .  Before each series 
of e x p e r i m e n t s  the  changes  of capaci ty  and  conduc-  
t i v i t y  w i t h  appl ied  bias  in  so lu t ion  free f rom cupr ic  
ion were  checked for cons is tency  wi th  p rev ious  
data  (1) in  pur i f ied solut ions.  Al l  o ther  e x p e r i m e n -  
ta l  detai ls  and  the  e x p e r i m e n t a l  a r r a n g e m e n t  were  
as p rev ious ly  repor ted  (1) .  

Af te r  add i t ion  of cupric  n i t r a t e  to the  cell, the  
e lect rode po ten t i a l  was  fo l lowed wi th  t ime  u n t i l  
a p p r o x i m a t e l y  cons tan t  ( abou t  30 m i n ) .  Measu re -  
men t s  of capaci ty,  change  in  conduct iv i ty ,  and  fila- 
m e n t  l i fe t ime as a func t ion  of e lectrode po ten t i a l  
were  t h e n  made  on the t h in  a r m  of the  bridge.  The 
electrode po ten t i a l  was va r i ed  by  swi tch ing  a p r e -  
set c u r r e n t  t h r ough  the in te r face  for abou t  I sec or 
less. The i n s t a n t a n e o u s  va lues  of e lectrode po ten t i a l  
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and ei ther  change in potent ia l  at  the in ter face  due 
to the differential  cur ren t  pulse,  balance point  of 
the bridge,  or decay of photoconduct iv i ty  were  
measured,  each of the la t te r  three  quanti t ies  being 
de te rmined  in separa te  exper iments  on the iden t i -  
cal system. The potent ia l  response to the square 5 
/~sec cur ren t  pulse is s imi lar  to tha t  obta ined for 
the clean surface; the change in potent ia l  at  the 
in ter face  being l inear  with t ime over  5 #sec. The 
same equivalent  circuit  appl ies  and the capaci ty  
may  be calculated as before (1).  

Results 
The electrode potent ia l  as a function of t ime for 

various cupric ion concentrat ions is shown in Fig. 
1. When the potent ia l  had reached a s teady  value  
the capaci ty  was measured  as a function of elec-  
t rode potential .  In Fig. 2 the capaci ty  for a s imple 
block electrode before and af ter  adding cupric ion 
is shown. When the cupric ion is added, addi t ional  
capaci ty  appears  peaked  about  a given value  of 
V~. The immedia te  inference is tha t  this capaci ty  
is due to fast  surface states that  were  not present  
before the cupric ion was added to the electrolyte.  
Since it was des i rable  to de te rmine  this added 
capaci ty  as a function of the surface poten t ia l  ~,~ 
(the electrostat ic  potent ia l  across the semiconduc-  
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ta r  space-charge  region)  and also to make surface 
recombinat ion  veloci ty  measurements ,  the subse-  
quent  da ta  were  taken  on a ge rmanium br idge with  
the th in  a rm in the  electrolyte.  

I t  has been shown previous ly  (1) tha t  analysis  
of the apparen t  change in conduct ivi ty  of a thin 
slice of ge rmanium in contact  wi th  e lect rolyte  gives 
values of surface potent ia l  tha t  do not agree wi th  
those der ived  f rom capaci ty  and tha t  the values 
f rom the capaci ty  are p robab ly  correct. However,  
it  was shown tha t  the discrepancy in the conduc- 
t iv i ty  is reproducible ,  so tha t  in a purif ied solution 
of given pH a plot  of br idge balance (normal ized to 
the  conduct iv i ty  min imum and corrected for de-  
crease in thickness of the active a rm due to etch-  
ing) vs. electrode potent ia l  is a constant  curve for 
a given electrode. F igure  3 shows the normal ized 
br idge balance vs. electrode potent ia l  for the p -  
type  bridge. Fur ther ,  since f rom capaci ty  measure -  
ments on the uncontamina ted  surface the surface 
potent ia l  may  be deduced as a function of electrode 
potential ,  an empir ica l  corre la t ion be tween surface 
potent ia l  and br idge balance  may  be derived.  
Use is made  of this re la t ionship  to de te rmine  sur -  
face potent ia l  in the present  exper iments ,  where  
the in teract ion with cupric ion results  in addi t ional  
capacity,  and consequent ly  the surface potent ia l  
cannot  be deduced d i rec t ly  from the capacity.  I t  
should be noted tha t  surface poten t ia l  der ived  f rom 
capaci ty  measurements  involves no mobi l i ty  cor-  
rection. Exper imenta l ly ,  the surface po ten t i a l -e lec -  
t rode potent ia l  re la t ionship in the presence of up 
to 10-~M cupric ion is s imi lar  in form to tha t  de-  
r ived in purif ied solutions (i.e., essent ia l ly  a one-  
to -one  re la t ionship  over  a range  of po ten t i a l ) ,  bu t  
with a shift  in the curve  toward  more  posi t ive  
values  of electrode potent ial ,  the magni tude  of the 
shift  depending main ly  on the Cu ++ concentrat ion.  

Capaci ty  was de te rmined  as a funct ion of surface 
potent ia l  (Fig. 4 and 5), each of these quant i t ies  
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Additional copoclty after interaction with cupric ion 
the p-type electrode. 

b e i n g  d e t e r m i n e d  s e p a r a t e l y  as a func t ion  of e l ec -  
t r o d e  po ten t i a l .  In  add i t ion ,  t he  f i l amen t  l i f e t i m e  
was  m e a s u r e d  i n d i r e c t l y  b y  f i rs t  c a l i b r a t i n g  the  
p h o t o c o n d u c t i v i t y  due  to a 40 cps s q u a r e  l igh t  pu l se  
w i t h  a m e a s u r e d  d e c a y  l i f e t ime ,  t hen  m e a s u r i n g  
the  p h o t o c o n d u c t i v i t y  and  d e d u c i n g  the  l i f e t i m e  b y  
s imp le  p r o p o r t i o n a l i t y .  Some  t y p i c a l  d a t a  for  t he  
p - t y p e  b r i d g e  a r e  s h o w n  in Fig.  6. The  e x p e r i m e n t s  
w e r e  r e p e a t e d  at  a v a r i e t y  of cup r i c  ion c o n c e n -  
t r a t ions .  I d e n t i c a l  d a t a  w e r e  o b t a i n e d  w i t h  bo th  
cupr i c  n i t r a t e  and  cupr i c  su l fa te .  

Discussion 

The  a d d i t i o n a l  c a p a c i t y  o b s e r v e d  in  the  p r e s e n c e  
of cupr i c  ion  is d e t e r m i n e d  b y  s u b t r a c t i n g  t h e  
s p a c e - c h a r g e  c a p a c i t y  f rom the  t o t a l  o b s e r v e d  
c a p a c i t y  a t  each  v a l u e  of ~=. The  r e su l t s  a re  s h o w n  

in Fig .  7 and  8 for  n -  and  p - t y p e  e lec t rodes .  The  
imp l i c i t  a s s u m p t i o n  he re  is t h a t  t he  r e a l  su r f ace  
a r e a  of t he  e l e c t r o d e  is t h e  s a m e  in bo th  cases.  The  
jus t i f i ca t ion  for  th is  l ies  in t he  fit of t he  c a p a c i t y  
d a t a  ( in  mos t  i n s t ances )  to t he  t h e o r e t i c a l  cu rve  
at  e x t r e m e  pos i t i ve  and  n e g a t i v e  v a l u e s  of r The  
a d d i t i o n a l  c a p a c i t y  can  be  e x p l a i n e d  on ly  in t e r m s  
of fas t  su r f a c e  s ta tes ,  d i s t r i b u t e d  in some  m a n n e r  
in t he  e n e r g y  gap.  

F o r  a su r f a c e  s t a t e  a t  a g iven  e n e r g y  the  r e s u l t -  
ing  c a p a c i t y  is 

C== = dQ==/d~= -~ eAN,df, /d~= [1]  

w h e r e  e is e l ec t ron ic  cha rge ,  A e l e c t r o d e  a rea ,  N, 
n u m b e r  of su r f ace  s t a tes  in  cm -~, and  f, t he  f r ac t ion  
of t he  s t a tes  occup ied  (3) .  The  s t a tes  a r e  a s s u m e d  
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to r e a c h  e q u i l i b r i u m  w i t h  t he  s e m i c o n d u c t o r  in  
t imes  t h a t  a r e  sho r t  c o m p a r e d  w i t h  the  d u r a t i o n  
of the  m e a s u r i n g  pulse .  This  m a y  be  r e w r i t t e n  

C , =  e ' A N ,  k-~T -~ (2 cosh 1 / 2 ( Y  -5 ~ - -  ]n ~) )--~ 
[2] 

w h e r e  Y = e % / k T ,  v is t he  e n e r g y  of the  s t a t e  in  
un i t s  of  k T / e  m e a s u r e d  pos i t i ve  d o w n w a r d s ,  i.e., 
t o w a r d  the  v a l e n c e  band ,  f rom the  cen t e r  of  t h e  
gap,  ~, is p / n , ,  w h e r e  p is t he  ho le  c o n c e n t r a t i o n  in 
t he  s a m p l e  and  n, is t he  i n t r i n s i c  ho le  or  e l ec t ron  
c o n c e n t r a t i o n  in g e r m a n i u m .  

The  d a t a  in  Fig .  7 and  8 can  be  s a t i s f a c t o r i l y  ac -  
coun ted  for  b y  a s s u m i n g  su r face  s t a tes  a t  two  d i s -  
c re te  energ ies .  The  n a t u r e  of t h e  fit t h a t  m a y  be  
o b t a i n e d  is s h o w n  in Fig.  9 and  10 for  p -  and  n -  
t y p e  e l ec t rodes  in one ins tance .  The  r e m a i n i n g  d a t a  
have  been  s i m i l a r l y  f i t ted  w i t h  two  s ta tes ,  a s m a l l  
l a t i t u d e  be ing  a l l owed  in pos i t i on ing  the  s ta tes  on 
the  p o t e n t i a l  scale  in  o r d e r  to o b t a i n  a v e r a g e  v a l -  
ues.  In  e igh t  sets  of da ta ,  fou r  for  each  e lec t rode ,  
t he  m a x i m u m  v a r i a t i o n  in pos i t i on  of e i t he r  s t a t e  
is less t h a n  10 m v  f r o m  the  a r i t h m e t i c  m e a n  for  
t h a t  s t a t e  and  the  p a r t i c u l a r  e l ec t rode .  The  s t a t e  
of h i g h e r  dens i ty ,  a t  m o r e  n e g a t i v e  po ten t i a l s ,  has  
i ts pos i t ion  and  d e n s i t y  f ixed by  t h e  m a x i m u m  in 
t h e  a d d i t i o n a l  capac i ty .  The  second  s t a t e  accounts  
for  t he  r e m a i n i n g  c a p a c i t y  at  m o r e  pos i t i ve  p o t e n -  
t ia ls .  R e f e r e n c e  to F ig .  4 and  5 shows  tha t  th is  is 
t he  r e g i o n  of m i n i m u m  s p a c e - c h a r g e  c a p a c i t y  and,  
hence,  of m a x i m u m  s e n s i t i v i t y  for  our  m e a s u r e -  
ments .  These  p o t e n t i a l s  a r e  also c lose  to t h e  s t e a d y -  
s t a t e  o p e n - c i r c u i t  v a l u e  and  a r e  access ib le  w i t h  a 
m i n i m u m  of p o l a r i z a t i o n  of t he  in t e r face .  No a t -  
t e m p t  has  been  m a d e  to account  for  e x t r a  c a p a c i t y  
a t  m o r e  pos i t ive  po ten t i a l s ,  s ince  th i s  is a r e g i o n  of 
p o o r e r  s e n s i t i v i t y  due  to  t h e  r e l a t i v e l y  l a r g e  s p a c e -  
c h a r g e  c a p a c i t y  a n d  h igh  p o l a r i z a t i o n  f r o m  the  
o p e n - c i r c u i t  s ta te .  

Z 0.8 
- 

~ 0.4 

N 
< 

0.2 

o.ll I I I I 
-0.150 -0.100 - 0.050 O O.OSO 0 . 1 0 0  

IN VOLTS 

Fig. 10. Theoretical fit of the additional capacity for the n-type 
electrode. Parameters of the states are N~ ~ 0.71 x 10 ~ cm -s 

~ 1.5 kT/e and N~ ~ 1.47 x 10 TM cm -~, ~; ~ - -1 .2  kT/e. 

Since,  f r om Eq. [2] ,  a t  t he  p o t e n t i a l  of t h e  m a x i -  
m u m  in c a p a c i t y  for  each  s t a t e  Y - -  i n k  -5 7, m u s t  
e q u a l  zero,  t he  ene rg i e s  of t h e  two  s ta tes  m a y  each  
be  d e t e r m i n e d ,  a n d  N, m a y  be  c a l c u l a t e d  f r o m  the  
m a g n i t u d e s  of t he  m a x i m a .  

F r o m  the  f i l amen t  l i f e t i m e  and  d ime ns ions  of t he  
th in  a rm,  su r f ace  r e c o m b i n a t i o n  v e l o c i t y  (s)  m a y  
be  c a l c u l a t e d  b y  m e a n s  of t he  e x p r e s s i o n  

�9 %o<,, = ~-'Bo~, -5 (2s i t )  (1 + t / w )  [3]  

w h e r e  w and  t a r e  t he  w i d t h  a n d  t h i cknes s  of t he  
th in  a rm.  This  e q u a t i o n  is v a l i d  up  to. s ---- 2D/ t ,  
w h e r e  D is t h e  d i f fus ion  c o n s t a n t  for  t he  m i n o r i t y  
ca r r i e r .  S u r f a c e  r e c o m b i n a t i o n  ve loc i ty ,  n o r m a l i z e d  
~o t h e  m a x i m u m  va lue ,  is p l o t t e d  vs. Y --  In  X - -  
In X for  t he  p - t y p e  e l e c t r o d e  in  Fig .  11. The  t h e o -  



816 

1.0 

0.g 

O.S 

0.7 

0.6 

~0.5 

tO 

0.4 

0.3 

JOURNAL OF THE ELECTROCHEMICAL SOCIETY September 1962 

0.2 

0.! r 
o . I I [ I I 

_ --0.1;5o - o J o 0  -0 .050  o 0.050 o. lo0 o.15o 

~ , s - ( l n A  + l . n x ) k T / e  IN VOLTS 

Fig. 1l. Surface recombination velocity, normalized to the maxi- 
mum value, vs. ~,- - ( In k + l n  x)kT/e for the p-type electrode. The 
curves are constructed using the experimental values In x ~ 3.0, 
In k = 1.72 and ~' ~ --1.2 or +1.gkT/e. The various points 
represent different initial Cu §247 concentrations. 

re t ica l  express ion  for surface  r e c o m b i n a t i o n  veloc-  
i ty  at a surface  po ten t i a l  Y, due to surface  states at 
an  ene rgy  v', is (3) 

s = (X + k-') (C,,C~) I/~ {2 cosh (v' + in  X) 

+ 2 cosh (Y - -  In  X-- In k) }-1 [4] 

where  C. and  C~ as defined by  Shockley  and  Read 
(4) are 

C, = N,vT,, ~, [5] 
and  

C~ = N,v~.~  ~ [6] 

where  .v~,,[,-and vr,,, are  the  t h e r m a l  veloci t ies  of 
holes and  electrons,  ~,; and  ~r~ the cap tu re  cross sec- 
t ions for holes and  electrons,  and  

X---- (C,/Co)V' [7] 

Equation [4] indicates that at the maximum in 

surface recombination Y -- in k- in X equals zero, 
since only this term in the denominator depends on 
Y, whence  In  x is k n o w n  and  (C,"  C,,) m a y  be cal-  
cu la ted  f rom Eq. [4].  

I n  e x p e r i m e n t s  on  the  dry  g e r m a n i u m  surface  
it  is cus tomary  to ana lyze  the  sur face  r e c o m b i n a -  
t ion  data  by  f i t t ing it to a curve,  the  shape of which  
is d e t e r m i n e d  essen t ia l ly  by  the  m a g n i t u d e  of the  
q u a n t i t y  cosh ( v ' +  in  x) and  hence,  k n o w i n g  In  x 
f rom the posi t ion  of the  r e c o m b i n a t i o n  m a x i m u m ,  
ob ta in  a va lue  for v' wh ich  is used  as a basis for 
ana lyz ing  the  field effect data.  Since we me a su r e  
the  d i f fe rent ia l  w i th  respect  to surface  po ten t i a l  of 
the  t r apped  charge,  our  field effect da ta  are more  
sens i t ive  t h a n  tha t  on the  d ry  surface  and,  as has 
been  shown,  we are able  to fit t ha t  da ta  to discrete  

surface  states w i t hou t  recourse  to the  r e c o m b i n a -  
t ion. As is ev iden t  f rom Fig. 11, our  r e c o m b i n a t i o n  
data  are no t  of a h igh  order  of r ep roduc ib i l i t y  and  
are no t  whol ly  su i t ab le  for a de ta i led  analysis .  
They  are sufficiently good, however ,  to d i s t ingu i sh  
which,  if e i ther ,  of the  s ta tes  t ha t  we observe  by  
added  capaci ty  is effective in  r ecombina t ion .  The 
two curves  in  Fig. 11 are cons t ruc ted  us ing  the  
k n o w n  energies  of these states. Clearly,  the  s tate  
at v' = - -  1.2 k T / e  is the  one involved.  A poin t  of 
in te res t  here  lies in  the fact  tha t  w h e n  f i t t ing the 
hyperbo l ic  cosine to the r e c o m b i n a t i o n  da ta  two 
solutions,  equa l  in  m a g n i t u d e  bu t  opposite in  sign, 
are obta ined.  For  In X ~ 0 this  leads to two possible 
va lues  of V. M a n y  and  Ger l ich  (5) in  a typ ica l  case 
ob ta in  l n x  = 1.1 and  (v' + l n x )  = -- 3.0, g iv ing  
values  for v' of +1 .9  or --4.1. On the  basis  of the  
va r i a t i on  of s / s ~ , ,  wi th  t e m p e r a t u r e  t hey  chose 
- -4 .1  as the  p roper  value ,  i . e . ,  the  nega t i ve  solu-  
t ion. We obta in ,  on the  other  hand ,  In X = 3.0 and  
are able  to show tha t  the  s tate  at v' = --1.2 fits the  
r e c o m b i n a t i o n  data,  i .e . ,  the  pos i t ive  so lu t ion  ap-  
plies. If we were  to take  the  nega t ive  so lu t ion  
(v' + ln  x) = --1.8, t hen  we would  ob t a in  v' = 

--4.8, in  m u c h  closer a g r e e m e n t  w i t h  M a n y  a n d  
Gerl ich.  W a n g  and  Wall is  (7) have  t a k e n  both 
solut ions  and  i n t e r p r e t  the i r  da ta  in  t e rms  of a 
pa i r  of states of equa l  densi ty .  

In  our  data,  in  the  region  of ~b~ cor responding  to 
v' ---- --4.8, we lack precis ion due to the  l a rger  va lue  
of the  space-charge  capaci ty  ( re la t ive  to tha t  at ~ 
co r respond ing  to v' = --1.2) and  also to the  fact 
tha t  at the  fo rmer  po ten t i a l  the  space -cha rge  capac-  
i ty  is chang ing  r a p i d l y  w i th  surface  potent ia l .  
Hence,  we canno t  u n e q u i v o c a l l y  s tate  tha t  the re  
is no s tate  located at  this  ene rgy  no r  t ha t  bo th  
signs of the so lu t ion  do not  cor respond to recom-  
b i n a t i o n  centers ,  on ly  tha t  the  ev idence  is t ha t  the  
posi t ive  so lu t ion  is a p roper  one. 

The da ta  are  s u m m a r i z e d  in  Table  1. The  state  
no t  effective in  r e c o m b i n a t i o n  is des igna ted  I, the  
other  II. The ana lys i s  indica tes  a charge  t r ap  1.9 
k T / e  below and  a r e c o m b i n a t i o n  cen te r  1.2 k T / e  

above  the  in t r in s i c  level.  In  Table  II  are  shown  the 
resul t s  of four  e xpe r i me n t s  on the p - t y p e  sample  
i l l u s t r a t i ng  how the  va lues  in  Table  I were  ob-  
ta ined.  The va lues  of the  cross sections were  cal-  
cu la ted  f rom C,, and  Cn by  a s suming  a t h e r m a l  ve-  

Table I. Analysis of data for 12.5 ohm-cm n-type and 
25.5 ohm-cm p-type electrodes 

n-type p-type Average 

State I 
%r 
N ,  

State II 
%r 
Nt 
In x 
( C , C , )  1/~ 
C ,  
C ,  
(Yp 

+ 1.5 + 2.3 
0.9 X 1011 1.2 X 1012 

--1.2 --1.2 
1.6 X 101~ 2.1 X 10 I~ 
3.2 2.8 

540 450 
I.i X I0' 0.9 X i0 ~ 
2.8 X 10 2.3 x 10 
7.2 x 10 -2  ̀ 4.7 x 10 -~ 
1.8 X 10 -18 1.2 X 10 -~~ 

+1.9 
1.0 X 1011 

--1.2 
1.9 X 101~ 
3.0 

485 
1.0 X 104 
2.5 X 10 
6.0 X 10 -1~ 
1.5 X 10 -1~ 
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Table II. Breakdown of some data from Table I for 25.5 ohm-cm 
p-type electrode; effective area 2.4 cm 2 

M a x i m u m  
s u r f a c e  
r e c o m -  

b i n a t i o n  
v e l o c i t y ,  
e m  s e a  -1 

C U P R I C  I O N  O N  E L E C T R I C A L  P R O P E R T I E S  

600 
300 
200 
150 

Averages 

(CpC.)I/2 (Cp/Cn)~/2 Cp, N:,  ap, 
c m  s e e  -1 c m  s e c  -1 c m  -~ c m  2 

20 1.7 • 10" 4.4 • 10 ~~ 3.9 • 10 -1' 
20 0.86 2.3 3.7 
20 0.58 0.87 6.7 
20 0.43 0.99 4.4 

0.90 2.1 4.7 

860 
430 
290 
215 
450 

Table III. Comparison of surface states at the germanium 
electrolyte interface with those on the dry surface 

P r e s e n t  d a t a  M a n y  et  al. (10)  

State I 
v ,51.9 ,51.0 
N, 1 • 10 ~ 0.1 to 1 • 1011 

State II 
--1.2" --3.0 to --6.0 

N, 1.9 X 101~ 1 to 4 X 101~ 
in  X 3.0 0.14 to 1.7 
Cp 6.0 X 10 -~4 6 to 15 X 10 -1~ 

* T h i s  v a l u e  w o u l d  b e  - - 4 . 8  t a k i n g  t h e  n e g a t i v e  s i g n  for the  a r g u -  
m e n t  o f  t h e  c a s h .  

loci ty 1 X 107 cm/sec.  The  dens i ty  of s tate  I va r i ed  
f rom 0.94 to 1.6 • l f f  1, somewha t  less t h a n  the  v a r i -  
a t ion  for s tate  II. I t  wi l l  be no ted  tha t  va r i a t i on  in  
~,, is m u c h  less, as it  should  be. The var ious  da ta  in  
Table  II  re fe r  to different  cupr ic  ion concen t ra t ions  
over the  r ange  5 • 10 -s to 10-~M. There  was  no ob- 
vious cor respondence  be tween  these concen t ra t ions  
and  the p a r a m e t e r s  N, and  s ...... 

Data  on the  d ry  g e r m a n i u m  surface  have  been  
ob ta ined  by  severa l  workers  (5 -9) .  In  Table  I I I  the  
averages  of our  data  for n -  and  p - t y p e  electrodes 
are compared  wi th  some da ta  s u m m a r i z e d  by  M a n y  
(10),  which  are typ ica l  for the d ry  surface.  There  
is a r easonab le  s imi l a r i ty  b e t w e e n  the  two sets of 
data. They  agree  in  tha t  there  is a charge  t r ap  jus t  
be low and  a r e c o m b i n a t i o n  cen te r  jus t  above the  
in t r ins ic  level.  The densi t ies  of s tates are also qu i t e  
s imilar .  The  only  m a r k e d l y  d iss imi lar  fea tu re  is 
the ra t io  of hole to e lec t ron  cap tu re  cross sections 
and  the  shapes of the  sur face  r e c o m b i n a t i o n  ve loc-  
i ty  curves.  

It  is p e r t i n e n t  to compare  the  m a g n i t u d e s  of su r -  
face recOmbina t ion  ob ta ined  by  var ious  observers .  
One notes  f rom Eq. [4] tha t  in  a n y  r e c o m b i n a t i o n  
m e c h a n i s m  (due  to a s ta te  or d i s t r i bu t ion  of s tates 
of fixed p a r a m e t e r s  such as dens i ty ,  energy,  and  
t r a p p i n g  cross sect ion)  the  q u a n t i t y  Sm,x/(k "5 ~-~) 
should be a constant ,  i n d e p e n d e n t  of doping.  The 
var ious  va lues  ob ta ined  for this  q u a n t i t y  r a nge  
f rom abou t  20 cm sec -1 on a (110) or ien ted  sur face  
(7) to 1000 cm see -1 on surfaces  heat  t r ea ted  in  
v a c u u m  (8) w i th  cons iderab le  evidence  tha t  an  
etched (100) surface  in  air  (5, 9, 11) has va lues  
b e t w e e n  100 and  200 cm see -*. These are to be com-  
pa red  w i th  the  va lues  we  find on a (100) sur face  
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in  aqueous  so lu t ion  of 30-100 cm sec -1, d e p e n d i n g  
on the  dens i ty  of s tate  II. 

The  gene ra l  a g r e e m e n t  be t w e e n  the  states ob-  
se rved  on the  d ry  surface  and  those p roduced  b y  
the in t e rac t ion  of cupric  ion w i th  the  g e r m a n i u m  
surface  in  an  aqueous  e lec t ro ly te  suggests  t ha t  
t hey  have  a common  origin.  However ,  it  is no t  
possible  to s ta te  u n e q u i v o c a l l y  tha t  the  p h e n o m e n a  
we observe  are  due  d i rec t ly  to the  presence  of cop- 
per  species per  se; we m a y  be ce r ta in  on ly  tha t  the  
states arise as a consequence  of the  in t e rac t ion  of 
cupric  ion w i th  the  surface.  Since copper  is a more  
nob le  e l e me n t  t h a n  g e r m a n i u m ,  cupr ic  ion wil l  
t end  to be displaced f rom solu t ion  by  an  app rop r i -  
a te  ion con ta in ing  g e r m a n i u m  in  an  oxidized state  
wi th  the  p roduc t ion  of a lower  ox ida t ion  state  of 
copper.  I t  has r ecen t l y  been  shown  tha t  meta l l ic  
copper m a y  be deposi ted by  the  ox ida t ion  of ge r -  
m a n i u m  monox ide  to the  dioxide w i th  cupric  ion 
(12).  G e r m a n i u m  monox ide  m a y  be p re sen t  on the  
surface of a g e r m a n i u m  electrode u n d e r  s t eady- s t a t e  
condi t ions  in  aqueous  solut ions  of i n t e r m e d i a t e  pH 
(13, 14). In  our  exper imen t s ,  however ,  the  elec- 

t rode  has been  CP-4  etched and  sub jec ted  to anodic  
cur ren t ,  a nd  it  would  seem u n l i k e l y  tha t  u n d e r  
these h igh ly  oxidiz ing condi t ions  s ignif icant  a m o u n t s  
of monox ide  r e m a i n  u n c o n v e r t e d  to the  soluble  
dioxide.  

It  is more  p robab le  tha t  cupr ic  ions in te rac t  
d i rec t ly  wi th  surface  atoms, d i scharg ing  to meta l l i c  
copper and  e i ther  i n j ec t i ng  holes (i.e., c onsuming  
va lence  e lec t rons)  or c onsumi ng  conduc t ion  elec- 
t rons  

Cu § Cu -5 2Co § 
o r  

Cu ++ -5 2eo-~ Cu 

and  co r re spond ing ly  to m a i n t a i n  charge  ba lance  

Ge -5 meo+ -~ Ge § + (n  --  m)  co- 

w he r e  n is 2 or 4. If n is 2, t hen  a f u r t h e r  ox ida t ion  
by cupr ic  ion to Ge +~ m a y  occur. 

I t  would  appea r  tha t  copper  m a y  be p resen t  at 
the surface  e i ther  as copper  a toms deposi ted di -  
rec t ly  on g e r m a n i u m  atoms or bound  in  the  ionic 
s tate  in  a sur face  complex.  In  e i ther  case it  is no t  
at al l  a p p a r e n t  w h y  the  dens i ty  of surface  states 
should be essen t ia l ly  i n d e p e n d e n t  of cupr ic  ion con-  
cen t r a t i on  a nd  should  be such a smal l  n u m b e r  r e l -  
a t ive  to the dens i ty  of surface  atoms, since app rox i -  
ma te ly  m o n o l a y e r  coverage of copper a toms (or 
ions)  has b e e n  d e m o n s t r a t e d  for g e r m a n i u m  in  
contact  wi th  so lu t ions  of cupr ic  ion of the  order  
of those used here  (12).  Tak ing  our  da ta  alone,  
the re  wou ld  seem to be good a r g u m e n t s  in  favor  
of a surface  s tate  due to n e u t r a l  or nega t ive ly  
charged copper  atoms. (This  wou ld  p e r m i t  the  
s tate  to be nega t i ve ly  charged  w h e n  occupied by  
an  electron,  as ind ica ted  by  the  r e l a t i ve ly  la rge  
cap ture  cross sect ion for holes.)  The low dens i ty  of 
states could be ra t iona l i zed  by  pos tu l a t ing  tha t  on ly  
those copper  a toms in  ce r ta in  select sites (e.g.,  
a long  dis locat ions  at  the  sur face)  are  effective. 
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C o p p e r  is e l e c t r i c a l l y  ac t ive  in  t he  b u l k  of g e r -  
m a n i u m ,  g iv ing  r i se  to at  l eas t  t h r e e  leve ls  (17) ,  
the  species  and  a p p r o x i m a t e  ene rg ie s  be ing  Cu- 
(-b 14 k T / e ) ,  Cu-- ( 4  2.5 k T / e ) ,  a n d  Cu--- ( - - 5 . 0  
kT / e ) .  O u r  s t a t e  I is n o t  in  se r ious  d i s a g r e e m e n t  
w i t h  t he  Cu-- s ta te ,  w h i l e  t he  C u - -  e n e r g y  ag rees  
w e l l  w i t h  t he  a l t e r n a t i v e  v a l u e  for  s t a t e  II ,  a l t h o u g h  
our  d a t a  i nd i ca t e s  t h a t  w e  shou ld  s t r o n g l y  p r e f e r  
the  v a l u e  v' ---- --1.2 k T / e  for  s t a t e  II .  On th i s  p i c -  
tu re ,  s ince  s t a t e  I I  has  the  h i g h e r  n e g a t i v e  charge ,  
i t  w o u l d  h a v e  a r e l a t i v e l y  h i g h e r  hole  c a p t u r e  cross  
sec t ion  and  could  d o m i n a t e  in  t he  r e c o m b i n a t i o n  
process ,  as obse rved .  

The  close s i m i l a r i t y  b e t w e e n  the  p a r a m e t e r s  we  
obse rve  and  those  c o m m o n l y  o b s e r v e d  on the  d r y  
sur face ,  w h i c h  a re  b y  and  l a r g e  a lmos t  i n d e p e n d -  
en t  of t he  w a y  the  d r y  su r f ace  was  e tched,  t e n d  to 
w e a k e n ,  a l t h o u g h  no t  disl~rove, t he  specific r e l a -  
t ionsh ip  b e t w e e n  su r f ace  s t a tes  and  the  p r e s e n c e  
of cupr ic  ion in solu t ion .  I t  shou ld  be  r e c a l l e d  in 
th is  r e g a r d  t h a t  un less  r i go rous  p r e c a u t i o n s  a r e  
t a k e n  mos t  e t ched  g e r m a n i u m  su r faces  a r e  con-  
t a m i n a t e d  to some d e g r e e  w i t h  copper .  This  con-  
s t i tu t e s  the  " d e a t h n i u m "  or  " t h e r m i u m "  t h a t  was  
o b s e r v e d  some y e a r s  ago to cause  mos t  s a m p l e s  of 
g e r m a n i u m  to become  p - t y p e  if h e a t e d  to a suffi- 
c i en t ly  h igh  t e m p e r a t u r e  for  d i f fus ion  of t he  s u r -  
face  c o n t a m i n a t i o n  to occur  (15) .  

The  p r e s e n t  d a t a  a r e  no t  suff icient  to d i s t i n g u i s h  
the  c h e m i c a l  n a t u r e  of t he  su r f ace  s t a t e  o t h e r  t h a n  
to say  t h a t  s ince  i t  a p p e a r s  as a consequence  of t h e  
i n t e r a c t i o n  of cupr ic  ion w i t h  t he  sur face ,  i t  m u s t  
be due  to some c o p p e r  c o n t a i n i n g  spec ies  o r  to an  
o x i d a t i o n  p r o d u c t  d e p o s i t e d  on t h e  su r f ace  as a 
consequence  of t he  spon t aneous  r e d u c t i o n  of  cupr i c  
ion. More  r e c e n t  d a t a  on su r f ace  s t a tes  p r o d u c e d  b y  
ions of s i lve r  and  gold  (14) i nd i ca t e  a s imi la r ,  a l -  
t h o u g h  not  iden t i ca l ,  effect. E x p e r i m e n t s  on the  
d r y  su r f ace  p r e t r e a t e d  w i t h  d i l u t e  cupr i c  n i t r a t e  
so lu t ions  (16) i nd i ca t e  t h a t  t h e r e  is a r e l a t i o n s h i p  
b e t w e e n  the  p a r a m e t e r s  of fas t  su r f ace  s ta tes  and  
such p r e t r e a t m e n t ,  a l be i t  not  a s imp le  one, in  t h a t  
case  also. More  r e c e n t l y  a def in i te  l eve l  (-~6 k T / e )  
and  v a l u e  of C,/Cn ( ~ 2 0 0 )  h a v e  b e e n  a s c r i b e d  to 
copper  on the  d r y  su r f ace  (18) .  

Conclusions 
The  i n t e r a c t i o n  of cupr ic  ions  w i t h  t he  g e r -  

m a n i u m - a q u e o u s  e l e c t r o l y t e  i n t e r f a c e  r e su l t s  in 
c a p a c i t y  and  su r f ace  r e c o m b i n a t i o n  w h i c h  m a y  be  
i n t e r p r e t e d  in  t e r m s  of two  su r f a c e  s ta tes ,  one a 
cha rge  t r a p  1.9 kT / e  b e l o w  the  in t r in s i c  F e r m i  
l eve l  w i t h  a d e n s i t y  1 X 10 ~ cm -~, t he  second  a r e -  
c o m b i n a t i o n  cen t e r  1.2 k T / e  a b o v e  the  in t r in s i c  
l eve l  w i t h  a d e n s i t y  of 1.9 X 101~ cm -~. 
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ABSTRACT 

Resis t iv i ty  and Hal l  measurements  were  carr ied  out on Mg~Sn crysta ls  in the  
t empera tu re  range  300~176 Single crysta ls  were  grown by a modified Br idg -  
man  technique f rom stoichiometr ic  melts  and f rom melts  containing 1, 2, 10, and  
18 at. % excess Sn and 3 at. % excess Mg. In the  mixed  conduct ion and ex-  
tr insic ranges,  i t  was found, possible to descr ibe  the ca lcula ted  t empe ra tu r e  de-  
pendence  of the  conduct ion mobi l i ty  on the basis of a combinat ion of la t t ice  
v ib ra t ion  (acoustic mode)  and ionized impur i t y  scat tering.  A s to ichiometry  
effect is observed.  The Mg~Sn crys ta ls  appear  to dissolve the excess const i tuent  
producing  n - t y p e  crysta ls  (excess Sn) and p - t y p e  crysta ls  (excess Mg).  The 
observed effect corresponds to a so lubi l i ty  of 10-~-10 -~ a tom fract ion excess con- 
st i tuent.  This resul t  is briefly discussed in te rms of bonding in Mg~Sn. 

The  i n t e r m e d i a t e  p h a s e  Mg~Sn has  been  the  s u b -  
j ec t  of a n u m b e r  of i n v e s t i g a t i o n s  of e l e c t r i c a l  
p r o p e r t i e s  (1 -5 )  as h a v e  b e e n  the  o the r  " I I - I V  
c o m p o u n d s "  Mg~Si, (2, 6) Mg~Ge, (2, 7) ,  and  
Mg~Pb (1, 2) .  These  i n v e s t i g a t i o n s  have  e s t a b l i s h e d  
t ha t  Mg~Si, Mg~Ge, and  Mg~Sn a r e  s e m i c o n d u c t o r s  
wh i l e  NIg~Pb is me ta l l i c .  

The  w i d t h  of the  f o r b i d d e n  e n e r g y  gap  in  Mg_~Sn 
is r e p o r t e d  as 0.33 ev  at  0~  w i t h  a v a l u e  of a p -  
p r o x i m a t e l y  - -4  • 10-' ev  ~ fo r  t he  t e m p e r a t u r e  
d e p e n d e n c e  (4) .  The  m o b i l i t y  r a t i o  is c l o s e t o  un i ty ,  
b = 1.5 acco rd ing  to Busch  and  W i n k l e r  (2 ) ,  and  
b = 1.23 accord ing  to B l u n t  et al. (4 ) .  T h e o r e t i c a l  
ca l cu la t ions  (3)  i nd i ca t e  t ha t  the  i n t r i n s i c  c a r r i e r  
concen t r a t i on  n, = 2.76 ---+ 0.51 • 101~ cm -~ at  r oom 
t e m p e r a t u r e  and  t h a t  b r e m a i n s  n e a r l y  cons t an t  
w i t h  t e m p e r a t u r e .  The  Mg~Sn c rys t a l l i z e s  in t h e  
f luor i te  (CaF.~) s t ruc tu re ,  m a g n e s i u m  o c c u p y i n g  F-  
sites,  and  t in  occupy ing  Ca ++ si tes.  A t  p r e s e n t  no 
m e a s u r e m e n t s  as to t he  f o r m  of  the  b a n d  s t r u c t u r e  
a r e  ava i l ab le .  

I t  has  been  no ted  b y  p r e v i o u s  i n v e s t i g a t o r s  (4, 
6, 7) t h a t  c ry s t a l s  of Mg~Si, Mg~Ge, and  Mg~Sn a re  
p r e d o m i n a n t l y  n - t y p e  w h e n  g r o w n  a n d  can  be  
m a d e  p - t y p e  b y  a d d i t i o n  of Cu, Ag,  or  A u  to the  
mel t .  S ince  e v a p o r a t i o n  of Mg f r o m  the  m e l t  can 
be  cons ide rab le ,  one m a y  i n q u i r e  w h e t h e r  or  not  
t he  c o n d u c t i v i t y  t y p e  is in f luenced  b y  s t o i ch iome-  
t ry .  R e c e n t l y  i t  has  been  shown  t h a t  t he  c a r r i e r  
c o n c e n t r a t i o n  is m a r k e d l y  c h a n g e d  a f t e r  a n n e a l i n g  
in m a g n e s i u m  v a p o r  (5 ) .  The  p r e s e n t  i n v e s t i g a t i o n  
offers ev idence  t e n d i n g  to conf i rm the  s t o i ch iome-  
t r ic  effect in c ry s t a l s  g r o w n  f r o m  m e l t s  whose  com-  
pos i t ions  w e r e  c o n t r o l l e d  d u r i n g  the  course  of 
sol idif icat ion.  In  add i t ion ,  some i n f o r m a t i o n  on c a r -  
r i e r  mob i l i t i e s  in t h e  m i x e d  conduc t ion  r a n g e  is 
p r e sen t ed .  

1 Operated for the U. S. Atomic Energy Commission by the Union 
Carbide Corporation. 

Experimental  

Growth  o~ Single Crystals 

Sing le  c rys t a l s  of Mg~Sn w e r e  g r o w n  u n d e r  2 
a t m  p r e s s u r e  of pur i f i ed  a r g o n  b y  a modi f ied  
B r i d g m a n  p r o c e d u r e  f r o m  h i g h - p u r i t y ,  z one - r e f i ned  
Sn ingots  ( V a r l a c o i d  C o m p a n y ,  N e w  Y o r k  C i t y )  
and  h i g h - p u r i t y  Mg rods  ( V a r l a c o i d  C o m p a n y  a n d  
Johnson ,  M a t t h e y  a n d  C o m p a n y ) .  T y p i c a l  r e su l t s  of 
emiss ion  spec t roscop ic  a n a l y s i s  for  i m p u r i t i e s  in  
Mg, Sn, and  Mg_~Sn a re  g iven  in T a b l e  I. In  add i t ion ,  
14 o the r  e l e m e n t s  w e r e  sough t  for  and  no t  de tec ted .  
Va lues  in p a r e n t h e s e s  in  Tab le  I w e r e  o b t a i n e d  b y  
n e u t r o n - a c t i v a t i o n  ana lys i s .  Copper ,  s i lver ,  and  
gold  a r e  k n o w n  accep to r s  in Mg~Sn (4, 5) ,  and  Sb 
is a k n o w n  donor  (8) .  

The  f u r n a c e  was  a w a t e r - c o o l e d ,  cy l i nd r i ca l ,  
v a c u u m  c h a m b e r  used  c o n v e n t i o n a l l y  to pu l l  Ge 
a n d  Si c ry s t a l s  and  modi f i ed  to  o p e r a t e  u n d e r  2 
a rm p r e s s u r e  of a rgon.  A c y l i nd r i c a l ,  g r aph i t e ,  r e -  

Table I. Spectrochemical analysis of impurities 
in Mg, Sn, and Mg2Sn (ppm) 

Mg Sn Mg~n 

Ag I 1 ND ~ 
A1 5 0.1 5 
As ND ~ I0 5 
Bi ND" 0.01 ND ~ 
Cr < i  0.3 < I  
Cu 1 2 5 (0.05) b 
Fe 3 0.05 5 (0.6) ~' 
Mn 2 0.05 <0.I ( < i )  b 
Ni ND" 4 <0.I 
Pb ND" 8 0.5 
Sb ND ~ 2 ND = 
Si 10 0.5 10 
V ND" <0.5 <0.1 

Not detected. 
b Neutron-activation analysis. 
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s is tance hea te r  was employed,  and  the  t e m p e r a t u r e  
was  cont ro l led  w i th  a c h r o m e l - a l u m e l  couple  to +-- 
1 ~ us ing  a h igh - speed  cont ro l le r  and  m o t o r - d r i v e n  
variac.  

Cy l indr ica l  crucibles  (8 X 1.2 cm OD) were  m a -  
chined f rom h i g h - p u r i t y  graphi te  (Na t iona l  Ca rbon  
Company ,  grade  CCH).  P r e m a c h i n e d  and  e tched 
Sn  and  Mg rods were  inse r t ed  in to  a g raph i te  l i ne r  
which  fit t igh t ly  in  the  crucible.  The  inside d i ame te r  
of the  top 2-4 cm l eng th  of the  l ine r  was 0.6 cm, 
and  the  r e m a i n i n g  section d i ame te r  was 1 cm. The 
cruc ib le  was closed wi th  a g raph i t e  cap which  was 
th readed  to the  end  of a s ta inless  steel  pu l l i ng  rod. 
Smal l  holes were  dr i l l ed  t h rough  the  cap to a l low 
in i t i a l  evacua t ion  before me l t i ng  and  s u b s e q u e n t  
access of a rgon  to the  melt .  I n  this  m a n n e r ,  and  by  
means  of pa r t i a l  encapsu la t ion  of the cruc ib le  in  
fused silica and  s ta inless  steel  ou te r  l iners ,  v a p o r -  
izat ion of m a g n e s i u m  was min imized .  

Af te r  evacua t ion  and  f lushing wi th  argon,  the  
fu rnace  was hea ted  to 200~ above the  l i qu idus  
t e m p e r a t u r e  (650~176  cor responding  to the  
mel t  composi t ion,  and  a p ressure  of 2 a tm  was es-  
tabl ished.  The fu rnace  was ad jus t ed  to ob ta in  a 
m a x i m u m  grad ien t  (50~ cm -1) at  the l i qu idus  
t e m p e r a t u r e ,  which  coincided rough ly  w i t h  the  top 
of the  heater .  Di rec t iona l  solidif ication was  effected 
s t a r t i ng  f rom the  top of the  crucible.  S to ichiometr ic  
Mg~Sn undergoes  a 2% vo lume  expans ion  on sol idi-  
fication, according to the  data  of S a u e r w a l d  (17).  
The associated s t r a in  was  p r e s u m a b l y  t a k e n  up  
e i ther  by  expans ion  into the  smal l  v o l u m e  of dead 
space above the  c rys ta l  or by  compress ion  of the  
graphi te  l i ne r  and  crucible.  The pu l l i ng  rod was  
ro ta ted  at  1 rps. For  me l t  composi t ions  close to 
s to ichiometr ic  (Nsn = 0.33) p u l l i n g  speeds of 5 
m m  hr  -~ or less y ie lded  s ingle  crystals.  For  mel t s  
con ta in ing  excess Sn  or Mg, p u l l i n g  speeds as low 
as 0.5 m m  hr  -~ were  r equ i r ed  to ob ta in  s ingle  c rys-  
tals. 

F igure  1 shows the  o r i en ta t ion  of r e su l t ing  Mg~Sn 
crysta ls  w i th  respect  to the g rowth  axis. A decided 
p re fe rence  for {211} o r i en ta t ion  is observed.  It  is 
i n t e r e s t i ng  to no te  tha t  the  th ree  o r i en ta t ions  ob-  
t a ined  cons t i tu te  th ree  ad jacen t  p lanes  of the five 
low index  p lanes  in  the  < 2 1 0 >  zone. Rota t ion  

7 / 
7 t /  ,2 

�9 .. �9 | ~ 1 
100 510 3t0 210 320 t t 0  

Fig. 1. Orientation of Mg2Sn crystals 
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about  a [102] zone axis yields  in  sequence  the low 
index  p lanes  (201),  (211),  (221),  (231),  a nd  (010).  

In  order  to m i n i m i z e  the  effect of concen t r a t i on  
changes  in  the me l t  du r ing  d i rec t iona l  solidification, 
on ly  the first 1.5-cm l eng th  of c rys ta l  was used for 
e lectr ical  me a su r e me n t s .  S ince  the  d i s t r i bu t ion  co- 
efficients for Mg and  Sn  are ve ry  small ,  the  ap-  
p r ox i ma t e  v a r i a t i o n  in  me l t  composi t ions  can be 
calculated.  The ins ide  d imens ions  of the  graphi te  
l ine r  were  ad jus ted  so tha t  the m a x i m u m  va r i a t i on  
in  mel t  composi t ion  tha t  occurred  af ter  1.5 cm of 
solidif ication was less t h a n  1% of the in i t i a l  com- 
posi t ion  in  all  cases. In  Fig. 2, the  va r i a t i on  in  the  
d i rec t ion  of sol idif icat ion of s a t u r a t i o n  ca r r i e r  con-  
cen t r a t i on  is shown  for a n e a r l y  s to ichiometr ic  
melt .  For  p - t y p e  crystals ,  excess Mg was observed 
in  the  final f rac t ion  solidified, whereas ,  for the  n -  
type  crystals,  a Mg~Sn-Sn eutect ic  was  observed.  
Melt  composi t ions  are l is ted in  Table  II. 

Electrical Measuremen t s  

Samples  were  p r epa red  f rom the  top 1.5-cm 
l eng th  of each crystal .  The usua l  sample  d i m e n -  
sions were  0.5 X 0.1 cm ~ cross sect ion and  f rom 
1.0 to 1.5 cm long. Sample  surfaces were  s a n d -  
b las ted  w i t h  600-gr i t  SiC abras ive ,  c leaned  in  a 
s t r eam of compressed argon,  and  r insed  in  acetone.  
As no ted  by  prev ious  inves t igators ,  it was no t  pos-  
sible to employ  su i tab le  chemical  e tchan t s  or elec-  
t ropol i sh ing  t echn iques  in  the p r e p a r a t i o n  of s am-  
ple surfaces (1, 4).  

Hal l  and  res i s t iv i ty  m e a s u r e m e n t s  were  car r ied  
out  over  the  t e m p e r a t u r e  r a nge  60~ 176  us ing  

Table II. Melt composition, carrier concentration, and mobilities 
for p- and n-type Mg~Sn crystals 

~p ( 3 0 0 ~  ;eD ( 7 7 ~  
Crys- Ns., ND or NA, cm 2 v -I cm ~ v -I 

t a t  l i q u i d  c m  -3 b = ~ n / ~ p  s e e  - :  s e e  - 1  

15 t 0.30 3.4 • 1016 1.21 300 3000 
26 ~ 0.33 1.5 1.21 290 2500 

19 ? 0.33 4.6 • 10 TM - -  310 2300 
30 ! 0.33 6.2 - -  285 1875 
25 034 3.3 - -  270 1675 
28 0.35 8.3 - -  265 1450 
24 | 0.43 4.4 - -  330 1580 
29 ~ 0.51 3.2 - -  - -  470 
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convent ional  d-c  techniques. A pe rmanen t  magnet  
with 3-in. d iamete r  pole pieces was used to establish 
a field of 1000 gauss at approx ima te ly  a 4-in. gap. 
Tungsten probes  ground to conical points were  
spr ing- loaded  to form pressure  contacts. The probes 
were  a r ranged  in a "d iamond"  pa t t e rn  (9),  and ,re- 
s is t ivi ty  and Hal l  vol tages were  measured  wi th  a 
type  K-3  potent iometer .  The sample  holder  was a 
boron n i t r ide  block, advantage  being taken of the 
re la t ive ly  high the rmal  conduct ivi ty  of this insulator.  

The sample holder  was contained in an evacuated  
Dewar  flask sur rounded  by a second Dewar  flask 
filled wi th  l iquid nitrogen.  Rela t ive ly  slow heat  
t ransfer  from the inner  to the outer  flask ( app rox i -  
ma te ly  2 ~ min -~ ini t ia l  cooling ra te)  a l lowed con- 
t inuous measurements  to be made dur ing cooling. 
For  measurements  below 150~ l iquid ni t rogen was 
added d i rec t ly  to the  inner  flask, and the sample was 
cooled at 60~ by evacuat ion of the space over  the 
l iquid nitrogen.  Measurements  were  made as the 
sample t e m p e r a t u r e  increased slowly. 

Results 
The res is t iv i ty  (p) and Hall  coefficient (R) are 

p lot ted  vs. the reciprocal  of the absolute t empe ra tu r e  
in Fig. 3-6 for n-  and p - t y p e  samples. The t empera -  
ture  dependence  of the Hal l  mobil i ty ,  /~H = R/p,  is 
given in Fig. 7 and 8. For  comparison,  the h i g h - t e m -  
pe ra tu re  da ta  of Busch and Wink le r  (2) and the 
l o w - t e m p e r a t u r e  da ta  of Blunt  et al. (4) are shown 
in Fig. 7 and 8. The conduction mobi l i ty  ra t io  for 
electrons and holes, b = /~.//~ = 1.21, was de te r -  
mined f rom the Hall  coefficients of p - t y p e  samples 
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according to Breckenr idge  et aL (10) and was as-  
sumed to be constant  wi th  t empera tu re  in the calcu-  
lat ion of conduction mobil i t ies  p resen ted  below. 

The equations re la t ing  the Hall  coefficient and re -  
s is t ivi ty  to the conduction mobi l i ty  and car r ie r  con- 
centra t ions  may  be wr i t t en  

R / R ,  = (ab ~ -  1) ( a - -  1 ) / ( a b  + 1) ~ [1] 

I ~ E I I ~  = b#HIl~ = - -  G(ab  2 - -  1 ) / ( a b  + 1) [2] 

Fig. 3. Resistivity o f  n-type Mg2Sn crystals 
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w h e r e  R, is t he  s a t u r a t i o n  v a l u e  of t h e  H a l l  coeffi- 
c ien t  e s t i m a t e d  f r o m  Fig.  5 and  6, a = n / p  is t h e  c a r -  
r i e r  c o n c e n t r a t i o n  r a t i o  for  e l ec t rons  and  holes,  a n d  
G = 3~r/8. E q u a t i o n s  [1]  and  [2]  a r e  e s s e n t i a l l y  in  
t he  f o r m  g iven  b y  D u n l a p  (11) e x c e p t  t h a t  Eq. [1]  
a s sumes  c o m p l e t e  i on iza t ion  of u n c o m p e n s a t e d  d o -  
nors  or  acceptors .  E q u a t i o n s  [1]  and  [2]  a r e  t h e r e -  
fo re  e spec i a l l y  use fu l  in  t he  m i x e d  conduc t ion  r ange .  
In  t he  ex t r i n s i c  r ange ,  Eq. [2]  becomes  

tt~ = - -  #H/Gb; (a v e r y  la rge ,  n - t y p e ) ,  [3a ]  

t~9 = t~./G; (a v e r y  smal l ,  p - t y p e ) .  [3b]  

The  t e m p e r a t u r e  d e p e n d e n c e  of t~, c a l c u l a t e d  us ing  
Eq. [1] ,  [2] ,  and  [3]  is g iven  in  Fig.  9. Va lues  of t~ 
at  300~ and  77~ a re  g iven  in T a b l e  II. 

U n c o m p e n s a t e d  donor  or  accep to r  c o n c e n t r a t i o n s  
(ND or  N~) w e r e  d e t e r m i n e d  f rom the  H a l l  coeffi- 
c ien ts  acco rd ing  to the  r e l a t i o n  

N .  or  N .  = G / e l R , I  = 7.4 x 10'8/IR.I [4]  

As shown  in T a b l e  II ,  v a l u e s  of 1.5-8.3 x 101~ cm -~ 
w e r e  o b t a i n e d  for  N ,  or  NA. These  va lue s  a r e  p l o t t e d  
in  Fig.  10 vs. t he  c o r r e s p o n d i n g  m e l t  compos i t ion ,  
N~. W h e n  Sn  was  a d d e d  to t he  m e l t  in excess  of t he  
s to i ch iome t r i c  compos i t i on  (Ns,  = 0.33) n - t y p e  c r y s -  
t a l s  w e r e  a l w a y s  ob ta ined ,  w h e r e a s ,  a p - t y p e  c r y s t a l  
was  o b t a i n e d  f r o m  a m e l t  c o n t a i n i n g  excess  Mg. 

These  r e su l t s  a r e  cons i s t en t  w i t h  r e su l t s  of Guenoc  
(5)  who  e a r l i e r  had  o b s e r v e d  t h a t  Mg acts  as a p -  
t y p e  i m p u r i t y  in  Mg~Sn: t he  c a r r i e r  c o n c e n t r a t i o n  of 
a p - t y p e  c r y s t a l  a n n e a l e d  in  Mg v a p o r  was  o b s e r v e d  
to i n c r e a s e  f r o m  7 x 10 TM to 1.5 x 1019. H o w e v e r ,  s i m i -  
l a r  a n n e a l i n g  e x p e r i m e n t s  p e r f o r m e d  d u r i n g  the  
p r e s e n t  i n v e s t i g a t i o n  w e r e  less conclus ive .  T h e  c a r -  
r i e r  c o n c e n t r a t i o n  of an  n - t y p e  c r y s t a l  i n c r e a s e d  
f r o m  7.4 x 10 TM cm -3 to 1.2 x 10 "~ a f t e r  a n n e a l i n g  for  
4 h r  a t  650~ in an  a r g o n  a t m o s p h e r e .  No c h a n g e  in  
c a r r i e r  c o n c e n t r a t i o n  was  o b s e r v e d  a f t e r  a n n e a l i n g  
for  20 h r  a t  650~ in t he  p r e s e n c e  of a M g - S n  m e l t  
con t a in ing  excess  M g ( N s ,  = 0.24).  

I f  the  o b s e r v e d  c a r r i e r  concen t r a t i ons  a r e  a t t r i b -  
u t e d  e n t i r e l y  to t h e  p r e s e n c e  of t he  excess  c o n s t i t u -  
ent ,  one ob ta ins  a s o l u b i l i t y  of 10~-10 -3 a t o m  f r a c -  
t ion  of excess  Sn  or  Mg in Mg~Sn. 

Discussion 

Mobil i ty  of Charge Carriers 

The  s igmoida l  s h a p e  of t he  l o g - l o g  p lo t s  of t he  H a l l  
m o b i l i t y  in Fig.  7 is not  p r e s e n t  in  the  c o r r e s p o n d i n g  
p lo t s  of t he  c a l c u l a t e d  conduc t ion  m o b i l i t y  shown  in 
Fig.  9. T h r o u g h o u t  t he  m i x e d  conduc t ion  reg ion ,  the  
s lopes  of l o g - l o g  p lo t s  of ~, vs. 1 / T  a r e  cons tan t ,  t he  
va lue s  l y i n g  b e t w e e n  1.4 and  1.7. A t  l o w e r  t e m p e r a -  
tures ,  t he  s lopes  of cu rves  dec rea se  to l o w e r  va lues .  
If  bo th  l a t t i ce  s c a t t e r i n g  and  i m p u r i t y  s c a t t e r i n g  a r e  
p resen t ,  t e n t a t i v e l y  i t  m a y  be  a s s u m e d  t h a t  t h e  i n d i -  
v i d u a l  

Hence ,  

w h e r e  

c r o s s  sec t ions  for  s c a t t e r i ng  a r e  add i t ive .  

1/t~ = 1/tLL + l/tL, [5]  

#~ ~ A / T  ~ [6]  

~ ,  ~ .  B T  ~~ [7 ]  

C o m b i n i n g  Eq. [ 5 ] ,  [ 6 ] ,  and  [ 7 ] ,  one ob ta in s  

T " ~ I ~  . =  T ~ . . . .  / A  + l i b  [8] 
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Fig. 11. (Tl'~/~p) vs. T ~'~§ for sample 19 

A value of m = 1.5 corresponds to lattice scatter- 
ing according to simple theory. A value of m ~ 2.5 
corresponds to the observed high- temperature  de- 
pendence of the mobility in the intrinsic range ac- 
cording to Busch and Winkler (2). In Fig. 11, the 
quanti ty (T~~//~p) is plotted vs. T ~~*'~ for sample 19. 
A straight line with slight deviations below 125~ is 
obtained for m = 1.5, whereas large deviations from 
a straight line are obtained for m ~ 2.5. Actually, a 
straight line is best approximated over the entire 
temperature  range (60~176 for m = 1.6, the 
slope of the log-log plot of/z~ vs. 1 / T  in the mixed 
conduction region for sample 19. Similar results are 
obtained for other samples. 

It is therefore possible to describe the mobility in 
the mixed conduction and extrinsic regions as a com- 
bination of lattice (acoustic mode) and ionized im- 
puri ty scattering. Such a simplified view, however, 
neglects the fact that  at higher temperature a 1 /T  ~'~ 
dependence is observed, and therefore scattering 
mechanisms associated with optical mode lattice 
vibrations may be involved. Attempts to explain ob- 
served mobilities of Mg~Ge and Mg~Si (6, 7) in terms 
of optical mode scattering mechanisms, while suc- 
cessful in part, involved a large degree of arbitrari-  
ness in the selection of critical parameters. Simi- 
larly, an explanation of observed mobility behavior 
in PbS, PbTe, and PbSe in terms of optical mode 
scattering has not been successful at higher tempera-  
tures where approximately a 1/T ~'~ dependence has 
been observed (12). At present no complete theory 
exists either involving optical mode scattering or ex- 
plaining a 1/T ~'~ dependence. 

Other scattering mechanisms such as scattering by 
neutral  impurities, dislocations, or atom clusters ap- 
parently cannot be neglected in view of the fact that  
the low-temperature  mobilities are not completely 
consistent with extrinsic carrier concentrations as 
seen in Fig. 7 and 8. Also, sample 29, which suffered 
a large decrease in mobility as shown in Table II, is 
thought to have contained occluded or precipitated 
Sn as a second phase. 

Sto ich iometry  and Conduct iv i ty  T y p e  

The effect of departures f rom the ideal stoichio- 
metric composition on the electrical properties of 
compound semiconductors depends on the nature of 
"bonding" in the crystal. Wagner (13) has general-  

ized the situation in predominantly ionic crystals, for 
which case, interstitials, vacancies, quasi-free elec- 
trons, and electron holes are considered. A composi- 
tion corresponding to a cat ion/anion atom ratio 
slightly greater than stoichiometric leads to the crea- 
tion of donor levels (e.g., Zn interstitials in ZnO), 
whereas a cation/anion atom ratio slightly less than 
stoichiometric leads to the creation of acceptor levels 
(e.g., Cu vacancies in Cu~O). These effects may occur 
independent of the nature  of the defect responsible 
for the stoichiometric departure (i.e., interstitials or 
vacancies on either cation or anion sublattice) and 
arise chiefly from the requirement of maintaining 
electrical neutrality. Thus, if Mg~+2Sn -' (correspond- 
ing to transfer of electrons from the less electro- 
negative Mg to the more electronegative Sn) repre-  
sented the configuration of the crystal, the effects of 
stoichiometric departures on conductivity type 
would be opposite to that actually observed. 

For predominantly valence crystals, involving 
only small electronegativity differences between 
constituent atoms, the normal electron affinities may 
be reversed in view of the greater stability of pos- 
sible covalent bond structures (14), e.g., transfer of 
an electron from Sb to In leading to sp a hybridization 
in InSb (15). Alternatively, no charge transfer takes 
place, but electrons are shared between bonds by 
means of "pivoting resonance" (16). In this case, 
stoichiometric departures may arise f rom disorder- 
ing in the constituent sublattices. Replacement of a 
B atom in the B sublattice by an excess A atom, 
where A has fewer valence electrons than B, results 
in acceptor states and vice-versa .  The effects of anti- 
structure disorder are analogous to the effects of sub- 
stitutional impurities in Ge and Si. 

The observed results are therefore consistent with 
antistructure disorder in Mg.~Sn. The following facts 
suggest that bonding in Mg~Sn is predominantly co- 
valent: (A) Mg~Sn undergoes a volume contraction 
on melting (17) similar to the observed behavior in 
Ge and Si and corresponding to a change from cova- 
lent to metallic bonding. (B) The electronegativity 
difference (Ax = 0.6) between Mg and Sn is rela-  
t ively small (compare InSb, Am = 0.2; SiC, Ax = 
0.7; PbS, Ax = 0.9; NaC1, Ax = 2.1). (C) The hard 
sphere approximation to the fluorite structure, i.e., 

rr = ~ 3 - - -  1 ; ao/r~- = 4, is most nearly realized 
by assuming the single bond covalent radius for 
Sn(rca++ s" = 1.40A) and the metallic radius for 
Mg(rF- ~ = 1.62A) for the observed lattice param-  
eter (a, = 6.76A).  

Conclusions 

1. In the mixed conduction range, the temperature  
dependence of the electron and hole conduction mo- 
bilities may be approximated by a combination of 
lattice and ionized impuri ty scattering. 

2. Crystals of Mg~Sn grown from melts containing 
either constituent in excess of the ideal stoichio- 
metric ratio appear to dissolve the excess constituent 
producing n- type  crystals (excess Sn) and p- type  
crystals (excess Mg). This result is consistent with 
antistructure disorder and predominantly covalent 
bonding in Mg~Sn. 
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3. If the observed car r ie r  concentrat ions are a t -  
t r ibu ted  ent i re ly  to the  presence of the excess con- 
st i tuent,  one obtains a solubi l i ty  of 10-~-10 -~ atom 
fract ion of excess Sn or Mg in Mg~Sn. 
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Molten Metal Etches for the Orientation of Semiconductors 
by Optical Techniques 

J. W. Faust, Jr., A. Sagar, and H. F. John 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Under controlled conditions the dissolution and redeposition of semiconduc- 
tors in molten metals proceed along the same definite crystallographic planes. 
It has been found that these planes are {111} for Ge and Si and {111} and {100} 
for the III-V intermetallic compounds. Conditions are given for producing pits 
whose facets give good light reflection for accurate orientation by optical 
techniques. 

Severa l  types  of semiconductor  devices and many  
fundamen ta l  invest igat ions on semiconductors  r e -  
quire a specific surface orientat ion.  In some cases the 
surface need only be or iented to wi th in  one degree  of 
a c rys ta l lographic  plane, while  in others  accuracies 
of a few minutes  of arc are  necessary. Various x - r a y  
techniques are  wide ly  used to de te rmine  orientat ion.  
Since x - r a y s  pene t ra te  the crys ta l  and are reflected 
f rom planes of atoms wi thin  the  crystal ,  all  tha t  is 
requi red  of an etch in p repar ing  the surface is tha t  
it  remove the damaged  layer  caused by  abras ive  
processes. A careful ly  constructed optical  goniom- 
eter  used on a su i tab ly  etched surface can, however ,  
give accuracies comparable  to those obtained wi th  
x - rays ,  i.e., within  1-2 min of arc. Optical  gonio- 
m e t r y  (1) is a t t rac t ive  because of the s impl ic i ty  of 
the equipment  and the fact that  in tensive t ra in ing  is 
not necessary for an operator .  Since l ight  has a much 
longer wave length  than  x - rays ,  it  is reflected from 
the surface of the  crystal ;  thus the etch must  be 

capable  of producing etch pits whose facets are de-  
finite c rys ta l lographic  planes, p re fe rab ly  of low Mil-  
ler  indices. The accuracy of the or ienta t ion de te r -  
minat ion depends on the accuracy of the goniometr ic  
ins t rument ,  the  size of the revealed  planes  on the 
faceted surface, and the flatness of these planes.  

Chemical  etches have  been used exclus ively  for 
producing such pits;  Faus t  (2) has t abu la ted  chemi-  
cal etchants  tha t  produce such surfaces for numerous  
mater ia ls .  Studies  on chemical  etches for the I I I -V  
in te rmeta l l ic  compounds have produced some useful  
resul ts  (3) al though, in general ,  the resul ts  leave 
much to be desired.  Etching silicon with  NaOH (2, 4) 
produces excel lent  pits  that  al low or ienta t ion  to 
wi th in  a few minutes  of arc; however,  the chemical  
etches for  ge rman ium (2) are  not as good, often g iv-  
ing accuracies no be t te r  than  10 min (5).  

The pre fe ren t ia l  na ture  of the dissolution and 
recrys ta l l iza t ion  of ge rman ium and silicon f rom 
molten meta ls  is wel l  known to those who have 
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s tud ied  the  a l l o y - f u s i o n  t e c h n i q u e  for  p r e p a r i n g  p - n  
junc t ions .  This  has  b e e n  d i scussed  b y  Mue l l e r  and  
D i t r i c k  (6) ,  P a n k o v e  (7 ) ,  J o h n  (8 ) ,  and  in  an  inc i -  
d e n t a l  w a y  b y  others .  I t  was  f o u n d  t h a t  t he  re f lec ted  
l igh t  p a t t e r n  f rom pi t s  p r o d u c e d  b y  a l l oy ing  In  onto  
Ge (8)  cons i s ted  of v e r y  b r i g h t  s h a r p  po in t s  w h i c h  
a re  n e c e s s a r y  for  a c c u r a c y  in o r i en t i ng  surfaces .  
This  p a p e r  r e p o r t s  on s tud ies  on " a l l oy  e tch ing , "  i.e., 
m o l t e n  m e t a l  d i s so lu t ion  and  r ec ry s t a l l i z a t i on ,  for  
p r e p a r i n g  su r faces  of g e r m a n i u m  and  the  I I I - V  
i n t e r m e t a l l i c  c o m p o u n d s  for  a c c u r a t e  o r i e n t a t i o n  b y  
op t ica l  me thods .  

Experimental Procedures 
Since  the  p u r p o s e  of th is  p a p e r  is to de sc r ibe  a 

t e c h n i q u e  for  p r o d u c i n g  good face ts  for  o r i e n t a t i o n  
r a t h e r  t h a n  the  o p e r a t i o n  of p a r t i c u l a r  gon iomete r s ,  
t he  r e a d e r  is r e f e r r e d  to  B a r r e t t  (1 ) ,  H a n c o c k  and  
E d e l m a n  (9) ,  a n d  Wolff  (5)  for  t he  d e t a i l e d  op -  
e r a t i on  of gon iomete r s .  H o w e v e r ,  i t  seems  a p p r o -  
p r i a t e  to ske tch  the  essen t ia l s  of an  op t ica l  gon i -  
o m e t e r  a p p a r a t u s ,  F ig .  1. The  s m a l l  p a r a l l e l  or  
s l i gh t ly  c o n v e r g e n t  b e a m  of l i gh t  is re f lec ted  f rom 
facets  of t he  e t ched  s p e c i m e n  b a c k  onto the  de tec to r ,  
as shown  in Fig .  1 for  a n e a r l y  {100} su r face  e t ched  
to r e v e a l  {100} and  {111} p lanes .  I f  the  spec imen  
su r f ace  is on ly  s l i g h t l y  d i f f e ren t  f r o m  the  b a s a l  facet ,  
b, t he  o r i e n t a t i o n  of t he  spec imen  can  be c a l c u l a t e d  
v e r y  a c c u r a t e l y  f r o m  the  s p e c i m e n - d e t e c t o r  d i s t ance  
and  the  d i s p l a c e m e n t  of the  spot ,  b, f r o m  the  l i gh t  
beam.  Because  of the  l a rge  ang les  b e t w e e n  the  
s ide  face ts  and  the  b a s a l  facet ,  t h e i r  a n g u l a r  r e l a -  
t i onsh ip  m u s t  be  d e t e r m i n e d  f rom a c a l i b r a t e d  gon i -  
o m e t e r  head .  

Ingo t s  of the  s e m i c o n d u c t o r  w e r e  o r i e n t e d  b y  x -  
r a y s  or  b y  op t i ca l  m e t h o d s  us ing  chemica l  e tches  
to p r o d u c e  the  p r o p e r  surface .  W a f e r s  w e r e  cut  
whose  l a r g e  faces  w e r e  p a r a l l e l  to t he  {111}, {001}, 
and  {110} p lanes ;  in some cases  w a f e r s  w i t h  su r -  
faces  p a r a l l e l  to  o the r  p l anes  w e r e  also used.  The  
su r f aces  w e r e  l a p p e d  to r e m o v e  saw m a r k s  a n d  to 
l eave  a less d e e p l y  d a m a g e d  sur face .  The  sur faces ,  
or p a r t s  of t he  surfaces ,  w e r e  e t ched  b y  p l ac ing  a 
m e t a l  foi l  or  p e l l e t  in con tac t  w i t h  t he  w a f e r  a n d  
h e a t i n g  to t he  de s i r ed  t e m p e r a t u r e  in a q u a r t z  t ube  
u n d e r  v a c u u m .  A p a r t i c u l a r l y  c o n v e n i e n t  t e c h n i q u e  
was  to coat  t he  m e t a l  " e t c h a n t "  onto t he  su r f ace  
w i t h  an  u l t r a son i c  so lde r ing  i ron  be fo re  hea t ing .  

T Z 

TA~ 

A x 2 x 1 

Molten A 

Molten A + Solid B 

Solid A + Solid B 

'T B 

Composition 

Fig. 2. Phase diagram illustrating molten metal etching 

This  p r o c e d u r e  i n s u r e d  m o r e  u n i f o r m  w e t t i n g  ove r  
t he  en t i r e  sur face .  A f t e r  the  a l l oy ing  ope ra t ion ,  t he  
m e t a l  was  r e m o v e d  b y  a su i t ab l e  r e a g e n t ,  i.e., one 
t ha t  d i s so lved  the  m e t a l  b u t  d id  no t  a t t a c k  the  
semiconduc to r .  The  p l anes  r e v e a l e d  b y  the  e t ch ing  
we re  iden t i f i ed  b y  m e a s u r i n g  ang les  b e t w e e n  v a r i -  
ous face ts  w i t h  an  op t i ca l  g o n i o m e t e r  and  b y  ca l -  
c u l a t i n g  ang les  f rom mic roscop ic  m e a s u r e m e n t s .  

The  m o l t e n  m e t a l  e t ch ing  process  m a y  be  u n d e r -  
s tood b y  r e f e r r i n g  to  Fig .  2. W h e n  a m e t a l  A is 
p l a c e d  on a n o t h e r  m e t a l  or  s e m i c o n d u c t o r  B of 
h i g h e r  m e l t i n g  po in t  a n d  the  s y s t e m  is h e a t e d  to 
t e m p e r a t u r e  T1, m e t a l  A me l t s  and  d i sso lves  enough  
of m e t a l  B to g ive  t he  m o l t e n  so lu t ion  i ts  e q u i l i b -  
r i u m  c onc e n t r a t i on  X1. Upon  cooling,  the  d i s so lved  
m e t a l  B s e p a r a t e s  out  to  keep  the  m o l t e n  so lu t ion  
at  i ts  e q u i l i b r i u m  concen t ra t ion .  The  c o n c e n t r a t i o n  
fo l lows  the  a r r o w  on the  l i q u i d u s  cu rve ;  for  e x -  
ample ,  at  T~ the  m o l t e n  so lu t ion  w i l l  h a v e  a con-  
c e n t r a t i o n  of X~. M e t a l  B can  s e p a r a t e  in  one or  
bo th  of the  fo l lowing  w a y s :  ( i )  I t  w i l l  r e d e p o s i t  
e p i t a x i a l l y  onto t he  sol id  a long  the  s o l i d - l i q u i d  i n -  
t e r face .  ( i i )  C r y s t a l l i t e s  w i l l  n u c l e a t e  and  g row in 
t he  m o l t e n  solut ion.  I f  t he  m o l t e n  so lu t ion  is caused  
to cool  m o r e  s l o w l y  t h a n  t h e  base ,  mos t  or  a l l  of 
m e t a l  B wi l l  s e p a r a t e  b y  ( i ) :  t hus  t he  o b s e r v e d  
face ts  w i l l  be  those  of r e d e p o s i t e d  m a t e r i a l .  Me ta l  
B can  be p r e v e n t e d  f rom r e d e p o s i t i n g  onto t he  s u b -  
s t r a t e  if  (a )  m e t a l  B is caused  to cool m o r e  s l owly  
t h a n  the  m o l t e n  solut ion ,  p a r t i c u l a r l y  if a s t rong  
r e v e r s e  t h e r m a l  g r a d i e n t  is imposed ,  (b )  t he  m o l t e n  
so lu t ion  is d e c a n t e d  f r o m  the  base,  or  (c)  m e t a l  B 
is r e m o v e d  so f a r  a w a y  f rom the  i n t e r f a c e  t ha t  i t  
canno t  diffuse back .  In  these  cases  t he  face t s  w i l l  
be  those  f o r m e d  b y  the  d i s so lu t ion  process .  

A l t h o u g h  (a)  a b o v e  can be a c c o m p l i s h e d  b y  the  
use  oZ l a rge  c a r b o n  b locks  w i t h  cool ing coils in 
them,  i t  was  f o u n d  eas ie r  to ob t a in  d i s so lu t ion  p i t s  
b y  (c)  as fo l lows.  A l a r g e  sphe re  of a l l o y i n g  m e t a l  
was  p l aced  on the  su r f ace  of t he  m a t e r i a l  to be  
e t ched  in such  a w a y  t h a t  t h e r e  was  on ly  a s m a l l  
a r ea  of contact .  I f  t he  s y s t e m  is b r o u g h t  up  to t e m -  
p e r a t u r e  r a p i d l y  and  the  h e a t i n g  cyc le  k e p t  shor t ,  
t he  e q u i l i b r i u m  c o n c e n t r a t i o n  in  t he  m o l t e n  m e t a l  
w i l l  no t  be  a t t a ined .  M e t a l  B can diffuse eas i ly  
t h r o u g h o u t  the  v o l u m e  of m e t a l  A. The  l a rge  a r e a  
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ra t io  of m e l t - g a s  to m e l t - s o l i d  wi l l  d i s cou rage  r e -  
depos i t i on  at  t he  m e l t - s o l i d  in t e r face .  

Exper imenta l  Results 

Germanium.--Indium, a l u m i n u m ,  ga l l ium,  go ld ,  
lead,  and  t in  w e r e  s t ud i ed  as a h o y  " e t c h a n t s "  for  
g e r m a n i u m ,  be ing  l i s t ed  in  o r d e r  of dec r ea s in g  u s e -  
fulness .  The  a c t u a l  a m o u n t  of a l l o y i n g  e l e m e n t  w a s  
no t  f o u n d  to be  c r i t i ca l ;  m o r e  e l e m e n t  m e r e l y  r e -  
su l t ed  in  a m o r e  d e e p l y  e t ched  area .  F o r  t he  t e c h -  
n ique  t h a t  y i e lds  r e d e p o s i t i o n  facets ,  the  t i m e  of 
e t ch ing  is no t  too i m p o r t a n t  s ince  t he  a l l oy ing  e l e -  
m e n t  d i s so lves  on ly  i ts  e q u i l i b r i u m  a m o u n t  of g e r -  
m a n i u m  in a few minu te s .  L e a v i n g  the  m o l t e n  m e t a l  
in con tac t  w i t h  a w a f e r  for  m a n y  hours ,  h o w e v e r ,  
can  r e su l t  in  a l l o y i n g  t h r o u g h  a w a f e r  b y  a t h e r m a l  
g r a d i e n t  t r a n s p o r t  p rocess  if t he  t e m p e r a t u r e  is not  
con t ro l l ed  b e t t e r  t h a n  _ 0 . 5 ~  (8) .  A l t h o u g h  the  
cool ing r a t e  d id  not  a p p e a r  to be  too cr i t ica l ,  i t  was  
found  t h a t  cool ing r a t e s  s lower  t h a n  2 5 ~  p r o -  
duced  m o r e  n e a r l y  pe r f ec t  facets .  The  face ts  p r o -  
d u c e d  a t  v a r i o u s  t e m p e r a t u r e s  w e r e  e x a m i n e d  u n d e r  
t he  mic roscope  for  size a n d  f la tness;  t he  l i gh t  r e -  
f lect ions on the  op t i ca l  g o n i o m e t e r  w e r e  also 
checked.  I t  was  f o u n d  t h a t  t he  bes t  face ts  w e r e  p r o -  
duced  ove r  the  t e m p e r a t u r e  r a n g e  of 400~176 
H i g h e r  t e m p e r a t u r e s  t e n d e d  to p r o d u c e  l a r g e  b u t  
u n e v e n  facets ,  and  l o w e r  t e m p e r a t u r e s  t e n d e d  to 
p r o d u c e  f e w e r  and  p o o r l y  def ined  facets .  

F a c e t e d  p i t s  p r o d u c e d  b y  d i s so lu t ion  w e r e  e x -  
a m i n e d  as we l l  as t he  f a ce t ed  f igures  p r o d u c e d  b y  
r edepos i t ion .  The  r e su l t s  w e r e  iden t i ca l .  Microscopic  
e x a m i n a t i o n  of t he  p i t s  and  r e g r o w t h  f igures p r o -  
d u c e d  on {111}, {110}, {100}, and  {221} su r faces  
by  In, Au,  and  A1 s h o w e d  t h e i r  shapes  to be t r u n -  
ca ted  t r i a n g u l a r  p y r a m i d a l  f igures  or  t r u n c a t e d  
h e x a g o n a l  p y r a m i d a l  p i t s  (on ly  t h r e e  of whose  s ide  
face ts  w e r e  v i s i b l e ) ,  " r o o f " - t y p e  f igures,  f o u r - s i d e d  
p y r a m i d a l  f igures,  and  t i l t ed  t r u n c a t e d  t r i a n g u l a r  
p y r a m i d a l  f igures,  r e spec t ive ly .  D r a w i n g s  of the  
p i t s  and  r e g r o w t h  f igures for  {111}, {100}, and  {110} 
su r faces  a r e  g iven  in Fig.  3. F r o m  m e a s u r e m e n t s  
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m a d e  on m a n y  facets ,  ang les  w e r e  ca lcu la ted .  O n l y  
{111} p l a n e s  w e r e  found.  The  ang les  b e t w e e n  a l l  
face ts  w e r e  also m e a s u r e d  w i t h  an  op t ica l  gon i -  
ome te r ;  these  m e a s u r e m e n t s  also showed  t h a t  on ly  
{ l l l }  p l anes  w e r e  r evea l ed .  P i t s  and  r e g r o w t h  fig- 
u re s  on {411) and  {211} su r faces  w e r e  also e x a m -  
ined  and  found  to g ive  t he  p r e d i c t e d  p a t t e r n  for  
{111} face ts  only .  G a l l i u m  seems  to r e v e a l  a t  l eas t  
one a d d i t i o n a l  se t  of p l anes  w h i c h  w e r e  not  i d e n -  
tified, w h i l e  t in  and  l ead  d id  not  p r o d u c e  s a t i s f ac -  
t o r y  resu l t s .  S m a l l  d i s so lu t ion  p i t s  w i t h  v e r y  p e r -  
fect  { 111 } face ts  can  be  o b t a i n e d  on Ge by  t e c h n i q u e  
(c)  d e s c r i b e d  above.  Such  p i t s  a r e  p r o b a b l y  c a p a b l e  
of g iv ing  s o m e w h a t  g r e a t e r  a c c u r a c y  t h a n  the  r e -  
g r o w t h  f igures o b t a i n e d  b y  r e d e p o s i t i o n  f r o m  m o l t e n  
meta l s .  The  l a t t e r ,  howeve r ,  w e r e  f o u n d  to be  m o r e  
c onve n i e n t  for  g o n i o m e t r i c  m e a s u r e m e n t s  because  
of t he  l a r g e r  a r e a s  ava i l ab le .  A c c u ra c i e s  of 1 min  
of a rc  can  be ob t a ined ;  th is  is m u c h  b e t t e r  t h a n  t ha t  
o b t a i n a b l e  f r o m  c h e m i c a l  e t ch ing  t echn iques .  A l -  
t h o u g h  the  m o l t e n  m e t a l  e t ch ing  t echn iques  a r e  
a p p l i c a b l e  to s i l icon as shown  in Tab le  I, the  q u a l i t y  
of the  face ts  p r o d u c e d  b y  the  N a O H  chemica l  e tch  
a r e  a d e q u a t e  for  a lmos t  a l l  o r i e n t a t i o n  r e q u i r e m e n t s .  

III-V Intermetallic compounds.--Antimony, a r -  
senic,  and  p h o s p h o r u s  fo rm i n t e r m e t a l l i c  c o m p o u n d s  
w i t h  m a n y  me ta l s ;  some of these  c o m p o u n d s  a r e  
m o r e  s t ab le  t h a n  the  I I I - V  i n t e r m e t a l l i c  compounds .  
If  a m e t a l  t ha t  f o r m e d  one of t he  m o r e  s t ab l e  com-  
p o u n d s  w i th  t he  g r o u p  V c o m p o n e n t  w e r e  used  as 
the  e t c ha n t  for  a I I I - V  i n t e r m e t a l l i c  compound ,  t he  
d i s so lu t ion  and  r e de pos i t i on  p rocesses  m a y  p r o c e e d  
a long  d i f fe ren t  c r y s t a l l o g r a p h i c  p l anes  or  t he  r e -  
depos i t i on  m a y  not  be  ep i t ax i a l .  To avo id  such d i f -  
f icult ies,  on ly  t he  g roup  I I I  c o m p o n e n t  of t he  i n t e r -  
m e t a l l i c  c o m p o u n d  was  used  as the  e t chan t .  

In  these  ma te r i a l s ,  as in  g e r m a n i u m ,  t he  a m o u n t  
of m e t a l  e t c h a n t  was  not  f o u n d  to be cr i t ica l .  F r o m  
the  e x a m i n a t i o n  of t he  p i t s  p r o d u c e d  at  va r i ous  
t e m p e r a t u r e s ,  t he  t e m p e r a t u r e  r a n g e  for  p r o d u c i n g  
the  bes t  face ts  was  d e t e r m i n e d .  The  t e m p e r a t u r e s  
chosen  for  use a r e  s u m m a r i z e d  in  Tab le  I a long  wi th  
t he  r e a g e n t  used  to r e m o v e  the  m e t a l  e t chan t .  Face t s  
f o r m e d  b y  d i s so lu t ion  and  b y  r e d e p o s i t i o n  w e r e  e x -  
a m i n e d  and  f o u n d  to be  t he  same.  

Table I. Experimental conditions for molten metal etching 

Equi- 
librium 

Metal  T e m p e r -  concert-  Reagent  for  
Mate- used as ature of tration removing Refer- 
fiat etchant etching, ~ in at. % metal ences 

InSb In 350 10 HC1 
GaSb Ga 500 5 HC1 
InAs In 600 6 H~SO4 
GaAs Ga 800 7.5 HC1 
A1Sb A1 800 5 NaOH 
Ge In 450 10 HCI 
Ge Ga 137 1 HC1 
Ge Sb 600-700 15-30 
Si Sn 1000 7.5 HC1 
Si Ga 500 1 HC1 
Si Bi 1150 11 
Si In 600 1 HC1 
Si A1 700 20" HC1 

(14) 
(14) 

(5~ 
(14) 
(14) 

(5) 

Fig. 3. Drawings of figures obtained by etching germanium and 
* Only 9 at. % of the Si recrystallizes, the remainder being t ied  the I I I -V intermetallic compounds with molten metals, up in the eutectic. 
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Microscopic examinat ion  of the regrowth  figures 
showed the redeposi t ion process was the same for 
all of the I I I -V  in termeta l l ic  compounds, but  different  
than germanium.  Drawings of the regrowth  figures 
are given in Fig. 3 for comparison wi th  the germa-  
nium figures. One can see that  the  {111} surfaces 
gave t runca ted  hexagonal  p y r a m i d a l  fig!ares; how-  
ever, all  side facets were  visible, as can be seen in 
Fig. 4. F igure  5 shows the flats obta ined on a large  
area. The {001} surfaces gave square and rec tangu-  
lar  figures wi th  one or more corners cut off as shown 
in Fig. 6 while Fig. 7 shows a figure wi th  some vis-  
ible side facets. The {110} gave " roof" - type  figures, 
Fig. 8, s imilar  to those found on germanium;  how-  
ever, figures wi th  the shape shown in (b)  of Fig. 3 
were  also observed. (These are indicated by arrows 
in Fig. 8). 

The regrowth  figures produced on the var ious  
surfaces of GaSb and InSb were  carefu l ly  measured  
by  microscopic and by  optical  goniometr ic  tech-  
niques. The measurements  show tha t  not only are 
{111} planes revealed  but  also {100}. The identif ica-  

t ion of the  planes tha t  form the facets on the va r i -  
ous surfaces are given in Fig. 3. For  the {111} and 
{110} surfaces, the reflected l ight  spot on the v iew-  
ing pla te  of the goniometer  was strong and sharp 
f rom the {111} facets:  the reflections f rom the {100} 
facets were  weaker .  F rom the in tens i ty  and small  

Fig. 6. {100} surface of GaSb etched by molten Ga. Magnification 
approximately 75X. 

Fig. 4. {111} surface of InSb etched by molten In. Magnification 
approximately 150X. Fig. 7. Details of figure produced on {100} surface of GaSb 

by molten Ga. Magnification approximately 150X. 

Fig. 5. {111} surface of GaSb etched by molten Ga. Magnifica- Fig. 8. {110} surface of GaSb etched by molten Ga. Arrow shows 
tion 75X. b type figures. Magnification approximately 150X. 
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area  of the reflected l ight  spot, it is es t imated tha t  
accuracies of be t te r  than  1 min of arc can be ob- 
ta ined f rom these surfaces. Figures  of the shape b 
on the {11(}} surface were  not as f requent  as those 
of shape a. No reflections from the four {100} side 
facets of the figures found on the {001} surface were  
obtained which is unders tandab le  since these planes 
are  perpendicu la r  to the surface. The {111} plane 

and the {111} plane gave the same type  of pits  as 

did the {001} and the {00~}, indicat ing tha t  the 
polar izat ion which is found to give a difference in 
the a t tack of chemical  etches on these planes (3, 10) 
does not affect the al loying process. The s tab i l i ty  of 
{100} facets is appa ren t ly  re la ted  to molecular  asso- 
ciation in the  l iquid, as discussed e lsewhere  (11). 

Examina t ion  of the figures produced on GaAs 
and InAs gave the same results  as those repor ted  
above for GaSb and InSb. Only par t i a l  resul ts  were  
obtained for A1Sb because of difficulties in obta in-  
ing complete wet t ing of the surface by the a lu-  
minum; however,  the resul ts  indicated tha t  the same 
planes were  revealed.  

Discussion 
The difficulty in devising chemical  or e lect ro-  

lyt ic  etchants  for reveal ing  low index planes should, 
by now, be appreciated.  Alloy etching, however,  
affords a convenient  method for reveal ing  low index 
planes. The pr inciple  on which it is based is com- 
p le te ly  general ;  thus the technique can be used on 
any mate r i a l  provided  the mate r ia l  can meet  cer-  
ta in requirements .  Cer ta in  m e t a l - m e t a l  systems 
have sui table  phase diagrams.  Bai ley  and Watkins  
(12) show photomicrographs  of Cu deposi ted onto 
Cu from Cu-sa tu ra ted  Pb which indicate  the ap -  
p l icabi l i ty  of Pb as an al loy etchant  for Cu. 

There are two techniques which may  be used for 
this method of etching, namely,  the foil method 
used here  and the decant ing technique (5).  Tem-  
pera tu res  and reagents  for the  foil method are given 
in Table I along with  per t inent  da ta  f rom other 
work. The success of this method depends on find- 
ing a sui table  meta l  e tchant  and a reagent  tha t  wil l  
dissolve the meta l  e tchant  but  not the ma te r i a l  
being etched. Exist ing phase d iagrams (13) are 
helpful  in deciding on the meta l  e tchant  and also 
in choosing the tempera ture .  Since some of the dis-  
solved mate r ia l  wil l  recrys ta l l ize  on the surface, it  
is necessary to choose a m e t a l - m a t e r i a l  system tha t  
does not form in te rmeta l l ic  compounds since such 
compounds may  be of a different  crys ta l  system or 
might  not  grow ep i tax ia l ly  on the substrate .  

The genera l ly  grea te r  accuracy obta inable  f rom 
mol ten  meta l  etches is the resul t  of the fact tha t  
la rger  and more near ly  perfect  facets are produced 
by this technique than by  chemical  etches. Opt imum 
conditions to produce large and perfect  facets often 
represent  a compromise between quant i ty  of a l loy-  
ing mater ia l ,  a l loying tempera ture ,  and cooling rate.  

In Table I we have included the equi l ibr ium con- 
centra t ion of the mate r ia l  in the metals  at the a l loy-  
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ing t empera tu res  which were  chosen for the various 
mater ials .  One can see tha t  these values fal l  be-  
tween 1 and 15 at. %. Concentrat ions above this value  
often produce less sa t is factory  facets; thus in choos- 
ing a t empera tu re  for a new system the t empera -  
ture  should be chosen so that  the equi l ibr ium con- 
centra t ion falls wi th in  these limits.  Al though the 
planes  revealed  are  genera l ly  of low Miller  indices, 
Wolff (5) has repor ted  tha t  cer tain metals  on si l-  
icon, for example  gold and zinc, reveal  other  planes 
in addi t ion to the {111}; thus it is necessary to de-  
t e rmine  exper imen ta l ly  the planes revea led  in a 
new system. 

Perhaps  the most s t r ingent  r equ i rement  for the 
success of this method lies in finding a sui table  re -  
agent  for removing the a l loying metal ;  this is pa r -  
t i cu la r ly  t roublesome for m e t a l - m e t a l  systems. 
Decant ing techniques can, to a cer ta in  extent ,  over-  
come such difficulties. Broder  (14) used a bath  of 
molten meta l  and dipped the mate r ia l  to be etched 
in i t  and then rap id ly  removed it f rom the bath  
(a decant ing technique) .  In  this method,  however ,  
one may  be t roubled  by  the al loying meta l  adher -  
ing to the edges of the pits (12). The t ime of e tch-  
ing also becomes impor tan t  since there  is a large  
quant i ty  of a l loying meta l  present .  In spite of these 
difficulties, decant ing techniques are a t t rac t ive  for 
systems tha t  present  insurmountab le  obstacles to 
the technique used here. 

Manuscript received Feb. 26, 1962; revised manuscript 
received April  20, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Distribution of Sulfur in InSb Single Crystals 
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ABSTRACT 

The distr ibution of sulfur impur i ty  in single crystals of InSb pulled from the 
melt  in the < l l l >  direction was studied by high resolution autoradiography, 
electrical measurements,  and analytical  techniques. Autoradiography was found 
to be more suitable for the microdistr ibut ion of sulfur  than  the other techniques 
employed. A ( I l l )  facet present  at the solid-melt  interface led to the formation 
of a longi tudinal  core with a higher sulfur  concentrat ion than the rest of the 
crystal. The ratio of the on-core to off-core concentrat ion of sulfur  was greater 
with rotat ion than without  rotation. It also varied with sulfur  concentrat ion in 
the melt  (CL) going through a broad max imum for values of CL between 
1.5 x 10 is and 4 x 10 is sulfur  atoms/cc. The effective distr ibution coefficient (k~f) 
of sulfur  was found to vary with sulfur  concentrat ion in the melt  and with 
orientation.  For CL = 10 ~8 sulfur atoms/cc the following values were obtained: 
on-core ke~ = 0.4, off-core ke~f : 0.16. The results are explained on the basis 
of specific adsorption of sulfur at the sol id-melt  interface and on the dependence 
of adsorption on crystallographic orientation. 

The d i s t r i bu t ion  of e lec t r ica l ly  act ive  impur i t i e s  
con t inues  to be of basic in te res t  in  semiconductor 
mater ia ls .  A l though  incorpora t ion  of impur i t i e s  in  
solids u n d e r  e q u i l i b r i u m  solidif ication condi t ions  is 
in  m a n y  respects  a s t r a igh t fo rward  problem,  com- 
mon ly  employed  crys ta l  g rowth  condi t ions  lead to 
i m p u r i t y  d i s t r ibu t ions  of a r a the r  complex  na tu re .  

In  g rowing  semiconduc tor  s ingle  crysta ls  f rom 
the mel t  by  Czochra l sk i - type  t echn iques  he te roge-  
neous  d i s t r i bu t ion  of impur i t i e s  is qui te  f r e q u e n t l y  
encountered .  Thus,  it  has been  found  (1) tha t  in  
g e r m a n i u m  single  crystals ,  a n t i m o n y  and  other  i m-  
pur i t i es  are per iodica l ly  d i s t r ibu ted  a long the 
g rowth  axis  ( s t r i a t ions ) .  In  addi t ion ,  it  has been  
observed  (1) by  au to rad iograph ic  t echn iques  tha t  
a long the  axis of g rowth  a d is t inc t  i m p u r i t y  core is 
fo rmed  con ta in ing  an  increased  concen t r a t i on  of 
the i m p u r i t y  e lements ,  

Hal l  (2) has found  that ,  d u r i n g  g rowth  of ger -  
m a n i u m  s ingle  crysta ls  f rom the melt ,  the  d i s t r i bu -  
t ion  of impur i t i e s  is a func t ion  of the  g rowth  ra te  
and  or ien ta t ion .  He developed an  express ion  for the  
va r i a t ion  of the  i m p u r i t y  segregat ion  as a func t ion  
of the  g rowth  rate,  a s suming  tha t  the  i m p u r i t y  
a toms are p r e f e r en t i a l l y  adsorbed  at the  surface  of 
the  crystal .  S imi la r  observa t ions  on g e r m a n i u m  (3) 
and  o the r  semiconduc tors  (4) have  been  repor ted  
by  m a n y  inves t iga tors ,  who have  shown tha t  the  
fo rma t ion  of the core is associated wi th  the  p re s -  
ence of an  (111) facet  on the  crys ta l  at the  g rowth  
interface.  

The p re sen t  s tudy  was  a imed  at  the de ta i led  
d i s t r ibu t ion  of su l fu r  in  s ingle  crys ta ls  of InSb.  
Su l fu r  was chosen because it  is a soft b e t a - r a y  
emi t t e r  (0.167 mev)  and  lends i tself  to high reso lu-  
t ion au to rad iography .  

Experimental Techniques 
Crystal  g rowth . - - InSb  single  crysta ls  were  g r ow n  

by  conven t iona l  Czochralski  t echn iques  in  a pur i f ied 

1 Operated with support of the U.S. Army, Navy. and Air Force. 

hyd rogen  a tmosphere .  In  v iew of the  high vapor  
p ressure  of su l fu r  at the  m e l t i n g  po in t  of InSb  
(523~ the su l fu r  i m p u r i t y  was first incorpora ted  
in to  I n S b  ingots  in  evacua ted  and  sealed quar tz  
ampules  as follows. The rad ioac t ive  su l fu r  (2-5 m i l -  
l icuries  S ~) toge ther  wi th  the desired a m o u n t  of 
i ne r t  su l fu r  was dissolved in  benzene ,  a nd  the solu-  
t ion was  in t roduced  in  the quar tz  ampu le  w h e r e -  
upon  it  was evapora ted  to d ryness  on a l o w - t e m p e r -  
a tu re  a i rba th .  Subsequen t ly ,  the pu re  InSb  was 
placed in  the  a m p u l e  which was then  evacua ted  
and  sealed off. To p repa re  ingots con ta in ing  only  
ine r t  sul fur ,  e l e m e n t a r y  su l fu r  was placed d i rec t ly  
in  the  qua r t z  ampule .  On mel t ing ,  the  a m p u l e  was  
m a n i p u l a t e d  so tha t  the me l t  was  displaced f rom 
one end  of the  a m p u l e  to the other  to in su re  an  ef-  
fect ive incorpora t ion  of the su l fu r  into the  melt .  

The s u l f u r - c o n t a i n i n g  ingots  p r epa red  as above 
were  etched in  CP4 to r emove  a ny  surface  slag 
fo rmed  d u r i n g  p repara t ion .  I t  was  found  by  chemi -  
cal analys is  tha t  about  50% of the  su l fu r  o r ig ina l ly  
employed  was incorpora ted  in  the po lyc rys ta l l ine  
ingots.  In  one ins tance  where  de ta i led  mass ba lance  
was pe r fo rmed  af ter  s ingle  c rys ta l  growth,  it was 

found  that ,  w i t h i n  e x p e r i m e n t a l  error ,  al l  of the  

su l fu r  p resen t  in  the  ingot  was  r e t a ined  in  the  

g rown crys ta l  and  the res idua l  melt .  
Each crys ta l  was g rown  u n d e r  a cons tan t  pu l l ing  

ra te  in  the  r a nge  of 0.3-0.6 in . /h r .  The p r inc ipa l  

ro ta t ion  ra te  was 8 rpm, bu t  on occasions ro ta t ion  

rates  of 0, 4, and  100 r p m  were  employed.  
The single crys ta ls  were  20-25 m m  in  d iameter ,  

and  g rowth  was con t inued  un t i l  each crys ta l  

touched the bo t tom of the  crucible.  At  this  po in t  

the crys ta l  was s u d d e n l y  r emoved  f rom the cruc i -  

ble. Ac tua l  g rowth  ra te  ( l eng th  per  u n i t  t ime)  of 

the m a i n  por t ion  of the  crys ta l  was ca re fu l ly  de-  

t e r m i n e d  and  was  found  to be 1.5 to 1.8 t imes  the  

pu l l  ra te  ( the  d i ame te r  of the crysta ls  was re la -  
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t ively large  in comparison with  the d iameter  of the 
crucible) .  

Af ter  growth,  the crystals  were  sectioned in two 
halves (excluding the seed por t ion)  along the 
growth axis. The two longi tudinal  sections were  
polished with  1600 gri t  abras ive  and then submit ted  
to electr ical  measurements ,  au toradiography,  and 
p re fe ren t ia l  etching. 

Autoradiography.--Because of pronounced self-  
absorption,  au torad iographs  obtained with soft fl- 
r ay  emit ters  (such as S = with  a f l - ray  of 0.167 
mev) essent ial ly  reflect the concentrat ion of the 
rad io t racer  at the surface of the solid sample. 
In such instances in t imate  contact  be tween the 
sample  and the photographic  emulsion is most  
impor tan t  in obtaining the highest  a t ta inable  reso-  
lution. For  this reason s t r ipping films with  an emul -  
sion 0.005-0.010 in. thick were  employed.  These 
films have a potent ia l  resolut ion of about 1#. Two 
types of films were  tested:  The Kodak  Auto rad io -  
graphic St r ipping  F i lm "Exper imenta l "  exhib i ted  
excel lent  sensi t ivi ty  but  it p resented  difficulties in 
handling.  The Kodak  AR10 St r ipping  F i lm gave 
very  sat isfactory resul ts  wi th  a min imum of han-  
dling difficulties, a l though its sensi t ivi ty  is approx i -  
ma te ly  one-fif th of the "Exper imenta l "  film. The 
AR10 film was employed p redomina te ly  in the pres-  
ent study. 

The emulsion bear ing layer  of the film was 
s t r ipped f rom the backing, floated in cold water ,  
and then brought  in contact  wi th  the sample. The 
emulsion bear ing layer  could thus follow even 
minute  i r regular i t ies  of the sample surface. Af te r  
sui table  exposure,  the emulsion was developed 
while in contact  with the sample;  then it was re -  
moved from the sample and mounted  on a glass 
slide. A resolut ion of 5-20tL was a t ta ined by em-  
ploying a scanning microdensi tometer .  

Direct  ca l ibra t ion of the s t r ipping films was not 
a t t empted  since s tandard  S 3~ sources could not be 
immersed  in water .  However,  dupl icate  au torad io-  
graphs were  obtained on plates  (Kodak  Autorad io -  
graphic Pla te  Type A) which were  ca l ibra ted  with  
s tandard  S = sources. These plates  were  employed 
in de te rmining  the concentrat ion rat ios of sulfur. 
Photographic  enlargements  ( approx ima te ly  15X) 
of the au torad iograms on the AR10 film made con- 
venient  the visual  examinat ion  of the impur i ty  
dis t r ibut ion over the whole longi tudinal  section of 
the crystal .  

Determination of sulfur concentration.--A cal i -  
bra t ion curve was establ ished re la t ing  the concen- 
t ra t ion  of sulfur to the room tempera tu re  electr ical  
res is t iv i ty  of su l fu r -doped  InSb single crystals.  The 
sulfur  concentrat ion was' de te rmined  f rom Hal l  
measurements  at l iquid ni t rogen tempera ture .  The 
electr ical  res is t iv i ty  was measured  with  a four-  
point  probe having a spacing of 0.008 in. be tween 
points. The cal ibra t ion curve is shown in Fig. 1. 
Electr ical  res is t iv i ty  measurements  were  taken  
only with  single crystals.  

Radio t racer  analysis  was employed for de te rmin -  
ing the sulfur  concentrat ion in the s tar t ing po ly -  
crys ta l l ine  ingots and the res idual  melts.  I t  was 
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Fig. I. Correlation between the room temperature resistivity of 
InSb and the concentration of sulfur impurity as determined from 
Hall measurements at 78~ 

first es tabl ished (cal ibra t ion tests)  that  the count-  
ing ra te  of InSb powder  in t imate ly  mixed with ele-  
men ta ry  sulfur  of known specific ac t iv i ty  was p ro-  
por t ional  to the amount  of sulfur  present .  In these 
cal ibra t ion tests the sulfur  ( tagged wi th  S 3~) was 
mechanical ly  incorpora ted  in the powder  from 
s tandardized  benzene solutions. The powdered  sam-  
ples were  placed on special ly designed planchets  
which fitted into a flow counter.  The samples to be 
analyzed (ingots, single crystals ,  or res idual  melts)  
were  ground to a powder,  and then thei r  counting 
ra te  was determined.  

The sulfur  concentrat ion was also de te rmined  by  
combustion techniques adopted for InSb by D. 
Guernsey  of the Meta l lu rgy  Depar tment ,  Massachu-  
setts Ins t i tu te  of Technology. Concentrat ions in the 
vic ini ty  of 20 ppm represented  the lower  l imit  for 
reasonably  accurate  determinat ions .  Results ob- 
ta ined by rad io t racer  analysis  and combustion tech-  
niques on ident ical  samples, were  in good agree-  
ment  (wi th in  6-20%) .  

Results 

Impurity core and impurity striations.--A dist inct  
core containing an increased amount  of sulfur  im-  
pur i ty  was observed along the length of the InSb 
crystals  grown in the <111> direct ion as found in 
ge rmanium (3) and InSb (5) crystals  grown with  
other  impuri t ies .  The format ion of the core was 
found to take  place on the onset of crys ta l  growth 
on the seed crys ta l  and regardless  of growth  con- 
dit ions or size of the seed. 

An au torad iograph  of the longi tudinal  section of 
an InSb crys ta l  is shown in Fig. 2, together  with a 
photograph of the other half  of the same crys ta l  
which was chemical ly  etched. It is seen tha t  a m a r -  
ked ly  be t te r  definition is obta ined by  au torad iog-  
r aphy  than by etching. This resul t  is to be ex-  
pected since pre fe ren t ia l  etching in i t ia ted  by  im-  
puri t ies ,  imperfections,  or or ienta t ion effects does 
not in general  remain  localized with  t ime. 

The au torad iograph  of Fig. 3 shows the presence 
of the (111) facet at the bot tom of the crys ta l  and 
i l lus t ra tes  c lear ly  that  the size of the core corre-  
sponds precisely  to the size of the facet. F igures  2 
and 3 fur ther  show tha t  appreciable  changes in the 
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Fig. 2. Distribution of sulfur impurity (tagged with S "~) in an 
InSb single crystal. A, one half of the crystal (longitudinal section) 
etched with 0.2N Fe*** in 6N HCI; B, autoradiograph of the other 
half of the crystal using Kodak Type A plate. 

Fig. 3. Autoradiograph (Kodak Type A plate) of a longitudinal 
section of an |nSb single crystal containing S ~. 

size of t he  core,  r e s u l t i n g  of course  f r o m  c o r r e -  
s p o n d i n g  changes  in the  size of t he  facet ,  occur  d u r -  
ing  g rowth ,  w h e r e a s  r e l a t i v e l y  s m a l l  changes  occur  
in the  o v e r - a l l  m o r p h o l o g y  of the  c rys ta l .  These  
changes  m u s t  be  r e l a t e d  to t e m p e r a t u r e  v a r i a t i o n s  
at  t he  s o l i d - m e l t  i n t e r f ace  ( shape  of t he  g r o w t h  
i s o t h e r m ) .  Consequen t ly ,  t he  size of t he  face t  is 
m o r e  sens i t ive  to t e m p e r a t u r e  changes  t h a n  the  
o v e r - a l l  size of t he  c rys ta l .  Thus,  d u r i n g  g r o w t h  
b y  the  Czochra l sk i  me thod ,  a b r u p t  changes  occur  in 
t he  shape  of the  i s o t h e r m  un less  e l a b o r a t e  p r e c a u -  
t ions  a r e  t aken .  I f  t he  g r o w t h  i n t e r f a c e  ( i s o t h e r m )  
is flat, t he  (111) face t  ex t ends  t he  fu l l  w i d t h  of t he  
c rys ta l ,  as was  f o u n d  in a c r y s t a l  r o t a t e d  at  100 r p m  
d u r i n g  g rowth .  

P e r i o d i c  v a r i a t i o n s  in i m p u r i t y  concen t r a t i on  
( s t r i a t i ons )  a long  the  g r o w t h  axis  w e r e  f o u n d  in a l l  
c ry s t a l s  r o t a t e d  d u r i n g  g rowth .  The  spac ing  of 
s t r i a t i ons  was  f o u n d  to be  i n v e r s e l y  p r o p o r t i o n a l  
to the  r o t a t i o n  r a t e  (5)  as  s h o w n  in t h e  m i c r o -  
d e n s i t o m e t e r  t r a c ing  of Fig.  4. V a r i a t i o n s  in i m p u r -  
i ty  c o n c e n t r a t i o n  of a p p r o x i m a t e l y  30% w e r e  de -  
tec ted .  H o w e v e r ,  the  d i f fe rence  b e t w e e n  the  m a x i -  
m u m  and  m i n i m u m  i m p u r i t y  c o n c e n t r a t i o n  in t he  
s t r i a t i ons  was  not  found  cons t an t  in  t he  v a r i o u s  
c rys t a l s  even  for  t he  same  r o t a t i o n  ra te .  

In  t he  u n r o t a t e d  po r t i ons  of t he  c r y s t a l  s t r i a t i ons  
w e r e  no t  u n a m b i g u o u s l y  p resen t ,  a l t h o u g h  in S e -  
d o p e d  I n S b  c rys ta l s ,  g r o w n  w i t h o u t  ro t a t ion ,  s t r i a -  

i 

t--- 

Fig. 4. Microdensitometer tracing of autoradiograph of crystal 
shown in Fig. 2. A Kodak AR10 Stripping Film was used. Change 
of rotation from 4 to 8 rpm is clearly reflected in the period of 
striations. The microdensitometer slit employed was 5/~ wide and 
0.S mm high. 

o 
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Fig. 5. Sulfur concentration profile normal to direction of growth 
obtained from resistivity measurements and from autoradiography. 
By employing S 35 calibration standards it was found that the film 
density is linearly related to the sulfur concentration. 

t ions  w e r e  c l e a r l y  o b s e r v e d  (5) .  Poss ib l e  r easons  
for  t he  absence  of s t r i a t i ons  a re  d i scussed  be low.  

On-core to off-core impurity ratio.--The concen -  
t r a t i o n  prof i le  of  su l fu r  i m p u r i t y  o b t a i n e d  b y  e lec -  
t r i c a l  m e a s u r e m e n t s  and  a u t o r a d i o g r a p h y  a long  the  
d i a m e t e r  of the  s ame  cross  sec t ion  of an  InSb  c r y s -  
t a l  is shown  in Fig.  5. A good a g r e e m e n t  of the  two  
me thods  is a p p a r e n t .  The  m i c r o d e n s i t o m e t e r  t r a c -  
ing  of the  a u t o r a d i o g r a m ,  h o w e v e r ,  r e p r e s e n t s  m o r e  
p r ec i s e ly  the  c o r r e s p o n d i n g  i m p u r i t y  d i s t r i bu t ion .  
In  Fig.  5 the  on -co re  to of f -core  r a t i o  as d e t e r m i n e d  
b y  e l ec t r i ca l  m e a s u r e m e n t s  is in  e x c e l l e n t  a g r e e -  
m e n t  w i t h  t he  v a l u e  o b t a i n e d  b y  a u t o r a d i o g r a p h y .  
Such  good a g r e e m e n t  was  not  a l w a y s  found,  a p -  
p a r e n t l y  b e c a u s e  a much  g r e a t e r  t h i cknes s  of m a t e -  
r i a l  c o n t r i b u t e s  to the  f o u r - p o i n t  p r o b e  m e a s u r e -  
m e n t  t h a n  to the  a u t o r a d i o g r a m .  A c o m p a r i s o n  of 
t he  ra t ios  o b t a i n e d  b y  e l ec t r i ca l  m e a s u r e m e n t s  and  
a u t o r a d i o g r a p h y  at  va r i ous  cross  sec t ions  of th i s  
c r y s t a l  is shown  in T a b l e  I. Bes t  c o r r e l a t i o n  b e -  
t w e e n  the  two  t echn iques  was  o b t a i n e d  w h e n  the  
long axis  of the  f o u r - p o i n t  p r o b e  was  t r a v e r s e d  
a long the  t r a v e r s i n g  p a t h  of t he  slit .  

Effect of rotation rate.--It is seen  in  T a b l e  I t h a t  
t h e r e  is a d i s t inc t  i nc rease  in the  o n - c o r e  to of f -core  
r a t i o  in going f r o m  8 to 0 r p m  a n d  a dec rea se  in  
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Table I. Ratios of on-core to off-core concentrations of sulfur 
at various cross sections of an InSb single crystal (as 

determined by eleetricat measurements and autoradiography) 

D i s t a n c e  Ra t io  
f r o m  seed, R o t a t i o n  E lec t r i ca l  A u t o r a d i -  

m m  rate,  r p m  m e a s u r e m e n t s  og raphy*  

26 8 4.1 3.18 
34 0 4.6 4.68 
40 0 4.6 4.97 
48 0 6.2 5.46 
54 8 5.7 4.36 
59 8 6.9 - -  

ROTATION 

I 

* M i c r o d e n s i t o m e t e r  s l i t  size:  1.5g • 2.0 m m .  

Table II. Effect of change of rotation rate on the on-cote and 
off-core concentration of sulfur in InSb single crystals 

Crys ta I  R o t a t i o n  C o n c e n t r a t i o n ,  a toms/era3  
No. ra te ,  r p m  On-core  Off-core  Ra t io  

8 8 20.0 5.9 3.39 
8 0 22.0 5.7 3.86 
9 8 1.7 0.49 3.5 
9 0 3.4 0.47 7.2 

10 8 10.3 2.5 4.1 
10 0 10.7 2.3 4.6 

the  r a t io  in going  f r o m  0 to 8 rpm.  The  s ame  effect 
can  also be  seen in  T a b l e  II. The  o b s e r v e d  change  
in r a t i o  w i t h o u t  chang ing  the  r o t a t i o n  r a t e  in Tab le  
I is d i scussed  below.  As  shown  in T a b l e  II, t he  in -  
c rease  in the  c o n c e n t r a t i o n  ra t io  a s soc ia t ed  w i t h  
t he  dec rease  in r o t a t i o n  r a t e  r e su l t s  f r o m  a dec rease  
in t he  o f f -core  c o n c e n t r a t i o n  and  an  i nc rea se  in t he  
o n - c o r e  concen t ra t ion .  These  changes  in c o n c e n t r a -  
t ion  can  of ten  escape  de t ec t ion  b y  e l ec t r i ca l  r e s i s -  
t i v i t y  bu t  a r e  a l w a y s  u n a m b i g u o u s l y  o b s e r v e d  b y  
a u t o r a d i o g r a p h y  as shown  t y p i c a l l y  in  Fig.  6 ( see  
also Fig .  2) .  

The  a b o v e  o b s e r v a t i o n s  a re  r e a d i l y  u n d e r s t o o d  
in t e r m s  of changes  in t he  m e l t  c o n c e n t r a t i o n  at  
t he  i n t e r f ace  b r o u g h t  a b o u t  b y  changes  in r o t a t i o n  
ra te .  S t i r r i n g  of the  c r y s t a l  u n d e r  the  p r e s e n t  e x -  
p e r i m e n t a l  cond i t ions  a p p a r e n t l y  causes  a flow of 
t he  m e l t  n e a r  t he  axis  of t he  c r y s t a l  ( face t  a r e a )  
t o w a r d  the  p e r i m e t e r  of t he  c r y s t a l  as i l l u s t r a t e d  

September 1962 
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Fig. 7. Schematic representation of flow currents in melt under 
growth conditions. 

s c h e m a t i c a l l y  in Fig.  7 ( I ) .  This  t y p e  of flow was  
e x p e r i m e n t a l l y  d e m o n s t r a t e d  b y  s i m u l a t i n g  the  
g r o w t h  cond i t ions  e m p l o y i n g  a v iscous  l i qu id  and  
a r o t a t i n g  c rys t a l .  The  d i r ec t i on  of flow was  ob -  
s e r v e d  b y  e m p l o y i n g  a dye  i n j e c t e d  at  t he  i n t e r f ace  
n e a r  the  axis  of the  c rys ta l .  As  a r e su l t  of th is  flow, 
m e l t  f r o m  the  face t  i n t e r f a c e  e n r i c h e d  in  i m p u r i t y  
b y  r e j e c t i o n  f rom the  sol id  is b r o u g h t  to t he  off- 
face t  area .  I t  is thus  a p p a r e n t  t h a t  d u r i n g  r o t a t i o n  
the  m e l t  a t  the  o f f - face t  i n t e r f ace  is m o r e  en r i ched  
in i m p u r i t y  b y  r e j ec t i on  f r o m  the  sol id  t h a n  the  
face t  in te r face .  In  the  absence  of ro t a t ion ,  and  
owing  to the  ex i s t i ng  t h e r m a l  g r ad i en t s ,  t he  con-  
vec t ion  c u r r e n t s  a r e  e x p e c t e d  to flow in a d i r ec t ion  
oppos i t e  to the  d i r ec t ion  of flow caused  b y  ro t a t ion ,  
as i l l u s t r a t e d  in Fig .  7 ( I I ) .  Thus,  in go ing  f r o m  8 
to 0 rpm,  t he  i m p u r i t y  concen t r a t i on  in  t h e  m e l t  a t  
t he  face t  i n t e r f a c e  inc reases  w h e n e v e r  t he  i m p u r i t y  
concen t r a t i on  in the  m e l t  a t  t he  o f f - face t  i n t e r f ace  
decreases .  S i m i l a r  effects h a v e  been  d i scussed  b y  
Goss  and  A d l i n g t o n  (6) .  

I t  is of i n t e r e s t  to no te  t h a t  t he  s t i r r i n g  p a t t e r n  
does  not  a p p e a r  to be  a l t e r ed  s ign i f i can t ly  in going  
f r o m  8 to 100 r p m  since, w i t h i n  e x p e r i m e n t a l  e r ro r ,  
no c o r r e s p o n d i n g  c h a n g e  in r a t i o  was  o b s e r v e d  as 
shown  in Tab le  III .  F u r t h e r m o r e ,  t he  i n d i v i d u a l  
o n - c o r e  and  of f -core  concen t r a t i ons  d e c r e a s e  on ly  
to a s m a l l  e x t e n t  in going  f r o m  8 to 100 r p m  sug -  
ges t ing  tha t  u n d e r  t he  p r e s e n t  e x p e r i m e n t a l  cond i -  
t ions r o t a t i n g  at  100 r p m  is no t  a p p r e c i a b l y  m o r e  
ef fec t ive  in e l i m i n a t i n g  the  en r i ched  l a y e r  t h a n  
r o t a t i n g  a t  8 rpm.  

Effect of impurity concentration in the melt.--It 
has  been  a l r e a d y  po in t ed  out  ( T a b l e  I )  t h a t  the  on-  
core  to of f -core  r a t i o  of su l fu r  concen t r a t i on  does  

Table III. Effect of the change of rotation rate on the on-core 
and off-core concentration of sulfur in a single crystal of InSb 

Dis t ance  
f r o m  R o t a t i o n  Concen t r a t i on ,  a toms /cm~ 

seed, m m  rate,  r m p  On-core  Off-core Ra t io  

Fig. 6. Effect of stopping rotation on the concentration of sulfur 
on and off the core (autoradiograph). Note decrease in the off- 
facet concentration and increase in the on-facet concentration 
upon stopping rotation. Shifting of the core results from the 
eccentric position of the crystal in the apparatus. 

31 8 8.5 3.2 2.7 
34 8 9.4 3.3 2.9 
36 100 8.8 3.0 2.9 
41 100 8.8 3.0 2.9 
46 8 8.8 3.2 2.8 
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Fig. 8. Concentrat ion of sulfur in InSb single crystals, on and 
off the core (Cs) as a function oF melt  concentration (C~,). The 
results were obtained from three crystals grown by rotating at  
8 rpm. 

not  r e m a i n  cons t an t  d u r i n g  c r y s t a l  g r o w t h  even  
u n d e r  cons t an t  r o t a t i o n  ra te .  F o r  an  i m p u r i t y  w i t h  
a d i s t r i b u t i o n  coefficient  less t h a n  one,  i t  is, of 
course,  e x p e c t e d  t h a t  the  i m p u r i t y  c o n c e n t r a t i o n  
in the  m e l t  w i l l  increase ,  and  c o n s e q u e n t l y  t he  on -  
core  and  of f -core  concen t r a t i ons  wi l l  i nc rease  as 
c r y s t a l  g r o w t h  proceeds .  The  d e p e n d e n c e  of the  
c oncen t r a t i on  in t he  c r y s t a l  on the  i m p u r i t y  con-  
c e n t r a t i o n  in  the  m e l t  is shown  in Fig.  8. The  su l fu r  
c o n c e n t r a t i o n  in the  sol id  (C~) was  d e t e r m i n e d  b y  
r e s i s t i v i t y  m e a s u r e m e n t s  and  in the  r e s i d u a l  m e l t  
(CL) b y  c h e m i c a l  and  r a d i o t r a c e r  ana lys i s .  C~ in 
t he  me l t  d u r i n g  g r o w t h  was  b a c k - c a l c u l a t e d  b y  a 
d e t a i l e d  mass  b a l a n c e  of the  i m p u r i t y  c o n c e n t r a -  
t ion  in t he  r e s i d u a l  m e l t  and  in  v a r i o u s  p a r t s  of the  
c rys ta l .  

The  o n - c o r e  to of f -core  r a t io  as a func t ion  of t he  
i m p u r i t y  c o n c e n t r a t i o n  in t h e  me l t  for  the  t h ree  
c rys t a l s  of Fig.  8 is shown  in Fig.  9. I t  is seen t ha t  
in the  c r y s t a l  g r o w n  f rom the  m e l t  w i t h  the  l owes t  
i m p u r i t y  concen t r a t i on  the  r a t i o  inc reases  as c r y s -  
t a l  g r o w t h  p roceeds ;  t he  r a t io  r e m a i n s  e s sen t i a l l y  
cons t an t  in the  c r y s t a l  of  i n t e r m e d i a t e  c o n c e n t r a -  
t ion a n d  dec reases  as c r y s t a l  g r o w t h  p roceeds  in  
the  c ry s t a l  g r o w n  f r o m  the  me l t  w i t h  t he  h ighes t  
i m p u r i t y  concen t ra t ion .  

Effective distribution coe]~cient of sulJur in InSb.  
- - T h e  effect ive  d i s t r i b u t i o n  coefficient  of su l fu r  
( k , ,  -~ Cs/C~) in  InSb  as a func t ion  of i m p u r i t y  
c o n c e n t r a t i o n  in t he  m e l t  is shown in Fig.  10. I t  is 
seen t h a t  ke,~ o n - c o r e  inc reases  w i t h  i nc rea s ing  C~ 
un t i l  C,. r eaches  a v a l u e  of a p p r o x i m a t e l y  6 • 1018 
su l fu r  a t o m s / c c ;  kof, for  t he  of f -core  p o r t i o n  of the  
c ry s t a l  r e m a i n s  a p p r o x i m a t e l y  cons t an t  a t  f i rs t  and  
t hen  inc reases  w i t h  i nc r ea s ing  C,.. 

The  k~,~ was  also d e t e r m i n e d  for  s eve ra l  c ry s t a l s  
g r o w n  in the  < 1 0 0 >  d i rec t ion .  F o r  C~ ~ 2 • 10 ~8 
su l fu r  a toms /cc ,  k ~  in t he  < 1 0 0 >  c rys t a l s  was  
found  to be 0.14 w h i c h  is in  good a g r e e m e n t  w i t h  
t he  c o r r e s p o n d i n g  of f -core  ke~ = 0.16. These  r e -  
sul ts  a r e  in  r e a s o n a b l e  a g r e e m e n t s  w i th  t he  p r e -  
l i m i n a r y  d a t a  o b t a i n e d  b y  H a r m a n  (7) .  

" ~ 2  
0 

n,. t ,  

I I I I I I I l I I I I I I I 

f I 
3 xtO t7 4 

I I l l l  I l I I I I I  
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F ig .  9.  R a t i o  o f  Cs  o n - c o r e  to  Cs  o f f - c o r e  as a f u n c t i o n  o f  C L .  

D a t a  c a l c u l a t e d  f r o m  s a m e  t h r e e  c rys ta ls  ( i n d i c a t e d  by t h r e e  
different symbols) as in Fig. 8. 
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Fig.  10 .  E f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t ,  k~ f~  as  a f u n c t i o n  of  
CL. 

D i s c u s s i o n  

General observations.--Autoradiography t e c h -  
n iques  as e m p l o y e d  in th is  s t u d y  show u n a m b i g u -  
ous ly  t h a t  a long  the  < l l l D  g r o w t h  ax i s  of s u l f u r -  
d o p e d  InSb  s ingle  c r y s t a l s  ( p u l l e d  f rom the  m e l t )  
a core  is f o r m e d  con ta in ing  m o r e  su l fu r  i m p u r i t y  
t h a n  the  res t  of t he  c rys ta l .  A core  is p r e s e n t  over  
the  who le  r a n g e  of cond i t ions  c o m m o n l y  e n -  
c o u n t e r e d  in C z o c h r a l s k i - t y p e  techniques .  The  size 
of the  core  was  f o u n d  to v a r y  a p p r e c i a b l y  m o r e  
t h a n  the  o v e r - a l l  m o r p h o l o g y  of the  c rys ta l .  A l -  
t hough  no effort  was  m a d e  to s t u d y  the  fac to rs  
af fec t ing  the  size of the  core  (size of the  (111) 
f ace t ) ,  i t  a p p e a r s  t h a t  t he  shape  of t he  i s o t h e r m  at  
t he  i n t e r f ace  is c h a n g i n g  d u r i n g  g row th .  I t  also 
a p p e a r s  t ha t  the  d e g r e e  of supe rcoo l ing  n e c e s s a r y  
for  so l id i f ica t ion  changes  d u r i n g  g r o w t h  s ince such 
supe rcoo l ing  d e p e n d s  on m a n y  fac tors ,  such as i m -  
p u r i t y  c o n c e n t r a t i o n  and  s t i r r ing .  

The  i nc r ea sed  c o n c e n t r a t i o n  of i m p u r i t y  in t he  
core  of t he  c rys t a l s  has  been  cons ide red  to be  as -  
soc ia ted  w i th  the  d e t a i l e d  m e c h a n i s m  of the  (111) 
face t  f o r m a t i o n  (8, 9).  A d s o r p t i o n  p h e n o m e n a  
alone,  h o w e v e r ,  can  account  for  t he  o b s e r v e d  de -  
p e n d e n c e  of i m p u r i t y  c o n c e n t r a t i o n  on o r i e n t a t i o n  
as d i scussed  be low.  Consequen t ly ,  t he  fac to rs  r e -  
spons ib le  for  the  f o r m a t i o n  of t he  face t  w i l l  no t  be  
cons ide red  here .  
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Variations in the distribution coefficient of im- 
purities with crystallographic orientation have 
been observed and discussed in detail by Hall (2) 
for germanium single crystals pulled from the melt. 
He concluded that the incorporation of impurities 
in the crystal depends on specific adsorption of the 
liquid solid interface. The transport  theory of 
Burton and others (1) does not account for Hall 's 
observations. This theory is not applicable either to 
the results described here, since drastic changes in 
the stirring conditions did not alter the core forma-  
tion significantly. 

Adsorption modeL--The results of the present 
study can be readily understood assuming a differ- 
ence in the adsorption characteristics of the various 
crystallographic planes and, in particular, that pref-  
erential adsorption is exhibited by the {111} planes. 
Thus, the impurity adsorption isotherm for the 
{111} surfaces is significantly different f rom the 
adsorption isotherm of the other crystallographic 
planes. The amount of impuri ty incorporated into 
the solid depends directly on the amount of impur-  
ity adsorbed. In turn, the amount adsorbed depends 
on the impuri ty concentration in the melt at the 
interface, but this latter dependence is a strong 
function of orientation. An adsorption model re-  
quires, of course, that  the concentration of the 
solute atoms on the solid surface is greater than 
the concentration near the interface. It requires 
fur ther  that the incorporation of adsorbed solute 
atoms into the solid takes place faster than the 
establishment of adsorption equilibrium. Such con- 
ditions can be readily realized, part icularly if a 
portion of the adsorbed atoms is rejected, in which 
case the transport  of solute atoms from the inter-  
face layer to the solid surface is not exclusively 
rate determining. Figure 11 illustrates schematically 
two adsorption isotherms, one for the {111} planes 
and one for the other  crystallographic planes. The 
assumption that the crystallographic planes, other 
than the {111 }, exhibit similar adsorption isotherms 
is consistent with the experimental results reported 
above, whereby the off-facet k~f~ is, within experi-  
mental  error, the same as the ke,f found for crystals 
grown in the K100~ direction. 

The results presented in Fig. 9 are entirely con- 
sistent with the two-adsorption isotherm model. It 
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Fig. 11. Schemotic representation of two sulfur odsorption iso- 
therms, on ond off the ~| | 1 } focet. 
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Fig. 12. Logorlthmic plot of sulfur concentration in InSb as o 
function of CL. The three types of symbols correspond to three 
different crystals. 

is seen that the on-facet /off-facet  ratio first in- 
creases, then stays constant, and finally decreases 
with increasing impurity concentration in the melt. 
In fact, the experimental results as plotted in Fig. 
12 reflect two adsorption isotherms. 

To the extent that  the amount adsorbed is a 
function of the solute concentration in the melt, 
the amount of impuri ty  incorporated into the solid 
depends on the concentration of the impuri ty in the 
melt under nonequilibrium conditions of growth. 
The maximum amount  of impurity incorporated 
into the solid is related to the amount adsorbed at 
the leveling off point of the isotherms. The leveling 
off of the on-facet  isotherm accounts rather uniquely 
for the small values of the on-facet /off-facet  ratio 
at high impurity concentrations. 

Consistent with an adsorption model are the re-  
sults reported by Hall (2) and Dikhoff (3) for 
germanium single crystals. They found that  non-  
metallic elements (donors) exhibited more pro-  
nounced orientation affects than metallic elements 
(acceptors). It is quite reasonable to expect that  
nonmetallics exhibit a greater tendency for prefer-  
ential adsorption than metallic impurities. 

Of particular interest is the case of gallium im- 
purities which are more readily incorporated in 
the off-core than in the on-core region of ger- 
manium crystals (3). Adsorption of gallium atoms 
on the {111} planes must be less pronounced than 
on the other crystallographic planes. This unusual 
behavior of gallium impurity is probably associated 
with the rather complex crystalline structure of 
gallium. Another relevant aspect of the complex 
structure of gallium is its low tendency to serve 
as a nucleation catalyst in solidification processes 
involving more common crystalline structures (10). 

Impurity striations.--The adsorbed impurities 
undoubtedly influence the nucleation of the solidi- 
fication process and consequently must affect the 
degree of supercooling necessary for crystal growth. 
For given conditions of crystal growth the period 
of the pulsating growth during no rotation (5) 
must then depend strongly on the nature of im- 
purities present in the melt. In the present case, 
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su l fu r  a p p a r e n t l y  is m o r e  ef fec t ive  in  d e c r e a s i n g  
the  d e g r e e  of supe rcoo l ing  so t ha t  i t  does  not  a l low 
a p r o n o u n c e d  s t r i a t e d  g r o w t h  d u r i n g  no ro ta t ion ,  
as does  s e l e n i u m  i m p u r i t y  (5) .  
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ABSTRACT 

Equi l ib r ium pressure  Pv of V(g)  over  VC(c)  ~- C(graph . )  has been de te r -  
mined in the range  of 2346~176 by means  of g raph i te  Knudsen  cells. The 

--30,700 
resul ts  may  be expressed by  log Pv (a tm)  ~ ~- 7.63 in the range  of 

T 
2400 ~ ___ 200~ Fur the r ,  ~H~ = 145.4 • 3 kcal  for VC(c)  ~ V(g)  
-t- C(graph . )  and hH~ (VC) ~ --22.7 • 5 kcal  for the s tandard  hea t  of 
fo rmat ion  of VC, have been obta ined by  combining the da ta  wi th  appropr ia te  
free energy functions and the heat  of subl imat ion of pure  vanadium.  

The  t r a n s i t i o n  m e t a l  c a r b i d e s  of G r o u p  IVB, VB, 
and  VIB in the  pe r iod i c  c h a r t  h a v e  such  use fu l  p r o p -  
e r t i e s  as h igh  m e l t i n g  points ,  g r e a t  ha rdness ,  and  
chemica l  s t ab i l i t y .  P u b l i s h e d  d a t a  on t h e i r  t h e r m o -  
d y n a m i c  p rope r t i e s ,  h o w e v e r ,  a r e  i n a d e q u a t e  as 
shown  in a n u m b e r  of s y s t e m a t i c  r e v i e w s  (1 -4 ) .  The  
h e a t  of f o r m a t i o n  of V C ( c )  has  been  e s t i m a t e d  (3, 
4) ,  b u t  no t  d e t e r m i n e d  e x p e r i m e n t a l l y ,  a n d  i ts  h e a t  
c a p a c i t y  has  been  d e t e r m i n e d  b y  S h o m a t e  and  
K e l l e y  (5)  f rom 52 ~ to 297~ a n d  b y  K i n g  (6)  f rom 
298 ~ to 1611~ The  resu l t s ,  t o g e t h e r  w i t h  t he  r e -  
l a t e d  t h e r m o d y n a m i c  p r o p e r t i e s  a r e  s u m m a r i z e d  b y  
K e l l e y  (7, 8).  S l a d e  and  Higson  (9)  i n v e s t i g a t e d  the  
e q u i l i b r i u m  in V O ( c )  + V C ( c )  = 2V(c )  -t- C O ( g )  
b y  m e a s u r i n g  the  p r e s s u r e  of CO at  a s ingle  t e m -  
p e r a t u r e ,  b u t  in v i ew  of t he  fac t  t h a t  the  s t o i c h iom-  
e t r y  of condensed  phase s  is q u e s t i o n a b l e  (10, 11),  
t he i r  d a t a  canno t  be  used  for  r e l i a b l e  t h e r m o d y n a m i c  
ca lcu la t ions .  

The  p u r p o s e  of th is  i nves t i ga t i on  was  to m e a s u r e  
the  e q u i l i b r i u m  p r e s s u r e  of gaseous  v a n a d i u m  over  
V C ( c )  b y  us ing  g r a p h i t e  K n u d s e n  cells,  i.e., to  i n -  
ve s t i ga t e  e q u i l i b r i u m  in t he  fo l l owing  r e a c t i o n  

V C ( c )  = C ( g r a p h . )  -t- V ( g )  [1]  

F r o m  the  e q u i l i b r i u m  cons t an t  K = P~ for  th i s  r e -  
act ion,  t he  r e l a t e d  t h e r m o d y n a m i c  p r o p e r t i e s  of 
VC(c )  h a v e  been  ob ta ined .  

Experimental Method 
The  e x p e r i m e n t a l  m e t h o d  has  been  d e s c r i b e d  e l se -  

w h e r e  in de t a i l  (12 -14) ;  a b r i e f  d e s c r i p t i o n  he re  is 
t h e r e f o r e  adequa te .  The  a p p a r a t u s  is s h o w n  in Fig .  
1. A t r a n s p a r e n t  q u a r t z  t ube  A con ta ins  a g r a p h i t e  

N - -F  

p Hg-PUMP 

1 
MECH. PUMP 

Nz 

DETAIL B 

~ g 
6 

Fig. I. Apparatus 
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K n u d s e n  cell B, 25 m m  diameter ,  40 m m  high. The 
densest ,  commerc ia l ly  ava i l ab le  g raph i te  was  used  in  
m a k i n g  the cell in  order  to m i n i m i z e  the  a m o u n t  of 
me t a l  diffused th rough  the  pores. The cell orifice was  
dr i l led  and  its area  was d e t e r m i n e d  wi th  a mic ro-  
scope. A g raph i t e  susceptor  C wi th  baffles is packed  
into A w i t h - - 3 5 + 4 8  mesh  in su l a t i ng  graphi te  pow-  
der  D. The susceptor  was hea ted  by  an  i nduc t i on  coil 
E connec ted  to a 20-kc m e r c u r y - g a p  type  conver te r .  
T e m p e r a t u r e  m e a s u r e m e n t s  were  made  wi th  a dis-  
a p p e a r i n g - f i l a m e n t  opt ical  p y r o m e t e r  F s ighted 
t h rough  a w i n d o w  protec ted  wi th  a magnetically 
closed shut ter .  The  t r ansmis s iv i t y  correct ions  for the  
glass w i n d o w  were  made  u n d e r  the  p reva i l i ng  ex -  
p e r i m e n t a l  condit ions.  The accuracy  of t e m p e r a t u r e  
m e a s u r e m e n t s  was be t t e r  t h a n  _ 10~ The sys tem 
was kept  u n d e r  a v a c u u m  of be t t e r  t h a n  5 x 10 -~ m m  
Hg. 

V a n a d i u m  carbide  was p repa red  by  hea t ing  the  
me ta l  of 99.9% pur i ty ,  f rom Electro Meta l lu rg ica l  
Company ,  in  a g raph i te  crucible  and  m a i n t a i n i n g  it  
at 2400~ for about  10 hr. The combined  ca rbon  con-  
t en t  of the  r e su l t ing  carb ide  was 18.89%, free ca rbon  
0.1%, and  Fe 0.04%. The lat t ice p a r a m e t e r  of the 
carb ide  was found  to be 4.160 --+ 0.002A. 

P o w d e r e d  VC was placed in the cell  and  the  bo t -  
tom p lug  was  screwed on t ight ly .  The cell was  placed 
in  the  appara tus ,  degassed for 3-4 hr  at 2200~ and  
then  cooled pr ior  to b r e a k i n g  the v a c u u m  by  a d m i t -  
t ing  pure  argon.  The eel1 was removed,  weighed  ae-  
cura te ly ,  and  aga in  p laced  in  the appara tus .  The  cell 
was qu ick ly  hea ted  to the  des i red t e m p e r a t u r e  and  
m a i n t a i n e d  the re  w i th in  +-- 5~ for a per iod of 6-10 
hr. The weigh t  loss d u r i n g  this  per iod was de te r -  
m i n e d  by  r e w e i g h i n g  af ter  the t e r m i n a t i o n  of ex-  
pe r imen t .  The resu l t  r epresen ts  the  weigh t  loss (i) 
t h rough  the  orifice and  (i i)  by  vapor iza t ion  of g r a p h -  
ite and  diffusion of V t h rough  the pores in the  cell. 
The  la t te r  loss was d e t e r m i n e d  by  m a k i n g  a r u n  by  
us ing  a cell w i thou t  orifice and  con t a in ing  VC. S u b -  
t rac t ion  of weight  loss (i i)  f rom (i) yields  the  loss 
m due to the  effusion of V ( g )  t h rough  the  orifice. 
Subs t i t u t i on  of m in  the  fo l lowing equa t ion  yie lds  the  
vapor  p ressure  P% of V (g) over VC (c) and  C (graph. )  

m ( 2~rRT y I~ 
P'  = ~ [2] 

Woat \ M 

Where  P' is in  dynes  per  cm', W, the c laus ing  factor  
(15) defined by  1/Wo = 1 + 0.5 h/r,  h and  r be ing  
the  th ickness  and  the  r ad ius  of orifice, respec t ive ly ;  
T is in  ~ a the  orifice area  in  cm:, t t ime  in seconds, 
and  M the  molecu la r  we igh t  of V ( g ) .  E x p e r i m e n t a l  
r u n s  wi th  e m p t y  cells (w i thou t  a carb ide)  repor ted  
ear l ie r  by  the  au thors  (12) show tha t  v a n a d i u m  
diffuses out  of the  cell wa l l  and  tha t  a cons ide rab ly  
la rge  f rac t ion  of we igh t  loss is due  to the  vapor i za -  
t ion  of graphi te ,  bu t  this  is not  essent ia l  in the  ca l -  
cu la t ion  of vapor  pressure.  

The absence of a gaseous carb ide  of v a n a d i u m ,  
s i m u l t a n e o u s l y  effusing wi th  V ( g ) ,  was ascer ta ined  
as follows: 155.3 mg of VC, c o n t a i n i n g  126.0 mg V, 
was placed in  a cell w i th  a la rge  orifice and  he ld  at  
2400~ for 16 hr. The tota l  loss of we igh t  m i n u s  tha t  
of g raph i te  was  found  to be 59.2 rag. The  we igh t  of 

v a n a d i u m  which  r e m a i n e d  in  the  cell was 66.1 mg as 
d e t e r m i n e d  by  chemica l  analys is  of the c rushed  c e l l  
The tota l  a m o u n t  of V accounted  for in  this  m a n n e r  
was therefore  125.3 mg  of in i t i a l  V, showing  conc lu-  
s ive ly  t ha t  the carb ide  species in  the  gas phase  were  
absent .  

Resul ts  

E x p e r i m e n t a l  resul ts  are l is ted in  Tables  I and  II. 
Table  I shows the  loss of we igh t  for cells w i thou t  
orifice, f rom which the  loss for t e m p e r a t u r e s  in  Tab le  
II have  been  computed  by  in t e rpo la t ion  or short  ex-  
t rapola t ion .  The loss of we igh t  t h r ough  the  orifice 
was ob ta ined  by  sub t r a c t i ng  this  f rom the  to ta l  
weight  loss in the four th  c o l u m n  of Tab le  II. 

The effect of orifice area  on the  observed vapor  
p ressure  was inves t iga ted  by  v a r y i n g  a in  Eq. [2] 
f rom 0.0075 to 0.0212 cm ~ at two  t e m p e r a t u r e s  (Cf. 
r uns  32, 24, 40, 21, 23, 41). The observed preessure ,  
Po~ var ies  wi th  a according  to the  fo l lowing equa -  
t ion  der ived  by  Motzfe ld t  (16) 

1 1 Woa 
- - -  - -  + -  [ 3 ]  
Pob~ Peq ~AP~q 

In  this  equa t ion  P~. is the e q u i l i b r i u m  pressure ,  a the  
accommodation coefficient; A the  sur face  area  of VC, 

Table I. Results for cells without orifice and containing VC 

W t  loss, 
R u n  No. Temp,  ~ Time,  h r  m g / h r  

26 2429 7.00 1.41 
27 2461 10.00 2.45 
28 2497 10.00 3.51 
29 2408 10.00 0.96 
30 2534 7.00 3.40 
31 2377 10.00 0.24 

Table II. Results for cells with orifice and containing VC 

Tota l  w t  W t  loss  f r o m  P farm) 
R u n  No. Temp ,  "K T i m e ,  sec  loss, m g  orifice, m g  • 10 5 

Orifice area a ~ 0.0071 cm ~, Wo ~ 0.75 
8 2482 16200 23.4 9.81 1.79 
9 2534 10800 26.1 11.53 3.19 

10 2377 18000 4.3 3.10 0.50 
11 2492 19800 31.9 13.20 1.97 
12 2398 21600 8.1 4.26 0.57 
13 2419 16200 10.1 5.06 0.91~ 
14 2440 21600 21.7 11.50 1.56 
15 2461 18700 24.3 11.56 1.82 
16 2398 14400 5.8 3.24 0.65 
17 2503 18000 29.4 10.75 1.77 
18 2524 14400 30.6 12.64 2.62 
19 2545 9000 21.8 8.80 2.93 
20 2408 19800 9.9 4.62 0.68 
21 2513 14400 27.3 10.82 2.24 
22 2346 28800 5.2 3.60 0.36 
32 2429 32400 25.3 12.61 1.14 
33 2450 28800 29.7 13.70 1.30 

Orifice area a----0.0147 cm~,Wo~0.75  
23 2513 14400 38.0 21.52 2.15 
24 2429 28800 33.3 22.02 1.08 

Orifice area a----0.0212 c m ~ , W o : 0 . 7 5  
40 2429 28800 42.10 30.81 1.05 
41 2513 28800 93.60 60.65 2.10 
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Fig. 2. Effect of orifice size on observed pressure of V(g). Limits 
shown by ~ is obtained from Standard Deviation in AH ~ for 
reaction [1 ] .  

Wo a n d  a a r e  t he  s ame  quan t i t i e s  as before .  W h e n  
the  orifice a r ea  is p lo t t ed  vs.  1/Po~ as in Fig .  2, e x -  
t r a p o l a t i o n  to a ---- 0 y i e ld s  1 /P~ .  The  s lope  is v e r y  
s m a l l  and  w e l l  w i t h i n  e x p e r i m e n t a l  e r ro r s  showing  
t h a t  v i r t u a l  e q u i l i b r i u m  p r e v a i l e d  in a l l  t h e  cells.  

T h e r m o d y n a m i c  ca lcu la t ions  a r e  s u m m a r i z e d  in  
Tab le  III .  The  t h i r d  co lumn  is c a l c u l a t e d  f r o m  P~ in 
Tab le  I I  s u b s t i t u t e d  in  AF ~ = - - R T  In P~. The  f o u r t h  
co lumn is o b t a i n e d  b y  the  i n t e r p o l a t i o n  of the  change  
in f r ee  e n e r g y  func t ion  for  r e a c t i o n  [1] ,  - -  z~[ ( F  ~ - -  
H%~.~) /T] ,  whose  va lues  a r e  37.013, 36.931, 36.843, 
and  36.762 at  2300 ~ 2400 ~ 2500 ~ and  2600~ r e -  
spec t ive ly .  These  va lue s  a r e  o b t a i n e d  b y  us ing  - -  
(F  ~ --  H%~.,~)/T for  g r a p h i t e  f rom J A N A F  I n t e r i m  
T h e r m o c h e m i c a l  Tab les  (17) ,  for  V ( g )  f rom S tu l l  
and  S i n k e  (18) ,  and  for  VC (c) c o m p u t e d  f r o m  

F~ -- H% .... H~ -- H~ i'~ Co, 
T -- T S~ ) -:~ dT 

298.1S T 

b y  us ing  S~ f rom K e l l e y  (19) and  his  r e c o m -  

Table III. Thermodynamic calculations 

AFr  ~ * 

Run No, T, ~ T Afef~s.1~'~ AH~s.]5 

8 2482 21.725 --36.859 145,405 
9 2534 20.576 --36.815 145,429 

10 2377 24.265 --36.950 145,508 
11 2492 21.528 --36.850 145,478 
12 2398 23.987 --36.933 145,870 
13 2419 23.065 --36.914 145,089 
14 2440 21 .996  --36.896 143,696 
15 2461 21.691 --36.877 144,136 
16 2398 23.724 --36.933 145,455 
17 2503 21.742 --36.841 146,633 
18 2524 20.969 --36.824 145,870 
19 2545 20.746 --36.807 146,472 
20 2408 23.648 --36.924 145,857 
21 2513 21.282 --36.832 146,405 
22 2346 24.916 --36.975 145,196 
23 2513 21.362 --36.832 146,242 
24 2429 22.727 --36.905 144,846 
32 2429 22.623 --36.905 144,594 
33 2450 22.216 --36.887 144,802 
40 2429 22.787 --36.887 144,948 
41 2513 21.407 --36.832 146,355 

Average :  145,442 
S t anda rd  dev: 778 

cal. 

* C o m p u t e d  f r o m  t h e  l a s t  c o l u m n  i n  T a b l e  I I .  
% Zlfef: c h a n g e  in  f r e e  e n e r g y  f u n c t i o n .  

m e n d e d  equa t ions  (20) for  H ~ - -  H~ .... and  C~ and  
r e p r e s e n t i n g  K i n g ' s  d a t a  (21) w i t h i n  0.4% in t he  
r a n g e  of 300-1700~ The  r e su l t s  in t he  t h i r d  c o l u m n  
a re  r e l a t e d  to those  in t he  f o u r t h  b y  t h e  i d e n t i t y  

( F~176 ) ~F~ .... 

T T T 

f rom w h i c h  t h e  l as t  co lumn,  t he  h e a t  of r e a c t i o n  a t  
25~ is ca lcu la ted .  The  a v e r a g e  v a l u e  of a H ~  for  
r e a c t i o n  [1]  is t h e r e f o r e  145,442 cal  w i t h  a s t a n d a r d  
d e v i a t i o n  of 778 and  a m a x i m u m  d e v i a t i o n  of 1746 
cal.  The  p r o b a b l e  e r r o r  in  hH~ is o b t a i n e d  in t he  
fo l lowing  m a n n e r .  A n  u n l i k e l y  e r r o r  of 10% in 
we igh ing ,  i.e., n e a r l y  1 m g  in mos t  cases, w o u l d  cause  
an  e r r o r  of +-- 0.5 kca l  in •176 bu t  an  e r r o r  of 
___ 10~ in t e m p e r a t u r e  m e a s u r e m e n t s  w o u l d  cause  
a b o u t  --+ 2.1 kca l  of e r ro r .  A s s u m i n g  t h a t  t he  f r ee  
e n e r g y  func t ions  c o n t r i b u t e  an  a d d i t i o n a l  e r r o r  of 
--+ 0.4 kcal ,  l e ads  to AH~ ---- 145.4 ----- 3.0 kca l  for  
r e a c t i o n  [1]  or  Z~H~ ---- 145.0 --+ 3.0 kcal .  C o m b i n a t i o n  
of hH~.15 w i th  ~H~ = 122.72 cal for  t he  h e a t  of 
s u b l i m a t i o n  of p u r e  v a n a d i u m ,  o b t a i n e d  b y  E d w a r d s ,  
Johns ton ,  and  B l a c k b u r n  (22) y ie lds  AHf~ = 
--22.7 ---+ 5.0 kca l  for  the  s t a n d a r d  h e a t  of f o r m a t i o n  
of v a n a d i u m  carb ide ,  or  ~H~ ---- --22.5 r+ 5.0 kcal .  
This  v a l u e  is o b t a i n e d  b y  s u b t r a c t i n g  two  l a r g e  
va lues  and  m a y  be sub j e c t  to l a r g e r  u n e x p e c t e d  
c u m u l a t i v e  e r ro r s  t h a n  t h a t  i n d i c a t e d  a r b i t r a r i l y  as 
5 kca l ;  hence ,  a d d i t i o n a l  d a t a  on ~/_/o]~.~ b y  o t h e r  
me thods  w o u l d  be des i r ab le .  I t  m a y  be noted ,  h o w -  
ever ,  t ha t  th is  is t he  on ly  v a l u e  for  t he  hea t  of f o r -  
m a t i o n  of VC w h i c h  is b a s e d  on e x p e r i m e n t a l  da ta .  
Es t ima te s  f rom the  pe r iod i c  l a w  c o r r e l a t i n g  AH~ 
w i t h  the  a tomic  n u m b e r s  of me ta l s  a g r e e  we l l  w i t h  
t he  fo r ego ing  resu l t .  Thus,  if i t  is a s s u m e d  t h a t  
M-/~ for  TiO~, VOw, and  CrO~ fo l lows  the  s ame  
p a t t e r n  as TiC, VC, and  CrC, AH~ for  VC is f o u n d  
to b6 --23.6 kcal ,  whe reas ,  if the  va lue s  of AH~ 
for  TiN and  VN a re  a s s u m e d  to be  r e l a t e d  to each  
o t h e r  in  the  s a m e  w a y  as those  for  TiC a n d  VC, AH~ 
for  VC becomes  --22.2 kca l  in a g r e e m e n t  w i t h  t he  
a u t h o r s '  resu l t .  O t h e r  such  e s t ima te s  a r e  15 kca l  (4)  
a n d  20 k c a l  (3 ) .  

The  e x p e r i m e n t a l  d a t a  m a y  be  r e p r e s e n t e d  b y  

30,700 
log  Pv ( a t m )  - -  + 7.63 

T 

in t he  r a n g e  of 2400 ~ +_ 200~ w h e r e  i t  is a s s u m e d  
t h a t  ~_/o a n d  a S  ~ a r e  i n d e p e n d e n t  of t e m p e r a t u r e  
and  equa l  to AH%~ and  •176 

A c k n o w l e d g m e n t s  

This  p a p e r  is based  on a thes is  s u b m i t t e d  b y  Sh i ro  
F u j i s h i r o  to t he  F a c u l t y  of Sc iences  of  K y o t o  Un i -  
v e r s i t y  in p a r t i a l  fu l f i l lmen t  of t he  r e q u i r e m e n t s  for  
t he  d e g r e e  of Doc to r  of Ph i losophy .  The  e x p e r i m e n -  
t a l  w o r k  was  c o m p l e t e d  at  the  U n i v e r s i t y  of P e n n -  
s y l v a n i a  in P h i l a d e l p h i a  u n d e r  the  ausp ices  of t he  
U. S. A t o m i c  E n e r g y  Commiss ion ,  C o n t r a c t  A T  
(30-1)  1976. The  m a n u s c r i p t  was  p r e p a r e d  at  A e r o -  
space  Corpo ra t i on ,  E1 Segundo ,  Calif .  w h e r e  t h e  ca l -  
cu la t ions  w e r e  checked  b y  E i l een  A. Math ias .  

Manuscr ip t  received Jan.  15, 1962. This paper  was 
p repa red  for  de l ive ry  before  the  Los Angeles  Meeting, 
May 6-10, 1962. 
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1963 JOURNAL. 
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Pressure-Temperature-Composition Relationships of the 
Yttrium-Hydrogen System 

C. E. Lundin and J. P. Blackledge 
Denver  Research Inst i tute,  Universi ty  of Denver,  Denver,  Colorado 

ABSTRACT 

Pressure- tempera ture-composi t ion  studies of the y t t r ium-hydrogen  system 
were made in the temperature  range 900~176 and the pressure range 1-760 
mm Hg. The existence of a y t t r ium-sol id-solu t ion  phase and a y t t r ium-hydr ide  
phase, which approaches YH~ in  composition, was established. These phases 
occur over a range of composition and are separated by a two-phase region at 
in termediate  hydrogen compositions. The calculated heat of reaction of the di-  
hydride phase from the saturated solid solution is hH ~- -44 .42  • 0.40 kcal /  
mole H_~, and the entropy of reaction is aS ~ --27.07 • 0.30 cal /mole H2 �9 degree. 
Par t ia l  molal  heats and entropies of solution of hydrogen in the single phases 
are also presented. The na ture  of the solubili ty relationships in the y t t r i um-  
hydrogen system below 900~ was studied at atmospheric pressure. The exist- 
ence of a stable t r ihydride phase was established below approximately 300~ 
and 1 atm pressure. The solubili ty relationships of the y t t r ium-hydrogen  sys- 
tem were developed from the pressure- temperature-composi t ion relationships 
and from x- ray  diffraction analysis and metallographic examination.  X- ray  
diffraction s tructural  analysis of y t t r ium metal, the dihydride and t r ihydride 
phases gave the following structures and x - ray  densities: 

Yt t r ium metal  YH~ 
Hexagonal close-packed Face-centered cubic 
a,, = 5.750 • 0.001A ao ~ 5.201 • 0.001A 
c~ = 3.654 • 0.001A p = 4.293 g/cc 
p ~ 4.440 g/cc 

YH, 
Hexagonal 
ao = 3.674 • 0.001 
co = 6.599 • 0.001A 
p = 3.958 g/cc 

Y t t r i u m  me ta l  is a t r ans i t i on  me ta l  in  subgroup  
I I I - A  inc luded  wi th  scandium,  l a n t h a n u m ,  the  
l an than ides ,  and  ac t in ium.  Because of s imi la r  p rop -  
er t ies  and  occur rence  in  na tu re ,  y t t r i u m  is gen -  
e ra l ly  associated wi th  the  r a r e - e a r t h  metals .  In  
general ,  the meta l s  in  this  subgroup  as wel l  as some 
act in ide  meta l s  for which  h y d r i d i n g  data  are ava i l -  
able  (1-5)  fo rm both  d i -  and  t r i - h y d r i d e  compo-  
sit ions. Therefore ,  one wou ld  su rmise  tha t  y t t r i u m  

forms a s imi la r  type  of hyd r i de  system. Being 
prac t ica l ly  n o n e x i s t e n t  in  fo rm and  p u r i t y  u n t i l  
recent ly ,  ve ry  l i t t le  was k n o w n  of the  var ious  
proper t ies  of y t t r i u m  metal .  Therefore ,  the  l i t e r a -  
tu re  does no t  p rov ide  a ny  i n f o r m a t i o n  conce rn ing  
the  h y d r i d i n g  character is t ics  of y t t r i u m  metal .  The 
objec t ive  of the research  p r o g r a m  descr ibed in  this 
paper  is to d e t e r m i n e  fu l ly  the h i g h - t e m p e r a t u r e  
phase equ i l ib r i a  p resen ted  by  the  y t t r i u m - h y d r o -  
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gen system and to establ ish some of the associated 
the rmodynamic  data  of solutions of hydrogen  in 
y t t r ium.  

E x p e r i m e n t a l  P r o c e d u r e  

The appara tus  used for the hydr id ing  work  is a 
modified Sieverts '  appara tus .  Essent ia l ly  it consists 
of a source of pure  hydrogen,  a precision gas -meas -  
ur ing buret ,  a heated react ion unit,  and a mercury  
manometer  for pressure  measurement .  Pu re  hyd ro -  
gen is obtained from the the rmal  decomposit ion of 
u ran ium hydride.  A 100-ml precision gas bure t  
g radua ted  to 0.1 ml divisions is used to measure  
and admit  to the react ion chamber  the quant i ty  of 
hydrogen  gas desired to react  wi th  the meta l  sam-  
ple. The react ion uni t  consists of a Globar  tube 
furnace sur rounding two concentric mul l i te  reac-  
t ion tubes. The Globar  furnace is control led with  
a L&N Speedomax G t empera tu r e  recorder -con-  
t ro l le r  in conjunct ion with  a Claud S. Gordon X -  
actline. The sample t empe ra tu r e  is measured  in-  
dependent ly  wi th  a L&N precision poten t iometer  
and a P t / P t - R h  (13%) thermocouple.  The t e m pe r -  
a ture  was control led wi thin  _ 2~ The inner  re -  
action chamber  contains the specimen to be reacted.  
The outer  chamber  is isolated from the inner  
chamber,  but  ma in ta ined  at  the same pa r t i a l  p res -  
sure of hydrogen to prevent  hydrogen loss or air  
contaminat ion due to permeat ion  through the mul l -  
ite. A mercury  manometer  is used to measure  the  
pa r t i a l  pressure  of gas in equi l ib r ium wi th  the 
specimen. Pressures  were  measured  to approx i -  
ma te ly  • 0.5 mm Hg. 

The technique used to s tudy the equi l ibr ium pres -  
su re - t empera tu re -compos i t ion  re la t ionships  of the 
y t t r i u m - h y d r o g e n  sys tem was to develop exper i -  
menta l ly  a fami ly  of i so thermal  curves of composi-  
t ion vs. pressure.  The range of pressure  through 
which each isotherm was developed was f rom 1 mm 
to a tmospher ic  pressure.  Isotherms were  es tabl ished 
at each 50~ in te rva l  in the t empera tu re  range  f rom 
900 ~ to 1350~ 

The y t t r i um specimens used were  f rom ~/2 to lg  in 
weight,  cut into rec tangu la r  shapes f rom a rc -me l t ed  
buttons.  Analys i s  of impur i t ies  of the  y t t r i u m  meta l  
showed tha t  zirconium and oxygen were  the pr inc i -  
pa l  impur i t ies  at  0.57% and 0.32%, respect ively.  
The surface of each specimen was p repa red  by  filing 
with  a clean, mil l  file. The chamber  was flushed with 
hydrogen and evacuated  several  t imes pr ior  to each 
run.  The t empe ra tu r e  of the  in i t ia l ly  evacuated  
chamber  was then a t ta ined  and held constant. Meas-  
ured quanti t ies  of hydrogen  gas were  repe t i t ive ly  
admi t ted  to the chamber.  Af te r  each admission, t ime 
was a l lowed for equi l ibr ium. Equi l ib r ium was con- 
s idered complete af ter  the pressure  became con- 
stant.  Calculat ion of the quan t i ty  of gas absorbed in 
the meta l  af ter  each admission of gas was done by  
knowing the system volume which de te rmined  the 
amount  of hydrogen in the gas phase. Subt rac t ing  
this quant i ty  f rom the total  gas admi t ted  gave the 
quan t i ty  of gas in the  metal.  The indiv idual  equi-  
l ib r ium pressures  were  recorded vs. the calculated 
amount  of gas absorbed for each respect ive pressure.  
The isotherm was t raced unt i l  a tmospher ic  pressure  

was reached. A tota l  of 244 da ta  points was obtained 
using this procedure .  

Addi t iona l  da ta  on the y t t r i u m - h y d r o g e n  system 
were  obtained below 900 ~ down to 100~ However,  
these da ta  were  not obta ined as isotherms of equi-  
l ib r ium par t i a l  pressures  vs. composition. The equi-  
l ib r ium par t i a l  pressures  below 900~ for composi-  
t ions less than  the u l t imate  hydr ides  were  less than 
1 mm of Hg; therefore  measurements  could not be 
made wi th  the manometer  ( the YH~-YI-L region be-  
ing excepted) .  The data  were  obtained in the form 
of the u l t imate  equi l ib r ium compositions a t ta ined  
at a tmospher ic  pressure  of hydrogen  at  each of the 
desired t empera tu re  levels:  800 ~ 700 ~ 600% 500 ~ 
400 ~ 300 ~ and 200~ 

The x - r a y  diffraction data  were  obtained with  a 
Norelco unit  in conjunct ion with  a w ide -ang le  di f -  
f ractometer .  Al l  samples for x - r a y  analysis  were  
p repared  in the modified Siever ts '  apparatus ,  a l low-  
ing the specimen to absorb the  quan t i ty  of gas re -  
qui red to br ing it to the requi red  composition. Sam-  
ples immedia te ly  below u in composition were  
easily crushed wi thout  causing cold work.  Samples  
be tween YH, and YH~ were  powder  as hydr ided ,  and 
needed no fur ther  prepara t ion .  The samples in the 
y t t r i u m - r i c h  region were  not amenable  to crushing. 
Therefore,  massive f ine-grained samples of y t t r i um 
meta l  were  used for hydr id ing  to the requi red  com- 
posit ion pr ior  to x - r a y  diffraction analysis.  

Representa t ive  s t ructures  of me ta l -gas  samples 
were  examined  meta l lograph ica l ly  to ver i fy  the sol- 
ubi l i ty  re la t ionships  de te rmined  f rom the isotherms. 
S tandard  meta l lographic  techniques were  used with 
one exception. Cold-mount ing  plast ic  was used to 
mount  the specimens to p reven t  loss of hydrogen.  
The etchant  used was 42 ml H~PO4, 47 ml glycerine,  
and 11 ml 2-e thoxyethanol .  

R e s u l t s  a n d  D i s c u s s i o n  

The hydr id ing  character is t ics  of y t t r i um  are s imi-  
lar  to the heavy ra re  earths.  In general ,  a d ihydr ide  
and t r ihydr ide  phase are formed, the t r i hydr ide  
phase being stable only at lower  tempera tures .  The 
d ihydr ide  s t ruc ture  is face-centered  cubic, and the 
t r i hydr ide  is hexagonal  c lose-packed,  exhibi t ing 

I 000  /13so*r . . _ _  

I~OO'C 
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.-J 
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I I I I I I I I J L I I ] I I I I f l 
.O 0.5 I,(3 1.5 2.0 

HYDROGEN TO YTTRIUM ATOM RATIO (H/Y) 

Fig. 1. Isothermal curves of equilibrium partial pressure vs. com- 
position for the yttrium-hydrogen system. 
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i somorph i sm wi th  the comparab le  s t ruc tu res  in  the  
heavy  r a r e - e a r t h  series. 

The  reg ion  of t e m p e r a t u r e s  f rom 900 ~ to 1350~ 
in  the y t t r i u m - h y d r o g e n  sys tem was of p r i m a r y  
concern  in  this s tudy.  To d e t e r m i n e  the  t h e r m a l -  
s tab i l i ty  character is t ics  in  this  t e m p e r a t u r e  region  
and  at pa r t i a l  pressures  up  to 1 a tm  of hydrogen ,  
the  p r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n  re la t ionsh ips  
were  de te rmined .  The data  were  developed as a 
series of i so therms at 50~ in te rva ls .  The f ami ly  of 
i so therms is p re sen ted  in  Fig. 1. 

By  app ly ing  phase  ru le  theory  to the series of 
curves,  th ree  d is t inc t  regions of pa r t i a l  p ressure  
and  hyd rogen  composi t ion  de l inea te  the  so lubi l i ty  
re la t ionsh ips  in  the complete  r ange  of hyd r ided  y t -  
t r ium.  In  the  first region,  as hyd rogen  is added to 
the  u n r e a c t e d  metal ,  the  pa r t i a l  p ressure  and  com- 
posi t ion both  increase  up  to a cer ta in  value.  The ex-  
t en t  of this  rise indica tes  the  l imi t  of solid so lubi l i ty  
of in t e r s t i t i a l  h y d r o g e n  in  y t t r i u m .  Thus,  a s ingle  
homogeneous  phase exists  in confo rmi ty  wi th  the  
phase ru le  which  predicts  tha t  on ly  one phase can 
exist  for b i v a r i a n t  condit ions.  

In  the  d i lu te  reg ion  of hyd rogen  composi t ion of 
the  y t t r i u m  solid solut ion,  a log- log plot  of each iso- 
t h e r m  y ie lded  s t ra igh t  l ines w i th  a slope of essen-  
t i a l ly  2. This va lue  indicates  tha t  S iever t ' s  l aw is 
followed, which  states tha t  the so lubi l i ty  of h y d r o -  
gen in  y t t r i u m  is p ropor t iona l  to the  square  root of 
molecu la r  hyd rogen  pressure.  The i so therm slopes 
were  cons tan t  up to 0.3 H / Y  a tom rat io at which  
poin t  they  began  to dev ia te  upward .  

The second region  consists of a series of p la teaus  
of e q u i l i b r i u m  pa r t i a l  pressure .  Here,  the  sys tem is 
reduced  to a u n i v a r i a n t  sys tem wi th  p ressure  con-  
s tant .  Thus,  a two-phase  field exists  where  inc reas -  
ing a m o u n t s  of the  second phase  fo rm as the  h y d r o -  
gen con ten t  increases.  

The th i rd  region  is s imi la r  to the first w h e r e i n  the 
p ressure  and  composi t ion rise r a the r  r ap id ly  f rom 
each p la teau .  This end  of the p l a t eau  represen t s  the  
me ta l  r ich so lubi l i ty  l imi t  for the  second phase. 
Again ,  b i v a r i a n t  condi t ions  predic t  a single,  homo-  
geneous  phase  region  which  exists  over a r ange  of 
composit ion.  In  this  case the phase  is the hydr ide  
phase. In  the h igher  t e m p e r a t u r e  regions  this phase 
is comprised of a hydrogen-de f i c i en t  YH~ lattice.  
The u l t i m a t e  composi t ion  approached  at  1 a tm pres -  
sure  as the  t e m p e r a t u r e  decreases toward  900~ is 
a p p r o x i m a t e l y  the s to ichiometr ic  ratio,  YH_o. 

Table I. Solubility boundaries for yttrium solid solution and 
the yttrium-hydride phase 

S o l u b i l i t y  of H~ S o l u b i l i t y  of Y 
I s o t h e r m  t emp ,  ~ i n  Y (H/Y) in  YH2-~ (H/Y) 

1300 0.63 0.91 
1250 0.62 0.93 
1200 0.61 0.96 
1150 0.60 0.97 
1100 0.59 0.98 
1050 0.58 1.00 
1000 0.57 1.03 
950 0.56 1.07 
900 0.55 1.09 

TEMPERATURE,~ 
1300 1200 I I00 I000 900 

I 0 0 0 ~  I i ~ , ! [ I ] 

~) 0.6o ~./0 z , 6~o ~o ~,~o ~o / o ~ (H/Y) RATIO 

z I00 ~'~o 

i' I 

9.O 
RECIPROCAL TEMPERATURE (I/T xlO 4) 

Fig. 2. Fami ly  of  isopleths of the y t t r ium-hydrogen system as a 
function of equilibrium partial pressure and reciprocal temperature. 

Table  I p resen t s  the composi t ion  of the  so lubi l i ty  
bounda r i e s  v s .  t e m p e r a t u r e  b e t w e e n  the  two single 
phases and  the  t w o- pha se  region  separa t ing  them.  

F r o m  the e x p e r i m e n t a l  data ,  ano the r  plot  of the  
l oga r i t hm of e q u i l i b r i u m  pa r t i a l  p ressure  v s .  r e -  
ciprocal  t e m p e r a t u r e  was p r epa red  for a f ami ly  of 
isopleths ( cons tan t  composi t ion) .  The  poin ts  of each 
isopleth fell on a s t ra igh t  l ine  as expressed by  the  
equat ion,  

loglo p ( m m  Hg)  = --  A / T  § B 

Figure  2 presen ts  the f ami ly  of isopleths.  The compo-  
s i t ions are p r e sen t ed  as the  h y d r o g e n - t o - y t t r i u m  
a tom ratio,  v a r y i n g  in  0.10 increments .  The s ing le -  
phase  y t t r i u m  solid solut ion is r ep resen ted  by  the  
isopleths f rom 0.20 to about  0.60 H / Y  a tom ratio.  The  
pa r t i a l  p ressure  p la teaus  are r ep resen ted  by  a series 
of isopleths which  super impose  on one ano the r  as 
one l ine  in  the  p l a ne  of the  page w h e r e i n  the  com- 
posi t ion ranges  f rom about  0.60 to 1.00 H / Y  atom 
ratio. The hydr ide  phase  is r ep resen ted  by  the iso- 
p le ths  f rom abou t  1.00 to 1.90 H / Y  a tom ratio.  The 
cons tants  A and  B for each isopleth composi t ion level  
were  d e t e r m i n e d  by  a l eas t - squa res  t r e a t m e n t  of the  
data.  The s t a n d a r d  devia t ions  were  also calculated.  
Table  II  p resen ts  the e q u i l i b r i u m  dissociat ion pres -  

Table II. Equilibrium dissociation pressure equations for the 
yttrium-hydrogen system* 

C o n s t a n t s  in  loglo p ~ - -  A / T  + B 
A t o m i c  ra t io  

(H/Y) A B 

0.20 
0.30 
0.40 
0.50 
0.60 

0.70-0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 

8,285 
8,676 
8,684 
8,615 
8 250 
9 709 

10 690 
10 870 
11 190 
11 450 
11 710 
12 050 
12 460 
12 600 
12,910 
14,190 

• 240 6.50 • 0.17 
• 150 7.10 ___ 0.10 
• 139 7.50 __+ 0.10 
• 134 7.74 • 0.10 
• 122 7.77 • 0.08 
• 43 8.80 • 0.03 
• 100 9.53 • 0.07 
• 78 9.76 • 0.06 
• 104 10.09 • 0.07 
_ 96 10.39 • 0.07 
• 139 10.69 • 0.10 
• 122 11.07 • 0.09 
_ 161 11.53 • 0.10 
• 113 11.79 • 0.09 
• 296 12.28 • 0.23 
• 122 13.78 • 0.10 

* I n  t he  t e m p e r a t u r e  r ange  g00~176 
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Table Ilk Thermodynamic data for a series of yttrium-hydrogen Table IV. Summary of x-ray diffraction data 
compositions* 

X-ray  
Lat t ice density, 

Composition -AS ,  cal /mole  Sample  St ruc ture  parameters  g/cc 
(H/Y) -- AI~, kca l /mole  H~ H~.degree 

0.20 
0.30 
0.40 
0.50 
0.60 

0.70-0.90 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 

Y Hexagonal-close ao = 3.654A 4.440 
37.90 _ 1.11 16.56 • 0.75 packed co = 5.7501A 
39.69 +_ 0.70 19.64 _ 0.46 YH0~ HCP -]- FCC 
39.73 _ 0.64 21.15 _ 0.46 YH,~o HCP -t- FCC 
39.41 ___ 0.62 22.24 +_ 0.44 YHI~o HCP + FCC 
37.74 -4- 0.56 22.38 +_ 0.38 YH,,5 FCC 
44.42 -4- 0.40 27.07 -4- 0.30 Y H 2 o 0  Face-centered ao = 5.201A 4.293 
48.91 + 0.46 30.42 _4- 0.32 cubic 
49.74 +_ 0.36 31.46 ___ 0.26 YH~o FCC + H 
51.21 _+ 0.48 32.99 -4- 0.34 YH2~o FCC -}- H 
52.38 • 0.44 34.34 __+ 0.32 YH~o FCC + H 
53.56 _+ 0.64 35.71 -4- 0.48 YH~o FCC -]- H 
55.13 -4- 0.56 36.46 _ 0.42 YH2~o FCC + H 
57.01 _ 0.74 39.58 -4- 0.58 YH~o Hexagonal  ao = 3.674A 3.958 
57.63 • 0.52 40.77 _ 0.40 co = 6.599A 
59.08 • 1.35 42.98 • 1.05 
64.94 • 0.46 49.87 _+ 0.46 

Meta l lograph ic  e x a m i n a t i o n s  of s t ruc tu res  of r e p -  
r e sen ta t ive  composi t ions  were  made  in  the  y t t r i u m -  
hyd rogen  sys tem except  in  the  case of composi t ions  
above YH~, w he r e  the  m a t e r i a l  became powdered.  

The s t ruc tu res  of these  samples  conf i rmed the  
so lubi l i ty  re la t ionsh ips  as deduced f rom the p res -  
s u r e - t e m p e r a t u r e - c o m p o s i t i o n  re la t ionships .  

* I n  the t em pe ra t u r e  range  900~176 

sure  equa t ions  for the y t t r i u m - h y d r o g e n  system. 
F r o m  these equa t ions  the  pa r t i a l  mola l  en t ropies  can 
be ca lcula ted  for each of the isopleths in  e i ther  
s ing le -phase  reg ion  by  employ ing  the  G i b b s - H e l m -  
holtz and  v a n ' t  Hoff equat ions .  These t h e r m o d y n a m i c  
da ta  are p resen ted  in  Table  III. The va lues  at  the  
p l a t eau  of e q u i l i b r i u m  pa r t i a l  p ressure  m a y  be con-  
s idered the  hea t  of react ion,  --44.42 -4- 0.40 k c a l / m o l e  
H_., and  the  en t ropy  of react ion,  --27.07 -- 0.30 ca l /  
mole  H~ �9 degree,  of the  hydr ide  phase  f rom the sa tu -  
r a ted  y t t r i u m  solid solut ion.  

I n a s m u c h  as the h i g h - t e m p e r a t u r e  s tudies  i nd i -  
cated the  exis tence  of only  a d ihydr ide  phase,  it was 
felt  necessa ry  to su rvey  the  l o w - t e m p e r a t u r e  reg ion  
for a possible t r i hyd r ide  phase. The approach  to the  
s tudy  in  the  lower  t e m p e r a t u r e  region  was di f ferent  
f rom tha t  of the  h i g h - t e m p e r a t u r e  region.  The s tudy  
was conducted  at a tmospher ic  p ressure  of hydrogen .  
Spec imens  were  hyd r ided  to the i r  l i m i t i n g  equ i l ib -  
r i u m  composit ions.  The fo rma t ion  of the t r i hyd r ide  
phase  was found  to occur b e t w e e n  room t e m p e r a t u r e  
and  s l ight ly  above 300~ W h e n  the  t r i hyd r ide  is 
formed f rom the  mass ive  d ihydr ide ,  the  spec imen  is 
reduced  to a ve ry  fine powder .  The  ra te  of f o r ma t i on  
and  decomposi t ion  of t r i h y d r i d e  as the  t e m p e r a t u r e  
is cycled above and  be low the  cr i t ical  t e m p e r a t u r e  is 
rapid.  

The r ange  of so lubi l i ty  of the  i n d i v i d u a l  d ihydr ide  
and  t r i hyd r ide  phases n e a r  room t e m p e r a t u r e  ap-  
pears  to be r a the r  res t r ic ted.  X - r a y  diffract ion a na l -  
ysis of s t ruc tu res  i m m e d i a t e l y  be low and  above the  
YH~ composi t ion  were  made.  S ing l e -phase  s t ruc tu res  
were  seen at YH,.,5 and  YH .... T w o - p h a s e  s t ruc tu res  
were  seen at YH,.,o a n d  YH, .... A two-phase  s t ruc tu re  
was seen at  YH,~o wi th  s t rong  l ines of YH2 phase  sti l l  
evident .  A s ing le -phase  s t ruc tu re  was ob ta ined  at 
YH~oo. 

X - r a y  diffract ion ana lys i s  of the  l ine  pa t t e rn s  of 
the  y t t r i u m  metal ,  the  YH, phase,  the  YH~ phase, and  
specimens  wi th  i n t e r v e n i n g  composi t ions  confirm the 
so lubi l i ty  re la t ionsh ips  deduced  f rom the  t h e r m o -  
d y n a m i c  data.  The x - r a y  diffract ion da ta  are s u m -  
mar ized  in  Table  IV. 

Summary 
The y t t r i u m - h y d r o g e n  sys tem was s tudied  by  de-  

t e r m i n i n g  the  p r e s s u r e - t e m p e r a t u r e - c o m p o s i t i o n  re -  
la t ionships  and  the  r e su l t i ng  so lub i l i ty  re la t ionships .  
In  the h i g h - t e m p e r a t u r e  reg ion  of the system, a series 
of i so the rmal  curves  were  developed at  50~ i n t e r -  
vals  b e t w e e n  900 ~ and  1350~ The  u l t i m a t e  d ihy -  
dride,  YH~, was approached  in  composi t ion  as the  
t e m p e r a t u r e  of h y d r i d i n g  decreased t oward  900~ 

T h e r m o d y n a m i c  data  conce rn ing  the two s ing le -  
phase regions  and  the  t w o - p h a s e  region  were  ca lcu-  
la ted f rom the  e x p e r i m e n t a l  data.  In  the l o w - t e m -  
p e r a t u r e  region  of the  system,  the d ihyd r ide  was 
s table  down  to a p p r o x i m a t e l y  300~ and  1 a tm pres -  
sure.  At  a p p r o x i m a t e l y  300~ and  below, a s table  
t r i hyd r ide  phase was  found  to exist  at 1 a tm of h y -  
d rogen  pressure .  Meta l lographic  and  x - r a y  diffrac-  
t ion  analys is  da ta  are also p resen ted  to confirm the 
exis tence of the  so lub i l i ty  re la t ionsh ips  as deduced 
f rom the  t h e r m o d y n a m i c  data.  The  x - r a y  dif f ract ion 
data  of the s ingle  phase  s t ruc tu res  are p resen ted  be -  
low: 

Y t t r i u m  me ta l  YH~ YH8 

Hexagona l  F a c e - c e n t e r e d  H e xa gona l  
c lose-packed cubic 

a~ = 5.750A ao = 5.201A ao = 3.674A 
co = 3.654A p = 4.293 g/cc co = 6.599A 
p = 4.440 g/cc  p = 3.958 g/cc  
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Mercuric Halides as Molten Electrolytes: Physical Properties, 
Vibrational Spectra, Constitution, and Electrical Conductance 

George J. Janz and James D. E. Mclntyre 
Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 

ABSTRACT 

Densities,  viscosities, e lectr ical  conductances,  and Raman spect ra  for the 
mercur ic  halides, HgC12, HgBr~, and HgI2, are  r epor ted  f rom the mel t ing  points  
to the boil ing points. In contras t  to ionic fused salts, the energies of ac t ivat ion 
for e lect r ica l  conductance are  grea te r  than those for viscous flow. Evidence 
for  au tocomplex  fo rmat ion  is discussed. A model  for  these mol ten  e lect rolytes  is 
advanced in which the p r i m a r y  const i tuents  are  s imple molecules  together  wi th  
the complex  ionic species HgX § and HgX~-. The en t ropy  of fusion is shown to 
arise, in la rge  part ,  f rom an increase of ro ta t iona l  f reedom ra the r  than posi t ional  
randomizat ion,  and the cohesive in te rmolecu la r  forces are  of the dispers ion and 
mul t ipole  type  r a the r  than coulombic as in h igh ly  ionic melts.  The mechanisms 
of t r anspor t  processes for the solid and l iquid states of these salts  are discussed 
in the  l ight  of concepts cur ren t  for mol ten  electrolytes .  

C u r r e n t  s u r v e y s  (1 -3 )  show tha t ,  w h e r e a s  v e r y  ac -  
c u r a t e  v a l u e s  for  t h e  p h y s i c o c h e m i c a l  p r o p e r t i e s  and  
e l ec t r i ca l  conduc t ances  a r e  k n o w n  for  t h e  h a l i d e s  of 
t he  G r o u p  I and  G r o u p  I I A  e lements ,  v e r y  l i t t l e  
i n f o r m a t i o n  has  been  r e p o r t e d  for  the  G r o u p  I IB  
m e t a l  ha l ides .  The  p r o b l e m s  of t he  s t r u c t u r e  of t he  
m o l t e n  m e r c u r i c  ha l i de s  have  been  d i scussed  e l se -  
w h e r e  (4)  in de ta i l .  More  r e c e n t l y  t he  e l ec t r i ca l  
conduc tances  h a v e  been  r e p o r t e d  w i t h  a l i m i t e d  
i n t e r p r e t a t i o n  of t he  cons t i tu t ion  of th is  c lass  of 
m o l t e n  sa l t s  (5) .  T h e  p r e s e n t  c o m m u n i c a t i o n  r e -  
por t s  the  r e su l t s  of i nves t i ga t i ons  on the  dens i t ies ,  
viscosi t ies ,  e l ec t r i ca l  conduc tances ,  and  R a m a n  
s pec t r a  for  t he  m e r c u r i c  ha l ides  in  the  m o l t e n  
s ta te .  This  b r o a d  cross  sec t ion  of p r o p e r t i e s  is d i s -  
cussed  to deve lop  the  s t r u c t u r e  and  i n t e r a c t i o n s  in 
th is  class of m o l t e n  sal ts .  

Experimental 

The  t h r e e  m e r c u r i c  ha l ides ,  HgCL (mp.  277~ 
HgBr~ (mp.  238~ and  HgL (mp.  259~ r e a g e n t  
g r a d e  chemica ls ,  w e r e  d r i e d  u n d e r  v a c u u m  at  120 ~ 
and  tw ice  s u b l i m e d  t h r o u g h  a P y r e x  f r i t t e d  d i sk  
u n d e r  r e d u c e d  p re s su re ,  us ing  d r y  a rgon  as a c a r -  
r i e r  gas, p r i o r  to use. Because  of t he  r e l a t i v e l y  l ow 
m e l t i n g  po in t s  and  r e l a t i v e l y  s m a l l  l i qu id  s t a t e  
r a n g e  (27 ~ , 81 ~ , and  95~ r e spec t i ve ly ,  for  the  
ch lor ide ,  b r o m i d e ,  a n d  iod ide )  t h e  c o m p l e t e  r a n g e  
f rom the  m e l t i n g  po in t  to the  bo i l ing  po in t  cou ld  
be  i nves t i ga t ed ,  and  the  des ign  of the  va r i o us  a p -  
p a r a t i  was  s impl i f ied  s ince  P y r e x  glass  could  be 
used  t h r o u g h o u t .  H o w e v e r  the  h igh  s u b l i m a t i o n  and  

v a p o r  p r e s s u r e s  d i c t a t e d  the  use  of e x p e r i m e n t a l  
a s sembl i e s  fo r  e l e c t r i c a l  conduc tance ,  dens i ty ,  and  
viscos i ty ,  h e r m e t i c a l l y  sea l ed  u n d e r  va c uum.  The  
f u r n a c e  h a d  v i e w i n g  po r t s  for  o b s e r v a t i o n  of the  
m e l t s  d u r i n g  m e a s u r e m e n t s ;  at  300~ a 12 in. flat  
ho t  zone ( - -0 .15  ~ ) was  ga ined  us ing  a b a n k  of 
a u x i l i a r y  shun t s  and  res i s to r s  in  the  h e a t i n g  c i r -  
cuit .  T e m p e r a t u r e s  w e r e  m o n i t o r e d  w i t h  a ca l i -  
b r a t e d  P t - P t ,  10% Rh t h e r m o c o u p l e  and  an  e lec -  
t ron ic  r e c o r d i n g  d i f f e r e n t i a l  p o t e n t i o m e t r i c  c i rcu i t  
(6) .  T h e r e  fo l lows  a b r i e f  d e s c r i p t i o n  of the  sa l i en t  
f e a t u r e s  of the  a p p a r a t u s  and  t echn iques  used  for  
the  p r o p e r t y  m e a s u r e m e n t s  on these  h i g h l y  vo l a t i l e  
sa l ts  in the  m o l t e n  s ta te .  

Density.--The des ign  of  t he  d i l a t o m e t e r  and  l o a d -  
ing t ube  a s s e m b l y  is shown  in Fig.  1 ( a ) ;  t he  vo l -  
umes  of the  d i l a t o m e t e r  w e r e  c a l i b r a t e d  w i th  
m e r c u r y  at  r oom t e m p e r a t u r e .  M e a s u r i n g  p i p e t t e s  
(0.2 ml capacity) having a 1.6 mm capillary bore 

were used for the stems; the bulbs were of 3 ml 
capacity. A suitable quantity of the mercuric halide 
was weighed into the loading tube containing a frit- 

ted disk. This tube was then closed at the top, A, 
with a torch and sealed to the dilatometer, taking 

care to avoid moisture condensation at all steps. 

Residual traces of water vapor were removed by 

vacuum pumping before the assembly was her- 

metically sealed at B under vacuum. The unit was 

heated in an auxiliary furnace until the salt was 

molten. The vapor pressure of the salt in A served 

to force the melt through the Pyrex filter disk to 
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(a) (b) 
Fig. 1. Details of dilatometer and conductance cell and loading 

tubes for volatile molten salts. (a) Dilatometer assembly; A, sealed 
loading tube with salt over flitted disk; B, graduated stem (total 
vol. 3 ml); (b) conductance cell assembly; A, loading tube and 
flitted disk; B, platinum disk electrodes below reservoir com- 
partments; C, thermocouple well. 

fill t he  d i l a t o m e t e r ;  t he  l oad ing  t u b e  was  r e m o v e d  
a f t e r  th is  o p e r a t i o n  b y  sea l ing  at  C. The  d i l a t o m e -  
t e r  b u l b  was  s ea t ed  in a m e t a l  b lock  and  p l a c e d  
in  the  f u r n a c e  w i t h  t he  s t em c a r e f u l l y  a l i gne d  v e r -  
t i ca l ly .  The  men i sc i  w e r e  o b s e r v e d  t h r o u g h  the  
f u r n a c e  po r t s  w i t h  a c a t h e t o m e t e r .  On c o m p l e t i o n  
of the  m e a s u r e m e n t s ,  t he  w e i g h t  of t h e  sa l t  in t h e  
d i l a t o m e t e r  was  d e t e r m i n e d  b y  d i r ec t  we igh ing .  

Conductance.--The des ign  of the  conduc t ance  
cel l  used  for  m o l t e n  HgCL and  HgBr~ is i l l u s t r a t e d  
in Fig.  l ( b ) ,  the  p l a t i n u m  e l ec t rodes  (1.5 cm d i -  
a m e t e r )  be ing  spaced  to g ive  a cel l  cons t an t  of 0.17 
cm -1. F o r  t he  m o r e  h i g h l y  conduc t i ng  iodide ,  t he  
cel l  cons t an t  was  i nc r ea sed  to 17.6 c m  -~ b y  use  of a 
U - t u b e  to i n c r e a s e  t he  e l e c t r o d e  sepa ra t ion .  T h e  
p r o c e d u r e  for  cel l  f i l l ing was  s i m i l a r  to t h a t  j u s t  
d e s c r i b e d  for  the  d e n s i t y  m e a s u r e m e n t s .  The  r e s e r -  
vo i r  c h a m b e r s  p r o v i d e d  fo r  t h e r m a l  e x p a n s i o n  of 
t h e  me l t ,  a n d  a f t e r  an  e x p e r i m e n t  t he  cel l  w a s  i n -  
v e r t e d  to t r a n s f e r  t he  m o l t e n  sa l t s  f r o m  the  e lec -  
t r o d e  c h a m b e r  to the  r e s e r v o i r s  be fo re  sol idif icat ion.  
A h igh  p rec i s ion  conduc t ance  b r i d g e  of  a n e w  d e -  
s ign  (7)  was  used  for  these  m e a s u r e m e n t s ,  tes t  
f r equenc i e s  of 1, 2, 5, and  20 kc  be ing  used  to ga in  
t he  v a l u e  of the  p o l a r i z a t i o n - f r e e  v a l u e s  for  t he  
conduc t ances  b y  e x t r a p o l a t i o n  to inf in i te  f r equency .  

M e a s u r e m e n t s  of t he  s o l i d - s t a t e  e l ec t r i ca l  con-  
d u c t a n c e  w e r e  m a d e  in  a U - t u b e  t y p e  cel l  u s ing  a 
v a c u u m - t u b e  v o l t m e t e r  w i t h  an  l l - m e g o h m  i m -  
pedance .  The  change  of th is  p r o p e r t y  d u r i n g  the  
p rocess  of fus ion  was  also s tud i ed  in th is  m a n n e r .  

Viscosity.--The osc i l l a t ion  m e t h o d  (8, 9) is 
r e a d i l y  a d a p t e d  for  v e r y  v o l a t i l e  l iquids .  F o r  th is  
p u r p o s e  a P y r e x  sphere ,  4.6 cm d i a m e t e r ,  h a v i n g  a 
10-cm t u b u l a r  s tem, was  f i l led w i t h  t he  a p p r o p r i a t e  
m e r c u r i c  h a l i d e  us ing  the  s a m e  t e c h n i q u e  as for  
f i l l ing the  d i l a t o m e t e r s ;  the  top  of t he  s t em w a s  

f ina l ly  sea l ed  u n d e r  vacuum.  The  bu lb  was  c h u c k -  
m o u n t e d  on a s t a in less  s tee l  rod  w h i c h  e x t e n d e d  
f r o m  the  f u r n a c e  to t a k e  the  i n e r t i a  b a r  and  the  
to r s ion  h e a d  suspens ion .  The  v iscos i t ies  w e r e  d e -  
t e r m i n e d  f r o m  the  o b s e r v e d  l o g a r i t h m i c  d e c r e m e n t  
in  t he  d a m p i n g  of the  t o r s iona l  osc i l l a t ions  of t he  
P y r e x  sphe re s  f i l led w i t h  the  m o l t e n  hal ides .  A n g u -  
l a r  def lec t ions  over  a r a n g e  of 0.27-0.068 r a d i a n s  
w e r e  o b s e r v e d  b y  a t e l e s c o p e - s c a l e - m i r r o r  a s s e m -  
bly ,  each  d e t e r m i n a t i o n  i n v o l v i n g  100 swings  of 8-  
12 sec per iods .  Cor rec t ions  for  a i r - d a m p i n g  w e r e  
made .  T y p i c a l  va lue s  for  t he  l o g a r i t h m i c  d e c r e -  
m e n t s  a r e  0.00848 and  0.05275 for  t he  a i r - d a m p i n g  
and  the  t o t a l  d a m p i n g  effects,  r e s p e c t i v e l y  (HgL,  
314~ De ta i l s  for  the  ca l cu l a t i on  of abso lu t e  v i s -  
cosi t ies  f rom such d a t a  m a y  be found  in t he  w o r k  
of A n d r a d e  and  Chiong  (9) .  The  a b s o l u t e  v a l u e  
for  the  i n t e r n a l  r a d i u s  of t he  s p h e r e  was  d e t e r -  
m i n e d  b y  d i r ec t  w e i g h i n g  w i t h  w a t e r .  The  e x p e r i -  
m e n t a l  a s s e m b l y  and  t e c h n i q u e  w e r e  e v a l u a t e d  
us ing  w a t e r  as the  f luid in  t he  sphe re  at  r o o m  t e m -  
p e r a t u r e .  The  v i scos i ty  thus  found  d e v i a t e d  less  
t h a n  3% f rom the  accep t ed  va lue .  

Raman spectra.--The s p e c t r a  for  m o l t e n  HgCI_, 
and  HgBr~ w e r e  m e a s u r e d  in the  h i g h - t e m p e r a t u r e  
cel l  a s s e m b l y  and  e xc i t a t i on  source  for  t he  H i l g e r  
T y p e  E612 s p e c t r o m e t e r  in th is  l a b o r a t o r y  and  a re  
d e s c r i b e d  e l s e w h e r e  in de t a i l  (10) .  The  Hg 4358~k 
a n d  5461A l ines  w e r e  used  for  e xc i t a t i on  of the  
s p e c t r a  for  t he  co lor less  HgCL and  s t r a w - c o l o r e d  
HgBr.~ mel ts ,  r e spec t i ve ly .  The  s t u d y  of m e l t s  such 
as HgL ( r e d - b l a c k )  a w a i t s  t he  d e v e l o p m e n t  of 
R a m a n  sources  for  the  n e a r  i n f r a r e d  region .  

Results 

Density.--The dens i t i es  for  t he  t h r e e  m o l t e n  
m e r c u r i c  ha l i de s  w e r e  c a l c u l a t e d  a f t e r  m a k i n g  cor -  
r ec t ions  for  t he  t h e r m a l  e x p a n s i o n  of t h e  d i l a t o m e -  
t e r s  (ca. 0 .026%) and  a i r  b u o y a n c y ,  men i sc i  shapes ,  
and  w e i g h t  of sa l t  v a p o r  a b o v e  the  m e l t  ( n e g l i g i b l y  
s m a l l ) .  The  c o m p l e t e  l i q u i d - s t a t e  r a n g e s  for  t he  
t h r e e  ha l i de s  (HgC12, 27~ HgBr~, 81~ HgL,  95~ 
w e r e  i n v e s t i g a t e d  in 20-30 u n i f o r m l y  spaced  i n c r e -  
m e n t a l  steps.  The  a v e r a g e  d e v i a t i o n  f r o m  the  bes t  
s t r a i g h t  l ine  of t he  e m p i r i c a l  po in t s  was  one p a r t  in 
fou r  thousand .  The  l eas t  squa re s  equa t ions  for  t he  
dens i t i e s  thus  f o u n d  a re :  

HgCL:  

HgBr.,: 

HgL:  

d, : 5.1577 - -  2.8624 • 10-~t (277~176  

d, = 5 .8889- -3 .2331  • 10-~t (238~176  

d, --~ 6 .0603- -  3.2351 • 10~t (259~176  

The  p r e s e n t  v a l u e s  for  HgCL a re  1 % - 1 . 5 %  h i g h e r  
t h a n  the  v a l u e s  r e p o r t e d  b y  P r i d e a u x  (11) in 1910, 
w h e r e a s  t he  r e su l t s  for  HgBr~ and  H g L  a re  in  r e -  
m a r k a b l y  close a g r e e m e n t ,  t he  a v e r a g e  d e v i a t i o n  
be ing  less t h a n  0.1%. The  m o r e  r e c e n t  d a t a  for  
HgL  r e p o r t e d  by  P o l y a k o v  (12) ( b y  the  A r c h i m e -  
dean  p r i n c i p l e )  a p p e a r  a b o u t  1% too h igh  b y  c o m -  
par i son .  The  p rec i s ion  a t t a i n e d  in  the  p r e s e n t  w o r k  
is h i g h e r  t han  in t he  s tud ies  of P r i d e a u x  (11) and  
P o l y a k o v  (12) .  

Electrica~ conductance.--The m o l a r  conduc tances  
for  t he  t h r e e  m e r c u r i c  ha l i de s  a r e  s u m m a r i z e d  in 
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Table I. Molar electrical conductance of the molten 
mercuric halides 

(a) HgC12 (c) HgI2 
/~ • I0 3, ~ >< 10 3, 

o h m  -1 cm 2 ohi21-1 cm~ 
mole  -1 t ,  ~ m o l e  -1 

281.3 4.268 260.4 2,638 
289.5 4.490 260.7 2,633 
295.8 4.679 273.3 2,476 
301.9 4.839 282.5 2,394 

286.3 2,358 
(b) HgBr~ 293.2 2,283 

x I0 a, 
o h m - , c m  2 299.8 2,244 

t, ~ mo le  -1 303.0 2,207 
240.2 10.00 310.3 2,159 
247.I 10.86 318.2 2,096 
255.0 11.90 320.3 2,078 
257.8 12.20 329.0 2,042 
259.6 12.41 334.5 1,970 
265.1 13.23 343.8 1,896 
276.7 14.91 351.1 1,843 
289.8 16.83 364.2 1,747 
305.3 19.14 
315.4 20.60 

Tab le  I. The  m u c h  h i g h e r  c o n d u c t i v i t y  and  the  
n e g a t i v e  t e m p e r a t u r e  coefficient of conduc t ance  for  
HgI~ a r e  in  m a r k e d  c o n t r a s t  to HgCI~ and  HgBr~. 
C o m p a r i s o n  w i t h  the  e a r l i e r  and  l i m i t e d  r e su l t s  b y  
J a n d e r  and  B r o d e r s o n  (13) and  B e l y a e v  and  M i r o -  
nov (14) shows  t ha t  the  e a r l i e r  va lue s  a r e  in good 
a g r e e m e n t  for  the  b r o m i d e  n e a r  t he  f r eez ing  point ,  
bu t  t ha t  t he  conduc t i v i t i e s  of t he  ch lo r ide  a r e  
g r e a t e r  b y  a f ac to r  of 10. Reca l cu l a t i on  of t he  v a l -  
ues  of e l ec t r i ca l  c o n d u c t a n c e  for  t he  t h r e e  m e r c u r i c  
ha l ides  r e p o r t e d  mos t  r e c e n t l y  b y  Bockr is ,  Crook,  
Bloom,  a n d  R i c h a r d s  (5)  to  t h e  p r e s e n t  d e n s i t y  
r e su l t s  shows  t h a t  t he se  a r e  in  c lose  a g r e e m e n t  
( b e t t e r  t h a n  1 % )  for  the  b r o m i d e  and  iodide.  The  
conduc t ance  va lue s  for  the  ch lo r ide  thus  f o u n d  a re  
a b o u t  10% l o w e r  t h a n  the  r e su l t s  o b s e r v e d  at  
p resen t ,  mos t  p r o b a b l y  due  to t he  use  of a m o r e  
re f ined  s a m p l e  ( t r i p l y  s u b l i m e d )  b y  Bockr is ,  Crook,  
Bloom,  and  Richards .  The  t e m p e r a t u r e  d e p e n d e n c e  
of the  s o l i d - s t a t e  r e s i s t ance  in t he  process  of m e l t -  
ing is i l l u s t r a t e d  in Fig.  2, showing  a c h a r a c t e r i s -  

I0 
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Fig. 2 .  Resistance change on fusion of the mercuric halides. 
0 . . .  0 . . . ,  HgCI2; . . . . . . .  �9 �9 HgBr2; �9 �9 , Hgl2. 
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Table II. (a) Activation energy for electrical conductance 

kca l  mo le  -1 HgC12 HgBr2 HgI~ 

AE~(soHd) 13.0 22.5 25.7 
A _ _  

AE~( .. . .  ,d) 6.15" 6.2 4.6 --3.00 
/~EA (11 qu i d) 6 .49  * 6 .5  4 .9  --2.48 

(b) Activation energy for viscosity and vaporization energy 

kca l  mo le  -1 HgC12 HgBre HgI2 

AE~ 3.4~ 3.5~ 4.58 
~E~,r(%)$ 12.9, 12.72 13.02 

~E~/~E,.,, 3.76 3.59 2.8, 

* Va lues  c a l c u l a t e d  f r o m  c o n d u c t a n c e  da t a  fo r  t r i p l y  s u b l i m e d  
HgC12 (6) a f t e r  co r r ec t ion  to p r e s e n t  dens i t y  resul t s .  

$ Va lues  c a l c u l a t e d  f r o m  the  l a t e n t  hea t s  of v a p o r i z a t i o n  (15). 

tically large increase in electrical conductance for 
the three mercuric halides at this point of phase 
change. The electrical conductances for the liquid 
state could be expressed by the Arrhenius-type ex- 
ponential rate equation: 

(K, A) : A(~.~)e-~E(~, A)/RT 

w i t h i n  t he  p rec i s ion  of the  r e su l t s ;  for  HgBr~, AE 
showed  a m a r k e d  t e m p e r a t u r e  dependence .  The  
va lue s  thus  found  for  t he  ene rg i e s  of ac t i va t i on  a re  
s u m m a r i z e d  in Tab le  I I ( a ) ;  two  va lues  a r e  l i s t ed  
for  HgBr~ a t  the  l o w e r  and  u p p e r  e x t r e m e s  for  t he  
l i qu id  s ta te  of th is  sal t .  The  u n u s u a l  n e g a t i v e  t e m -  
p e r a t u r e  coefficient of c o n d u c t a n c e  for  I-IgI~ is r e -  
f lected in  the  n e g a t i v e  v a l u e s  for  AE. 

Viscosity.--In T a b l e  I I I  a r e  l i s t ed  the  v iscos i t ies  
for  HgCL and  HgL f rom this  w o r k  and  the  r e su l t s  
for  HgBr~ of J a n d e r  and  B r o d e r s o n  (13) for  con-  
s is tency.  The  r e su l t s  f i t ted  a s imp le  A r r h e n i u s - t y p e  
r a t e  e xp re s s ion  we l l  w i t h i n  t he  p rec i s ion  of t he  
m e a s u r e m e n t s .  The  a c t i v a t i o n  ene rg ie s  thus  f o u n d  
for  v iscous  flow a re  g iven  in Tab le  I I ( b ) ,  t o g e t h e r  
w i t h  the  ene rg ie s  of v a p o r i z a t i o n  w h i c h  w e r e  ca l -  
c u l a t e d  f rom the  hea t  of v a p o r i z a t i o n  d a t a  r e p o r t e d  
e l s e w h e r e  (15) .  

Vibrational spectra.--The R a m a n  shi f t s  found  in 
the  p r e s e n t  s t u d y  w e r e :  

HgCL:  313 cm -1 (vs)  (p : 0.7) ; 

382 cm -1 ( w )  (p ---- 0.6) 

HgBr~: 206 cm -1 (vs)  ; 271 cm -1 (w)  

w h e r e  the  i n t ens i t i e s  a r e  i n d i c a t e d  as v e r y  s t rong  
(vs)  and  w e a k  (w)  and  t h e  d e p o l a r i z a t i o n  r a t i o  
for  t he  c h l o r i d e  (p) was  also ga ined .  P o l a r i z a t i o n  

Table III. Viscosity of the molten mercuric halides 

(a) HgCI2 (b) HgBr2 (e) HgI~ 
t, ~ ~/, po ise  t, *C 7/, po ise  t, ~ 7/, poise  

280.8 0.01768 255 0.02155 268.4 0.02669 
287.0 0.01738 265 0.02052 292.4 0.02244 
292.1 0.01694 275 0.01913 314.0 0.01995 
298.9 0.01600 334.2 0.01715 
306.1 0.01543 358.1 0.01458 
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Table IV. Vibrational spectra and frequency assignments for the mercuric halides 
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~1, c m  - I  p2, c m - i  N3, c m  - I  

(i) HgC1, 

Gas 
Solution (H~O) 
Solution (CIGOH) 
Solution (C~H~OH) 
Solution (ethyl 

acetate) 
Liquid (molten) 
Solid (crystal) 

(ii) HgBr~ 

Gas 
Liquid (molten) 

(iii) HgL 

Gas 
Solution (C~H~OH) 

(16) 310 (17) 355 (R) 
(17) 320 (R) 
(17) 320 (20) 319 (R) 
(17) 331 (R) 

(18) 70 (calc'd) (uv) 

332 (R) 
(16, 17) 314 * 313 (R) (16) (2v2) 377 (17) 376 * 382 (R) 

(16) 314 (20, 21) 312 (R) (16) (2v,) 378 (20, 21) 381 (22) 377 (R) 

(17) 195 * 206 (R) 

(17) 155 (R) 
(17) 150 (R) 

* ( 2 ~ )  271 

(19) 413 (ir) 

(18) 293 (ir) 

(19) 237 (Jr) 

* P r e s e n t  i n v e s t i g a t i o n .  

measurements  were  not possible for HgBr~ owing 
to the much weaker  in tensi ty  of the 5461 cm -1 Hg 
exci ta t ion line. The Raman,  infrared,  u l t rav io le t  
spectra  (16-22) and v ib ra t iona l  assignments  are 
summarized  in Table IV. Based on a molecular  
l inear  t r ia tomic  model, it  is apparen t  that  of the 
three  fundamen ta l  v ibra t iona l  modes, only ~ is 
Raman active, the remain ing  two, v2 and ,,, being 
in f ra red  active. The evidence for a l inear  t r ia tomic  
species in the  gas phase and solid phase, rev iewed 
elsewhere in detai l  (4),  leaves l i t t le  doubt  tha t  the  
configuration of the mercur ic  hal ides is l inear.  The 
assignment  of the Raman-ac t ive  mode, vl, for the 
gas, molten,  and solid states (Table  IV) leaves 
nothing to be desired. The two values repor ted  for 
the gas phase, 310 (16) and 355 ern -~ (17), are not in 
close agreement ,  and there  is need for addi t ional  
work  to resolve this. For  nonpolar  substances of 
re la t ive ly  simple s t ruc ture  it is known tha t  the  
Raman shifts are  re la t ive ly  insensi t ive to the 
change of the s ta te  of aggregat ion,  a max imu m  de-  
viat ion of 3% having  been recent ly  repor ted  by 
S tammre ich  and Forner i s  (23) for gaseous and 
l iquid Br_.. The value  of vl for the gaseous s tate  
based on the ear l ier  s tudy (17) appears  high by 
this cri terion.  The weak  Raman  frequencies,  at 
377-381 cm -1 for  the chloride and at 271 cm -1 for 
the bromide,  which have been noted by  various in-  
vest igators  as well  as in the present  study, are 
assigned as an over tone of the Raman forbidden 
fundamenta l ,  ~, in the condensed state, a l though 
an a l te rna te  ass ignment  to the forbidden funda-  
mental ,  v3, assuming a b reakdown  in the selection 
rules, has also been advanced (22). In HgCIBr, ~, 
is no longer  Raman forbidden;  this fundamenta l  
has been recent ly  observed (24) at 139 cm -1 in 
this molecule in the condensed state. This is strong 
suppor t  for  the present  ass ignment  of the above 
weak  Raman l ine in the  chloride and bromide  as 
2v... The calcula ted value  for v2 based on u l t rav io le t  
spectra l  da ta  in the gas phase seems improbab ly  
low. Addi t iona l  measurements  for the gaseous 

spectra  of these inorganic salts are requi red  to re -  
solve the uncer ta in t ies  in the assignments  for the  
vapor  phase spectra  of the mercur ic  halides. 

While no visible and u l t rav io le t  absorpt ion 
spectra  have been repor ted  for the molten mer -  
curic halides, some informat ion  on the na ture  of 
the bonding can be gained (25, 26) f rom the color 
changes observed qual i ta t ively .  The samples of 
mercur ic  chloride remain  a clear  and colorless 
l iquid when heated in the  sealed cells from 279~ 
(mel t ing point)  to 535~ (normal  bp 304~ 
Mercuric bromide changes from colorless to pale 
yel low on fusion, and as the  t empera tu re  is in-  
creased, the color intensifies unt i l  it is an orange 
l iquid in the sealed cell at 385~ (normal  bp 
320~ Mercuric iodide changes f rom an orange-  
colored solid to a clear  deep red  l iquid at the mel t -  
ing point  and, as the normal  boiling point  (354~ 
is approached,  becomes nea r ly  black. Al l  these color 
changes were reproducib le  and reversible .  The 
coloration of the solid and l iquid mercur ic  hal ides 
undoubted ly  re la tes  to the pe r tu rba t ion  of the pa r -  
t ia l  covalent  bonds, Hg *- X, by neares t  neighbors 
in the condensed states. A quant i t a t ive  s tudy of 
the absorpt ion spectra  for the molten mercur ic  
hal ides would contr ibute  to the de te rmina t ion  of 
the mechanism of the  exci ton t ransi t ions and the 
iden t i ty  of the pe r tu rbed  species; the preceding 
observat ions  never theless  give addi t ional  support  
to the "molecular"  na ture  of the molten mercur ic  
halides. 

Discussion 
It  is of in teres t  to examine  the s t ructure  and in-  

teract ions of the mercur ic  hal ides in the molten 
state in l ight  of the preceding physicochemical  
propert ies.  I t  is apparen t  that  the v ibra t iona l  spec- 
t ra  for these mol ten  salts are unders tood on a model  
for the molten salts  in which the p r i m a r y  const i tu-  
ents are l i nea r - symmet r i ca l  t r ia tomic  molecules;  
no spectral  l ines corresponding to anionic species 
such as H g X j  and H g X j  ~ were  found; never theless  
the finite, if but  small,  e lectr ical  conduct ivi t ies  of 
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these salts indicate  tha t  ionic species due to self-  
ionization in the molten state cannot be ru led  out. 

The the rmal  expansion coefficients for the molten 
mercur ic  hal ides HgCL, HgBr~, and HgL at corre-  
sponding t empera tu res  T ( T =  1.10Tin) are 6.81, 
6.52, and 6.40 deg -~, respect ively.  These values are 
two to three  t imes g rea te r  than  those for the ionic 
halides of the Group IA and Group I IA meta l  
cations, but  are less than those for typical  nonpolar  
liquids, e.g., A, O~, C H,. The cohesive forces in mer -  
curic hal ide melts  are thus weaker  than  the coulom- 
bic forces in s imple ionic melts,  but  are grea te r  in 
s t rength than the London dispersion forces opera-  
t ive in pure ly  nonpolar  liquids. Some polar  charac-  
ter  is thus apparen t  in the HgX~ species in the 
molten state for these salts, and the physical  p rop-  
ert ies would be governed la rge ly  by  dispersion and 
mult ipole  forces ra the r  than the coulombic in te r -  
actions of ionic melts,  viz., molten KC1. 

Some insight  of the const i tut ion of the l iquid 
state can be gained f rom the en t ropy  of fusion. 
Ubbelohde (27) has classified the pr incipal  mechan-  
isms responsible  for the increase of randomizat ion  
on mel t ing as follows: (i) increase in v ibra t iona l  
en t ropy due to looser packing and a consequent 
decrease of character is t ic  frequencies in the melt ;  
(ii) increase of or ienta t ional  randomizat ion  due to 
the marked  reduct ion of repuls ion bar r ie r s  accom- 
panying  the expansion in volume on melt ing;  (ii i)  
increase in posi t ional  disorder,  giving rise to the 
communal  en t ropy  term;  (iv) randomizat ion  of the 
in te rna l  configuration of molecules or ions conta in-  
ing flexible groups; and (v) changes of association 
or chemical  bonding on melting. The ent ropy of 
fusion for the mercur ic  halides, assuming l inear  
t r ia tomic  molecules as the p redominan t  species, may  
be calcula ted fol lowing the s tat is t ical  t he rmody-  
namic t r ea tmen t  of Hirschfelder ,  Stevenson, and 
Eyr ing (28) for the fusion of l inear  molecules as- 
suming tha t  the molecules can only l ibra te  in the 
solid and tha t  the onset of f ree  ro ta t ion  occurs at  
the mel t ing point. I t  can be read i ly  shown in this 
t r ea tmen t  that  the contr ibut ion of the l ib ra t iona l  
motion to the  ent ropy in the solid state is given by  

2R ( k T )  AS.~ = In ~ + 1 

and that of the free molecular rotational term in 

the molten state by the expression: 

8 =qkT 
AS~ot=R l n ~  +i 

where  the symbols R, I, k, and h have thei r  con- 
vent ional  significance, v is the l ib ra t iona l  f requency,  
and the symmet ry  number ,  ~, is in t roduced to ac- 
count for the ident ical  molecular  configurations. 
The resul ts  of this calculat ion are summarized  in 
Table V. The lat t ice oscillations for the mercur ic  
hal ides have not been determined,  but  the l i b ra -  
t ional  frequencies would be predic ted  to be some- 
wha t  less than  the value,  50 cm -~, for CL, Br~, and 
L used by  Hirschfelder ,  Stevenson, and Eyr ing  
(28) because of the grea ter  coupling interact ions 

Table V. Entropies of fusion of the mercuric halides 

h~ ASr ASr 
- -  ASl ib ,  I • l0  ss, ASrot, ASeomm, (calc.) (obs.) 

Sa l t  k T  e.u. g cm2 e.u. e.u. e.u. e.u. 

HgCL 0.1039 13.0 6.20 18.6 2.0 7.6 7.5 
HgBr~ 0.1126 12.6 15 .39  20.3 2.0 9.7 8.4 
tIgL 0.1086 12.8 28.3 21.5 2.0 10.7 8.6 

among the mercur ic  hal ide molecules;  an average 
f requency of 40 cm -1 was assumed for the  present  
calculations. Comparison with  the observed en- 
tropies of fusion (4),  also l isted in Table V, shows 
that  there  is qua l i t a t ive ly  good agreement  wi th  the 
theore t ica l ly  predic ted  results;  it follows that  for 
the mercur ic  hal ides the pr inc ipa l  contr ibut ion to 
the en t ropy  of fusion thus arises f rom "rota t ional  
melt ing."  If significance may  be a t tached to the 
fact that  ASrtheor > ASrohs for each of the  three  mer -  
curic hal ides (Table  V),  it  is apparen t  tha t  a modi-  
fied form of the ro ta t ional  par t i t ion  function, to 
al low for the fact  that ,  at  the mel t ing point, not 
all  molecules are able to ro ta te  s imul taneous ly  in 
the melt,  but  that  groups of molecules undergo a 
form of h indered  rota t ion in the liquid, should be 
in t roduced in this t rea tment .  In the absence of 
knowledge of the exact  values of the  l ib ra t iona l  
frequencies,  it  is not possible to in t roduce  this re -  
f inement at present .  

Transport properties.--The rat ios n ---- AE,.ap/AE, 
[Table  I I ( b ) ]  for the mercur ic  hal ides are near  
3.5. Ewell  and Eyr ing  (29) have noted that  there  
is a r e la t ive ly  sharp separa t ion  into two classes of 
mo lecu la r - type  l iquids wi th  n = 3 and n = 4. The 
l iquids for which n = 3 have approx ima te ly  spher-  
ical fields of force (e.g., A, CH4, CCI,, N~, CO . . .) 
the  other group of l iquids wi th  n = 4 (e.g., CoHo, 
C~HJ, CS~, C~H, . . . )  are not of spher ical  symmet ry  
and most of them are "polar ."  For  polar  or e lon-  
gated molecules, p re fe r red  or ienta t ions  are possible 
and a smal ler  fract ion of the energy of vapor izat ion 
(i.e., the energy requi red  to form a hole of molec-  
u lar  size) is appa ren t ly  sufficient for the flow proc-  
ess to occur. 

The low values of AE~ (Table  I I ( b ) )  are under -  
stood if these l iquids are not associated or "ne t -  
work"  l iquids;  the units of viscous flow are k ine t i -  
cal ly free molecular  species. 

The low electr ical  conductivi t ies  of the molten 
mercur ic  hal ides would indicate  tha t  these salts 
are s l ight ly  dissociated to ionic species; the order 
of decreasing conductance, iodide > bromide  > 
chloride, undoubted ly  reflects the re la t ive  degrees 
of dissociation. An es t imate  of the degree of disso- 
ciation, a, of e lectrolytes  which obey Walden ' s  rule  
(AT = constant)  is possible using Greenwood and 
Mart in ' s  (30) equation:  

100 
where  ~ is the molar  conduct ivi ty  and ~ the viscos- 

ity.~ 
1 F o r  c o v a l e n t  mel t s ,  w h i c h  are  only  s l i g h t l y  d i s soc i a t ed  and  fo r  

w h i c h  the  v i s c o s i t y  is p r i m a r i l y  d e t e r m i n e d  b y  u n d i s s o c i a t e d  molec -  
u l a r  species,  t h e  s i m p l e  f o r m  of  t h e  W a l d e n  p r o d u c t  s h o u l d  be  used  
e v e n  t h o u g h  AE~/AE a ~ 1 ;  fo r  ionic  mel t s ,  ~ . ~ / m  as p roposed  by  

G r e e n w o o d  and  M a r t i n  (30) e l s e w h e r e  s h o u l d  be  u sed  i n  e s t ima te s  
of  a.  
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Table VI. Degree of dissociation of some molten inorganic salts 

t ,  ~  
S a l t  R e a l  m o l e  -1 k c a l  m o l e  -1 m t  tz, o h m  -x c m  2 m o l e  -x ~/, c p  a 

HgCL 279 (rap) 6.2 3.4 0.55 1.95 X 10 ~ 1.79 3.5 X 10 -~ 
304 (bp) 6.2 3.4 0.55 2.56 X 10-" 1.57 4.0 X 10 -5 

HgBr~ 238 (rnp) 6.5 3.6 0.55 0.979 X 10 -~ 2.38 2.3 X 104 
319 (bp) 4.9 3.6 0.73 2.11 • 10 -~ 1.55 3.3 X 10 -* 

HgI~ 256 (mp) --2.5 4.6 --1.8 2.63 2.96 7.8 • 10 -~ 
354 (bp) --2.5 4.6 --1.8 1.35 1.51 2.0 • 10 -: 

KBr 836* 3.4 7.9 2.3 109 1.29 1.225 
CdCL 652* 2.1 4.0 1.9 117 2.03 1.715 
AgNO, 259* 3.1 3.1 1.0 38.2 3.56 1.365 

* T = 1 . 1 0  Tt. 
m = A E n / A E  A. 

$ H i g h l y  i o n i z e d  m o l t e n  s a l t s ,  i . e . ,  t h e  v a l u e s  f o r  t h e s e  s a l t s  i n d i c a t e  t h a t  t h e  e s t i m a t e s  a r e  m o r e  q u a l i t a t i v e  t h a n  q u a n t i t a t i v e  i n  s i g n i f i -  
c a n c e  s i n c e  f o r  a c o m p l e t e l y  i o n i z e d  s a l t  a h a s  a m a x i m u m  v a l u e  o f  o f  1.0.  

In  cova len t  mel ts  which  are only  s l ight ly  disso- 
ciated, viscosi ty is d e t e r m i n e d  p r i m a r i l y  by  u n d i s -  
sociated molecules  r a t h e r  t h a n  by  ionic species. 
The  molecules  m a y  be cons idered  as cons t i tu t ing  
a solvent  m e d i u m  in  which  the ions are dissolved 
and  wi th  which  they  are  in  dynamic  e q u i l i b r i u m  
wi th  respect  to the  process of ionizat ion.  These 
mel t s  m a y  the re fo re  be cons idered  as d i lu te  elec- 
t ro ly t ic  solut ions  and  m a y  be expected to obey 
Walden ' s  ru le  to the  ex ten t  to which  the  condi t ions  
for Stokes '  l aw are  appl icable .  Tab le  VI lists va lues  
of a ca lcu la ted  f rom the G r e e n w o o d - M a r t i n  e qua -  
t ion  for the  mo l t en  mercu r i c  ha l ides  at the i r  f reez-  
ing and  boi l ing  points .  The  va lue  a = 2 • 104 for 
HgBr.. is in  good qua l i t a t i ve  a g r e e m e n t  wi th  the  
va lue  f rom emf m e a s u r e m e n t s ,  a = 1 X 10 -~, re -  
por ted  e l sewhere  (13).  The ionic concen t ra t ions  in  
the pu re  mo l t en  mercu r i c  hal ides  at the  t e m p e r a -  
tures  of the i r  me l t i ng  poin ts  are:  5.5 X 10 -', 3.3 • 
10 -~, and  0.90 g ion 1 -~ for the  chloride,  b romide ,  a nd  
iodide, respect ively .  Es t imates  of a are i nc luded  as 
wel l  for some typica l  ionic salts at cor responding  
t e m p e r a t u r e s  T (T = 1.10 T~),  whe re  T is in  ~ 

A n  in t e r e s t i ng  f ea tu re  in  the  re la t ive  va lues  of 
AE, and  AEx is that ,  in  direct  cont ras t  to ionic fused 
salts, AE~ < AE, for the  mo l t en  mercu r i c  ha l ide  melts .  
An  e x p l a n a t i o n  for this a p p a r e n t  " a n o m a l y "  is seen 
on cr i t ical  e x a m i n a t i o n  of the  t e m p e r a t u r e  d e p e n d -  
ence of the  degree  of ionizat ion,  ~. 

In  the  absence of excess ha l ide  ions, X-, the  most  
p robab le  ent i t ies  in  these  mel ts  are HgX~ wi th  HgX + 
and  HgX~- ions at low concent ra t ion .  The co r respond-  
ing dissociat ion scheme is thus  

K~ 

2 HgX~ ~ HgX* + HgX.- 

The t e m p e r a t u r e  dependence  of this dissociat ion is 
of the  fo rm 

a = K Y  ~ = exp ( - -  A F J 2 R T )  = 
exp ( A S , / 2 R )  exp ( - - A H , / 2 R T )  

If AH, r e m a i n s  constant ,  a var ies  exponen t i a l l y  w i th  
t e m p e r a t u r e ,  and  no dev ia t ion  f rom l i nea r i t y  of the  
log A vs.  1 / T  plot  is p roduced  by  the chang ing  ionic 
concent ra t ion .  The empi r ica l  ac t iva t ion  ene rgy  for 
conductance ,  AEA, is now seen as a composi te  q u a n t i t y  

AEA = AH, /2  + AHA* := AH, /2  + AH~ + AH~ 

where  AH{ is the  hea t  of ionizat ion,  AH,r is the e n -  
tha lpy  of ac t iva t ion  for the mi g r a t i on  process, AH~ is 
the  hea t  of hole fo rmat ion ,  a n d  AHs is the  ene rgy  re -  
qu i r ed  to j u m p  over the  po ten t i a l  ba r r i e r  into the  
ad jacen t  hole. W h e n  AH, is ve ry  small ,  ion iza t ion  is 
v i r t u a l l y  complete,  and  ~ is insens i t ive  to t e m p e r a -  
t u r e  change.  For  salts such as the  a lka l i  halides,  
AH, : 0 since the salts are  comple te ly  ionic in  the  
c rys ta l l ine  state. A hea t  of ioniza t ion  t e r m  is thus  
not  observed in  the  empi r ica l  ac t iva t ion  ene rgy  for 
conduc tance  for most  mol t en  salts of the ionic type.  
For  s l ight ly  dissociated molecu la r  mel t s  such as the  
mercu r i c  halides,  however ,  AH, is appreciable .  I t  can 
be read i ly  shown  tha t  m o l t e n  salts tha t  are  essen-  
t i a l ly  cova len t  or molecu la r  wou ld  be expected to 
obey the  s imple  W a l d e n  rule.  I t  fol lows tha t  for the  
mercu r i c  hal ides  AH~ ~ H~t --- AE,. The difference of 
the e x p e r i m e n t a l  ac t iva t ion  energies  thus  gives an  
es t imate  for the heat  of ionizat ion,  i.e. 

1 
- -  A H ,  = ( a E .  - -  A E ~ )  
2 

The m e a s u r e d  va lues  of A and  AEA for the  poor ly  
conduc t ing  HgCL are e x t r e m e l y  sens i t ive  to t race  
a m o u n t s  of ionic impur i t i es ,  i.e., qui te  s imi la r  to sol-  
ven ts  such as water .  

The t e n d e n c y  for complex  fo rma t ion  in  the  sys-  
t ems  

HgX~- MX (X = C1, Br, I;  M = Na, K, NH,) 

in  the mo l t en  s ta te  and  the s tab i l i ty  of .complexes 
fo rmed  have  been  observed to increase  in  the  order  
I, Br, C1 (31).  This  order  is the  reverse  of tha t  found  
in  aqueous  solutions.  The most  charac ter i s t ic  com-  
pounds  in  the  hal ide  m i x t u r e s  were  2MX-HgX~ and  
MX'HgX~, cor responding  to the complex  an ions  
HgXZ and  HgX.c in  the melts.  

Values  of AE^ ob ta ined  in  the  p resen t  i nves t iga t ion  
l end  suppor t  to the  ex is tence  of au tocomplexes  in  the 
pu re  melts .  If, as proposed e l sewhere  (5) ,  the  d is -  
sociat ion scheme of the  mercu r i c  hal ides  is HgX~-~ 
HgX + + X-, a la rge  heat  of ionizat ion,  AH,, c ompa r -  
able  to the  ene rgy  of an  H g n X  bond,  should  be i n -  
c luded in  AE^. In  Table  VII  are l is ted va lues  of: the  
bond  dissociat ion energy,  D ( X - - H g X )  (32) ;  the  
bond  energy,  E (33) ; the gas phase  dissociat ion con-  
s tant ,  K~ (33) ;  and  the  hea t  of ionizat ion,  AH,; for 
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Table VII. Dissociation and ionization parameters for the 
mercuric halides at their boiling points 

D, E,  AH~, K~, 
S a l t  k c a l  m o l e  -1 k c a l  m o l e  -1 k c a l  m o l e  -1 m o l e  

HgCl~ 81 54 2.8 2.76 • 10 -~ 
HgBr~ 72 44 1.4 5.50 • 10 -~ 
HgL 60 35 --7.1 3.47 X 10 -6 

the  m e r c u r i c  ha l i de s  a t  t h e i r  r e s p e c t i v e  bo i l ing  poin ts .  
L a c k  of k n o w l e d g e  of i on iza t ion  po ten t i a l s ,  e l ec t ron  
affinit ies,  a n d  so lva t i on  ene rg i e s  p r e c l u d e s  an  a c c u -  
r a t e  e v a l u a t i o n  of AH, f rom the  B o r n - H a b e r  cycle.  I t  
is ev iden t ,  h o w e v e r ,  t h a t  ~H~ is v e r y  m u c h  less t h a n  
D and  E. This  s t r o n g l y  sugges t s  t h a t  i on iza t ion  in  t he  
m e l t  occurs  w i t h  t he  f o r m a t i o n  of c o m p l e x  anions ,  
e.g. 

2HgX~(1.)  -~ HgX+(1.)  + HgX~-(1.)  
o r  

3HgX~(1.)  ~ 2HgX+(1.)  + H g X 2 ( 1 . )  

S ince  no  ne t  H g - X  bonds  a r e  b r o k e n  in  such a p r o c -  
ess, t he  h e a t  of  c o m p l e x  an ion  f o r m a t i o n  shou ld  
l a r g e l y  cance l  t he  l a r g e  h e a t  of i on iza t ion  r e q u i r e d  
to p r o d u c e  f r ee  H g X  § and  X- ions. 

The  t e m p e r a t u r e  d e p e n d e n c e  of AE~ f o u n d  in m o l -  
t en  HgBr~ and  the  n e g a t i v e  t e m p e r a t u r e  coefficient  of 
e l ec t r i ca l  conduc t ance  for  HgI~ a re  a d d i t i o n a l  f ea -  
t u r e s  for  cons ide ra t ion .  The  t e m p e r a t u r e  d e p e n d e n c e  
of AE~ (HgBr~) m a y  be  a t t r i b u t e d ,  in  l a r g e  pa r t ,  to  a 
v a r i a t i o n  of ~H,  w i t h  t e m p e r a t u r e  [cf. H~O and  ace t ic  
ac id  (34) ], and  to t he  t h e r m a l  i n s t a b i l i t y  of t he  a u t o -  
c o m p l e x  ionic  species.  Tha t  t he  effect  is due  to t he  
dec rease  in ~Hj ( the  p a r t  of a c t i va t i on  e n e r g y  associ -  
a t ed  w i t h  the  " j u m p "  d i s p l a c e m e n t  in  the  m i g r a t i o n  
p rocess )  as has  been  sugges t ed  e l s e w h e r e  in ionic  
me l t s  (35) seems  m u c h  less p r o b a b l e  in  t he  m o l t e n  
m e r c u r i c  ha l i de s  s ince  i n t e r m o l e c u l a r  force  fields a r e  
much  w e a k e r  t h a n  the  i n t e r ion i c  force  f ields of h i g h l y  
ion ized  m o l t e n  e l ec t ro ly te s .  

The  changes  of r e s i s t ance  on fus ion  of t he  t h r e e  
sa l ts  a r e  i l l u s t r a t e d  in Fig .  2. A t  t h e i r  m e l t i n g  po in t s  
the  specific conduc t iv i t i e s  a r e  s t r i k i n g l y  s im i l a r  for  
the  solids,  ca. 10 ~ ohm -1 cm-L These  sal ts ,  a f t e r  fu -  
sion, have  inc reases  in specific e l ec t r i ca l  c o n d u c t i v i t y  
of 102-10 ̀  o h m  -~ cm- !  E lec t ron ic  conduc to r s  e x h i b i t  a 
dec rea se  in  c o n d u c t i v i t y  on fus ion  owing  to t he  i n -  
c reased  l a t t i ce  s c a t t e r i n g  of e l ec t rons  in  t he  c o n d u c -  
t ion  band,  The  m o l t e n  sa l t s  m a y  be  r e g a r d e d  as ionic  
conductors .  The  m a r k e d  c u r v a t u r e  in t he  log  R - -  
1/T  g r a p h  w h i c h  sets in ca. 25 ~ b e l o w  the  m e l t i n g  
p o i n t  in HgI~ is ev idence  of h o m o p h a s e  p r e m e l t i n g  b y  
onse t  of ionic  conduc tance .  S i m i l a r  b e h a v i o r  was  
no ted  in the  d i l a t o m e t r i c  m e a s u r e m e n t s  of the  change  
in v o l u m e  on fus ion  of HgI~. A d d i t i o n a l  s u p p o r t  for  
th is  v i e w  is f o u n d  in t h e  v a l u e  for  ~E o b t a i n e d  n e a r  
t he  m e l t i n g  point .  The  va lue ,  1.11 ev  mo le  -~ (25.7 
k c a l  mole-~), w e l l  w i t h i n  the  l imi t s  of e x p e r i m e n t a l  
e r r o r  ( •  5 % ) ,  is a lmos t  i d e n t i c a l l y  o n e - h a l f  t h e  
b a n d  gap,  2.13 ev, f r o m  Bube ' s  op toe l ec t r i c  m e a s -  
u r e m e n t s  (36) on sol id  HgI~. Ionic  conduc t ance  in t he  
sol id  s t a t e  is t hus  n e g l i g i b l y  s m a l l  un t i l  t he  m e l t i n g  
p o i n t  is a p p r o a c h e d .  The  v a l u e  of AE for  sol id  HgBr~ 
(0.95 ev)  is s i m i l a r  to t ha t  of HgI~, b u t  t h e  v a l u e  for  
so l id  HgCL~ (0.56 ev )  is n o t a b l y  less.  The  f o r m e r  t w o  

S e p t e m b e r  1962 

sa l t s  f o rm  l a y e r  l a t t i ces  of the  s ame  type ;  t he  ch lo -  
r ide  has  a s o m e w h a t  d i f fe ren t  p a c k i n g  in the  sol id  
s ta te .  

Bo th  the  ch lo r ide  and  b r o m i d e  h a v e  pos i t ive  t e m -  
p e r a t u r e  coefficients,  and  in accord  w i t h  the  c r i t e r ion ,  
i t  is a p p a r e n t  t h a t  ion  conduc t ance  p r e v a i l s  in these  
mel ts .  I t  was  o b s e r v e d  in t he  p r e s e n t  w o r k  t ha t  v i s i -  
b le  a m o u n t s  of iod ine  a p p e a r e d  a t  t he  anode  in an  
e l ec t ro lys i s  of m o l t e n  HgI~ a t  80 m a  for  s e v e r a l  hours .  
B e l y a e v  and  M i ronov  (14) h a v e  r e p o r t e d ,  in c o n t r a s t  
to aqueous  solut ions ,  the  i o d o m e r c u r a t e s  a r e  t h e  leas t  
s t ab l e  of t he  c o m p l e x  anions ,  HgX~- and  HgX2.  The  
dec rease  in e l ec t r i ca l  c o n d u c t a n c e  m a y  thus  a r i se  
f rom a r e t r o g r e s s i o n  of ion iza t ion  w i t h  i nc rea se  in 
t e m p e r a t u r e .  A poss ib le  i on iza t ion  scheme  for  the  
iod ide  is as fo l lows  

HgI~ ~ HgI  + + I- AH1 
and 

I- + HgI~ ~ HgL-  ~H~ 

or: 

2HgI~ ~ -  HgI  + + H g I c  AH~ 

The  t h e r m a l  i n s t a b i l i t y  of t he  species  HgI3- w o u l d  
r e p r e s s  t he  p r i m a r y  ion iza t ion  w i t h  i nc r e a s ing  t e m -  
p e r a t u r e .  F r o m  the  t e m p e r a t u r e  d e p e n d e n c e  of t he  
ion iza t ion  cons tan t ,  K~, i.e., ( ln  K J T ) p  = A H J R T  2, i t  
is seen  tha t ,  if AH~ is nega t ive ,  t he  e l ec t r i ca l  c o n d u c t -  
ance  w o u l d  dec rease  w i t h  an  i nc rea se  in t e m p e r a -  
ture .  A r ecen t  s t u d y  (37) of t he  e l ec t r i ca l  c o n d u c t -  
ance of t he  i n t e r h a l o g e n  compound ,  BrF~, has  shown  
a n e g a t i v e  t e m p e r a t u r e  coefficient.  This  has  been  a t -  
t r i b u t e d  to a r e p r e s s i o n  of t he  p r i m a r y  ion iza t ion  due  
to t he  t h e r m a l  i n s t a b i l i t y  of t he  species,  BrF~ and  
BrF4, m u c h  as a d v a n c e d  for  m o l t e n  m e r c u r i c  iod ide  
above .  Thus  w h i l e  t he  p o s s i b i l i t y  of some p a r t i a l  
e l ec t ron ic  conduc t ance  is no t  r u l e d  out  for  m o l t e n  
HgI2, t h e r e  is c h e m i c a l  ev idence  in  s t rong  s u p p o r t  for  
t he  v i ew  tha t  t he  conduc t ance  is p r e d o m i n a n t l y  ionic  
in th is  m o l t e n  e l ec t ro ly t e ,  as in mo l t en  HgCI~ and  
HgBr~. 

Acknowledgments 
Dr. Y. M i k a w a  and  Dr. D. W. James ,  of th is  l a b -  

o ra to ry ,  a re  t h a n k e d  for  h e l p f u l  d i scuss ions  and  
e x p e r i m e n t a l  a id  in the  R a m a n  s tud ies  of the  m o l t e n  
m e r c u r i c  ha l ides .  This  w o r k  was  m a d e  poss ib le  in 
l a rge  p a r t  b y  s u p p o r t  r e c e i v e d  f rom the  N a t i o n a l  
Sc ience  F o u n d a t i o n ,  W a s h i n g t o n ,  D. C., ( R a m a n  
S p e c t r o s c o p y  of Mol t en  Sa l t s )  and  the  U. S. A i r  
Force ,  Office of Scient i f ic  Resea rch ,  Wash ing ton ,  
D. C., ( P r o p e r t i e s  and  Cons t i t u t i on  of Mol t en  S a l t s ) .  

Manuscr ip t  received Feb.  6, 1962. Abs t rac ted  in par t  
f rom a thesis by  one of the authors  (J. D. E. McI.) in 
par t ia l  fulf i l lment  of the  requ i rements  for  the Ph.D. 
degree, R. P. I., J a n u a r y  1961. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June  1963 JOURNAL. 

REFERENCES 
1. G. J. Janz, C. Solomons, and H. J. Gardner ,  Chem. 

Revs., 58, 461 (1958). 
2. H. Bloom and J. O'M. Bockris,  "Modern Aspects  of 

Elect rochemist ry ,"  Vol. 2, Academic  Press  Inc., 
New York (1959). 

3. H. Bloom, Rev. Pure Appl. Chem., 9, 139 (1959). 
4. G. J. Janz and J. D. E. McIntyre ,  Ann. N. Y. Acad. 

Sci., 79, 790 (1960). 



Vol. 109, No. 9 M E R C U R I C  H A L I D E S  A S  M O L T E N  E L E C T R O L Y T E S  849 

5. J. O'M. Bockris,  E. H. Crook, H. Bloom, and N. E. 
Richards,  Proc. Roy. Soc., A255, 558 (1960). 

6. C. Solomons and G. J. Janz,  Anal. Chem., 31, 623 
(1959). 

7. G. J. Janz and J. D. E. McIntyre ,  This Journal, 108, 
272 (1961). 

8. J. O'M. Bockris,  J. L. White,  and J. D. MacKenzie,  
"Phys ico-Chemica l  Measurements  at  High Tem-  
pera ture , "  Chap. 15, p. 323, Academic  Press  Inc., 
New York  (1959). 

9. E. N. da C. Andrade  and Y. S. Chiong, Proc. Phys. 
Soc., 48, 247 (1936). 

10. G. J. Janz,  Y. Mikawa,  and D. W. James,  J. AppI. 
Spectroscopy, 15, 47 (1961). 

11. E. B. R. Pr ideaux ,  J. Chem. Soc., 97, 2032 (1910). 
12. V. D. Polyakov,  Akad. Nauk S.S.S.R., 26, 191 (1955). 
13. G. J ande r  and K. Broderson,  Angew. Chem., 62, 264 

(1950); Z. anorg. Chem., 264, 57, 76, 92 (1951). 
14. I. Be lyaev  and K. E. Mironov, Zhur. Obschei Khim., 

21, 1484 (1952) ; 22, 1529, 1734 (1952). 
15. "Selected Values  of Chemical  The rmodynamic  

Proper t ies ,"  Natl.  Bur. S tandards  Circ. 500, Wash-  
ington, D. C. (1952). 

16. K. V. K. Rao, Prec. Indian Acad. Sci., 14A, 521 
(1941). 

17. H. Braune  and G. Engelbrecht ,  Z. physik. Chem., 
B19, 303 (1932). 

18. W. K l e m p e r e r  and L. Lindeman,  J. Chem. Phys., 25, 
397 (1956). 

19. W. Klemperer ,  ibid., 25, 1066 (1956). 
20. W. Bues, Z. anorg, u. aIlgem. Chem., 279, 104 (1955). 

21. P. Kr i shnamur t i ,  Indian J. Phys., 5, 113 (1931) ; 6, 7 
(1931) ; Nature, 125, 892 (1931). 

22. E. K. Plyler ,  r epor ted  by  J. Duchesne and L. Bur -  
nell,  J. Chem. Phys., 19, 1191 (1951). 

23. H. S tammre ich  and J. Forner is ,  ibid., 22, 1624 
(1954). 

24. M. L. Delwaulle,  Compt. rend., 206, 1965 (1938). 
25. F. R. Bichowsky,  J. Am. Chem. Soc., 40, 500 (1918). 
26. K. S. P i tzer  and J. H. Hi ldebrand,  ibid., 63, 2472 

(1941). 
27. A. R. Ubbelohde,  Quart. Revs. (London), 4, 356 

(1950) ; Proc. Chem. Soc. (London), 1960, 332. 
28. J. Hirschfelder ,  D. Stevenson, and It.  Eyring,  J. 

Chem. Phys., 5, 896 (1937). 
29. R. H. Ewel l  and H. Eyring,  ibid., 5, 726 (1937). 
30. N. N. Greenwood and R. L. Mart in,  J. Chem. Soc., 

1953, 1427. 
31. S. Ahr land,  Acta Chem. Scand., 10, 723 (1956). 
32. M. Wehrl i ,  Helv. Phys. Acta, 10, 258 (1937) ; 13, 153 

(1940). 
33. H. Braune  and S. Knoke,  Z. physik. Chem., A152, 

409 (1931). 
34. H. S. Harned  and B. B. Owen, "Physica l  Chemis t ry  

of Elec t ro ly t ic  Solutions," 3rd ed., Reinhold  P u b -  
l ishing Corp., New York  (1957). 

35. I. S. Yaffe and E. R. Van Artsdalen ,  J. Phys. Chem., 
60, 1125 (1956). 

36. R. H. Bube, Phys. Rev., 106, 702 (1957). 
37. A. A. Banks, H. J. Emel6us, and A. A. Woolf, J. 

Chem. Soc., 1949, 2861. 

Rates of Electrode Processes by the Rotating Disk Method 
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ABSTRACT 

A ro ta t ing  disk electrode has been  appl ied  to the measuremen t  of the  
kinet ics  of fast  e lect rode reactions.  S t anda rd  exchange cu r ren t  densi t ies  up to 
about  10 a m p / c m V m o l e / l i t e r  have been obta ined for revers ib le  redox  systems 
by  ex t rapo la t ing  the measured  cur ren t  to infinite speed of ro ta t ion  in o rder  to 
e l iminate  diffusion polar izat ion.  

In  r e c e n t  y e a r s  i nc r ea s ing  use has  been  m a d e  of 
the  r o t a t i n g  d i sk  e l ec t rode  in d i f fus ion and  k ine t i c  
inves t iga t ions ,  m a i n l y  for  d e t e r m i n i n g  di f fus ion 
coefficients.  This  e l e c t r o d e  has  t h e  a d v a n t a g e  t h a t  
t h e r e  ex is t s  a p rec i se  t h e o r y  of convec t ive  d i f fus ion  
at  a r o t a t i n g  disk.  A c c o r d i n g  to L e v i c h  (1)  t h e  
d i f fus ion l a y e r  has  t he  s a m e  th i cknes s  over  t he  en -  
t i r e  a r e a  of a r o t a t i n g  d i sk  p r o v i d e d  edge  effects 
can  be  neg lec ted .  F o r  l a m i n a r  flow the  d i f fus ion  
l a y e r  t h i ckness  is g iven  b y  the  fo l lowing  func t ion  

8 = a D 1/~ #/~ ~o -~/~ [ 1 ] 

w h e r e  D is t he  d i f fus ion  coefficient  of t he  so lu te  
species  (cm ~ sec-1), v is the  k i n e m a t i c  v i scos i ty  of 
t he  so lu t ion  (cm 2 sec-1), o~ is t h e  a n g u l a r  v e l o c i t y  of 
the  d i sk  (sec-1), and  a is a f ac to r  w h i c h  equa l s  1.62 
acco rd ing  to Levich .  A c loser  a p p r o x i m a t i o n  (2)  
y i e lds  a --~ 1.805 [0.8934 -b 0.316 (D/~)~ 

A di f fus ion  con t ro l l ed  l i m i t i n g  c u r r e n t  d e n s i t y  is 
g iven  b y  

jl,m = nF D c/a [2]  

n F  be ing  the  n u m b e r  of cou lombs  p e r  mo le  t r a n s -  
f e r e d  a t  t he  e lec t rode ,  c be ing  the  b u l k  c o n c e n t r a -  
t ion  of t he  r e a c t i n g  species.  F r o m  m e a s u r e m e n t s  of  

l i m i t i n g  d i f fus ion  c u r r e n t s  t hus  t he  q u a n t i t y  D x c 
can  be  o b t a i n e d  w i t h  b e t t e r  p r e c i s i o n  as c o m p a r e d  
to v a l u e s  o b t a i n e d  w i t h  t he  d r o p p i n g  m e r c u r y  e lec -  
t rode .  

The  a p p l i c a t i o n  of the  r o t a t i n g  d i sk  m e t h o d  to t h e  
s t u d y  of c h e m i c a l  k ine t i c s  has  been  p r o p o s e d  b y  
K o u t e c k y  and  L e v i c h  (3) .  T h e y  h a v e  d e r i v e d  a 
f o r m u l a  con ta in ing  bo th  d i f fus ion  and  k ine t i c  p a -  
r a m e t e r s .  Thus ,  u n d e r  c e r t a i n  condi t ions ,  b y  m e a s u r -  
ing  c u r r e n t s  l i m i t e d  b y  di f fus ion and  c h e m i c a l  k i -  
ne t ics  as a func t ion  of t h e  r e v o l u t i o n  n u m b e r  of 
the  d i sk  and  b y  e x t r a p o l a t i n g  to ~ -> ~ ,  one can  
d e t e r m i n e  r a t e s  of c h e m i c a l  r e ac t i ons  p r e c e d i n g  t h e  
e l ec t ron  t r ans f e r .  This  has  been  d e m o n s t r a t e d  b y  
t h e  e v a l u a t i o n  of t he  d i s soc ia t ion  r a t e s  of w e a k  
ac ids  (4 ) .  

Electrode Kinetics and Mass Transfer 
The  c o m b i n e d  effects of mass  t r a n s f e r  and  e lec-  

t r o d e  k ine t i c s  a t  a convec t ion  e l e c t r o d e  w h i c h  h a v e  
a l r e a d y  been  s t u d i e d  b y  F r u m k i n  and  T e d o r a d s e  
(6)  for  the  ch lo r ine  e l ec t rode  w i l l  be  d e s c r i b e d  h e r e  
for  the  r e a c t i o n  

kr 
Ox q - n e - ~ R  

k~ 
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wi th  the a s sumpt ion  tha t  no preced ing  chemical  
reac t ion  occurs. The gene ra l  express ion  for the  cu r -  
r e n t  dens i ty  is 

j = nF (kr Co~ "=~ kb C~ ~=~ [3] 

where  k r and  kb are the fo rmal  ra te  cons tants  (5) 
for the  fo rwa rd  and  b a c k w a r d  electrode react ion,  
and  x is the  d is tance  f rom the  e lect rode surface.  The  
mass t r ans f e r  t h rough  the  diffusion layer  for the  
two r eac t i ng  species is 

COx x=~ - -  Cox x=~ 
j = nF Do~ 

~o~ 
and  

j = - -  nF D~ [4] 

8o. and  8~ be ing  the diffusion l aye r  th ickness  for the  
species Ox and  R, respect ively .  

In  the  case of a ro ta t ing  disk electrode us ing  
Levich ' s  equa t ion  (1) 8 can be w r i t t e n  in  the  fo rm 

8 = A /N /~  

where  A = a D '~" ~ Ca lcu la t ing  the  concen t ra t ions  
at  the  electrode surface  f rom the  b u l k  concen t r a -  
t ions one gets us ing  the  Eq. [4] 

A O x  

CoZ :~ = C o . "  . . . .  J ~ "  1 / x / ~  
nF Do. 

A ,  
c~ "-~ = c~: : :  + j -  �9 1 / ~ / : ,  [ 5 ]  

nF DR 

I n t roduc ing  the  re la t ions  [5] in to  Eq. [3] one 
read i ly  ob ta ins  

nF (kr Co. ~=~ - -  k~ c~ ~=~) 
j = o r  

kr Ao, kb A~ 
l + - - ~ - -  

D o ~ / ~  D~'V/~ 
1/j 

1 1 +  + 

nF (kr Co~ ~=| - -  kb c~ ~=~) Do~ D~ 
[6] 

This equa t ion  can be appl ied  to the  eva lua t i on  of 
k ine t ic  da ta  ( s t anda rd  exchange  c u r r e n t  dens i ty  jo, 
t r a n s i t i o n  coefficient a)  as follows: P l o t t i n g  1/j 
agains t  1 / ~ / ~  for cons tan t  va lues  of the  overvo l tage  
(6) one deduces  f rom the  slope and  the  o rd ina te  at 
oa ~ oo two equa t ions  for kt and  k~. 

F r o m  the  two ra te  cons tan ts  at  a g iven  electrode 
overvot tage  one can  ca lcula te  bo th  j~ and  a in  the  
usua l  w a y  

n F k r = j o e x p  - - ~  ~7 
RT 

( nF ) 
n F k ~ = j ~ e x p  ( 1 - - a ) ~ - ~  [7] 

We have  used Eq. [6] for the  d e t e r m i n a t i o n  of 
k ine t ic  da ta  of severa l  ve ry  fast  redox  systems.  We 
found  tha t  in  our  a r r a n g e m e n t  s t a n d a r d  exchange  
c u r r e n t  densi t ies  up  to n e a r l y  I0 a m p / c m ~ / m o l e /  
l i ter  could be measured .  This l imi t  is caused by  
the  fact tha t  an  eva lua t ion  is no longer  possible 
if the ra t io  of the  slope to the  o rd ina te  in te rcep t  

S e p t e m b e r  1962 

~ -, ~ ,  c~_~.._....__. ~ 

..__... ~ ~ - -  " ' ' -  -- ,~..~, r~ 

Fig. 1. Schematic 1/j - -  1 / ~ / ~  plot with c ~:~ and ~ as param- 
eters; Cl ~ c2; ~lz ~ ~12. 

becomes too high. The accuracy  of the  me thod  can  
be increased  by  us ing  a h igher  speed of rota t ion.  
V a r y i ng  the overvol tage  ~ or the concen t ra t ions  of 
the reac t ing  species, however ,  on ly  yields  a smal l  
effect. 

The inf luence  of the  e x p e r i m e n t a l  pa r ame te r s  c 

and  7/ on the 1/ j  --  1 / \ / ~  d i ag ram can be u n d e r -  
stood by  t r a n s f o r m i n g  Eq. [6] 

1 
l / j  = 

nF (kt Cox ":~ --  k~ c~ ~:~) 

1 
+ 

nF (kt CoZ =* --  k~ c~ *=*) 

( kr Ao~ k~ AR ) 
- -  ~ �9 1 / \ / =  

Dox DR 

By lower ing  the  b u l k  concen t ra t ions  c =~ bo th  the 

slope 1/j - -  1/~/oJ and  the  in t e rcep t  for to = oo i n -  
crease (see Fig. 1). There fore  the  accuracy  of the 
eva lua t i on  is not  no t i ceab ly  improved  by  a change  
in  concen t ra t ion .  

A change  of the overvol tage  ~ has a s imi la r  effect. 
In  the  region  ~ ~ RT/nF  an  increase  of n resul ts  in  
a decrease at bo th  the slope a nd  the  in te rcep t  (Fig. 
1, 4, and  5), whi le  for v > >  RT/nF  the  slope reaches  
cons tan t  va lues  as is to be expected for p u r e l y  d i f -  
fus ion  cont ro l led  po la r iza t ion  (Fig. 1). 

E x p e r i m e n t a l  

A p l a t i n u m  wire  (d i ame te r  0.1 cm) which  was  
sealed into a glass t ube  (Fig. 2) served as the  disk 
electrode.  The electrode was  cen te red  to w i t h i n  
0.002 cm, and  the  face was  mechan i ca l l y  pol ished 
us ing  Cr~O~ pol i sh ing  powder .  The rod was d r iven  
by  a synchronous  motor  which  was powered  by  an  
aud io f r equency  gene ra to r  w i th  an a-c  amplif ier .  
This  a r r a n g e m e n t  a l lowed us to a l ter  v e r y  s imply  
the  r evo lu t ion  n u m b e r  of the  disk electrode in  the  
r ange  f rom 10 to about  120 cps w i t hou t  the  necess i ty  
of a ny  control.  As we used a v e r y  smal l  disk elec-  
t rode  the re  was  no dange r  of t u r b u l e n c e  at  the  su r -  
face of the  electrode. At  120 cps a Reyno ld ' s  n u m b e r  
of abou t  200 is reached,  the  cr i t ical  Reyno ld ' s  n u m -  
be r  be ing  > 10t At  v e r y  low revo lu t ion  n u m b e r s  
an  inf luence  of spher ica l  diffusion at the  edge be -  
t w e e n  p l a t i n u m  and  glass can become not iceable .  
The con t r i bu t i on  of spher ica l  diffusion can be neg -  
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Table I. Diffusion coefficients and kinetic data at 2S~ 

HERCURY CONTACT 
I 

\ \ l /  
Fig. 2. Platinum wire disk electrode 

U3  +s~ 
I , ~ I J I 
tO -0.5 ~ 0 + 05 +1,0 

VOLTS 

-- -50 

Fig. 3. Current vs. overvoltoge at co ~ 2~ X 48.2 sec-~; 0.SM 
K2SO4, 10-2M Fe(CN)G 3-, 10-2M Fe(CN)~ *-. 

lec ted ,  i f  t he  cond i t ion  r / 6  ~-- 20 is fulf i l led.  The  r a -  
d ius  of our  e l ec t rode  b e i n g  r ---- 0.05 cm, a f r e q u e n c y  
of ] --~ 10 cps is r e q u i r e d .  

The  e x p e r i m e n t a l  cel l  was  t h e r m o s t a t e d  and  con-  
t a i n e d  the  r o t a t i n g  d i sk  e lec t rode ,  a p l a t i n u m  
c o u n t e r - e l e c t r o d e ,  and  a second  shee t  of p l a t i n i z e d  
p l a t i n u m  as a r e f e r e n c e  e lec t rode .  P u r e  n i t r o g e n  
was  b u b b l e d  t h r o u g h  the  e l ec t ro ly t e .  O v e r v o l t a g e s  
w e r e  m e a s u r e d  cu r r en t l e s s ,  t h e  c u r r e n t s  b y  m e a n s  
of a m i c r o a m m e t e r .  

The  so lu t ions  w e r e  p r e p a r e d  f r o m  r e a g e n t  g r a d e  
chemicals .  The  c o n c e n t r a t i o n  of each  r e d o x  c o m -  
p o n e n t  was  10-qYI. A l a r g e  excess  of s u p p o r t i n g  e lec -  
t r o l y t e  was  added .  The  so lu t ions  w e r e  f r e e d  f r o m  
o x y g e n  b y  CO2, and  the  access of l i gh t  was  e x c l u d e d  
w h e n  the  so lu t ions  w e r e  s tored.  

Before  t he  m e a s u r e m e n t s  t he  c a r e f u l l y  p o l i s h e d  
d i sk  e l e c t r o d e  was  p r e t r e a t e d  b y  a l t e r n a t i n g  ca thod ic  
and  anod ic  p o l a r i z a t i o n  up  to t he  r eg ion  of t he  b e -  
g inn ing  H2- and  O~-evolut ion.  Thus  a h igh  e l ec t rode  
a c t i v i t y  and  a r e l a t i v e l y  good r e p e a t a b i l i t y  cou ld  
be  r eached .  

Results 

The m e t h o d  was  t e s t ed  on s e v e r a l  r e v e r s i b l e  r e d o x  
sys t ems  w h i c h  h a d  a l r e a d y  been  m e a s u r e d  b y  
Rand l e s  a n d  S o m e r t o n  (7)  w i t h  t he  a - c  me thod .  
P r i o r  to t he  k ine t i c  m e a s u r e m e n t s  d i f fus ion c o e f f i -  

D �9 l 0  s 
S u p p o r t i n g  

R e d o x  s y s t e m  e l ec t ro ly t e  R Ox a jo Jo (7) 

Fe2+/Fe 8+ 1MHC10, 5.7 6.5 0.63 0.23 0.5 
Fe (CN) ~-~/ 

Fe (CN) ~- 1M KC1 5 7 0.61 5 9 
Fe  (CN) 6-'/  

F e ( C N ) ~ -  0.SMK2SO, 4.9 7.2 0.56 7 13 

c ients  of the  r e a c t i n g  species  have  been  d e t e r m i n e d  
f r o m  the  anod ic  a n d  ca thod ic  l i m i t i n g  c u r r e n t s  a t  a 
g iven  speed  of r o t a t i o n  (Fig .  3) .  The  c a l c u l a t e d  
d i f fus ion  coefficients a t  25~ for  t he  t h r e e  sy s t ems  
i n v e s t i g a t e d  a r e  l i s t ed  in  T a b l e  I. 

"' + , o o : / /  _ , .v  

,ooo , 4 : /  /y 
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Fig. 4. 1 / j - - 1 / ~ / ~  plot for the system 1M HCIO4, 10~M Fe =*, 
10-2M Fe ~+. 
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Fig. 5. 1/j - -  1/~/~o plot for the systems 1M KCI, 10-2M 
Fe(CN)~% 10-~M Fe(CN)6 ~ (left) 0.SM K~SO,, 10-2M Fe(CN)~% 
10-2M Fe(CN)~- (right). 



852 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  S e p t e m b e r  1962 

W h i l e  in t he  r eg ions  of l i m i t i n g  c u r r e n t s  t h e r e  
is no inf luence  of t he  d i s c h a r g e  r e a c t i o n  on t h e  c u r -  
ren t ,  t he  shape  of t he  c u r v e  a t  low o v e r v o l t a g e s  is 
d e t e r m i n e d  b y  bo th  m a s s  t r a n s f e r  and  d i s c h a r g e  
k ine t ics .  T h e r e f o r e  t he  j - -  co r e l a t i o n  has  to  be  
s t ud i ed  at  cons t an t  o v e r v o l t a g e s  in  the  a scend ing  
p a r t  of t he  c u r r e n t - v o l t a g e  c u r v e  (Fig .  3) .  In  Fig.  

4 and  5 va lue s  of 1 / j  a r e  p l o t t e d  vs. 1/k/~o for  t he  
t h r e e  sys tems .  The  o b s e r v e d  d e p e n d e n c e  can  be  r e -  
m a r k a b l y  w e l l  r e p r e s e n t e d  b y  a s t r a i g h t  l ine.  The  
e x t r a p o l a t e d  k ine t i c  d a t a  ( for  ~o ~ ~ )  a r e  s h o w n  
in T a b l e  I. 

C o m p a r i n g  our  j o -va lues  w i t h  those  o b t a i n e d  b y  
Rand l e s  and  S o m e r t o n  one can  see t h a t  t he  l a t t e r  
a r e  g r e a t e r  a lmos t  b y  a f ac to r  of 2. Th is  m a y  be  due  
to t he  fac t  t h a t  a p p l y i n g  an  a - c  c u r r e n t  induces  a 
con t inuous  a c t i v a t i o n  of t h e  e l ec t rode  sur face .  A 
d i s a g r e e m e n t  of th is  o r d e r  is no t  u n u s u a l  w i t h  
m e a s u r e m e n t s  on sol id  e lec t rodes .  

The  r e su l t s  p r o v e  once m o r e  the  s u i t a b i l i t y  of th is  
m e t h o d  for  t h e  i n v e s t i g a t i o n  of fas t  e l ec t rode  p r o c -  
esses. W i t h  t he  d i f f e ren t  r e l a x a t i o n  m e t h o d s  the  
e l i m i n a t i o n  of t he  inf luence  of t he  doub le  l a y e r  
causes  c o n s i d e r a b l e  diff icul t ies  for  t he  e x p e r i m e n t a l  

p r o c e d u r e  as w e l l  as for  t he  e v a l u a t i o n  a n d  i n t e r p r e -  
t a t i on  of the  resu l t s .  The  r o t a t i n g  d i sk  m e t h o d  as a 
s t e a d y - s t a t e  m e t h o d  avo ids  t hese  obs tac les  b y  y i e l d -  
ing  r e l a t i onsh ip s  w h i c h  a r e  eas i ly  e x p l a i n a b l e  in  
t e r m s  of a we l l  f o u n d e d  theo ry .  

Manuscr ip t  received Dec. 27, 1961. This paper  was 
p repa red  for de l ivery  before  the  Indianapol i s  Meeting, 
Apr i l  30-May 3, 1961. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the  June  1963 JOURNAL. 
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Effects of Electrostatic Fields on the Surface Tension 
of Salt Solutions 

G. M. Schmid, R. M. Hurd, and E. S. Snavely, Jr. 
Texas Research Associates, Austin, Texas 

ABSTRACT 

The surface tension of air /NaC1 solution interfaces wi th  appl ied  e lec t ro-  
stat ic fields of up to 6700 v / c m  was measured  using a surface energy  balance.  
The NaC1 concentra t ion was 0-3.5%. I t  was found tha t  fields of e i ther  po la r i ty  
lower  the surface tension of al l  inves t iga ted  solutions. Maghi tude  of the  surface 
tension changes and dependence  on direct ion of the field lead  to the conclusion 
that  the potent ia l  drop at  a i r / w a t e r  interfaces  is smal le r  than  prev ious ly  
thought,  tha t  the  wa te r  dipole or ienta t ion  is only  slight, and tha t  the  hydrogen  
in the or iented wa te r  molecule  is facing the air. The exper iments  point  out  tha t  
the effect of the field is p redominan t ly  on the sodium ion. I t  is shown tha t  the  
difference in the energy  for adsorpt ion  at  the  interface be tween  cations and 
anions cannot  be neglected.  Calculat ions on the basis of a modified Gibbs equa-  
t ion on the assumpt ion  of a diffuse double  l aye r  a t  the  in ter face  leads to u n -  
reasonably  high surface deficiencies. Neglect ing the diffuse double  l ayer  and 
reckoning  on the basis of an inner  double  l aye r  only  leads to va lues  of the  same 
order  of magni tude  as those ca lcula ted  f rom the Gibbs equat ion alone. 

F o r  u n c h a r g e d  pa r t i c l e s ,  changes  in  su r f ace  con-  
c e n t r a t i o n  a r e  r e l a t e d  to su r f ace  t en s ion  t h r o u g h  the  
G ibbs  a d s o r p t i o n  e q u a t i o n  (1) .  F o r  c h a r g e d  p a r t i -  
cles, th is  e q u a t i o n  has  to be  modi f ied  to t a k e  in to  
account  t he  specific p r o p e r t i e s  connec t ed  w i t h  t h e i r  
s t rong  e l ec t ro s t a t i c  fields. A t t e m p t s  h a v e  been  m a d e  
in th is  d i r ec t ion  b y  L e w i s  (2) .  A m o r e  d i r ec t  a p -  
p roach  has  been  used  b y  W a g n e r  (3)  and  was  f u r -  
t h e r  d e v e l o p e d  b y  O n s a g e r  and  S a m a r a s  (4)  a n d  b y  
F a l k e n h a g e n  and  S c h m u t z e r  (5) .  No d i r ec t  m e a s -  
u r e m e n t s  of  su r f ace  concen t r a t i ons  a r e  a v a i l a b l e  to 
check  t h e  v a l i d i t y  of t he se  theor ies .  

A c c o r d i n g  to K a m i e n s k i  (6) ,  t he  p o t e n t i a l  d rop  
across  the  a i r / w a t e r  i n t e r f a c e  l eads  to a field of t he  
o r d e r  of 107 v / c m .  If  th i s  is t rue ,  t h e n  i t  is v e r y  u n -  

l i k e l y  t h a t  i t  w o u l d  be  poss ib l e  to change  the  su r f ace  
c o n c e n t r a t i o n  of c h a r g e d  p a r t i c l e s  b y  e x t e r n a l l y  a p -  
p l y i n g  an  e l ec t ro s t a t i c  field of, say,  10' v / c m .  On the  
o t h e r  hand ,  B a r n e t t  (7)  a n d  G u a s t a l l a  (8)  w e r e  ab le  
to show tha t  th is  is not  n e c e s s a r i l y  so. These  e x -  
p e r i m e n t s ,  h o w e v e r ,  s t i l l  d id  no t  a l low q u a n t i t a t i v e  
t r e a t m e n t .  

The  ob jec t  of th is  i n v e s t i g a t i o n  was  to d e t e r m i n e  
the  effects of a p p l i e d  e l ec t ro s t a t i c  f ields on the  s u r -  
face  t ens ion  of sa l t  so lu t ions  and  to t r y  to c o r r e l a t e  
these  to su r f ace  c o n c e n t r a t i o n  changes .  

Experimental 
Apparatus . - -The  su r f ace  e n e r g y  b a l a n c e  used  in  

th i s  w o r k  is e s s e n t i a l l y  t he  s ame  as t h a t  of A l l a n  and  
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Fig. 1. Schematic of surface energy balance 

A l e x a n d e r  (9 ) ,  s l i g h t l y  modi f ied  so t h a t  a p o t e n t i a l  
can  be  a p p l i e d  across  t he  a i r / s o l u t i o n  in te r face .  A 
r ig id ,  h e a v y  b ra s s  f r ame ,  r e s t i ng  on t h r e e  l eve l ing  
sc rews ,  s e r v e d  as  s u p p o r t  fo r  bo th  a 25 x 15 x 4.5 cm 
P y r e x  glass  t r o u g h  and  an  a l u m i n u m  b a l a n c e  b e a m  
(Fig.  1).  The  e lec t rodes ,  11 x 9 x 0.1 cm, a r e  m a d e  of 
p l a t e  Monel ,  to  r e s i s t  t he  co r ros ive  ac t ion  of t he  sa l t  
wa te r .  A ho le  is d r i l l e d  in to  t he  b o t t o m  of t he  g lass  
t r o u g h  and  the  f r a m e  to a l l ow m o u n t i n g  of  t he  
" w a t e r  e l ec t rode . "  A w a t e r - t i g h t  sea l  is o b t a i n e d  
w i t h  a Teflon gaske t .  The  " a i r  e l e c t rode"  is m o u n t e d  
on an  i n s u l a t i n g  L u c i t e  p l a t e  d i r e c t l y  a b o v e  the  
w a t e r  e lec t rode .  The  a i r  g a p  b e t w e e n  the  so lu t ion  
su r face  and  a i r  e l ec t rode  was  1.2 cm. 

The  b a l a n c e  b e a m  is s u p p o r t e d  20 cm above  w a t e r  
l eve l  b y  two  d i a m o n d  po in t s  w h i c h  p i v o t  on two  
mic roscope  s l ides  r e s t i n g  on the  f r ame .  The  s l ides  
a re  r e p l a c e d  f r e q u e n t l y  to avo id  f o r m a t i o n  of g rooves  
b y  the  cu t t i ng  ac t ion  of the  d i amonds .  The  b e a m  has  
two  no tches  to a l l ow c a l i b r a t i o n  of t he  ba lance .  A 
r ig id  w i r e  w i t h  a P t  w i r e  p r o n g  reaches  d o w n  in to  
the  solut ion.  A s m a l l  m i r r o r  a t t a c h e d  to t he  b e a m  
p ro jec t s  a l igh t  b e a m  onto  a scale,  230 cm away ,  t hus  
a l l owing  a c c u r a t e  o b s e r v a t i o n  of b a l a n c e  def lect ions.  

A th in  shee t  of mica ,  g e n e r a l l y  7.3 x 12.8 cm, f loa t -  
ing  on t h e  so lu t ion  s e rves  as  i nd ica to r .  I t  has  t w o  
holes  on one end,  l a r g e  enough  for  t he  P t  w i r e  p r o n g  
of t he  b a l a n c e  b o d y  to m o v e  in a n d  out  f ree ly .  The  
o the r  end  of t he  mica  float p r o j e c t s  4.5 cm into  the  
space  b e t w e e n  the  e lec t rodes .  Thus  a c h a n g e  in  s u r -  
face  t ens ion  b e t w e e n  the  e l ec t rodes  as c o m p a r e d  to 
t he  a r e a  ou t s ide  t h e  e l ec t rodes  r e su l t s  in  a fo rce  on 
the  mica  f loat  w h i c h  is i n d i c a t e d  b y  a def lec t ion  of 
t he  ba l ance  beam.  

The  vo l t age  a p p l i e d  across  t he  i n t e r f a c e  was  t a k e n  
f r o m  a 0-10,000v d - c  p o w e r  supp ly .  W a t e r  e lec t rode ,  
f r ame ,  and  b a l a n c e  b e a m  w e r e  g r o u n d e d  a t  a l l  t imes .  
The  ba l ance  a r r a n g e m e n t  h a d  a s e n s i t i v i t y  of {).052 
dynes  cm -~ p e r  cm of def lect ion,  as d e t e r m i n e d  b y  
c a l i b r a t i o n  w i t h  s m a l l  we igh t s  (p ieces  of P t  w i r e )  
p l aced  d i r e c t l y  on the  b a l a n c e  b e a m .  

A p p l i c a t i o n  of an  e lec t r i c  f ield l eads  to an  a t t r a c -  
t ive  fo rce  b e t w e e n  the  a i r  e l ec t rode  a n d  b a l a nc e  
beam.  This  force  was  b locked  b y  s e p a r a t i n g  the  two  
w i t h  a mica  sheet ,  p e r p e n d i c u l a r  to t he  a i r / s o l u t i o n  
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Fig. 2. Schematic of hydrostatic force on float; fl, angle of tilt; 
h, hydrostatic overhead due to the field; rag, force of gravity; I, 
length of float; force on float. 

i n t e r face ,  r e a c h i n g  in to  t h e  so lu t ion  to o b t a i n  e f -  
f ec t ive  g r o u n d i n g  and  p l a c e d  as close to t h e  e lec -  
t r odes  as pos s ib l e  w i t h o u t  a rc ing .  A s lo t  was  cu t  in to  
t he  sh ie ld  so as to a l l o w  f ree  m o v e m e n t  of t he  mica  
float. 

In  m e a s u r e m e n t s  of th is  k ind ,  c o n t a m i n a t i o n  of 
t he  a i r / s o l u t i o n  i n t e r f a c e  w i t h  dus t  a n d  o t h e r  fo re ign  
subs tances  m u s t  be  e l im ina t ed .  This  was  done  b y  
k e e p i n g  the  w h o l e  e x p e r i m e n t a l  s e tup  c ove re d  w i t h  
a L u c i t e  hood.  F l o a t  a n d  b a l a n c e  b e a m s  w e r e  r e -  
m o v e d  f r e q u e n t l y  and  the  so lu t ion  su r f ace  c l eaned  
b y  s w e e p i n g  w i t h  mica  b a r r i e r s  s e v e r a l  t i m e s  ove r  
the  w h o l e  sur face ,  i n c l u d i n g  t h e  edges  of t he  t rough .  

P r o c e d u r e . - - A t  l eas t  two  forces  o t h e r  t h a n  sur fac~  
t ens ion  changes  a r e  i n d i c a t e d  b y  t h e  ba l a nc e  and  
have  to be  c o r r e c t e d  for  to o b t a i n  t he  d e s i r e d  effect 
of t he  field on su r f ace  tens ion .  

F i r s t ,  a p p l i c a t i o n  of an  e l ec t r i c  field across  t he  
a i r / s o l u t i o n  i n t e r f a c e  ra i ses  t he  so lu t ion  u n d e r n e a t h  
the  a i r  e lec t rode .  The  r e s u l t a n t  forces  on the  mica  
f loat  a r e  r e p r e s e n t e d  s c h e m a t i c a l l y  in  Fig .  2. The  
mica  float,  t he  edge  of w h i c h  l ies  b e t w e e n  the  t w o  
p la tes ,  becomes  t i l ted .  This  r e su l t s  in  a force,  G, on 
the  ba l ance  body ,  in  a d d i t i o n  to the  fo rce  due  to a 
change  in  su r f a c e  tens ion.  G can  be c a l c u l a t e d  to a 
f irst  a p p r o x i m a t i o n  as t h e  fo rce  of g r a v i t y ,  rag, p r o -  
j e c t e d  onto t he  float,  i .e.,  

G ~- m g  sin fl [ 1 ] 
w i t h  

sin f l  = h / l  [2]  

w h e r e  fl is t he  ang le  of t i l t ,  l t h e  l e n g t h  of  float, a n d  
h t he  h y d r o s t a t i c  o v e r h e a d  due  to t he  field. The  force,  
G, can  be  accoun ted  for  b y  k e e p i n g  h and  l cons t an t  
( c o n s t a n t  f ield s t r eng th ,  cons t an t  l e n g t h  of f loat)  and  
v a r y i n g  m. 

Second,  i t  was  o b s e r v e d  t h a t  t he  ba l a nc e  def lec t ion  
caused  b y  a mica  sheet ,  f loa t ing on a sa l t  so lu t ion  
w i t h  an  e lec t r i c  field i m p r e s s e d  across  t h e  a i r / s o l u -  
t ion  in te r face ,  is d e p e n d e n t  on the  pos i t ion  of t h e  
" w o r k i n g  e d g e "  of  t he  float in t he  field. This  is due  
to e l ec t ro s t a t i c  a t t r a c t i o n  of t he  mica  float,  w h i c h  
m u s t  be  p r o p o r t i o n a l  to  t h e  a r e a  of t he  p a r t  of t h e  
float in  t he  field. Aga in ,  th i s  a r e a  is p r o p o r t i o n a l  to 
the  mass  of t he  float in t he  field. 

The  e x p e r i m e n t a l  p r o c e d u r e  used  to m a k e  bo th  
co r r ec t ions  is b a s e d  on the  fo l lowing .  Cons ide r  a r e c -  
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Fig. 3. Geometrical view of float; % 3", surface tensions 

t a n g u l a r  f loat  of f ixed d imens ions  (Fig .  3) f loat ing on 
a sa l t  so lu t ion  w i t h  a r e a  A B D C  ins ide  a p e r p e n d i c u -  
l a r  and  c o n s t a n t  e l ec t r i c  field. T h e r e  a r e  fou r  forces  
ac t ing  on the  float. A su r f ace  t ens ion  7' is effect ive  on 

the  " w o r k i n g  edge"  A B  and  a su r f ace  t ens ion  7 on 

the  " b a l a n c e  edge"  G H  of t he  f loat  ( A B  = G H ) .  The  
force  to be d e t e r m i n e d  is 7 ' - -  ~' = ~7- Due  to t he  
h y d r o s t a t i c  h e a d  d e v e l o p e d  in  a p p l y i n g  the  e lec t r i c  
field, t h e r e  is a fo rce  of g r a v i t y  w h i c h  is p r o p o r t i o n a l  
to  t he  a r e a  of t he  float b e t w e e n  the  e lec t rodes .  S ince  
the  float is of cons t an t  th ickness ,  th is  a r e a  is p r o -  
p o r t i o n a l  to t he  mass  of t h a t  p a r t  of t he  float. 

The  float is now cut  as i n d i c a t e d  b y  the  d o t t e d  l ine  
shown  in Fig .  3, l e a v i n g  a s m a l l  b r i d g e  b e t w e e n  
the  f ron t  p a r t  of the  float, A B F E ,  and  the  r e a r  p a r t  
a t  GH. We a s sume  t h a t  t he  w i d t h  of t he  b r i d g e  is 

smal l ,  as c o m p a r e d  to t he  b a l a n c e  edge  GH. The  
effects of t he  su r f ace  t ens ion  di f ference ,  ~7, and  the  
e l ec t ro s t a t i c  fo rce  a r e  not  changed  b y  th is  p roc e du re ,  
p r o v i d e d  t h a t  a r e a  A B D C  < A B F E .  W e  do, h o w e v e r ,  
change  the  mass  of the  float. M a k i n g  A B F E  succes -  
s ive ly  smal l e r ,  k e e p i n g  A B D C  < A B F E ,  and  p l o t t i n g  
ba l ance  def lec t ion  v s .  mass  of float  shows  the  d e -  
p e n d e n c e  of t he  force  due  to effects of t he  h y d r o s t a t i c  
head  on the  mass  of t he  float.  

As  AE is m a d e  success ive ly  s m a l l e r  b y  th is  p r o -  

cess, w e  f ina l ly  a r r i v e  a t  A E  < AC. P r o v i d e d  t h a t  t he  

~ons t an t  e l ec t r i c  f ield is h o m o g e n e o u s  up  to CD, and  
the  w i d t h  of t he  b r i d g e  is neg l i g ib l e  c o m p a r e d  to 

AB,  t h e n  the  ne t  su r f ace  t ens ion  forces  on the  float 

shou ld  d i s a p p e a r  at  A E  < AC. Since  n o w  the  e l e c t r o -  
s ta t ic  a t t r a c t i o n  of t he  float is p r o p o r t i o n a l  to t he  
a r e a  A B F E  and  thus  also to t he  mass  of t he  float,  w e  
s t i l l  p lo t  def lec t ion  vs .  mass  of float  for  A B F E  
ABDC.  This  p lo t  shows  the  e l ec t ro s t a t i c  effect p lus  
t he  g r a v i t y  effect due  to t he  r e m a i n i n g  mass  of the  
float, b u t  w i t h o u t  t he  su r f ace  t ens ion  effect. 

Thus,  w e  w i l l  h a v e  two  p lo t s  of ba l ance  def lec-  
t ion  vs .  mass  of f loat  (F ig .  4) ,  one of which ,  for  
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Fig. 4. Balance deflection vs .  mass of float for 3.5% NaCI solu- 
tions, air electrode positive: o, 6700 v/cm; a, lower limit; A ,  4200 
v/cm, b, upper limit; e, 2500 v/cm. 
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AC < AE, g ives  the  inf luence  of g r a v i t y  p lus  a con-  
s t an t  e l ec t ro s t a t i c  a t t r a c t i o n  a n d  su r f ace  t ens ion  

effect; the  o ther ,  for  AC > AE, g ives  t he  inf luence  of 
e l ec t ro s t a t i c  a t t r a c t i o n  p lus  t he  effect of g r a v i t y  for  
t he  r e m a i n i n g  mass  of the  f loat  w i t h  no su r f ace  t e n -  
s ion effect. E x t r a p o l a t i o n  of t he  two  p lo t s  t o w a r d  
each  o the r  to a p o i n t  to t he  l e f t  of w h i c h  the  su r face  
t ens ion  effect  is zero and  to t he  r i g h t  of w h i c h  the  
su r f ace  t ens ion  effect as a def in i te  v a l u e  g ives  a d i f -  
f e r ence  in  o r d i n a t e  w h i c h  c o r r e s p o n d s  to t he  su r f ace  
t ens ion  effect  only .  

I t  is seen  f r o m  Fig.  4 t h a t  the  s lopes  of t he  u p p e r  
p a r t  of the  cu rves  become  l a r g e r  w i t h  i nc r e a s ing  field 
s t r eng th ,  w h i c h  is e x p e c t e d  for  i nc r e a s ing  h y d r o -  
s ta t ic  head .  The  def lec t ion  e x h i b i t e d  a s l igh t  m a x i -  
m u m  at  the  g r e a t e s t  masses ,  w h i c h  m a y  be  due  to 
forces  i n v o l v e d  in  " l i f t i ng"  w a t e r  ou t s ide  t he  field 
b y  su r f ace  t ens ion  effects on the  r i g id  float. 

E x t r a p o l a t i o n  of t he  l o w e r  p a r t s  of t he  curves  to 
m = 0 shou ld  i n t e r c e p t  t he  or igin .  The  s m a l l  d e v i a -  
t ions  f r o m  zero i n t e r c e p t  in Fig.  4 occur  be c a use  t he  
b r i d g e  b e t w e e n  f r o n t  and  r e a r  p a r t  of the  float c a n -  
no t  be  m a d e  in f in i t e ly  smal l ,  and  also be c ause  a 
f ini te  r e a r  p a r t  is n e c e s s a r y  to o p e r a t e  t he  ba lance .  

The  po in t  to t he  l e f t  of w h i c h  the  su r f a c e  t ens ion  
effect  is zero  and  to the  r i g h t  of w h i c h  the  su r f ace  
t e n s ion  effect has  a f ini te  v a l u e  canno t  be  d e t e r m i n e d  
p rec i se ly .  The  po in t  lies, h o w e v e r ,  b e t w e e n  the  
absc i s sae  of t he  h ighes t  po in t  of the  l o w e r  c u r v e  and  
the  lowes t  po in t  of t he  h i g h e r  cu rve  ( b e t w e e n  a and  
b in Fig .  4) .  T a k i n g  the  d i f fe rence  in o r d i n a t e s  at  
t he se  two  po in t s  g ives  a l o w e r  and  u p p e r  l imi t  for  
t he  su r f ace  t ens ion  effects.  

The  m e t h o d  was  c he c ke d  b y  us ing  floats h a v i n g  
d i f fe ren t  w o r k i n g  edges,  d i f fe ren t  masses ,  a n d  d i f -  
f e r e n t  a r ea s  in t he  field. The  r e su l t s  for  a 3.5% NaC1 
so lu t ion  a t  pos i t i ve  a i r  e l ec t rode  a re  s h o w n  in Fig.  5 
and  a re  in s a t i s f a c t o r y  a g r e e m e n t .  Each  po in t  in Fig.  
5 is t he  m e a n  of a m a x i m u m  and  m i n i m u m  v a l u e  
o b t a i n e d  f rom a p lo t  of mass  of float vs .  b a l a n c e  d e -  
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Fig. 5. Changes in surface tension of 3.5% NaCI solutions in- 
duced by electrostatic fields, air electrode positive: o, float 1,774g, 
4.5 cm between electrodes 7.3 cm working edge; A ,  float 2.747g, 
4.5 cm between electrodes, 7.3 cm working edge; I-i, float 3.045g, 
7.0 cm between electrodes, 7.3 cm working edge; e, float 1.351g, 
4.5 cm between electrodes, 7.3 cm working edge; A ,  float 1.055g, 
4.5 cm between electrodes, 5.0 cm working edge. 
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flection. The curve is the average  of the  surface t en-  
sion change thus obtained.  Max imum and min imum 
values are indicated.  Posi t ive values of At, correspond 
to a lowering of surface tension due to the electr ic 
field. 

I t  has been pointed out to us (10) tha t  the balance 
deflections observed on appl icat ion of the field may  
be caused by C1- adsorpt ion at the f loat /solut ion 
boundary,  due to the differences in dielectr ic  con- 
stants and induced by  the appl ied field. This adsorp-  
tion should depend s t rongly  on dielectr ic  constant  
and mate r ia l  of the float. A run  was therefore  made 
with a mica float carefu l ly  coated with paraffin. The 
resul ts  did not  differ f rom the ones obtained wi th  
pla in  mica floats, proving tha t  C1- adsorpt ion at the  
f loat /solut ion boundary  is e i ther  absent  or does not 
influence the  measurements .  

Solutions of 0-3.5% NaC1 content  have been used 
for the exper iments  descr ibed here  wi th  the air  
electrode both posit ive and negative,  using fields up 
to 7000 v/era .  

Results 
-o 

The ~7 values measured  in the exper iments  jus t  ~ % ~ o ~ 1  1 
descr ibed were  conver ted into absolute  1,'s using " _ _  
publ ished da ta  (11). F igures  6 and 7 give a plot  of 
surface tension vs. NaC1 concentrat ion wi th  field 

. D s t rength  as pa rame te r  for posi t ive and negat ive  air  
electrodes,  respect ively.  The surface deficiencies, ]?, 
have been calculated using the Gibbs adsorpt ion 
equation and are p resen ted  in Fig. 8 and 9. 

I t  is seen f rom Fig. 6 and 7 that  both a posit ive and 
a negat ive  air  electrode lowers  the surface tension of 
pure  water ,  a negat ive  air  electrode more so than a 
posit ive one. The surface concentrat ion of NaC1 solu- 
t ions is increased by  a negat ive  air  electrode (Fig. 8), 
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Fig. 6. Surface tension of NoCI solutions, air electrode negative 
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Fig. 8. Surface concentration of NoCI solutions, air electrode 
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Fig. 9. Surface concentration of NoCI solutions, air electrode 
positive. 

as compared to the surface concentrat ion wi thout  a 
field. A posit ive air  electrode leads, on the contrary,  
to a lower  surface concentrat ion (Fig. 9). The field 
s t rength  necessarY to lower  the surface concentra-  
t ion by  a given amount  at a given bu lk  concentra t ion 
is, however,  considerably  la rger  than  the field 
s t rength  necessary to raise  the surface concentra t ion 
by a l ike amount.  

Discussion 
Dipole o~'ientation.--The potent ia l  drop at an a i r /  

wa te r  in ter face  is, according to Kamiensk i  (6),  about  
lv,  and according to F r u m k i n  (12), 0.1-0.2v. As-  
suming 10A for the thickness of the  or iented layer  of 
wate r  dipoles at  the interface,  one obtains a field 
s t rength  of 107-i0 ~ v /cm.  It  is un l ike ly  tha t  wi th  such 
a high field s t rength  a l r eady  present ,  appl icat ion of 
less than  10" v / c m  would produce a measurab le  
change in surface tension. Since a measurab le  change 
is observed,  i t  appears  tha t  e i ther  the potent ia l  drop 
across the interface is much smal ler  than  previous ly  
thought,  or that  the thickness of the or iented layer  
of wate r  dipoles is l a rge r  by  one to two orders  of 
magnitude.  

Both a posi t ive and a negat ive  air  electrode lowers 
the surface tension of pure  water .  It can be reason-  
ably  assumed tha t  this lower ing  is caused by  in -  
creased or ienta t ion of wa te r  dipoles. Equal ly  or iented 
dipoles repel  each other, thus leading to a decrease in 
surface energy. This leads to the conclusion tha t  the 
or ienta t ion is ve ry  sl ight  to s ta r t  with,  since both 
field directions enhance the orientat ion,  i.e., the sur -  
face potent ia l  is ve ry  close to zero. Pronounced 
or ienta t ion of wa te r  dipoles in one direct ion would 
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lead,  on a p p l i c a t i o n  of a field, to a l o w e r i n g  of s u r -  
face  t en s ion  w i t h  one  p o l a r i t y  and  a r a i s i ng  of s u r -  
face  t ens ion  w i t h  t h e  o ther ,  w h i c h  m a y  be  fo l l owed  
b y  a l o w e r i n g  in case  t h e  field is s t rong  enough  to 
r e v e r s e  t he  dipoles .  This  has  no t  been  obse rved .  The  
fac t  t h a t  a n e g a t i v e  a i r  e l ec t rode  l o w e r s  t he  su r f ace  
t ens ion  m o r e  t h a n  a pos i t i ve  e l ec t rode  po in t s  to a 
s l igh t  o r i e n t a t i o n  w i t h  t he  h y d r o g e n  a toms  fac ing  the  
a i r .  

Sur face  concen tra t ion  o] N a C l . - - T h e  su r face  d e -  
f ic iency of so lu t ions  of s t rong  e l e c t r o l y t e s  has  been  
shown  b y  W a g n e r  (3)  to be  due  p r i n c i p a l l y  to 
i m a g e  forces.  In  his  t r e a t m e n t ,  the  concen t r a t i on  
c ( x )  is g iven  as a func t ion  of t he  d i s t ance  f r o m  the  
sur face ,  x, b y  the  u s u a l  B o l t z m a n n  e x p r e s s i o n  

c ( x )  = c e x p  ( - - W ( x ) / k T )  [3]  

w h e r e  t he  a d s o r p t i o n  p o t e n t i a l  W ( x )  is t he  w o r k  
r e q u i r e d  to b r i n g  a c h a r g e d  ion  f r o m  the  so lu t ion  
b u l k  to a po in t  x cm b e l o w  the  sur face .  F o r  b i n a r y  
e l ec t ro ly t e s ,  W a g n e r  t ook  W ( x )  as equa l  for  ca t ions  
and  anions ,  t r e a t e d  t h e m  as p o i n t  charges ,  and  f r o m  
e l ec t ro s t a t i c  t h e o r y  o b t a i n e d  

D - -  1 e ~ 
W ( x )  -- - -  - -  [4]  

D -~ 1 4Dx  

w h e r e  D is the  d i e l ec t r i c  cons t an t  of wa t e r ,  a n d  e is 
t he  c h a r g e  on the  ion. I t  is ea s i ly  seen  t h a t  i n t e g r a -  
t ion  of Eq. [3]  w i t h  W ( x )  as e x p r e s s e d  b y  Eq. [4]  
w o u l d  l e ad  to  an  inf in i te  a m o u n t  of a d s o r b e d  solute .  
Ions, h o w e v e r ,  a r e  no t  po in t  charges ,  and  in  ionic  
solut ions ,  t h e  s c reen ing  effect of t he  ion a t m o s p h e r e  
l imi t s  the  effect ive  r a n g e  of t he  e l ec t ro s t a t i c  forces  
to a d i s t ance  l/K, w h e r e  K is def ined  b y  

4= 
~" = - - / - ~  c , z ,  ~ [5] 

D k T  

(13, 14),  w h e r e  Cl, c ~ , . . ,  is t he  c o n c e n t r a t i o n  ( n u m -  
be r  of i o n s / c m  ~) of ions  w i t h  cha rges  z~, z~, . . . . I n -  
t r o d u c i n g  the  m e a n  d i s t ance  of app roach ,  a, f r o m  
D e b y e - H i i c k e l  t heo ry ,  and  neg l ec t i ng  v a r i a t i o n  of 
K w i t h  x, Eq. [4]  is modi f ied  to 

e ~ e ~ 

W ( x )  = - - e  - ~  [6]  
1 + Ka 4Dx 

This  expres s ion ,  w h e n  i n t r o d u c e d  in to  Eq. [3] ,  l eads  
to a r e a s o n a b l e  so lu t ion  of c as a func t ion  of x. On-  
s age r  and  S a m a r a s  (4)  used  th is  t r e a t m e n t  to so lve  
for  a t h e o r e t i c a l  v a l u e  of the  su r f ace  excess ,  F: 

r = - c  . . . .  F [ exp  ( - - W ( x ) / k T )  --  1] dx [7]  
o 

Values  of F o b t a i n e d  f r o m  th is  i n t e g r a t i o n  w e r e  
s h o w n  to a g r e e  s a t i s f a c t o r i l y  w i t h  va lue s  of r ob -  
t a i n e d  f rom the  u s u a l  f o rm  of t he  Gibbs  equa t ion  and  
su r f ace  t ens ion  m e a s u r e m e n t s .  

A p p l i c a t i o n  of an  e x t e r n a l  f ield across  t h e  i n t e r -  
face  changes  the  v a l u e  of the  a d s o r p t i o n  po t en t i a l ,  
W ( x ) ,  t h r o u g h  a change  in K ( a s s u m i n g  cons t an t  
a and  D) w h i c h  in t u r n  is a func t ion  on ly  of t he  ionic  
s t r e n g t h  (Eq. [5]  and  [ 6 ] ) .  The  changes  in  F w i t h  
a p p l i e d  field, as i n d i c a t e d  b y  our  e x p e r i m e n t s ,  a r e  

a d i r ec t  m e a s u r e  of these  changes  in ionic  s t r e n g t h  
and  cou ld  t h e o r e t i c a l l y  be  used  to ca l cu l a t e  b a c k  
to the  change  in  a d s o r p t i o n  p o t e n t i a l  i n d u c e d  b y  
the  field. This  would ,  h o w e v e r ,  be  a r a t h e r  t ed ious  
p rocedure ,  and  the  u n c e r t a i n t i e s  i n v o l v e d  in m a n y  
of the  a s s u m p t i o n s  m a d e  b y  W a g n e r  and  b y  On-  
s age r  a n d  S a m a r a s  a r e  p r o b a b l y  of g r e a t e r  m a g n i -  
t u d e  t h a n  the  inf luence  of t he  field on th is  po ten t i a l .  

One  conclus ion  w h i c h  seems  to be  c l ea r  f r o m  the  
e x p e r i m e n t s ,  h o w e v e r ,  is t h a t  t he  d i f fe rence  in 
W ( x )  b e t w e e n  ca t ions  and  anions  m u s t  be  t a k e n  
in to  account  in  a n y  re f ined  t r e a t m e n t  of t he  t heo ry .  
No d e p e n d e n c e  of r on the  d i r ec t i on  of t he  a p p l i e d  
field w o u l d  be  e x p e c t e d  f r o m  the  d e r i v a t i o n s  above,  
y e t  a n e g a t i v e  a i r  e l ec t rode  inc reases  t he  su r f ace  
c o n c e n t r a t i o n  w h i l e  a pos i t i ve  e l ec t rode  dec reases  
it, and  the  m a g n i t u d e  of t h e  effects is d i f fe ren t ,  b e -  
ing  g r e a t e r  for  t he  n e g a t i v e  e l ec t rode  (Fig .  8 and  9).  
F r o m  th is  d e p e n d e n c e  of r of t he  field d i rec t ion ,  i t  
a p p e a r s  t ha t  t he  m a i n  inf luence  is c e n t e r e d  on the  
s o d i u m  ion, a l t h o u g h  the  r ea son  for  th i s  b e h a v i o r  
is not  i m m e d i a t e l y  c lear .  The  e x p l a n a t i o n  m a y  l ie  
in  t h e  d i f fe rence  in  t he  s c reen ing  effect  1/K of t he  
ca t ions  and  an ions  as  in f luenced  b y  t h e  e l ec t r i c  field, 
w h i c h  m a y  be  e x p l a i n e d  b y  the  s m a l l e r  r a d i u s  ( a n d  
r e s u l t a n t  h i g h e r  c h a r g e  d e n s i t y )  of t he  cat ion.  

A n  a l t e r n a t i v e  t r e a t m e n t  of t he  c o n c e n t r a t i o n  
g r a d i e n t  a t  t he  su r f ace  of so lu t ions  of s t r ong  e l e c t r o -  
ly te s  has  been  g iven  b y  L e w i s  (2) .  This  t r e a t m e n t  
a s sumes  an  e l ec t r i ca l  doub le  l aye r ,  m a d e  up  of pos -  
i t i ve  and  n e g a t i v e  ions, a t  t h e  sur face ,  a n d  l eads  
v e r y  s i m p l y  to a modi f ied  f o r m  of t he  G ibbs  e q u a -  
t ion  

r - R---T- - -  (~1 + ~)  0 ~  [8]  

w h e r e  ~,, e2 is t he  e l e c t r o c h e m i c a l  e q u i v a l e n t  of ca -  
t ions  and  anions ,  r e s p e c t i v e l y ,  and  ~ is the  p o t e n t i a l  
d rop  across  t he  doub le  l aye r .  

The  d e p e n d e n c e  of ~b on the  e x t e r n a l l y  a p p l i e d  
po ten t i a l ,  E, is no t  known .  W e  assume,  as a first  
a p p r o x i m a t i o n ,  a l i n e a r  d e p e n d e n c e  of t he  i n t e r -  
face  p o t e n t i a l  on the  a p p l i e d  po ten t i a l ,  i.e., 

A~ ~- flAE [9]  

w h e r e  fl is a d imens ion l e s s  fac tor .  
The  charge ,  ~, for  a diffuse doub le  l a y e r  is g iven  

b y  the  G o u y  C h a p m a n  t h e o r y  (13, 15) as 

~ /  D R T c  (e~/2R~ e -F*/~R~) [10]  
o - ~  _ _  

21r 

w i t h  c is t he  c o n c e n t r a t i o n  of  t he  e l ec t ro ly t e .  On  
the  o the r  hand ,  ~r is g iven  b y  

~ EC [11] 

w h e r e  C is t he  c a p a c i t y  of t he  condense r  f o r m e d  
b e t w e e n  a i r - e l e c t r o d e  and  a i r / s o l u t i o n  in t e r face ,  
p e r  un i t  a rea ,  

D'  
C --  [12]  

4=d 

w h e r e  D' is the  d i e l ec t r i c  cons t an t  of a i r  and  d t he  
d i s t ance  b e t w e e n  a i r - e l e c t r o d e  and  a i r / s o l u t i o n  in -  
t e r face .  C o m b i n a t i o n  of Eq. [10]  and  [11] g ives  
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CE = "k / 
DRTc 

Y 2= 

E F F E C T S  O F  E L E C T R O S T A T I C  F I E L D S  857 

and  one  can  o b t a i n  

d~ 2RTC ~ /  2= 
d E :  fl -- ~ DRTc 

_ _  ( e ~ * l  ~ _ e - ~ J ~ r )  

(e F~I~ -1- e - ~ / ~ )  -~ [14] 

Us ing  h y p e r b o l i c  func t ions  one ob ta in s  fl as a f u n c -  
t ion  of E f r o m  Eq. [13]  a n d  [14]  

2RTC ~ / = 

F V 2DRTc -~ =E~C ~ 

F o r  a l l  p r a c t i c a l  purposes ,  2DRTc ~ ~rE~C ~ and  
one ge ts  

.@ 2=RTC ~ 

fl = F~Dc 

2~RTC ~ 

F~D 

C 

., and  C as g iven  b y  Eq. [12] .  w i t h  k = 

W i t h  D, t he  d i e l ec t r i c  cons t an t  of t he  e l ec t r i c  
doub le  l aye r ,  a s s u m e d  to be  a b o u t  4, a n d  C ----- 0.1 
e . s . u . / cm ~, w e  ob t a in  k ---- 6.5 x 10 -~ (mole /cmS)  ~/'. 
F o r  c = 0.5 mole /1  a n d  n~/Mg ---- 10-' d y n e s / v  cm, 
one ca l cu la t e s  (Eq. [8] ,  [9] ,  a n d  [ 1 6 ] )  

1 _ 4 7  
( ~  + e~) ~-- - - -  ~ / c  ~d~: - ~  10-~moles /cm ~ 

a n u m b e r  w h i c h  seems  u n r e a s o n a b l y  high.  
In  t he  p r e c e d i n g  ca lcu la t ions ,  w e  h a v e  a s s u m e d  

the  e l ec t r i ca l  doub le  l a y e r  a t  t he  a i r - s o l u t i o n  in -  
t e r f ace  to be  of a di f fuse  na tu r e .  This  a s s u m p t i o n  
was  p r o m p t e d  b y  the  e x p e r i m e n t a l  r e su l t s  showing  
t ha t  the  effect of t he  f ield is m a i n l y  on cat ions ,  w h i c h  
a r e  u s u a l l y  no t  t h o u g h t  of as b e i n g  a d s o r b e d  in  t h e  
i nne r  d o u b l e  l aye r .  

G r a h a m e  (16) f o u n d  t h a t  t h e  p o t e n t i a l  d r o p  ~, 
across  t h e  i n n e r  d o u b l e  l a y e r  is a l i n e a r  f u n c t i o n  of 
t he  a d s o r b e d  charge ,  ~. Us ing  G r a h a m e ' s  e q u a t i o n  
for  ~, 

~, = 2=~/D [ 17 ] 

w h e r e  cr is g iven  b y  Eq. [11],  ~ is t he  r a d i u s  of t he  
h y d r a t e d  ions;  one ob ta in s  f r o m  Eq. [9] ,  w i t h  ~, 
i n s t ead  of ~b 

2=~C 
t,~. - - A E  [18] 

D 

2~r8C 

D 

Now,  w i t h  8 = 10 -7 cm, C ---- 0.1 e . s .u . / cm ' ,  D ---- 4 
e . s .u . /cm,  one ob ta in s  ~' ~ 10 -~. This  l eads  to a 
v a l u e  of ~ 1O -~ mo le s / cm"  for  t he  co r r ec t i on  t e r m  
in t he  modi f ied  G i b b s  e q u a t i o n  (8 ) ,  c o m p a r a b l e  to 
t he  o r d e r  of m a g n i t u d e  g iven  b y  the  s t a n d a r d  f o r m  
of t he  e q u a t i o n  and  in  good a g r e e m e n t  w i t h  va lue s  
of r o b t a i n e d  in  ou r  e x p e r i m e n t s  w i t h  t he  field. 

T h e r e  a r e  too m a n y  a s s u m p t i o n s  i nvo lved ,  h o w e v e r ,  
[13]  to w a r r a n t  s y s t e m a t i c  ca l cu la t ions  of r u s i n g  Eq. [8] .  

Summary 
E le c t ro s t a t i c  f ields of up  to 6700 v / c m ,  pos i t i ve  

and  nega t ive ,  h a v e  been  a p p l i e d  to a i r / N a C l - s o l u -  
t ion i n t e r f aces  a n d  t h e  su r f a c e  t ens ion  changes  
m e a s u r e d  w i t h  a su r f ace  e n e r g y  ba lance .  The  NaC1 
so lu t ion  c o n c e n t r a t i o n  r a n g e d  f r o m  0 to 3.5%. 

I t  was  found  t h a t  e i t he r  field d i r ec t i on  l o w e r s  t he  
su r f ace  t ens ion  of a l l  i n v e s t i g a t e d  solut ions .  A pos -  

[15]  i t ive  a i r  e l ec t rode  l ower s  t he  su r f ace  t ens ion  of p u r e  
w a t e r  less t h a n  a n e g a t i v e  a i r  e lec t rode .  This  is t a k e n  
as ev idence  t ha t  t he  field at  t he  a i r - w a t e r  i n t e r f a c e  
is c o n s i d e r a b l y  s m a l l e r  t h a n  the  10 ~ v / c m  p r e v i o u s l y  
a s sumed ,  t h a t  t h e  o r i e n t a t i o n  of t he  w a t e r  d ipo les  
at  t h e  i n t e r f ace  is on ly  s l ight ,  a n d  t h a t  t he  p r e d o m -  
i n a n t  s m a l l  o r i e n t a t i o n  p r e s e n t  is w i t h  t h e  h y d r o g e n  
f ac ing  t h e  air .  

The  Gibbs  e q u a t i o n  has  been  used  to ca l cu l a t e  
[16]  t he  su r f ace  def ic iency  of NaC1 so lu t ions  u n d e r  a p -  

p l i ed  e l ec t r i c  fields. The  d a t a  show t h a t  a pos i t i ve  
a i r  e l ec t rode  inc reases  t h e  su r f ace  def ic iency  and  a 
n e g a t i v e  a i r  e l e c t r o d e  dec reases  it. This  b e h a v i o r  
can  be  e x p l a i n e d  b y  a s s u m i n g  the  e l ec t r i c  field to 
be e i t he r  e x c l u s i v e l y  or  p r e d o m i n a n t l y  ef fec t ive  on 
the  N a  § ions a lone,  due  to t h e i r  s m a l l e r  d i a m e t e r .  
The  conclus ion  is d r a w n  t h a t  t he  d i f fe rence  in  t he  
a d s o r p t i o n  ene rgy ,  W ( x ) ,  of t he  O n s a g e r - S a m a r a s  
t r e a t m e n t  for  ca t ions  a n d  an ions  canno t  be  neg lec ted .  

I t  is s h o w n  t h a t  t he  a s s u m p t i o n  of  a d i f fuse  doub le  
l a y e r  in  t h e  L e w i s  e q u a t i o n  l eads  to  a su r f ace  d e -  
f ic iency w h i c h  is a b o u t  t w o  o rde r s  of  m a g n i t u d e  too 
high.  One ob ta in s  t he  r i g h t  o r d e r  of m a g n i t u d e ,  h o w -  
ever ,  b y  ne g l e c t i ng  the  diffuse l a y e r  a n d  m a k i n g  
the  ca lcu la t ions  on the  bas is  of an  i n n e r  doub le  
l a y e r  only .  Mos t  of t he  expe r i ence ,  w h i c h  has  l ed  to  
the  conclus ion  t h a t  ca t ions  a r e  no t  u s u a l l y  a d s o r b e d  
in t he  i n n e r  l aye r ,  has  been  o b t a i n e d  f r o m  s tud ies  
of s o l i d / s o l u t i o n  in te r faces .  I t  is s h o w n  t h a t  th i s  
conc lus ion  does no t  n e c e s s a r i l y  ho ld  for  a i r / s o l u t i o n  
in te r faces .  
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Rest Potentials in the Platinum-Oxygen-Acid System 
James P. Hoare 

Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

"The res t  potent ia l  of a p la t inum bead e lect rode in oxygen - s t i r r ed  acid solu-  
t ion was inves t iga ted  as a funct ion of the pH, the  pa r t i a l  pressure  of oxygen,  
and the h is tory  of e lect rode prepara t ion .  I t  is be l ieved tha t  the  theore t ica l  
equi l ib r ium oxygen potent ial ,  +1.229v vs. N.H.E., cannot  be obta ined in any 
known system because al l  known  electronic conductors  in te rac t  wi th  oxygen.  
One observes, then, a mixed  potent ial .  Such systems are not  a t  equi l ib r ium bu t  
in a s t eady-s ta te  condition. Evidence for the unders tand ing  of the na tu re  of 
the po ten t i a l -de te rmin ing  react ions in this system are  presented.  

A l t h o u g h  a c o n s i d e r a b l e  a m o u n t  of w o r k  has  
been  done  on the  o x i d a t i o n  and  r e d u c t i o n  of o x y -  
gen  on a p l a t i n u m  e lec t rode ,  c e r t a i n  a r eas  s t i l l  r e -  
qu i r e  close e x a m i n a t i o n .  Some  i n v e s t i g a t o r s  (1 -3 )  
h a v e  d e t e c t e d  the  p r e s e n c e  of p e r o x i d e  i n t e r m e d i -  
a tes  in th is  s y s t e m  w h i l e  o the r s  h a v e  no t  (4) .  F r o m  
the  w o r k  of Bockr i s  and  Huq  (2) i t  a p p e a r s  t h a t  
t he  p r e s e n c e  of i m p u r i t i e s  m a y  a l t e r  t he  b e h a v i o r  
of th is  sys tem.  I t  is i n t e r e s t i n g  to no t e  t h a t  a p l a t i -  
n u m  o x i d e  e l e c t r o d e  p r e p a r e d  b y  an  anod iz ing  
process  d i f fers  in e l e c t r o c h e m i c a l  p r o p e r t i e s  f r o m  
one m a d e  in  a i r  ( 4 -6 ) .  

A s izab le  b a r r i e r  in  the  d e t e r m i n a t i o n  of t he  
m e t a l - m e t a l  ox ide  e q u i l i b r i u m  p o t e n t i a l s  is t he  
di f f icul ty  w i t h  w h i c h  these  r e l a t i v e l y  u n s t a b l e  o x -  
ides can be p r e p a r e d  (7) .  The  d r y  ox ides  have  d i f -  
f e r e n t  compos i t ions  t h a n  the  h y d r a t e d  ones (8) .  If  
one  p r e p a r e d  a g iven  p l a t i n u m  oxide ,  m o u n t e d  i t  
on a p l a t i n u m  gauze,  and  i m m e r s e d  i t  in  an  ac id  
solu t ion ,  t he  f inal  s t a t e  w o u l d  mos t  l i k e l y  be  q u i t e  
d i f fe ren t  f r o m  the  in i t ia l .  As  a resu l t ,  t he  r e c o r d e d  
p o t e n t i a l s  a r e  qu i t e  u n c e r t a i n  ( 9 -11 ) .  

I t  is the  p u r p o s e  of th is  w o r k  to s t u d y  t h e  res t  
p o t e n t i a l  of  a p l a t i n u m  e l ec t rode  i m m e r s e d  in  an  
o x y g e n - s a t u r a t e d  su l fu r i c  ac id  so lu t ion  as a f u n c -  
t ion  of t he  p a r t i a l  p r e s s u r e  of oxygen ,  pH,  and  
p r e v i o u s  h i s t o r y  of t he  e l ec t rode  p r e p a r a t i o n  in  
o r d e r  to p r e s e n t  ev idence  for  t he  u n d e r s t a n d i n g  
of t he  n a t u r e  of t he  p o t e n t i a l - d e t e r m i n i n g  r e a c t i o n s  
in th i s  sys t em.  

Experimental 
The  tes t  e l ec t rodes  w e r e  s m a l l  beads  (0.1-0.2 cm 

in d i a m e t e r )  of p l a t i n u m  (99.9-t-% p u r e )  m e l t e d  on 
the  end  of t he  m e t a l  w i r e  in an  o x y g e n  torch.  P l a t -  
i n u m  w i r e  l eads  w e r e  s p o t - w e l d e d  to t he  t es t  e l ec -  
t rode .  

The  tes t  cell ,  shown  in Fig.  1, was  m a d e  of Teflon 
and  is c o m p o s e d  of two  c o m p a r t m e n t s  connec t ed  
t h r o u g h  a f r i t t e d  d i sk  and  he ld  t o g e t h e r  w i t h  a 

c l a m p  m a d e  of Luci te .  L e a k a g e  of so lu t ion  a r o u n d  
the  f r i t  is p r e v e n t e d  b y  the  use  of a p o l y e t h y l e n e  
gaske t .  In  p h y s i c a l  a p p e a r a n c e  th is  cel l  is s imi l a r  to 
one d e s c r i b e d  be fo re  (12) .  The  r i g h t - s i d e  c o m p a r t -  
men t ,  in w h i c h  the  t es t  e l ec t rodes  a r e  p laced ,  con-  
t a ins  a l a r g e  p l a t i n u m  gauze  c o u n t e r e l e c t r o d e  he ld  
in p l ace  a ga in s t  the  cel l  w a l l  w i t h  a Teflon r ing.  In  
t he  l e f t - s i d e  c o m p a r t m e n t ,  in  w h i c h  the  r e f e r e n c e  
e l e c t r o d e  is p l aced ,  a l a r g e  p l a t i n u m  gauze ,  w h i c h  
m a y  be  used  as  a c o u n t e r e l e c t r o d e ,  and  a s m a l l  
p l a t i n u m  gauze,  w h i c h  m a y  be  used  as a h y d r o g e n  
r e f e r e n c e  e lec t rode ,  a r e  he ld  a ga in s t  t he  cel l  w a l l  
b y  a Teflon r ing.  T h r o u g h  the  tops  of bo th  s ides  of 
t he  cel l  pass  g a s - i n l e t  and  - o u t l e t  t ubes  m a d e  of 
Teflon. Also,  Teflon tubes  pas s ing  t h r o u g h  each  top  
a r e  a v a i l a b l e  t h r o u g h  w h i c h  the  tes t  and  r e f e r e n c e  
e l ec t rodes  m a y  be  i n s e r t e d  in to  the  cell .  A t  t he  
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Fig. 1. Teflon dual cell. AA, gas inlet tubes; BB, gas outlet 
tubes; CC, pre-electrolysis electrodes, DD, large Pt-gauze counter- 
electrodes, E, small Pt-gauze electrode; F, left-side compartment; 
G, right-slde compartment; H, polyethylene gasket; J, glass frit; 
K, o-palladium reference electrode; L, test electrode; M, spacer. 
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bottom of each inlet  tube is placed a ba l l  of p la t i -  
num gauze to b reak  the gas s t ream into fine bub-  
bles. Final ly ,  a small  hole, through which a thin 
p la t inum wire  m a y  be inser ted  as a p re -e lec t ro lys i s  
electrode,  is made  in each top. 

The choice of a reference  e lect rode sys tem is a 
very  impor tan t  step in this investigation.  The a-  
pa l l ad ium-hydrogen  (13, 14) reference electrode 
was chosen for the fol lowing reasons. Unfor tu-  
nately,  p l a t i num-oxygen  electrodes are ne i ther  
revers ib le  nor  reproduc ib le  so tha t  a Pt/O~ elec-  
t rode cannot  be used in a manner  s imi lar  to the 
Pt/H~ electrode in the hydrogen overvol tage s tud-  
ies. Reference electrode systems such as the calo- 
mel  and mercurous  sulfate  electrodes are undes i r -  
able because of the possibi l i ty  of in t roducing 
chloride or  mercury  ions into the system. Another  
d i sadvantage  wi th  the calomel  sys tem is the  p res -  
ence of a junct ion potential .  F inal ly ,  a p l a t i num-  
hydrogen  reference  electrode is unsui table  because 
the  dissolved hydrogen  can pass through the fr i t  
and depolar ize  the oxygen electrode in the r igh t -  
side compar tment .  The a - p a l l a d i u m  reference 
electrode avoids these problems  since it is r evers i -  
ble to hydrogen  ions but  independent  of the pa r t i a l  
pressure  of hydrogen  gas (14). Therefore,  hydrogen  
gas need not be bubbled  in the le f t - s ide  compar t -  
ment.  

To make  an a - p a l l a d i u m  reference electrode,  one 
proceeds as follows. A small  bead  (0.1-0.2 cm in 
d iamete r )  is mel ted  on the end of a pa l l ad ium wire  
and a p la t inum lead wire  is spo t -we lded  to it. 
The bead is c leaned by  heat ing it r ed -ho t  in a 
burning  hydrogen  je t  and plunging the hot bead 
into concentra ted  ni t r ic  acid. This procedure  is re -  
pea ted  about  twen ty  t imes. Then the l e ad -wi r e  and 
the bead are  imbedded  in v i rg in  po lye thy lene  so 
tha t  the  weld area  is covered and only a hemisphere  
of the bead is exposed. Af te r  inser t ing the electrode 
through the Teflon tube in the cell top, i t  is sealed 
to the tube wi th  mol ten  polyethylene.  The cell and 
the electrode are soaked in t r ip ly  dis t i l led wa te r  
for 48 hr  wi th  f requent  changes of water .  Af te r  the 
test solution is added and af ter  p re -e lec t ro lyz ing  
against  the  aux i l i a ry  electrode for about  24 hr, 
purified hydrogen  is bubb led  through the solution 
unt i l  the potent ia l  of the  bead  has remained  s teady 
for 30 min at  50 m y  against  a Pt/H~ electrode in 
the same solution. Then the hydrogen  flow is 
s topped and the cell  is sealed off to the atmosphere.  
In the absence of oxidizing agents, it  has been 
shown tha t  such an electrode wil l  exhibi t  +50 mv 
vs. Pt/H~ in the same solution for a week in a hy -  
drogen a tmosphere  (15) and indefini tely in a he-  
l ium a tmosphere  (16). I t  is ve ry  impor tan t  tha t  all  
t h ree -phase  contact  between pal ladium,  plat inum, 
and solution be avoided, o therwise  a local cell wil l  
be set up and a s teady potent ia l  of 50 mv wil l  not 

be observed (17). 
Al l  solutions were  made f rom reagent  grade 

chemicals  and f rom t r ip ly  dist i l led wa te r  obta ined 
f rom an a l l -quar tz  still. The gases, H~, N~, and O~, 
were  purif ied in a s tandard  mul t i s tage  purification 
t ra in  containing hea ted  copper turnings  or copper 
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oxide, silica gel, ascarite,  heated p a l l a d i u m - o n -  
asbestos, l iquid ni t rogen t rap,  and ro tamete r  to 
moni tor  the gas flow. The pa r t i a l  pressure  of oxygen 
was var ied  by  di lut ing wi th  ni t rogen since the  
molecular  weights  are s imi lar  and the mixing of 
the gases would be fac i l i ta ted  thereby.  The mixing  
was accomplished by connecting the outlets of the 
n i t rogen and the oxygen t ra ins  by  a "Y" tube and 
passing the gas through a coil of about  30 ft of 
tubing before enter ing the cell. The par t i a l  pressure  
was de te rmined  f rom the ro t ame te r  readings  ac-  
cording to 

(O._, r ead ing) / (O~  q- N~ readings)  = Po~ 

Al though this procedure  involves a cer ta in  amount  
of error,  consistent resul ts  have  been obtained.  

Al l  electrodes were  cleaned in the same manner  
as tha t  jus t  descr ibed for the pa l l ad ium bead. The 
Teflon cell and the f r i t ted  disks were  cleaned by 
soaking for 24 hr  in concentra ted HNO8 and then 
r insing in t r ip ly  dis t i l led water .  Af ter  the  cell had 
been assembled wi th  the test  electrodes mounted in 
the r ight  side and the pa l l ad ium bead in the left  
side, the cell was soaked in t r ip ly  dist i l led wa te r  
wi th  f requent  changes of wa te r  for at least  48 hr. 
Then the cell  was filled half  full  (about  25 cc, 
tota l )  wi th  the test  solution and the cell tops sealed 
in place wi th  mol ten  polyethylene.  Al l  the elec-  
t rodes were  t ied together  and p re -e lec t ro tyzed  for 
at least  24 hr  against  the aux i l i a ry  p la t inum wire  
pre -e lec t ro lys i s  cathodes. Pre -e lec t ro lys i s  was 
s topped by removing  the p l a t inum wire  cathodes  
and thus b reak ing  the electr ical  circuit.  Hydrogen  
gas was bubbled  into the left  side unt i l  the  pa l l a -  
d ium bead showed a potent ia l  of +50 mv against  
a Pt/H~ electrode in the same solution for  at  least  
30 min. Then this side was sealed off to the a tmos-  
phere,  and potent ia l  measurements  on the oxygen 
electrode in the r ight  side were  made against  the 
a - p a l l a d i u m  electrode in the left  side. I t  was found 
tha t  the reference  potent ia l  was invar ian t  f re -  
quent ly  for 48 hr  and a lways  so up to 24 hr. The 
reference potent ia l  decayed due to the diffusion of 
dissolved oxygen f rom the r ight  side to the  left 
side which depolar ized the a - p a l l a d i u m  electrode.  

The pH of the solutions was var ied  by  di lut ing 
the 2N H~SO4 solution with  2N Na~SO, solution. At  
the end of an exper iment ,  a sa tu ra ted  calomel  elec-  
t rode (S.C.E.) was placed in the cell, and the 
potent ia l  against  at  P t / H ,  e lectrode in the  same so- 
lut ion was determined.  This value  was compared  to 
that  for the stock solution which had been de te r -  
mined by  a separa te  exper iment ,  and the values  
agreed wi th in  5 my. By this measurement ,  the po-  
tent ia ls  can be recorded on the normal  hydrogen  
scale (N.H.E.).  All  potentials wil l  be referred to 
N.H.E. unless otherwise noted. 

The t empera tu re  of all  these exper iments  was 
24 ~ • I~ Samples  of solution can be removed 
from the cell by  inser t ing the 4-in. needle of a 
hypodermic  syr inge  into the  gas exi t  tube.  The po-  
ten t ia l  was measured  wi th  a Genera l  Radio Elec-  
t rometer ,  model  number  1230-A, having a var iab le  
input  impedance  from 10 ~' to 10' ohms. 
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Results and Discussion 

Dependence of rest potential on presence of per-  
ox ide . - -The  po ten t i a l  of a p l a t i n u m  bead  tha t  was  
be ing  anodized at about  + 1.9v (vs. N.H.E.) in  Oa- 
sa tu ra t ed  2N H~SO, so lu t ion  fel l  r ap id ly  to abou t  
1.5v af ter  the c i rcui t  had  been  broken .  T h e n  the 
po ten t i a l  fell  more  or less s lowly and  r egu l a r l y  
t h rough  a po ten t i a l  of 1.23v to a m i n i m u m  va lue  
of abou t  850 m v  in  less t h a n  an  hour,  a f ter  which  
the po ten t i a l  became more  noble  again.  W i t h i n  
th ree  or four  hours,  the  po ten t i a l  became s teady at  
a va lue  b e t w e e n  +920 and  +970  my.  A sample  of 
the  so lu t ion  in  the cell gave a posi t ive  test  for p e r -  
oxide w i th  the TiSO, r eagen t  (18).  

Next,  h y d r o g e n  gas was  b u b b l e d  over  the p l a t i -  
n u m  bead  for abou t  30 m i n  so tha t  the solut ion 
would  become sa tu ra t ed  wi th  hydrogen .  The po t en -  
t ia l  fel l  to the  h y d r o g e n  po ten t i a l  (--50 m v  wi th  
respect  to ~ - p a l l a d i u m ) .  T h e n  the  Ha-s t i r r ing  was 
rep laced  wi th  O~-stirring,  and  the  po t en t i a l  rose 
r ap id ly  to about  +700  m v  and  more  s lowly a f t e r -  
wards .  W i t h i n  abou t  2 hr  the  po ten t i a l  had  reached  
1000 mv,  and  af ter  about  20 hr  the  po ten t i a l  had  
become s teady at a va lue  b e t w e e n  1050 and  1080 
my.  This  po ten t i a l  r e m a i n e d  s teady  for at least  24 
more  hours  ( fu r the r  obse rva t ion  could not  be made  
because  the  ~ - p a l l a d i u m  po ten t i a l  began  to decay 
due  to O2-diffusion into the  l e f t - s ide  c o m p a r t m e n t ) .  
W h e n  the  so lu t ion  was  tes ted w i th  TiSO,  r eagen t  
a nega t ive  test  for pe rox ide  was obta ined.  

Wi th  a hypode rmic  syr inge,  H~O~ solut ion was  
added to the  cell u n t i l  the  su l fur ic  acid so lu t ion  
was  abou t  4 • 10-~M in  HaOa. The po ten t i a l  d ropped  
qu ick ly  to a s teady va lue  of abou t  825 mv.  

These expe r imen t s  ind ica te  tha t  the anodiza t ion  
of p l a t i n u m  in  O~-saturated solut ions  bu i lds  up the  
concen t r a t i on  of h y d r o g e n  perox ide  wh ich  de -  
presses the  po ten t i a l  of the sys tem as no ted  by  Ber l  
(19).  If, however ,  the peroxide  is r emoved  by  re -  
act ion wi th  dissolved Ha, the  po t en t i a l  can  more  
n e a r l y  approach  the  r eve r s ib l e  oxygen  po ten t i a l  of 
1.229v (11).  

Dependence oJ rest potential on partial pressure 
of Oa.- - In  ano the r  set of exper iments ,  the  pa r t i a l  
p ressure  of oxygen  was va r i ed  in  a sys tem con t a in -  
ing a p l a t i n u m  bead  in  o x y g e n - s t i r r e d  acid solut ion 
which  did no t  con ta in  a de tec tab le  a m o u n t  of pe r -  
oxide. The da ta  at th ree  different  m ixed  po ten t ia l s  
cor responding  to d i f ferent  stages of surface  deve l -  
opmen t  are p resen ted  in  Tab le  IA in  the sequence  
wi th  which  the expe r imen t s  were  per formed.  Each 
r ead ing  had  been  t ime  i n d e p e n d e n t  for a d u r a t i o n  of 
10-20 rain before be ing  recorded.  The  da ta  in  rows 
9, 10, and  11 show tha t  the  po t en t i a l  is i n d e p e n d e n t  
of s t i r r ing  which  indicates  tha t  a p o t e n t i a l - d e t e r -  
m i n i n g  reac t ion  free f rom diffusion cont ro l  has 
been  establ ished.  Since the  po ten t i a l  is the  same for 
var ious  ro t ame te r  se t t ings  g iv ing  the  same pa r t i a l  
p ressure  of oxygen,  e.g., rows 2, 4, and  7, it seems 
tha t  the me thod  gives fa i r ly  cons is ten t  resul ts .  

Consider  a gene ra l  ove r - a l l  apparen t ,  po t en t i a l -  
d e t e r m i n i n g  reac t ion  i nvo lv ing  oxygen,  such as 

where  X is a subs tance  such as H +, n is the  n u m b e r  
of e lect rons  t r a n s f e r r e d  in  the  ove r - a l l  react ion,  
YO is a subs tance  such as H~O, a nd  x and  y are  
s to ichiometr ic  coefficients. The  Nerns t  re la t ionsh ip  
for this  reac t ion  is 

E = Eo' + ( R T / n F )  i n  [ax ~ Pajama'] [2] 

If on ly  Po2 is var ied ,  t h e n  the  ac t iv i ty  t e rms  m a y  
be combined  wi th  E j  to give an  express ion  for E as 
a f unc t i on  of Po~ 

E =Eo + (0 .059/n)  log Poa (a t  25~ [3]  

Eo is the  va lue  of E w h e n  Po~ = 1 so tha t  n m a y  be 
es t imated  f rom the  data  in  Tab le  I and  is g iven  in  
the  last  co lumn  of Tab le  I. F r o m  the  da ta  in  Tab le  

Table I. Dependence of the rest potential of a platinum bead 
electrode on the partial pressure of oxygen gas in 2N 

sulfuric acid 

n = 0.059 log P o J ( E  - -  E o )  

A - - n o  de t ec t ab l e  p e r o x i d e  
B - - p e r o x i d e  f r o m  e l e c t r o d e  a n o d i z a t i o n  de t ec t ab l e  
C- -4  x 10-~VI h y d r o g e n  p e r o x i d e  

R o t a m e t e r  
r ead ing*  

P o t e n t i a l  v s .  E - -  E o ,  
02 Na a - P d  refer . ,  m v  Pe a m v  n 

A 

5.4 0 855 1 0 - -  
5.3 6.7 851 0.44 --4 5.3 
5.3 11.5 848 0.31 --7 4.3 

10.5 11.5 851 0.48 --4 4.7 
3.5 15.3 845 0.19 --10 4.1 

5.1 0 855 1 0 - -  
4.9 5.9 851 0.45 --4 5.1 

10.9 0 855 1 0 - -  
4.6 0 872 1 0 - -  

11.3 0 872 1 0 - -  

0 0 872 1 0 - -  
4.0 5.1 868 0.44 --4 5.3 
3.9 9.3 866 0.29 --6 5.3 
3.9 3.6 868 0.52 --4 4.2 
5.4 0 872 1 0 - -  

12.0 0 998 1 0 - -  
4.2 0 998 1 0 - -  
4.2 6.5 993 0.39 --5 4.7 
4.2 9.8 990 0.30 --8 3.9 
4.2 14.0 989 0.23 --9 4.2 
7.2 0 998 1 0 - -  

B 

5.0 0 815 1 0 - -  
3.3 7.2 810 0.47 --5 3.8 
4.1 12.9 805 0.24 --10 3.6 
4.2 0 815 0 0 
4.2 4.7 810 0.42 --5 4.4 
3.3 6.7 808 0.3 --7 4.4 

12.0 0 815 1 0 - -  

C 

5.3 0 772 1 0 - -  
5.6 6.6 765 0.46 --7 2.8 
5.5 10.0 760 0.35 --12 2.3 

10.5 9.7 765 0.48 --7 2.6 
5.3 15.0 757 0.26 --15 2.3 
5.7 0 772 1 0 - -  

O~ + x X  + ne- ~ yYO [1] 
* T h e  r o t a m e t e r  ca l ibra t ion  c u r v e s  are  f a i r l y  l i n e a r  f r o m  a read-  

i n g  o f  3.0 c o r r e s p o n d i n g  to  95 c c / m i n  to  a r e a d i n g  o~ 13.0 c o r r e -  
s p o n d i n g  to  600 c c / m i n .  
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IA,  i t  s eems  t h a t  t h e  a p p a r e n t  p o t e n t i a l - d e t e r m i n -  
ing  r e a c t i o n  is one i n v o l v i n g  the  t r a n s f e r  of 4 e l ec -  
t rons .  Because  the  v a l u e s  of n a v e r a g e  a b o u t  16% 
h igher ,  i t  w o u l d  i nd i ca t e  t h a t  t he  m e t h o d  is m o r e  
p rec i se  t h a n  a c c u r a t e  due  to t he  e r r o r s  in  d e t e r -  
m i n i n g  Po~ and  the  i n a b i l i t y  to r e a d  the  p o t e n t i a l  
to b e t t e r  t h a n  one p a r t  in  a thousand .  F u r t h e r m o r e  
an  u n c e r t a i n t y  of +--_ 1 m v  in E - - E o  ind ica t e s  an  
u n c e r t a i n t y  of 2 5 % - 1 0 %  in n. H o w e v e r ,  t he se  d a t a  
c e r t a i n l y  f a v o r  t he  sugges t ion  t h a t  t he  p o t e n t i a l -  
d e t e r m i n i n g  r e a c t i o n  is one  such  as 

O-o + 4 H  + + 4e -  = 2 H 2 0  [ 4 ]  

In  T a b l e  IB a re  r e c o r d e d  the  p o t e n t i a l - o x y g e n  
p r e s s u r e  d a t a  o b t a i n e d  on  the  s y s t e m  in w h i c h  a 
d e t e c t a b l e  a m o u n t  of H~O_~ h a d  a c c u m u l a t e d  in  t he  
e ] ec t ro ly t e  due  to the  anod iza t i on  of the  e lec t rodes .  
By t r e a t i n g  these  d a t a  as b e f o r e  t h e  e s t i m a t e d  v a l u e  
for  n is m u c h  l o w e r  t h a n  t h a t  in T a b l e  IA.  T h e  d a t a  
in T a b l e  IC w e r e  f o u n d  for  t he  s y s t e m  in w h i c h  the  
e l e c t r o l y t e  was  m a d e  4 • 10-~M in H~O-o. H e r e  t he  
v a l u e  for  n is v e r y  close to 2 and  l eads  to  t he  sug -  
ges t ion  tha t ,  as t he  H-oO~ c o n c e n t r a t i o n  inc reases  
t he  res t  p o t e n t i a l  becomes  i n c r e a s i n g l y  d e t e r m i n e d  
b y  a 2 - e l e c t r o n  r e a c t i o n  such as 

O~ -5 2H § + 2e- ---- H~O~ [5]  

I t  is to be  no ted  t h a t  t he  p o t e n t i a l  fa l l s  as t he  H~O~ 
c o n c e n t r a t i o n  inc reases  t o w a r d s  t he  Eo v a l u e  for  
Eq. [5]  of + 682 m v  ( r e f e r r e d  to N.H.E. ) .  

The platinum-platinum oxide couples.--Another 
ser ies  of e x p e r i m e n t s  w a s  c a r r i e d  out  in  w h i c h  
pur i f i ed  n i t r o g e n  was  used  to s t i r  t he  s y s t e m  a f t e r  
t he  p o t e n t i a l  h a d  b e c o m e  s t e a d y  in o x y g e n - s t i r r e d  
2N su l fu r i c  ac id  a t  1045 inv.  A f t e r  a b o u t  2 h r  of 
N~.-stirring, the  p o t e n t i a l  b e c a m e  q u i t e  cons t an t  a t  
875 inv. As  soon as O2-s t i r r ing  r e p l a c e d  the  N~ the  
p o t e n t i a l  r e t u r n e d  to 1027 m v  in abou t  2 hr .  This  
p r o c e d u r e  was  r e p e a t e d  m a n y  t imes  on d i f fe ren t  
s amples  of p l a t i n u m ;  the  p o t e n t i a l  a l w a y s  came  to 
a s t e a d y  v a l u e  b e t w e e n  870 and  890 m y  w i t h  N-o- 
s t i r r ing .  

E1 W a k k a d  (20) r e p o r t s  t h a t  t he  p o t e n t i a l  of a 
P t / P t O  coup le  is a b o u t  0.88v in  ac id  solut ion.  This  
c o r r e s p o n d s  to t he  po in t  on the  p o t e n t i a l - t i m e  
cu rves  w h e r e  o x i d e - f o r m a t i o n  f irst  a p p e a r s  w h e n  a 
p r e v i o u s l y  ca thod ized  p l a t i n u m  e l e c t r o d e  is a n o -  
d ized  in  ac id  so lu t ion  (21-23) .  H o w e v e r ,  L a t i m e r  
(11) and  o the r s  (24) r e p o r t  a v a l u e  of  0.98v for  a 
P t / P t ( O H ) ~  coup le  in  ac id  so lu t ion  w h i c h  is b a s e d  
on t h e r m o c h e m i c a l  d a t a  o b t a i n e d  f r o m  a c h e m i c a l l y  
p r e p a r e d  compound .  S ince  t h e  c h e m i c a l l y  p r e p a r e d  
Pt(OH)-O m a y  v e r y  l i k e l y  be  d i f fe ren t  f r o m  the  
h y d r a t e d  P t O  on the  p l a t i n u m  e l ec t rode  sur face ,  
t he  v a l u e  of 0.98v for  t he  P t / P t O  coup le  m a y  be  
ques t i onab l e .  C o u l o m e t r i c  d e t e r m i n a t i o n s  (4, 21, 
22) of t he  q u a n t i t y  of o x y g e n  ex i s t i ng  on a p l a t i -  
n u m  e l e c t r o d e  anod ized  to t he  po in t  of o x y g e n  evo -  
lu t ion  in  ac id  so lu t ion  show t h a t  t he  p l a t i n u m  su r -  
face  is cove red  w i t h  an  ox ide  m o n o l a y e r  c o r r e -  
s p o n d i n g  to  P t O  (23) .  S ince  th i s  ox ide  l a y e r  is an  
e l ec t ron ic  conduc to r  (22) ,  a d d i t i o n a l  l a y e r s  can  be  
f o r m e d  on ly  u n d e r  e x t r e m e  cond i t ions  (25) .  
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I t  is sugges ted ,  then ,  t h a t  the  p o t e n t i a l - d e t e r m i n -  
ing  r e a c t i o n  e s t a b l i s h e d  a t  t h e  p l a t i n u m  e l ec t rode  
in N , - s t i r r e d  2N H~SO4 so lu t ion  is mos t  l i k e l y  

P tO* + 2H § + 2e- = P t  + H~.O [6]  

w h e r e  t he  s y m b o l s  P tO*  and  I-I + r e f e r  to t he  h y -  
d r a t e d  ox ide  on the  p l a t i n u m  su r f a c e  and  to t he  
h y d r a t e d  p r o t o n  in  solu t ion ,  r e spe c t i ve ly .  In  v i e w  
of t he  d a t a  p r e s e n t e d  here ,  a p o t e n t i a l  v a l u e  of 
0.88v is f a v o r e d  for  t he  e q u i l i b r i u m  p o t e n t i a l  of  
Eq. [6] .  I t  is b e l i e v e d  t h a t  P t O  ~ is no t  a f o r m a l  o x -  
ide  b u t  is m o r e  a k i n  to an  a d s o r b e d  l a y e r  of o x y -  
gen,  P t - O .  P l a t i n u m  a t o m s  do no t  s eem to be  p u l l e d  
out  of the  l a t t i c e  s ince the  a n o d i z e d  P t - b e a d  is s t i l l  
b r i g h t  and  smooth .  I t  m a y  be, then ,  t h a t  t h e r e  is 
r e a l l y  on ly  one t r ue  ox ide  of p l a t i n u m ,  PtO~. 

I t  has  been  r e p o r t e d  (4)  t ha t  the  ox ide  fi lm on 
anod ized  p l a t i n u m  e l ec t rodes  con ta ins  a h igh  p e r -  
c e n t a ge  of PtO~ and  t h a t  t h e  e q u i l i b r i u m  p o t e n t i a l  
for  a PtO2/Pt(OH)-O is a b o u t  1.1v (11) .  W h e n  a 
p l a t i n u m  e l ec t rode  is anodized ,  p e r o x i d e  is accu-  
m u l a t e d  in t he  e l e c t r o l y t e  w h i c h  i n t e r f e r e s  w i t h  
the  p o t e n t i a l  m e a s u r e m e n t s ,  and,  w h e n  the  so lu t ion  
is s t i r r e d  w i t h  h y d r o g e n  to r e m o v e  the  pe rox ide ,  
t he  ox ides  on the  p l a t i n u m  sur faces  a r e  r e m o v e d  as 
wel l .  

To i n v e s t i g a t e  t he  inf luence  of PtO.., on the  p o -  
t e n t i a l  the  fo l l owing  e x p e r i m e n t  was  dev ised .  Two  
iden t i ca l  Teflon cel ls  w e r e  used.  In  t he  first  ce l l  
on ly  the  2N I-I=SO4 so lu t ion  was  p r e - e l e c t r o l y z e d ,  
and  in t he  second  the  t es t  e l ec t rodes  w e r e  p r e -  
e l e c t r o l y z e d  in the  s ame  solut ion.  A f t e r  t he  p r e -  
e l ec t ro lys i s  p r o c e d u r e  was  f inished,  h y d r o g e n  was  
b u b b l e d  into  t he  first  ce l l  for  30 min  to d e s t r o y  a n y  
p e r o x i d e  p re sen t .  A f t e r w a r d ,  t he  h y d r o g e n  was  
r e p l a c e d  w i t h  oxygen .  W h e n  the  e l e c t r o l y t e  w a s  
s a t u r a t e d  w i t h  O,., ( a f t e r  30 r a in ) ,  t he  e l ec t rodes  
w e r e  t r a n s f e r r e d  f r o m  the  second  cel l  to t he  first. 
P o t e n t i a l  m e a s u r e m e n t s  w e r e  t aken .  The  p o t e n t i a l  
f e l l  f r o m  an  i n i t i a l  v a l u e  of abou t  1500 m v  to abou t  
935 m v  in a b o u t  15 ra in  and  t hen  b e c a m e  m o r e  
nob le  again .  F i n a l l y ,  i t  c ame  to a v a l u e  of 987 m v  
w h i c h  r e m a i n e d  s t e a d y  for  an  o b s e r v e d  3 - h r  per iod .  
W h e n  the  O~-s t i r r ing  was  r e p l a c e d  b y  H~ for 15 
ra in  and  t h e n  r e s u m e d ,  t h e  p o t e n t i a l  rose  r a p i d l y  
f r o m  the  h y d r o g e n  p o t e n t i a l  ( - -50  m v  vs. a - p a l l a -  
d i u m )  to + 1016 m y  in abou t  45 min.  These  d a t a  
i nd i ca t e  t h a t  the  p r e s e n c e  of PtO-o causes  a s ignif i -  
can t  dep re s s ion  of the  res t  p o t e n t i a l  of a p l a t i n u m  
b e a d  in O.o-stirred ac id  solu t ion .  

The  r ea son  w h y  a p o t e n t i a l  of  1.229v canno t  be  
r e a c h e d  in  t h e  p l a t i n u m - o x y g e n - a c i d  s y s t e m  is t h e  
fac t  t h a t  t he  4 - e l e c t r o n  reac t ion ,  Eq. [4 ] ,  does  no t  
t a k e  p l a c e  on a p u r e  p l a t i n u m  su r f ace  b u t  on a P t O  
surface .  One  can  v i sua l i ze  t he  4 - e l e c t r o n  process  
occu r r i ng  a t  c e r t a i n  s i tes  on the  ox ide  cove red  
p l a t i n u m  su r f ace  w h i l e  a t  o t h e r  s i tes  t h e  P t / P t O  
couple ,  Eq. [6] ,  occurs.  S ince  the  su r f a c e  is an  e l ec -  
t ron ic  conduc to r  and  t h e r e f o r e  is an  e q u i p o t e n t i a l  
sur face ,  these  p rocesses  w i l l  p roc e e d  at  t h e  s ame  
m i x e d  p o t e n t i a l  (26) d u e  to t he  f low of t he  loca l  
cel l  cu r r en t .  The  v a l u e  of t h e  m i x e d  p o t e n t i a l  w i l l  
be  b e t w e e n  a b o u t  0.88 and  1.23v; i ts  e x a c t  pos i t i on  
wi l l  d e p e n d  on the  r e l a t i v e  p o l a r i z a t i o n  of t he  t w o  
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reactions. The flow of the local -cel l  cur ren t  would 
be such tha t  Eq. [4] would be cathodized and Eq. 
[6] would be anodized. F rom the exper imenta l  
data, it  appears  tha t  the 4-e lect ron react ion pro-  
ceeds on oxygen covered sites at a much fas ter  
ra te  than  on bare  sites, p robab ly  due to the re la t ive  
s t rengths  of the p l a t i num-oxygen  and p la t inum 
ox ide-oxygen  bonds. This may  be seen f rom the 
fol lowing analysis.  

Ini t ia l ly ,  af ter  a p la t inum bead had been t rea ted  
with  hydrogen  and then the H~-stirring replaced by 
O2-stirring, the surface had re la t ive ly  few sites 
covered with oxygen. In this  case, for a given local 
cell current ,  the  cur ren t  dens i ty  for the 4-e lec t ron 
react ion occurr ing at  covered sites is much higher  
than that  for the P t / P t O  react ion occurring at un-  
covered sites and so the 4-e lect ron react ion wil l  
be polar ized to a g rea te r  extent.  As a result ,  the 
mixed potent ia l  wil l  have a value  closer to 0.88v, 
as shown in Fig. 2 ( a ) .  Because the local cell reac-  
t ion is such that  the P t / P t O  react ion is anodized, 
PtO wil l  accumulate  on the surface, p rovid ing  more 
sites on which the 4-e lec t ron react ion can occur. 
Then the current  densi ty  and, consequently,  the 
polar izat ion for this react ion decreases whi le  the 
current  densi ty  and polar izat ion wil l  increase for 
the P t / P t O  reaction. The mixed potent ia l  becomes 
more noble as shown in Fig. 2 (b ) .  If this process 
continued, even tua l ly  the surface would be com- 
p le te ly  covered with  PtO and now only the 4- 
electron react ion would occur. A potent ia l  of 1.23v 
would be observed since the P r o  layer  is an elec-  
t ronic conductor  and iner t  to oxygen. 

The fact tha t  the 1.23-v potent ia l  is not observed 
suggests tha t  the cathodic react ion of Eq. [6] con- 
t inuously  provides  a supply  of bare  p la t inum sites. 
The system then comes to a s teady s tate  involving 
the anodic and cathodic reactions of Eq. [4] and [6] 
to a point  where  the re la t ive  s t eady-s t a t e  cur rent  
densit ies produce a s t eady-s ta te  mixed potent ia l  
value  be tween 1.05 and 1.08v as shown in Fig. 2 (c) .  

1.2 

"~ I.I 

~ 0.~ 

0.8 

LOCAL CELL CURRENT 

Fig. 2. Sketch of the polarization curves for the two component 
reactions of a local cell. The potential at the point where the 
curves cross is the mixed potential, and the current at that point 
is the total local cell current. Curve A is the polarization curve for 
the cathodic reaction, O~ ~ 4H + - I -  4e- ~ 2H20; curve B, that 
for the anodic reaction Pt ~ H~O ~ PtO -t- 2H § ~ 2e. Vetter and 
Berndt (21) have estimated the local action current to be about 
0.2 • 10 4 amp/cm 2 except that they attributed this current 
entirely to impurities. See text for (a), (b), and (c). Potential vs. 

N. H. E. 

This means that  under  open-c i rcu i t  conditions a 
cer ta in  number  of p la t inum sites tha t  are  not cov- 
ered with  oxygen are a lways  present.  

The resul ts  of the fol lowing exper iment  suppor t  
the  suggestions presented  in Fig. 2. Two p la t inum 
beads whose exposed geometr ic  areas  were  nea r ly  
the same (0.019 and 0.022 cm ~) were  p laced side 
by side in oxygen-s t i r r ed  acid solution af ter  having 
been anodized previously.  By chance the potent ia ls  
were  different, the one being 1066 my and the other 
911 mv. Then the system was s t i r red  with  hydrogen 
(240 cc /min)  and by means of a Honeywel l -Brown 
recorder  the t ime requi red  to reach the hydrogen  
potent ia l  (--50 mv vs. a - p a l l a d i u m )  was de te r -  
mined for each bead s imultaneously.  The p la t inum 
bead, regis ter ing  1066 mv ini t ial ly,  r equ i red  450 
sec while  that  regis ter ing 911 mv requi red  200 sec. 
This indicates tha t  the more nea r ly  the surface is 
covered with  oxygen the more closely wil l  the po-  
tent ia l  approach the equi l ib r ium value  of 1.229v. 

A p la t inum wire  was cleaned in a hydrogen  
flame, al lowed to cool in a i r  for  5 min, and then 
plunged into O.o-stirred acid solution wi th  peroxide  
absent.  The poten t ia l  was in i t ia l ly  996 my, but  
came to a s teady value  of 1060 mv wi th in  15 min. 
This shows tha t  the same type  of oxide  film is 
formed on p l a t inum in air  as by the adsorpt ion of 
oxygen from acid solution. Also, the film must  be 
near ly  a complete monolayer  thick because it r e -  
qui red  only 15 min to set up the s teady state. This 
rap id  es tabl ishment  of a s teady rest  potent ia l  is to 
be compared with the slow rates  observed in solu-  
tion. 

I t  seems s t range  tha t  the mixed  potent ia l  should 
become less noble when PtO.. is present  if the PtO,_,/ 
Pt(OH),., potent ia l  is 1.1v. Again  one is just if ied in 
mis t rus t ing  a potent ia l  value  der ived  f rom the 
da ta  for chemical ly  p repa red  Pt(OH).. .  In fact, it  
has been suggested (25) that  the equi l ib r ium po-  
tent ia l  of the PtO,_, e lectrode is closer to 0.8v. The 
exper imenta l  da ta  seem to support  this contention. 

Attainment of the theoretical equilibrium-oxygen 
potentiaL--It seems, then, tha t  the procedure  in-  
cluding anodic p re -e lec t ro lys i s  fol lowed by  sa tu-  
ra t ion of the e lect rolyte  wi th  hydrogen  wil l  pro-  
duce a fa i r ly  reproducib le  p l a t i num - oxyge n  elec- 
t rode wi th  a rest  potent ia l  of 1.06 +--- O.01v. I t  ap-  
pears, also, tha t  the 1.23-v potent ia l  can never  be 
observed because there  are not any electronic con- 
ductors  known tha t  are  iner t  to oxygen and, conse- 
quently,  a mixed potent ia l  is a lways  observed for 
prac t ica l  oxygen systems. 

Bockris and Huq (2) have repor ted  tha t  a rest  
potent ia l  wi th  a value  of 1.24v was es tabl ished at  
a p l a t inum electrode in oxygen - sa tu r a t ed  acid 
solution af ter  ca r ry ing  out a careful  purif icat ion 
procedure.  However,  they repor t  fu r the r  tha t  this 
potent ia l  r emained  s teady at the 1.24-v value  for 
only 1 hr, af ter  which the potent ia l  decayed rap id ly  
to less noble values.  I t  is in teres t ing to note tha t  
the potent ia l  r e tu rned  to a va lue  of 1.24v for an 
addi t ional  hour af ter  the purif icat ion procedure  had 
been repeated.  On considerat ion of these findings 
and in view of the work  presented  in this report ,  
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it  seems  poss ib le  t h a t  t he  Bockr i s  and  H u q  e x p e r i -  
m e n t a l  p r o c e d u r e  m a y  h a v e  i n t r o d u c e d  a p e r o x i d e ,  
a pe r su l f a t e ,  or  some o t h e r  t r a n s i t o r y  subs t ance  
t ha t  set  up  a f o r t u i t ous  s t e a d y - s t a t e  p o t e n t i a l  v a l u e  
c lose  to t h e  1.229-v va lue .  

A l t h o u g h  t h e  p r o c e d u r e  of e x t r a p o l a t i n g  the  
anod ic  and  ca thod ic  Ta fe l  p lo t s  of o x y g e n  o v e r -  
v o l t a g e  w h i c h  h a v e  d i f f e ren t  s lopes  ove r  such  a 
long d i s t ance  to t he  po in t  of t h e i r  c ross ing  is d a n -  
gerous ,  t he  v a l u e  of 1.229v o b t a i n e d  (2, 27) a t  t h e  
c ross ing  w h e r e  the  anodic  and  ca thod ic  c u r r e n t  
dens i t i es  a r e  the  s ame  m a y  no t  be  as fo r tu i t ous  as 
one m a y  th ink .  F i r s t  of all ,  u n d e r  p r e - a n o d i c  p o l a r -  
i za t ion  the  su r f ace  is cove red  b y  a cond uc t i ng  
m o n o l a y e r  of o x y g e n  (22) ,  and  i t  seems  t ha t  t he  
o v e r - a l l  4 - e l e c t r o n  r e a c t i o n  can  p roceed  on th is  
surface .  I t  is no t ed  t h a t  t he  Ta fe l  l ines  w e r e  ob -  
t a i n e d  at  v e r y  low c u r r e n t  dens i t ies ,  so t h a t  even  
on ca thod ic  p o l a r i z a t i o n  the  o x i d e  l a y e r  w o u l d  
s t i l l  be  i n t ac t  a n d  a n y  effect  of Eq. [6]  w o u l d  no t  
be  p resen t .  Second,  d i f fe ren t  Ta fe l  s lopes  m a y  m e a n  
t ha t  d i f fe ren t  s teps  of the  s ame  o v e r - a l l  r e a c t i o n  
a r e  r a t e - d e t e r m i n i n g  and  not  n e c e s s a r i l y  t h a t  d i f -  
f e r e n t  o v e r - a l l  r e ac t i ons  a r e  ope ra t ive .  There fo re ,  
b y  e x t r a p o l a t i n g  the  Tafe l  l ines  to t he i r  c ross ing  
point ,  i t  is poss ib l e  to s i m u l a t e  a s i t ua t i on  no t  pos -  
s ib le  to a t t a i n  in  p rac t i ce ,  i.e., the  4 - e l e c t r o n  r e a c -  
t ion p r o c e e d i n g  on a p l a t i n u m  e l e c t r o d e  whose  
su r face  is cove red  b y  a s tab le ,  c o m p l e t e  m o n o l a y e r  
of oxygen .  As  m e n t i o n e d  above ,  th is  s y s t e m  shou ld  
e x h i b i t  a p o t e n t i a l  of 1.229v because  such a su r face  
w o u l d  be  an  e l ec t ron i c  c o n d u c t o r  i n e r t  to  oxygen .  

Dependence of rest potential on p H . - - I n  a ser ies  
of e x p e r i m e n t s  in  w h i c h  a p l a t i n u m  b e a d  was  p r e -  
p a r e d  as d e s c r i b e d  a b o v e  b y  us ing  h y d r o g e n  s t i r -  
r i ng  p r i o r  to o x y g e n  s t i r r ing ,  t he  p o t e n t i a l  was  d e -  
t e r m i n e d  as a func t ion  of pH. T h e  d a t a  f r o m  t h r e e  
t y p i c a l  r u n s  a r e  p r e s e n t e d  in  T a b l e  II .  The  c o m p o -  
s i t ion  of the  so lu t ions  is g iven  in  t he  f irst  co lumn.  
The  p H  v a l u e s  r e c o r d e d  in T a b l e  I I  w e r e  o b t a i n e d  
f rom t ab le s  in L a n g e ' s  H a n d b o o k  for  P t /H~ vs. 
S.C.E. The  p o t e n t i a l  v a l u e s  aga in s t  bo th  t he  a - p a l -  
l a d i u m  and  N.H.E. for  t he  case  of O~-s t i r r ing  and  
for  t h e  case  of  N~-s t i r r ing  a r e  p r e sen t ed .  S ince  for  
a l l  t he se  r eac t ions  one  e l ec t ron  is t r a n s f e r r e d  for  
e v e r y  H + ion invo lved ,  t h e r e  shou ld  not  be  a n y  
d i f fe rence  in  t h e  p o t e n t i a l  w i t h  r e spec t  to  a - p a l -  
l a d i u m  w i t h  changes  in  pH.  As  s h o w n  in T a b l e  I I  
th is  was  obse rved .  H o w e v e r ,  t he  po t en t i a l s  vs. t h e  
N.H.E. shou ld  show a c h a n g e  of 59 m v  p e r  p H  un i t  
acco rd ing  to the  N e r n s t  r e l a t i onsh ip .  In  t he  l as t  

Table II. Dependence of the potential of e platinum bead 
electrode on pH 

P o t e n t i a l ,  m y  
O~-s t i r r ed  N2-stirred 

P o t e n t i a l  of  
S o l u t i o n  P t / H 2  v s .  v s .  v s .  v s .  v s .  A E /  

composition S.C.E. ,  m v  p H  a - P d  N .H .E .  ~ - P d  N .H .E .  ApH 

2/7H2SO4 --246 0 1000 1046 830 876 - -  
0.1N H~SO, + 

2NNa~SO4 --:]45 1.7 1010 957 840 787 52 
0.1N H2SO, + 

2NN~SO, --408 2.7 1005 889 830 714 60 
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c o l u m n  of T a b l e  II  for  t he  N~-s t i r red  case, t he  r a t io  
of t he  change  in  p o t e n t i a l  f r o m  t h a t  f o u n d  in 2N 
H~SO, to t he  corresponding c h a n g e  in p H  is r e -  
corded.  The  a g r e e m e n t  is qu i t e  good. S i m i l a r  va lue s  
a re  o b t a i n e d  in O~-s t i r red  solut ions .  

Polarization at low current densit ies.--By us ing  
the  v a r i a b l e  i n p u t  i m p e d a n c e  con t ro l  on the  G e n -  
e r a l  Rad io  e l e c t r o m e t e r ,  m i n u t e  c u r r e n t s  cou ld  be  
passed  b e t w e e n  the  a - p a l l a d i u m  r e f e r e n c e  e lec -  
t r o d e  and  the  t e s t  e lec t rode .  S ince  the  a - p a l l a d i u m  
e~ectrode is qu i t e  r e v e r s i b l e  (13) ,  s ince  t he  e l e c -  
t r o l y t e s  a r e  h i g h l y  conduc t ing ,  and  s ince  t h e  s t i r -  
r i n g - g a s  flow was  b e t w e e n  200 and  300 c c / m i n ,  i t  
is sa fe  to a s sume  t h a t  t he  m e a s u r e d  p o l a r i z a t i o n  is 
due  to t h a t  on the  t es t  e lec t rode .  The  tes t  e l ec t rode  
was  ca thod ized  in th is  se tup .  F r o m  the  m e a s u r e d  
po ten t i a l ,  the  g iven  i n p u t  impe da nc e ,  and  the  
m e a s u r e d ,  e x p o s e d  g e o m e t r i c  a r e a  of the  b e a d  e lec -  
t rode ,  an a p p a r e n t  c u r r e n t  d e n s i t y  was  e s t ima ted .  
These  d a t a  a r e  p l o t t e d  in  F ig .  3 w i t h  t he  d i f fe rence  
b e t w e e n  the  o p e n - c i r c u i t  p o t e n t i a l  and  the  p o l a r -  
ized po ten t i a l ,  Eoo- -E ,  as o r d i n a t e  and  the  l o g a r -  
i t h m  of the  a p p a r e n t  c u r r e n t  d e n s i t y  as abscissa .  
C u r v e  A shows  the  p o l a r i z a t i o n  of a p l a t i n u m  b e a d  
in O~-s t i r red  2N H~SO~ so lu t ion  in t he  absence  of a 
d e t e c t a b l e  a m o u n t  of p e r o x i d e ;  c u r v e  B, t h a t  in the  
p r e s e n c e  of a d e t e c t a b l e  a m o u n t  of p e r o x i d e ;  cu rve  
D, t ha t  for  an  anod ized  b e a d  in O2-s t i r red  so lu t ion  
in the  absence  of p e r o x i d e ;  and  c u r v e  C, t h a t  for  
the  p l a t i n u m  b e a d  in N~-s t i r red  so lu t ion  in  the  
absence  of pe rox ide .  The  a r r o w s  on the  curves  
show tha t  t he se  po in t s  cou ld  be  r e p r o d u c e d  w i t h i n  
2 m v  going e i t he r  up  or  d o w n  in c u r r e n t  dens i ty .  
C u r v e  C could  not  be  r e p r o d u c e d  in  e i t he r  d i r e c -  
t ion due  to an  e x t r e m e l y  l a r g e  hys te res i s ,  i n d i c a t -  
ing t h a t  Eq. [6]  p roceeds  w i t h  g r e a t  diff iculty.  I f  
th is  r e a c t i o n  is t he  m a i n  c o n t r i b u t o r  to t he  f o r m a -  
t ion  of the  su r f ace  f i lm of P t O  u n d e r  o p e n - c i r c u i t  
condi t ions  r a t h e r  t h a n  d i r ec t  a d s o r p t i o n  of d i s so lved  
O._, molecules ,  i t  could  e x p l a i n  t he  v e r y  g r e a t  
l e ng th s  of t i m e  ( ~ 1 0  or  12 h r )  r e q u i r e d  to set  up  
the  s t e a d y  s t a t e  in O~-s t i r red  ac id  solu t ions .  

I I l I I A[ 
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Fig. 3. Cathodic polarization data for Pt-O= system in absence 
of H~02 (A), in presence of H~02 (B), in N~-stirriag (C), and in 
presence of PtO~ (D). 
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It  wil l  be noted tha t  the polar izat ion when pe r -  
oxide is present  is much less than  when it  is ab-  
sent which agrees wi th  the observat ions of Ber] 
(19) tha t  a good revers ib le  oxygen electrode can 
be set up in perox ide  solutions. This suggests tha t  
the O-O bond must  be a very  s table bond, so 
much so tha t  if enough peroxide  is present  the 2- 
e lectron reaction, Eq. [5], becomes po ten t i a l -de -  
te rmining  as shown by the da ta  in Table IC. In 
fact, this bond appears  to be so s trong tha t  in the 
anodic process a cer ta in  concentra t ion of peroxide  
must  be bui l t  before oxygen can be evolved effi- 
ciently, since peroxide  is a lways  detected (1, 2, 23) 
in these cases. This may  provide  some just if icat ion 
for  suggest ing tha t  direct  adsorpt ion of dissolved 
oxygen f rom solution under  open-c i rcu i t  conditions 
plays  a minor  role in forming the PtO film. It may  
be tha t  the  O-O bond is so s trong that  only ad-  
sorpt ion at special  high energy sites ( the na tu re  of 
which wil l  not  be defined) can provide  energy 
enough to b reak  it. The number  of such sites would, 
of course, be few, indeed. 

Apparen t ly ,  f rom curve D, the presence of PtO.~ 
in the oxide film decreases the polarizat ion.  This 
may  expla in  why  some workers  (4-6) find that  a 
p la t inum electrode tha t  has been anodized provides  
a more s table  electrode in e lec t roanaly t ica l  sys-  
tems than  one which has not. Besides, a cer ta in  
amount  of peroxide  is formed under  these condi-  
tions, and this wil l  produce a much more revers ib le  
system also. 

Effect of poisoning.--In order  to test  the effect of 
poisons on the p l a t i n u m - o x y g e n - a c i d  system, the 
fol lowing series of exper iments  was performed.  In 
each case, a clean p l a t inum bead in O~-stirred 2N 
H..SO, solution was the ini t ia l  state. The cleanliness 
of the sys tem was checked by observing the high 
pseudocapaci tance (28) exhib i ted  by a clean hydro -  
gen electrode (29, 30) when H~-stirring was used. 
This was done by cathodical ly  polar izing the test  
electrode with  an electronic current  in te r rup te r  
before the H~-stirring was replaced  by  O~-stirring. 
Af te r  the potent ia l  had come to a fa i r ly  s teady 
value  of 980 mv wi th  O~-stirring, it  was polar ized 
with  a cathodic current  densi ty  of about 0.5 ~a/  
cm ' by set t ing the input  impedance  of the e lec t rom-  
e ter  at  10 ~ ohms. This depressed the potent ia l  by  33 
mv to 947 mv. Next,  the p la t inum bead was re -  
moved f rom the cell, and only the bead was dipped 
in a weak  solution of sodium arsenate.  When it 
was replaced in the cell, it  exhib i ted  the same po-  
tent ia l  of 980 mv as before, even af ter  about 45 
min. Then the p la t inum bead was cathodized at  0.5 
~a / cm ~ for about  15 min  which caused a potent ia l  
drop of 75 my. Af t e r  the  polar iz ing circuit  was 
broken,  the potent ia l  r e tu rned  d i rec t ly  to the  or igi-  
nal  value  of 980 my. In a s imilar  exper iment ,  the 
p la t inum bead was poisoned by dipping it in a 
solution of carbon disulfide. In this case, the  open-  
circuit  potent ia l  d ropped  f rom the clean value  of 
985 mv to 855 my. When this poisoned electrode 
was cathodized at 0.5 # a / c m  ~, the potent ia l  was de-  
pressed 120 mv to 735 mv, but  the potent ia l  r e -  
tu rned  to 853 mv when the circuit  was broken. In 

a th i rd  exper iment  the bead was poisoned by 
touching the p la t inum bead with  a finger. Here, 
the open-c i rcui t  potent ia l  rose to 1085 my, and  
cathodic polar iza t ion  at  0.5 #a / cm ~ dropped the 
potent ia l  by 202 mv. Af ter  opening the circuit  the 
potent ia l  r e tu rned  to 1085 mv. At  the end of these 
exper iments  H~-stirring was used, and the pseudo-  
capaci tance was observed again wi th  the  current  
in te r rup te r .  The pseudocapacitance,  of course, was 
very  low now in each case (29, 30). 

As pointed out by Bockris and Huq (2) and as 
shown here, the presence of impur i t ies  can affect 
p rofoundly  the kinet ics  and potent ia ls  in the p la t i -  
n u m - o x y g e n - a c i d  system. In the  case of arsenic 
poisoning, it appears  that  the open-c i rcui t  potent ia l  
is not significantly a l tered because arsenic is an 
electronic conductor.  However,  the kinetics are af-  
fected because As-O sites are poorer  cata lys ts  for 
the oxygen react ion than  P t -O  sites. With  carbon 
disulfide poisoning, appa ren t ly  another  e lec t ro-  
chemical  react ion is set up, and both rest  potent ia l  
and kinet ics  are  affected. As for poisoning with  
grease, the sys tem is complete ly  changed, and co- 
herent  results  are not obtained.  

Summary and Conclusions 
A pla t inum oxygen electrode in sulfuric acid 

wi th  a reproducib le  potent ia l  of 1060 __- 15 mv vs. 
N.H.E. may  be obtained by  r igorous removal  of im-  
pur i t ies  from the system and by anodic p r e - e l ec -  
t rolysis  fol lowed by sa tura t ion  of the sys tem with  
bubbl ing  H~ before the sys tem is s t i r red  with  O~. 
This procedure  removed peroxides  and higher  ox-  
ides of p la t inum which depress  the potent ia l  of the  
system. This final rest  po ten t ia l  is reached ve ry  
s lowly (~10 to 12 hr)  because atoms must  be 
t r ans fe r red  across the double  layer ,  i.e., adsorpt ion 
processes are involved.  For  these reasons this sys-  
tem is quite i r revers ible .  

I t  is suggested tha t  this rest  potent ia l  is a mixed 
potent ia l  ar is ing from the local cell composed of 
the react ions [4] and [6]. It is for this reason tha t  
the rest  potent ia l  may  never  reach the theoret ical  
equi l ibr ium value  of 1.229v for the 4-e lec t ron oxy-  
gen reaction. I t  seems that  a value  of. 0.88v is a 
more real is t ic  one than 0.98v for the potent ia l  of 
the P t / P t O  couple. 

It appears  tha t  the  O-O bond is so s trong tha t  
the evolut ion of oxygen  on anodic polar izat ion of 
the p l a t i n u m - o x y g e n - a c i d  system is accompanied 
by an accumulat ion of H..,O.~ in the electrolyte .  If 
enough peroxide  is present  the 2-e lect ron oxygen 
react ion [5] becomes the po ten t i a l -de t e rmin ing  
reaction. This sys tem makes  a good revers ib le  oxy-  
gen electrode.  

I t  is also suggested that  the poor reproduc ib i l i ty  
of the rest  potent ia ls  in the p l a t i num - oxygen -ac id  
system, noted in the l i te ra ture ,  is due to the p res -  
ence of uncontrol led  amounts  of H.~O~, h igher  oxides 
of p la t inum,  and organic and inorganic  impuri t ies .  
It may  be the case tha t  p re -anod ized  P t /O ,  e lec-  
t rodes are more sui table  in e lec t roanaly t ica l  sys- 
tems than those tha t  are not p re -anod ized  because 
H.~O~ and higher  oxides of p la t inum are  present .  
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W h e n  these  subs t ances  a r e  p r e s e n t  the  s y s t e m  b e -  
comes  m o r e  r eve r s ib l e .  
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Electrochemical Evidence for Diatomicity of Tellurium 

S. A. Awad 
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ABSTRACT 

Overpoten t ia l  on t e l lu r ium cathodes was s tudied at  25~ in 0.005-0.5N 
Ba (OH)2 and in 0.bN NH4OH solutions. Results  were  expla ined  on the basis of 
te l lu r ium dissolution, giving Te2-- ions. In  0.bN NH~OH and in 0.005-0.01h r 
Ba(OH)~ solutions the  discharge of cations governs the  ra te  of dissolution. At  
h igher  concentrat ions  of Ba (OH)2, the e lect rochemical  reaction,  wi th  two slopes 
in the l inear  logar i thmic  section, becomes ra te  determining.  Unexpec ted  values  
for the e lect ron number ,  amount ing  to 2 and 4 for the discharge and e lec t ro-  
chemical  mechanisms,  respect ively ,  were  obtained.  A modified mechanism,  
based on the assumpt ion tha t  t e l lu r ium exists  as dia tomic molecules,  Te.~, was 
proposed.  The mechanism accounted sat is factor i ly  for both  Tafel  slopes and the 
electron number  values.  

The  o v e r p o t e n t i a l  p h e n o m e n a  on t e l l u r i u m  c a t h -  
odes in  HC1 so lu t ions  (1)  i n d i c a t e d  t h a t  t he  r e a c -  
t ion t a k i n g  p lace  a t  t he  c a thode  is h y d r o g e n  e v o l u -  
t ion.  On the  o t h e r  hand ,  w o r k  in  N a O H  so lu t ions  
(2)  s h o w e d  t h a t  t e l l u r i u m  d isso lves  c a t h o d i c a l l y  
g i v i n g  t e l l u r i d e  ions, Te.o--. The  r e su l t s  o b t a i n e d  in 
c o n c e n t r a t e d  so lu t ions  i n d i c a t e d  t h a t  the  d i s so lu -  
t ion is con t ro l l ed  b y  a r a t e - d e t e r m i n i n g  s imp le  e l ec -  
t r o c h e m i c a l  m e c h a n i s m ,  w i t h  t w o  Ta fe l  s lopes  in 
the  l i n e a r - l o g a r i t h m i c  sect ion.  In  d i l u t e  so lu t ions  
t he  d i s c h a r g e  r e a c t i o n  becomes  r a t e  d e t e r m i n i n g ,  
and  Tafe l  l ines  w i t h  on ly  one s lope  w e r e  ob ta ined .  
F r o m  the  p H  effect  on o v e r p o t e n t i a l ,  i t  was  found  

t ha t  t he  d i s c h a r g e  r e a c t i o n  invo lves  s o d i u m  ions. 
The  a i m  of t he  p r e s e n t  i n v e s t i g a t i o n  was  to  s t u d y  

the o v e r p o t e n t i a l  c h a r a c t e r i s t i c s  fo r  t e l l u r i u m  in 
B a ( O H ) ~  a n d  NH,OH so lu t ions  and  c o m p a r e  t h e  
r e su l t s  w i th  those  o b t a i n e d  in N a O H  solut ions .  

Experimental 
The  e x p e r i m e n t a l  t e c h n i q u e  was  e s s e n t i a l l y  t he  

s ame  as t h a t  of Bockr i s  and  c o - w o r k e r s  (3 ) .  The  
e l e c t r o l y t i c  cel l  was  c o n s t r u c t e d  of  a r s e n i c - f r e e  
glass  and  was  s im i l a r  to t h a t  used  b y  A m m a r  and  
A w a d  (1) .  In  o r d e r  to m i n i m i z e  the  d i f fus ion  of 
gaseous  anodic  p r o d u c t s  t o w a r d  the  ca thode ,  a s in -  
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t e red  glass disk was  inse r ted  b e t w e e n  the  cathode 
c o m p a r t m e n t  and  the  c o m p a r t m e n t  used for elec- 
t ro ly t ic  pur i f ica t ion  of solutions.  W a t e r - s e a l e d  taps 
and  g r o u n d  glass jo in ts  were  used to r e t a rd  the  dif-  
fus ion  of a tmospher ic  oxygen  in to  the  cell. Before 
each r u n  the  cell was c leaned wi th  a m i x t u r e  of 
A.R. n i t r i c  acid and  A.R. su l fur ic  acid. This was  
fol lowed by  tho rough  wash ing  wi th  conduc tance  
water .  

The electrode was  p repa red  f rom t e l l u r i u m  rods ~ 
(7 m m  d iame te r )  con ta in ing  no impur i t i e s  as shown 
by  a spectroscopic analysis .  A th in  t u n g s t e n  wi re  
was w r a p p e d  a r o u n d  one end  of the  rod. This  end  
was squeezed ins ide  a c lean  glass tube,  and  the  
glass was sealed over  the  t u n g s t e n  wire.  The elec-  
t rode was  t hen  washed  wi th  conduc tance  wa t e r  and  
fitted in  its posi t ion in  the cell. A l though  the  phys -  
ical appea rance  of the  electrode does not  change  
d u r i n g  the  course of the  exper imen t ,  each electrode 
was used to t race  one Tafel  l ine  only.  

B a r i u m  and  a m m o n i u m  hydrox ide  solut ions  were  
p repa red  f rom A.R. grade  chemicals.  The so lu t ion  
was p re -e l ec t ro lyzed  at  10 -~ - -  10 -~ a m p / c m  ~ for 24 
hr  on a p l a t i n u m  electrode.  Wi th  these precaut ions ,  
r ep roduc ib le  resul t s  (w i th in  -+5 mv)  were  ob ta ined  
in  all  the  solut ions  s tudied.  

Cy l inde r  hyd rogen  was  purif ied f rom oxygen,  
ca rbon  monoxide ,  and  o ther  impur i t i e s  by  pass ing  
i t  over  hot  copper  (450~ t h e n  over  a m i x t u r e  
of MnO~ and  CuO ( t echn ica l ly  k n o w n  as "Hop-  
cal i te")  to oxidize CO to CO~. CO= was r emov e d  by  
soda lime. 

A sa tu ra t ed  calomel  e lectrode wi th  a s a tu ra t ed  
KC1 br idge  was  used as a r e fe rence  electrode.  The 
po ten t i a l  of the  h y d r o g e n  electrode,  in  the  same 
solut ion and  at  the  same t e m p e r a t u r e  as the  test  
cathode, was  m e a s u r e d  aga ins t  the  calomel  e lect rode 
m a k i n g  use of a sal t  br idge.  

Both a di rect  me thod  of m e a s u r e m e n t  and  the 
rap id  t echn ique  descr ibed  by  Bockris  (3) were  used. 
The c u r r e n t  dens i ty  was  ca lcula ted  f rom the ap-  
p a r e n t  sur face  areas. The c u r r e n t  was  measu red  
wi th  a m u l t i r a n g e  m i c r o m i l l i a m m e t e r  and  the  po-  
t en t i a l  by  a va lve  po ten t iomete r .  The t e m p e r a t u r e  
was kept  cons tan t  w i t h . t h e  aid of an  a i r  t he rmos ta t  
cont ro l led  to -+ 0.5~ 

Results 
All  resul t s  i nc luded  in  this i nves t iga t ion  are the  

m e a n  of six i n d i v i d u a l  resul t s  which  are  r ep r oduc -  
ible among  themse lves  to w i t h i n  --+ 5 mv.  

F igures  1 and  2 show the m e a n  Tafel  l ines  at  25~ 
in  0.005, 0.01, 0.05, 0.1, and  0.5N aqueous  b a r i u m  
hydrox ide  solut ions  and  in  0.5N a m m o n i u m  h y d r o x -  
ide solut ion.  I t  is c lear  f rom these figures tha t  in  
the  a m m o n i u m  hydrox ide  so lu t ion  as wel l  as in  
0.005 and  0.01N b a r i u m  hydrox ide  solut ions  Tafe l  
l ines wi th  on ly  one slope are obta ined.  In  h igher  
concen t ra t ions  of b a r i u m  hydrox ide  the  Tafe l  l ines 
indica te  two slopes in  the  l i n e a r - l o g a r i t h m i c  sec- 
t ion. A t  compa ra t i ve ly  low c u r r e n t  densit ies,  a r e -  
gion of s t a t i ona ry  po ten t i a l  is observed  in  al l  so lu-  
tions. It  is to be observed  tha t  the  overpo ten t i a l  
values  in  these figures are r e fe r red  to the  revers ib le  

P r e p a r e d  by  / o h n s o n  a n d  M a t t h e y ,  L td . ,  I , ondon ,  E n g l a n d .  
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Fig. I. Tafel lines for tellurium in 0.005 and 0.01N Bo(OH)2 and 
0.5N NH4OH solutions. 
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Fig. 2. Tafel lines for tellurium in 0.05, 0.1, and 0.JN Ba(OH)2 
solutions. 

hydrogen  electrode in  order  to exc lude  the poss ibi l -  
i ty  of a hyd rogen  evo lu t ion  reac t ion  (see be low) .  

Tab le  I conta ins  the m e a n  va lues  of the  slopes bl 
(a t  the  low c u r r e n t  dens i ty  r ange )  and  b~ (at  the  
h igh c u r r e n t  dens i ty  r a nge ) .  The va lues  of the  s ta-  
t i ona r y  potent ia ls ,  r e fe r red  to the  n o r m a l  hyd rogen  
electrode,  for the  va r ious  solut ions  s tud ied  are also 
included.  

The va lues  of the  s t a t i ona ry  po ten t ia l s  in  the  v a r i -  
ous solut ions  are cons idered  as the  revers ib le  te l -  
l u r i u m  electrode potent ia ls .  To c lar i fy  this  idea, an  
add i t iona l  axis  for ove rpo ten t i a l  in  0.005N Ba(OH)~ 
is d r a w n  in  Fig. 1. The  zero of this axis corresponds  
to the  s t a t i ona ry  po ten t i a l  in  tha t  solut ion.  T r e a t -  
ing s imi l a r ly  the  other  Tafel  l ines,  overpo ten t ia l s  
r e fe r red  to the  revers ib le  t e l l u r i u m  elec t rode were  
ca lcu la ted  at  3.2 x 10 ~, 10 -~, a nd  3.2 x 10 -8 a m p / c m  ~, 
and  the va lues  are  g iven in  Tab le  II. This  tab le  con-  
ta ins  also the  va lues  of (O~/OpH)~, ca lcu la ted  for 
var ious  solutions.  

Table I. Slopes (bL and b2) of the linear-logarithmic regions 
during cathodic polarization of tellurium 

S t a t i o n a r y  
p o t e n t i a l  

S o l u t i o n  bl b2 v vs .  N.I-I.E. 

0.005N Ba (OH) ~ - -  97 --0.819 
0.01N Ba (OH).~ - -  92 --0.800 
0.05N Ba (OH).~ 39 102 --0.764 
0.1N Ba (OH) 2 40 105 --0.748 
0.5N Ba (OH) ~ 40 105 --0.752 
0.5N NH,OH - -  102 --0.737 
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S o l u t i o n  p H  

O v e r p o t e n t i a l ,  m v  v s .  i o ,  - -  ( 8 ~ / a i )  , 

t e l l u r i u m  e lec t rode  y~O 
at current densities: Solution amp/cm 2 v/amp/cm ~ k * 

3.2 • I0 -5 I0 ~ 3.2 x 10 ~ (87/ 
arnp/crn e arnnp/crn s arnp/cm -~ 0pH) 

0.5N NH,OH 6.8 X 10 -6 18 X 10 ~ 2.1 
O.005NBa(OH)2 11.38 I10 O.O05NBa(OH)2 2.90 X 10 -6 40 X 109 2.2 
0.01NBa(OH)~ 11.82 52 190" 132 0.01NBa(OH)2 7.94 X 10 -~ 1.6 X 10 ~ 2.0 
0.05N Ba(OH)2 12.68 46 167 0.05N Ba(OH)2 7.94 X 10 -~ 0.8 X 10 ~ 4.0 
0.1NBa(OH)~ 12.78 68 0.1NBa(OH)~ 1.19 X 10-' 0.56 X 10 ~ 3.9 
0.5N Ba(OH)2 13.42 47 33 0.5N Ba(OH)2 3.16 X 10 -~ 0.2 X 102 4.1 

* Th i s  v a l u e  w a s  o b t a i n e d  b y  e x t r a po l a t i on .  

The e lec t ron  n u m b e r  X, defined as the  n u m b e r  of 
e lec t rons  necessa ry  to complete  one act of the  r a t e -  
d e t e r m i n i n g  step, is ca lcu la ted  us ing  

RT 
x = -  io----~ ( a i / a n ) ~  0 [1] 

where  i, is the  exchange  cur ren t .  For  compar ison,  
the  ca lcu la t ion  was ex t ended  to the  resul t s  ob ta ined  
p rev ious ly  in  NaOH solut ions  (2) .  F i g u r e  3 shows 
the  re la t ions  b e t w e e n  v and  the  c u r r e n t  dens i ty  a t  
v e r y  low cathodic polar iza t ions  in  0.01 and  0.SN 
Ba(OH)2,  as wel l  as in  0.5N NH,OH solut ions.  The  
cor respond ing  re la t ions  for 0.01 and  0.5N NaOH are 
shown in  Fig. 4. The slopes of these  l i nea r  re la t ions ,  
the  exchange  cur ren ts ,  and  the  va lues  of X in  NH,OH 
and  Ba(OH)~ solut ions are g iven  in  Tab le  III,  
whereas  those for NaOH solut ions  are g iven  in  
Tab le  IV. 
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F i g .  3. Relation between overpotential and current density a t  

low cathodic polarization in Ba(OH)~ and NH4OH solutions. 
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Fig. 4. Relation between overpotential and current density at 
low cathodic polarization in NaOH solutions. 

Table IV. Electrochemical parameters for cathodic 
polarization of tellurium in NaOH solutions 

C o n c e n t r a t i o n  i o ,  - -  ( O ~ / S i )  
~ 0 '  

of  NaOH a m p / c m  2 v / a r n p / c r n  2 X* 

0.005N 2.65 X 10 -6 44 X 109 2.2 
0.01N 3.60 X 10 "~ 4 X 102 1.8 
0.05N 3.98 X 10 -5 1.6 X 102 4.0 
0.1N 7.94 X 10 -~ 0.8 X 102 4.0 
0.5N 1.52 X 104 0.4 X 109 4.2 
1N 2.00 X 10 -~ 0.32 X 10 ~ 4.0 
3N 2.52 X 10 -~ 0.24 X 10 ~ 4.2 
5N 3.10 X 10 -~ 0.2 X 102 4.2 

* V a l u e s  of  k a re  g i v e n  to  t h e  n e a r e s t  f i rs t  d e c i m a l  f igure .  

Discussion 2 
The ove rpo ten t i a l  resul t s  on t e l l u r i u m  in  b a r i u m  

hydrox ide  solut ions  are s imi la r  to those ob ta ined  
in  the  co r respond ing  solut ions  of sod ium hydrox ide  
(2).  Thus,  in  0.005-0.0IN solut ions,  the  Tafe l  l ines 
exh ib i t  one slope in  a l i n e a r - l o g a r i t h m i c  sect ion 
cover ing  a r a nge  of abou t  100 mv.  In  concen t ra t ions  
above 0.01N, the  Tafe l  l ines  show two slopes, and  
they  are  shif ted t oward  the  revers ib le  h y d r o g e n  
electrode potent ia l .  The resul t s  i n  the  a m m o n i u m  
hydrox ide  so lu t ion  show on ly  one slope cover ing  
abou t  100 my,  a l though  the  so lu t ion  was 0.5N. This  
is because  NH4OH solut ion conta ins  bu t  a s l ight  
a m o u n t  of NH, + ions (4) ,  w i th  the  resu l t  tha t  this  

so lu t ion  has a pI-I va lue  (11.3) comparab l e  w i th  
tha t  of the  0.005N Ba(OH)~,  w i th  a pH of 11.38. 
S imi la r  to the behav io r  in  NaOH solut ions  (2) ,  Tafe l  
l ines  ly ing  in  the  opposite side w i th  respect  to the  
revers ib le  h y d r o g e n  e lect rode were  observed  (cf. 
Fig. 2). This  p h e n o m e n o n  indica tes  t ha t  the  cathode 
reac t ion  is no t  h y d r o g e n  evolu t ion ,  a n d  ac tua l  evo lu -  
t ion of hyd rogen  has no t  been  observed  even  at  the  
h igher  c u r r e n t  densi t ies .  The cathodic reac t ion  is, 
therefore ,  cons idered  to be the  d isso lu t ion  of the  
electrode mate r ia l .  

The d issolu t ion  of t e l l u r i u m  in  Ba(OH)~ and  
NH,OH solut ions  takes  place according to 

2Te + 2e > Te2-- [2] 

This  sugges t ion  is based on the  fo l lowing evidences:  
( i)  The s t anda rd  po ten t i a l  of the above  reac t ion  is 
--0.84v, whi le  the  va lues  for the o ther  possible  r e -  
act ions 

2Te + 2e > Te--  [3] 
and  

Te + 2H~O + 2e > H~Te + 2 OH- [4] 

2 The  E u r o p e a n  c o n v e n t i o n  of  s i gn  of  p o t e n t i a l  is used.  
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a re  --1.14 and  --1.57, r e s p e c t i v e l y  (5 ) .  I t  is, t h e r e -  
fore,  ea s i e r  for  t e l l u r i u m  to d i s so lve  as Te~--, s ince  
th is  r e a c t i o n  t a k e s  p l a c e  at  t he  l eas t  n e g a t i v e  p o -  
t en t ia l .  ( i i )  The  s t a t i o n a r y  po t en t i a l s  a t  w h i c h  the  
Tafe l  l ines  become  p a r a l l e l  to t he  log c.d. ax i s  a r e  
w i t h i n  t he  r a n g e  --0.737 to --0.819v (cf. T a b l e  I ) .  
These  va lue s  r e p r e s e n t  t he  r e v e r s i b l e  po t en t i a l s  for  
the  t e l l u r i u m  e l ec t rode  and  a re  w i t h i n  t he  o r d e r  of 
m a g n i t u d e  of t he  Te/Te~--  po ten t i a l .  ( i i i )  The  so lu -  
t ions  of B a ( O H ) ~  and  NH,OH t u r n  r e d  d u r i n g  p o -  
l a r i za t ion .  This  color  is no t  due  to s imp le  t e l l u r i d e  
Te - -  ions, b u t  to  p o l y t e l l u r i d e s  (6 ) ,  t he  s i m p l e s t  of 
w h i c h  is Te.~--. 

The  o v e r p o t e n t i a l  r e su l t s  in B a (OH)~ and  NH,OH 
so lu t ions  canno t  be  a t t r i b u t e d  to a d i r ec t  cha rge  
r e a c t i o n  as r e p r e s e n t e d  b y  Eq. [2] ,  s ince  t he  r e l a -  
t ion  b e t w e e n  c u r r e n t  a n d  p o t e n t i a l  (A~b) w o u l d  be  

i ~ 2 F V  -~ 2 F k e x p  ( - - - -  
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Table V. Parameters for proposed mechanisms of 
cathodic dissolution of tellurium 

Far ) [5] 
R T  

t he  a b o v e  e q u a -  
w a s  not  o b s e r v e d  
ca thod ic  disso lu-  

The  Tafe l  l ine  s lope  acco rd ing  to 
t ion  is 0.06v at  30~ a v a l u e  w h i c h  
in t he  p r e s e n t  i nves t iga t ion .  The  
t ion  of t e l l u r i u m  may ,  t he re fo re ,  i nvo lve  the  d i s -  
cha rge  of t he  ca t ions  or  w a t e r  mo lecu l e s  w i t h  the  
r e su l t  t h a t  i n t e r m e d i a t e  t e l l u r i d e s  a r e  fo rmed .  A c -  
co rd ing  to t he  en t i t i e s  d i s cha rged ,  t he  fo l lowing  
m e c h a n i s m s  a re  f o r m u l a t e d  

(A)  Ba ++ + Te + e--> BaTe  + [6]  

BaTe  + -F Te q- e-~ Te~- + Ba ++ [7]  

In  case of NH~OH the  r e a c t i o n  is r e p r e s e n t e d  b y  

N H J  + Te -F e -~ HTe  -t- NH~ [8]  

HTe  + Te -F e -~ Te~- -t- H + [9]  

Conce rn ing  the  case  of Ba(OH)~,  t he  m e c h a n i s m  
r e q u i r e s  the  p e r m a n e n t  p e r s i s t e n c e  of t he  p o s i t i v e l y  
c h a r g e d  i n t e r m e d i a t e  t e l l u r ide ,  BaTe  +. I t  m a y  be  i m -  
p r o b a b l e  t h a t  th is  c o m p o u n d  r e m a i n s  w i t h o u t  d i s -  
charge ,  w h e r e a s  o the r  Ba  ++ ions a r e  b e i n g  d i scha rged .  
There fo re ,  the  fo l lowing  modi f i ca t ion  is sugges t ed  

(B)  Ba ++ + Te q- 2e ~ BaTe  [10] 

BaTe  + 3Te + 2e-~ 2 T e -  + B a  ++ [11] 

(C)  If  w a t e r  mo lecu le s  a r e  i n v o l v e d  in t he  d i s c h a r g e  
reac t ion ,  t he  m e c h a n i s m  is r e p r e s e n t e d  b y  

Te + H~O q- e ~  HTe  + HO- [12] 

HTe  + Te + e -~ Te~- -F H + [13] 

The  Tafe l  s lope and  the  p H  effect a s soc ia t ed  w i t h  
a r a t e - d e t e r m i n i n g  d i s c h a r g e  s tep  or  a r a t e - d e t e r -  
m i n i n g  e l e c t r o c h e m i c a l  r e a c t i o n  a r e  c a l c u l a t e d  for  
t he  d i f fe ren t  mechan i sms .  The  va lue s  ob ta ined ,  
t o g e t h e r  w i t h  t he  c o r r e s p o n d i n g  e l ec t ron  n u m b e r s ,  
a r e  g iven  in Tab le  V. In  case  of t h e  e l e c t r o c h e m i c a l  
r e a c t i o n  the  p H  effect  c o r r e s p o n d s  to t he  highe.r  
slope.  

I t  is c l ea r  t h a t  t he  Ta fe l  s lopes  a s soc ia t ed  w i t h  
modi f i ca t ion  (B)  a r e  ha l f  t he  va lue s  o b t a i n e d  e x -  
p e r i m e n t a l l y ,  and  acco rd ing ly ,  th is  m e c h a n i s m  is e x -  
c luded.  Tab le  I I  shows  t h a t  in c o n c e n t r a t e d  so lu t ions  

Elec t ron  p H  e l -  
M e c h a n i s m  Slope,  m v  No. fect ,  m y  

discharge 120 1 120 
(A) e lect rochemical  40 & 120 2 0 

discharge 60 2 60 
(B) e lect rochemical  20 & 60 4 0 

discharge 120 1 0 
(C) e lect rochemical  40 & 120 2 0 

of Ba (O H )~  the  o v e r p o t e n t i a l  i nc reases  b u t  s l i gh t ly  
w i t h  pH,  p e r h a p s  due  to s l igh t  v a r i a t i o n s  in $ w i t h  
concen t r a t i on .  Be low 0.05N, ~ inc reases  a p p r e c i a b l y  
w i t h  pH. These  f indings  a r e  cons i s t en t  w i t h  m e c h a n -  
i sm ( A )  i n v o l v i n g  the  d i s c h a r g e  of Ba  ~+ ions. F r o m  
the  Ta fe l  s lopes  g iven  in T a b l e  I, i t  is c l ea r  t h a t  t he  
r a t e  of d i s so lu t ion  of t e l l u r i u m  in 0.5-0.05N Ba (OH)  
is g o v e r n e d  b y  t h e  r a t e  of t he  e l e c t r o c h e m i c a l  r e a c -  
t ion.  B e l o w  0.05N Ba(OH)_~, as we l l  as in t he  0.bN 
NH,OH solut ion,  the  d i s cha rge  r e a c t i o n  becomes  
r a t e - d e t e r m i n i n g .  

Ca l cu l a t i on  of the  e l ec t ron  n u m b e r  ~,, w i t h  t he  
hope  of p r o v i d i n g  s u p p o r t  for  the  a b o v e - a c c e p t e d  
me c ha n i sm ,  was  c a r r i e d  out  f r o m  the  r e l a t i o n  b e -  
t w e e n  c u r r e n t  and  o v e r p o t e n t i a l  a t  low ca thod ic  
po la r i za t ion .  I t  was  e x p e c t e d  t h a t  a v a l u e  of ~ equa l  
to u n i t y  w o u l d  be  o b t a i n e d  in d i lu t e  B a ( O H ) ~  so lu -  
t ions,  w h e r e a s  t he  v a l u e  " two , "  r e q u i r e d  b y  the  
e l e c t r o c h e m i c a l  m e c h a n i s m ,  w o u l d  be  o b t a i n e d  in 
c o n c e n t r a t e d  solut ions .  H o w e v e r ,  Tab le  I I I  shows  
t h a t  ~, is e q u a l  to 2 in 0 .005-0.0IN Ba(OH). . ,  and  in  
h i g h e r  concen t r a t i ons  i t  is e q u a l  to 4. These  va lue s  
sa t i s fy  m e c h a n i s m  (B) ,  w h i c h  is r e fu se d  s ince  i t  r e -  
qu i r e s  l o w e r  Tafe l  slopes.  Such  c o n t r a d i c t i o n  b e -  
t w e e n  Tafe l  s lopes  and  the  e l ec t ron  n u m b e r  v a l u e s  
m a d e  i t  n e c e s s a r y  to ca l cu l a t e  ~ f r o m  the  r e su l t s  in 
N a O H  so lu t ions  (2) .  T a b l e  IV shows  tha t ,  even  w h e n  
the  ca t ions  a r e  m o n o v a l e n t ,  s im i l a r  va lue s  for  ~ a r e  
o b t a i n e d  in  t h e  c o r r e s p o n d i n g  c o n c e n t r a t i o n  r anges ;  
c o n s e q u e n t l y  t he  s imp le  m e c h a n i s m  (as m e c h a n i s m  
A )  sugges t ed  for  N a O H  solu t ions  is also no t  va l id .  I t  is 
obvious ,  t he re fo re ,  t h a t  t e l l u r i u m  d isso lves  a c c o r d -  
ing  to a c e r t a i n  g e n e r a l  m e c h a n i s m ,  i n d e p e n d e n t  of 
t he  n a t u r e  of t he  a l k a l i n e  solu t ion ,  and  i nvo lv ing  2 
e l ec t rons  in t he  d i s c h a r g e  r e a c t i o n  and  2 m o r e  in  t he  
e l e c t r o c h e m i c a l  s tep.  

~ st- ~ i s c h ~ r J e .  

j s_e s  

Fig. 5A. Energy barriers for the electrochemical mechanism; 
B, energy barriers for the discharge mechanism. 
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The  o b s e r v a t i o n  t h a t  two  e l ec t rons  a r e  i n v o l v e d  in 
the  d i s cha rge  reac t ion ,  a l t h o u g h  the  ca t ions  d i s -  
c h a r g e d  a re  m o n o v a l e n t ,  necess i t a t e s  the  ex i s t ence  of 
t e l l u r i u m  in d i a t o m i c  molecu les ,  Te2. S ince  the  Ta fe l  
s lope  c o r r e s p o n d s  to one e l ec t ron  only ,  one has  to 
a s sume  t h a t  the  d i s cha rge  process  t a k e s  p l ace  in  two  
success ive  s teps,  t he  first  of w h i c h  is n e a r l y  p o t e n t i a l  
i n d e p e n d e n t  and  r e l a t i v e l y  f a s t e r  t h a n  the  second.  
This  l a t t e r  s t ep  governs ,  t he re fo re ,  t he  r a t e  of t he  
o v e r - a l l  d i s c h a r g e  reac t ion .  A r g u m e n t  of t he  s ame  
t y p e  can  be  a p p l i e d  to t he  e l e c t r o c h e m i c a l  reac t ion .  
The  r a t e  of d i s so lu t ion  of t e l l u r i u m  is, thus ,  con-  
t r o l l e d  b y  e i t he r  t he  second  d i s cha rge  s tep  or  t he  
second  e l e c t r o c h e m i c a l  one. F i g u r e  5 r e p r e s e n t s  
d i a g r a m m a t i c a l l y  t he  e n e r g y  b a r r i e r s  for  t he  two  
mechan i sms .  V e r y  l o w  e n e r g y  b a r r i e r s  a r e  a s s igned  
to t h e  f i rs t  d i s c h a r g e  a n d  first  e l e c t r o c h e m i c a l  s teps  
to i nd i ca t e  t he  a s s u m p t i o n  t h a t  t he se  p rocesses  a r e  
no t  a c t i va t i on  l imi ted .  In  N a O H  and  NH~OH so lu t ions  
t he  n e w  m e c h a n i s m  is r e p r e s e n t e d  b y  

D i scha rge  f M ~ + Te~ -b e --> M Te~ [14] 
r e a c t i o n  [ M + + M Te_~ + e --~ M~ Te~ [15] 

Ion iza t ion  f M~ Te~-~ M Te~ + M § + e [ 16] 
r e a c t i o n  \ M Te~ -~ Te2 -t- M § q- e [ 17 ] 

E l e c t r o c h e m -  f M~ Te~ + Te~ + e ~ M~ T e j  [18]  
ica l  r e a c t i o n  / M~ T e j  + e--~ 2M § -t- 2Te~-- [19]  

A n o t h e r  f u n d a m e n t a l  a s s u m p t i o n  is m a d e  t h a t  r e -  
ac t ions  [14] a n d  [18] a r e  r eve r s ib l e ,  w i t h  t h e  r e s u l t  
t h a t  t he  a r eas  cove red  w i t h  M Te~ a n d  Ms T e / a l w a y s  
r e m a i n  smal l .  A c c o r d i n g l y ,  t he  su r f ace  c o v e r a g e  x is 
due  e s s e n t i a l l y  to t he  pe r s i s t ence  of M~ Te~ f o r m e d  
acco rd ing  to  Eq. [15].  

The  ve loc i t y  of r e a c t i o n  [15] is g i v e n  b y  

V~ -~ k~ (aM~,,)(a~+)~.~. e x p  ( -  2 R T ]  [20] 

w h e r e  (a~ .~)  is the  a c t i v i t y  of M Te~. S ince  the  r a t e  
of f o r m a t i o n  of th is  c o m p o u n d  is p r o p o r t i o n a l  to 
(a~§ (1 - -  x ) ,  t h e n  

V~ = kl '  (1 - -  x )  (a~+)~d.,. exp  2 - - ~ 2  = a~ (1 - -  x )  

[21]  

The  ion iza t ion  r e a c t i o n  ra te ,  a cco rd ing  to Eq. [ 16], is 

V , =  k~' x~o_~exp ( FA~ ~ 2- -R-T /=  a~x [22] 

The  r a t e  of the  e l e c t r o c h e m i c a l  r e a c t i o n  [19] is 

V, = k, (a~T~-) exp  2 R T  

w h e r e  ( a ~ , - )  is t he  a c t i v i t y  of M~Te/. S ince  the  
r a t e  of f o r m a t i o n  of  t h e  l a t t e r  i n t e r m e d i a t e  is p r o -  
p o r t i o n a l  to  x,  t he  e l e c t r o c h e m i c a l  r e a c t i o n  r a t e  is 
g iven  the  v a l u e  

V, = k~' x 10 -~ exp  2 - ~ ' ]  = a~ x [24]  

A t  t he  s t e a d y  s t a t e  c o r r e s p o n d i n g  to a cons t an t  cov-  
e rage ,  cu r r en t ,  and  p o t e n t i a l  

V ~ -  V~ --  V~ ---- 0 [25]  
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If  the  second e l e c t r o c h e m i c a l  r e a c t i o n  is t he  s lowes t  
s tep,  (cf. Fig.  5A) ,  t h e n  i t  gove rns  the  d i s so lu t ion  of 
t e l l u r i u m  u n d e r  t he  cond i t i on  (7)  

(a~ -k a~) > 1O a~ [26]  

F r o m  Eq. [21],  [22],  [24],  [25],  and  [26] ,  the  s u r -  
face  c o v e r a g e  becomes  

a~ 
x = ~ [27] 

a~ -b a~ 

A t  low c u r r e n t  dens i t i e s  al is m u c h  s m a l l e r  t h a n  a.~ 
and  so x equa l s  aJa~. The  ne t  ca thod ic  c u r r e n t  is 
g iven  b y  

i = 4FV~ = 4F-  (a~§ exp  [28] 
k~_' 2"-~--  ] 

W i t h  i nc rea se  of ca thod ic  po la r i za t ion ,  x a p p r o a c h e s  
u n i t y  s ince  a~ becomes  m u c h  s m a l l e r  t h a n  al, and  ac -  
c o r d i n g l y  t he  ne t  ca thodic  c u r r e n t  is g iven  the  v a l u e  

i = 4 F V ,  = 4Fk3' 10 -~ exp  2 R T  [29] 

The  Tafe l  l ine  s lopes  at  30~ are ,  t he re fo re ,  0.04 and  
0.12v at  the  l o w -  and  h i g h - c u r r e n t  d e n s i t y  ranges ,  
r e spec t i ve ly .  

W h e n  the  d i s so lu t ion  is g o v e r n e d  b y  the  second  
d i s c h a r g e  r e a c t i o n  (cf. Fig.  5B) ,  x is e q u a l  to aJa~, 
and  the  c u r r e n t  is r e p r e s e n t e d  b y :  

i = 4FV~ = 4Fch = 4Fkl '  (a~+) d.~. exp  2 R T  

i nd i c a t i ng  t ha t  the  Tafe l  l ine  s lope  is 0.12v a t  30~ 
The  a b o v e  d i scuss ion  shows  t ha t  th i s  c o m p l e x  

m e c h a n i s m  is in good a g r e e m e n t  w i t h  t he  e x p e r i -  
m e n t a l  Ta fe l  s lopes  as w e l l  as  t he  e l e c t r o n  n u m b e r  
va lues .  The  c o n t r a d i c t i o n  b e t w e e n  these  two  p a r a m -  
e te rs  is e l i m i n a t e d  b y  a s s u m i n g  t h a t  t he  first  d i s -  
c h a r g e  and  the  first  e l e c t r o c h e m i c a l  s teps  (cf. Eq. 
[14] and  [ 1 8 ] )  a r e  p o t e n t i a l  i n d e p e n d e n t ;  and  so the  
p o t e n t i a l  d e p e n d e n t  s teps  i nvo lve  one e l e c t r o n  each.  

In  case  of p o l y v a l e n t  cat ions ,  t he  m e c h a n i s m  is 
r e p r e s e n t e d  b y  

M s+ -~- Te2 + e --> MTe~ ~1~+ [31] 

MTe~ ~-~* + e ~ MTe~ C~§ [32] 

MTe~ ~-~+ + Te~ + e--> MTe,  (~-~+ [33] 

MTe,  (~-~§ + e ~ M ~+ + 2Te~-- [34]  

I t  is to be  m e n t i o n e d  tha t ,  i n s t e a d  of Eq. [2] ,  t he  
ca thod ic  d i s so lu t ion  of t e l l u r i u m  can  be  r e p r e s e n t e d  
b y  

2Te.~ -k 4e-~ 2Te~-- [35]  

The  l a t t e r  e q u a t i o n  sat isf ies the  m o l e c u l a r  n a t u r e  of 
t e l l u r i u m  c o n c l u d e d  f r o m  i ts  e l e c t r o c h e m i c a l  b e -  
h a v i o r  in  a l k a l i n e  solu t ions .  

Manuscr ip t  received Apr i l  3, 1961; revised manuscr ip t  
received March  29, 1962. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 

REFERENCES 
1. I. A m m a r  and S. A. Awad,  This  Journal ,  103, 182 

(1956). 



870 J O U R N A L  OF THE E L E C T R O C H E M I C A L  S O C I E T Y  September 1962 

2. S. A. Awad, ibid., 1@8, 468 (1961). 
3. A. Azzam, J. O'M. Bockris, B. Conway, and H. Rosen- 

berg, Trans. Faraday Soc., 46, 918 (1950). 
4. Fritz Ephraim, "Inorganic Chemistry," 5th English 

ed., p. 631, Gurney and Jackson (1949). 

5. Wendell Latimer, "Oxidation Potentials," p. 85, 
Prentice Hall, New York (1952). 

6. Ref. 4, p. 537. 
7. J. O'M. Bockris, and E. C. Potter, This Journal, 99, 

169 (1952). 

Techn ca]l Notes 

Electroluminescence Emission Spectra 
of ZnS Single Crystals 

E. Alexander and I. T. Steinberger 
Department of Physics, The Hebrew University of Jerusalem, Israel 

According to the Sch5n-Klasens model (1, 2) for 
the luminescence centers in Cu-activated zinc sul- 
fide, the "blue" and "green" emission bands are 
due to recombination at two different hole-traps, 
the "blue" and "green" centers. Electroluminescence 
(EL) excitation is usually interpreted in the f rame-  
work of this model by impact-ionization of the 
luminescence centers with accelerated conduction- 
band electrons (3). 

In recent papers objections were raised both to 
the SchSn-Klasens model and to the impact-ioni-  
zation theory of EL excitation (4-6). As a contribu- 
tion to this discussion, experiments on the voltage 
dependence of the EL emission spectra of ZnS are 
reported here. 

It is possible to draw conclusions from the volt-  
age dependence of the emission on the possible 
mechanism of EL excitation only if the voltage de- 
pendence of the light intensity is determined 
mainly by the rate of ionization of luminescence 
centers and not if it is masked by other voltage- 
dependent processes (e.g., the sweeping out of 
liberated electrons by the field, or the supply of 
free electrons for the recombination process itself). 
Experimental  evidence (7, 8) indicates that for 
single crystals and high audio frequencies this con- 
dition is satisfied. It seems reasonable to assume the 
same for powders, but an experimental proof is 
difficult to obtain. For this reason, single crystals 
were used in this study. 

Crystals No. 1 and 2 were obtained through the 
courtesy of Dr. A. Kremheller  (then at Sylvania 
Laboratories) and they contained 0.04% by weight 
of Cu and about 0.001% A1. The Mn, Cr, Ni, Fe, 
and Ag contents, if any, were less than 1 ppm. The 
other crystals were grown in our laboratory using 
commercial ZnS powder ("High pur i ty  ZnS," ob- 
tained from the New Jersey Zinc Company) as a 
starting material. Crystal No. 3 was grown in an 
atmosphere of 10 cm CI~ in a sealed-off silica tube 
for 70 hr. The temperature in the region of the 
charge was kept at 1240~ The crystals appeared 

in a region where the temperature was about 
1150~ A similar method was used for the growing 
of crystal No. 4 with the following differences: 
0.1% by weight of ZnCI~ was added to the starting 
material;  the tube was evacuated and sealed; it was 
kept for 90 hr at a constant temperature (1240~ 
at the charge and about 1150~ at the region of 
condensation). Cooling down to room temperature 
took about 8 hr  in both cases. 

Crystals No. 3 and 4 were activated by embed- 
ding them in electroluminescent powder contained 
in a quartz tube which was subsequently evacuated, 
sealed off, and heated to 800~ The tube with its 
contents was kept at this temperature  for 1 hr. The 
electroluminescent ZnS powder used had been pre-  
pared according to the description of Zalm (9);  it 
contained 0.1-1% copper and 0.01-0.1% aluminum. 
The activated crystals contained 0.01-0.1% copper, 
and their aluminum content was about 0.001%. 
Again, the Mn, Cr, Ni, Fe, and Ag contents, if any, 
were less than 1 ppm. These impuri ty contents 
were determined by semiquantitative spectroscopic 
analysis. 

The crystals were plate-shaped, their thickness 
ranging from 0.4 to 0.8 mm. The other dimensions 
of the crystals were of the order of millimeters. 
Under the polarizing microscope faintly colored 
high-order  birefringent bands were observed. X-  
ray investigation showed that the crystals were 
cubic, but contained stacking defects. The (111) 
cubic axis was parallel to the faces of the platelets. 
The applied electric field was perpendicular to the 
face of the platelets. Electrical contacts were estab- 
lished by the application of indium amalgam. Ex- 
periments were performed at room temperature. 

A Bausch and Lomb grating monochromator  type 
33-86~ served as a spectrometer, in conjunction 
with a photomultiplier (generally E.M.I. type 
9502S, but for crystal No. 1 a 1P21 tube was used). 
The spectral response of the 9502S tube was deter- 
mined by using the monochromator,  a tungsten 
ribbon lamp, and a calibrated BMV 31 photocell. 
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The  d e t e r m i n a t i o n  of t he  s p e c t r a l  d i s t r i b u t i o n  was  
l eas t  r e l i a b l e  a t  t he  l o n g - w a v e l e n g t h  t a i l  of t h e  
g reen  band ,  w h e r e  t he  s e n s i t i v i t y  of t he  9502S t u b e  
is on ly  a b o u t  20% of i ts  m a x i m u m .  A s y n c h r o n o u s  
m o t o r  d r i v i n g  t h e  m o n o c h r o m a t o r  d r u m ,  a d - c  
ampl i f ie r ,  and  a r e c o r d e r  c o m p l e t e d  t h e  a p p a r a t u s .  
U n d e r  a l t e r n a t i n g  vo l tages ,  t i m e  a v e r a g e s  of E L  
b r i g h t n e s s  w e r e  m e a s u r e d .  

The  E L  emis s ion  of each  c r y s t a l  w a s  d e t e r m i n e d  
for  a t  l eas t  two  aud io  f r equenc i e s  and  a ser ies  of 
vo l t ages  for  each  f r equency .  W h e n  an  a p p r e c i a b l e  
d - c  EL was  f o u n d  ( c r y s t a l  No. 3) ,  t he  d - c  E L  
s p e c t r u m  was  also i n v e s t i g a t e d  as a func t ion  of 
a p p l i e d  vo l tage .  F o r  a g iven  c r y s t a l  a n d  f r e q u e n c y  
the  s p e c t r a l  d i s t r i b u t i o n s  at  d i f fe ren t  vo l t ages  w e r e  
v e r y  s imi la r ,  t he  m a i n  change  be ing  a s l igh t  d i s -  
p l a c e m e n t  of t he  w h o l e  s p e c t r u m  t o w a r d  s h o r t e r  
w a v e l e n g t h s  w i t h  i nc r ea s ing  vo l tage .  This  d i s -  
p l a c e m e n t  was  of  t he  o r d e r  of 10 -~ m ~ / v .  

F o r  t h e  q u a n t i t a t i v e  e v a l u a t i o n  of the  v o l t a g e  
dependence ,  t he  fo l lowing  p r o c e d u r e  was  adop ted .  
The  s p e c t r a  o b t a i n e d  f r o m  the  p h o t o m u l t i p l i e r -  
a m p l i f i e r - r e c o r d e r  c o m b i n a t i o n  w e r e  c o r r e c t e d  for  
t he  s p e c t r a l  r e sponse  of the  p h o t o m u l t i p l i e r .  S u b -  

s equen t l y ,  P (~ )  vs.  v was  p lo t t ed ,  w h e r e  P (~)  
r e p r e s e n t s  t he  r a d i a n t  f lux p e r  un i t  w a v e  n u m b e r .  
In  case  of c ry s t a l s  No. 1 and  2 the  s p e c t r a l  d i s t r i b u -  
t ion  could  b e  r e p r e s e n t e d  u n a m b i g u o u s l y  b y  the  
sum of two  G a u s s i a n  b a n d s  

P(:) = 

P1 e x p  - -  1.44 hd + P~ e x p  

E L  E M I S S I O N  S P E C T R A  O F  Z n S  C R Y S T A L S  871 

(/2 --  1 
J 1.44 hd 

He re  P ,  P~, /h, and  h~ a re  cons tan t s  a n d  v~, v~ a re  t he  
w a v e  n u m b e r s  of t h e  b l u e  and  g r e e n  b a n d  cen te rs ,  

r e spec t i ve ly .  F o r  a g iven  c rys ta l ,  v~ and  v, w e r e  found  
to be  a lmos t  i n d e p e n d e n t  of v o l t a g e  and  f r equency .  
F i g u r e  1 r e p r e s e n t s  log D(X0 and  D(M) as a f u n c -  
t ion  of V -~j2 fo r  c r y s t a l  No. 1 at  500 cps. ( H e r e  

1 1 
~ ---- - -  X~ = - - ,  a n d  D r e p r e s e n t s  t he  def lec t ion  on 

7,' 1 125 

t he  o r i g i n a l  r eco rds . )  The  g r a p h s  a r e  p a r a l l e l  
s t r a i g h t  l ines  excep t  a t  the  r eg ion  of t h e  h ighes t  

IO00 

�9 BLUE BAND D(~ , )  

-- D ( ~ )  

100 

~u 

! I I I I I 
10 IOO 5 6 "  7 ~ 9 ~ i r ~  

Fig. 1. Dependence of brightness at the band centers (~., -~- 458 
m~ ~.2 = 521 m#) on voltage. Crystal No. 1, 5 kc. 

v o l t a g e s  app l i ed ,  w h e r e  t he  b lue  p e a k  inc reases  
s o m e w h a t  m o r e  s t e e p ly  t h a n  the  g reen  one. 

The  EL emiss ion  s p e c t r a  of c r y s t a l s  No. 3 and  4 
could  no t  be  r e s o l v e d  in to  two  G a u s s i a n  b a n d s  u n -  
a m b i g u o u s l y .  T h e  c o r r e c t e d  s p e c t r a l  d i s t r i b u t i o n  

P (~)  h a d  a s ing le  p e a k  in t he  b lue  reg ion ;  the  g reen  
b a n d  m a n i f e s t e d  i t se l f  b y  a s t rong  a s y m m e t r y  of 

P (~). P (~) f i t ted  w e l l  a G a u s s i a n  for  t he  l a r g e  w a v e -  

n u m b e r  s ide  of the  peak .  T h e  cen t e r  vl of th is  G a u s -  
s ian  was  v e r y  n e a r  to l/X1, w h e r e  Xl is t he  pos i t i on  of 
t he  s ing le  p e a k  o b s e r v e d  on the  o r i g i n a l  r e c o r d s  
(D(X)  vs.  ~). On the  o t h e r  hand ,  the  func t ion  

P* (~) = P (~) - -  P~ e x p  [ (~ - ~1) ~ 1 
i- h: J 

was  no t  a n o t h e r  Gauss ian .  The  v o l t a g e  d e p e n d e n c e  
of t he  s p e c t r a l  d i s t r i b u t i o n  was  t h e r e f o r e  e v a l u a t e d  

as fo l lows :  vl was  d e t e r m i n e d  f r o m  the  G a u s s i a n  

p lo t  for  the  b lue  b a n d ;  ~ was  def ined  as t he  w a v e  

n u m b e r  c o r r e s p o n d i n g  to t h e  p e a k  P~' (~). S ince  i t  is 

no t  c l ea r  w h e t h e r  the  v a l u e  of ~ thus  chosen  does 
r e p r e s e n t  the  cen t e r  of a s ingle  band ,  two  w a v e -  
l e n g t h s  k' and  X" w e r e  def ined  as  fo l lows :  IX" - -  k' I ---- 

20 n-~, j~," - -  ),2[ ~ [)~2- X'l; he r e  X.~ : 1 /~ .  F o r  a l l  
vo l t ages  },1 - -  k' was  k e p t  cons t an t  even  if  ~,i and  },~ 
s eemed  to sh i f t  s o m e w h a t .  Log  D 0,1), log D (X'), and  
log(X") w e r e  r e p r e s e n t e d  as func t ions  of V -~j~ (Fig .  
2 for  c r y s t a l  No. 4 a t  3 kc ) .  I t  is seen t h a t  t he  l ines  
a r e  s t r a i g h t  and  pa ra l l e l .  In  fact ,  t he  m e t h o d  of l eas t  
squa re s  y i e l d e d  in  th i s  case  the  va lue s  Bxl = 97.1, 
By ---- 97.1, and  By'  = 95.5v, c a l c u l a t e d  f r o m  B --~ c 
• In 10, w h e r e  c is the  s lope of t he  l ines.  
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Fig. 2. Dependence of brightness at the center of the blue band 
0~1 ~ 468 mtz) and near the center of the green band 
(X', ~.') an voltage. Crystal No. 4, 3 kc. 
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For  all  the crystals  invest igated,  the spect ra l  dis-  
t r ibut ion  was independent  of vol tage  except  for the 
small  shift  of the whole spec t rum ment ioned above. 
The same resul t  was obtained by  Mat t le r  and Ceva 
(10) on e lect roluminescent  ZnS :Cu  phosphor  pow-  
ders. These facts have to be taken  into account in 
any theory  on EL exci ta t ion as they  imply  tha t  the 
SchSn-Klasens  model  of luminescence centers, and 
the theory  of direct  impact - ioniza t ion  of the centers  
by  accelera ted electrons cannot be correct  s imul ta -  
neously. On these assumptions,  the in tens i ty  of the 
blue emission should increase more s teeply wi th  
vol tage than  tha t  of the green one. Therefore,  on the 
basis of the SchSn-Klasens  model  one has e i ther  to 
discard impac t - ion iza t ion  al together ,  or to assume 
tha t  the impacts  l ibera te  va lence -band  electrons and 
not those in the different  centers. If, however ,  fu ture  

exper iments  and theory  should fu r the r  subs tant ia te  
the direct  impact - ioniza t ion  theory,  the SchSn- 
Klasens model  wi l l  have  to be modified. Such a 
modification, which takes  into account the resul ts  of 
Mat t ler  and Ceva (1O), was proposed by Curie (4).  
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Two Unusual Effects in H2-fired CaO:Mn, Li Phosphors 
P. M. Jaffe 

Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

The s t imula t ing  and quenching action of in f ra red  
rad ia t ion  on the luminescence of cer ta in  sulfide 
phosphors is wel l  known (1, 2). Less well  known 
are  the s t imula t ing  and quenching effects due to 
h ighe r - ene rgy  radiat ion,  i.e., x- rays ,  gamma rays,  
cathode rays, and u l t rav io le t  (3-7) .  The phosphors  
tha t  show these effects are "normal"  phosphors in 
tha t  no fu r the r  t r ea tmen t  is necessary af ter  phos-  
phor  prepara t ion .  That  is, it  is not necessary for 
them to be ground, crushed, sur face- t rea ted ,  etc. 
Kats  (8) and Ewles and co-workers  (9-11) have r e -  
por ted  on luminescence effects in a lka l i -ha l ide  and 
a lka l i ne -ea r th  oxides due to grinding.  The present  
work repor ts  on two ra the r  unusual  effects wi th  H~- 
fired CaO: Mn, Li phosphors.  The first effect is the 
product ion of a new blue emission due to the app l i -  
cation of pressure  (grinding,  etc.) .  The second effect 
is a t rans ien t  s t imula t ion  of the Mn emission by 
3650A only af ter  previous exci ta t ion by 2537A. The 
s t imula t ion  appa ren t ly  only occurs in the phosphor  
which had prev ious ly  been subjected to pressure.  
These two effects wi l l  be re fe r red  to as the pressure  
and s t imula t ion  effects, respect ively.  S t imula t ion  is 
also obta ined if ionizing radiat ion,  i.e., x- rays ,  is 
used in place of the 2537A ul t raviole t .  

The exper imen ta l  work  to be described was ob-  
ta ined with  CaO: Mn, Li phosphors,  but  s imilar  effects 
were  noted if the Li was replaced by  Na or K. 

Phosphors  were  p repa red  f rom Mal l inckrodt ' s  
S.L. CaCOs and A.R. MnCO~. Li, Na, and K were  
added as the respect ive carbonates  and A1 as the h y -  
dra ted  oxide. The Mn concentrat ion was 0.1 a tom 
% and tha t  of Li, Na, K, or AI, 5 a tom %. The sam-  

ples were  mixed as a s lurry,  dr ied at l l 0~  and 
fired at  1050~ in Pt  crucibles in a H~ or N2 a tmos-  
phere;  samples fired in O2 were  s imilar  to those fired 
in N~. Af te r  firing the samples were  wel l  sintered. 

The body color of the  H2-fired Mn-conta in ing  
samples was whi te  while  the N~-fired samples were  
l ight  tan. This indicates  tha t  the valence state of 
Mn is p robab ly  -4-2 in the former  samples and -4-3 
or A-4 in the lat ter .  

The luminescent  character is t ics  of the CaO: Mn, Li 
samples var ied  depending on the firing atmosphere.  
Af te r  H~-firing, the samples as removed from the 
furnace,  i.e., no appl icat ion of pressure  (grinding,  
scratching or rubb ing) ,  showed an orange fluores- 
cence and phosphorescence under  2537A exci tat ion 
and were  dead under  3650A i r radia t ion.  The resul ts  
were  the same regardless  of the sequence of exc i ta -  
tion. The appl icat ion of pressure  resul ted  in a new 
blue emission under  2537A excitat ion.  Now exci ta -  
t ion by 2537A resul ted  in a b lue -whi t e  fluorescence 
(blue W orange) .  If, a f ter  2537A excitat ion,  the 
sample was exposed to 3650A radiat ion,  there  was a 
t r ans i to ry  orange emission. The N2-fired samples, 
as removed  from the furnace,  were  dead under  both 
2537A and 3650A. The appl icat ion of pressure  re -  
sul ted only in the blue emission under  2537A exci-  
ta t ion and no st imulat ion.  

In order  to ascer ta in  the re la t ionship  be tween the 
two effects and the presence of Li a n d / o r  Mn, sam-  
ples of CaO: Mn and CaO:Li  were  p repa red  by firing 
in H2 or N~. The H2-fired CaO:Mn samples had a 
whi te  body color and were  dead under  2537A or 
3650A excitat ion.  No pressure  or s t imula t ion  effects 
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Table I. Characteristics of CoO phosphors containing Mn and/or Li 
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F i r i n g  
Additions a t m o s p h e r e  

E m i s s i o n  c h a r a c t e r i s t i c s  

2 5 3 7 A  3650A 
P r e s s u r e  S t i m u l a t i o n  

B o d y  c o l o r  E m i s s i o n  e f f e c t  E m i s s i o n  e f f e c t  

Mn H~ 
Mn, Li H~ 
Mn N~ 
Mn, Li N~ 
Li H~ 
Li N~ 

white none none none none 
white orange blue none orange 
cream orange none none none  
cream orange blue none none 
white none blue none orange 
slightly orange blue none none 
off-white 

were  found.  The N~-fired samples  had  a weak  orange  
f luorescence u n d e r  2537A exc i ta t ion  and  were  dead 
u n d e r  3650A. The re  were  no p ressure  or s t i m u l a -  
t ion  effects. H~-fired C a O : L i  was dead  u n d e r  2537-~ 
or 3650A exci ta t ion;  weak  pressure  and  s t imu l a t i on  
effects were  observed.  N~-fired C a O : L i  had  a weak  
orange  f luorescence u n d e r  2537A, b u t  was  dead u n -  
der  3650A. Only  the  p ressure  effect was observed.  
These da ta  are s u m m a r i z e d  in  Table  I. 

The emiss ion spect ra  of the o range  f luorescence 
f rom C a O : M n  wi th  or w i thou t  Li are the  same and  
are i n d e p e n d e n t  of the fir ing a tmosphere .  The  spec- 
t r u m  of the  s t imu la t ed  emiss ion is the  same as tha t  
for the fluorescence. The spectra  of the  b lue  f luores-  
cence f rom CaO: Li are also the  same i n d e p e n d e n t  of 
the  presence  or absence of Mn and  the  firing a tmos -  
phere.  The  orange  and  b lue  emiss ion  spect ra  are  
shown in  Fig. 1. The exc i ta t ion  spect ra  of the two 
emissions are different  as shown in  Fig. 2. F i g u r e  3 
shows the  t e m p e r a t u r e  dependence  of bo th  emis -  
sions. The  t e m p e r a t u r e  b r e a k p o i n t  of the  red  emis -  
sion is at 300~176 and  at or be low 20~ for 
the blue.  

Samples  s imi la r  to those repor ted  in  Tab le  I were  
p r epa red  us ing  Na, K, or A1 in  place of Li. The  r e -  
sults  for Na and  K were  s imi la r  to those ob ta ined  
wi th  Li addi t ions  and  are repor ted  in  Table  II. S a m -  
ples wi th  A1 showed on ly  the p ressure  effect. 

The luminescence  of SrO phosphors  con ta in ing  Li 
and  M n  were  also examined .  Af te r  O3 fir ing the  s am-  
ples had  a deep b r o w n  body color. U n d e r  2537A ex-  
c i ta t ion  the re  was a weak  whi te  emiss ion  and  u n d e r  
3650A exc i ta t ion  a deep red emission.  There  was no 
s t imu la t i on  effect, bu t  the re  m a y  have  been  a weak  
pressure  effect. Af te r  H_~-firing the body color was 
s l ight ly  off-white.  Exc i t a t ion  by  2537A or 3650A re-  
sul ted in  y e l l o w - g r e e n  f luorescence and  phosphores-  
cence. The  p ressure  and  s t imu la t i on  effects were  
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Fig. 1. Spectral distributions of the orange and blue emissions 

present ,  bu t  the  s t imu la t ed  emiss ion was  ye l low-  
green.  

E x a m i n a t i o n  of the  da ta  in  Tables  I and  II  shows 
that  the 2537A exci ted orange  emiss ion  is due to the  
presence  of Mn. The  b lue  emiss ion induced  by the 
appl ica t ion  of p ressure  is a p p a r e n t l y  due  to the p res -  
ence of a m o n o v a l e n t  or t r i v a l e n t  cation.  Spect ro-  
scopic ana lys i s  of the  CaO samples  con ta in ing  only  
added Li bu t  h a v i n g  the  s t imu la t i on  effect shows 
the  presence  of 10-20 p p m  Mn so tha t  a p p a r e n t l y  the  
s t imu la t i on  effect r equ i res  the presence  of bo th  Li and  
Mn. Fur the r ,  all  the  M n  mus t  be  in  a reduced  state 
( §  2?) as ev idenced  by  the  fact  t ha t  on ly  H~-flred 
CaO:Mn,  Li samples  show the  s t imu la t i on  effect. 
F r o m  the data  l is ted in  Tab le  I and  the  m e a s u r e -  
me n t s  m e n t i o n e d  above, the  o range  and  b lue  emis-  
sions are  a p p a r e n t l y  un re l a t ed .  However ,  the re  ap-  
pears  to be some ene rgy  t r ans f e r  f rom b lue  to orange  
centers  as shown by  the 3650A s t imu la t ed  emiss ion 
on ly  occur r ing  wi th  samples  also hav ing  the b lue  
emission.  
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Fig. 2. Excitation spectra of the orange and blue fluorescence 
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Table II. Characteristics of CaO phosphors containing Mn and No, K, or AI 

S e p t e m b e r  1962 

Fi r ing  
Addit ions a tmosphere  Body color 

Emiss ion charac ter is t ics  

2537A 3650A 

Pressure  S t imula t ion  
Emiss ion effect Emiss ion effect 

Na H~ white 
Mn, Na H= white 
Na N= white 
Mn, Na N= off-white 

K H~ white 
Mn, K H~ white 
K N= white 
Mn, K N2 gr. yel. 

A1 H= white 
Mn, A1 H2 white 
A1 N= white 
Mn, A1 N= white 

orange blue none none 
orange blue none orange 
orange blue none none 
orange blue none orange 

none blue none none 
orange blue none orange 
orange blue none orange 
orange blue none orange 

none blue none none 
n o n e  ? n o n e  n o n e  

none none none none 
none none none none 

A more  de ta i led  s tudy  of the two effects descr ibed 
here  should  be made  in  order  to e lucidate  the  n a t u r e  
of the  ene rgy  levels  and  t r ans i t ions  respons ib le  for 
the  p re s su re  and  s t imu la t i on  effects. Such  a s tudy  
migh t  shed some l ight  on the  r ea son ( s )  for the  de-  
crease in  l ight  ou tpu t  in  most  phosphors  on gr ind ing .  

Manuscript  received Oct. 24, 1961; revised manuscr ip t  
received April  17, 1962. This paper  was prepared for 
delivery before the Phi ladelphia Meeting, May 3-7, 
1959. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1963 JOURNAL. 
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Diffusion Doping of Phosphorus in the 
Base of Silicon Tunnel Diodes 

C. L. Gravel and A. D. Kurtz 
Kulite Semiconductor Products, Inc., Ridgefield, New Jersey 

and !. Berman 
Air Force Cambridge Research Laboratories, Bedford, Massachusetts 

One of the  p rob lems  ra ised in  the process tech-  
nology of si l icon t u n n e l  diodes is the l imi t  of i m -  
p u r i t y  doping ob ta inab le  in  the crys ta l  as grown,  
which  for phosphorus  is a p p r o x i m a t e l y  10'-*/cm ~. The 
doping levels  a t t a inab le  us ing  so l id-s ta te  diffusion 
t echn iques  to form an  n - t y p e  l ayer  on the  base  
ma te r i a l  are  higher ,  and  va r i a t i on  of the  th ickness  of 
the diffused layer  affords a measu re  of des ign con-  
t ro l  over  the e lectr ical  character is t ics  of the  t u n n e l  
diode. This note  p resen t s  the resul t s  of a s tudy  of 
the  effect of phosphorus  diffused layers  into phos-  
phorus  doped sil icon base  m a t e r i a l  on the t u n n e l  
diode peak  to va l l ey  c u r r e n t  rat ios and  the m a g n i -  
t ude  of the  peak  cu r ren t s  ob ta ined  u n d e r  var ious  
a l loying  condi t ions.  

Experimental 
To inves t iga te  the  effect of diffused layers  on t u n -  

ne l  diode character is t ics ,  phosphorus  doped sil icon 

of res is t ivi ty ,  0.001 o h m - c m  was selected for the  
base mater ia l .  A d d i t i o n a l  diffusion doping  was  ob-  
t a ined  us ing  an  open - tube ,  two-zone  fu rnace  wi th  
phosphorus  pen tox ide  as the  i m p u r i t y  source, and  
diffusing at 1200~ for t imes  of 4, 16, and  64 hr. 
I m p u r i t y  concen t r a t i on  at the surface  of the diffused 
layers  was  d e t e r m i n e d  as 4 x 10'-~/cm ~ us ing  sheet  
res i s t iv i ty  m e a s u r e m e n t s  and  the data  of B acken -  
stoss (1).  R e c t a ngu l a r  bars  of l eng th  0.150 in. and  
w i d t h  0.030 in. were  cut  f rom the  diffused ma te r i a l  
and  also the 0.001 o h m - c m  nondi f fused  base si l icon 
to be fabr ica ted  into t u n n e l  diodes. The p - t y p e  
region  was fo rmed  by  a l loy ing  a 0.005 in. a l u m i n u m  
wire  con t a in ing  1.0% boron  in to  the si l icon bars,  
wi th  a gold wi re  s u b s e q u e n t l y  be ing  bonded  to the  
bar  for an  ohmic contact.  The  a l loy ing  r ange  i nves -  
t iga ted  was f rom 700 ~ to 1000~ and  to ob t a in  the 
steep i m p u r i t y  g rad ien t s  necessa ry  b e t w e e n  degen-  
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era te  n-  and degenera te  p -ma te r i a l s  a short  a l loying 
cycle of 2 min at t empera tu re  fol lowed by  a quench 
in air  was used. 

The electr ical  pa ramete r s  s tudied as a function of 
the two variables ,  depth  of diffused layer  and t em-  
pe ra tu re  of alloying, were  the m a x i m u m  peak  cur-  
rents  obta ined and the m a x i m u m  peak to va l ley  
current  rat ios  obtained wi th  progress ive  etching. To 
obtain the max imum peak  to va l ley  cur ren t  ratio,  
each diode was etched for 2-sec in tervals  in a com- 
posit ion of equal  par ts  hydrofluoric,  nitric,  and acetic 
acids unt i l  the m a x i m u m  rat io  was passed. Nor-  
mally,  4-6 such etching in terva ls  were  required.  

Results 

Figure  1 is a plot  of the average  max imum peak  to 
va l ley  current  ra t io  as a function of a l loying t em-  
pe ra tu re  wi th  the diffusion t ime as a running pa -  
rameter .  Each point  is the average of da ta  t aken  on 
approx ima te ly  twelve  tunnel  diodes. The curves 
exhibi t  the genera l  tendency of a diffused layer  to 
depress the peak  to va l ley  current  rat io wi th  in-  
creasing depth  of the layer .  For  s impl ic i ty  the da ta  
for  the 4-hr  diffused layer  is not plot ted.  However,  
the resul ts  fal l  be tween the no-diffusion and 16-hr 
diffusion curves as expected.  The effect of the a l loy-  
ing t empera tu re  on the peak  to va l ley  current  ra t io  
indicates  tha t  op t imum cur ren t  rat ios  are obta ined 
in the range 825~176 a range of re la t ive  flatness 
common to all  the curves. There is also a tendency 
for the curves to cross in the vic ini ty  of 1000~ as 
the mate r ia l  wi th  diffused layers  enable  the fabr ica-  
t ion of tunnel  diodes at h igher  temperatures .  The 
appearance  of a negat ive  resis tance region persists  
at  h igher  a l loying t empera tu res  the deeper  the dif-  
fused layer.  At  an a l loying t empera tu re  of approx i -  
ma te ly  1050~ only reverse  or backward  diodes 
are obtained.  
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Fig. 1. Average maximum peak to valley current ratio as a 
function of alloying temperature. 
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Fig. 2. Average maximum peak current vs. square root of the 
diffusion time. 

Figure  2 is a plot  of the average  m a x i m um peak  
current  obta ined against  the square root of the t ime 
of diffusion, wi th  the t empera tu re  of a l loying as a 
running parameter .  Since the increased peak  cur-  
rents  resul t ing f rom diffused layers  are presumed to 
come from a pe r iphe ra l  region around the a l loyed 
junction,  the total  cur rent  should be propor t iona l  to 
the product  of the diffused depth  and the pe r iphera l  
junct ion area. If it is assumed that  the pe r iphera l  
area  remains  essent ia l ly  constant  and the diffused 
depth, character ized by  the complementa ry  error  
function distr ibut ion,  var ies  as the square root of 
the diffusion time, a plot  of peak  current  vs. the 
square  root of the diffusion t ime should be a s t ra ight  
line. The curves of Fig. 2 are reasonably  s t ra ight  
lines wi th  curva ture  appear ing  near  the origin be-  
cause of the 0.001 ohm-cm n-base  mate r ia l  which is 
degenera te  enough itself for tunnel ing current  wi th-  
out having a diffused layer .  As can also be seen f rom 
this plot  the m a x i m u m  peak current  obta ined is in-  
verse ly  propor t iona l  to the t empera tu re  of alloying. 

F igure  3 is a plot  of the average  m a x i m u m  peak 
current  obta ined against  the t empera tu re  of a l loying 
with  the t ime of diffusion as a running parameter .  
The curves exhibi t  the genera l  tendency to drop 
rap id ly  at the lower a l loying tempera tures ,  level  
out  in the centra l  range of 775o-875 ~ where,  inci-  
dental ly ,  the m a x i m u m  peak to va l ley  current  rat ios  
are obtained,  and then fal l  r ap id ly  at the higher  a l -  
loying tempera tures .  This behavior  might  be ant ic i -  
pa ted  by  considering two of the mechanisms which 
contr ibute  to the tunnel ing current ,  the degree of 
degeneracy  on the p - t y p e  side of the junct ion and 
the change in ba r r i e r  width  wi th  al loying t empe r -  
ature.  Tunnel ing theory  indicates that  the current  
through the ba r r i e r  is given by the equat ion 

I =  A f~{fo(E) - - f~ (E)}  Z Po(E) P~(E) dE 
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Fig. 3. Average maximum peak current vs.  alloying temperature 

where,  fo(E) and f~(E) are the Fe rmi -Di r ac  d is t r i -  
but ion functions, Pc(E) and Po(E) are the energy 
level densi t ies  in the conduction and valence bands, 
and Z is the p robab i l i ty  of pene t ra t ing  the bar r ie r .  
The tunnel ing probabi l i ty ,  Z, decreases exponen-  
t ia l ly  wi th  the wid th  of the junct ion 

Z ~ exp{ ( - - t i m  ~1/~ Eg ~/')/F} 

where  fl is a constant, Eg is the energy gap, m ~ is an 
effective mass, and F is the electric field in the junc-  
tion. The m a x i m u m  electric field for a step junc-  
t ion is 

Fm = 2V /w  

where  V is the ba r r i e r  vol tage and w is the width  of 
the junction.  The junct ion width  wil l  increase wi th  
al loying t empera tu re  because of the increased diffu- 
sion of the doping impur i t ies  going f rom the l iquid 
phase into the solid. Thus at higher  al loying t emper -  
atures, 900~176 the increasing ba r r i e r  width  
r ap id ly  reduces the p robab i l i ty  of tunneling,  and 
the curves fal l  s teeply to low current  levels. At  the 
lower al loying tempera tures ,  700~176 the ba r -  
r ier  width  is small  enough to permi t  the large  peak  
currents  observed, a l though the solubi l i ty  of boron 
in silicon is smal ler  at  these al loying temperatures .  
As the al loying t empera tu re  is increased to the in-  

t e rmedia te  range of 775~176 a region of re la t ive  
flatness in the curves of Fig. 3, the grea ter  boron 
solubi l i ty  in silicon increases the degeneracy  on the 
p - t y p e  side of the junction.  The higher  p - t y p e  de-  
generacy increases the energy  levels ava i lab le  for 
tunnel ing of electrons across the ba r r i e r  and also 
decreases the  extension of the junct ion into the 
p - t y p e  side of the junct ion as this extension is in-  
verse ly  propor t ional  to the square root of the doping 
level. These two contr ibut ions toward  an increased 
tunnel ing current  counteract  the reducing effect on 
the  tunnel ing  p robab i l i ty  of the ba r r i e r  wid th  w id -  
ening with  a l loying tempera ture .  

Considerable  care was taken  to obtain reproduci -  
b i l i ty  in the fabr ica t ion  of the diodes; nevertheless,  
inhomogenei t ies  in the a luminum-boron  wire  and 
the inherent  difficulties of r eproduc ib i l i ty  in an a l -  
loying process and the subsequent  measurement  of 
s t ruc ture -sens i t ive  proper t ies  introduce scat ter  in 
the data. The mean deviat ion of the da ta  is indicated 
for each point  of Fig. 3. 

Summary 

Phosphorus diffused layers  into phosphorus doped 
bu lk  silicon of res is t iv i ty  0.001 ohm-cm tend to in-  
crease the peak  current  of a l loyed tunnel  diodes by 
as much as an order  of magni tude.  At  a given a l loy-  
ing t empera tu re  the m a x i m u m  peak  tunnel ing  cur -  
rent  is reasonably  propor t iona l  to the depth  of the 
diffused layer  and decreases inverse ly  wi th  t emper -  
a ture  of alloying. 

Some negat ive  resistance is observable  throughout  
an al loying t empe ra tu r e  range  of 675~176 wi th  
the op t imum peak  to va l ley  current  rat ios obtained 
be tween 825 ~ and 925~ The opt imum tempera tu re  
range shifts s l ight ly  higher  wi th  increasing depth  of 
the diffused layer .  

The presence of a diffused layer  tends to depress 
the peak  to va l ley  current  rat ios  by upwards  of 20% 
when compared with  diodes made with  the ident ical  
nondiffused base mater ia l .  
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Undamaged Germanium Surfaces of High Optical Quality 
T. M. Donovan and B. O. Seraphin 
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By e s t a b l i s h e d  m e c h a n i c a l  po l i sh ing  me thods ,  
g e r m a n i u m  m i r r o r s  of su i t ab l e  op t i ca l  q u a l i t y  can  
be  p r e p a r e d .  H o w e v e r ,  the  m e c h a n i c a l  ac t ion  of the  
a b r a s i v e  is k n o w n  to i n t r o d u c e  su r face  d a m a g e  
w h i c h  affects  the  e l ec t r i ca l  p r o p e r t i e s  of t he  s e m i -  
conduc to r  (1) .  W h e n e v e r  th is  d a m a g e  canno t  be  
to l e ra t ed ,  as  in mos t  dev ice  app l i ca t ions ,  i t  is r e -  
m o v e d  b y  e tching .  The  e t ch ing  o p e r a t i o n  r e m o v e s  
the  d i s t u r b e d  m a t e r i a l  and  res to res  t he  e l e c t r i c a l  
p r o p e r t i e s  of the  surface .  U n f o r t u n a t e l y ,  howeve r ,  
t he  e tch ing  o p e r a t i o n  d e g r a d e s  the  op t i ca l  finish of 
the  su r face  at  the  s ame  t i m e  (2) .  

W i t h  the  d e v e l o p m e n t  of e p i t a x i a l  and  o the r  a d -  
v a n c e d  s e m i c o n d u c t o r  dev ices  t h e r e  is a n e e d  fo r  
flat  and  smooth  s u b s t r a t e  su r f aces  w i t h  u n i m p a i r e d  
e l ec t r i ca l  p rope r t i e s .  S u l l i v a n  (3, 4) d e v e l o p e d  an  
e l e c t r o c h e m i c a l  t e c h n i q u e  w h i c h  y i e ld s  u n d a m a g e d  
sur faces  of 2.5 ~ / in .  f la tness  and  an  a v e r a g e  r o u g h -  
ness  of 25/k. R e l a t e d  va lue s  for  fused  qua r t z  o p t i -  
cal  f iats a r e  a p p r o x i m a t e l y  0.05 g / in .  and  10A. 

The  p r e s e n t  p a p e r  r e p o r t s  on a modi f i ca t ion  of 
S u l l i v a n ' s  t e c h n i q u e  w h i c h  y i e ld s  su r faces  of a b o u t  
0.1 g / in .  f la tness  a n d  a r m s  roughnes s  of on ly  10- 
13A, a p p r o a c h i n g  the  finish of t he  bes t  fused  q u a r t z  
op t i ca l  flats. A t  the  s a m e  t ime  i t  shows  b y  m e a n s  of 
e l ec t ron  d i f f rac t ion ,  su r face  r e c o m b i n a t i o n  ve loc i ty ,  
a n d  f ie ld -e f fec t  m e a s u r e m e n t s  t h a t  these  sur faces  
a p p r o a c h  s t r u c t u r a l l y  a n d  e l e c t r i c a l l y  su r f aces  t h a t  
h a d  been  e t ched  in CP-4 .  

Polishing Procedure 
The  m a t e r i a l  used  for  th is  s t u d y  was  30 o h m - c m  

n -  and  p - t y p e  s ingle  c r y s t a l  g e r m a n i u m .  Two faces  
of the  s a m p l e  w e r e  l a p p e d  p l a n e  pa ra l l e l ,  and  e lec -  
t r i c a l  con tac t  was  m a d e  to one face  us ing  e l e c t r o -  
less n i cke l  (5) .  The  oppos i t e  face  was  po l i shed  1, 
d i a m o n d  p a s t e  w i t h  an  a v e r a g e  p a r t i c l e  d i a m e t e r  
of 1/4# be ing  used  for  the  f inal  s tage.  The  su r f ace  
o b t a i n e d  at  th is  s t age  wi l l  be  r e f e r r e d  to as the  m e -  
c h a n i c a l l y  po l i shed  sur face .  I t  a p p e a r e d  sc ra t ch  
f ree  at  30X magni f i ca t ion .  

Two  t y p e s  of s a m p l e s  w e r e  used.  T h i c k  s a m p l e s  
(25 x 9 x 9 r a m )  w e r e  m o u n t e d  in  a m i c a r t a  cage.  
Th in  s a m p l e s  ( 1 6 x 9 x 0 . 2 5 m m )  w e r e  f ixed  to a 
n y l o n  p r e s s u r e  p la te .  In  bo th  cases  p rov i s ions  w e r e  
m a d e  to b r i n g  e l ec t r i ca l  con tac t  f r o m  the  s a m p l e s  
to the  top  of the  p r e s s u r e  p la te .  The  s a m p l e  was  t h e n  
m a d e  the  anode  in an  e l ec t ro ly t i c  cel l  w i t h  a c lo th  
cove red  po l i sh ing  w h e e l  as r o t a t i n g  ca thode .  A d i lu t e  
so lu t ion  of K O H  m a d e  b y  d i s so lv ing  K O H  in p o l i s h -  
ing fluid was  used  as e l e c t r o l y t e  and  was  m a d e  to 
flow d r o p - w i s e  onto the  po l i sh ing  c lo th  at  r a t e s  up  
to 25 m l / m i n .  

1 The  fol lowing pol ishing mate r ia l s  were  obtained f r o m  Buehler ,  
Ltd.,  2120 Greenwood  St., Evanston,  Ill.:  Microeloth, Cat. No. 1576; 
Metadi  Fluid,  Cat. No, 1542-2SS; Pol i sh ing  Compound,  Cat, No. 
1544-AB. 

D u r i n g  the  course  of the  e l e c t r o p o l i s h i n g  e x p e r i -  
m e n t s  i t  was  f o u n d  t ha t  a f r e sh  po l i sh ing  c lo th  
w o u l d  not  g ive  a s c r a t c h - f r e e  surface .  By  d i s so lv ing  
the  K O H  in po l i sh ing  fluid so t he  s a m p l e s  w o u l d  
" r i d e "  on a l a m i n a r  l a y e r  of sufficient  v iscos i ty ,  
and  b y  us ing  a c lo th  t ha t  h a d  been  b r o k e n  in  d u r -  
ing a p r e v i o u s  m e c h a n i c a l  po l i sh ing  s tage  i t  was  
poss ib le  to ob t a in  a s c r a t c h - f r e e  surface .  I t  was  d e -  
t e r m i n e d  in e t ch ing  r a t e  e x p e r i m e n t s  t ha t  t h e r e  
was  no m e a s u r a b l e  s a m p l e  w e i g h t  loss, as d e t e r m -  
ined  w i th  an  a n a l y t i c a l  ba lance ,  fo l l owing  the  a b o v e  
p r o c e d u r e  w i t h o u t  c u r r e n t  flow. 

C u r r e n t  dens i t i es  up  to 10 ma/ in . "  have  been  
used  e f fec t ive ly  w i t h  bo th  n -  a n d  p - t y p e  g e r m a n -  
ium.  A t  th is  c u r r e n t  de ns i t y  an  e t ch ing  r a t e  of 0.03 
g / r a i n  was  ob ta ined .  This  u n u s u a l l y  s m a l l  c u r r e n t  
d e n s i t y  and  the  r e l a t e d  low e tch ing  ra te ,  w h i c h  a re  
abou t  50 t imes  s m a l l e r  t han  o r d i n a r i l y  used  in  e lec -  
t r o p o l i s h i n g  t echn iques  for  g e r m a n i u m  and  si l icon,  
m i g h t  p a r t i a l l y  account  for  t he  low roughnes s  f igure.  
C u r r e n t  d e n s i t y  va lue s  up  10 ma/ in . "  r e p r e s e n t  the  
r a n g e  in  the  anode  p o t e n t i a l - c u r r e n t  d e n s i t y  d i a -  
g r a m  in wh ich  the  cha rac t e r i s t i c s  for  n -  and  p - t y p e  
m a t e r i a l  a re  s t i l l  i den t i ca l  (6) .  S ince  the  r e m o v a l  of 
on ly  0.5-1# of m a t e r i a l  was  n e c e s s a r y  to r e m o v e  the  
d a m a g e d  l a y e r  (1) ,  an  o p e r a t i n g  t ime  of 20-30 m i n  
d id  no t  s eem u n r e a s o n a b l e .  

Optical Measurements 

The  o v e r - a l l  f la tness  of t he  s a mp le s  was  c hecked  
b y  a s t a n d a r d  i n t e r f e r o m e t r i c  t e c h n i q u e  us ing  an  
op t i ca l  flat  a n d  the  y e l l o w  l ines  of a sod ium lamp.  
The  f la tness  for  t he  t h i c k  s a m p l e s  was  f o u n d  to be  
b e t t e r  t h a n  0.1 # / in .  The  f la tness  of the  th in  s amp le s  
was  s o m e w h a t  less due  to the  w a r p i n g  of t he  ge r -  
m a n i u m  w h e n  it  was  no l onge r  b a c k e d  b y  the  p r e s -  
su re  p la te .  No d i f fe rence  in f la tness  was  o b s e r v e d  
b e t w e e n  the  las t  s t age  m e c h a n i c a l  a b r a s i v e  po l i sh  
and  the  electrochemical t r e a t m e n t .  

The  roughness  of the  s a m p l e s  was  m e a s u r e d  ac -  
co rd ing  to an  i n t e r f e r o m e t r i c  m e t h o d  d e v e l o p e d  b y  
K o e h l e r  and  W h i t e  (7) .  The  tes t  su r face  is m a d e  
one p l a t e  of a F a b r y - P e r o t  i n t e r f e r o m e t e r ,  w i t h  a 
fused  q u a r t z  op t ica l  flat  of k n o w n  roughnes s  as the  
o the r  p l a t e  of the  conf igura t ion .  Us ing  w h i t e  l ight ,  a 
set  of i n t e r f e r e n c e  f r inges  of equa l  c h r o m a t i c  o r d e r  
is d i s p l a y e d  b e h i n d  a spe c t rog ra ph .  B y  choos ing  a 
low o r d e r  of i n t e r f e r e n c e  w h i c h  inc reases  t he  w i d t h  
of the  f r inge ,  and  e n l a r g e m e n t  of the  p ic tu re ,  the  
fine s t r u c t u r e  of the  f r i nge  can  be  m e a s u r e d ,  g iv ing  
a f a i r l y  a c c u r a t e  r ep l i ca  of the  sur face .  The  p r e -  
cision of the  m e t h o d  is g iven  b y  the  a u tho r s  as 
20%. The  m e t h o d  is s u p e r i o r  to m e c h a n i c a l  p r o b i n g  
b y  d i a m o n d  s ty lu s  or  b rushes ,  e spe c i a l l y  in t he  
r a n g e  b e l o w  a few mic rons  w h e r e  the  m e c h a n i c a l  
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p robe  canno t  b o t t o m  in to  the  t roughs  and  a v a l u e  
too f a v o r a b l e  is u s u a l l y  read .  

F i g u r e  l a  shows f r inges  of equa l  c h r o m a t i c  o r d e r  
f rom an  i n t e r f e r o m e t e r  cons i s t ing  of two  fused  
qua r t z  op t ica l  f lats of 8-10/k rms  roughness .  The  
p i c tu r e  r e p r e s e n t s  a s a m p l e  a r e a  of abou t  0.5 b y  
0.003 mm.  Magn i f i ca t ion  be fo re  r e d u c t i o n  for  p u b l i -  
ca t ion  was  19. A n a l y z i n g  the  wigg les  of the  f r inges  
the  v a l u e  for  t he  su r f ace  r o u g h n e s s  is ob t a ined .  
F i g u r e  l b  shows f r inges  f rom an  i n t e r f e r o m e t e r  
cons is t ing  of an  e l e c t r o c h e m i c a l l y  po l i shed  g e r m a n -  
i u m  s a m p l e  and  one of t he  a b o v e  qua r t z  flats. The  
m e a s u r e d  r m s  roughnes s  of t he  g e r m a n i u m  is 10- 
13A. F i g u r e  l c  shows  f r inges  d i s p l a y e d  f r o m  a 
m e c h a n i c a l l y  po l i shed  s a m p l e  and  one  of the  q u a r t z  
flats. The  m e a s u r e d  r m s  roughness  is 25-30/k. F i g u r e  
l d  shows  the  s a m p l e  f r o m  Fig.  l c  aga in  a f t e r  a 15- 
sec i m m e r s i o n  in CP-4 ,  the  m i n i m u m  t ime  to r e -  
m o v e  the  d a m a g e d  su r f ace  l a y e r  of a p p r o x i m a t e l y  
1/2 t~ th ickness .  The  r o u g h  su r f ace  o b t a i n e d  w i th  
C P - 4  was  t y p i c a l  of su r faces  o b t a i n e d  w i t h  a n u m -  
ber  of c h e m i c a l  e t chan t s ,  i n c l u d i n g  mos t  of the  ones 
w h i c h  a r e  r e c o m m e n d e d  for  c h e m i c a l  po l i sh ing  of 
g e r m a n i u m .  

Electron Diffraction Measurements 

Elec t ron  d i f f rac t ion  s tud ies  of the  su r faces  i n d i -  
ca t ed  t ha t  t he  m e c h a n i c a l l y  d i s t u r b e d  l a y e r  t h a t  e x -  
i s ted  a f t e r  the  f inal  m e c h a n i c a l  po l i sh  was  r e m o v e d  
b y  the  e l e c t r o c h e m i c a l  t r e a t m e n t .  F i g u r e  2a shows  
the  d i f f rac t ion  p a t t e r n  o b t a i n e d  w i t h  the  m e c h a n i -  
ca l ly  po l i shed  sur face .  T h e  spo t  p a t t e r n  i nd i ca t e s  a 
r a n d o m l y  o r i e n t e d  mosa ic  s t r u c t u r e  in the  surface .  
F i g u r e  2b shows  the  d i f f rac t ion  p a t t e r n  o b t a i n e d  
f rom the  e l e c t r o c h e m i c a l l y  po l i shed  surface .  The  
spot  p a t t e r n  and  the  s h a r p  K i k u c h i  p a t t e r n  a re  i n -  
d i ca t ive  of a h igh  d e g r e e  of su r f ace  o r i e n t a t i o n  (8) .  
F u r t h e r m o r e ,  th is  p a t t e r n  c o m p a r e s  w i th  t he  p a t -  
t e rn  o b t a i n e d  b y  e t ch ing  a m e c h a n i c a l l y  po l i shed  

Fig. 1. Fringes of equal chromatic order corresponding to an 
interferometer made up of (a) two optical flats; (b) an optical 
flat and an electropolished germanium sample; (c) an optical flat 
and a mechanically polished germanium sample; and (d) an optical 
flat and a germanium sample that had been etched in CP-4 for 
I 5 sec. 
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Fig. 2. Electron diffraction patterns corresponding to (111) 
germanium surfaces with (a) a mechanically polished surface; 
(b) an electropollshed surface, and (c) a CP-4 etched surface. 

su r f ace  in CP-4 .  This  l a t t e r  p a t t e r n  is s h o w n  in 
Fig.  2c. 

ELectrical Measurements 
The  su r face  r e c o m b i n a t i o n  ve loc i t y  was  d e t e r -  

m i n e d  by  m e a s u r i n g  the  f i l amen t  l i f e t i m e  by  the  
p h o t o c o n d u c t i v i t y  d e c a y  me thod .  This  m e t h o d  w h i c h  
is sens i t ive  to low v a l u e s  of t he  su r f ace  r e c o m b i n -  
a t ion  ve loc i ty  s, gave  for  m e c h a n i c a l l y  po l i shed  
s amp le s  s - v a l u e s  in  excess  of 5000 cm/sec .  E l e c t r o -  
po l i sh ing  the  su r faces  of the  s a m p l e  b r o u g h t  th is  
v a l u e  d o w n  to 120 cm/sec .  If,  on the  o t h e r  hand ,  
m e c h a n i c a l l y  po l i shed  s a m p l e s  w e r e  i m m e r s e d  in 
C P - 4  for  15 sec, s - v a l u e s  a r o u n d  100 c m / s e c  w e r e  
ob ta ined .  

F i n a l l y ,  sets  of t h r e e  th in  s a m p l e s  w e r e  m e a s u r e d  
wi th  r e spec t  to t h e i r  f i e l d - i n d u c e d  change  of t he  
conduc t iv i ty .  The  m e c h a n i c a l l y  po l i shed  s amp le s  
d id  no t  show a n y  change  due  to the  su r f ace  d a m a g e  
w h i c h  g ives  r i se  to a fas t  s t a t e  s t r u c t u r e  of v e r y  
h igh  d e n s i t y  (9) .  On e l e c t r o c h e m i c a l l y  po l i shed  
sur faces ,  howeve r ,  a n y  m e c h a n i c a l  d a m a g e  is r e -  
m o v e d  to the  e x t e n t  w h e r e  i t  ceases  to d o m i n a t e  
the  r e c o m b i n a t i o n  process  in the  surface .  U n d e r  
o t h e r w i s e  i den t i ca l  condi t ions  these  s a m p l e s  showed  
a field effect w h i c h  a p p r o a c h e d  ( 5 0 - 7 5 % )  the  one 
o b t a i n e d  for  s a m p l e s  t ha t  h a d  been  e t ched  in  CP-4 .  
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Chemical Polish for Lead Telluride 

P. H. Schmidt 
Bell Telephone Laboratories, Murray Hill, New Jersey 

The purpose  of this note is to descr ibe a chemical  
polish which wil l  produce flat, mi r ro r - l ike ,  r ipp le -  
free and s t ra in - f ree  surfaces on samples of lead te l -  
luride.  At  present  there  exist  only two sat isfactory 
methods for pol ishing lead te l lu r ide  (1, 2). Both 
methods are e lectrochemical  and produce surfaces 
which are smooth and s t ra in - f ree  bu t  somewhat  con- 
vex. However,  some inherent  d isadvantages  are  as-  
sociated with  electropolishing.  Some of these are the 
difficulty of producing flat, r i pp le - f r ee  surfaces, the 
complex equipment  needed,  and opt imum conditions 
are sometimes difficult to control. At tempts  to polish 
lead te l lu r ide  chemical ly  have  thus far  been unsuc-  
cessful (1).  Most chemical  methods produce an etched 
surface or an etched surface wi th  an associated film 
which is difficult or impossible to remove. 

Method 
Samples are p repared  by  first abrad ing  surfaces 

flat wi th  wa te r - l ub r i ca t ed  No. 400 gri t  a luminum 
oxide paper ,  removing 0.002-0.004 in. of ma te r i a l  
wi th  every  few strokes on the abras ive  paper .  Coarse 
abras ion is then fol lowed by  finer abrasion on w a t e r -  
lubr ica ted  No. 600 gri t  silicon carbide  paper  and 
finally by  abras ion on d ry  4/0 gr i t  French  emery  
paper .  Care must  be exercised dur ing  all  abrad ing  
stages to prevent  the specimen f rom f rac tur ing  or 
cleaving (100 c leavage) ,  and it is therefore  recom- 
mended tha t  a j ig be used for mount ing the sample. 
Quartz  type  s t icky wax  ~ (mp 68~ has been found 
ve ry  sat isfactory for mount ing samples to meta l  in-  
serts of jigs. Care must  also be exercised not to load 
the abras ive  paper ,  this  being especial ly t rue  of the 
No. 600 gri t  and 4/0 gri t  papers .  Samples  must  be 
thoroughly  cleaned be tween all  abrad ing  stages. 

Using a figure eight  1-2 in. stroke, the sample  is 
rubbed  on twi l l  jean  cotton cloth that  has been 
s t re tched over a flat glass p la te  and sa tura ted  wi th  a 
solution of 50% C. P. hydrogen  peroxide  (H~O~ 30%) 
and 50% glacial  acetic acid and Linde A abrasive.  

1Manufac tured  by Corning Rubber  Company,  Inc., 578 Gates 
Avenue,  Brooklyn 21, New York. 

Lapping is continued for 2-3 min. Mater ia l  is r e -  
moved at  a ra te  of about  0.0002 in . /min.  The sample  
surface should appear  c loudy-br igh t  wi th  fine 
scratches. 

F ina l ly  the sample  is twi l l  jean  polished (3) for 
another  2-3 min using the acid mix tu re  wi thout  the 
Linde A abrasive.  Mater ia l  removal  ra te  is about 
0.0001 in. /3 rain. A warm wate r  r inse should im-  
media te ly  follow polishing with  a final flush in ace- 
tone or e thyl  alcohol. The sample  surface should ap-  
pear  h ighly  reflective and with  no fine grain ripple.  

Back-ref lect ion Laue photographs,  using tungsten 
radia t ion  and a f i lm- to-spec imen distance of 5 cm, 
of surfaces polished using the method descr ibed 
above indicate  that  they  are  free of strain.  

Undes i rable  films tha t  have formed on polished 
samples can be removed by immers ion of the sample 
in a solution of equal  par t s  of glacial  acetic acid and 
30% hydrogen  peroxide  for 3-4 min fol lowed by 
swabbing with water.  However ,  i t  is recommended  
that  the twi l l  jean  polish (3) procedure  be repea ted  
as it  wi l l  produce far  super ior  surfaces. 

The method descr ibed here in  is s imple and rapid,  
requi r ing  l i t t le  or no equipment  or setup time. The 
surfaces so produced  appear  to be as s t r a in - f ree  as 
those obtained by electropolishing techniques and 
are v is ib ly  smoother  and flatter. 
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A Polishing Etchant for III-V Semiconductors 

C. S. Fuller and H. W.  Allison 

Be~ Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

The p u r p o s e  of th is  c o m m u n i c a t i o n  is to r e p o r t  a 
n e w  class of e t chan t  w h i c h  is c a p a b l e  of p r o d u c i n g  
h i g h l y  po l i shed  su r faces  on G a A s  and  G a P  c rys ta l s .  
A more  d e t a i l e d  e v a l u a t i o n  of th is  e t c h a n t  for  dev ice  
p u r p o s e s  is d e s c r i b e d  b y  S u l l i v a n  and  Ko lb  (1) .  I t  is 
a p p l i c a b l e  to o t h e r  I I I - V  compounds ,  bu t  is not  as 
good as o the r  e t c h a n t s  for  Ge and  Si.  The  e t chan t  has  
def in i te  a p p l i c a t i o n  in r e m o v i n g  th in  d i f fus ion l a y e r s  
s ince  i t  is sub jec t  to v e r y  p rec i se  control .  I t  also a l -  
lows n e w  t y p e s  of res i s t s  to be  u sed  as m a s k i n g  
ma te r i a l s ,  e.g., w a t e r  so lub le  po lymer s ,  and  a p p e a r s  
to be sub j ec t  to less u n d e r c u t t i n g  t h a n  the  u s u a l  
aqueous  etches.  F i n a l l y ,  t he  e t c h a n t  is u se fu l  in t he  
i n c r e m e n t a l  r e m o v a l  of l a y e r s  of m a t e r i a l  in  o r d e r  
to ob t a in  th in  base  l a y e r s  for  devices .  

The  e t c h a n t  consis ts  b a s i c a l l y  of an  o rgan ic  l i qu id  
in wh ich  a ha logen ,  g e n e r a l l y  CI~ or  Br~, is d i sso lved .  
The  bes t  o rgan ic  l iqu ids  so f a r  f o u n d  a re  m e t h y l  
a lcohol  or  g lac ia l  ace t ic  acid.  These  m a t e r i a l s  h a v e  
been  " d r y "  b u t  no t  i n t e n s i v e l y  dr ied .  A d d i n g  w a t e r  
s lows the  e t ch ing  reac t ion .  Obv ious ly ,  o rgan ic  l iqu ids  
w h i c h  r eac t  r a p i d l y  w i t h  ha logens  canno t  be  used.  
The  use of p e r c h l o r o  compounds ,  such as CC14, r e -  
su l t s  g e n e r a l l y  in v e r y  s low e tching .  H o w e v e r ,  m i x -  
t u r e s  of CC14 w i t h  m e t h y l  a lcoho l  a r e  qu i t e  sa t i s -  
f ac to ry ,  e.g., 1:1 b y  vo lume .  Benzene  or  t o luene  w i t h  
m e t h y l  a lcohol  a r e  also useful .  

I t  is we l l  k n o w n  t h a t  t he  c h e m i c a l  e t chan t s  s u i t -  
ab le  for  p r o d u c i n g  po l i shed  su r f aces  on Ge and  Si  a r e  
no t  v e r y  effect ive  on the  I I I - V  c o m p o u n d  s e m i c o n -  
duc tors .  M i x t u r e s  of H F  and  HNO3 in va r i ous  p r o -  
po r t i ons  and  concen t r a t i ons  can  be  used  (2) .  H o w -  
ever ,  poor  su r faces  g e n e r a l l y  r e su l t  w h e n  used  w i t h  
G a A s  even  on the  s m o o t h e r  e t ch ing  (111) face.  HNO3 
a lone  r e su l t s  in ox id i zed  su r faces  w h i c h  a r e  u n s u i t -  
able .  A q u a  r eg i a  is a u se fu l  e t chan t ,  bu t  does  not  
p r o v i d e  the  po l i sh  des i red .  I t  a lso a t t a cks  and  l i f t s  
m a n y  of t he  res i s t s  e m p l o y e d  as  m a s k i n g  m a t e r i a l s .  
The  s i t ua t i on  w i t h  G a P  is even  w o r s e  in t h a t  aqua  
r eg i a  is a b o u t  the  on ly  e t c h a n t  w h i c h  a t t a cks  t he  
ma te r i a l .  The  diff icul t ies  of m a s k i n g  a re  even  m o r e  
severe .  

F o r  G a A s  the  bes t  so lu t ion  for  r oom t e m p e r a t u r e  
use  is b r o m i n e  1 in m e t h y l  alcohol .  A w i d e  v a r i e t y  of 
concen t r a t i ons  m a y  be  e m p l o y e d  d e p e n d i n g  on the  
app l i ca t ion .  F o r  a h igh  po l i sh  5 -20% of b r o m i n e  b y  
v o l u m e  is used.  F o r  a l igh t  e tch  0 .1-1% b y  v o l u m e  is 
best .  E tch  r a t e s  v a r i e d  f rom a f ew  t en th s  to 4 m i l s /  
m in  on a c r y s t a l  p u l l e d  abou t  8 ~ off of [111].  The  

1 Care  s h o u l d  be  used  in  h a n d l i n g  l i q u i d  b r o m i n e  to a v o i d  b u r n s  
a n d  b r e a t h i n g  fumes .  

Fig. 1. GaP pulycrystal etched for 3 min at 25~ in chlorine- 
methyl alcohol. Both smoothly etching surfaces and surfaces 
exhibiting etch pits are shown. Magnification 40X. 

e t c h a n t  is c o n v e n i e n t l y  r e m o v e d  b y  m e a n  of m e t h y l  
a lcohol  r inses .  

F o r  G a P  the  b r o m i n e  e tch  is too s low for  mos t  
purposes .  In  th is  case, the  bes t  p r o c e d u r e  is to b u b -  
b le  CI.~ gas  s l o w l y  t h r o u g h  m e t h y l  a lcohol  w i t h  the  
s p e c i m e n  i m m e r s e d 2  The  so lu t ion  t u r n s  y e l l o w  i n d i -  
ca t ing  s a t u r a t i o n  w i t h  t he  gas, and  the  e t ch ing  p r o -  
ceeds  a t  a m o d e r a t e  r a t e  a t  r o o m  t e m p e r a t u r e .  H i g h l y  
po l i shed  su r faces  a r e  o b t a i n e d  in f r o m  5 to 20 min.  
W a r m i n g  s l i g h t l y  wi l l  i nc rea se  the  ra te .  E tch  r a t e  is 
a b o u t  0.5 r a i l / r a i n  a t  25~ 

O t h e r  I I I - V  s e m i c o n d u c t o r s  h a v e  been  e t ched  in  
the  m a n n e r  desc r ibed .  Iod ine  in  m e t h y l  a lcohol ,  for  
e x a m p l e ,  has  been  f o u n d  u se fu l  for  e t ch ing  InSb .  

F i n a l l y  t he  e t chan t  has  a p p l i c a t i o n  in d e v e l o p i n g  
e tch  pi ts .  The  a c c o m p a n y i n g  f igure  shows  a p o l y -  
c r y s t a l  of f l oa t ing -zone  GaP.  Bo th  s m o o t h l y  e t ch ing  
faces  and  faces  e x h i b i t i n g  e tch  p i t s  a r e  shown.  
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ABSTRACT 

The transient impedance of Leclaneh~ cells was studied on open circuit and 
during discharge. The transient impedance is defined as the ratio of the Laplace 
transforms of voltage and current. An equivalent circuit was assumed for the 
Leclaneh~ cell, and the values of the circuit elements were calculated with the 
help of the time constant for various electrolytes and manganese dioxides. The 
influence of the anode, cathode, and discharge on the transient impedance are 
discussed. 

The modern  use of Leclanch6 cells in electronic 
equipment  usual ly  requires  cells of low impedance.  
The present  s tudy was under t aken  to e lucidate  the 
na ture  of impedance  and the pa rame te r s  influencing 

it. 
The Leclanch6 cell consists of a zinc anode, 

MnO.~-C cathode mix,  and e lec t ro ly te  absorbed in a 
separa tor  and the cathode mix. I t  is a we l l - know n  
fact tha t  zinc in contact  wi th  an e lect rolyte  forms an 
electr ical  double  l aye r  at the e lec t rode-solu t ion  in-  
terface. This double l ayer  together  wi th  the bu lk  of 
the meta l  and e lec t ro ly te  can be represen ted  by  an 
equivalent  circuit  having a cer ta in  impedance.  

The phase  bounda ry  of semiconduct ing meta l  
oxides and carbon wi th  e lect rolyte  has been inves t i -  
gated by numerous  authors.  The cathode mix  is 
composed of MnO~ and carbon par t ic les  sur rounded 
by the electrolyte .  Euler  (1) descr ibed the ionic and 
electronic resistance,  the electr ical  double layer ,  and 
the react ion impedance  of an MnO~ par t ic le  by  an 
equivalent  circuit.  The var ious  MnO~ and carbon 
par t ic les  are in contact  wi th  each other  forming a 
porous electrode. This necessi tates the in terconnec-  
t ion of the ind iv idua l  equivalent  circuits resul t ing 
in a 3-d imensional  network.  The indiv idual  equiv-  
alent  circuits of this ne twork  are e i ther  in series or 
in pa ra l l e l  configuration to each other  and can be 
reduced to a simplified equiva lent  circuit, for in-  
stance tha t  of Euler  (2).  The total  impedance wil l  be 
the sum of the ind iv idua l  impedances or admit tances,  
respect ively,  be it a-c  s teady state or a-c  t ransient .  

The e lect rolyte  in the separa tor  e lect r ica l ly  con- 
nects the anode and cathode. Na tu ra l ly  this e lec t r i -  
cal pa th  (electrolyte,  anode, and cathode)  is r ep re -  
sented by  a cer ta in  pure  resistance.  This resistance 
is the in te rna l  resis tance of Leclanch6 cells as r e -  
por ted  ear l ie r  (3).  

Experimental and Discussion 
The s t eady-s t a t e  form of a t i m e - v a r y i n g  quan-  

t i ty  is the same as tha t  of its drive.  Thus, a sine 
vol tage produces an a. c. of the same w a v e - f o r m  and 
frequency.  The t rans ient  form, in contrast ,  is inde-  
pendent  of the dr ive  and depends only on the circuit  
invest igated.  Such a t rans ien t  response can be 
achieved by  using a uni t  impulse  dr ive  function 
(del ta  funct ion) .  In  the  case of a square wave  dr ive  
function the response contains both the t rans ient  and 
s t eady - s t a t e  forms. 

One can conceive of the  t rans ient  impedance  Z (p)  
as a general ized impedance  concept re la t ing  the  La -  
place t ransforms of vol tage  and current  in the same 
manner  as the  s t eady-s t a t e  a -c  impedance  re la tes  
the corresponding phasors  (4),  

~ v ( t )  = E I ( t )  �9 Z ( p )  [1] 

Assuming the inductance  of the  leads and Leclanch6 
cell to be negligible,  only the pure  resis t ive compo- 
nent  and the capaci t ive reactance  have  a role in the 
impedance.  The t rans ien t  impedance  wil l  correspond 
to tha t  of an RC network,  i.e., s ing le -energy  e lec t r i -  
cal system because the energy  of the  circuit  is s tored 
in one form only. The "s ing le -energy  electr ical  sys-  
tem" is used here  in the  sense of the ne twork  ana ly -  
sis. When an ex te rna l  vol tage step is appl ied  to an 
RC network,  it must  all  appear  across the series 
resistance (not para l le led  by capaci tance) ,  since the 
vol tage  across a capaci tance cannot change ins tan-  
taneously.  This series resis tance is the in te rna l  r e -  
sistance, R, of Leclanch6 cells as de te rmined  by  the 
square wave method (3) or pulse method (5).  

Ei ther  a series or pa ra l l e l  equivalent  circuit  can 
be used to descr ibe the Leclanch6 cell. The para l l e l  
a r rangement  is p re fe r red  here. The s implest  possi-  
ble para l le l  equivalent  circuit  is a resis tance (R,) in 
series wi th  a resis tance (R,) and the capaci tance 
(C,) in para l le l  

Rs 

R 1 

cl 

where  R, is a lways  l inear.  For  an equi l ib r ium con- 
dition, R1 and C1 are  l inear;  for a nonequi l ib r ium 
condition, however ,  they  may  be nonlinear .  A cer-  
ta in  nonequi l ib r ium condit ion wi th in  an infinitesi-  
mal  t ime in te rva l  can be regarded  as an equi l ibr ium 
condition and can be represen ted  by  the same equiv-  
alent  circuit  but  of differing values for the circuit  
elements.  The capacitance,  represent ing  the e lec t r i -  
cal double layer ,  is para l le l  to a resis tance and a 
second capaci tance  in paral le l ,  represent ing  the  
faradaic  impedance  (6).  The two para l l e l  capaci-  
tances can be added, resul t ing  in C1. A para l l e l  r e -  
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sistance and capacitance arrangement  was consid- 
ered for Leclanch~ cells by Euler and Dehmelt (7). 

Let us consider the transient voltage response v (t) 
of the aforesaid equivalent circuit when a constant 
current step function is applied. The differential 
equation of this and all single-energy systems is of 
the first order. Assuming that the circuit (Leclanch~ 
cell) is in steady state, the voltage response, in one 
cycle is of the same form as the response in the next 
cycle. Furthermore,  let us assume that the impressed 
current is i ( t )  ~-Iu_~(t), where u_~(t) denotes the 
unit step source current. The solution for v ( t )  can 
be obtained by the classical method of solving difm 
ferential equations, employing Heaviside operational 
calculus (8) or Laplace transformation: 

v ( t )  = I R , + I R ~  1 - - e x p - -  R~C--~t [2] 

and the transient impedance, Z,~ 

Z~ v ( t )  ( 1 ) 
- -  I ----R~§ 1 - - e x p  R~e--m~t [3] 

where for 
v ( 0 + )  

t == Of  Z(O§ -~ I = R, [4] 

for 
v ( ~ )  

t - -  oc z ( o o )  - -  ~ ~_ R ,  § R~ [ 5 ]  
I 

In the case of a square wave or pulse signal, the 
t----0§ condition is practically represented by the 
leading edge of the signal and the instantaneous 
voltage drop is due to the internal resistance, R, of 
the Leclanch~ cell. The other extreme (t ---- ~ )  cor- 
responds to the steady-state condition, and the 
parallel resistance can be calculated easily. 

All single-energy transients of a d-c nature 
(square wave or pulse) start at one value and end 
at another value. In the case of an RC network 
there is an e x p -  t /RC term multiplying the magni-  
tude of the change, which describes the course of the 
voltage response between the two limit values. The 
exponent 's  denominator is the product of the values 
of the parallel resistance and capacitance. This prod- 
uct is called the time constant, ~, and is equal to the 
time required for a voltage in this circuit and all 
RC single-energy systems to rise to 63.2% of its 
steady final value (t  ~- R1CI). The magnitude of the 
steady state does not depend on the magnitude of 
capacitance, since the term containing capacitance 
is eliminated from the Eq. [5]. Increasing or de- 
creasing the time constant increases or decreases, 
respectively, the time required to reach the steady 
state. The time constant is increased or decreased by 
increasing or decreasing, respectively, either R~ or 
C~, or both. 

The time constant can be determined by one of the 
following three methods: the 63.2% method, the 
initial-slope method, and the log-plot method. Here, 
the 63.2% method will be used. Figure 1 shows 
the oscilloscope traces of a pasted D-size Leclanch~ 
cell containing electrolytic MnO~ of source B and 
conventional ZnCL-NH,C1 electrolyte. The experi-  
mental  arrangement  used for this study is the same 
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Fig. 1. Oscilloscope traces of the transient voltage responses of 
undischarged Leclanch6 cells containing electrolytic MnO~ of source 
B and conventional ZnC6-NH4CI electrolyte. A, at 400 cps square 
wave; B, at 1000 cps square wave. 

O.4 

P" 0 I J I ] 1 , 1 ,  , , ~ _  I J _ L ~ , ,  , J m llt,,_J 

5 0  ; O  ~ 0 I 0O5  

H A L F -  C Y C L E  T i M E ,  mser 

Fig. 2. Transient impedance of an undischarged Leclanch~ cell 
(same as Fig. 1) as a function of half-cycle time. 

as described previously (3). The 5X attenuation 
factor is included in the voltage values shown in the 
figures of oscilloscope traces. Figure 1A shows the 
oscilloscope trace of v ( t )  of the undischarged cell 
at 400 cps square wave. The steady state is already 
reached and the time constant, r, can be determined 
by the 63.2% method. The value of the time con- 
stant, however, cannot be determined very ac- 
curately, not even on an enlarged picture of the 
trace. 

The time constant, however, can be determined 
more accurately from the transient impedance-fre-  
quency curve since the frequency, by definition, is 
the number  of cycles per second. The oscilloscope 
trace in Fig. 1B is that  of the transient voltage re- 
sponse for the same undischarged Leclanch~ cell as 
above, at 1000 cps square wave. Figure 2 is obtained 
by plotting the v ( T / 2 ) / I  ratios, i.e., the ratios of the 
magnitudes of the transient voltage responses at the 
end of the half-cycles and the magnitude of the con- 
stant current  square wave, which is the transient 
impedance (Zt~), as a function of the half-cycle 
time, T/2 ( through varying the frequency of the 
square wave).  The curve starts at one value, that 
of the internal resistance of the Leclanch5 cell, and 
increases to the steadymstate value. Knowing the 
internal resistance (0.17 ohm) and the steady-state 
impedance (0.65 ohm),  the parallel resistance is 
easily obtained and R1 = 0.48 ohm. Taking 63.2% 
of the difference of the s teady-state  impedance and 
internal resistance, and adding it to the internal re-  
sistance, the time constant is found where it inter- 
sects the curve. In this case, �9 ---- 1.59 msec. Knowing 
the value of the parallel resistance, R1 (0.48 ohm) 
and the time constant, r(1.59 msec), the parallel ca- 
pacitance is calculated. It is thus 3310 ~F for the 
aforementioned cell. This value is in excellent 
agreement with Brodd's results (10) as calculated 
from his Table II. It is slightly larger than the 2140 
~F reported by Euler and Dehmelt (7) for a D-size 
cell with African (Gold Coast) MnO2 ore, and is 5 
orders of magnitude larger than the 0.43 ~F value of 
Drotschmann (9) for a smaller cell. 



Vol. 109, No. 10 TRANSIENT IMPEDANCE OF LECLANCHE CELLS 883 

I ' ' ' ' '  ' ' ' - -  I . . . . . .  ' ' 

4 8 o ZnCI2 

�9 NH4CI 

C A ZnCI z .  NH4C I 

3 6  

c~ 

g24  

e ~ 1  i _ L I , ~  , i I l i l l l  , I ~ l , l , t  
50 10 I 01 005 

HALF- CYCLE TJM~:,msec 

Fig. 3. Transient impedance of undischarged Leclanch6 cells 
with African ore and various electrolytes as a function of half- 
cycle time. 

Figure  3 shows the t rans ient  impedance  of undis -  
charged D-size Leclanch~ cells containing Afr ican  
ore and ZnCI,, NH,Ct, and ZnCI~-NH~C1 electrolytes  
of constant  C1- content  (225g CI-/1000 ml solut ion) ,  
as a function of the ha l f -cyc le  time, T/2. The t r an -  
sient impedance  curve of the undischarged cell wi th  
ZnCl~ e lect rolyte  is m a r k e d l y  different  f rom the other  
two. Establ ishing the R, and R~, the t ime constant  
is de te rmined  by the 63.2% method. These da ta  and 
the calculated pa ra l l e l  capacitances,  C,, are t abu-  
la ted in Table I. The NH,C1 electrolyte  y ie lded  a 
small  pa ra l l e l  resistance,  R1, and a large  para l l e l  
capacitance,  C~. On the other hand, the ZnCI, elec- 
t ro ly te  resul ted  in a large  R~ and small  C,  The R~ 
and C~ values  of a cell wi th  an e lect rolyte  contain-  
ing both salts were  be tween the values found for 
each constituent.  The same re la t ionship  was also 
found for other na tu ra l  ores. 

The oscilloscope traces of D-size Leclanch~ cells 
having Afr ican  ore and convent ional  ZnCI~-NH,C1 
elect rolyte  can be seen in Fig. 4. F igure  4A shows the 
t rans ient  vol tage response of an undischarged cell at 
1000 cps square wave. I t  was of in teres t  to see the in-  
fluence of the zinc anode and MnO~-C cathode on the 
t rans ient  vol tage response. Therefore,  four  undis-  
charged cells were  carefu l ly  disassembled so that  the 
paste remained  intact  on the zinc anodes f rom two 
cells and on the mix  cores of the other  two. Smal l  
port ions of the zinc anodes were  cut out, leads sol- 
dered to them, and with  the pastes facing each other, 
pressed together.  The t race of this at 100 cps is 
shown in Fig. 4B. The t rans ient  vol tage response at 
1000 cps of two cores wi th  the original  pastes  pressed 
against  each other is shown in Fig. 4C. For  these two 
traces the d-c  blocking capaci tor  was not included in 
the exper imenta l  circuit  (3).  The para l l e l  resistance, 
R~, is compara t ive ly  la rge  for the zinc anode whereas  
it is small  for the MnO,-C core, which is in agree-  

Table I. Equivalent circuit parameters of undischarged Leclanch6 
cells containing African ere and various electrolytes 

E l e c t r o l y t e  R ~ ,  o h m  R I ,  o h m  ~-, t t s e c  C 1 , / t F  

NH,C1 0.26 0.79 5430 6870 
ZnCI2 0.33 4.07 1950 480 
ZnCl~ + NH4C1 0.19 1.09 4160 3820 

cT 
Fig. 4. Oscilloscope traces of transient voltage responses. A, 

Leclanch~ cell with African ore and conventional ZnCI2-NH4CI 
electrolyte, 1000 cps square wave; B, two zinc anode portions of 
the above cell, 100 cps square wave; C, two cores of the above 
cell, 1000 cps square wave; D, Leclanch6 cell as above in the 
beginning of 4-ohm discharge, 1000 cps square wave. 

merit with the findings of Euler  and Dehmel t  (7) 
and Brodd (10). The values of the R1, ~, and C1 wil l  
be calculated f rom exper iments  to be per formed 
with  more defined geometr ical  surface areas. 

When a cell is being discharged,  the  magni tude  of 
the t rans ient  vol tage response (and hence the t r a n -  
sient impedance)  decreases. The ra te  of the decrease 
is a function of the magni tude  of the current  drain.  
The la rger  the current  drain,  the fas ter  the decrease, 
and the shorter  the  t ime needed for Z,, to reach the 
s t eady-s ta te  value.  This wi l l  be repor ted  in detai l  
l a te r  in connection with  the exper iments  obtained 
by a s imple indicat ing ins t rument  using 100 cps con- 
stant  cur rent  square wave. 

The oscilloscope t race  at 1000 cps square wave  of 
the t rans ient  vol tage response of the aforement ioned 
cell in the beginning of the discharge through 4 ohms 
is shown in Fig. 4D. It  is evident  that  the  decrease 
of v ( t )  is due to the destruct ion of the interface 
equi l ibr ium condit ion at  the  zinc anode alone and 
the t race resembles  tha t  of the two cores (Fig. 4C). 
In the measur ing  circuit  (3), the 4-ohm discharging 
resistor  is in para l l e l  wi th  the cell, and the R, and 
R1 is ca lcula ted wi th  the help of Kirchoff 's  law. The 
value  of R1 is small  and remains  nea r ly  constant  as 
shown in Fig. 5. This shows the in te rna l  resis tance 
R, and the t rans ien t  impedance  Z,, in ohms at 1000 
cps square wave of the aforement ioned Leclanch~ 

0.5 ~ ~ ~ ~ ,-- , 

O 4  
Z ,  r 

C R, 

0 3  I 
N" 

O 2  

e l  L -  I I ~ i - -  I 

0 I00 200 3CO 400  500 600  

DISCHARGE TIME , rnin 

Fig. 5. Internal resistance, R~ and transient impedance, Z~r of 
Leclanch6 cells (same as Fig. 4) discharged continuously through 
4-ohms as a function of discharge time. 
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cel ls  d u r i n g  4 - o h m  con t inuous  d i s cha rge  as a f u n c -  
t ion  of  d i s c h a r g e  t ime.  

Conclusions 
The  Lec lanch~  cel l  can be  a p p r o x i m a t e d  b y  an  

e q u i v a l e n t  c i r cu i t  w h e r e  the  i n t e r n a l  r e s i s t ance  is in  
se r ies  w i t h  a r e s i s t ance  and  capac i t ance  in p a r a l l e l  
a r r a n g e m e n t .  The  t r a n s i e n t  i m p e d a n c e  is g iven  b y  
the  r a t i o  of t h e  L a p l a c e  t r a n s f o r m s  of v o l t a g e  and  
cu r ren t .  F r o m  the  s t e a d y - s t a t e  v a l u e  of t he  t r a n s i e n t  
i m p e d a n c e  one can  ca l cu l a t e  t h e  p a r a l l e l  r e s i s t ance  
and  t h r o u g h  the  t i m e  cons tan t ,  t he  p a r a l l e l  c a p a c i -  
tance .  A Lec lanch~  cel l  w i t h  NH~C1 e l e c t r o l y t e  
y i e l d e d  a s m a l l  r e s i s t ance  and  l a r g e  c a p a c i t a n c e  in 
pa ra l l e l ,  w h e r e a s  a l a r g e  r e s i s t ance  and  s m a l l  ca -  
p a c i t a n c e  in  p a r a l l e l  w a s  found  for  t h e  Lec l anch~  
cel l  con t a in ing  ZnC12 e l ec t ro ly t e .  The  v a l u e s  of t he  
p a r a l l e l  componen t s  for  a Lec lanch~  cel l  con t a in ing  
bo th  sa l ts  in  t he  e l e c t r o l y t e  a r e  b e t w e e n  the  two  
l imi t  va lues .  W h e n  a cel l  is be ing  d i scha rged ,  t he  
m a g n i t u d e  of t he  t r a n s i e n t  i m p e d a n c e  dec reases  and  
the  r a t e  of t h e  dec rea se  is a func t ion  of the  c u r r e n t  
d ra in .  F o r  h igh  c u r r e n t  d r a i n s  t he  d i f fe rence  b e -  
t w e e n  the  t r a n s i e n t  i m p e d a n c e  and  i n t e r n a l  r e -  

s i s tance  is s m a l l  and  r e m a i n s  n e a r l y  cons t an t  d u r i n g  
the  con t inuous  d i s c h a r g e  of the  Lec l anch~  cell .  
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Oxygen Transport and Reaction Rates 
at an Air-Depolarized Copper Cathode 

H. C. Weber, H. P. Meissner, and D. A. Sama ~ 
Research Laboratory of Electronics, Massachusetts tnstitute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Ai r -depo la r i zed  pa r t i a l l y  submerged  electrodes were  s tudied to de te rmine  
the locat ion of the zones of reac t ion  and the r a t e -con t ro l l ing  steps in the i r  
operat ion.  React ion was found to occur p r i m a r i l y  on tha t  pa r t  of the surface of 
the e lectrodes covered by  the e lec t ro ly te  meniscus.  The ra te -con t ro l l ing  step 
was the diffusion of oxygen th rough  the l iquid meniscus to the e lect rode mar- 
face. The mass t r anspor t  of oxygen  as a ra te -con t ro l l ing  step was e l imina ted  
in a specia l ly  const ructed wiped,  rotat ing,  pa r t i a l l y  submerged  copper  electrode.  
This e lect rode was used to measure  the  oxidat ion  ra te  of copper at  room tem-  
pe ra tu re  for  var ious  pa r t i a l  pressures  of oxygen.  Oxidat ion  ra tes  were  found to 
be grea t  enough to suppor t  f a r  l a rge r  cur ren t  densi t ies  than  are  genera l ly  a t -  
ta inable  in normal  oxygen-e lec t rode  operat ion.  The oxidation of copper  was 
found to fol low the logar i thmic  equat ion 

w • kl Log (k2t -]- 1) 

where  kl was independent  of oxygen  par t i a l  pressure ,  and k.~ was p ropor t iona l  
to the square  root  of the oxygen pa r t i a l  pressure.  

Fo r  a gas  d i f fus ion t y p e  of e l ec t rode  to a t t a i n  a 
g iven  c u r r e n t  ou tpu t ,  t w o  r e q u i r e m e n t s  m u s t  be  
me t :  ( i )  the  n e c e s s a r y  a m o u n t  of  r e a c t i n g  gas 
n e e d e d  to  sus t a in  t he  c u r r e n t  m u s t  r e a c h  the  ac t ive  
zone of t h e  e l e c t r o d e  su r f ace  b y  t r a n s p o r t  t h r o u g h  
the  s u r r o u n d i n g  gas  and  l iquid ,  and  ( i i )  t he  e l ec -  
t r o d e  su r f ace  m u s t  be  ac t ive  enough  to a l l ow the  gas  
to r eac t  a t  th is  ra te .  The  p u r p o s e  he re  is to i nd i ca t e  
w h i c h  p a r t  of t he  e l ec t rode  su r f ace  a c t u a l l y  p a r t i c i -  
pa t e s  in t he  e l e c t r o c h e m i c a l  reac t ion ,  and  to p r e s e n t  

1 Present  address: Lowel l  Technological  I n s t i t u t e ,  Lowe l l ,  Massa- 
chusetts,  

ev idence  on w h e t h e r  mass  t r a n s p o r t  or  chemica l  r e -  
ac t ion  k ine t i c s  is r a t e  l imi t ing .  Discuss ion  is l i m i t e d  
to t he  o x y g e n  e lec t rode .  

To ach ieve  h igh  c u r r e n t  dena i t i es  p e r  un i t  of p r o -  
j e c t e d  su r face  a rea ,  mos t  o x y g e n  or  a i r  e l ec t rodes  
a r e  c o n s t r u c t e d  of po rous  ma te r i a l s .  In  consequence ,  
t h e i r  t o t a l  su r f ace  a r e a  p e r  un i t  of c ro s s - s ec t i ona l  
a r e a  is qu i t e  h igh.  H o w e v e r ,  t he  a r e a  and  g e o m e t r y  
of t he  ac t ive  p o r t i o n s  of such porous  e l ec t rodes  can -  
no t  be  d e t e r m i n e d  accu ra t e ly ,  r e n d e r i n g  ana lys i s  of 
o p e r a t i n g  r e su l t s  unc e r t a in .  Some  c la r i f i ca t ion  b e -  



Vol. 109, No. 10 

ATHODE IJ 

2 

U) (2) (3) 

Fig. 1. Possible oxygen transport mechanisms 

O X Y G E N  T R A N S P O R T  A N D  R E A C T I O N  R A T E S  885 

comes  poss ib le ,  howeve r ,  if t hese  porous  e l ec t rodes  
a r e  cons ide red  to be  m a d e  up  of a l a r g e  n u m b e r  of 
c y l i n d r i c a l  pores ,  w i t h  each  p o r e  in  t q r n  b e i n g  m a d e  
up  of p a r t i a l l y  s u b m e r g e d  flat  p la tes .  F o r  a flat  p l a t e  
w i t h  a l yoph i l i c  sur face ,  such as a me ta l ,  t he  e lec -  
t r o l y t e  fo rms  a concave  men i scus  aga in s t  t he  e l ec -  
t rode .  In  o r d e r  for  o x y g e n  to r eac t  a t  such  an  e lec -  
t r o d e  i t  m u s t  be  t r a n s p o r t e d  to t h a t  p a r t  of t h e  e l ec -  
t r o d e  a r e a  w h i c h  is ac t ive  a n d  w h i c h  is in con tac t  
w i t h  e l ec t ro ly t e .  T h r e e  poss ib le  m e c h a n i s m s  a re  
shown  in Fig.  1. In  t he  first  of these ,  i t  is a s s u m e d  
tha t  on ly  t he  o x y g e n  molecu le s  w h i c h  s t r i ke  in t he  
i m m e d i a t e  v i c in i t y  of the  b o u n d a r y  l ine  at  t he  i n t e r -  
sec t ion  of t he  t h r e e  phases  e n t e r  in to  t he  e l e c t r o -  
c h e m i c a l  reac t ion .  In  t he  second,  o x y g e n  is f irs t  a d -  
so rbed  on the  d r y  e l ec t rode  su r f ace  p r o j e c t i n g  a b o v e  
t h e  e l e c t r o l y t e  and  t h e n  m i g r a t e s  a long  the  su r f ace  
un t i l  i t  en t e r s  t he  e l ec t ro ly t e .  In  the  th i rd ,  o x y g e n  is 
first  d i s so lved  in t he  e l e c t r o l y t e  and  t hen  c a r r i e d  to 
t he  s u b m e r g e d  e l e c t r o d e  su r face  b y  d i f fus ion and  
convect ion .  

The  fo rego ing  t h r e e  a l t e r n a t i v e s  can  be  t e s t ed  e x -  
p e r i m e n t a l l y .  I f  a l t e r n a t i v e  1 is correct ,  t h e n  c u r -  
r en t s  o b t a i n e d  w o u l d  be  p r o p o r t i o n a l  on ly  to the  
l e n g t h  of  the  b o u n d a r y  l ine  b e t w e e n  the  t h r e e  phases  
and  i n d e p e n d e n t  of t he  e l ec t rode ' s  a r e a  a b o v e  and  
b e l o w  the  e l e c t r o l y t e  surface .  If  a l t e r n a t i v e  2 is 
p r e d o m i n a n t ,  t h e n  the  c u r r e n t s  o b t a i n e d  w o u l d  be  a 
func t ion  of the  u n w e t t e d  e l ec t rode  a r ea  and  also of 
t h e  l e n g t h  of t he  l ine  a t  t he  3 - p h a s e  in te r sec t ion .  F o r  
a l t e r n a t i v e  3, the  c u r r e n t  w o u l d  be  some func t ion  of 
t he  s u b m e r g e d  a r e a  of the  e l ec t rode  and  w o u l d  be 
una f fec ted  b y  t h e  ex i s t ence  of e i the r  a 3 - p h a s e  
b o u n d a r y  l ine  or  of u n w e t t e d  e l ec t rode  area .  

These  a l t e r n a t i v e  m e c h a n i s m s  w e r e  t e s t ed  in the  
a p p a r a t u s  shown  in Fig .  2. A 2.54 x 1.27 cm (1 x 1/2 
in.)  coppe r  p la te ,  a b o u t  0.04 cm (1 /64  in.)  th ick ,  was  
p l aced  in  one leg  of a U - t u b e .  A s tee l  wool  anode  of  
m u c h  l a r g e r  a r e a  was  p l aced  in t he  o t h e r  leg  of the  
U - t u b e .  The  e l e c t r o l y t e  was  20% KOH,  and  the  d e -  
g ree  of s u b m e r g e n c e  of  t he  copper  ca thode  was  
v a r i e d  b y  r e m o v i n g  e l e c t r o l y t e  f r o m  the  anode  side 
of t he  U - t u b e .  The  s tee l  wool  a n o d e  was  so p l a c e d  
tha t  i t  was  c o m p l e t e l y  s u b m e r g e d  u n d e r  a l l  cond i -  

INSULATED 
COPPER WIRE 

~'~ ~ INSULATE{) 

METAL 
CATHODE 

WAX OR 
EPOXY RESIN 

INSULATION 

Fig. 2. Cell with air-depolarized electrode 

t ions  of ope ra t ion .  The  o v e r - a l l  r e ac t i ons  d u r i n g  the  
o p e r a t i o n  of t he  cel l  a re :  

Ca thode  1/20~ -k H~O -~ 2 OH- - -  2e [1]  

A n o d e  F e  ~- 2 OH- -~ F e O  ~- H~O + 2e [2]  

Y2 O2 + F e  ~ FeO [3]  

The  e x p e r i m e n t a l  p r o c e d u r e  was  to s t a r t  w i t h  t he  
coppe r  ca thode  c o m p l e t e l y  s u b m e r g e d .  The  c o p p e r -  
s tee l  wool  coup le  was  sho r t  c i r c u i t e d J  U n d e r  t hese  
cond i t ions  of  l a r g e  a n o d e  a r e a  r e l a t i v e  to the  c a thode  
and  of low e l ec t r i ca l  res i s tance ,  t he  cel l  c u r r e n t  is 
l i m i t e d  b y  the  o p e r a t i o n  of t he  ca thode .  The  e lec-  
t r o l y t e  l eve l  was  va r i ed ,  and  the  c u r r e n t  g e n e r a t e d  
was  m e a s u r e d  as a func t ion  of  the  h e i g h t  to w h i c h  
the  e l ec t rode  p r o j e c t e d  a b o v e  the  l eve l  of t he  e l ec -  
t ro ly t e .  T h r e e  s e p a r a t e  a r e a s  a r e  r e c ogn i z a b l e  on a 
p a r t l y  s u b m e r g e d  e l e c t r o d e  such as s h o w n  in Fig .  3, 
n a m e l y ,  the  d r y  a r e a  a b o v e  the  men i scus  (he igh t  u ) ,  
the  a r ea  u n d e r  t he  m e n i s c u s  i t se l f  ( h e i g h t  m ) ,  and  
the  a r ea  s u b m e r g e d  b e l o w  the  b u l k  e l ec t ro ly t e .  The  
d r y  a r e a  cou ld  be  d i r e c t l y  o b s e r v e d  w i t h  copper  
e lec t rodes ,  s ince  i t  b e c a m e  d i sco lo red  and  b l a c k  b y  
ox ida t ion ,  w h e r e a s  t he  s u b m e r g e d  a r e a s  r e t a i n e d  
t h e i r  b r i g h t n e s s  d u r i n g  ope ra t ion .  

T h e  fo l lowing  f indings  w e r e  m a d e  (see  T a b l e  I ) :  
1. W h e n  the  e l ec t rode  is c o m p l e t e l y  s u b m e r g e d  

and  we l l  b e l o w  the  su r f a c e  of t he  e l ec t ro ly t e ,  as a t  
t i m e  zero,  the  c u r r e n t  due  to o x y g e n  d e p o l a r i z a t i o n  
is e s s e n t i a l l y  zero. Thus,  the  o x y g e n - d e p o l a r i z a t i o n  
c u r r e n t  is i n d e p e n d e n t  of t h e  a r e a  of t he  e l ec t rode  
w h i c h  is s u b m e r g e d  w e l l  b e l o w  the  su r f ace  of t he  
e l ec t ro ly t e .  

2. W h e n  the  top  of t he  e l ec t rode  e x t e n d s  s l i g h t l y  
a b o v e  the  l eve l  of the  b u l k  e l ec t ro ly t e ,  and  w h i l e  a 

O n  open  c i rcui t ,  a n o t i c e a b l e  b l u e  color  due  to the  s o l u t i o n  of  
c o p p e r  o x i d e  d e v e l o p e d  i n  t he  e lec t ro ly te .  No such  co lo ra t ion  oc- 
cur red ,  r ega rd l e s s  of t i m e  of  ope ra t ion ,  w h e n  t h e  cel l  was  k e p t  
s h o r t  c i r c u i t e d .  T h i s  i n d i c a t e s  t h a t  d u r i n g  s h o r t - c i r c u i t  o p e r a t i o n  a l l  
t h e  o x y g e n  r e a c t i n g  a t  the  a c t i v e  p o r t i o n  of the  e lec t rode  is e i t h e r  
d i r e c t l y  or i n d i r e c t l y  e l e c t r o c h e m i c a l l y  reduced .  

Table I. Air-depolarized, partially submerged copper cathode 
2.54 x 1.27 x 0.0397 cm (1 x 1/2 x 1/64 in.). Steel wool 

anode and 20% KOH electrolyte 

u, h e i g h t  
H, h e i g h t  a b o v e  m, m e n i s c u s  a b o v e  Cur r en t ,  T ime ,  

e l ec t ro ly t e  su r f ace  h e i g h t  men i scus  m a  m i n  

0 0 0 0.010 0 
Edge at e lec t ro-  

ly te  surface - -  0 0.067 5 
0.04 ~ 0.08 cm same as H 0 0.255 9 
(1/64 ~ 1/32") 

0.16 cm same as H 0 0.590 15 
(1/16") 
0.24 cm same as H 0 0.875 20 
(3/32") 
0.32 cm same as H 0 0.98 26 
(118") 

0.48 cm* same as H ** 1.02 31 
(3/16") 
0.64 cm ~0.32 cm ~0.32 cm 0.75 105 
(1/4") ~(1/8") ~ ( 1 / 8 " )  

* A t  t h i s  v a l u e  of  H, t h e  p r o j e c t i n g  e lec t rode  p l a t e  was  no l o n g e r  
c o m p l e t e l y  c o v e r e d  by  the  e l e c t ro ly t e  (see F ig .  3) .  I n s t ead ,  a t h i n  
s tr ip  of  u n c o v e r e d  area  d e v e l o p e d  a l o n g  t h e  top  of  t h e  e lect rode.  
Th i s  s t r ip  b e c a m e  v i s i b l e  as i t  d i sco lo red  due  to copper  ox ide  
f o r m a t i o n .  

** As  the  e lec t rode  is r a i sed  f u r t h e r ,  r e s u l t i n g  i n  l a r g e r  v a l u e s  of 
b o t h  H and  u,  no f u r t h e r  changes  occur  e i t h e r  i n  t he  m e n i s c u s  
h e i g h t  m or  in  t he  c u r r e n t  f lowing .  
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Fig. 3. Measurement of exposed height H and meniscus height m 

of t h e  meniscus ,  w h e r e  d i s t ances  f r o m  the  e l e c t r o l y t e  
su r f ace  to t he  e l e c t r o d e  su r face  a r e  smal l .  The  e lec -  
t r o d e  a r e a s  in t he  l o w e r  p a r t  of t he  meniscus ,  and  
those  e l ec t rode  a r eas  m o r e  d e e p l y  s u b m e r g e d ,  con-  
t r i b u t e  v e r y  l i t t l e  to t h e  to ta l  c u r r e n t  be c a use  o x y -  
gen  d i f fus ion  r a t e s  a r e  v e r y  s m a l l  fo r  p a t h  l eng ths  in 
excess  of a f r ac t i on  of  a c en t ime te r .  

The  ac tua l  q u a n t i t y  of o x y g e n  t r a n s p o r t e d  
t h r o u g h  a l i qu id  b y  d i f fus ion can  be  c a l c u l a t e d  f rom 
the  f a m i l i a r  equa t ion  (1) 

A B C 

A B C 

Fig. 4. Electrolyte menisci at different metals 

t h in  e l e c t r o l y t e  men i scus  s t i l l  covers  t h e  en t i r e  e l ec -  
t r o d e  as shown  in Fig .  4b, a c u r r e n t  due  to d e p o l a r i -  
za t ion  of o x y g e n  is g e n e r a t e d .  This  is i l l u s t r a t e d  b y  
the  po in t s  in T a b l e  I up  t h r o u g h  26 rain.  

3. The  c u r r e n t  i nc r ea se s  as t h e  h e i g h t  m is i n -  
c reased ,  and  r eaches  a m a x i m u m  w h e n  m is a t  i t s  
m a x i m u m .  A t  th is  m a x i m u m ,  a t h r e e - p h a s e  b o u n d -  
a r y  l ine  b e t w e e n  gas, e l ec t ro ly t e ,  and  e l ec t rode  
forms.  In  t he  s y s t e m  d e s c r i b e d  h e r e  t he  h e i g h t  m 
was  found  to be  a b o u t  0.32-0.48 cm ( 1 / 8 - 3 / 1 6  in . ) .  

4. As  the  p l a t e  is f u r t h e r  w i t h d r a w n ,  m r e m a i n s  at  
i ts  m a x i m u m  v a l u e  w h i l e  u, the  h e i g h t  of t he  u n -  
w e t t e d  p o r t i o n  of the  e lec t rode ,  increases .  The  c u r -  
r en t  is f o u n d  to be  i n d e p e n d e n t  of u, as is shown  by  
the  po in t s  in  T a b l e  I o b s e r v e d  a f t e r  26 m i n  of o p e r a -  
t ion.  

5. A d e c r e a s e  in c u r r e n t  and  a s m a l l  con t r ac t i on  of 
t h e  e l e c t r o l y t e  men i scus  t end  to occur  a f t e r  an  hou r ' s  
t ime,  as is s h o w n  b y  c o m p a r i n g  the  po in t s  a t  31 and  
105 rain.  This  men i scus  con t r ac t i on  m a y  be  the  r e su l t  
of a change  in t h e  con tac t  ang le  due  to f u r t h e r  o x i d e  
fo rma t ion ,  or  t he  s low r e t u r n  of t he  men i scus  to i t s  
e q u i l i b r i u m  pos i t ion  a f t e r  be ing  s t r e t c h e d  w h e n  the  
e l e c t r o l y t e  w a s  l owered .  

Rate-Determining Step 
The  fo rego ing  ev idence  ind ica tes  t h a t  t he  b u l k  of 

t he  e l e c t r o c h e m i c a l  r e a c t i o n  t a k e s  p lace  on the  e l ec -  
t r ode ' s  a r e a  u n d e r  t h e  men i scus  (see  Fig.  3) .  This  
sugges t s  t h a t  mass  t r a n s f e r  of o x y g e n  t h r o u g h  the  
l iqu id  w i t h i n  t he  men i scus  "con t ro l s "  t he  m a g n i t u d e  
of t he  c u r r e n t  f lowing.  Such  con t ro l  b y  o x y g e n  
t r a n s f e r  is c o m p a t i b l e  w i t h  t he  fac t  t h a t  o x y g e n  
d i f fus iv i ty  in  t he  e l e c t r o l y t e  is v e r y  smal l ,  and  t h a t  
the  a m o u n t  of o x y g e n  t r a n s p o r t e d  t h r o u g h  a un i t  
a r e a  p e r  un i t  t i m e  v a r i e s  i n v e r s e l y  w i t h  p a t h  l e n g t h  
(see  Eq. [ 4 ] ) .  Ca l cu l a t i ons  p r e s e n t e d  b e l o w  ind i ca t e  
t h a t  s igni f icant  c u r r e n t  dens i t i e s  can  be  a t t a i n e d  
on ly  in  t h e  e l ec t rode  a r ea  l y i n g  u n d e r  the  u p p e r  end  

D~(C,- Co) 
N~ = [4]  

Z 

w h e r e  NA is g r a m  moles  o x y g e n / ( s e c ) ( c m " ) ,  DL is 
t he  d i f fus iv i ty  ~ w i t h  a v a l u e  of --~1 x 10 ̀8 cm~/sec, C~ 
and  C~ a r e  o x y g e n  c o n c e n t r a t i o n s  in the  e l e c t r o l y t e  
at  t he  g a s - e l e c t r o l y t e  i n t e r f a c e  and  the  e l e c t r o l y t e -  
e l ec t rode  in t e r face ,  r e spec t i ve ly ,  a n d  z is t he  d i f fu-  
s ion p a t h  l e n g t h  in c e n t ime t e r s .  T a k i n g  Co as  zero  
and  C~ as 2.77 x 10 -8 g m o l e / c m  ~, c o r r e s p o n d i n g  to 
s a t u r a t i o n  w i t h  air ,  t hen  NA is 2.77 x 10 -11 g m o l e /  
(sec)  ( c m ' )  w h e n  z is on ly  0.001 cm. This  c o r r e -  
sponds  to a c u r r e n t  d e n s i t y  of on ly  a b o u t  0.01 m a /  
cm'.  W h e n  z is 1 cm, t h e n  NA wi l l  be on ly  2.77 x 10-". 
I t  fo l lows  t h a t  even  w i t h i n  t he  meniscus ,  c u r r e n t  
dens i t i es  m u s t  v a r y ,  in t h a t  m o r e  o x y g e n  r eaches  the  
e l ec t rode  a r ea  u n d e r  t h e  top  of t he  meniscus ,  w h e r e  
the  f i lm is th innes t ,  and  less  r e a c he s  t he  l o w e r  r e -  
g ions  of the  meniscus ,  w h e r e  the  f i lm th ickens .  

Conf i rming  ev idence  t h a t  mass  t r a n s f e r  of o x y g e n  
to the  e l ec t rode  sur face ,  r a t h e r  t h a n  c h e m i c a l  r e a c -  
t ion  ra te ,  con t ro l s  the  m a g n i t u d e  of the  c u r r e n t  gen -  
e r a t e d  was  o b t a i n e d  b y  c h a n g i n g  the  t e m p e r a t u r e  of 
cel l  ope ra t ions .  I t  was  found  tha t  i n c r e a s i n g  the  t e m -  
p e r a t u r e  r e s u l t e d  in  a dec rea se  in the  cu r ren t .  This  
is a t t r i b u t a b l e  to l o w e r e d  o x y g e n  t r a n s p o r t  ra te ,  
w h i c h  is a r e su l t  of l o w e r e d  o x y g e n  so lub i l i ty ,  or  of 
changes  in  the  men i scus  g e o m e t r y ,  or  of both .  If  
c h e m i c a l  k ine t i c s  h a d  cont ro l led ,  t h e n  a t e m p e r a t u r e  
r i se  w o u l d  p r e s u m a b l y  have  s h a r p l y  i n c r e a s e d  the  
c u r r e n t  f lowing.  

F u r t h e r  ev idence  on the  n a t u r e  of the  con t ro l l i ng  
s tep  was  o b t a i n e d  f r o m  d u p l i c a t e  e x p e r i m e n t s  w i t h  
e l ec t rodes  m a d e  of copper ,  n icke l ,  and  s i lver .  W i t h  
men i scus  he igh t s  less  t han  t h e  m a x i m u m  w e t t e d  
he igh t  for  a n y  of the  meta l s ,  the  men i scus  g e o m e -  
t r i e s  a r e  i den t i ca l  as shown in Fig.  4b. U n d e r  these  
condi t ions ,  for  a n y  g iven  men i scus  he ight ,  t he  c u r -  
r en t  g e n e r a t e d  was  the  s ame  for  a l l  me ta l s .  This  
a g a i n  ind ica t e s  t ha t  mass  t r a n s f e r  controls ,  for  if  
k ine t i c s  had  con t ro l l ed ,  t h e n  t h e  o x i d a t i o n  r a t e s  and  
the  c u r r e n t s  o b t a i n e d  t h e r e f r o m  w o u l d  no t  have  
been  equal .  Due to d i f fe rences  in con tac t  angles ,  the  
men i scus  shapes  and  su r f ace  a r e a s  w e r e  no l onge r  
t he  s ame  a f t e r  r a i s ing  the  e l ec t rodes  suff ic ient ly  so 
t h a t  d r y  a r ea  deve loped ,  as  shown  in Fig .  4a. In  con-  
sequence ,  t he  c u r r e n t s  g e n e r a t e d  w e r e  d i f fe ren t  
w h e n  the  e xpose d  he igh t s  w e r e  g r e a t e r  t h a n  the  
men i scus  heights .  

F i n a l l y ,  i t  is i m p o r t a n t  to  no te  t h a t  r e s i s t ance  of 
t he  l i qu id  p h a s e  to o x y g e n  t r a ve l ,  r a t h e r  t h a n  r e -  
s i s tance  of t he  gas  phase ,  wi l l  g e n e r a l l y  be  t he  r a t e -  

s T h i s  v a l u e  is f o r  d i f f u s i v i t y  of  d i s s o l v e d  o x y g e n  i n  20% N a O H  (2).  
The diffusivity i n  20% K O H  w a s  n o t  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  b u t  
s h o u l d  n o t  be  a p p r e c i a b l y  d i f f e r e n t .  
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d e t e r m i n i n g  s tep  in  t he  o p e r a t i o n  of gas  d i f fus ion 
t y p e  e lec t rodes .  I t  is ea s i ly  shown  tha t ,  b eca use  of 
o x y g e n ' s  v e r y  low so lub i l i t y  in s t rong  e l ec t ro ly te s ,  
for  a g iven  d i f fe rence  in  p a r t i a l  p r e s s u r e  ( a n d  con-  
c e n t r a t i o n )  d r i v i n g  forces,  a gas  l a y e r  of g iven  
t h i cknes s  wi l l  a l l o w  di f fus ion of 107 to l0  s t imes  as 
m u c h  o x y g e n  as a l i qu id  l a y e r  of equa l  t h i ckness . '  
Thus  even  r e l a t i v e l y  long pores  in an  e l ec t rode  w h e n  
fi l led w i t h  gas, g e n e r a l l y  p r e s e n t  less of an  obs tac le  
to o x y g e n  di f fus ion t h a n  the  l i qu id  f i lm t h r o u g h  
w h i c h  th is  o x y g e n  m u s t  t r a v e l  to r e a c h  the  e l ec t rode  
surface .  

Kinetic Studies 
The  f indings  j u s t  d e s c r i b e d  i n d i c a t e  t h a t  mass  

t r a n s f e r  l imi t s  the  r a t e  of o p e r a t i o n  of these  o x y g e n  
e lec t rodes .  H o w e v e r ,  these  s tud ies  y i e ld  no i n f o r m a -  
t ion on the  k ine t i c s  of the  r eac t i ons  occu r r ing  at  the  
e l ec t rode  i tself .  These  r eac t ions  i nvo lve  an o x i d a -  
t ion,  in w h i c h  o x y g e n  s o m e h o w  adso rbs  or  r eac t s  
w i th  the  surface ,  f o l l owed  b y  the  e l e c t r o c h e m i c a l  
r e m o v a l  of th is  oxygen .  I t  a p p e a r e d  d e s i r a b l e  to ob -  
t a i n  i n f o r m a t i o n  on the  ox ida t i on  r a t e  in o r d e r  to 
d e t e r m i n e  w h a t  c u r r e n t  dens i t i e s  m i g h t  be  a t t a i n -  
ab le  upon  e l i m i n a t i o n  of t he  l i qu id  phase  res i s tance .  

To s t u d y  k ine t i c s  of r eac t ions  at  t he  e l ec t rode  su r -  
face,  i t  is first  n e c e s s a r y  to dec rea se  to a neg l ig ib l e  
v a l u e  the  o x y g e n  t r a n s p o r t  r e s i s t ance  t h r o u g h  the  
l i qu id  phase ,  w h i c h  n o r m a l l y  con t ro l s  t he  c u r r e n t  
deve loped .  This  was  a c c o m p l i s h e d  b y  use of t he  
p a r t l y  s u b m e r g e d  r o t a t i n g  e l ec t rode  d e s c r i b e d  b e -  
low. The  u n s u b m e r g e d  p o r t i o n  of th is  e l ec t rode  was  
w i p e d  f r ee  of e l ec t ro ly t e ,  g iv ing  o x y g e n  f r o m  the  
s u r r o u n d i n g  gas  a t m o s p h e r e  d i r ec t  access to the  
e l ec t rode  surface .  The  consequen t  ox ide  l a y e r  fo r -  
m a t i o n  r a t e  was  o b v i o u s l y  d e t e r m i n e d  b y  o x i d a t i o n  
k ine t ics ,  r a t h e r  t h a n  b y  mass  t r a n s f e r  t h r o u g h  a 
l iqu id  film. By  su i t ab l e  a d j u s t m e n t  of condi t ions ,  
th is  ox ide  l a y e r  was  t hen  r e m o v e d  e l e c t r o c h e m i c a l l y  
upon  s u b m e r g e n c e  in  t he  e l ec t ro ly t e .  The  t i m e  and  
cond i t ions  r e q u i r e d  bo th  to fo rm and  r e m o v e  the  
ox ide  l a y e r  cou ld  be  con t ro l l ed  and  m e a s u r e d ,  and  
t h e  a p p a r e n t  t h i ckness  of  th is  l a y e r  could  be  ca l -  
cu la ted .  

Rotating Electrode 
The  a p p a r a t u s  used,  shown  in Fig.  5, cons i s ted  of 

a Luc i t e  d i sk  in w h i c h  a coppe r  r i ng  was  e m b e d d e d  
so t h a t  on ly  t he  o u t e r  su r face  of th is  r i ng  came  into  

Thi s  a s sumes  b u l k  d i f fu s ion  of  o x y g e n  in  the  gas phase .  I n  pores  
w h o s e  d i a m e t e r  is  of t he  o r d e r  o f  m a g n i t u d e  of the  m e a n  f ree  p a t h  
of o x y g e n  m o l e c u l e s  o r  l e s s  (6 • 104  cm, 0.06/D, o x y g e n  t r a n s p o r t  
occurs  by  K n u d s e n  d i f f u s i o n  and  can be cons ide rab ly  less t h a n  w i t h  
b u l k  d i f fus ion .  Thus ,  i n  e x t r e m e l y  s m a l l  Dores i t  is  poss ib le  t h a t  
o x y g e n  t r a n s p o r t  t h r o u g h  t h e  g a s  p h a s e  m a y  be  l i m i t i n g .  
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Fig. 5. Apparatus for oxidation studies 

con tac t  w i t h  t h e  e l ec t ro ly t e .  This  d i sk  a s s e m b l y  
s e r v e d  as the  o x y g e n  e l e c t r o d e  and  was  p a r t l y  s u b -  
m e r g e d  in t h e  e l ec t ro ly t e ,  w h i c h  was  20% KOH.  The  
a n o d e  was  a zinc w i r e  sp i r a l  w h o s e  su r f a c e  a r e a  was  
at  l eas t  100 t imes  t h a t  of t he  ca thode ,  t hus  m a k i n g  
the  ca thode  the  con t ro l l i ng  e lec t rode .  The  en t i r e  as -  
s e m b l y  was  housed  in  a L u c i t e  box  w i t h  p rov i s ions  
w h e r e b y  the  o x y g e n  p a r t i a l  p r e s s u r e  in t he  gas  
phase  could  be  va r i ed .  The  p a r t i a l  p r e s s u r e  of w a t e r  
in th is  gas  was  k e p t  a t  e q u i l i b r i u m  w i t h  the  e l ec -  
t r o l y t e  at  a l l  t imes  to p r e v e n t  a n y  loca l  changes  in 
e l e c t r o l y t e  c o n c e n t r a t i o n  and  the  poss ib le  conse -  
q u e n t  d e v e l o p m e n t  of c o n c e n t r a t i o n  cel l  effects.  The  
c u r r e n t  was  m e a s u r e d  u n d e r  s t e a d y - s t a t e  condi t ions ,  
and  i ts  d e p e n d e n c e  on the  r o t a t i o n a l  speed  and  on 
the  p a r t i a l  p r e s s u r e  of o x y g e n  was  e s t ab l i shed .  The  
su r f ace  of t he  copper  r i ng  e m e r g i n g  f rom the  e l ec -  
t r o l y t e  was  of course  cove red  b y  a th in  f i lm of  e l ec -  
t ro ly t e ,  w h i c h  if no t  r e m o v e d  ac t ed  as a l a rge  d i f -  
f u s iona l  r e s i s t ance  to o x y g e n  t r a n s p o r t .  This  l i qu id  
f i lm was  t h e r e f o r e  r e m o v e d  as  e x t e n s i v e l y  as  poss i -  
b le  b y  use of a r u b b e r  w ipe r ,  t hus  g iv ing  o x y g e n  
f r ee  access  to t he  e l e c t r o d e  sur face .  The  o x i d e  l a y e r  
w h i c h  f o r m e d  on the  e l ec t rode  su r f ace  was  t hen  r e -  
m o v e d  b y  e l e c t r o c h e m i c a l  r e d u c t i o n  w h e n  sub -  
me rge d .  Thus  the  copper  e l ec t rode  is no t  c o n s u m e d  
d u r i n g  ope ra t ion ,  bu t  i n s t e a d  u n d e r g o e s  a l t e r n a t e  
o x i d a t i o n  and  r educ t ion .  In  th i s  a p p a r a t u s ,  t he re fo re ,  
two  th ings  a r e  accompl i shed :  ( i )  the  l a rge  l i qu id  
phase  r e s i s t ance  to o x y g e n  t r a n s p o r t  e n c o u n t e r e d  in 
n o r m a l  o x y g e n  e l ec t rodes  is r e d u c e d  to a ne g l i g ib l e  
leve l ,  and  ( i i )  t he  o x i d a t i o n  s tep  is s e p a r a t e d  f rom 
the  e l e c t r o c h e m i c a l  r e d u c t i o n  s tep  so t h a t  i t  can  be  
s t ud i e d  s e p a r a t e l y .  B y  th is  a l t e r n a t e  o x i d a t i o n  and  
r e d u c t i o n  of t h e  r o t a t i n g  e lec t rode ,  o x y g e n  is r e -  
m o v e d  f rom the  gas  p h a s e  and  t r a n s f e r r e d  as h y -  
d r o x y l  ions in to  the  e l ec t ro ly t e .  The  r e s u l t i n g  c a t h -  
ode r eac t i on  is 

2e +l /z  O~-{-H~O* 2 O H -  [5]  

w i th  t he  coppe r  a l t e r n a t i n g  b e t w e e n  the  o x i d e  and  
the  me ta l l i c  s ta te .  T h e  z inc  is ox id i zed  to z inc  ox ide  
at  the  anode,  w h i c h  t h e n  d isso lves  in the  e l e c t r o -  
ly te ,  expos ing  f re sh  sur face ,  as fo l lows  

Zn + 2 OH- ~ ZnO 4- H~O + 2e [6]  

ZnO + 2 0 H - - ~  ZnO~= + H20 [7] 

m a k i n g  the  o v e r - a l l  r e a c t i o n  

1/2 O2 + Zn  + 2 O H - ~  ZnO~ = + H20 [8]  

W h e n  the  r o t a t i n g  e l ec t rode  is lef t  u n w i p e d ,  t h e n  the  
r e s u l t a n t  l i qu id  f i lm of e l e c t r o l y t e  cove r ing  the  e l ec -  
t r o d e  r educes  o x y g e n  t r a n s p o r t  to a v e r y  sma l l  
quan t i t y .  This  is e v i d e n t  f r o m  the  low c u r r e n t  ob -  
t a i n e d  f rom the  r o t a t i n g  e l ec t rode  w h e n  u n w i p e d ,  as 
shown  b y  the  l o w e r  c u r v e  of Fig.  6. The  c u r r e n t  
o b t a i n e d  he re  is a t  l eas t  p a r t l y  a t t r i b u t a b l e  to t he  
C u - Z n  couple .  R e m o v a l  of t he  l iqu id  l a y e r  f r o m  the  
e l e c t r o d e  b y  w i p i n g  r e su l t s  in  a l a r g e  inc rease  in  t he  
cu r ren t ,  as is e v i d e n t  f r o m  the  u p p e r  c u r v e  of  Fig.  
6. The  l a r g e  r e s i s t ance  of even  th in  l a y e r s  of e l e c t r o -  
l y t e  to o x y g e n  t r a n s p o r t  is aga in  e v i d e n t  f rom these  
f indings.  
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Figure  7 is a typ ica l  p lot  showing how the cur -  
ren t  produced by  a cell using a wiped copper elec-  
t rode  ro ta t ing  at a constant  rpm var ies  wi th  ex te rna l  
resistance. Inspection indicates  tha t  the current  in-  
creases wi th  decreasing resis tance unt i l  the ex te rna l  
resis tance has been reduced to about  3 ohms, af ter  
which the current  remains  constant.  Doubling the 
zinc anode area  does not  change the resul ts  obtained,  
indicat ing tha t  these findings are  a t t r ibu tab le  to the 
behavior  of the cathode. Similar ly ,  decreasing the 
area  of the cathode exposed to the  gas phase de-  
creases the magni tude  of the  m a x i m u m  obta inable  
current ,  indicat ing tha t  the control l ing react ion is 
the oxidat ion of the wiped exposed electrode surface, 
not the e lect rochemical  reduct ion  at the submerged 
surface. The m a x i m u m  current  obta inable  is evi-  
dent ly  de te rmined  by  the amount  of oxygen present  
in the oxide film, which is complete ly  removed upon 
submergence.  The thickness of the film, which var ies  
inverse ly  wi th  ro ta t ional  speed, can therefore  be 
calculated d i rec t ly  f rom this max imum current ,  the 
ro ta t ional  speed, and the area  of the copper r ing on 
the cathode. At  an oxygen par t i a l  pressure  of 0.844 
a tm and 32~ the wiped ro ta t ing  copper e lectrode 
produced a cur ren t  densi ty  of 26 m a / c m  2 of area  ex-  
posed to the  gas phase. I t  follows tha t  if effective use 
could be made of the  in te rna l  area  of an a i r -depo -  
lar ized porous electrode wi thout  being l imi ted  by  
mass t ransfer  problems,  then high current  densit ies 
should be a t ta inable .  

The oxide film formed on this ro ta t ing  electrode 
is p robab ly  th icker  and otherwise  not the  same as 
tha t  formed in an oxygen electrode operat ing p a r -  

t ia l ly  submerged in the usual  way. In consequence, 
the rates  measured  on the ro ta t ing  e lect rode are 
p robab ly  lower  than for normal  electrodes.  I t  is 
therefore  significant that,  even under  these condi-  
tions, the react ion ra tes  are found to be high. These 
findings serve to emphasize again the impor tance  of 
adequate  mass t ranspor t  in gas depolar ized elec-  
trodes. 

Oxidation Studies 
The p r i m a r y  purpose  of the  ro ta t ing  electrode was 

to provide  informat ion about  the re la t ive  magn i -  
tudes of the  mass t ranspor t  ra te  and the chemical  
react ion ra te  at an a i r -depo la r ized  copper electrode;  
it can also be used to invest igate  the mechanism of 
meta l  oxidation.  

The current  obta ined f rom the wiped,  ro ta t ing 
copper e lectrode was measured  as a function of r p m  
at a number  of oxygen pa r t i a l  pressures.  The data  
are presented  in pa r t  in Fig. 8 and were  found to 
follow the fami l ia r  logar i thmic  re la t ion which often 
holds for the l o w - t e m p e r a t u r e  oxidat ion of meta l s?  

w = kl log(k~t 4- 1) [9] 

where  w is the weight  of oxide, t is t ime, and kl and 
k.~ are  constants.  For  these da ta  kl is found to be in-  
dependent  of oxygen par t i a l  pressure,  while  k2 is 
propor t ional  to the square root of the  oxygen par t i a l  
pressure.  The logar i thmic  equat ion has been der ived  
by  various workers  who proposed a number  of di f -  
fe rent  models  (4, 5). The finding tha t  kl is constant  
while  k.. is a function of the oxygen pa r t i a l  pressure  
is consistent wi th  a model  proposed by  Evans  (4) 
in which it is assumed tha t  the r a t e - l imi t ing  step is 
the t ranspor t  of oxygen through the oxide film. The 
propor t iona l i ty  of k2 to the square root of the oxygen 
par t i a l  pressure  suggests, for the Evans model, that  a 
monatomic form of oxygen is the  species t ranspor ted  
through the oxide film. 

Manuscript received Dec. 27, 1961; revised manu- 
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for delivery before the Detroit Meeting, Oct. 1-5, 1961. 
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D e t a i l s  o f  this deve lopment  are presented i n  re f .  (3 ) ,  
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1963 JOURNAL. 
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Surface Behavior of Silver Single Crystals 
in Fused Sodium Chloride 

Jerome Kruger and Kurt H. Stern 
National Bureau of Standards, Washington, D. C. 

ABSTRACT 

The effect of immersion in fused NaC1 on a silver single crystal has been 
studied at 900~ In  the presence of a tempera ture  gradient  both dissolution and 
deposition of silver occurred. No effect of crystallographic orientat ion was 
noted. Mass-transfer,  resul t ing from dissolution and deposition, occurs from the 
hot to the cold end of the crystal and is accounted for by shifts of the equil ibria  
2Ag + I~ O~ ---- 2Ag ~ + O= and Ag + Na § = Ag* + Na to the r ight  with increas-  
ing temperature.  In  the absence of a tempera ture  gradient  some effects due to 
orientat ion occurred. In  the presence of oxygen, subgrain boundaries  became 
delineated by the formation of ridges containing metal  impurities,  such as iron, 
whose oxides are insoluble in  NaC1. 

Recent  work  (1) on the ox ida t ion  of po lyc rys t a l -  
l ine  s i lver  in  fused NaC1 has shown tha t  s i lver  ions 
appear  in  the  me l t  by  two mechan i sms :  

Ag ~  + = A g  ~ + N a  ~ [1] 

2Ag ~ + 1/20~ ~ 2Ag + + O: [2] 

The re la t ive  con t r i bu t i on  of the  two react ions  to the 
tota l  s i lver  ion concen t r a t i on  depends  on condi t ions,  
[2] be ing  most  i m p o r t a n t  w h e n  the  ra te  of t r a n s -  
por t  of oxygen  to the  NaC1-Ag in te r face  is high. 
Metal l ic  sod ium fo rmed  by  [1] m a y  pa r t l y  vapor ize  
u n d e r  some condi t ions ;  some of it diffuses f rom the  
Ag surface,  where  it  is formed,  in to  the metal ,  f o r m-  
ing an  A g - N a  alloy. 

The microscopic e x a m i n a t i o n  of me ta l  surfaces 
oxidized in  fused salts  is a neg lec ted  a rea  of r e -  
search. S ingle  crys ta l  surfaces are wel l  sui ted for 
such studies  since they  pe rmi t  the  s tudy  of the effect 
of differences in  a tomic a r r a n g e m e n t  on reac t ion  
rate.  Tha t  such differences occur in  aqueous  media  
(2) and  in  the  case of t h e r m a l  e tching (3) is wel l  
known ,  bu t  no cor responding  s tudy  in  a fused salt  
has, to our  knowledge ,  b e e n  car r ied  out. 

In  the  p re sen t  work  we have  selected a me ta l  
whose surface  and  oxida t ion  behav io r  in  air  at high 
t e m p e r a t u r e  has a l r eady  been  inves t iga ted  (3) and  
whose chemical  behav io r  in  fused NaC1 is known .  
This inves t iga t ion  is a qua l i t a t i ve  s tudy  of w h a t  h a p -  
pens  to a s i lver  surface  exposed to a fused salt. 

Experimental 
Materials.--Reagent grade  sodium chlor ide was 

dr ied  by  hea t ing  at 500 ~ u n d e r  v a c u u m  (,~10-' m m  
Hg) for severa l  days. Most expe r imen t s  were  car r ied  
out  in  a l u m i n a  crucibles.  In  a separa te  e x p e r i m e n t  
the so lubi l i ty  of this  con ta ine r  in  NaC1 was de te r -  

m i n e d  to be a p p r o x i m a t e l y  0.001%. Some exper i -  
me n t s  were  car r ied  out in  Vycor  test  tubes ,  others in  
s i lver  crucibles  descr ibed e l sewhere  (1).  

Single  crysta ls  of s i lver  1 in  the fo rm of spheres  
3/4 in. in  d i ame te r  were  used. These  crysta ls  were  
g r ow n  in  a g raph i te  mold  of the  p roper  shape by  the  
B r i d g m a n  t echn ique  at the  ra te  of 1 i n . / h r  in  a vac -  
u u m  of 10 -4 m m  Hg. F la t  surfaces pa ra l l e l  to {100}, 
{110}, and  {111} c rys ta l lographic  p lanes  were  
g r o u n d  at the  appropr ia te  sites on the  sphere.  Af te r  
ex tens ive  etching,  mechan ica l  pol ishing,  and  elec-  
t ropol ishing,  the back- re f lec t ion  L a u e  me thod  of 
x - r a y  diffract ion showed the flats to be free of cold 
work  and  w i t h i n  -*2 ~ of the desired or ien ta t ion .  
Fou r  different  crysta ls  were  used in  the  exper iments .  
One of these, in  addi t ion  to the 3 faces described,  
had  one cut  r a n d o m l y .  I ts  o r i e n t a t i on  was  w i t h i n  2 ~ 
of the  {211} p lane .  Each crys ta l  was  t hen  m o u n t e d  in  
a s i lver  ho lder  for conven ience  of hand l ing .  

The t e m p e r a t u r e  in  the  12-in. t u b u l a r  fu rnace  
used in  most  e x p e r i m e n t s  was r egu la t ed  by  a Mar -  
shal l  control ler .  U n d e r  the  condi t ions  ob t a in ing  in  
most  e xpe r i me n t s  a t e m p e r a t u r e  g rad ien t  u n d o u b t -  
ed ly  exis ted a long the  c rys ta l  and  its s i lver  holder ,  
the hot tes t  reg ion  be ing  at  the  bo t tom and  at the  
wal ls  of the  conta iner .  

Runs  in  an  oxyge n - poo r  e n v i r o n m e n t  were  car r ied  
out in  an  argon-f i l led  d r y b o x  (pa r t i a l  p ressure  of 
O.~ = 10 - ' - -  10 ~ a t m ) .  

One exper imen t ,  to test  for differences due to ab -  
sence of t e m p e r a t u r e  gradients ,  was  car r ied  out  in  a 
la rge  muffle furnace .  

Procedure.--Prior to an  expe r imen t ,  the  flats on 
the crysta ls  were  mechan i ca l l y  pol ished us ing  a 
d i a mond  abras ive  on canvas,  t hen  the  same abras ive  

1 99 98% p u r e  w i t h  Cu, Fe,  Ca, A1, and  Mg as the  m a j o r  impur i t i e s .  
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Fig. 1. Experimental arrangements used to 
crystals in molten sodium chloride. 

immerse silver single 

on velvet .  The whole crys ta l  was finally e lec t ro-  
polished in the cyanide ba th  descr ibed by  Tegar t  
(4).  Af te r  washing in dis t i l led water ,  spect ro-  
scopical ly pu re  methy l  alcohol, and dry ing  in a 
s t ream of wa rm air, the crys ta l  was p laced  into the 
sal t  in one of the  exper imen ta l  a r rangements  shown 
in Fig. 1. In some exper iments  the c rys ta l  and solid 
salt  were  hea ted  together  f rom room tempera tu re .  
There was no difference in resul ts  due to this  change 
in procedure.  The crys ta l  was posi t ioned as far  away  
f rom the container  wal ls  as possible, a l though in 
some cases this  amounted  to only a few mil l imeters .  

Af te r  r emova l  f rom the mel t  the crys ta l  was a l -  
lowed to cool wi th  a th in  l ayer  of solid salt  on it. 
This was removed  by  quick r insing in dis t i l led H~O. 
The si lver  surfaces were  then  examined  by  optical  
and electron microscopy, and wi th  an electron probe 
microanalyzer .  

Results 
Two surface processes were  observed when s i lver  

was immersed  in mol ten  NaC1 at 900~ (a)  etching 
or dissolution as si lver ions, and (b)  deposi t ion of 
s i lver  onto the single crys ta l  surfaces. 

Etching Phenomena 
Most of the  exper iments  were  car r ied  out in e i ther  

a lumina  or s i lver  crucibles in the presence of air. 
Etching was ident ical  in both kinds of crucibles, in-  
dicat ing tha t  the a lumina  was essent ia l ly  iner t  wi th  
respect  to its influence on the behavior  of si lver in 
mol ten  sodium chloride. F igure  2 shows the main  
features  of etching at  900~ for 2 days  in the pres -  
ence of air. There  are no marked  differences in e tch-  
ing be tween  the crys ta l lographic  or ientat ions  

Fig. 2. Two days exposure of Ag single crystal to molten NaCI 
at 900~ in the presence of air. Magnification approximately 250X. 

Fig. 3. Five days exposure of Ag single crystal to molten NaCI 
at 900~ in the presence of air. {111} surface. Magnification 200)(. 

studied. The most notable  fea ture  was the  de l ine-  
ation of a ce l l - l ike  ne twork  of mater ia l .  The bound-  
aries del ineat ing these cells b roadened  wi th  immer -  
sion time. In some instances this  subs t ruc ture  ex-  
h ibi ted  a subgrain  bounda ry  appearance  (Fig. 3), 
which was somewhat  s imilar  to the s t ructures  ob-  
served by  Rut te r  and Chalmers  (5) .  The boundar ies  
s tudied by  these authors  were  formed by  segregat ion 
of impur i t ies  dur ing the solidification of metals,  in-  
cluding silver. 

An electron probe  microana lyzer  was used to de-  
t e rmine  whe ther  impur i t ies  were  indeed segregated 
in the  boundaries .  This ins t rument ,  descr ibed else-  
where  (6),  allows one to de te rmine  the amount  of a 
selected e lement  in a c i rcular  area  of 4~ diameter .  
Two common impur i t ies  of s i lver  were  studied, i ron 
and copper. The boundar ies  had an iron content  of 
approx imate ly  0.6 mole % af ter  etching, whi le  the  
cell  in ter iors  contained almost  no detec table  iron. 
There was no detectable  difference, however ,  be-  
tween the copper content  in the  boundar ies  and in 
the cell interiors.  

In order  to see whe ther  these boundar ies  were  
r idges or trenches,  negat ive  Par lodion  repl icas  were  
made  of the  etched surfaces for s tudy  by  the electron 
microscope. Pr io r  to shadowing of the repl icas  they 
were  sp rayed  with  a suspension of po lys tyrene  
spheres. By looking at  the  posit ions of the shadows 
of the spheres one could tell  tha t  the boundary  areas  
had a h igher  e levat ion than the res t  of the etched 
surfaces. F igure  4 shows tha t  the shadow cast by  the 
bounda ry  is exac t ly  opposite to tha t  cast by  the  
sphere. Thus, since the Par lodion  repl icas  were  nega-  
tive, the  boundar ies  must  project  f rom the surface. 

Only very  short  immers ion  t imes (as l i t t le  as 2 
min)  were  necessary to revea l  these boundaries .  
Af te r  10 min they  are  read i ly  discernible.  Thus, this  
character is t ic  fea ture  of the etching of si lver (of the 
pu r i t y  descr ibed)  in mol ten  NaC1 can be observed 
almost  f rom the ve ry  beginning of the process. I t  is 
impor tan t  to note tha t  when other  etching t r ea t -  
ments  were  t r i ed  on the specimens used they  did 
not  br ing  out this  substructure .  Beside etching in 
convent ional  aqueous etehants,  such as d i lu te  HNO~ 
or di lute  NH,OH, the rmal  etching in air  at  900~ 
was also t r ied.  This l a t te r  t r ea tmen t  produced 
grooves s imi lar  to those descr ibed by  Moore (3) and 
others bu t  wi th  no subs t ruc ture  del ineat ion as Fig. 5 
shows. However ,  if such air  etched surfaces were  
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Fig. 4. Negative Parlodion replica (backed with carbon and 
shadowed by palladium) of raised sub boundary area. Arrow points 
to shadowed polystyrene sphere whose shadow is opposite to that 
of the boundary. 

Fig. 6. Effect of position in thermal gradient. {111~ surface 
exposed to molten NaCI at 900~ for 4 days; (a) was closer to 
the hot end of the thermal gradient than (b). Magnification ap- 
proximately 250X. 

Fig. 5. Thermal etching of Ag single crystal in air at 900~ for 
2 days. Magnification 200X. 

then placed in mol ten  salt, the grooves were  erased 
and the s t ructures  shown in Fig. 2 and 3 were  ob- 
served. 

These s t ructures  also were  not observed when a 
Vycor crucible was used or when react ion was ca r -  
r ied out in a d ry  box in an iner t  a tmosphere.  Reac-  
tions in Vycor were  r a the r  i r reproducible .  Sil ica in-  
t roduced by  a t tack  of the  mel t  on the crucible has a 
profound influence on the reaction. A recent  inves t i -  
gat ion by  Li t t lewood and Argen t  (7) also points out 
this effect of silica in mol ten  salt  reactions. 

Beside the del ineat ion of a substructure ,  Fig. 2 and 
3 show many  spots which look l ike e i ther  pits  or 
small  hi l locks st icking up f rom the surface. The elec-  
t ron microscope technique descr ibed above revealed  
that  these spots are hil locks ra the r  than  pits. I t  was 
at  first ~hought, on the basis of a large  number  of ex-  
per iments  car r ied  out using one exper imenta l  a r -  
rangement ,  tha t  the number  of these small  hillocks, 
or nuclei, per  uni t  area  depended on the c rys ta l lo-  
graphic  or ienta t ion  of the  under ly ing  surface. How-  
ever, when the geomet ry  of the exper imenta l  a r -  
"rangement (i.e., the posit ion of a given face wi th  
respect  to the  the rmal  gradient  exist ing be tween  the 
crucible wal l  and the specimen) was changed the 
number  of such spots per  uni t  area  changed dras -  
t ically.  F igure  6 shows this effect. 

In  fact, no r ead i ly  discernible  differences in e tch-  
ing behavior  or ra te  could be noticed with  respect  to 
c rys ta l lographic  orientat ion.  If differences in ra te  of 
a t tack  did exist, they  would produce  symmetr ica l  
etch pa t te rns  on the spher ical  por t ion of the speci-  
mens used. Such pa t te rns  are found on single c rys ta l  

Fig. 7. View of whale crystal and silver wire (experimental ar- 
rangement (a)) for handling after 4 days exposure to molten NaCI 
at 900~ Some dendritic crystals can be seen growing on the 
wire at the cold end of the thermal gradient, the molten salt- 
air interface. 

spheres for  o ther  etching t r ea tments  (8).  As Fig. 7 
shows, the spherical  por t ion remains  quite smooth 
dur ing the react ion with  no evidence of differential  
a t tack  at  the different poles where  different  c rys ta l -  
lographic  or ientat ions exist. 

Besides the absence of any influence of c rys ta l lo-  
graphic  or ientat ion crys ta l  imperfect ions also do not 
influence the etching process when a t empera tu re  
grad ien t  is present .  A single crysta l  disk was bent  to 
a 2 cm radius  and then etched in the mol ten  salt  for 
3 days. At  900~ in this t ime polygonizat ion p rob-  
ab ly  would have occurred, and if nuclei  formed at 
dislocations, rows of these re la ted  to the direct ion of 
bending would have been observed. For  example,  
such effects were  observed by Henderson and Mach- 
l in (9) for s i lver  etched in di lute  oxygen. No such 
effect was found for etching in molten NaC1. 

All  of the  exper iments  descr ibed thus far  were  
car r ied  out under  conditions where  there  exis ted a 
the rmal  gradient .  When a si lver crucible was used, 
the gradient  was be tween  the crucible wal l  and the 
crystal ;  for an a lumina  crucible it  was be tween the 
crys ta l  at  the bot tom of the crucible and the s i lver  
wire  near  the  cooler a i r - sa l t  interface.  
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The  op t i ca l  mic roscope  showed  no d i f fe rence  in  
e t ch ing  w h e n  the  t h e r m a l  g r a d i e n t  was  e l i m i n a t e d  
b y  p l ac ing  the  w h o l e  c r y s t a l - c r u c i b l e  a s s e m b l y  in a 
l a r g e  c losed  muffle  fu rnace .  H o w e v e r ,  w h e n  the  s u r -  
face  of s i lve r  e t ched  in t h e  absence  of a t h e r m a l  
g r a d i e n t  was  s t ud i ed  at  h i g h e r  magni f ica t ions ,  p i t -  
t ing  and  the  f o r m a t i o n  of s teps  b e c a m e  ev iden t .  The  
f o r m a t i o n  of squa re  p i t s  and  a s p i r a l  on the  (100) 
surface ,  Fig.  8, a lso ind ica t e s  tha t ,  w h e n  t h e r e  is no 
t h e r m a l  g rad i en t ,  d i s loca t ions  a n d  c r y s t a l l o g r a p h i c  
o r i e n t a t i o n  m a y  effect t h e  e t ch ing  behav io r .  These  
s q u a r e  p i t s  in  t he  i n t e r i o r  of s u b g r a i n s  have  a con-  
c e n t r a t i o n  of s o m e w h a t  less  t h a n  10~/cm ~. This  is a 
r e a s o n a b l e  c o n c e n t r a t i o n  if  these  p i t s  occur  at  d i s -  
loca t ions  (9) .  A n  e t c h a n t  r e c e n t l y  d e s c r i b e d  b y  
Rob inson  and  L e v i n s t e i n  (10) as  f o r m i n g  p i t s  a t  
d i s loca t ions  on (100) s i lve r  su r faces  also gave  a p i t  
c o n c e n t r a t i o n  of 106/cm ~ w h e n  t r i e d  on the  spec i -  
mens  used  in  th is  s tudy .  F i g u r e  9 shows  a n o t h e r  a r e a  
on the  su r f ace  shown  in Fig .  8 w h e r e  h i l locks  m a y  
be  seen occu r r i ng  a long  w i t h  a p i t  and  some steps.  
Some  pi t s  and  s teps  or  t e r r a c e s  w e r e  a lso  f o u n d  on 
the  (111) su r f ace  e tched  in the  absence  of a t h e r m a l  
g r ad i en t ,  b u t  no t  on the  {110} and  {211} surfaces .  

Fig. 10. Deposition on Ag crystal exposed to molten NaCI in 
silver crucible at 900~ for 15 hr in the presence of a thermal 
gradient. Experimental arrangement (b). Magnification 1X. 

Fig. 8. Spira| and pit observed on (100) Ag surface exposed for 
24 hr to molten NaCI at 900~ in the absence of a thermal 
gradient. Negative Parlodion replica backed with carbon and 
shadowed with palladium. 

Fig. 9. Pit and hillocks occurring together on (100) Ag surface 
exposed for 24 hr to molten NoCI at 900~ in the absence of a 
thermal gradient. Negative Parlodion replica backed with carbon 
and shadowed with palladium. 

Fig. 11. Silver crystallites deposited on silver single crystal sur- 
faces exposed to molten NaCI in silver crucible at 900~ for 
15 hr in the presence of a thermal gradient. Experimental ar- 
rangement (b). Magnification approximately 1|5X. 

Deposition Phenomena 
Depos i t i on  b y  mass  t r a n s f e r  of s i lve r  in  t he  m o l t e n  

sa l t  c r e a t e d  no p r o b l e m  in t he  s t u d y  of t he  e t ch ing  
p h e n o m e n a  w h e n  the  e x p e r i m e n t a l  a r r a n g e m e n t  
was  t h a t  shown  in Fig .  l a .  As  can  be  seen in Fig.  7, 
depos i t i on  o c c u r r e d  a t  the  top  of the  m e l t  n e a r  t h e  
a i r  in te r face .  In  th is  case  d e n d r i t i c  c ry s t a l  depos i t s  
w e r e  f o r m e d  a t  t he  cooles t  p a r t  of t he  sys tem.  W h e n  
a s i lve r  c ruc ib l e  was  used,  h o w e v e r ,  (Fig .  lb )  and  a 
r u n  was  c a r r i e d  out  for  t i m e s  g r e a t e r  t h a n  1 hr ,  d e p -  
os i t ion  o c c u r r e d  ove r  t he  e n t i r e  c r y s t a l  and  h o l d e r  
as shown  in Fig.  10. In  th is  e x p e r i m e n t a l  a r r a n g e -  
m e n t  the  en t i r e  c r y s t a l  a n d  i ts  s i l ve r  h o l d e r  was  a t  
a l o w e r  t e m p e r a t u r e  t h a n  t h e  s i lve r  c ruc ib l e  w a l l  
w i t h  no m e t a l l i c  connec t ion  b e t w e e n  c ruc ib l e  and  
c rys ta l .  The  depos i t s  w e r e  of two  types ,  d e n d r i t i c  
and  s m a l l  f a ce t ed  c rys ta l s .  The  d e n d r i t e s  g r e w  al l  
ove r  t h e  s p e c i m e n  and  ho lder .  The  f ace t ed  c rys t a l s  
w e r e  o b s e r v e d  on the  c r y s t a l  i tself .  S ince  the  c r y s t a l  
was  n e a r  t he  b o t t o m  of t he  c ruc ib le ,  i t  was  s o m e w h a t  
w a r m e r  t h a n  the  h o l d e r  w h e r e  m o r e  d e n d r i t i c  
g r o w t h  was  obse rved .  These  f ace t ed  c r y s t a l s  s eemed  
to b e a r  some e p i t a x i a l  r e l a t i o n s h i p  to t h e  c r y s t a l l o -  
g r a p h i c  p l a n e s  u p o n  w h i c h  t h e y  g rew,  a~ j u d g e d  b y  
the  s y m m e t r y  of t h e i r  m o r p h o l o g y  (Fig .  11).  

I f  the  t h e r m a l  g r a d i e n t  b e t w e e n  t h e  c ry s t a l  and  
the  c r u c i b l e  w a l l  w a s  e l i m i n a t e d  b y  p l a c i n g  the  
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w h o l e  a r r a n g e m e n t  in a muffle fu rnace ,  no g r o w t h  at  
a l l  was  o b s e r v e d  for  t imes  as long as 24 hr .  

Summary of Results 
F o r  t h e  p u r p o s e s  of t he  d i scuss ion  t h a t  is to  fo l low 

the  m o r e  i m p o r t a n t  r e su l t s  o b t a i n e d  a re  s u m -  
m a r i z e d :  

1. No f a c e t i n g  n o r  r a t e  d i f fe rences  due  to t he  
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of t he  su r f ace  a r e  ob -  
s e r v e d  in  t he  p r e s e n c e  of  a t e m p e r a t u r e  g rad ien t .  

2. The  e t ch ing  of  s i lve r  in  m o l t e n  NaC1 in the  
p re sence  of a i r  r e v e a l s  a c e l l - l i k e  s u b s t r u c t u r e .  
S m a l l  s c a t t e r e d  h i l locks  a r e  also f o r m e d  on the  su r -  
face.  I r o n  was  f o u n d  to s e g r e g a t e  in t he  r i dges  b e -  
t w e e n  the  cells.  

3. This  s u b s t r u c t u r e  is not  r e v e a l e d  b y  t h e r m a l  or  
aqueous  e tch ing .  

4. I n  an  i n e r t  a t m o s p h e r e  th is  s u b s t r u c t u r e  is no t  
de l inea t ed .  

5. W h e n  the  c r y s t a l  is in a t h e r m a l  g r a d i e n t  no 
p i t t i n g  is o b s e r v e d  a t  t he  hot  end.  W h e n  t h e  g r a d i e n t  
is a b s e n t  p i t s  a r e  o b s e r v e d  on {100} and  {111} su r -  
faces  and  some of t he se  seem to be  r e l a t e d  to d i s -  
locat ions .  

6. D e n d r i t i c  c r y s t a l s  a r e  depos i t ed  at  t he  cold  end  
of the  t h e r m a l  g r a d i e n t  b y  mass  t r a n s f e r  of  s i lver .  
A l o n g  w i t h  these  d e n d r i t i c  g r o w t h s  some f ace t ed  
g r o w t h s  occur ;  t he  o r i e n t a t i o n  of the  l a t t e r  is d e -  
p e n d e n t  on the  o r i e n t a t i o n  of t he  su r f aces  on  wh ich  
t h e y  g row.  

7. In  t h e  absence  of a t h e r m a l  g r a d i e n t  no mass  
t r a n s f e r  of  s i l ve r  occurs.  

Discussion 

Etching Phenomena 

In  t he  p r e s e n c e  of a t h e r m a l  g r a d i e n t  one of t he  
mos t  n o t a b l e  obse rva t i ons  is t h e  absence,  in c o m -  
pa r i son  w i t h  t h e r m a l  e t ch ing  and  aqueous  e tch ing ,  
of a n y  effect of c r y s t a l l o g r a p h i c  o r i e n t a t i o n  on the  
p r o d u c t i o n  of face t ing .  This  i m p l i e s  t ha t  t he  d i f f e r -  
ences  in  m e t a l  f ree  su r f ace  e n e r g y  used  b y  Moore  
(3)  to e x p l a i n  a tomic  r e a r r a n g e m e n t  in to  s imp le  
and  c o m p l e x  p l a n e s  a t  900 ~ in  a i r  m u s t  be  q u i t e  u n -  
i m p o r t a n t  in  t h e  sal t .  In  a i r  e t ch ing  these  p l a n e s  
m u s t  deve lop  because  of a tomic  or  ionic  m i g r a t i o n  
on the  su r f ace  f r o m  p l a n e s  of h igh  to those  of low 
energ ies .  Moore ' s  obse rva t ion ,  t h a t  the  g r o w t h  p a t -  
t e rns  f o r m  on ly  in t he  p r e s e n c e  of o x y g e n  b u t  no t  in  
an  i n e r t  a t m o s p h e r e ,  sugges t s  t h a t  m i g r a t i o n  occurs  
b e c a u s e  Ag  + ions  f o r m e d  b y  r e a c t i o n  [2]  a r e  m o b i l e  
a n d  can thus  m i g r a t e  a long  t h e  sur face ,  w h e r e a s  
s i l ve r  a t o m s  a re  not.  In  t he  sa l t  a n y  ions f o r m e d  a re  
r e m o v e d  f rom the  su r f ace  in to  a v e r y  u n d e r s a t u -  
r a t e d  mel t .  W h e n  a h igh  t e m p e r a t u r e  g r a d i e n t  exis ts ,  
t he  d i f fe rence  in t he  c h e m i c a l  po t en t i a l ,  ~t~, b e t w e e n  
a s i lve r  a tom,  on the  one hand ,  and  an  e l e c t r o n  in the  
l a t t i ce  a n d  a s i l ve r  ion  in t h e  mel t ,  on t h e  o ther ,  is 
g r e a t e r  t h a n  u n d e r  i s o t h e r m a l  condi t ions .  The  h igh  
d r i v i n g  fo rce  w h i c h  th is  imp l i e s  w o u l d  s w a m p  out  
a n y  s m a l l  d i f fe rences  in su r f ace  ene rg i e s  t ha t  m a y  
ex i s t  u n d e r  e q u i l i b r i u m  cond i t ions  at  h igh  t e m p e r a -  
tu res .  Not  on ly  was  the  t e m p e r a t u r e  g r a d i e n t  r e -  
spons ib l e  for  t h e  e l i m i n a t i o n  of e t ch ing  d i f fe rences  
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b e t w e e n  c r y s t a l l o g r a p h i c  o r i en ta t ions ,  b u t  also for  
the  absence  of  d i f fe rences  in e t ch ing  r a t e  b e t w e e n  
i m p e r f e c t  (d i s loca t ions  a n d / o r  i m p u r i t i e s )  and  p e r -  
fec t  s i tes  on the  s a m e  c r y s t a l l o g r a p h i c  p lane .  A c -  
c o rd ing  to C a b r e r a  (11) d i f fe rences  b e t w e e n  the  r a t e  
of r e m o v a l  of an  a t o m  at  a d i s loca t ion  and  an  a t o m  
no t  a t  a d i s loca t ion  become  ins ign i f ican t  w h e n  A# is 
l a rge .  A l t h o u g h  his  t r e a t m e n t  is conce rned  a lmos t  
e x c l u s i v e l y  w i t h  e v a p o r a t i o n  of a n e u t r a l  a t o m  f r o m  
t h e  m e t a l  in to  t he  s u r r o u n d i n g  m e d i u m ,  i t  can  s t i l l  
g ive  some q u a l i t a t i v e  ins igh t  in to  t he  case  of t he  
d i s so lu t ion  of ions f r o m  the  m e t a l  la t t ice .  Indeed ,  
w h e n  z~t, was  d e c r e a s e d  b y  the  e l i m i n a t i o n  of the  
t h e r m a l  g r a d i e n t  some ind ica t ions  of d i f fe rences  in 
su r f a c e  f r ee  energ ies ,  such as the  f o r m a t i o n  of p i t s  
w i t h  sp i ra l s ,  b e c a m e  ev iden t .  Thus,  if h is  t h e o r y  is 
a p p l i c a b l e  to th is  sys tem,  w h e n  the  t h e r m a l  g r a d i e n t  
w a s  e l i m i n a t e d ,  A/~ w a s  l o w e r e d  to a v a l u e  w h e r e  t he  
r a t e  of i n t r o d u c t i o n  of ions into so lu t ion  f r o m  d i s -  
locat ions ,  R~, was  g r e a t e r  t h a n  t ha t  a t  nond i s loca t i on  
si tes,  Rp. A~ was,  h o w e v e r ,  s t i l l  h igh  enough  so t h a t  
R~ was  l a r g e  enough  to p r o d u c e  o b s e r v a b l e  pi ts .  

T h e r e  r e m a i n s  to be  e x p l a i n e d  why ,  a l t h o u g h  an  
effect  of c r y s t a l l o g r a p h i c  o r i e n t a t i o n  on e t ch ing  is 
o b s e r v e d  in  aqueous  so lu t ion  w h e r e  a r e a c t i o n  s i m i -  
l a r  to [2]  opera tes ,  no such  effect seems  to occur  in 
t h e  fused  sal t .  Two poss ib le  e x p l a n a t i o n s  a r e  as fo l -  
lows:  (A)  P e r h a p s  t he  mos t  i m p o r t a n t  r ea son  is r e -  
l a t e d  to t h e  t e m p e r a t u r e  g r a d i e n t s  in  t he  u n s t i r r e d  
mel t ,  w h i c h  a r e  v i r t u a l l y  absen t  in aqueous  so lu -  
t ions.  (B)  The  d i f fe rences  in s u r f a c e  e n e r g y  a r e  
g r e a t e r  a t  r oom t e m p e r a t u r e  t h a n  n e a r  t he  m e l t i n g  
p o i n t  ( w h i c h  seems r e a s o n a b l e  s ince  a t  the  m e l t i n g  
po in t  these  d i f fe rences  m u s t  d i s a p p e a r )  and  thus  b e -  
come less  i m p o r t a n t  for  t he  o x i d a t i o n  a t  h igh  t e m -  
p e r a t u r e s .  In  t he  o x i d a t i o n  of copper ,  for  e x a m p l e ,  
T a l b o t  and  B e n a r d  (12) f o u n d  t h a t  d i f fe rences  in t he  
r a t e  of o x i d a t i o n  d i s a p p e a r e d  at  h igh  t e m p e r a t u r e s .  

Bes ide  t he  r e su l t s  on the  effect of c r y s t a l l o g r a p h i c  
o r i en ta t ion ,  t h e  o t h e r  mos t  e v i d e n t  f e a t u r e  o b s e r v e d  
w h e n  s i lve r  is e t ched  in m o l t e n  NaC1 in t he  p r e s e n c e  
of a i r  is t he  d e l i n e a t i o n  of s u b g r a i n  bounda r i e s .  The  
r e su l t s  o b t a i n e d  w i t h  t he  e l ec t ron  p r o b e  m i c r o -  
a n a l y z e r  po in t  to an  e x p l a n a t i o n  for  this .  W h e n  
sufficient  o x y g e n  is p re sen t ,  i ron  in t h e  s u b g r a i n  
b o u n d a r i e s  is ox id i zed  to FelOn, t he  o x i d e  s t ab l e  a t  
900 ~ . This  ox ide  is n e a r l y  in so lub le  in t he  fused  sa l t  
(13) and  w o u l d  thus  r e m a i n  in the  c r y s t a l  w h i l e  t he  
s i lve r  b e t w e e n  t h e  b o u n d a r i e s  d i sso lved .  This  i n t e r -  
p r e t a t i o n  is also cons i s t en t  w i t h  t he  o b s e r v a t i o n  t h a t  
no such d e l i n e a t i o n  occurs  u n d e r  v e r y  low O~ p a r t i a l  
p r e s s u r e s  s ince  in th is  case  the  ox ide  w i l l  no t  fo rm.  
On the  o t h e r  hand ,  copper ,  whose  ox ide  (CuO)  is 
r e l a t i v e l y  so lub le  in NaC1-0.7 mo le  p e r c e n t  (13) ,  
d id  no t  r e m a i n  in  t he  b o u n d a r i e s  s ince  i t  w o u l d  p r e -  
s u m a b l y  d i s so lve  in the  mel t .  

Deposition Phenomena 
The p re sence  of a t h e r m a l  g r a d i e n t  has  even  

g r e a t e r  b e a r i n g  on depos i t i on  t h a n  on e tching .  W h e n  
depos i t i on  occurs  mass  t r a n s f e r  m u s t  be  i nvo lved .  
This  t r ans f e r ,  i.e., r e m o v a l  of m e t a l  f r o m  the  ho t t e s t  
s i tes  and  depos i t i on  a t  t h e  coldest ,  m u s t  occur,  no t  
b y  the  d i f f e r en t i a l  s o l u b i l i t y  of a tomic  s i lve r  in  t he  
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melt  (1),  but  because equi l ibr ia  [1] and [2] l ie 
fu r the r  to the r ight  at h igher  tempera tures .  For  re -  
action [2] in NaC1 the equi l ib r ium constant  
K~----[Ag+] ~ [O=]/Po~ 1~ can be calcula ted (here  for 
Po2 = 1) f rom the rmodynamic  data.  

The ac t iv i ty  product  of Ag~O in NaC1 can be cal -  
culated using f ree  energies of format ion  compiled 
by  Glassner  (13) in 

AF~ 2~aP,g+ + --AFo = 
log a~A~+ao= = 

2.303 RT 

an equation der ived by  apply ing  the method of 
Edeleanu and Li t t lewood (15) for  calculat ing the 
solubi l i ty  of meta l  oxides in fused salts. The di lute  
solutions are nea r ly  ideal  and act ivi t ies  in this  equa-  
t ion can be replaced  by  mole  fractions.  On the basis 
of these calculations,  assuming a grad ien t  of 50 ~ K= 
increases f rom 3.2 x 10 -s to 1 x 10 -7 f rom 850 ~ to 900 ~ 
leading to a corresponding Ag + ion increase (if [2] 
is the  only react ion occurr ing)  f rom 4.0 x 10-" to 
5.8 x 10 4. Such a dr iv ing force is quite sufficient to 
account for mass t ransfer ,  i.e., s i lver  dissolves at  the  
h igher  t empera tu re  and precip i ta tes  at the lower  
t empe ra tu r e  where  such a high Ag + concentra t ion 
cannot be mainta ined.  Corresponding calculat ions 
on react ion [1] lead to s imi lar  results.  For  example ,  
K1 increases f rom 2 x 10 -~ to 1 x 10 -1~ f rom 850 ~ to 
9 0 0  ~ . 

At  the lower  t empe ra tu r e  end of the  g rad ien t  p ro -  
fuse dendri t ic  growth  occurs af ter  r e la t ive ly  br ief  
periods of time. In general ,  such growth  usual ly  
commences in regions of supersa tura t ion  and ex-  
tends into the concentrat ion gradient  (16). This is 
jus t  wha t  was observed (Fig. 10) when a t empera -  
ture  gradient  exis ted be tween  the s i lver  crucible 
(high t empera tu re )  and the si lver c rys ta l  (low t em-  
pe ra tu re ) .  Edeleanu and Gibson (17) have repor ted  
tha t  mass t ransfe r  in fused chlor ide mel ts  for s i lver  
occurs only when there  is a metal l ic  connection be-  
tween the hot and cold ends of the  gradient .  They 
suggest a thermocel l  mechanism for mass t ransfer .  
The fact  tha t  there  was no such metal l ic  connection 
when the expe r imen ta l  a r rangement  shown in Fig. 
l b  was used indicates  that  mass t rans fe r  occurs by  
the mechanism given by  Eq. [1] and [2] r a the r  ~han 
by  a thermocel l  mechanism. Face ted  growth  oc- 
curred along wi th  dendr i t ic  g rowth  on the crys ta l  
near  the bo t tom of the s i lver  crucible because here,  
since the t empera tu re  gradient  was minimized,  the 
dr iving force for dendr i t ic  growth was much lower  
and conditions for such growth  became less favor -  
able. 

This faceted growth  occurr ing in a small  t he rma l  
gradient  may  also be looked at  wi th  reference to 
react ions [1] and [2]. Whenever  s i lver  atoms are 
oxidized, p re sumab ly  by electron t rans fe r  to ad-  
sorbed oxygen atoms, (or  molecules)  and sodium 
ions, the concentrat ion of Ag + and O = ions and Na ~ 
atoms near  the surface can be lowered only  by  diffu- 

sion away  f rom react ion sites, a re la t ive ly  slow 
process. Thus, even though the bulk  concentrat ion of 
these species in the mel t  may  be low, thei r  concen- 
t ra t ions  at  sites near  the surface may  exceed those 
permi t ted  by  K1 and K~, leading to reversa l  of reac-  
tions [1] and [2], i.e., deposition. Chemical  studies 
(1) of react ion rates  in this sys tem also support  this 
mechanism. 

When the the rmal  grad ien t  was complete ly  e l imi-  
nated, ne i ther  dendr i t ic  nor faceted growth  was ob- 
served in a comparab le  t ime because the localized 
supersa tura t ion  no longer existed. 
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ABSTRACT 

Experiments and the development of apparatus relating to the removal of 
oxide film and the attempts to prepare an oxide-free surface on uranium are 
described. Polishing the metal  in vacua of the order of 10 -7 tort  appears to be the 
most successful method. UI4~ and UO~ were observed to form rapidly on the 
metal  in such vacua. PuO~ was found to form on plutonium in vacua at pressures 
of less than 1 x 10 -~ tort.  The possibility that  plutonium hydride also formed 
could not be investigated, because of the similarity in crystal structure and 
lattice parameter  between PuO~ and PuH~. 

The oxide film tha t  commonly occurs on u ran ium 
when it is exposed to aqueous or gaseous media  has 
been identified as UO~ in electron diffraction studies 
by  Hickman (1),  by  Har t  (2),  and by  Fl int ,  Polling,  
and Char lesby (3) .  The presence of UO~ in films 
tha t  are  too thin to give r ise to in terference colors 
can also be es tabl ished by  s tandard  x - r a y  technique.  
Al though the detect ion of th in  films by  x - r a y  dif -  
f ract ion is not possible for many  metals,  it  is suc- 
cessful for uranium,  because of the high scat ter ing 
power  of the u ran ium atom. 

Har t  (2) and F l in t  et al. (3) l ist  addi t ional  l ines 
which do not correspond to the diffraction pa t t e rn  
of u ran ium dioxide. Har t  (2) in terpre ts  them as due 
to a mix tu re  of U20~ and U~O~. In our work,  no evi-  
dence for these lines was obtained.  Wi lman  (4) sug- 
gested tha t  the lines observed by  F l in t  et al. should 
be a t t r ibu ted  to diaspore,  which had  been embedded  
in the meta l  surface dur ing polishing. This ex-  
planation,  however ,  is not appl icable  to Har t ' s  work,  
because he employed diamond dust  as an abrasive.  

In the invest igat ions (1-3) cited above, as wel l  as 
in a number  of the exper iments  descr ibed herein,  the 
meta l  was pol ished in a i r  before  being admi t ted  to 
the  specimen chamber  of the  electron diffraction 
unit.  Some of the exper iments  descr ibed below show 
tha t  i t  is difficult to e l iminate  t races  of UO~ f rom the 
surface. A complete ly  ox ide - f ree  surface on u ran ium 
(with  which to s tudy the format ion  of the oxide film 
wi thout  the influence of prev ious ly  exist ing oxide) 
was not achieved;  our efforts were  d i rec ted  toward  
improving  the u l t imate  vacuum in which the pol ish-  
ing is conducted,  so tha t  the  ox ide- f ree  por t ions  of 
the surface would persis t  long enough to be studied. 

Lattice Constants o~ Some Actinide 
Oxides and Hydrides 

The s t ruc ture  and lat t ice pa rame te r s  of most of 
the  known oxides of u ran ium are  cited by  Har t  (2).  
The so-cal led monoxide,  UO, has the  cubic, NaC1 

1 Present  address:  Commerc ia l  A t o m i c  P o w e r  Division, Westing- 
house Electric Corporation,  Forest  Hills, Pennsylvania .  

la t t ice wi th  a p a r a m e t e r  of 4.95A. The dioxide has 
the face-cen te red  cubic, CaF~ latt ice.  The pure  com- 
pound has a p a r a m e t e r  of 5.4706 ----- 0.0003A. Her ing 
and Perio (5) have found tha t  the la t t ice  pa r ame te r  
increases wi th  decreasing oxygen content and 
shr inks  wi th  an increasing oxygen content  to a value  
of 5.4380A at the bounda ry  of the fl phase, where  the 
composit ion is U~O~. Recent  da ta  on these and higher  
oxides of the  u r a n i u m - o x y g e n  sys tem are rev iewed 
by  Gronvold  (6).  

1YIulford, Ell inger,  and Zachar iasen (7) repor t  
tha t  the l o w - t e m p e r a t u r e  form of UH~ has a s imple 
cubic uni t  cell, containing two molecules, wi th  
ao ---- 4.160A; and the fl (or common) fo rm of UH~ 
has eight u ran ium atoms per  uni t  cell wi th  ao ---- 6.63A. 

Plutonium,  l ike uranium,  forms a f luor i te - type  
dioxide, PuO2, dur ing  exposure  to air. Also, the  
oxides Pu~O~ and Pu~O~, which contain anion vacan-  
cies, have been p repa red  under  special  conditions. A 
monoxide s imi lar  in proper t ies  to UO has also been 
observed. The avai lab le  informat ion  on the  p lu to -  
n ium-oxygen  system has been rev iewed by  Holley, 
Mulford, and El l inger  (8).  The la t t ice  p a r a m e t e r  of 
s toichiometr ic  PuO2 is 5.396A. 

The two hydr ides  of p lu tonium have been inves t i -  
gated by  Mulford,  Sturdy,  and El l inger  (9) and 
found to have  extensive ranges  of solid solubil i ty.  
The compound PuH~, where  x lies be tween  2.0 and 
2.7, has the fluorite s t ructure .  The lat t ice pa r ame te r  
decreases f rom 5.359 to 5.34 over the  range  of com- 
pounds f rom x = 2.0 to 2.5. The hexagonal  hyd r ide  
PuH3_~ is less stable. 

Experimental Procedure 
All  specimens were  mechanica l ly  pol ished to free 

them of the  ma jo r  por t ion of thei r  over ly ing oxide 
films. The final meta l lographic  paper  used was 600- 
gri t  silicon carbide paper ,  and pe t ro leum ether  was 
used as a lubr icant  to reduce the specimen surface 
t empe ra tu r e  during the  la te r  stages of polishing. 
Any  SiC par t ic les  imbedded  in the surface were  re -  
moved by  briefly polishing the specim_en on clean 
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bi l l ia rd  cloth tha t  had been moistened with  pe t ro -  
leum ether. 

In the exper iments  discussed below, the smooth 
meta l  surface was subs tant ia l ly  freed of any res idual  
oxide film by polishing in vacuo. Ceramic polishing 
wheels  and meta l lographic  polishing papers  were  
both mounted  on a shaft, and were  used with  about  
equal  success for  this purpose.  ED (electron dif -  
f ract ion)  pa t te rns  were  obta ined for the several  
abras ives  used, so that  any  ex t ra  diffraction lines 
due to abras ive  par t ic les  imbedded  in the meta l  sur-  
face could be identified. The occurrence of such ED 
lines in indiv idual  exper iments  is not ment ioned 
below; only the pa t te rns  of products  and the meta l  
are cited. 

Apparatus employed.--An electron diffraction 
unit,  avai lable  commerc ia l ly  f rom the Genera l  Elec-  
tr ic Co., was modified to pe rmi t  the a t t a inment  of 
vacua of the  order  of 10 -7 torr. While  such a "ha rd"  
vacuum is not requi red  for the operat ion of the unit,  
p r e l imina ry  oxidat ion exper iments  demons t ra ted  
tha t  it was essential  to the preserva t ion  of an oxide-  
free surface on u ran ium for even a few minutes.  

F igure  1 i l lus t ra tes  the mechanical  par t s  of the 
modified ED apparatus .  Two roughing pumps were  
instal led,  one for the specimen chamber,  F, and the 
other  for the film chamber,  J, to increase the p u m p -  
ing speed. By instal l ing the large  qua r t e r - swing  
valve, G, the  film and specimen chambers  could 
be separa te ly  isolated and the air  admi t ted  to one 
without  influencing the vacuum in the other. Fresh  
film plates  could then be inser ted wi thout  exposing 
the specimen surface to air. The qua r t e r - swing  va lve  
was made of nonmagnet ic  metals  and was mounted 
with  its axis of ro ta t ion below the l ine of flight of the 
undeflected electrons. 

A careful ly  machined coll imator,  consisting of" two 
Armco iron disks containing carefu l ly  centered 25- 
mil d iamete r  holes, was inser ted  between the mag-  
netic lens, D, and the specimen chamber,  F. To in -  
crease pumping  speed, a separa te  line was added to 
connect the  brass  case of the electron gun to the 
large d iameter  vacuum line. This vacuum connection 
increased the beam s tabi l i ty  of the electron gun. 

In a p re l imina ry  modification an abras ive  disk 
was mounted on the front  door of the specimen 

C 

B 

~ d  

Fig. I. Perspective sketch of the pumps and evacuated sections 
of the modified electron diffraction unit: A, diffusion pump and 
cold trap; B, vacuum valve; C, ion gauge and cold trap; D, elec~ 
tron gun and magnetic lens; E, electron gun vacuum connection; 
F, specimen chamber and manipulators; G, quarter swing vacuum 
valve; H, telescope; J, film chamber and film manipulators. 
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Fig. 2. Perspective sketch of the specimen manipulator used in 
polishing the specimen and aligning it for grazing incidence: 1, 
rotary vacuum manipulator; 2, abrasive disk; 3, specimen holder; 
4, specimen rotating drive; 5, specimen height adjustment; 6, 
specimen tilting adjustment; 7, sealed rotating shaft. 

chamber  and could be ro ta ted  in a ver t ica l  plane. In 
the la te r  design, shown in Fig. 2, any electr ical  
charging of the abras ive  disk had  l i t t le  influence on 
the electron beam, because the specimen was elec-  
t r i ca l ly  shielded by  the meta l  specimen holder  when 
in the normal  horizontal  posit ion for diffraction. 

The specimen was pol ished by  ro ta t ing  it unt i l  
its surface became pa ra l l e l  to the surface of the 
abras ive  disk and then turn ing  the shaft  of man ipu-  
la tor  1 e i ther  by hand or by  a motor.  

The ent i re  vacuum assembly wi th  the exception of 
the glass l i qu id -a i r  t raps  and the electron gun were  
wrapped  with  electr ical  heat ing tapes. By this 
means, the metal l ic  surfaces of the ED unit  were  
baked out for about  a week at  100~ It  was ob- 
served that  the ED unit  could be evacuated  more 
r ap id ly  fol lowing each inser t ion of photographic  
plates,  polishing disks, or specimens if dr ied hel ium 
(or argon)  was admi t ted  to the system before  open-  
ing it to the atmosphere.  

With  the modifications of design and procedure  
indicated above and wi th  careful  a t tent ion  to various 
detai ls  such as obtaining carefu l ly  soldered joints,  
pressures  of 7 x l f f  ~ tor r  (or lower)  have been ob- 
ta ined repeatedly .  If, however ,  gas was released,  
due to high local tempera tures ,  f rom various m a t e -  
rials, such as the b inder  used in the  manufac tu re  of 
pol ishing wheels, the effective vacuum at the meta l  
surface could be subs tan t ia l ly  poorer  than  recorded.  
The small  quant i t ies  of gas tha t  may  be observed to 
enter  through Wilson seals when thei r  shafts are 
moved were  la rge ly  e l iminated  by  using a vacuum 
tight,  nuta t ing  ro t a ry  shaft  ~ sealed wi th  a syphon 
bellows. 

The ins t rument  was f requent ly  ca l ibra ted  by  using 
t ransmission pa t te rns  f rom f reshly  p repa red  mag-  
nesium oxide smoke. 

Type of experiments conducted.--This exper i -  
menta l  s tudy was d iv ided  into ~wo parts .  The first was 
concerned with  the examinat ion  of u ran ium and 
p lu ton ium af ter  exposure  ~o var ious  oxidizing con- 
ditions. The second was concerned wi th  p repar ing  
an ox ide - f ree  surface on ~ranium. 

Marketed by National l~ese~rch Corporation. 
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Severa l  u r a n i u m  oxides were  observed  d u r i n g  the 
first pa r t  of the  work.  It  is su rp r i s ing  tha t  in  the 
second pa r t  one or bo th  of the  hydr ides  were  found  
af ter  a lmos t  al l  of the  dioxide  fi lm had  been  r e m o v e d  
by  pol ishing.  Detai ls  of the  i n d i v i d u a l  expe r i me n t s  
are  g iven  below. 

Also, e x p e r i m e n t s  were  made  in  which  hyd rogen  
was admi t t ed  to the spec imen  chamber .  The  u r a n i u m  
hydr ide  tha t  was fo rmed  on the  me ta l  surface was  
decomposed in situ by hea t ing  and  evacua t ing  the 
chamber .  In  connec t ion  w i th  these exper iments ,  
dr ied  air  was  s u b s e q u e n t l y  admi t t ed  to the  ED u n i t  
to s tudy  the  fo rma t ion  of oxide on the  hydr ide .  Both 
gases were  used w i thou t  pur i f ica t ion  o ther  t h a n  the  
r emova l  of mois ture .  For  these exper iments ,  a s im-  
ple w i r e - w o u n d  " fu rnace"  was  m o u n t e d  on the  
spec imen holder  shaf t  of the  ED uni t .  The  me t a l  
spec imen  was  bol ted  onto the  f ron t  surface  of the 
heater .  

Experiments on Uranium and Plutonium 
Uranium polished in a ir . - -Uranium spec imens  

tha t  had been  hand -po l i shed  in  air  t h rough  400-gr i t  
si l icon carb ide  paper  were  examined ,  and  only  u r a -  
n i u m  dioxide  was observed.  In  a s imi la r  e x p e r i m e n t  
wi th  a u r a n i u m  al loy con ta in ing  6 w / o  n iob ium,  
u r a n i u m  dioxide was  observed.  However ,  U308 was  
detected on the  a l loy (bu t  no t  on the  pure  me ta l )  
af ter  it had  been  pol ished in  air  wi th  240-gr i t  si l icon 
ca rb ide  paper  a t tached  to a r ap id ly  ro ta t ing  abras ive  
wheel.  

W h e n  u r a n i u m  is hea ted  in  air  be low 185~ u r a -  
n i u m  dioxide  is the ma jo r  product .  Above  this  t e m -  
pera tu re ,  the  t e t r agona l  U307 and  the o r tho rhombic  
U80~ are occasional ly  observed  by  x - r a y  diffraction.  
This obse rva t ion  suggests  tha t  the  surface t e m p e r a -  
tu re  of the  6 w / o  n i o b i u m  al loy rose to at least  185~ 
du r ing  pol ishing.  

Vacuum annealed uran ium. - - I t  was observed  by  
Rundle ,  Baenziger ,  and  Wilson  (10),  who used x - r a y  
diffraction,  tha t  u r a n i u m  monox ide  forms on a 
u r a n i u m  surface w h e n  powder  samples  are hea t -  
t r ea ted  in  evacua ted  silica cap i l l a ry  tubes.  These 
monox ide  films are th ick  enough  to be  s tudied  
read i ly  by  x - r a y  dif f ract ion methods .  Hoeks t ra  and  
Siegel  (11) doub t  the  exis tence  of monox ide  and  
poin t  out tha t  no suppor t ing  chemica l  ana lyses  were  
made  to d e m o n s t r a t e  tha t  the  diffract ion pa t t e rn s  
were  not  due  to monoca rb ide  or m o n o n i t r i d e  films. 
The la t te r  compounds  have  c rys ta l  s t ruc tu res  i de n -  
t ical  with,  and  la t t ice  p a r a m e t e r s  s imi la r  to, tha t  of 
monoxide .  

Wi l l i ams  and  Wes tmaco t t  (12) have  repor ted  the  
u n u s u a l  sequence  of products  on u r a n i u m - m o n -  
o x i d e / d i o x i d e / m e t a l  and  offer x - r a y  and  s u b s t a n -  
t ia l  me ta l log raph ic  evidence  to suppor t  the i r  con-  
clusion.  However ,  no conf i rmatory  ana lyses  we re  
made.  They  found  tha t  the  products  occur r ing  in  this  
sequence  were  th icker  w h e n  pa r t i a l l y  oxidized u r a -  
n i u m  was hea ted  in  vacuum.  They  report ,  however ,  

that ,  in  in i t i a l  exper imen t s ,  d ioxide  was  found  by  
e lec t ron  diffract ion af ter  mechan i ca l l y  pol ished 
specimens  were  hea ted  in  a v a c u u m  of 2 x 10 -~ to r r  
to t e m p e r a t u r e s  in  the r ange  800~176 They  
p resen t  an  ex tens ive  a r g u m e n t  conce rn ing  the t h e r -  

m o d y n a m i c  condi t ions  tha t  are necessary  to p e r m i t  
the occur rence  of this  sequence  of products .  In  an  
add i t iona l  e x p e r i m e n t  in  which  a pol ished sample  
was  hea ted  in  a v a c u u m  at  9 x 10 -3 to r r  they  ob ta ined  
the sequence  of layers :  d i o x i d e / m o n o x i d e / d i o x i d e /  
metal .  Other  of the i r  e xpe r i me n t s  ind ica te  tha t  m o n -  
oxide can be oxidized on cooling in  a poor vacuum.  

Wha t  appear  to be monox ide  films, on the  basis  of 
x - r a y  diffract ion alone, have  been  p r e p a r e d  in  this  
Labo ra to ry  by  hea t ing  large  spec imens  at 600~ in  
vacua  of 10 -~ torr  and  at 800~ or higher ,  in  vacua  
of 6 x 104 torr.  As far  as the  x - r a y  evidence  is con-  
cerned  these films a lways  con ta in  a smal l  a m o u n t  of 
UO2 associated wi th  the  monoxide .  The e lec t ron  dif-  
f rac t ion  me thod  was  employed  to ascer ta in  w h e t h e r  
or no t  UO2 was p resen t  on the  ex te r ior  surface of 
these  oxides. 

Before d iscuss ing the  ED resul ts ,  i t  seems des i r -  
able  to r ev iew the x - r a y  evidence  ob ta ined  on the 
same specimens.  Spec imen  1802 was  hea ted  in  a 
fused-s i l i ca  fu rnace  t ube  for 19 hr  at 1000~ in  a 
v a c u u m  of 10 -6 torr .  The x - r a y  diffract ion p a t t e r n  of 
1802 cor responded  to s - u r a n i u m  plus  u r a n i u m  m o n -  
oxide p lus  a smal l  a m o u n t  of s t rong ly  o r ien ted  u r a -  
n i u m  dioxide [ the (200) l ine  was  a b n o r m a l l y  
s t rong] .  Or i en t a t i on  and  pole f igure s tudies  repor ted  
e lsewhere  (13) ind ica te  tha t  this  cubic o r i en ta t ion  
t e x t u r e  hav ing  the  (100) p lanes  of the  dioxide l a t -  
tice pa ra l l e l  to the  me ta l  surface  is ob ta ined  on vac -  
u u m  h e a t - t r e a t e d  samples.  

Spec imen  1804 was  hea ted  in  a s imi la r  fu rnace  
tube  for 15 h r  at  800~ u n d e r  a v a c u u m  of 10 -~ torr.  
Again ,  u r a n i u m  metal ,  monox ide  and  dioxide  were  
observed by  x - r a y  diffraction.  

For  compar i son  purposes ,  the  a pp r ox i ma te  i n -  
t ens i ty  of the  monox ide  (111) l ine  was  210 and  
dioxide  (111) l ine  was 36 on spec imen 1802. The  
two (111) l ine  in tens i t i es  were  720 and  3, respec-  
t ively,  on the  lower  t e m p e r a t u r e  specimen,  1804. 
The  re la t ive  in tens i t i es  of the  me ta l  l ines  ind ica ted  
tha t  the  film was th icker  on 1804 t h a n  on 1802. The 
percen tages  of UO and  UO~ are not  d i rec t ly  re la ted  
to these  r e l a t ive  in tens i t i es  because  the  monox ide  
has a d i f ferent  o r i en t a t i on  t h a n  the  dioxide, and  
o r i en ta t ion  can  cause la rge  changes  in  the  r e l a t ive  
in tens i t i es  of two l ines of the  same pa t t e rn .  

The e lec t ron  diffract ion s tudy  of spec imen  1802 
gave only  a p a t t e r n  of u r a n i u m  dioxide. Very  broad  
lines,  which  made  posi t ive ident i f ica t ion of the  
ou te rmos t  film difficult, were  ob ta ined  in  a s imi la r  
e x a m i n a t i o n  of spec imen  1804. These l ine  posi t ions 
were  i n t e r m e d i a t e  b e t w e e n  those of the  monox ide  
and  dioxide latt ices.  One canno t  conclude  f rom these  
e x p e r i m e n t s  tha t  the  sequence  observed b y  Wi l l i ams  
and  Wes tmaco t t  (12) was  p re sen t  in  these  two tests. 

A 5 a / o  m o l y b d e n u m  al loy spec imen was  m o u n t e d  
on the  fu rnace  of the e lec t ron  dif f ract ion uni t .  The  
e lect ropol ished sample  gave  on ly  Be i lby  l ines  a t  
room t empera tu r e .  At  100~ in  a v a c u u m  of 4 x 10-4 
torr ,  ve ry  w e a k  dioxide l ines  could be seen, and  
s t rong dioxide l ines  were  ob ta ined  w h e n  the  a l loy 
spec imen  reached  400~ At  600~ however ,  in  the  
same va c uum,  the  dioxide  was  pa r t i a l l y  reduced  
d u r i n g  a few hours,  and  w e a k  l ines cor responding  to 
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Table I. Summary of the x-ray diffraction data and electron diffraction results relating to the oxidation of plutonium 

X - r a y  v a l u e s  J u s t  a f t e r  
p o l i s h i n g  30 r a i n  65 r a i n  1500 rain 

Di i~ rac t i on  p l a n e  d i n  A l~el, in t .*  i n  v a c u u m  a t  0.4/~ a t  0.4~ a t  1.0~ 

PuO2 (111) 3.112 (100) 
~Pu (20]) 3.076 ~ 2  3.07w 
~Pu (112) (202) 2.919 6 
~Pu (013) 2.877 15 
~Pu (201) (113) 2.782 33 
PuO, (200) 2.698 (30) 
aPu (004) 2.688 23 
aPu (203) 2.590 33 2.55s 
~Pu (212) 2.489 3 
aPu (113) 2.450 3 
aPu (020) 2.415 69 2.41vs** 
~Pu (211) 2.405 78 
aPu (014) 2.348 28 
~Pu (114) 2.336 10 
aPu ( 2 ~ )  (104) 2.282 10 
~Pu (204) 2.252 2 
~Pu (105) (212) 2.172 6 
aPu (30]) (114) 2.065 2 2.10vw 
aPu (302) 2.034 8 
~Pu 5 l ines 1.95-1.89 10B 1.90vw 
PuO, (220) 1.907 (58) 1.90vw 
~Pu (024) 1.796 12 
aPu (22-3) 1.765 20 
PuO, (311) 1.626 (60) 1.68w 
PuO, (222) 1.557 (8) 1.60w 
~Pu (322) 1.555 6 
aPu 4 l ines N1.45 10B 1.48s 
aPu (316) 1.433 9 
aPu (231) 1.391 10 
PuO, (400) 1.348 (8) 1.35vw 
PuO,  (331) 1.237 (26) 1.28vw 
PuO2 (420) 1.206 (15) 
aPu (040) (234) 1.206 5 
~Pu - -  1.]39 4 
PuO2 (422) 1.102 (20) 1.10vvw 
aPu - -  1.097 6 
aPu - -  1.046 5 
PuO2 (333) 1.036 (15) 1.02vw 

3.09m 3.16mw 

2.56m 2.61m 2.57w 

2.41m 2.44m 2.46w 

1.87m 1.91m 1.91m 

1.65w 1.70w 
1.58vw 

1.47s 1.49m 

1.60w 

1.50m 

1.38vw 1.36vw 1.31wB 
1.26vw 1.29w 

* A p p r o x i m a t e  r e l a t i v e  i n t e n s i t i e s  f r o m  an  x - r a y  s p e c t r o m e t e r  t r ace .  D a t a  l i s t ed  f o r  PuO2 a r e  e s t i m a t e d  f r o m  UO2 a n d  ThO~ t r a c e s  
t a k e n  w i t h  powdered  s a m p l e s ;  t h e  p a r e n t h e s e s  s i g r d f y  t h a t  t h e  v a l u e s  a r e  on ly  indic ,~t ions  of  t h e  r e l a t i v e  i n t e n s i t i e s  to b e  e x p e c t e d  
w i t h  a r a n d o m  s a m p l e .  

** P r o b a b I y  t h i s  l i ne  c o r r e s p o n d s  to  t h e  u n r e s o l v e d  d o u b l e t  f r o m  (020) a n d  (211) p l u t o n i u m  p lanes .  

u r a n i u m  m o n o x i d e  w e r e  obse rved .  This  is cons i s t en t  
w i t h  t h e  e x p e r i e n c e  of W i l l i a m s  and  W e s t m a c o t t  
(12) ,  who  h e a t e d  a 20 a / o  m o l y b d e n u m  a l loy  spec i -  
m e n  for  115 h r  a t  650~ w h i l e  m a i n t a i n i n g  a v a c u u m  
of 2 x 10 ~ to r r .  T h e i r  x - r a y  and  ED p a t t e r n s  w e r e  
i den t i ca l  and  c o r r e s p o n d e d  to m o n o x i d e  h a v i n g  a 
l a t t i c e  p a r a m e t e r  of  4.953A. 

Oxide ~ormation of p lu ton ium. - -Exper imen t s  con-  
ce rn ing  the  v a c u u m  po l i sh ing  of p l u t o n i u m  w e r e  
conduc t ed  be fo re  t h e  v a c u u m  s y s t e m  and  s p e c i m e n  
c h a m b e r  w e r e  modif ied.  As  o b s e r v e d  w i t h  u r a n i u m ,  
some d iox ide  fo rms  on the  m e t a l  soon a f t e r  p o l i s h -  
ing, and  t h e r e  is ev idence  t h a t  o r i e n t a t i o n  occurs  in  
the  PuO,.  W i t h  b o t h  u r a n i u m  and  p l u t o n i u m ,  t h e r e  
is g r o w t h  in  a p r e f e r r e d  d i r ec t i on  w h i c h  r e su l t s  in 
the  f o r m a t i o n  of  t he  d o d e c a h e d r a l  or  (110) t e x t u r e  
in t h e  oxide .  La t t i c e  spac ings  a n d  in t ens i t i e s  o b s e r v e d  
for  a - P u  and  PuO2 fo l lowing  po l i sh ing  and  s to rage  
in v a c u u m  a t  a p r e s s u r e  of 1~ o r  less  a r e  p r e s e n t e d  
in T a b l e  I. Because  of p r e f e r r e d  o r i e n t a t i o n  in t he  

me ta l ,  l ine  i n t ens i t i e s  of t h e  a - P u  shee t  s a m p l e  
d i f fe red  f r o m  those  t a b u l a t e d ,  w h i c h  r e l a t e  to r a n -  
d o m l y  o r i e n t e d  p l u t o n i u m  p o w d e r  spec imens .  Thus,  
w e a k  d i f f r ac t ion  l ines  occur ,  b u t  a n u m b e r  of m e -  
d i u m  ones do not.  

Because  of t he  s i m i l a r i t y  in  s t r u c t u r e  a n d  l a t t i ce  
p a r a m e t e r  b e t w e e n  P u H ,  a n d  PuO,,  i t  is imposs ib l e  
to a s c e r t a i n  t h a t  t he  h y d r i d e  is f o r m e d  in vacuo, as 
has  been  o b s e r v e d  w i t h  u r a n i u m .  

Oxide Removal from A Uranium Surface 

Two m e t h o d s  of ox ide  r e m o v a l ,  m e c h a n i c a l  and  
c h e m i c a l  po l i sh ing ,  w e r e  s tud ied .  I n  t he  l a t t e r  
me thod ,  an  a t t e m p t  was  m a d e  to r e m o v e  the  d i -  
ox ide  by  first  h y d r i d i n g ,  b ru sh ing ,  a n d  t h e n  d e c o m -  
pos ing  a n y  r e s i d u a l  h y d r i d e  in vacuo. H o w e v e r ,  t h e  
m e c h a n i c a l  m e t h o d  of po l i sh ing  was  m o r e  successful .  

Oxide removal  by hydr id ing . - -Al though UH3 is 
k n o w n  to ign i t e  r e a d i l y  w h e n  e x p o s e d  to air ,  in 
m a n y  ins t ances  i t  has  been  f o u n d  to be  r e a s o n a b l y  



Vol. 109, No. 10 R E M O V A L  O F  O X I D E  F I L M S  O N  U R A N I U M  899 

Table II. Products observed by electron diffraction during a 
sequence of cleaning operations 

S u r f a c e  p r e p a r a t i o n  D i f f r a c t i o n  l ines  f o u n d  

Uran ium polished at room UO~ 
tempera ture  through 3/0 
paper in  air. 

Heated to 150~ in vacuum, 
H, admit ted to a pressure 
of 116 torr  for 10 rain, 
then evacuated. 

Sample then polished in 
vacuum at 150~ with 2/0 
paper. 

Residual hydride decom- 
posed by heating 3 hr at 
300~ in  vacuum of 10 -~ 
torr. 

Surface then polished at 
300~ with 2/0 paper. 
Vacuum of 10 -~ torr  ma in -  
tained. 

Rehydrided at 150~ and 
cooled to room tempera-  
ture. Evacuated to 10 -~ 
torr. 

Surface polished in vacuo at 
room temperature.  

Held in vacuum of 10 -8 torr  
for 12 hr at room temper-  
ature. 

Heated to 150~ 10 torr air 
pressure admitted. 

Oxidation cont inued to blue 
interference color. 

Strong a-UH8 + me-  
dium /~-UHs -t- very 
weak a-U metal  

Medium a-metal  + UO~ 

Strong UO, + weak a-U 

Weak UO~ + medium 
a-metal  

a-UH~ + /~-UI-L 

a-UH~ + medium 
a-metal  

Strong a- and ~-hy-  
drides plus weak 
metal  

Weak UO~ plus medium 
a-metal  

Medium UO~ plus very 
weak a-metal  

s tab le  at  room t empera tu re .  In  the  on ly  ED expe r i -  
m e n t  conduc ted  w i th  the  powdered  hydr ide ,  a s am-  
ple was p r epa red  f rom the e lements  at 150~ and  
t r a n s f e r r e d  f rom the  v a c u u m  sys tem th rough  air  to 
the  spec imen  c h a m b e r  of the  ED uni t .  The p a t t e r n  
cor responded  to a m i x t u r e  of a -  and  f l -hydr ides  p lus  
a s l ight  a m o u n t  of u r a n i u m  dioxide. This  e x p e r i m e n t  
is cited to show tha t  the  hydr ide  is no t  u s u a l l y  r e -  
act ive in  air  at  room t e m p e r a t u r e  and  to account  for 
the  pers i s tence  of l ines  due to the  hydr ides  in  m a n y  
p a t t e r n s  of pa r t i a l l y  oxidized specimens.  This  i n e r t -  
ness of UH~ m a y  resu l t  because  of an  ove r ly ing  di -  
oxide film. 

Because  of the  v o l u m e  increase  a t t e n d i n g  f o r m a -  
t ion  of UH8 w h e n  hydr ide  forms b e n e a t h  the  oxide 
fi lm on u r a n i u m ,  the  adhe rence  of the  dioxide to the  
me t a l  is destroyed.  Both  UO2 and  some UH8 can be 
r emoved  by  b r u s h i n g  the  surface  of a h y d r i d e d  
spec imen in  vacuum.  The  res idua l  hyd r ide  was  de-  
composed by  hea t ing  the  spec imen to abou t  300~ 
hold ing  it at  tha t  t e m p e r a t u r e  for severa l  hours,  
and  p u m p i n g  a w a y  the  evolved gas. Katz  and  Ra-  
b inowi tch  (14) repor t  tha t  one hour  at  this  t e m p e r a -  
t u r e  is sufficient to decompose the  f l -hydr ide .  

The products  tha t  were  ident if ied by  e lec t ron  di f -  
f rac t ion  at var ious  stages d u r i n g  one such e xpe r i -  
m e n t  are  l i s ted in  Tab le  II. Since, in  genera l ,  hyd r ide  
l ines  were  no t  detec ted  fo l lowing  v a c u u m  hea t ing  
and  the  dioxide  l ine  in tens i t i es  increased  d u r i n g  the  
expe r imen t ,  it  is a r easonab le  conclus ion  tha t  n e w  
dioxide was  be ing  fo rmed  b y  reac t ion  b e t w e e n  the  
n e w l y  fo rmed  u r a n i u m  and  the  re s idua l  gas in  the  
evacua ted  ED uni t .  E v i d e n t l y  the  h y d r o g e n  re leased 

by  decomposi t ion  is no t  effective in  sweep ing  away  
a ny  oxidiz ing gases. 

Oxide removal  by vacuum pol ishing.- -As  a resu l t  
of the  i m p r o v e m e n t s  to the  ED un i t ,  v a c ua  of 5 x 10 -~ 
to r r  could be ob ta ined  w i t h i n  15 m i n  af ter  p l ac ing  a 
spec imen  in  the  uni t .  P ressures  of the  order  of 8 x 
10 -8 to r r  ( e qu i va l e n t  n i t r o g e n  pressure )  were  ob-  
t a ined  af ter  a few hours  of add i t iona l  p u m p i n g .  A l -  
most  neg l ig ib le  a m o u n t s  of d ioxide  r e m a i n e d  on  the  
u r a n i u m  surface  i m m e d i a t e l y  af ter  pol ishing.  The  
a m o u n t s  increased  rapid ly ,  however ,  even  in  such 
good vacua.  Also, apprec iab le  a m o u n t s  of a -  and  
f i -hydr ide  have  b e e n  de tec ted  on the  surface,  af ter  
the u r a n i u m  was pol ished in  vacua.  These give way  
to or ien ted  dioxide. The diffract ion da ta  for one 
series of e xpe r i me n t s  on u r a n i u m  are  p resen ted  in  
Tab le  III.  

The  UO~ was i n i t i a l l y  de tec ted  on the  h i g h - p u r i t y  
u r a n i u m  sample  as it was placed in  the  ED uni t .  
Three  m i n u t e s  af ter  it  was  pol ished wi th  400 gr i t  
e m e r y  pape r  in  a v a c u u m  of 5 x 10 -~ torr ,  t he  p a t t e r n  
cor responded  to s t rong  a - m e t a l  p lus  f l -hydr ide  p lus  a 
ve ry  weak  p a t t e r n  of UO~. Af t e r  s t and ing  10 m i n  in  
this  vacuum,  the  l ines  of UO~ had  increased,  bu t  
those of f l -hyd r ide  a nd  a - u r a n i u m  r e m a i n e d  the  
same. Af te r  120 hr  at 5 x 10 -~ torr ,  the  p a t t e r n  cor-  
r e sponded  to o r ien ted  UO~ plus  one v e r y  weak  l ine  
located in  the  midd le  of the  t r ip le t  of l ines  cor re -  
spond ing  to a metal .  This  spec imen  was  l igh t ly  r e -  
pol ished w i t hou t  b r e a k i n g  the  va c uum,  a nd  a s t rong 
p a t t e r n  of o r ien ted  UO~ p lus  a m e d i u m  w e a k  a - m e t a l  
p a t t e r n  was  observed.  I n  all  of these  observa t ions  the  
ra t io  of in tens i t i es  ind ica ted  a dodecahedra l  fiber 
t e x t u r e  of the  oxide (13) r a the r  t h a n  r a n d o m  t ex -  
ture ,  and  the  dif f ract ion pa t t e rn s  were  cons is ten t  
the rewi th .  I t  is i n fe r r ed  tha t  the  t e x t u r e  did change  
in  degree  of per fec t ion  bu t  no t  s igni f icant ly  in  type  
as the  fi lm g rew thicker .  

I n  six separa te  expe r imen t s ,  at a p ressure  of 6 x 
10 -8 to r r  s t rong pa t t e rn s  of a lpha  hyd r i de  were  found  
on the  surface of v a c u u m  pol ished u r a n i u m .  These 
hyd r i de  p a t t e r n s  were  s t ronger  t h a n  the  me t a l  or the  
dioxide p a t t e r n s  and  pers is ted  for as long as 15 rain.  
The slow s t r e n g t h e n i n g  of dioxide l ines  af ter  pol i sh-  
ing was  no ted  in  each e xpe r i me n t ,  a nd  l ines  due to 
the  me t a l  we re  observed  to n e a r l y  disappear .  

Discussion 
The  most  s ignif icant  p roduc t  formed by  the  ox ida-  

t ion  of u r a n i u m  surfaces is the  dioxide. At  e leva ted  
t e m p e r a t u r e s  some U~O8 is fo rmed  by  reac t ion  wi th  
air ;  in  va c uum,  however ,  the  pa r t i a l  r educ t ion  of the  
d ioxide  yields  monoxide .  

The  ox idan t  in  a good v a c u u m  m u s t  in  all  p r o b a -  
b i l i ty  be w a t e r  since bo th  h y d r i d e  a nd  oxide are 
e v e n t u a l l y  formed.  I t  is i n t e r e s t i ng  tha t  w a t e r  is ap- 
p a r e n t l y  the  m a j o r  gas p u m p e d  b y  the  diffusion 
p u m p s  w h e n  the  ED un i t  is ope ra t ing  at  a v a c u u m  of 
the  o rder  of 10-' torr .  I n  one expe r imen t ,  the  ED u n i t  
was  "b lanked-o f f "  f rom the  pumps ,  and  a glass col- 
lec t ion b u l b  was  connec ted  to it. The presence  of a 
v i r t u a l  leak was  conf i rmed wi th  a h e l i u m  leak de-  
tector.  W h e n  the  p ressure  bu i l t  up  in  the  un i t ,  the  
col lect ion b u l b  was  closed off and  the  gas t he r e in  
ana lyzed  by  mass  spec t romet ry .  Wa t e r  was  the  m a -  
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Table III. Correspondence between observed electron diffraction patterns and known lattice spacings 

After After 
Di f f r ac t i on  X - r a y  va Iues  P o l i s h e d  P o l i s h e d  10 ra in  a t  120 h r  Repo] i shed  

p l a n e  Rel.  int .* d in  A i n  a i r  in  v a c u u m  5 • 10-~ t o r r  i n  v a c u u m  i n  v a c u u m  

flUH~ (200) [37] 3.30 
UO~ (111) 200" 3.16 3.14s 
flUHz (210) [110] 2.95 
~UI-Iz (110) (5) 2.94 
aU (020) 2 2.91 
UO2 (200) 56" 2.74 2.72m 
flUH~ (211) [100] 2.69 
aU (110) 108 2.54 
~U (021) 450 2.50 
~U (002) 70 2.46 
aU (111) 155 2.26 
aUI% (200) (50) 2.08 
UO2 (220) 106 ~ 1.94 1.93s 
/~UI-L (222) [20] 1.91 
aU (022) 5 1.88 
/~UI-L (320) [40] 1.84 
~U or flUI-L - -  1.77 
~UH~ (211) (90) 1.70 
~UI-L (400) [40] 1.66 
UO~ (311) 85 ~ 1.65 1.64s 
UO~ (222) 5 ~ 1.58 1.57w 
aU (131) 4 1.53 
/~UH~ (420) [25] 1.48 
aUI% (220) (5) 1.47 
/~UH~ (421) [40] 1.45 
aU (200) 1 1.42 
flUH~ (332) 2 1.41 
aU (041) 1.40 
aU (113) 1.38 
UO. (400) 3" 1.37 1.36vw 
aU (132) 2 1.35 
~UI-L (310) (50) 1.32 
aU (220) 2 1.28 
aU (042) 4 1.26 
UO~ (331) 11 ~ 1.26 1.25s 
aU (221), 

(202), 
(O04) 1.24 

/~UH~ (432) [32] 1.23 
UO2 (420) 1.22 
~UI~ (521) [23] 1.21 
~UH8 (222) (60) 1.20 
flUI-L (440) [15] 1.17 
~U (133) 14 1.15 
UO2 (422) 1W 1.12 1.11ms 
aU (114) 14 1.11 
~UI% (321) (60) 1.11 
flUI-L (442) [12] 1.10 
flUI-L (601) [8] 1.09 
~U (043) - -  1.08 
flUI-L (611) [22] 1.07 

3.3 l v v w  3.37vw 

2.97vvw 3.00w 

2.55w 2.55m 
2.50ms 2.50w 
2.46ms 2.46m 
2.25w, B 2.25w 

3.I7m 

2.73vw 

2.52m, B 2.51w 

1.95 t race 1.95w, B 1.93m 

1.84w 

1.72vw 1.73m 

1.65vw, B 

1.55m 1.54s 

1.45vw 

1.64w 

2.26vw 
2.10 t race  

1.93vs 

1.36w 

1.28w 

1.79vw 

1.65s 

1.53w 

1.43 t race 

1.25m 1.26w, B 

1.16w 1.14w 
1.11m 

* A p p r o x i m a t e  r e l a t i v e  l i ne  i n t e n s i t i e s  t a k e n  f r o m  v a m o u s  d i f f e r e n t  x - r a y  s p e c t r o m e t e r  t races .  Those  u n m a r k e d  are  fo r  u r a n i u m  
sheet .  Da t a  i n  ( ) a re  f r o m  a - U H s  a n d  those  i n  [ ] a re  f romf l -UH3 pa t t e rn s ,  I n t e n s i t i e s  fo r  UO~ are  d e s i g n a t e d  by  t he  s u p e r -  
sc r ip t  *. R e l a t i v e  i n t e n s i t i e s  a r e  no t  c o m p a r a b l e  b e t w e e n  d i f f e r en t  c rys ta l  phases ,  

j a r  componen t ,  a m o u n t i n g  to a p p r o x i m a t e l y  75%. 
S m a l l  a m o u n t s  of n i t rogen ,  oxygen ,  h y d r o g e n ,  and  
c a r b o n  m o n o x i d e  w e r e  also p resen t .  On the  bas is  of  
o the r  e x p e r i m e n t s  t he  c o n t a m i n a n t s  m a y  be s p u r i -  
OilS. 

It appears that UH3 and UO2 do appear simul- 
taneously in the products from many corrosion ex- 
periments involving water (15). It is not clear, how- 
ever, whether the simultaneous formation repre- 
sented by the equation 

7U + 6H,O--> 4UH3 + 3UO2 [I] 

properly describes the reaction mechanism or 
whether the formation of UH8 precedes the UO.~ 

fo rma t ion .  T h a t  is, ou r  e x p e r i m e n t s  h a v e  not  e s t a b -  
l i shed  w h e t h e r  t he  h y d r i d e  can  fo rm i n i t i a l l y  b y  the  
t h e r m o d y n a m i c a l l y  u n l i k e l y  r e a c t i o n  

4U -t- 6H~O -~ 4UH~ + 3 O2 [2]  

or  w h e t h e r ,  as sugges t ed  b y  D r a l e y  (16) ,  t he  UH,  
fo rms  b y  r e a c t i o n  of  t he  m e t a l  w i t h  t he  h y d r o g e n  
r e l e a s e d  d u r i n g  the  f o r m a t i o n  of UO, as in 

U + 2H~O-~ UO, + 2H2 [3]  

I t  has  been  sugges t ed  tha t  the  o b s e r v e d  h y d r i d e  
could  be  f o r m e d  b y  the  o u t w a r d  d i f fus ion of h y d r o -  
gen  con t a ined  in  the  m e t a l  (17) .  I t  is also poss ib le  
t h a t  t he  sma l l  a m o u n t s  of  h y d r o g e n  p r e s e n t  in t h e  
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res idual  gas react  d i rec t ly  to form UH,. None of our 
exper iments  offered evidence of the na ture  of the 
ac tual  react ion mechanism. 

The fact  tha t  the intensi t ies  of the hydr ide  lines 
decrease as those of the dioxide lines increase sug- 
gests tha t  the or iented oxide resul ts  from the sub-  
sequent  oxidat ion of the hydr ide  by water ,  or possi-  
b ly  by the oxygen re leased dur ing react ion [2]. As 
indicated by  [1], 4/3 of a mole of UH, is produced 
per mole of UO~, if all  of the hydrogen  y ie lded  by 
react ion [3] is consumed. The more intense hydr ide  
lines could be accounted for if the hydr ide ,  af ter  be-  
ing formed,  pro t rudes  f rom the surface and conse- 
quent ly  scatters  the electrons of the beam more 
effectively than  does the dioxide film. 

A significant fea ture  of this ED study is tha t  the 
(220) l ine of UO~ is stronger,  in some cases, than 
other dioxide lines and is cer ta in ly  s t ronger  than is 
normal  for a r andomly  or iented sample of UO~. This 
observat ion is consistent wi th  the p re fe r red  or ien ta -  
t ion observed for u ran ium oxidized at high t empera -  
ture  by  low-pressure  wa te r  vapor  (13). X - r a y  dif -  
f ract ion studies of u ran ium fol lowing its exposure to 
moist  hydrogen or wa te r  vapor  have led to the con- 
clusion tha t  the (220) UO~ planes form para l l e l  to 
the meta l  surface wi th  l i t t le  or  no re la t ion to the ori-  
enta t ion of the under ly ing  metal .  

Recent ly  Sel la  and Tr i l l a t  (18) conducted a very  
interes t ing electron diffraction s tudy of u ran ium 
surfaces tha t  had been p repa red  in a va r i e ty  of man-  
ners  and subsequent ly  t reated.  They observed that,  
dur ing bombardmen t  by  argon ions, dioxide films 
were  formed by the t races of oxygen in the argon. 
The films exhib i ted  a strong dodecahedra l  fiber t ex-  
ture. A s imi lar ly  or ien ted  film occurred in cer ta in  of 
thei r  anodizing and electropol ishing exper iments .  
They concluded that  this t ex tu re  might  be associated 
wi th  s l ight ly  anisotropic diffusion in the cubic UO~ 
lattice, i.e., with the growth  process. They expressed 
some doubt  tha t  the por t ion of the  film next  to the 
metal ,  which was ep i t ax ia l ly  oriented,  could be  de-  
tected. We, however,  do not bel ieve  tha t  such a re -  
gion necessar i ly  exists. 

Exper imen ta l  conditions de te rmine  which p re -  
fe r red  or ienta t ion wil l  develop, and the fol lowing 
examples  are cited. The observed (220) or ientat ion 
is not  the  same as tha t  observed on vacuum annealed 
uranium.  For  the vacuum annealed uranium,  the 
(200) planes of UO~ are  or iented para l l e l  to the sur-  
face of the meta l  subs t ra te  (13).  In  other  ED ex-  
per iments  it  has been shown tha t  UO~ deposi ted f rom 
the vapor  onto glass was or iented with  (111) planes 
para l le l  to the substrate ;  when deposi ted onto a 
t an t a lum foil the [111] pole of the  oxide was in-  
clined wi th  respect  to the subs t ra te  and appa ren t ly  
was pointed toward  the source of the UO~ vapor.  

These observat ions indicate  tha t  the dodecahedra l  
t ex tu re  is in t imate ly  associated wi th  diffusion and 
growth  processes. The resul ts  of Sel la  and Tr i l la t  
(18) are consistent wi th  this  in terpre ta t ion .  The 
presence of the dodecahedra l  fiber or ientat ion 
( ra the r  than  some other or ien ta t ion  or a r andom 
tex tu re )  in the UO, formed at  room t empera tu re  in 
the vacuum of the ED unit,  as wel l  as at  high tern- 

R E M O V A L  O F  O X I D E  F I L M S  ON U R A N I U M  901 

pe ra tu re  af ter  exposure  to wa te r  vapor,  suggests 
tha t  the same or s imilar  mechanism operates  and 
lends suppor t  to the conclusion that ,  in the ED unit ,  
u ran ium is oxidized by traces of res idual  moisture.  

The re la t ive  line intensi t ies  observed wi th  an 
x - r a y  spect rometer  are  presented  in Tables I and II I  
for a number  of substances.  The intensi t ies  for the 
different phases are not  comparable  and are  p r e -  
sented only as indicators.  For  the most pa r t  the 
pa t te rns  were  obtained wi th  r andomly  or iented sam-  
ples, and it is well  recognized tha t  when p re fe r red  
or ienta t ion is p resen t  in the  specimen the re la t ion-  
ships be tween intensi t ies  are marked ly  al tered.  I t  is 
p robab le  tha t  the re la t ive  intensi t ies  observed by 
electron diffraction wi th  una l loyed  p lu ton ium sheet, 
which are cited in Table I, suffer f rom this effect; the 
x - r a y  intensi t ies  were  obtained wi th  a careful ly  r an -  
domized sample. This undoub ted ly  accounts for the 
apparen t  absence of some of the modera te ly  strong 
lines of the monoclinic cell. I t  is sometimes difficult 
even for the x - r a y  spect rometer  to resolve the indi-  
v idua l  lines of a double t  such as (020) and (211). 
With  the charac ter i s t ica l ly  poor resolut ion and high 
background  of the electron diffraction inst rument ,  
several  p rox ima te  lines may  appear  to merge  into 
one broad one. For  this reason and also because of 
the effect of p re fe r red  orientat ion,  l ines wi th  weak  
intensi t ies  at the low angle region may  have been 
inadver t en t ly  overlooked.  

A few comments  concerning a l te rna t ive  methods 
of p repar ing  u ran ium surfaces free of over ly ing 
oxide films, are in order. One may  (i) deposit  the 
meta l  f rom the vapor  onto a substrate,  (it) remove 
the oxide f rom the meta l  surface chemical ly  or 
mechanical ly ,  or (iii) c rea te  a new surface by  c leav-  
age or fracture.  P r e l im ina ry  x - r a y  diffraction work  
showed tha t  a subs tant ia l  amount  of oxidat ion oc- 
cur red  dur ing the deposi t ion of u ran ium from the 
vapor.  Therefore  this method was abandoned.  The 
exper iments  involving electropol ished meta l  were  
also disappoint ing.  The removal  by  undermin ing  
wi th  U H~ has been descr ibed above. No other method 
of chemical  a t tack  was tr ied.  Oxide remova l  by ionic 
bombardmen t  is only pa r t i a l ly  effective as shown by 
Sella and Tri l la t ;  even wi th  a beam of hydrogen  
ions, minute  t races of oxygen wil l  resul t  in oxide 
films. The possibi l i ty  tha t  ions wi l l  be dr iven  into the 
meta l  and exist  as neu t ra l  atoms cannot be excluded.  
For  these reasons, therefore,  this method was not 
invest igated.  Hayman  (19) demons t ra ted  the fo rma-  
t ion of curious ridges, which appeared  to be un re -  
la ted to the  under ly ing  metal ,  fol lowing bombard -  
ment  of u ran ium by argon ions. The development  of 
UO~ nuclei  in pa t te rns  on the meta l  surface following 
cathodic bombardmen t  (20), due to t races of oxygen 
and wate r  in the  gas, could lead to mis in terpre ta t ion .  
Other  recent  studies on surfaces fol lowing this type  
of ionic a t tack  are cited (21-26).  

Without  question the u ran ium surfaces fol lowing 
mechanical  pol ishing are very  rough. The meta l  
asperi t ies  pro jec t ing  above the general  level  of the 
me ta l  surface are  heavi ly  cold worked.  Only a r e l a -  
t ive ly  few of them are thin enough to be pene t ra ted  
by  the electron beam. It  may  well  be argued tha t  the 
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diffraction from the oxide, which may  occur as 
patches in the "valleys," is obscured by the high 
background scattering arising from the very rough 
surface. Nevertheless most of the observed diffraction 
pat tern apparently results from the diffraction by 
the asperities, and these appear to be essentially de- 
nuded of oxide. The growth of oxide fihns on these 
surfaces is then easily detected and followed, al- 
though the oxide may be in the "valleys." The 
growth of UO~ is surprisingly rapid at such low gas 
pressures. 

Despite their shortcomings, the methods of oxide 
removal  employed seem to be as satisfactory as any 
available. Although traces of  dioxide persisted on 
the surface after it was polished in vacuo, doubtless 
the dioxide was present as patches, and a substantial 
portion of the surface was free of oxide. It would 
seem, then, that  the goal of studying oxidation on 
the denuded uranium surface was achieved in the 
present study, and there is no compelling evidence 
that oxide-free surfaces on uranium were obtained 
in any of the previous investigations. However, the 
possible influence of the remaining patches of oxide 
on the nucleation and growth of new oxide was not 
eliminated in the present study. 

Summary 
Dioxide films are left on polished uranium and 

plutonium in the sense that they form so rapidly, 
even in good vacuum, that a t ruly oxide-free surface 
cannot be preserved for more than a few minutes 
after polishing. Also, the evidence presented sug- 
gests that  the formation of uranium hydride may 
precede that of the dioxide. 

The bare metal and the hydride react readily in 
vacua of the order  of 10 -7 torr to form dioxide, and 
it is necessary to maintain vacua of this quality to 
observe the reactions of relatively oxide-free ura-  
nium. 

Some ED work that deals with the sequence of 
oxide films when both monoxide and dioxide are 
present is reported. Only the dioxide has been ob-  
served by the ED technique although x - ray  diffrac- 
tion work shows that the films formed by vacuum 
annealing consist mainly of uranium monoxide. 
From our evidence the sequence of products appears 
to be dioxide/monoxide/uranium, which is in con- 
tradiction to the results of Williams and Westma- 
cott (12). 
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Theory and Design Principles of the Reversible 
Electroplating Light Modulator 

Solomon Zaromb 1 
Research Division, Philco Corporation, Blue Bell, Pennsylvania 

ABSTRACT 

The potential uses and advantages of adjustable light shutters and reflectors 
based on reversible electroplating on transparent,  chemically inert electrodes 
are indicated briefly. Over the entire visible light range, the highest ratio of 
optical density change 5 to applied charge density q~ appears to be achievable 
with Ag, especially when formed in conjunction with L or L- ions. An aqueous 
plating solution containing 3-3.5M AgI and 7M NaI appears to be most suitable 
for achieving (a) a maximum 5/q~ ratio; (b) a satisfactorily uniform plating; 
(c) a maximum plating speed; and (d) a maximum rate of unplating. Of sev- 
eral electrode geometries and electrode arrangements capable of yielding es- 
sentially uniform plating, those utilizing adjacent subelements composed of 
parallel,  closely spaced, fiat, and narrow transparent electrode strips with l ine- 
symmetrically situated contacts is preferred, especially for large-area modula- 
tors. A series connection between the subelements is especially desirable. 

With aqueous electrolyte solutions, the shortest practical plating time must 
exceed poq2/400 sec, where p~ is the electrolyte resistivity in ohm-cm, and q~ is 
in coul/cmt Hence, to achieve both a maximal speed and a high 5, it is neces- 
sary to use several plating cells back-to-back. To maintain the desired opacity, 
a low, continuous plating current may be required, following the initial plating 
pulse. The time required to clear the cell may vary from less than a msec, in 
cases where a fast plating pulse is followed instantly by a rapid unplating 
pulse, to a maximum of 3a~/n~D (where a is the electrode spacing, and D is the 
diffusion coefficient of the main oxidizing component, e.g., L-) in cases where 
the plating is to be maintained for a long period of time prior to the application 
of the clearing pulse. 

In view of the v i r tua l  omnipresence of l ight  and 
its impor tan t  pa r t  in most activit ies,  an electronic 
method of control l ing its t ransmiss ion  a n d / o r  re -  
flection should have numerous  poten t ia l  appl icat ions 
ranging  f rom glare  and l ight ing adjus tors  through 
f lash-bl indness prevent ing  goggles and display or 
informat ion s torage devices. An electrochemical  
color filter based on changes in the t ransmiss ion of 
indicator  dyes wi th  changes in pH or redox potent ia l  
of an e lect rolyte  solution is known (1, 2). The main 
intr insic l imita t ions  of these " revers ib le  dye"  de-  
vices a re  that :  (i) they  do not modula te  the  reflec- 
t ion of l ight;  (i i)  they  are l imi ted  by  re la t ive ly  low 
speeds of react ion in solution and of migra t ion  of 
react ing species to and f rom the electrodes;  ( i i i)  the  
requi red  dyes and e lec t ro ly te  solutions de te r io ra te  
on prolonged exposure  to intense l ight  or on 
passage of an excessively high charge (a t  voltages 
above 2v) ;  and (iv) they  usua l ly  operate  only 
wi thin  re la t ive ly  na r row wave leng th  regions. 

These objections are  e l iminated  or reduced in the 
revers ib le  e lec t ropla t ing l ight  modula tor  discussed 
in the presen t  paper .  

Theoretical Considerations 
Required  Charge Dens i ty  vs. Desired Opaci ty  

(and Wave l eng th )  

Figures of m e r i t . - - T h e  absorpt ion coefficient a, as 
defined by  the Lamber t  equat ion 

l l~esen t  address: Research and Advanced  Technology Depar t -  
ment ,  Electronic Systems and Products  Division, The  Mart in-Mari -  
et ta Corporation, Balt imore,  Md. 

I, = I, e -~176 [1] 

where  L is the  in tens i ty  of the incident  light,  and L 
the  in tensi ty  t r ansmi t t ed  th rough  a thickness 0 of a 
given metal ,  is related to the wavelength  ~, the ab-  
sorpt ion index ~, and the index of re f rac t ion  n of the  
meta l  (3) 

a = 41rn K/k [2] 

The thickness 0 of e lectrodeposi ted meta l  for a p l a t -  
ing charge densi ty  q. (in cou l /cm ~) depends on its 
atomic weight  W, densi ty  d, oxidat ion state z of the 
p la tab le  ions, and p la t ing  current  efficiency 

~/q~ = ~W/zFd  [3] 

where  F is a faraday.  Hence, the optical  densi ty  
change due to plat ing,  8, as defined by  the equat ion 

~I,II, = 10 -~ [4] 

should be, according to Eq. [1] through [4] 

8 : at?/2.303 = (4~r/2.303) e q~ n K W~ (FXzd) [5] 

: 5.65 X 104 ~ q~ n ~ W~ (Xzd) [5']  

i.e., for ~ = 100%, the expected change in optical  
densi ty  per  p la t ing  charge densi ty  becomes 

8/qd ~ 5.65 X lO-~nKW/(Xzd )  [5"] 

The rat io  nKW/(Xzd)  thus gives a re la t ive  figure of 
mer i t  for  compar ing the min imum charge densi ty  
requirements ,  using var ious  p la tab le  metals.  As seen 
in Table  I, the highest  values  of 8/q~ may be ex-  
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Table I. Estimated optical density change per plating charge 
density for various elements and wavelengths* 

E l e m e n t  d ,  z W k ,  nK 6 / q a  
g / c c  t~ 

Cd 8.64 2 112.4 0.589 5.01 31.3 
Cr 7.2 3 52.0 0.579 4.85 11.4 
Co 8.9 2 58.9 0.500 3.72 14.0 
Co 0.650 4.40 12.7 
Cu 8.92 2 63.6 0.347 1.47 8.5 
Cu 0.500 2.34 9.4 
Cu 0.650 3.26 10.1 
Cu 0.870 3.85 8.9 
Au  19.3 1 197.0 0.441 1.85 24.2 
Au  0.589 2.83 27.6 
I 4.93 - - I  126.9 0.589 0.57 14.1 
Ir  22.4 4 193.1 0.579 4.87 10.2 
Pb  11.3 2 207.2 0.589 3.48 30.6 
Mn 7.20 2 54.9 0.579 3.89 14.5 
Ni 8.90 2 58.7 0.420 2.53 11.2 
Ni 0.589 3.33 10.5 
Ni 0.750 4.36 10.8 
P t  21.5 2 195.2 0.441 3.16 18.4 
P t  0.589 3.54 15.4 
P t  0.668 3.66 14.1 
Rh 12.4 3 102.9 0.579 4.67 12.6 
Se 4.80 --2 79.0 0.400 6.79 79.0 
Se 0.490 4.65 44.1 
Se 0.589 1.32 10.4 
Se 0.760 0.156 0.95 
Ag  10.5 1 107:9 0.332 0.65 11.4 
Ag  0.395 1.91 28.1 
Ag 0.500 2.9~ 34.2 
A g  0.589 3.64 35.9 
Ag  0.750 5.16 40.1 
Sn 7.28 2 118.7 0.589 5.25 41.1 
Zn 7.14 2 65.4 0.441 3.19 18.7 
Zn 0.589 4.66 20.5 
Zn 0.668 5.08 19.7 

* D a t a  o b t a i n e d  f r o m  r e f .  ( 4 ) .  

pec t ed  for  Se w i t h  ~ < 0.490/z, for  Sn  w i t h  ~ = 0.589t~, 
for  A g  w i t h  ~ ) 0.395/z, a n d  for  Cd w i t h  ~, = 0.589tL. 
I t  is a lso  a p p a r e n t  t h a t  r e d  l igh t  w i l l  b e  t r a n s m i t t e d  
b y  t h in  Se f i lms and  v io le t  l igh t  b y  A g  films, w h i c h  
shou ld  y i e l d  at  l eas t  a l i m i t e d  choice of  a d j u s t a b l e  
co lor  f i l ters .  

Variation of absorption coefficient of thin films 
with thickness.--The v a l u e s  of 8/q~ in T a b l e  I a r e  
based  on the  op t i ca l  cons tan t s  of t h i ck  m e t a l  sheets .  
F o r  t h in  f i lms of less t h a n  200/k, t he  op t ica l  con-  
s t an t s  a r e  k n o w n  to v a r y  w i t h  t h i ckness  (5 -8 ) .  
F u r t h e r m o r e ,  t he  e x p e r i m e n t a l  va lue s  o b t a i n e d  b y  
s e v e r a l  w o r k e r s  a r e  no t  in  suff ic ient ly  good a g r e e -  
m e n t  to be  cons ide red  re l i ab le ,  p r o b a b l y  due  to 
d i f fe rences  in  t he  m o d e  of f i lm depos i t i on  (8) .  Hence,  
t h e  on ly  conclus ion  w h i c h  can  be  d r a w n  f r o m  p r e v i o u s  
t h i n - f i l m  s tud ies  is t h a t  a n y  q u a n t i t a t i v e  p r e d i c t i o n s  
based  on T a b l e  I m a y  be  in e r r o r  b y  as  m u c h  as a 
f ac to r  of 2 or  3 for  p l a t e d  fi lm th i cknesses  of less 
t h a n  200A. 

Possible supplementary absorption by a colored 
oxidation product.--For ce r t a i n  l i g h t - s h u t t e r  a p p l i -  
cat ions ,  the  f o r m a t i o n  of a l i g h t - a b s o r b i n g  o x i d a -  
t ion  p r o d u c t  a t  a t r a n s p a r e n t  anode  m a y  c o m p l e m e n t  
t he  a b s o r p t i o n  b y  the  m e t a l  p l a t e d  on the  ca thode .  
Of p a r t i c u l a r  i n t e r e s t  is t he  L- ion f o r m e d  w i t h  p l a t -  
ing  so lu t ions  of _kgI in  c o n c e n t r a t e d  NaI .  The  w a v e -  
l e n g t h  d e p e n d e n c e  of t he  e x t i n c t i o n  coefficient of 

i 
3000 4OOO 5OOO 6000 ~O00 8000 

o WAVELENGTH ~A) 

Fig. 1. Optical density change per plating charge density for 
Agl solutions. 

L- was  e s t i m a t e d  f r o m  the  l i t e r a t u r e  (9, 10) and  the  
c o r r e s p o n d i n g  va lue s  of $/q~ a re  p l o t t e d  in  Fig .  1 
t o g e t h e r  w i th  those  for  A g  and  for  t he  c o m b i n e d  
a b s o r p t i o n  b y  L- and  Ag. I t  can  be  seen t ha t  t he  I3- 
d r a s t i c a l l y  r educes  t he  t r a n s m i s s i o n  of b lue  and  u.v. 
l i gh t  (k < 4500/k),  and  r e duc e s  t he  v a r i a t i o n  of 
t r a n s m i s s i o n  w i t h  w a v e l e n g t h  for  t he  r e m a i n i n g  
v i s ib le  l igh t  r eg ion  (4500A ~ ~, ~ 7500A).  

Estimated minimum charge requirements vs. de- 
sired optical density change.--According to T a b l e  I 
and  Fig.  1, A g  g ives  t he  h ighes t  (or  n e a r l y  h ighes t )  
v a l u e  of 8/q~ in  t he  v i s ib le  l i gh t  r ange ,  e spec ia l ly  in 
c o m b i n a t i o n  w i t h  L-. Hence ,  a n y  e s t i m a t e  of  m i n i -  
m u m  c h a r g e  r e q u i r e m e n t s  based  on Fig.  1 shou ld  
r e p r e s e n t  the  l owes t  v a l u e  a c h i e v a b l e  in p r ac t i ce  
w i t h  w h i t e  l ight .  Thus,  for  a de s i r e d  op t ica l  dens i t y  
change  of  a t  l eas t  3.0 for  a l l  v i s ib l e  w a v e l e n g t h s ,  t he  
m i n i m u m  r e q u i r e d  p l a t i n g  c h a r g e  d e n s i t y  is 0.08 
c o u l / c m  ~. Of course ,  m u c h  l o w e r  cha rge  dens i t i e s  
m a y  be r e q u i r e d  for  se lec ted  n a r r o w  w a v e l e n g t h  r e -  
gions.  

Achievement of Uni3form Plating over Large Areas 

Effect of plating solution.--For 100% o v e r - a l l  
p l a t i n g  c u r r e n t  efficiency, t he  mos t  se r ious  d e v i a -  
t ions  f r o m  the  m i n i m u m  cha rge  r e q u i r e m e n t s  e s t i -  
m a t e d  in t he  p r e v i o u s  sec t ion  m a y  a r i se  f r o m  a n o n -  
u n i f o r m  p l a t i n g  dens i ty .  This  is a c o m m o n  p r o b l e m  
in e l e c t rop l a t i ng ,  and  mos t  i n d u s t r i a l  p l a t i n g  so lu -  
t ions  h a v e  the  p r o p e r t y  of " s m o o t h i n g  ou t"  t h e  p l a t -  
ing  d e n s i t y  even  o v e r  s o m e w h a t  i r r e g u l a r l y - s h a p e d  
subs t r a t e s .  U n f o r t u n a t e l y ,  mos t  i n d u s t r i a l  p l a t i n g  
so lu t ions  con ta in  u n s t a b l e  a n d / o r  h i g h l y  tox ic  agen t s  
(e.g., c y a n i d e s )  w h i c h  a r e  u n s u i t a b l e  for  c o m m o n  
l i g h t - m o d u l a t o r  app l i ca t ions .  

The  m e c h a n i s m  b y  w h i c h  a p l a t i n g  so lu t ion  t ends  
to c oun t e r a c t  t he  effect of g e o m e t r i c  i r r e g u l a r i t i e s  
a p p e a r s  to be  a s soc ia t ed  w i t h  an  o v e r p o t e n t i a l  
r a p i d l y  i nc r e a s ing  w i t h  c u r r e n t  d e n s i t y  (11, 12). 
N e g a t i v e  c o m p l e x i n g  ions u s u a l l y  i nc rea se  t h e  o v e r -  
p o t e n t i a l  b y  t r a n s f o r m i n g  r e a d i l y  p l a t a b l e  ca t ions  
in to  less  r e a d i l y  p l a t a b l e  an ion  complexes .  Thus,  A g  
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plating solutions have been recommended based on 
fluoborate (13), rhodanide (14), thiosulfate (15), 
and iodide (16) complexes. The last appear espe- 
cially suitable for reversible light modulators. 

The mechanism by which Ag is plated from con- 
centrated iodide solutions cannot occur via the steps: 

AgI~---> Ag + + 2I- (I) 
followed by 

Ag § + e - ~  Ag (II)  

because the concentration of free Ag § ions in 5- 
10M iodide solutions cannot appreciably exceed 
10-~M (the solubility product of AgI being 8.5 x 
10-1~). Although the concentration of dissolved AgI 
molecules or AgI-H,O molecular complexes should 
be more appreciable in view of the ease of precipi- 
tation of AgI from 1M iodide solutions, it still cannot 
exceed 10-~M. Hence, the most likely mechanism 
must be of the form 

AgIp ~-~ q- e--~ Ag q- pI- (III)  

where p may be a value (17) between 2 and 4. The 
negatively charged AgIp ~-" species approaching the 
cathode must proceed under the influence of a con- 
centration gradient against the direction of the ap- 
plied electric field. Hence, for continuous plating at 
high current  densities, reaction (III)  should be dif- 
fusion-controlled, and the current  density io ap- 
proaches an asymptotic limiting value i,. with in- 
creasing overvoltage 

ir --: iL(  1 - -  e zFY/RT)  [6] 

where i~ depends mainly on the concentration of the 
platable complex and on the thickness of the station- 
ary layer of electrolyte adjacent to the cathode 
(12, 18). 

Reported polarization curves for a solution of 
0.01M AgI~- in 1M KI (11) with different stirring 
rates actually show the asymptotic variation of i~ 
predicted by Eq. [6]. A similar asymptotic behavior 
or plateau in the ir vs.  ~ plot appears likely with 
more concentrated solutions (e.g.,  3M AgI  in 7M 
NaI).  However, the plateau could hardly extend 
over a range of more than a few tenths of a volt 
before the occurrence of H~ evolution. Although the 
latter may not affect the uniformity of the plating, 
it would lower the current efficiency just the 
same. Thus, the use of a suitable plating solution and 
of an optimum plating rate may, at best, allow for 
geometric voltage drop irregularities amounting to 
no more than a few tenths of a volt. 
G e o m e t r i c  c o n s i d e r a t i o n s . - - I n  view of the expected 
limited effectiveness of even the best possible plating 
compositions, special attention must be given to the 
geometric requirements for uniform plating den- 
sities, as discussed in detail in a concurrent  paper 
(19). Of several possible cell geometries [cf. Figs. 1 
and 4 of ref. (19)],  those based on electrodes 
perpendicular to the cell walls are of pr imary in- 
terest because of the common availability of plate 
glass and the ease of aligning a large number  of 
parallel subelement bands to form a large, flat area 
of any desired dimensions. Thus, if b is the max al- 
lowable subelement width, as established by Eq. 
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(68)$ or (92)$ [ref. (19)],  ~ then for a rectangular 
area A of width w and length L, i.e. 

A = L w  [7] 

the required number  ns of subelements of length L 
and width b is 

m = w / b  [8] 
o r  

A = n,  b L  [8'] 

These obvious relations will be used extensively in 
the following section. 

D e p e n d e n c e  o f  cel l  r e s i s tance  and  r e q u i r e d  p la t i ng  
charge  on g e o m e t r y  and  con tac t  c o n n e c t i o n s . - - T h e  
resistance r, of any subelement of width b and 
length L is by definition 

rs = ( V o l - -  Vc, ) / Io  [9] 

where Vol and Vo2 are the potentials at the contacts 
C1 and C2, i.e. 

V~I = V,,~ (yl = b) [10] 

for both the mirror-symmetr ic  and l ine-symmetric 
electrode arrangement  [Eq. (71')$ and (88)$, re-  
spectively], 2 whereas 

Vo2 = V,,~ (y, = 0) [11] 

for the l ine-symmetric case [Eq. (72)$ and (64)$] 
o r ~  

Vo2 : V~,~(yx = b) [12] 

for mirror-symmetr ic  contacts [Eq. (89)$ and 
(85)$]. Hence, Eq. [9] to [11], (71')$, (72)$, (64)$, 
and (65) $ yield 

+ - -  coth (3,b/2) [13] 
r,~ : --L-- 2 3' 

for the l ine-symmetric case, which reduces to 

p~,b apo 
r,, ~ q- - -  [13'] 

2L bL 

for ~,b/2 < <  1, whereas Eq. [9] - [10] ,  [12], (85)$ 
and (65)$ yield 

2po, 
r,~ = coth (vb) [14] 

L 

for mirror symmetry, which reduces to 

r~m --~ a p , / b L  [14'] 
for ~b < <  1. 

For a uniformity ratio u better than 0.65, a must 
be greater than b V 2 k  for the l ine-symmetric case 
[cf. Eq. (68)$ and (82)$], and a ~- 2b~/k  for mirror  
symmetry  [Eq. (92)$]. Hence, Eq. (82)$ and [13'] 
yield 

pg,b 2kp,  pg,b 
+ - - ~  r~l ~ - -  [ 1 5 ]  

2L 5bL  L 

whereas Eq. (92)$ and [14'] lead to 

r~,,~ ~ 2p~, b / L  [16] 

Thus, the minimum practical value of r,, can be 
made half as small as that of r,,~, i.e., l ine-symmetric 
contacts are preferable to mirror-symmetr ic  ones 
where a minimum cell resistance is required (with 
fixed parameters b, L, and p,,) ,  whereas the mirror-  

2 T h e  s i g n  $ f o l l o w i n g  a n  e q u a t i o n  n u m b e r  d e n o t e s  a n  e q u a t i o n  
f r o m  re f .  (19).  
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symmetric arrangement  may be more useful where 
a large electrode spacing a >  2 k / 5  is desired [cf. 
Eq. (82) $]. 

For a cell made up of n~ subelements, the over-all  
resistance Ro and required plating charge Q will de- 
pend, of course, on whether  these subelements are 
connected in parallel or in series. For parallel con- 
nection 

R~ ~ r, /n~ [17] 
and 

where 
Q~ = n,q ,  [18] 

q~ = Asq~ [19] 

is the required plating charge per subelement of area 

A ,  = bL [20] 
i.e., 

Q~ = q~n~bL = q~A [21] 

For series connection, 

R~ = n=r, [22] 
and 

Q. = q. = q~ bL = q ~ 4 / n .  [23] 

The eight possible multiple-contact  arrangements 
are shown in Fig. 2. The parallel alternating connec- 
tions, 2 and 5, and nonalternating subelements in 
series, 4 and 8, appear least practical, especially the 
last two, which require twice as many sets of con- 
tacts (one for each subelement) as the other ar-  
rangements. On the other hand, the arrangement  
most easily achievable by far is that  of alternating 
subelements in series, 7, in which the adjacent con- 
tacts C~-C~_, C~+-C~_, etc., are parts of the conducting 
glass-surface strips. The following calculations will, 
therefore, be concerned mainly with arrangement  
7 (see also Fig. 3), and also, for purposes of c o m -  
parison, with the parallel connections 6 of Fig. 2. 

For both arrangements  6 and 7, the simplified ap- 
proximate relation [13'] will be assumed to apply. 
Hence, Eq. [17] together with Eq. [13'], [15], and 
[ 8 ] yield 

- | , ~ . '  ' / + 

r 
r _ ~ _ ~ ~  ..~ 

r ~ - §  

Fig. 2. Possible contact arrangements far a large-area light 
shatter, a, Subelements with mirror-symmetric contacts: 1, parallel 
symmetric connections; 2, parallel alternating connections; 3, 
series connections with alternating subelements; 4, series connec- 
tions with nonalternating subelements, b, Subelements with line- 
symmetric contacts: 5, parallel alternating connections; 6, parallel 
nonalternating connections; 7, alternating sabelements in series; 
8, nonalternating subelements in series. 

~-  ~NSULATING ~ASKET /~ 

.... lkl  ,\tl llil \\tl llll llll\i l /lllt\ l .... 

,~ r~e G~oovzsl 

Fig. 3. Detailed drawing of arrangement 7 of Fig. 2 

l ~ pg,b ap~ ] 
R~ = -  -b - -  ~ p~.b/ (nsL)  [24] 

n~ L-~-  bL  

o r  

Rp = [ap~ -~ 0.5pg,b~]/A ~ p~,b~/A [24'] 

for arrangement  6, while Eq. [22] yields 

[ p,.b a,~ ] ~  p , . n . b / L  [25] 
R" = ~" L - ~ - -  + b---Z-- 

o r  

w [ pg, ap~ ] 
R, = -E + ] pg,w/L [25'] 

for arrangement  7. 
If  the plating is to occur within a time r~ at a con- 

stant value of the current L, then the resulting en- 
ergy dissipation H is 

H = ~ I / R c  = Q~Rc/r~ [26] 

= [age + 0.Sb~p~,]q~dA/~ [26'] 
o r  

H ~ b~p~,q~A/r~ [26"] 

Equation [26'] can be derived either from Eq. [21] 
and [24] for the parallel arrangement  6, or from 
Eq. [23] and [25] for the series arrangement  7, 
which serves as a fair check of these relations. 

Although no savings in H result from the use of 
either arrangement  for fixed values of the param-  
eters in Eq. [26], much smaller values of b can be 
achieved in practice with the series arrangement  7 
than with 6, which, therefore, allows for lower over-  
all energy requirements. Besides greater ease of con- 
struction, the series arrangement  7 also reduces the 
over-al l  plating charge and current requirements 
(cf. Eq. [23] and [21]) ,  and allows for a better uni-  
formity of plating current distribution than the 
parallel connections 6. 

All these advantages appear to counterbalance 
for most applications any possible objections to alter- 
nate light-reflecting and absorbing strips and to 
the higher voltages required by arrangement  7 
(cf. Eqs. [17], and [21] through [23]) .  

Although the complete deterioration of a single 
subelement would render the series arrangement  in- 
operative, such a failure appears much less likely 
than those tending to result f rom any imbalance 
among subelements connected in parallel. 

Trans i en t  Ef]ects 

Pla t ing  speed l i m i t a t i o n s . - - A  major factor deter-  
mining the usefulness of the electroplating light 
shutter for a given application is its maximum 
achievable speed of operation. One basic speed limi- 
tation which can be considered immediately is that  
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arising from thermal effects. The temperature rise 
AT in the electrolyte due to the passage of a high 
current pulse must be less than 100~ if boiling is 
to be avoided. Hence, the energy H rapidly dissi- 
pated in the electrolyte has an allowable maximum 

H ~-- v~ho a T ~ , ,  ~-- 100 v~ (cal) 

----- 400 v~ (joul) [27] 

where v~ and h~ are the volume and heat capacity 
per unit volume of the electrolyte. But, according to 
Eq. [26'] 

H ~-- ap~q~A/~p = v~p~q~/Tp [28] 

Eq. [27] and [28] yield 

1/rp --~ 400/(poq:)  [29] 

i.e., the maximum satisfactory operating speed is an 
inverse square function of the plating charge den- 
sity or desired optical density change. Thus, for 
p, = 10 ohm-cm and q~ = O.1 coul /cm ~ (correspond- 
ing to an optical density change 3 of 3 to 4), Eq. [29] 
yields a minimum 7~ of 250 t~sec, whereas for q~ = 
0.02 coul /cm ~ (corresponding to ~ ~ 2/3) the mini- 
mum r~ is 10 t~sec. Hence, in order to achieve a high 
optical density change 8 of say 3 to 4 in 10 t~sec, it 
would be necessary to use 5 plating cells back- to-  
back, each yielding a low 6 of only 2/3. 

A more serious speed limitation, of a purely elec- 
trochemical nature, may be associated with the 
transition time (20) 

~'t,,N = ~ F ~ D c ~  / 4 i ~ [30] 

corresponding to the time of depletion of platable 
ions at the electrode-electrolyte interface on appli- 
cation of a constant current density i (in amp/cm~). 
Setting F----96,500 coul, and assuming a value of 
D ----- 1O -~ cm'/sec for the diffusion coefficient of the 
platable ions, one obtains 

~" . . . . .  ~ 2 X 10 ~ c ~ / i  ~ [30'] 

where cp is the concentration of platable ions in 
moles/cc. On the other hand, for maximum plating 
speed, 

i .... T ..... ~-- q~ [31] 
Hence, 

~-- q~ i~m,~/ ( 2 • 105C~ ~) 

~-- 2 • lO~c~/q~  [32] 

and the minimum plating time r becomes 

.... ~-- q~/ im~ ~ 5 X 10 -~ q~/C~ ~ [33] 

For c~ = 0.01 mole/cc (i .e. ,  a 10M solution of platable 
ions), Eq. [33] yields a r~,, of 500 tLsec for 
q,-~ 0.1 coul /cm ~, and ~.-----20 ttsec for q~ = 0.02 
coul /cm ", which is comparable with the thermal 
limitation given by Eq. [29]. However, the co- 
efficient of q~2 in Eq. [33] may va ry  drastically with 
electrolyte composition. Thus, for c~ ---- 0.004 mole/cc, 
which is the limit of solubility of AgI in iodide solu- 
tions, ~m,, as given in Eq. [33] becomes twelve times 
higher than that of Eq. [29]. However, the effective 
value of c~ need not necessarily be limited to that of 
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the ult imately plated cations, but may include that 
of all the cation species. Thus, for a solution contain- 
ing 4M AgI plus 8M NaI, the effective value of cv 
may be 0.012 mole/cc. The actual plating mechanism 
would then involve a very  rapid deposition of an 
Ag-Na  alloy, followed by a somewhat less rapid 
displacement of the Na by Ag (and, what  is less 
desirable, by H2 if the I-I~O § ion concentration of the 
solution or the rate of reduction of H20 is sufficiently 
high).  

It should also be noted that Eq. [30], [32], 
and [33] are based on the assumption of negligible 
electromigration of platable ions. In cases where 
most of the cationic species present are platable, the 
diffusion coefficient D of Eq. [30] should be replaced 
by an effective diffusion coefficient (18) 

D' = D / ( I - -  t+) [34] 

where t+ is the transport number of the cations. Thus, 
for t+---~ 0.5, the coefficient of Eq. [30] would be 
doubled, resulting in a reduction of ~m,~ by a factor 
of 2. Furthermore, at the plated electrode, t+ should 
approach unity as the catholyte becomes depleted,' 
which should cause D' to approach ~. All these con- 
siderations suggest that for maximum plating 
speeds: 

i. the concentration cp of platable ions should be 
as high as possible; 

ii. the concentration of H~O + ions should be kept 
as low as possible to avoid or minimize the formation 
of H~; and 

iii. if the solubility of the desired species to be 
plated is limited, as in the case of Agl in concen- 
trated alkali-metal iodide solutions, the initial plat- 
ing of alkali metal followed by its displacement by 
the metal to be plated (e.g., Ag) may allow for in- 
creased plating speeds, provided that H~ formation 
can be avoided. This last possibility may render Eq. 
[33] somewhat uncertain. Hence, the safest con- 
clusion is that Eq. [29] imposes a definite limitation 
on the rate of darkening of a single-layer shutter, 
whereas, Eq. [30] through [33] may impose a fur-  
ther limitation for some electrolyte solutions. Here 
again it must be emphasized that these limitations 
apply only to single-layer shutters. With several 
shutters placed back-to-back,  the limiting darken-  
ing speed will depend on the number  of allowable 
layers, depending on required open-state transmis- 
sion, maximum thickness, cost, etc. 

O t h e r  t r a n s i e n t  e f ] e c t s . - - C o m p a r e d  with the 
above-discussed speed limitations, most other effects 
are relatively unimportant.  The "rise time" (or time 
required for charging the electrode double layer 
capacitance before plating can occur) is usually 
much shorter than the transition time, and may be 
further  minimized, if need be, by peaking the ap- 
plied voltage or current at the start of the plating 
pulse. The resistivity of the plated surface may  de- 
crease on deposition of a sufficiently heavy metal 
layer, but  the resulting decrease in the over-al l  cell 

a W h e n  al l  t h e  c a t i ons  a r e  p l a t ab l e ,  c h a r g e  n e u t r a l i t y  r e q u i r e s  t h a t  
t h e  d e p l e t e d  c a t h o l y t e  l a y e r  c o n t a i n  a l ow c o n c e n t r a t i o n  of  b o t h  
c a t i o n s  a n d  a n i o n s .  T h e  l a t t e r  t h e n  d i f f u se  t o w a r d  t h e  c a t h o d e ,  
a g a i n s t  t h e  d i r e c t i o n  of  t h e  a p p l i e d  field.  H e n c e ,  as  t h e  c u r r e n t  be -  
c o m e s  i n c r e a s i n g l y  d i f f u s i o n - c o n t r o l l e d ,  i t  m u s t  b e  c a r r i e d  p r e d o m -  
i n a n t l y  b y  ca t ions ,  i .e.,  t+ m u s t  a p p r o a c h  u n i t y  n e a r  t h e  ca thode .  
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resistance could not exceed 30% according to Eq. 
[13] through [15], and would probably be com- 
pletely negligible (21) for the extremely thin layers 
(of 100A or less) to be deposited in most applica- 
tions. 

Finally, some inductance may be associated with 
the parallel contact arrangement  6 of Fig. 2, but  
should be entirely negligible in the preferred series 
arrangement  7 which happens to be somewhat  simi- 
lar to the "transposed-conductor" configuration used 
to minimize mutual  inductance between telephone 
lines. 

M e t h o d s  of  C lear ing  (or  U n p l a t i n g )  

The obvious method of removing a layer of plated 
metal  f rom a t ransparent  glass electrode, i.e., that  
involving application of an unplating current pulse, 
may  be satisfactory only in a limited number  of 
cases, e.g., in modulated light reflectors in which 
transmissivity is not important, or in small-area 
shutters with specially shaped or hidden counter-  
electrodes. In large-area shutters, however, such as 
those involving arrangements  1 through 8 of Fig. 2, 
an unplating current pulse at one transparent  glass 
electrode would ordinarily cause plating at the oppo- 
site glass electrode with no resulting improvement  in 
transmission. It, therefore, becomes necessary to in- 
troduce an oxidizing component Ox in the electrolyte 
which can participate in the reversible reactions: 

CA~OOE 

CO, 

~ X  0 

�9 tp= t o 

~ x  

b tp>Tp 

o 
~ x  

c i p ~ c o  
~oR ~ T A N T  ip 

,o<co 

Co, t ~  

o ~ x  
a t~ ~ r. 

c.. 1 c, 
X 

�9 tu~QO 

Fig. 4. Distribution of the Ox component at various stages of 
the plating-unplating cycle. 

Now, by Fick's laws 

~ox = --  D (OCoJOX) [35] 
and 

OCoJOt = D 0 ~ Co~/Ox ~ [36] 

and 

Ox -t- e- ~ Red- (IV) 

Ox -t- M ~ Red- -t- M + (V) 

where Red- is the reduced form of Ox, and M is the 
plated metal. For example, for AgI -NaI  solutions, 
the Ox component could be V2I~ (or IO, in basic 
solutions) so that reactions (IV) and (V) would 
take the form 

1 3 
- - I~-  + e - ~ - - I -  (IV') 
2 2 

and 

~ - I ~ - + 2 A g  -t- ~ ( 3 I - - t - A g  + )~AgI~  = (V') 

The Ox component (I,-) can, of course, be either 
added initially to the electrolyte or formed elec- 
trochemically via reaction (IV) or (IV') going from 
right to left. The following calculations will be con- 
cerned with the control of the concentrations 
Co.(X, tv) and Co~(X, t~) of the Ox component (in g- 
equivalents/cc) as a function of the distance x from 
the plated surface and of the respective times tp and 
t~ after the start of a given plating and unplating 
operation. 

The rate of reaction (V) or (V') may  be limited 
by chemical kinetics or by the rate of flow 

Jo~ (x-* 0, t) 

of the Ox component towards x = 0 (the plated 
electrode). 

For good initial plating efficiency and to maintain 
continued plating with minimal additional energy 
input, one should aim at minimal Cox (0, t~) and mini- 

---> 

mal Jo.(0, t~), whereas, for rapid clearing, high 
---> 

values of Co,(0, t~) and Jo~(0, t,) are desirable. The 
best way  of achieving these aims appears to be by 
electrochemical formation of Ox when clearing is 
desired, i.e., by  application of an unplating current 
pulse. Plating at the opposite electrode (x = a) 
could then be minimized by the reaction with the Ox 
formed at x = a during the preceding plating pulse, 
i.e., by maintaining a high co~(a, tp) and a high 
--> 

Jox(a, t~). The full plat ing-unplat ing cycle is shown 
qualitatively in Fig. 4a through e. In Fig. 4a, a highly 
concentrated layer of Ox + is formed within a rela- 
tively short plating pulse period r~. If c, is the solu- 
bility limit of Ox in the electrolyte, then the thick- 
ness of the initially formed layer x, of Ox-saturated 
electrolyte is given by the materials balance 

(c~ - -  c,)x. ,  = q J F  [37] 
o r  

x.~ = q ~ / [ F ( c , -  c,)  ] [37'] 
where 

c~ = Co.~(x, 0) [38] 

is the assumed (relatively low and) uniform initial 
Ox concentration. Hence, the initial boundary  condi- 
tions are 

Co~ (x, ~p) = c ~ f o r O < x ~ - - a - - x  [39] 

cox(x, rp) = c~ for a - -  x~ --~ x --~ a [40] 
and 

Cox(0, t~) = 0 for t~ ~--r~ [41] 
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the last  condi t ion [41] aris ing f r o m  an assumed 
rap id  occur rence  of react ion (V) at the p la ted  l ayer  
x = 0 .  

Since x~ < <  a, the  b o u n d a r y  condit ions can be 
rewri t ten ,  as fol lows 

co~(x, ~ )  : c, for  0 < x < a [39 ']  
and  
an amoun t  q ~ / # F  in jected at x ~ a and t~ = ~  [40']  
The solut ion to Eq. [36],  [41] ,  [39 ' ] ,  and [40 ']  i s : '  

Cox(X, t~') = 

( - -1)"  e -  (2n + 1) e~'~Dtp'/4a~ sin 
2q, 

z F a  ,:o 

e -  (2n  + l ) ~ 2 D t l " / 4 a ~  s i n  
+ 4 c ,  

�9 " n=o 

~ o  Fa  

-- (2n + 1)~r~Dt~ ' /4a  ~ s i n  

where  

For  
t p '  ~ tp  - -  Tp 

tp' ~ a V  4 D  
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Hence  
2D 

i~ = (q~ + F a c , )  [49] 
a ~ 

For  example,  for  D = 10 ~ cm~/sec, a -~ 2 x 10 -~ cm, qd 
= 0.02 c o u l / c m  2, and c, = 10 -~ mole /cc ,  one obtains  
i~ ~ 0.12 a m p / c m  '~. Under  condit ions whe re  a con-  
s tan t  cu r ren t  in (as g iven by  Eq. [49] )  is passed fol-  
lowing the  init ial  p la t ing  pulse, the  b o u n d a r y  condi-  
t ion [40']  mus t  be supp lemented  by  the  addi t ional  
c o n d i t i o n  tha t :  

(2n + 1)~x a cont inuous  in ject ion of Ox  occurs  at  x = a and 
2a t~ ~-- r~ at the ra te  i J F  

($_)  (2n + 1)~rx --  a ~ + ac~ [49 ']  

2a 
This, toge ther  wi th  the  condit ions leading to Eq. 

4c, ~ [42],  resul ts  in a solut ion of the  f o r m  
) 

~ [ ( 2 q ~ ( - - 1 )  ~ 4C, ) 
(2n + 1)~rx [42]  co~(x ,  t , ' )  = ~:~ F a  ~- --~r 

2a 

(2n + 1)21r~Dtp'/4a2 sin (2n -F 1)~rx 1 
e -  [43] 2a .1 

[ 4 4 ]  + - -  + a c ~  - -  
a a 

8e -(2n+l)2.~Dtp'/4a2 (2n + 1)~x ] [ 5 0 ]  
- -  (--1)"  (2n + 1 ) ~  ~ sin .:o 2a 

which  can be simplified unde r  condit ions [44] to 

+ - 1 - - - -  e - ~ ' m , ' / 4 a ' s i n ~  [50']  
n 2a 

which  finally reduces  for  t~ '~  ~ to 

2 (  q '  ) 
c o , ( x , ~ )  = - -  ~ + c ,  x [50"] 

a Fa  

as expec ted  f r o m  Eq. [46]  t h r o u g h  [48].  

Wi th  the help of Eq. [50"],  it becomes  re la t ive ly  
easy to es t imate  the  ra te  of c lear ing of the  l ight  
shu t te r  on appl icat ion of  a pulse  of cha rge  dens i ty  
q j ~  q~ in the reverse  (unp la t ing)  direction.  I t  is 
w o r t h  not ing first of all t ha t  the  ra te  of  c lear ing is 
lowest  if the unp la t ing  pulse is appl ied at t~' ~ ~ at 
which  t ime the  ave rage  d i sp lacement  o f  the  Ox 
part icles  f r o m  x = a is at  its m a x i m u m  (cf. Fig. 4b, 
c, and  d) .  Hence, the  m i n i m u m  clear ing ra te  can be 
obta ined  by  solving Eq. [36]  wi th  the  b o u n d a r y  
condit ions 

) co~(x, 0) = ~  + c ,  x f o r t ~ = 0  [50 '"]  
a 

and 
Co~(0, t~) = Co~(a, t~) = 0 for  t~ > 0 [51]  

the  la t ter  condi t ion p r e s u m a b l y  r ema in ing  val id  as 
long as the  p la ted  meta l  is p resen t  at both  electrodes 

e l .  r e f .  (22) p.  104 for our boundary conditions [41]  a n d  [49 ' ]  
s e t t i n g  a f o r  1, D f o r  K ,  a n d  t~ /T  f o r  Q i n  C anal J ' $  Eq. 43 (3 ) ,  

a simplified approx ima t ion  of Eq. [42] is obta ined  

cox(x ,  t~" ~ a ~ / 4 D )  

"~- . e - v ~ D t ~ / / 4 a 2  s i n - -  [42 ']  
~r 2a 

as shown schemat ica l ly  in Fig. 4b. Equat ions  [42']  
and  [35] give the  ra te  of spontaneous  unp la t ing  at 
x : 0  

-~ ~--_ [ ~rq~ 2c~ ] 
--Jox(0, t~' aV4D) --~ D k--~-a~ + - - ~  e - -  ~reDtp'/4a 2 

[45] 

As seen f r o m  Eq. [45],  the  ra te  of unp la t ing  de-  
creases r ap id ly  w i t h  t~' if the  initial p la t ing  pulse is 
not  fo l lowed by  an addi t ional  p la t ing  current .  

In  order  to ma in ta in  a desired opaci ty  for  an in-  
defini tely long per iod  (t~'-~ ~ ) ,  it is necessa ry  to 
ma in ta in  a cont inuous  p la t ing cu r ren t  dens i ty  i~ to 
coun te rba lance  the  effect of diffusion of Ox  toward  
x = 0. The requ i red  va lue  of i~ can be read i ly  ca lcu-  
la ted for  the  s t eady- s t a t e  condi t ion ( t~'-~ ~ )  for  
which  

Co~(X, ~ ) : ( ~ c o ~ / ~ x ) x  [46] 
and 

.__> 

ip : -- FJox ( x ,  ~ ) : F D  ( OCox/Ox) 
= F D ( h c o x / A x )  [47] 

By  a mater ia ls  balance,  one obtains  

ac. + ~ - co~dx 

: - - ~ x / x d x =  \ - ~ - - x / 2 -  [48] 

Cf. r e f .  (22) pp .  297-8  f o r  o u r  b o u n d a r y  c o n d i t i o n s  [41]  a n d  [40"] 
s e t t i n g  x '  = a / 2  in  C a n d  J'~ Eq.  w (2) ,  a n d  p.  83 f o r  b o u n d a r y  
conditions [41]  a n d  [39 ' ]  s e t t i n g  - - c .  f o r  V,  a f o r  l,  a n d  a -- x f o r  x 
in  C, a n d  j , ,  Eq .  w (2 ) ,  a n d  a d d i n g  + C~. 
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( x  --  0 and  x = a ) .  The  so lu t ion  to Eq. [36],  [50'"]  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

and  [51] is ~ 

n~rX 
e - n ~ 2 D t ~ / a ~ s i n ~  [52] 

a 

[52'] 

w h i c h  s impl i f ies  for  t~ ~-- a V  (~r~D ) to 

) Co.(X, t~) ~ ~ § c, e -~r2Dt~/a2 sin 
~r a 

T h e  ne t  f r a c t i o n  of m e t a l  r e m o v e d  at  a t i m e  t~ is ( b y  
m a t e r i a l s  b a l a n c e )  

f , ( t~)  = [a  c, q- ( q J F )  - -  f :  Co.(X, t , )  d x ] / ( q J F )  

[53] 

in to  [20] one ob t a in s  S u b s t i t u t i n g  Eq. [19 ] 

a c ~ F  
L( tD= 1 - ~ ~  

q~ 

w h i c h  s impl i f ies  for  t~ 

) [  ~ 8e-(2m+l)~r~Dt~/a~ ] 

1 --~:o (2m + l)~r ~ 
[54] 

a~/~r~D to 

i , ( t~)  ~ [ 1 - -  ( 8 / ~ )  e-~Dt~/a~](q~ + ac~ F ) / q d  [54 ' ]  

F o r  e x a m p l e ,  for  c, ----- 0, t he  d e g r e e  of u n p l a t i n g  is 
a p p r o x i m a t e l y  70% for  t ,  : a~/(~r2D), 91% for  t~ = 
2 a ~ / ( ~ D ) ,  and  97.3% for  t~ ~- 3a~/(~r~D). Hence ,  if t he  
in i t i a l  p l a t i n g  pu l se  y i e l d e d  an  op t i ca l  d e n s i t y  
change  $ b e t w e e n  3 and  4, the  r e v e r s e  pu l se  shou ld  
r e d u c e  ~ b y  97.3%, i.e., to  8 ~ 0.1 ( c o r r e s p o n d i n g  to  
90% of  t h e  o r i g i n a l  t r a n s m i s s i o n )  w i t h i n  a t i m e  
t ,  ~-- 3a~/~D.  Thus,  for  D ~ 10 -~ cm~/sec, n e a r l y  c o m -  
p l e t e  c l e a r i n g  shou ld  occur  w i t h i n  30 msec  fo r  a 
0.001 cm, w i t h i n  0.5 sec for  a = 0.004 cm, and  w i t h i n  
3 sec for  a ---- 0.01 cm. 

E q u a t i o n s  [52] t h r o u g h  [54 ' ]  a r e  b a s e d  on the  
b o u n d a r y  cond i t ions  [51] w h i c h  a r e  sa t is f ied on ly  as 
long as p l a t e d  m e t a l  is p r e s e n t  a t  bo th  e lec t rodes .  I t  
is, t he re fo re ,  n e c e s s a r y  to ca l cu l a t e  t he  v a l u e  of t he  
r e v e r s e  cha rge  d e n s i t y  q~' r e q u i r e d  to m a i n t a i n  th is  
cond i t ion  up  to t he  t i m e  t~ ~--3aVoiD w h e n  n e a r l y  
c o m p l e t e  c l e a r i n g  has  been  ach ieved .  F o l l o w i n g  in -  
t e g r a t i o n  of t he  t o t a l  f luxes  of O x  t o w a r d  x ---- 0 and  
x = a w i t h i n  t he  t ime  i n t e r v a l  b e t w e e n  t ;  ~ 0 and  
t~' ~ 3 a V i D ,  one can  m a k e  use of the  fo l lowing  m a -  
t e r i a l s  b a l a n c e  r e q u i r e m e n t s  a t  t h e  e l ec t rodes  x ~ a 
and  x ---- 0 

~ .  3 a 2 / ~ r ~ D  "-> , , q~'/F - -  fo Jo~(a, t ,  )dt~ [55] 
and  

Jo.(O, [56] ( q ~ - - q ~ ' ) / F  ~ _ _  f3a~/~D t~')dt ,;  

E q u a t i o n s  [55],  [35] ,  and  [52] y i e l d  

q j / F  ~- ~r ~ + a c ~  _ [ ( 1 - - e - 3 n ~ ) / n ~ ]  [57]  

w h i c h  s impl i f ies  to 

q j / F  ~-- ~r ~ + ac~ ( 1 / n  ~) 

o Cf. re f .  (22) pp .  76-89, Eel. 34 (10).  

O c t o b e r  1962 

[57'y 2 (  q~ ac,) - --~-+ 
3 

S i m i l a r l y ,  Eq. [56] ,  [35],  and  [52] y i e l d  

) (q. - q~')/F ~-- - 7  + ac~ 

~ [ ( - - 1 ) n - 1  ( 1 - - e - a n 2 ) / n  ~] [58] 
n=l 

w h i c h  s impl i f ies  to 

(q~ - -  q j ) / F  ~ ~ + ac, 
,If  

~:1 n 2 - -  3 T + a c ,  [ 5 8 ' ]  7 

Cond i t ions  [57']  and  [58']  a r e  sa t is f ied for  

c~ < <  qdlaF [59] 
and  

q:~-- (2 /3 )  q~ [60] 

It  shou ld  be no ted  t ha t  r e q u i r e m e n t  [60]  is based  
on the  b o u n d a r y  cond i t ion  [50 '"]  w h i c h  fo l lows  a 
s t e a d y - s t a t e  o p a q u e  s h u t t e r  cond i t ion  t r ' ~  o0. F o r  
t ;  < <  0% mos t  of  t he  Ox  c o m p o n e n t  is l oca t ed  n e a r  
t he  x = a e lec t rode ,  hence  q j  shou ld  p r e f e r a b l y  be  
h i g h e r  t h a n  ( 2 / 3 )  q,. F o r  e x a m p l e ,  for  t , ' =  O, a 
v a l u e  of q j - ~  q~ w o u l d  t h e o r e t i c a l l y  y i e l d  an  i n -  
s t a n t a n e o u s  c l e a r i n g  [ a s s u m i n g  no spu r ious  mix ing ,  
7, ~ 0 ~ z~, a n d  an  inf ini te  r a t e  cons t an t  for  r e a c t i o n  
(V)  ]. If, in l ieu  of cond i t ion  [50" ' ] ,  a s impl i f i ed  a p -  
p r o x i m a t i o n  of  Eq. [50']  b e  s a t i s f a c t o r y  for  t :  < <  oo 

2 q d [  1 21 x Co~ (x ,  O) -~--- ~ 1 -~- ~2 e-~,~Dt~'/4a - a-- for  t ,  ---- 0 

[50'"'] 
t h e n  cond i t ion  [60]  cou ld  be  r e p l a c e d  b y  

qJ /q~  -~ [2 ~- e-~Dtp'/4a~]/3 [60']  

E q u a t i o n  [60 ' ]  r e su l t s  in  o p t i m u m  q j / q ~  r a t i o s  of 
u n i t y  for  t~' ---- 0 and  of 2/3  for  t , ' -*  0% and  in n e a r l y  
o p t i m u m  ra t io s  for  i n t e r m e d i a t e  v a l u e s  of t ; .  

In  p rac t i ce ,  cond i t i on  [60 ' ]  can  be  r e a d i l y  me t ,  
e.g., b y  s u p p l y i n g  the  cha rge  q~' f rom two  capac i to r s ,  
one h a v i n g  a p e r m a n e n t  cha rge  Q ' - - 2 Q / 3 ,  and  
one  h a v i n g  an  in i t i a l  cha rge  Q " =  Q / 3  at  t ~ ' =  O, 
and  a p a r a l l e l  l e a k a g e  r e s i s t ance  R~ such t h a t  t he  
l e a k a g e  t ime  cons t an t  is 

~ = C~R~ -= 4a~/~r~D [61]  

w h e r e  C, is the  c a p a c i t a n c e  of t he  l e a k i n g  con-  
denser .  

Summary and Conclusions 
1. F o r  a m a x i m u m  d a r k e n i n g  efficiency or  r a t i o  

of 8/q~ over  t he  en t i r e  v i s ib l e  w a v e l e n g t h  reg ion ,  t he  
p l a t i n g  of Ag  f r o m  A g I  so lu t ions  a p p e a r s  mos t  s u i t -  
able .  

2. F o r  a m a x i m u m  p l a t i n g  speed,  t h e  c o n c e n t r a -  
t ion  of A g I  in  t h e  e l e c t r o l y t e  shou ld  be  as  h i g h  as  
poss ib l e  ( see  Eq. [ 33 ] ) .  The  h ighe s t  a c h i e v a b l e  A g I  

The summations 1/n ~ and Z ( -  1)~-:/n~ are 7r~/6 and 7r~/12, re- 
spectively [cf .  re f .  (23) ] .  
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c o n c e n t r a t i o n  in aqueous  so lu t ion  a p p e a r s  to be  t ha t  
of 150g A g I  to 180g NaI  and  100g H,O (24) c o r r e -  
s p o n d i n g  to  a v o l u m e  c o n c e n t r a t i o n  of a p p r o x i -  
m a t e l y  3.7M A g I  ( b a s e d  on an  a p p r o x i m a t e  specific 
g r a v i t y  v a l u e  of 2.47 g /cc ,  as m e a s u r e d  b y  t h e  a u -  
t h o r ) .  To avo id  a n y  p r e c i p i t a t i o n  due  to t e m p e r a t u r e  
f luc tua t ions ,  a s l i g h t l y  u n d e r s a t u r a t e d  so lu t ion  of 
3.0-3.5M A g I  in  6.9M NaI  is r e c o m m e n d e d .  

3. Ac id i f i ed  so lu t ions  m a y  t e n d  to evo lve  H,  a t  
h igh  p l a t i n g  speeds ,  w h e r e a s  a l k a l i n e  so lu t ions  w i l l  
conve r t  t he  l i g h t - a b s o r b i n g  L- ions in to  color less  
IO,- ions. Hence  n e u t r a l  so lu t ions  a p p e a r  to be  p r e f -  
e r a b l e  for  bes t  s h u t t e r  p e r f o r m a n c e .  

4. To ach ieve  u n i f o r m  p l a t i ng  ove r  a l a r g e  area ,  
the  mos t  p r a c t i c a l  g e o m e t r y  is t h a t  cons i s t ing  of a d -  
j acen t ,  n a r r o w - b a n d  s u b e l e m e n t s  d i sposed  as  in a r -  
r a n g e m e n t  6 or, p r e f e r a b l y ,  7 of Fig.  2, w i t h  t he  
spac ing  a b e t w e e n  t h e  e l ec t rodes  be ing  g r e a t e r  t h a n  
bV2k [Eq. (82)$]  or  t he  w i d t h  b of each  s u b e l e m e n t  
be ing  less t h a n  (2 ka) ~/~. On the  o t h e r  hand ,  fo r  fas t  
c l ea r ing  ra tes ,  t he  spac ing  a shou ld  be  as low as 
f eas ib l e  ( d e p e n d i n g  l a r g e l y  on a c h i e v a b l e  e l e c t r o d e  
su r face  f l a tness ) .  

5. The  m a x i m u m  o p e r a b l e  p l a t i n g  speed  is an  i n -  
v e r s e  s q u a r e  func t ion  of t he  p l a t i n g  cha rge  d e n s i t y  
q~ and  canno t  exceed  40/q~ ~ sec -* for  an  e l e c t r o l y t e  
r e s i s t i v i t y  of 10 o h m - c m  (cf. Eq. [ 29 ] ) .  H e n c e  to 
ach ieve  bo th  m a x i m u m  speed  and  a h igh  op t ica l  
d e n s i t y  change  i t  is n e c e s s a r y  to use  s e v e r a l  p l a t i n g  
cel ls  b a c k - t o - b a c k .  

6. To m a i n t a i n  a l a r g e - a r e a  s h u t t e r  in t h e  o p a q u e  
s t a t e  for  an  inde f in i t e ly  long  p e r i o d  of t i m e  and  y e t  
be  ab l e  to ach ieve  r a p i d  c l e a r i n g  w h e n  des i red ,  i t  is 
n e c e s s a r y  to m a i n t a i n  a con t inuous  p l a t i n g  c u r r e n t  
d e n s i t y  i~ as g iven  b y  Eq. [49] ,  and,  w h e n  des i red ,  
to a p p l y  an  u n p l a t i n g  cha rge  d e n s i t y  q;  as g iven  b y  
Eq. [60 '] .  The  t i m e  r e q u i r e d  to rev.ert  to 90% of t he  
o r ig ina l  t r a n s m i s s i o n  shou ld  t h e n  be  less t h a n  
3aV (trOD). 
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SYMBOLS 

a x -componen t  of the  dis tance be tween  the 
origins O1 and O2 

A total  area  of l ight  shut te r  
A8 area  of one-cel l  subelement  in a mul t ice l l  

shut te r  
b m a x i m u m  value  of y, yl, or y~ 
C1, C~, Cl§ C~_, C~+, cu r ren t  collecting contacts  
C, capaci tance of condenser  having  a pa ra l l e l  

C~ 

Cox 

Cn 
C~ 
d 
D 
D' 
fr(t~) 
F 
g', gl', g~' 
H 

h~ 

i 
L 

imax 
ip 

Ic 
L 
I, 

Jo~ 
k 
L 

M 
n 
n~ 

Ox 
P 
Q 
Qp 

leakage  resis tance R~ 
average  va lue  of Cox before  the  occurrence 
of p la t ing  
concentra t ion  of Ox component  in 
g -equ iva len t s / cc  
concentra t ion of p la tab le  ions in  moles /cc  
solubi l i ty  l imi t  of Ox in the  e lec t ro ly te  
densi ty  in g/cc  
diffusion coefficient 
effective diffusion coefficient 
f ract ion of p la ted  meta l  r emoved  at  t ime t,, 
F a r a d a y  or 96,500 coul. 
flat t r anspa ren t  (glass) e lectrodes 
energy diss ipated upon passage of p la t ing  
pulse 
heat  capaci ty  of the  e lec t ro ly te  per  uni t  
volume 
cur ren t  dens i ty  
cont inuous ca thode  cur ren t  dens i ty  
l imit ing continuous cur ren t  densi ty  
ma x imum al lowable  cur ren t  densi ty  
continuous p la t ing  cur ren t  dens i ty  r e -  
qui red to main ta in  a des i red  opaci ty  
cur ren t  at the collect ing contacts 
in tens i ty  of incident  l ight  
in tens i ty  of t r ansmi t t ed  l ight  

cur ren t  dens i ty  of Ox component  
pe/pg' 
length  of cell  in the  direct ion pe rpend ic -  
u lar  to Fig. 2 th rough  4. 
p la ted  meta l  
index  of re f rac t ion  
number  of subelements  in l a rge -a rea  
shut ter  
oxidizing component  in the  e lec t ro ly te  
number  of anions in a complex  ion 
ove r -a l l  r equ i red  p la t ing  charge 
va lue  of Q for a cell wi th  subelements  con-  
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q s  

q,~ 
q ~" 

qs 
Ta 
rsm 

rsl  
R 
Ro 
R~ 

R~ 

R~ 

Red- 
t+ 
t~ 
t ;  
t ,  

T 
Ve 
Vow, Vo~ 
V~,, V~,~ 
W 
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nected in para l l e l  W 
value  of Q for a cell  wi th  ser ies-connected x 
subelements  
p la t ing  charge dens i ty  in coul /cm 2 x, 
unp]at ing charge  dens i ty  y, 
p la t ing  charge  pe r  sube lement  
resis tance of a s ingle-cel l  sube lement  
resis tance of a m i r r o r - s y m m e t r i c  sub-  z 
e lement  
resis tance of a l i ne - symmet r i c  sube lement  -y 
gas constant  b 
over -a l l  cell  res is tance Aco~ 
resis tance connected in para l l e l  wi th  a aT 
capaci tance C, 
over -a / /  resistance of cell  hav ing  subele-  aTm.~ 
ments  connected in pa ra l l e l  a x  
over -a l l  res is tance of cell  wi th  ser ies -con-  
nected subelements  
reduced  form of Ox 0 
t r anspor t  number  of the  cat ions 
t ime af ter  the s tar t  of a p la t ing  pulse K 
t~-~p k 
t ime af te r  the s ta r t  of an unpla t ing  pulse  P~ 

absolute  t empe ra tu r e  P~" p~''' p~ '~ 
volume of e lec t ro ly te  Tmin  

potent ia ls  of contacts  C~, C2 Tp 
potent ia l  at  e lec t rode  g'~, g'2, respect ive ly  Tt .... 
to ta l  wid th  of l a rge -a r ea  l ight  shut te r  T. 

atomic weight  
distance along the direct ion para l l e l  to the  
cell wal ls  and the main  cur ren t  flow lines 
thickness of O x- sa tu r a t e d  e lec t ro ly te  l ayer  
dis tance along the di rect ion pe rpend icu la r  
to the  cell  wal ls  and the x -d i rec t ion  [cf. 
ref. (19)] 
oxidat ion  state of p la tab le  ions 
coefficient of l ight  absorpt ion  
constant  defined by  Eq. (59) of ref. (19) 
optical  dens i ty  change due to p la t ing  
increment  in Cox corresponding to Ax 
rise in t empe ra tu r e  due to high cur ren t  
pulse 
m a x i m u m  a l lowable  t empe ra tu r e  r ise 
inc rement  in x 
p la t ing cur ren t  efficiency 
electrode overpoten t ia l  
thickness of an electrodeposi ted,  l i gh t - ab -  
sorbing meta l  l aye r  
l ight  absorpt ion index 
l ight  wave leng th  
volume res is t iv i ty  of the  e lec t ro ly te  solu-  
t ion 
respect ive  surface res is t iv i t ies  of t r ans -  
pa ren t  conductors  g', g'~, g'~ 
min imum al lowable  p la t ing  t ime 
dura t ion  of p la t ing  pulse 
t rans i t ion  t ime 
dura t ion  of unp la t ing  pulse 

Geometric Requirements for Uniform Current Densities at Surface- 
Conductive Insulators or Resistive Electrodes 

Solomon Zaromb 1 
Research Division, Philco Corporation, Blue Bell, Pennsylvania 

ABSTRACT 

The condit ions for  p rac t ica l ly  un i form cur ren t  densi t ies  in the  presence of 
ohmic poten t ia l  drops along e lect rode surfaces a re  es tabl ished for  severa l  con-  
figurations.  Per fec t ly  uni form cur ren t  flow lines in the  e lec t ro ly te  can be ob-  
ta ined  wi th in  l imi ted  ranges, wi th  e lectrodes having  cyl indr ica l  surfaces t raced  
by  Eq. [9], or be closely approx ima ted  wi th  e lectrodes in the form of parabol ic  
cy l indr ica l  or parabolo id  segments  t raced  by  Eq. [ i l l  or [20] or [22]. Fo r  p r a c -  
t ica l ly  uni form cur ren t  densi t ies  at e i ther  curved or  flat electrodes,  the  areas  
must  be l imi ted  to na r row  bands, rings, or smal l  circles, as indica ted  in Fig. 2 
or  by  Eq. [38], [49], [68], or [92]. Fo r  ident ical  flat n a r r o w - b a n d  electrodes 
pe rpend icu la r  to the cell walls,  a m i r r o r - s y m m e t r i c  a r r angemen t  of ex te rna l  
cur ren t -co l lec t ing  contacts  is shown to requi re  a fourfold  la rger  m in imum elec-  
t rode  spacing than  a l i ne - symmet r i c  a r rangement .  

I n  t he  R e v e r s i b l e  E l e c t r o p l a t i n g  L i g h t  M o d u l a t o r  
( R E L M )  ( 1 - 3 ) ,  as w e l l  as in o t h e r  dev ices  or  e x -  
p e r i m e n t s  i n v o l v i n g  r eac t i ons  at  s e m i c o n d u c t i n g  or  
even  v e r y  th in  m e t a l l i c  e lec t rodes ,  t he  c u r r e n t  d e n -  
s i ty  d i s t r i b u t i o n  m a y  be  se r ious ly  af fec ted  b y  ohmic  
p o t e n t i a l  d rops  a long  the  e l e c t r o d e  surfaces .  The  
cond i t ions  for  m a i n t a i n i n g  e s s e n t i a l l y  u n i f o r m  c u r -  
r en t  dens i t i e s  in  sp i te  of n o n u n i f o r m  su r f ace  p o t e n -  
t i a l s  a r e  e s t a b l i s h e d  in  t h e  fo l l owing  sec t ions  for  
s e v e r a l  cel l  conf igura t ions .  

Case 1. Perfectly Uniform Parallel Current Flow Lines 
in the Electrolyte 

L e t  J ,  be  t h e  c u r r e n t  d e n s i t y  in t h e  e l e c t r o l y t e  
a long  the  x - d i r e c t i o n  p e r p e n d i c u l a r  to t he  su r f ace  
of a r e c t a n g u l a r  ( h i g h l y  c o n d u c t i n g )  m e t a l  e l e c t r o d e  
M. The  shape  of a s u r f a c e - c o n d u c t i v e  glass  e l ec t rode  

i :Present address: Research and Advanced Technology Depar t -  
ment ,  Electronic Systems and Products Division, Martin-Marietta 
Corporation, Baltimore, Maryland,  

g (Fig .  l a )  r e q u i r e d  fo r  J~ to be  u n i f o r m  w i l l  n o w  
be d e t e r m i n e d .  L e t  x and  y be  t he  h o r i z o n t a l  and  
v e r t i c a l  coo rd ina t e s  of a n y  p o i n t  P on the  c u r v e  sT 
def in ing  the  glass  sur face .  The  su r f ace  c u r r e n t  IT 
f lowing a long  the  g lass  su r face  t o w a r d  the  co l lec to r  
s t r ip  C (ou t s ide  t he  cel l )  is t h e n  g iven  b y  

I,=--- L f~ J~dy [1]  

w h e r e  L is the  l e n g t h  of  t h e  cei l  a long  t h e  d i r ec t ion  
p e r p e n d i c u l a r  to t he  p l a n e  of F ig .  l a .  The  d i f fe rence  
in p o t e n t i a l  b e t w e e n  po in t s  P l ( x ,  y )  and  P~(x + dx, 
y ~- dy) on the  c u r v e  s~ t h e n  be c ome s  

--dV~ = ( I J L ) p T  ds~ [2]  

:p~( f~J~dy)dsT  =pTJ~ydsT [2 ' ]  

w h e r e  p~ is the  su r f ace  r e s i s t i v i t y  of t he  glass.  On the  
o t h e r  hand ,  a s s u m i n g  no c h a n g e  in  o v e r v o l t a g e  b e -  
t w e e n  the  po in t s  P1 and  P~ (i.e., e s s e n t i a l l y  u n i f o r m  
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CELL WALL CU~RENTL~NE S FLOW I 

.mH~v c o ~ -  r / ts 
f ~ T I N G  ~s ~ - -  ] ~ / /  CONTACT* C 

u ~ ~r ~CONOUCTIN~ 

~LECTROOE, g 

. . . . . . .  

~L~CTROLYT~ 
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TWO TRANSeaRENT ECECT~OOES aRRaNG[O M ~ O R - - S Y M ~ T m C A C L y  

y 
, ,  a .~ 

O, 

c TWO TR~NSPaRENT ELECTRODES ARRANGEO pOINT OR LINE.$Y~METRr165 

Fig. 1. Plating cells with parallel current flaw lines in the 
electrolyte: (a) only one transparent electrode (b) two trans- 
parent electrodes arranged mirror-symmetrically (c) two transparent 
electrodes arranged point- or line-symmetrically. 

current density),  dV~ may be readily calculated by 
following a path through the electrolyte 

--dV~ = J~podx [3] 

where p~ is the resistivity of the electrolyte. Equa- 
tions [2'] and [3] yield 

d s J d x  = p J  (p~y) [4] 
but for any curve 

d s J d x  : [1 + ( d y / d x ) ~ ]  ~/~ [5] 
Hence, 

I _ _ _  [ 6 ]  
d x  p~ y~ p,~ 

= ( k  s -  y~)~'~/y [6'] 
where 

k = pe /pg  [ 7 ]  

Rewriting [6'] 

d x  = y d y / [ k  e - -  y2]~2 = _ d [ k  ~ _ y2]~/~ [8] 

one obtains 
x = k { 1 -  [ 1 -  ( y / k ) Z ]  '/~} [9] 

Equation [9] is plotted in Fig. 2. For 

y < <  k [10] 

one obtains by expansion 

x ~ y~ /2k  [11] 
and 

x < <  y [12] 

i.e., electrode g is almost parallel to M, and the ac- 
tual current  density on the glass surface 

i~ = J .  d y / d s ,  [13] 

which, according to Eq [4] and [8], is 

i~ -= J~[1 - -  ( y / k ) ~ ]  ~'~ [14] 

,o 

o9 

oe 

o7 

os 

y 
u o s  

o 4  

o 3  

o z  

o l  

o 

f / 

I/j 
/ 

UNIFORM WIT~N 
20 (oR ~ io-~) 

a%r z 4%) 

1t 1 t 
o l  oa 0 3  0 4  O5 Oe 0 7  

Fig. 2. Plat of Eq. [9] 

I 
o~ o9 

becomes approximately uniform for condition [10] 

i~ ~- J~ [15] 

As shown in Table I, Eq. [11] and [15] deviate from 
Eq. [9] and [14] by less than 10% for values of y / k  
up to 0.6 and 0.4, respectively. 

The range for which J~ can be constant is, there-  
fore, 0 ~- -y / k  ~- 1 according to Eq. [9], while the 
range of fairly uniform electrode current  density 
(Eq. [15]) is 0 ~ y / k ~ 0 . 4  for a uniformity of 8% 
(i.e., -----4%), and 0 < y / k  < 0.6 for a uniformity of 
20% (or_+10%). 

Similar calculations may be attempted for the 
cylindrical cell obtained by rotating Fig. la  around 
the x-axis. For this case, Eq. [1] must  be replaced 
by 

I~ = f J~2~rydy = 2~J~ f  y d y  [16] 

and Eq. [2] by 

p~I~ 
--dV~ ds~ 

2~r8~ 

= p~J, ( f y d y )  dsg/sg 

Combining Eq. [17'], [3], and [5], one obtains 

[17] 

[17'] 

pedx = p~ ( fydy)  ds~/s~ [18] 

[1 + (dy /dx)~] l /~dx  
= p ~ ( f y d y )  [18"] 

f [1  + (dy /dx )2] l /2dx  

Table I. Numerical comparisons of Eq. [9] ,  [11],  [14],  and [15] 

[ 1 4 ] / [ 1 5 ]  [9 ]  [11 ]  [ 9 ] - - [ 1 1 ]  

[ 9 I  

X y~ 

Y ~ /  __  k 2 k  s 
s x / k  1 -- x /  yZ/2k~ 
k2 x / k  

0.01 5 X 10 -~ 5 X 10 -~ 0 
0.1 0.995 5 X 10 ~ 5 • 10 -~ 0 
0.2 0.98 0.02 0.02 0 
0.3 0.954 0.046 0.045 0.02 
0.4 0.915 0.085 0.08 0.06 
0.5 0.864 0.136 0.125 0.08 
0.6 0.80 0.20 0.18 0.10 
0.8 0.60 0.40 0.32 0.20 
0.9 0.436 0.564 0.405 0.29 
0.95 0.320 0.68 0.449 0.30 
1.0 1.0 0.5 0.50 
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[1 + (dx/dy)~]~/~dy 
= p~ (~ydy )  [18"] 

f [1  + (dx /dy )2]~ / fdy  

There does not appear  to exist  an analy t ica l  solution 
to Eq. [18]; however,  the l imit ing case 

( d y / d x )  > >  1 [19] 
yields 

(po/p~)dx = k d x  ~ d(y~) /4  [20] 
o r  

x ~ y f / 4 k  [20'] 

Equations [19] and [20'] are  obviously equivalent  to 
those obta ined for the  rec tangu la r  cell, Eq. [15] and 
[11]. 

Another  approx imate  solution of Eq. [18] may  be 
obtained for a cell compris ing the annular  space be-  
tween two concentric cyl inders  of inner  radius  r~ 
and outer  radius  r2. Then, for the case 

( d y / d x )  < <  1 [21] 

Eq. [18'] yields 
x ~-- (y~ --  r ~ ) / 2 k  [22] 

which is val id  for 
y / k  > >  1 [23] 

The electrode current  densi ty  then becomes 

i~ ~ J ~ d y / d x  [24] 

( k / y ) J ~  [24'] 

which may  be fa i r ly  uni form if the m a x i m u m  radius  
r~ is not much la rger  than  r~. 

For  e i ther  of the  three  configurations discussed 
above ( rec tangular ,  circular,  and annu la r ) ,  the 
meta l  e lectrode M could be replaced  by  a second 
conducting glass e lectrode sat isfying one of the ap-  
p ropr ia te  Eq. [9], [11], [20'], or [22], as shown in 
Fig. l b  and lc. 

In Fig. lb ,  the  electrodes gl and g2 and thei r  cur -  
ren t  collectors C~ and C2 are  a r ranged  symmet r i ca l ly  
wi th  respect  to a cent ra l  p lane so tha t  the re la t ions 
be tween  the i r  m i r r o r - s y m m e t r i c  coordinates  are 

dy~ = dy~ and dx~ = dx2 [25] 

In Fig. lc, the symmet ry  is wi th  respect  to a centra l  
point  (or l ine perpendicu la r  to the drawing  in the 
rec tangula r  cel l)  so that  

d x ~ = - - d x ~  and d y ~ = - - d y ~  [26] 

Case 2. Flat Electrodes Causing a 
Minimal Nonuniformity in J~ 

The l ine - symmet r i c  a r r angemen t  is of special  in-  
teres t  for cells ut i l iz ing paral le l ,  flat, conducting 
glass electrodes,  as indica ted  by  the dot ted s t ra ight  
lines g'l and g'2 in Fig. lc. The fol lowing calculat ions 
wi l l  now show under  wha t  condit ions paral le l ,  flat, 
glass electrodes can yie ld  essent ia l ly  uni form plat ing.  

Considering first the r ec tangu la r  cell, let  the or i -  
gins of x~, y~ and xf, y2 correspond to tha t  of Eq. [19] 
or [11], and let  the spacing be tween  these origins be 
a and b along the x -  and y-di rec t ions ,  respect ively,  
as shown in Fig. lc. Then 

y ~ = b - - y ~  [ 27] 

and the total  spacing X be tween  g~ and g~ for any 
value  of y, is 

X ---- a + xl  + x2 [28] 

Apply ing  Eq. [9] to curves g~ and g~ and combining 
with  Eq. [27] and [28], one obtains 

X = a + k~{1--[1-- (yl /k~)2]  "~} 

+ kf{1 - - [1  - - ( y f / k~ )~]  ~/~} [29] 

= a + k ~ +  2--L ~ - - ~ J  

2 2__ bf ]~  - -  [ k :  -~ b w - -  Y~ [ 2 9 ' ]  

where  k~ ~and k~ are the values  of p~/p~ and  p~/p~2 cor-  
responding to the surface resis t ivi t ies  p~ and pg~ of 
electrodes g~ and gf. Where  condit ion [10] is sat is-  
fied, Eq. [29] may  be simplified to 

y ~ y f _  2y~b + b ~ 
X ~--- a + - ~  -~ 2k~ [30] 

Fur the rmore ,  for 
k ~ k f =  k [31] 

one obtains 
X--~ a + (2y~ ~ -  2y~b + b ~ ) / 2 k  [32] 

The ra te  of change of X 

y~ y ~ -  b 
d X / d y  ~ Jr - -  [33] 

k~ k.. 
wil l  be zero for 

bkl  
(y~) m,~ = .  [34] 

kl -t- k., 

resul t ing in a min imum spacing 

b ~ 
X~,~ ~ a + [35] 

2(k~ + k~) 

The m a x i m u m  spacing, on the other hand, corre-  
sponds to e i ther  y~ = 0 or y~ = b, depending on the 
rat io  of k~ to k~ 

b ~ 
Xm~ ~ a + - -  for k~ > k~ [36] 

2k2 

b 2 
a + - -  for k2 > k~ [36'] 

2k~ 

Hence, the m a x i m um  var ia t ion  in spacing is 

~)~ 79 2 
Xma~--X.,. [37]  

2kf(or k~) 2(k,  + kf) 

5 2 

--~ for kl = k2 [37'] 
4k 

If the curved electrodes gl and g~ in Fig. lc  are now 
replaced  by the paral le l ,  flat electrodes g'l and g'2 
separa ted  by  the distance a (equal  to the actual  
spacing for all  values of yl) ,  then the m a x i m u m  re -  
sul t ing nonuni formi ty  in J~ should be, in first ap-  
proximat ion,  (cf. Eq. [37])  

a ~- ( b V S k )  
u = (J . )  m~. / (JD m,o ~ [38]  

a -  ( b f / 8 k )  

i.e., the p la t ing  current  densi ty  should remain  es-  
sent ia l ly  uni form as long as b f / 4 k a  < <  1, and should 
devia te  f rom the average  by  a m a x i m u m  of --+25% 
for a ~ b V 2 k .  
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Equation [38] is based on the assumptions that 
(a) the potentials corresponding to any value of 
y are still approximately the same for the flat elec- 
trodes g'~ and g'~ as for the ideal electrodes g~ and g~; 
and (b) the current flow vectors J,  still remain es- 
sentially parallel and in the x-direction, i.e., that  the 
y components due to the deviation from the ideal 
geometry of Fig. lc are negligible. Hence, any local 
variations in J~ would be dependent mainly on the 
deviation of the local resistance or length of path 
through the electrolyte along the x-direction from 
the value required by Eq. [32]. 

In order for assumption (b) to be nearly true, the 
slope m = d x / d y  of the parallel plates g'~ and g'~ 
should equal the average slope of the curves g~ and 
g~. Hence, according to Eq. [ 11 ], the opt imum slope 

f o ( y / k ) d y  b [39] ] ( d x / d y ) d y  " 
7)%op t - -  

f d y  b 2k  

The same result can be obtained by setting 

x '  = m y  -5 e [40] 

as the equation of the line g', and 

x = y~ /2k  [11] 

as that of curve g, and minimizing the root -mean-  
square deviation: 

f~ ( x  --  x ' )  ~ dy  : minimum [41] 

Substituting Eq. [40] and [11], integrating the left- 
hand side, and setting the derivatives of the resulting 
integral with respect to m and to e equal to zero, 
one obtains 

e : - -b~ /12k  [42] 
and 

m o p t  = b / 2 k  [43] 
as in Eq. [39]. 
It may be noted that the optimum slope mo, t of Eq. 
[39] and [43] applies not only to the l ine-symmetric 
arrangement  discussed in connection with Eq. [26] 
through [38], but also to cells with only one t rans-  
parent  and one solid metal electrode, or with two 
mirror-symmetr ical ly  arranged transparent  con- 
ductors as in Fig. la  and lb, in which cells, however, 
the electrodes are not parallel. For cells with one 
solid metal electrode (Fig. la)  the total spacing be- 
comes 

X : a + ( y ~ / 2 k )  [44] 

Upon substitution of the curved electrode g by a flat 
electrode g' with the optimum slope of b / 2 k ,  the 
spacing X '  becomes 

X ' :  a -5 ( b y / 2 k )  [45] 
The deviation 

X ' - -  X : ( b y - -  y ~ ) / 2 k  [46] 

is maximum for 
b -- 2 y ~  = 0 [47] 

which yields 
( X ' - -  X ) , , ~  = b~/8k  [48] 

Since the minimum value of X ' - - X  is 0 for y ---- 0, 
the resulting nonuniformity ratio u using a similar 
reasoning as for Eq. [37] and [38] becomes 
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a -5 ( b V 1 6 k )  
u ----- [49] 

a - -  (b2/16k) 

SimilarLy, for a cell with mirror-symmetr ic  flat 
electrodes of slope b / 2 k ,  it is easy to show that the 
nonuniformity ratio u is also given by Eq. [38]. 

Case 3. Parallel, Flat, Transparent Electrodes 
A more general calculation can be made of 

the current-densi ty  distribution between two flat, 
t ransparent  conductors having any slope m. 
Let 

aV~, ----- (V~,l-- V~,~),l [50] 
and 

be the difference between the surface potentials and 
currents at the flat electrodes g'~ and g'~ for a given 
value of y ,  Then by Eq. [1], and the above assump- 
tion (b) (current  flow lines essentially parallel to 
J,)  one can write 

dI~,J dy~ : L J ,  : - -d Ig ,J  dy l  [52] 
and 

dAI '~/dyl  : 2LJ~ [53] 

Also, by Ohm's law, 

3, ---- --AV:,/(ap.) [54] 
and 

d h V g , / d y l  = (I~,~pg,,~- Ig,~o~,~) (1 -5 m~)' /~/L [55] 

(cf. also Eq. [2] and [5], which become for iden- 
tical electrodes (pg,1 = pg,: -~ p~,) 

daV~, ldy~ = pg,AI~,(1 -5 m~)~/~/L [55'] 

Equations [53] and [54] yield 

- -d~I~ , /dy l  : 2LAV~ , /  (ap,)  [56] 

Differentiating Eq. [55'] and [56] and cross-sub- 
stituting, one obtains 

d~AV~,/dy~ : 2AVe, (1 -5 m~)~/~p~,/ape : T~V~, [57] 

and 
d~AI~,/dy~ : V~z, Ig, [58] 

where 

T ~ :  2(1 -5 m~)~/~'~/(ap,)  = 2(1 -5 m~)~/~/(ak)  [59] 

If I~ is the total current at the external l ine-sym- 
metrically arranged contacts C~ and C~, then the 
boundary conditions are 

~I~, : Ig'~ = --Io for y~ : 0 [60] 

AI+, : I~'~ : L for y~ : b [61] 

and finally, by symmetry  

AI~, : 0 for y~ : b / 2  [62] 

The solution to Eq. [55'] through [62] is 

~I~, : L sinh [ T ( b / 2 - - y ~ ) ] / s i n h  (Tb/2) [63] 
and 

• : - -Ko cosh [T(b/2 -- y~) ] / s inh (Tb/2) [64] 

where 
Ko : T a p j J 2 L  = p~,L(1 -5 m~)'V(TL) [65] 

The minimum value of ]aVg,] corresponds to yl ----- b/2 
(cf. Eq. [55'] and [62]) 

IAV~,I~,, : - - K o / s i n h  (7b/2) [66] 
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while the maximum value, corresponding to y~----- 0 
or y~ ~ b, is 

I/,Y~,]~ = - - g ,  coth (~,b/2) [67] 

Hence, according to Eq. [54], [66], and [67] 

u = ( J ~ ) = ~ J ( J , ) m , ~ - ~  cosh (~,b/2) [68] 

For m ~ 0, the uniformity ratio exceeds 0.98 for 
~b ~ 0.4, or b ~ / 4 k a  ~- 0.02 (cf. Eq. [59]).  Similarly, 
u > 0.88 for ~/b ~ 1.0, and u ~ 0.65 for ~,b ~ 2.0 or 
a ~ b V 2 k ,  which agrees with the results of Eq. [38]. 

The currents Ig,~ and I,,=, and potentials VK,~ and 
Vg,2 at the two electrodes can now be obtained. From 
Eq. [1], [54], and [63] through [65] one obtains 

I,,~ = L J ,  d y  - -  A V ' g d y  [69] 
ap~ 

= ('L - -  ~ I ' ~ ) / 2  [ 6 9 " ]  

similarly, 
I~,~ = (L + ~t'~)/2 [70] 

Also, from Eq. [2], [5], [59], and [63] through [65] 

V~,~ = f dV~,~ = 

+ ma) i/~ f L d I~,,dy,  [71] 

= [AVe, - -  yKoy~ -~ 2Vo]/2 [71'] 

where the constant V~ depends on the chosen ref-" 
erence potential. Similarly, 

V ~ , ~ -  [ - - A V ~ , - - ~ , K o y ~ +  2 Vo]/2 [72] 

The variation of V~, , /Ko  and V , , J K o  with ~y, is 
shown in Fig. 3a for ~,b = 1.0. The dotted line in 
Fig. 3a gives the potential in the midplane between 
the two electrodes, which is 

(V~,I -t- V~,~) / 2  -~ --~,Koy~/2 [73] 

according to Eq. [71'] and [72]. 

~ - _  . ~ - .  / -  v = , . % . ~ , z =  . - y ~ z  

~ . _  - 

r - 

_1 I 
O I  0 2  0 9  i O  0 3  0 4  ~yq 0 5  0 6  O ?  ~ 8  

b MIRROR - SyMMETR~ CELL 

Fig. 3. Distribution of potential at the surfaces of flat trans- 
parent electrodes g'~ and g'2 (solid lines) and their midplane 
(dashed lines): (a) line-symmetric cell (b) mirror-symmetric cell. 

Now, in order to have no flow in the electrolyte 
along the yl-direction, the slope m of the electrodes 
g'l and g'2 and their midplane should be such that  

--poJ=dx = - - y K o d y l /  2 [74] 

(cf. Eq. [3] and [73]) or  

mopt ---- ~,Ko/ (2peJ=) [75] 

But the average value of J ,  is 

(J~)~, ---- I c / b L  [76] 
Hence, 

mopt = ~KobL /2pe Ic  [77] 

~-- b / 2 k  [77'] 

(cf. Eq. [65] and [7] which confirms the above-de-  
rived Eq. [39], and also the approximate validity of 
the above assumption (b) under condition [77']. 

Equation [73] also yields an estimate of the de- 
viation from assumption (b) in cases where the 
slope m differs from that of Eq. [77]. Especially, 
for m = 0 (i .e. ,  electrodes perpendicular to the x-  
direction), the perpendicular component of the cur- 
rent flow J,, in the central plane is by Ohm's law 
and Eq. [73] 

J~ ---- ~,Ko/(2pe) [78] 

= I o / ( 2 k L )  (cf. Eq. [7] and [65]) [78'] 

and by Eq. [76] and [77] 

J , / ( J ~ )  a, : b / 2 k  ~-- mo~  [79] 

which means that the use of a slope differing from 
mo~t is equivalent to the introduction of spurious 
edge effects at yl = 0 and y~ -~ b, resulting in dis- 
torted current flow lines, as shown in Fig. 4. To es- 
t imate the effect of these distortions on the current 
density distribution, one may calculate the respective 
spreading and compression of the flow lines at the 
lower and upper halves of electrode g'~. From Eq. 
[79] one obtains 

As~ ( a / 2 )  = b~ ( 2 k )  [80] 

Hence, the fractional spreading or compression of 
flow lines is of the order of 

~ s / ( b / 2 )  ~ a / ( 2 k )  [81] 

For the resulting nonuniformity to be below ~20%, 
it is necessary that a ~ 2 k / 5 .  But Eq. [68] requires 
that a ~ b V 2 k .  Hence, 

for m = 0, 2 k / 5  ~-- a ~ b ~ / 2 k  [82] 

~-c~ 
Fig. 4. Compression and spreading of current flow lines for m ~ 0 
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alg,=I~,~=Ig,~-----0 fory- - - -0  [83] 
and 

ads ,----21o f o r y ~ - b  [84] 

Equations [55'] through [59], together  wi th  [83] 
and [84], yield 

AVe.---- 2Ko cosh (Ty) / s inh  (Tb) [85] 

aI~, = 21o sinh ( y y ) / s i n h  (yb) [86] 

I~,1 ~ Ig,~ = aI~,/2 (by  symmet ry )  [87] 

v~,~ = (Ave,/2) + Vo [88] 

v~,~ = - ( a v ' ~ / 2 )  + Vo [89] 

as shown in Fig. 3b. Final ly ,  

]AV~. I ..... = - -  2Ko coth (yb) [90] 

laVe.[ .... = --  2Ko csch (wb) [91] 
and 

---- sech (wb) [92] 

For  m ---- 0, u ~ 0.89 for 7b ~ 0.5 or b~/4ka ~ 0.03 
(cf. Eq. [59]) ,  and u--~ 0.65 for  Tb ~ 1.0 or a--~ 
2 b V k .  Comparison of these resul ts  wi th  those of 
Eq. [68] shows tha t  the  m i r r o r - s y m m e t r i c  a r r ange -  
ment  wi th  flat electrodes perpendicu la r  to the cell 
walls  requires  a min imum electrode spacing 4 t imes 
la rger  than  the l i ne - symmet r i c  a r rangement  for the 
same electrode widths  b. 

Conclusions 
The problem of cur rent  d is t r ibut ion  may  be ex-  

t r emely  complex even for flat, paral le l ,  meta l l ic  
conductors (4, 5),  and becomes fu r the r  c o m p l i c a t e d  
by necessar i ly  uneven vol tage drops along the sur-  
face of poor ly  conducting electrodes,  as shown in 
the preceding calculations.  For  the  cell of Fig. la ,  
the requ i rement  for uniform, para l l e l  cur ren t  flow 
lines is that  the  conducting surface g be t raced  by 
the curve s defined by Eq. [9] or [11]. For  0 < y / k  

0.6, the p la t ing  un i formi ty  is then 20% (or ___ 
10%),  as shown in Table I and Fig. 2. 

The surface g m a y  be ei ther  a cyl indr ical  segment  
of length  L pe rpend icu la r  to the  p lane  of Fig. la ,  or 
a surface of revolut ion  obta ined by  revolving Fig. 
l a  a round the x-axis .  In the  la t te r  case, the curve 
s should approx imate  Eq [20']. Fa i r  p la t ing uni -  
fo rmi ty  can also occur in an annular  cell obta ined 
by revolving the curve of Eq. [22] provided  tha t  k 
~ rl ~ ro. ~ 1.5 r~. 

The above equations obviously remain  unchanged 
when the h ighly  conducting solid meta l  electrode 
M of Fig. l a  is replaced by  a second sur face-conduc-  
tor a r ranged  m i r r o r - s y m m e t r i c a l l y  as in Fig. l b  or 
cen te r -or  l i ne - symmet r i ca l l y  as in Fig. lc. 

On replacing the curved electrodes g, g~, g~ of 
Fig. 1 by flat sur face-conductors  a min imal  d is tor -  

tion in current  flow lines wil l  occur if the slope m 
of Eq. [40] satisfies Eq. [43]. The nonuni formi ty  
rat io  u of m a x i m u m - t o - m i n i m u m  pla t ing  current  
densi ty  is then given app rox ima te ly  by  Eq. [38] 
for the a r rangements  of Fig. l b  and lc. Hence, for 
a p la t ing un i formi ty  be t te r  than -- 20%, it is neces-  
sary  that  a ~-- b'-'/2k. Similar ly ,  for the a r r angemen t  
of Fig. la ,  the same un i formi ty  requires  a min imum 
spacing a ~-- b'~/4k(cf .  Eq. [49]) .  

A c learer  and more complete  analysis  of the  po-  
ten t ia l  and cur ren t  densi ty  dis t r ibut ions  at  the sur -  
faces of flat, t r ansparen t  conductors having any slope 
m is afforded by Fig. 3 (Eq. [50] through [92]) .  
For  m = 0 (electrodes perpendicu la r  to the cell  
wal ls ) ,  the  requi red  min imum spacing is again 
shown to be a ~-- b'~/2k for the l i ne - symmet r i c  cells 
(Eq. [68]) ,  but  four t imes larger,  a ~-- 2 b V k ,  for 
m i r r o r - s y m m e t r i c  cells (Eq. [92]) .  On the other  
hand, with large  electrode spacings, the l i n e - s y m -  
metr ic  cells may  be subject  to the distort ions in 
current  flow lines shown in Fig. 4. Hence, for sat is-  
fac tory  uniformity,  the spacing in such cells must  
be in the range  

b~/2k ~-- a ~-- 2 k / 5  [82] 

No such upper  l imit  appears  to exist  for the spacing 
of m i r r o r - s y m m e t r i c  electrodes,  but  a large  spac-  
ing is usual ly  not compat ible  wi th  high efficiency 
and operat ing speed (1, 2). 
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SYMBOLS 
a x-component of the distance between the 

origins O1 and O3 
b maximum value of y, y ,  or y~ 
C, C~, C~ current collecting contacts 
e intercept of planar  electrode on the x-axis  
g, g~, g2 surface-conductive glass electrodes with 

curved surfaces 
g', g'l, g'~, flat glass electrodes 
L current at the collecting contacts 
I~., I~,1, Ig,~ surface current along glass electrode g, g'~, 

g'~, respectively 
J ,  current density in the electrolyte in the 

x-d i rec t ion  
J~ current density in the electrolyte in the 

y-direction 
k, k~, k~ respective ratios p~/p~, p~/p~, p~/p~_ 
Ko constant defined by Eq. [65] 
L length of cell in the direction perpendic- 

ular  to the x-  and y-axes 
m (inverse) slope of planar electrode as per 

Eq. [40] 
moj, t value of m yielding a minimum distortion 

in the current flow lines 

In cases where  the a dimension may  have to be 
la rger  than  2k/5, the perpendicu la r  flow component  
J ,  may  be e l iminated  by using a m i r r o r - s y m m e t r i c  
electrode and contact  a r rangement .  The boundary  
conditions then become 
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M highly conducting solid metal  electrode and O~ of Fig. 1 along the x-direct ion 
O1 O~ origins of the respective coordinate sys- x '  x-coordinate  for p lanar  electrode g" 

tems xl-yl and x~-y~ in Fig. 1 y distance along the direction perpendicular  
P, P1, P~ points on electrode surface to the cell walls and the x-direct ion 
rl, r2 radii  of concentric cylinders confining an-  ym,x value of y corresponding to ma x imum 

nu la r  plat ing cell (X' -X)  
s, sg l ine and curve, respectively, defining the yl, y~ respective distances from the origins O1 

t ransparen t  conductor surfaces of Fig. 1 and O~ along the y-direct ion 
u ratio of max imum to minimum current  (yl) m,~ value of yl corresponding to X ~  

densities ~, constant defined by Eq. [59] 
V~, Vg,, V~,2 potential  at electrode g,g'l,g% respectively ~Ig, (Ig,~- Ig,2)y~ (cf. Eq. [51] ) 
X x~spacing between electrodes g~ and g2 ~s y-distance between y~ ~ b/2 and the mean  
X' x-spacing between electrodes g'l and g'~ current  density l ine at an electrode (Fig. 4) 
Xm ~, m in imum value of X ~V~. (V~.~ - -  V~,~)y~ (Eq. [50] ) 
X m a ~  max imum value of X p~ volume resist ivity of the electrolye solu- 
x distance along the direction parallel  to the tion 

cell walls and the main  current  flow lines p~, p~, p~.~, p~,, p~,~ respective surface resistivities of 
x~, x~ respective distances from the origins O, glass electrodes g, g~, g~, g'~, g'~ 

The Effect of Some Addition Agents on the Kinetics of Copper 
Electrodeposition from a Sulfate Solution 

II. Rotating Disk Electrode Experiments 

G. R. Johnson l and D. R, Turner 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The manne r  in which certain organic addition agents affect the crystal 
growth of copper electrodeposits was investigated with the aid of the rota t ing 
disk electrode technique. The results indicate that  thiourea and 1 (-)  cystine 
are cathodically reduced dur ing copper plating. It  is proposed that  thiourea and 
1 (-)  cystine, or their  reduction products, decompose to form sulfide ions which 
combine with cupric ions and precipitate as CuS on the cathode. Gelat in in-  
hibits pyramidal  crystal growth at low current  densities by adsorbing on the 
apex of the pyramids. Above a t ransi t ion current  density, cubic layer crystal 
growth predominates,  and much larger quanti t ies of gelatin are required to 
inhibi t  crystal growth. Glycine and dextr in  have little or no effect on the po- 
larization curve for copper plating. Therefore, the rotat ing disk electrode tech- 
nique was not useful in s tudying the mechanism whereby they act as addition 
agents. 

The  ro t a t ing  disk e lect rode t echn ique  was  e m-  
p loyed in  an  effort to ex t end  our  u n d e r s t a n d i n g  of 
the  behav io r  of var ious  add i t ion  agents  used in  the 
e lec t rop la t ing  of copper  f rom acid su l fa te  solutions.  
S t i r r ing  is one of the  more  difficult va r iab les  to 
control  in  s t u d y i n g  electrode processes. The ro t a t -  
ing disk e lect rode t echn ique  is one means  of v a r y -  
ing  the  ra t e  of s t i r r i ng  at an  electrode in  a con-  
t ro l led  and  rep roduc ib le  m a n n e r .  The t echn ique  
also enab les  one to separa te  the  diffusion cont ro l led  
c u r r e n t  f rom the  tota l  c u r r e n t  f lowing d u r i n g  the  
course of me t a l  e lectrodeposi t ion.  

Levich  (1) has shown  tha t  the  m a g n i t u d e  of a 
diffusion l imi t ed  c u r r e n t  at a ro ta ted  flat disk elec- 
t rode  is d i rec t ly  p ropor t iona l  to the square  root  of 
the  a n g u l a r  ro t a t i ona l  ve loc i ty  of the  disk. If  the re  
are two s imu l t aneous  electrode processes, one of 

which  is diffusion control led,  the  c u r r e n t  due to the  
diffusion cont ro l led  process m a y  be separa ted  f rom 
the  to ta l  c u r r e n t  u s ing  a me thod  descr ibed by  
P leskov  (2) .  The  tota l  c u r r e n t  at a cons t an t  elec-  
t rode  po ten t i a l  is p lot ted  aga ins t  the  square  root of 
the  disk a n g u l a r  ro t a t iona l  ve loci ty  and  the  s t ra igh t  

1 Present  address: Sprague Electric C o m p a n y ,  N o r t h  Adams,  Mass. 

l ine  is ex t rapo la ted  to zero a n g u l a r  velocity.  The 
o rd ina te  in te rcep t  yields  the  c u r r e n t  at  the cons tan t  
po ten t i a l  due to the  process which  is no t  diffusion 
control led.  If  this  is done at a series of e lectrode 
po ten t ia l s  over  the  r a nge  of in teres t ,  c u r r e n t - p o t e n -  
t ia l  da ta  are ob ta ined  for the  nond i f fus ion  cont ro l -  
led process. The  c u r r e n t - p o t e n t i a l  cu rve  for the  
diffusion controlled process is found  by  difference. 

The ro t a t ing  disk electrode t echn ique  was used 
in  this  s tudy  to r e - e v a l u a t e  the  effect of some 
organic  add i t ion  agents  on the k ine t ics  of copper 
e lec t rodeposi t ion  f rom a su l fa te  solut ion descr ibed 
in  an  ear l ie r  paper  (3) .  

Experimental 
The copper p l a t i ng  solut ion used in  this  s tudy  

was llV[ in  copper  sul fa te  and  1M in su l fur ic  acid. 
As repor ted  in  the ear l ie r  s tudy  (3) ,  the  solut ion 
was pur i f ied of su r face -ac t ive  m a t e r i a l  by  t r ea t -  
m e n t  wi th  Al~O~ fol lowed by  an  ac t iva ted  carbon  
t r ea tmen t .  

A cross-sect ion v iew of the cell used for these 
ro t a t i ng  disk s tudies  is shown  in  Fig. 1. W a t e r  f rom 
a the rmos ta t  set at 25.0~ was c i rcu la ted  th rough  
a w a t e r  j acke t  a r o u n d  the  cell. 
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O L  PLATED 
BRUSH CONTACT ~ HZ 

REFERENCE ~ - , ~ U ~ _ _  
ELECTRODE § 

TEFLO ill] ~IN COPPERPLATEO 
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ELECTROOEFR, ~'TE~ C,L, NOERS 
DLSC N 

Fig. 1. Cross-section view of rotating disk electrode cell 

Disk  e l ec t rodes  w i t h  an  e x p o s e d  a r e a  of 1 cm ~ 
w e r e  m a c h i n e d  f rom b r a s s  to  t he  shape  s h o w n  in 
Fig.  1. A 0.12 m m  t h i c k  p l a t i n u m  foi l  d i sk  was  a t -  
t a c h e d  to t he  b o t t o m  of t he  b ra s s  m a n d r e l  w i t h  l e a d -  
t in  solder .  The  p l a t i n u m  d i sk  was  in t u r n  p r e p l a t e d  
w i t h  coppe r  f r o m  t h e  pur i f i ed  so lu t ion  m e n t i o n e d  
ea r l i e r .  A l l  b u t  t he  b o t t o m  su r f ace  of t he  e l ec t rode  
was  m a s k e d  e i t he r  w i t h  a n e o p r e n e  coa t ing  p r e -  
p a r e d  b y  "Gaco ,"  or  w i t h  " A p i e x o n "  w a x  d i s so lved  
in  to luene .  Both  m a t e r i a l s  w e r e  s a t i s f a c t o r y  i n s u l a -  
tors .  

The  s imp le  d i sk  e l ec t rode  used  in th is  w o r k  has  
the  d i s a d v a n t a g e  in t ha t  the  c u r r e n t  d i s t r i b u t i o n  
for  coppe r  p l a t i n g  is n o n u n i f o r m  even  t h o u g h  c u r -  
r e n t  d i s t r i b u t i o n  for  a s i m u l t a n e o u s  d i f fus ion 
l i m i t e d  p rocess  is u n i f o r m  (1) .  A g u a r d  r i n g  a r o u n d  
the  d i sk  e l ec t rode  w o u l d  i m p r o v e  m e t a l  p l a t i n g  
c u r r e n t  d i s t r i bu t i on .  

The  e l ec t rode  was  m o u n t e d  close to t he  end  of 
t he  m o t o r  shaf t  by  m e a n s  of a shor t  g o l d - p l a t e d  
b rass  s l eeve  to m i n i m i z e  the  eccen t r i c  m o t i o n  of t he  
r o t a t i n g  disk.  A G e n e r a l  Rad io  V a r i a c  speed  con-  
t ro l  un i t  v a r i e d  the  speed  of the  d - c  m o t o r  and  a 
G e n e r a l  Rad io  S t r o b o t a c  m e a s u r e d  the  r o t a t i o n a l  
speed  in r e v o l u t i o n s  p e r  m i n u t e  ( r p m ) .  R o t a t i o n a l  
speeds  of 100, 400, 900, and  1600 r p m  w e r e  used  in  
these  s tud ies  s ince  t h e i r  s q u a r e  roo t s  w e r e  10, 20, 
30, a n d  40, r e spec t i ve ly .  This  s impl i f i ed  d a t a  p l o t -  
t ing  and  p r o v i d e d  u n i f o r m l y  spaced  points .  

E x p e r i m e n t s  w e r e  c a r r i e d  out  a t  cons t an t  c u r r e n t  
dens i t i e s  us ing  a r e g u l a t e d  p o w e r  supp ly .  Cel l  c u r -  
r e n t s  w e r e  m e a s u r e d  w i th  a S e n s i t i v e  R e s e a r c h  
m u l t i r a n g e  m i l l i a m m e t e r .  E l ec t r i c a l  con tac t  to t he  
r o t a t i n g  d i sk  was  m a d e  b y  m e a n s  of a g o l d - p l a t e d  
p h o s p h o r  b ronze  s p r i n g  p re s s ing  aga in s t  t he  g o l d -  
p l a t e d  s leeve.  

The  ca thode  p o t e n t i a l  was  m e a s u r e d  w i th  a M i l -  
l ivac  T y p e  17C v a c u u m  t u b e  v o l t m e t e r .  P u r e  coppe r  
p l a t e d  on a p l a t i n u m  w i r e  coi l  d i p p e d  in t he  a d d i -  
t i v e - f r e e  so lu t ion  was  used  as t he  r e f e r e n c e  e lec -  
t rode .  This  r e f e r e n c e  e l ec t rode  was  connec t ed  to  
t h e  m a i n  cel l  t h r o u g h  a s y p h o n  f i l led w i t h  ac id  
coppe r  so lu t ion  as shown  in Fig .  1. The  s y p h o n  had  
a long,  fine c a p i l l a r y  t ip  w h i c h  p r o j e c t e d  up  close to 
t he  c e n t e r  of the  r o t a t i n g  d i sk  e lec t rode .  This  a r -  
r a n g e m e n t  d id  no t  affect  t he  so lu t ion  flow p a t t e r n  
ove r  the  d i sk  e l ec t rode  s ign i f ican t ly .  

Fig. 2. Flow pattern on a rotating disk electrode 

The  flow p a t t e r n  of so lu t ion  ove r  t he  su r f ace  of 
a r o t a t i n g  d i s k  e l e c t r o d e  is i l l u s t r a t e d  in  Fig .  2. 
The  s p i r a l  p a t t e r n  was  o b t a i n e d  by  p l a t i n g  a h e a v y  
coppe r  depos i t  on a r o t a t i n g  d i s k  ( ~  0.12 m m  th i ck )  
f r o m  an  ac id  su l f a t e  b a t h  con t a in ing  1 x 10-' m o l e s /  
1 t h iou rea .  P l a t i n g  cond i t ions  and  the  a d d i t i o n  
agen t  p r o d u c e d  a r i d g e d  depos i t  w h i c h  o u t l i n e d  the  
flow of so lu t ion  ove r  t he  sur face .  The  s p i r a l  is a l -  
mos t  an  A r c h i m e d e s  sp i ra l ,  i.e., d i s p l a c e m e n t  a w a y  
f r o m  the  c e n t e r  is a lmos t  p r o p o r t i o n a l  to t he  a n g u -  
l a r  d i sp l acemen t .  A n o t h e r  i n t e r e s t i n g  f e a t u r e  is 
t h a t  t he  p a t t e r n  does  no t  c h a n g e  w i t h  r o t a t i o n a l  
speeds .  

A l l  of these  e x p e r i m e n t s  w e r e  c o n d u c t e d  us ing  
the  1M CuSO, + 1M H~SO, so lu t ion  d e s c r i b e d  
ea r l i e r .  O x y g e n - f r e e  h y d r o g e n  was  b u b b l e d  t h r o u g h  
the  e l e c t r o l y t e  con t inuous ly .  M e a s u r e m e n t s  w e r e  
m a d e  first  in e l e c t r o l y t e  f ree  of a d d i t i o n  agen t  and  
t h e n  w i t h  so lu t ions  con ta in ing  one of t he  fo l lowing  
a d d i t i v e s :  1.3 x 10-' moles /1  th iou rea ,  4.2 x 10 -~ 
moles /1  1( - - )  cys t ine ,  6.2 x 10 -6 moles /1  d e x t r i n ,  
1.3 x 10-' m o l e s / l  g lyc ine ,  and  0.010 g/1 ge la t in .  

Results and Discussion 
C a t h o d e  p o t e n t i a l - c u r r e n t  d e n s i t y  cu rves  w e r e  

o b t a i n e d  w i t h  a n d  w i t h o u t  t he  v a r i o u s  a d d i t i o n  
agen t s  in  t he  coppe r  p l a t i n g  so lu t ion  a t  t he  s e v e r a l  
r o t a t i o n a l  speeds  of the  d i sk  e lec t rode .  The  r e su l t s  
w e r e  s i m i l a r  to those  r e p o r t e d  in  a p r e v i o u s  p a p e r  
(3) ,  b u t  t h e y  di f fer  in  some  i m p o r t a n t  respects .  

In  t he  pur i f i ed  so lu t ion  w i t h o u t  a d d i t i o n  agent ,  
d i sk  r o t a t i o n a l  speeds  f r o m  100 to 1600 r p m  h a d  no 
effect on the  ca thode  p o t e n t i a l - c u r r e n t  d e n s i t y  r e -  
l a t i onsh ip  up  to 50 m a / c m  *. The  c u r v e  was  t h e  
s a m e  as t h a t  o b t a i n e d  us ing  a s p h e r i c a l  ca thode  
(3)  and  in  good a g r e e m e n t  w i t h  the  r e su l t s  of o the r  
i nves t i ga to r s  ( 4 -6 ) .  

Of the  five a d d i t i o n  agen t s  s tud ied ,  a l l  b u t  d e x -  
t r i n  h a d  an  effect on t h e  p o l a r i z a t i o n  curve ,  and  the  
r e su l t s  w e r e  s i m i l a r  to those  o b t a i n e d  in  t h e  e a r l i e r  
p a p e r  (3) .  S t i r r i ng ,  b y  m e a n s  of t he  r o t a t i n g  d i sk  
e lec t rode ,  gave  some v e r y  i n t e r e s t i n g  r e su l t s  w h i c h  
p r o v e d  h e l p f u l  in i n t e r p r e t i n g  these  and  o t h e r  d a t a  
in t e r m s  of a m e c h a n i s m  w h e r e b y  some a d d i t i o n  
agen t s  m o d i f y  c r y s t a l  g r o w t h  of e l ec t rodepos i t s .  
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Fig. 3. Effect of disk rotation speed on the cathode potential- 
current density curve in 1M CuSO~ -~ IM H=SO~ solution containing 
1.3 x 10 -~ M/L thiourea. 

The  c a t h o d e  p o t e n t i a l - c u r r e n t  d e n s i t y  cu rves  o b -  
t a i n e d  w i t h  1.3 x 10-' M / L  t h i o u r e a  as t he  a d d i t i v e  
a r e  s h o w n  in Fig.  3. W h e n  the  d i sk  r o t a t i o n  speed  
increases ,  t he  " s t ep"  in t he  c u r v e  is d i s p l a c e d  to -  
w a r d  h i g h e r  c u r r e n t  dens i t i e s  w i t h o u t  be ing  
c hanged  in fo rm.  The  d a t a  for  t he  E - -  log i c u r v e  a t  
400 r p m  w e r e  o b t a i n e d  on a d i f fe ren t  d a y  f r o m  the  
o t h e r  curves .  The  h i g h e r  p o l a r i z a t i o n  cu rve  for  400 
r p m  a b o v e  10 m a / c m  ~ was  an  a n o m a l y  and  was  no t  
r e p roduc ib l e .  This  r e su l t  i l l u s t r a t e s  t h e  diff icul t ies  
t h a t  a r e  e n c o u n t e r e d  occas iona l ly  in  t he  s t u d y  of  
a d d i t i o n  agents .  The  ca thode  p o t e n t i a l - c u r r e n t  
d e n s i t y  r e l a t i o n  at  t he  "s tep ,"  in  t he  u n s t i r r e d  con-  
d i t ion,  was  o b t a i n e d  b y  p l o t t i n g  i vs .  ( r p m )  ~]~ a t  
v a r i o u s  p o t e n t i a l s  in t he  " s t ep"  r e g i o n  a n d  e x t r a p o -  
l a t i ng  to zero  rpm.  T h e  r e su l t s  w i t h  t h i o u r e a  w i l l  
be d i scussed  a f t e r  t he  e x p e r i m e n t s  w i t h  1 ( - - )  cy s -  
t ine  a r e  desc r ibed .  

1 ( - - )  Cys t i ne  is s im i l a r  in c h e m i c a l  s t r u c t u r e  to 
bo th  t h i o u r e a  and  g lyc ine .  I t  has  an  exposed  s u l f u r  
g roup  l i ke  th iou rea ,  bu t  t he  a m i n e  g roup  is on the  
second c a r b o n  a t o m  a w a y  f r o m  the  su l fu r  g roup .  A 
c a r b o x y l  g r o u p  is a t t a c h e d  also to t he  second  c a r -  
bon  a t o m  so t h a t  t he  m o l e c u l e  is s i m i l a r  to g lyc ine  
(NH,~CH~COOH). As  an  a d d i t i o n  a g e n t  in  coppe r  
p l a t i n g  f rom ac id  su l f a t e  so lu t ions ,  1 ( - - )  cys t ine  
b e h a v e s  m o r e  l i ke  t h i o u r e a  t h a n  g lyc ine .  The  effect 
of  d i sk  r o t a t i o n a l  speed  on the  E - i  c u r v e s  in  a 
copper  p l a t i n g  so lu t ion  con t a in ing  4.2 x 10 + M / L  
1 ( - - )  cy s t i ne  is shown  in Fig .  4. T h e r e  is t he  s ame  
sh i f t  in  t h e  p o t e n t i a l  s t ep  b e t w e e n  0.1 and  1 m a /  

~160 

EXPERIMENTAL 
:E -140 
z_ o- I00 RPM . I  

o -  400  
u~ - t20 ~ -  900  

- I00 �9 -- 1600 
EXTRAPOLATE D 

oO -80  - - - 0  RPI4 I 

.~ - 6 0  

~ 2o 
O.0t O,I 1.0 I0 I00 

CURRENT DENSITY IN MA/CM 2 

Fig. 4. Effect of disk rotation speed on the cathode potential- 
current density curve in 1M CuSO~ -}- 1M H2S04 solution containing 
4.2 x 10 -~ M/L I ( - - )  cystine. 
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Fig. 5. Current density-(rotation speed) v~ relation between 5 and 
30 my cathode potential in 1M CuSO~ -I- 1M H~SO+ solution con- 
taining 4.2 x 10 ++ M/L I(m) cystine. 

cm ~ t o w a r d  h i g h e r  c u r r e n t  d e n s i t y  as  o b s e r v e d  in 
Fig .  3. A n  a d d i t i o n a l  effect was  o b s e r v e d  w i t h  
1 ( - - )  cys t ine .  A f t e r  a l l  t he  cu rves  p a s s e d  t h r o u g h  
a c o m m o n  po in t  a t  3 m a / c m  2, t h e y  a g a i n  sp l i t  in to  
s e p a r a t e  cu rves  at  h i g h e r  c u r r e n t  dens i t ies .  The  
s lope  of t he  cu rve  in t he  Ta fe l  r eg ion  ( l i n e a r  E 
log i )  dec reases  w i t h  i n c r e a s i n g  speed  of d i sk  r o t a -  
t ion.  

The  u n s t i r r e d  (0 r p m )  c a thode  p o t e n t i a l - c u r r e n t  
d e n s i t y  cu rve  was  o b t a i n e d  a b o v e  and  b e l o w  3 m a /  
cm ~ b y  p l o t t i n g  c u r r e n t  d e n s i t y  vs .  ( r p m )  ~/~ a t  a 
ser ies  of po t e n t i a l s  and  e x t r a p o l a t i n g  to zero  rpm.  
The  i n t e r c e p t  is t he  c u r r e n t  dens i ty ,  a t  a g iven  
e l e c t r o d e  po ten t i a l ,  of ca thod ic  p rocesses  wh ich  a r e  
no t  c on t ro l l e d  b y  the  mass  t r a n s f e r  of a r e a c t i n g  
spec ies  to the  ca thode  sur face .  The  m e t h o d  is i l -  
l u s t r a t e d  in  Fig .  5 for  t h e  l ow c u r r e n t  d e n s i t y  
reg ion .  A s im i l a r  p lo t  and  e x t r a p o l a t i o n  was  m a d e  
for  t h e  h igh  c u r r e n t  d e n s i t y  reg ion .  

I f  t he  r a t e  of an  e l e c t r o c h e m i c a l  p rocess  is d e t e r -  
m i n e d  by  the  mass  t r a n s f e r  of  the  r e a c t i n g  species,  
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Fig. 6. Curves of (current density)-t-(rotation speed) 1/2 at cathode 
potentials between 5 and 30 my in 1M CuS04 -t- 1M H~SO+ con- 
taining 4.2 x 10 -5 M/L I ( - - )  cystine. 
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then the limiting current density should approach 
infinity as the stirring rate becomes infinitely large. 
When the inverse of the experimental points in 
Fig. 5 are plotted, that is, (current density) -I vs. 
(disk rotational speed) -I/~, a series of curves is 
obtained as shown in Fig. 6. All the curves appear 
to extrapolate to, or close to, infinite current den- 
sity at infinite rotational speed. This result confirms 
the earlier assumption that the rate of the electrode 
reaction is determined by the mass transfer of the 
reacting species. Since the potential step does not 
occur wi thout  addi t ion agents, it  must  be concluded 
that  the react ing species is some form of or involves 
the addi t ion agent. 

The polar izat ion curves wi th  th iourea  or 1(--)  
cyst ine as the addi t ion agent,  Fig. 3 and 4, may  be 
considered to be the resul t  of two effects. Firs t ,  at  
the potent ia l  step be tween about  0 and 30 mv, the  
addi t ion agent  is e lec t ro ly t ica l ly  reduced,  wi th  the  
format ion of H,S; and second, cupric sulfide is p re -  
cipi tated at  very  low H=S concentrat ions ~ 1 x 10-" 
moles/1. The CuS in ter feres  wi th  normal  crys ta l  
growth;  thus the potent ia l  for  copper  deposit ion 
becomes more negat ive  than normal  (wi thout  add i -  
t ion agent ) .  Increasing the disk ro ta t ional  speed 
increases the supply  of addi t ion agent  to the elec-  
t rode and the current  increases. An a t t empt  to con- 
firm this mechanism by measur ing  the copper p la t -  
ing efficiency at various disk ro ta t iona l  speeds was 
only pa r t i a l l y  successful. The t r end  was to lower  
p la t ing efficiencies wi th  increasing disk speeds as 
i t  should be, but  a few of the resul ts  did not  fal l  
into the  pat tern .  

Above about  30 mv cathode potential ,  the cur-  
rent  densi ty  increases m a r k e d l y  wi th  a slight po-  
ten t ia l  rise. This is the potent ia l  region where  it is 
bel ieved control  of the  ra te  of copper deposit ion 
changes f rom a surface diffusion of adatoms to a 
charge t ransfe r  mechanism (4).  The t ransi t ion is 
also in the region where  the  c rys ta l  growth  habi t  
changes (3, 7). Wha teve r  the mechanism, it is evi-  
dent tha t  the re la t ive  inhibi t ing effect of both th io-  
urea and l ( - - )  cyst ine decreases in the vic ini ty  of 
30 inv. 

1(--) Cyst |he  has an unusual  effect on the po la r i -  
zation curves in the Tafel  region as shown in Fig. 
4. Increas ing disk rota t ion speed has a depolar iz ing 
eff4ct. The increase in cur ren t  dens i ty  is too grea t  
to be a t t r ibu ted  en t i re ly  to reduct ion of the add i -  
t ion agent.  One in te rp re ta t ion  is tha t  1(--)  cyst |he  
changes the r a t e -de t e rmin ing  step in the charge 
t ransfer  process for  copper  deposition. Mattsson 
and Bockris  (4) have presented  evidence which 
tends to suppor t  the suggestion tha t  copper deposi-  
t ion f rom purif ied acid sulfate solutions is a two 
step react ion 

Cu ++ + e--> Cu + [1] 
and 

C u  § + e---> Cu [2] 

wi th  react ion [1] being ra te  determining.  I f  l ( - - )  
cystine causes react ion [2] to be the slow step, 
s t i r r ing by  means  of the ro ta t ing  disk electrode wil l  
sweep away  some cuprous ions before  they  can be 
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Fig. 7. Effect of disk rotation speed on the cathode potential- 
current density curve in 1M CuS04 -I- 1M H2S04 solution containing 
|.3 x 10 -~ M/L  glycine. 

cathodical ly  reduced.  The potent ia l  of the electrode 
is de te rmined  by  the cuprous ion concentrat ion at  
the electrode. Therefore,  at  a given cur ren t  density,  
when s t i r r ing  reduces the cuprous ion concent ra-  
t ion at the electrode, the electrode potent ia l  be-  
comes less negative.  

One of the reviewers  of this paper  has suggested 
tha t  some s tudy of the effects of t empera tu re  va r i a -  
t ion on E --  log i curves might  lead to a be t te r  
unders tanding  of the react ion processes, pa r t i cu -  
l a r ly  wi th  1(--)  cyst |he,  where  a change in the 
charge t ransfer  r a t e -de t e rmin ing  react ion is p ro-  
posed. 

Glycine affects the polar izat ion curve for copper 
p la t ing only in the region be tween 0.1 to 1.0 m a /  
cml  The effect of disk ro ta t ional  speed on the po-  
lar iza t ion curve is shown in Fig. 7. The potent ia l  
step at low current  densit ies is shif ted toward  
higher  cur rent  densit ies wi th  increas ing rota t ion 
speed as it  is wi th  th iourea  and 1(--)  cystine. The 
results  do not appear  to contr ibute  to our unde r -  
standing of how glycine in an acid copper sulfate 
plating solution improves the microdistribution of 
plated copper. 

In the previous paper (3), it was noted that gela- 
tin produced a large polarization effect in copper 
plating in the low current density region, and that 
there was a sharp break in the E -- log i curve at 
about 3 ma/cm 2. On decreasing the current, a hys- 
teresis was always observed. These results were 
duplicated with a rotating disk electrode except for 
the hysteresis effect which was absent, i.e., ascend- 
ing and descending curves were identical. The ro- 
tational speed of the disk electrode affects the E -- 
log i curve only beyond the break point as shown 
in Fig. 8; and the slope of the curve in this region 
decreases with increasing rotation speed. If the in- 
verse of the slope, (AE/AIog i) -I, is plotted against 
disk rotation speed and the data are extrapolated 
to 0 rpm, the slope appears to become infinite as 
illustrated in curve i. The horizontal line, curve 2, 
for infinite rotation speed was obtained by extrap- 
olating a plot of AE/Alog i vs. (rpm) -I. Zero rpm 
and infinite rpm correspond to the completely un- 
stirred and infinitely stirred conditions, respec- 
tively. Both conditions are impossible to achieve 
experimentally but the information is important in 
understanding the behavior of gelatin as an addi- 
tion agent. 
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Fig. 8. Effect of disk rotation speed on the cathode potential- 
current density curve in 1 M  CuSO,  - t -  H~SO~ solution containing 
0.010 g/I gelatin. 

These resul ts  for gela t in  using the ro ta t ing disk 
electrode support  the mechanism proposed in the 
ear l ie r  paper  (3).  In the low cur ren t  densi ty  region, 
the E --  log i resul ts  c lear ly  indicate  a lack of de-  
pendence on the cathode angular  ro ta t iona l  speed. 
This is in t e rp re ted  to mean that  even at  the lowest  
s t i r r ing ra te  ( ro ta t ional  speed) employed,  sufficient 
quant i t ies  of gela t in  are provided  to in ter fere  wi th  
the normal  crys ta l  growth  on the cathode. On a 
(100) or iented face, the crys ta l  growth  is p y r a -  
mida l  below the t rans i t ion  current  densi ty  (--2 
ma/cm~),  and re la t ive ly  small  amounts  of gelat in  
are needed to block crys ta l  growth.  Above the 
t rans i t ion  cur ren t  density,  it  has been shown tha t  
cubic l a y e r - t y p e  growth of the copper deposit  p r e -  
dominates  on the (100) face (3).  With  this growth 
pa t t e rn  one would expect  tha t  a much grea ter  
amount  of gelat in would be requi red  to in ter fere  
wi th  the l a te ra l  extensions of the steps genera ted  
f rom the or iginal  p y r a m i d  sides. The exper imenta l  
resul ts  in Fig. 8 beyond the t rans i t ion  current  den-  
s i ty are in agreement  wi th  the previous  suggestion. 
At  zero rpm, the ex t rapo la ted  E --  log i curve drops 
almost  ver t i ca l ly  because the amount  of gelat in  
avai lab le  to inhibi t  c rys ta l  growth  is ve ry  small  as 
compared  to the amount  requi red  for  complete  in-  
hibition. S t i r r ing  by  disk ro ta t ion mechanica l ly  
conveys gela t in  up to the cathode and the amount  
increases wi th  ro ta t ion  speed. Thus the negat ive  
slope of the polar izat ion curve beyond the t r ans i -  
tion point  decreases wi th  increased disk rota t ion 
speed. The hor izonta l  E - -  log i curve for infinite 
s t i r r ing may  be in te rp re ted  to mean tha t  the m a x i -  
mum inhib i t ing  effect of gela t in  in copper p la t ing  
is never  grea te r  than tha t  observed at the t r ans i -  
t ion cur ren t  density.  The cathode potent ia l  in-  
creases again  in Fig. 8 above 10 m a / c m  * when the 
ra te  of copper p la t ing  becomes l imi ted  by  the 
charge t rans fe r  process. 

I t  was observed in the ear l ier  s tudy (3),  tha t  up 
to 0.1 g/1 dex t r in  had  no effect on the  cathodic 
polar izat ion curve for  copper plat ing.  This resul t  
was confirmed with  the  ro ta t ing  disk electrode.  I t  
was also found tha t  va r iab le  s t i r r ing ra tes  did not 
change the result ,  as demons t ra ted  in Fig. 9. The 
Tafel  slope, b, and exchange cur ren t  density,  io, 
were  ident ical  to the  values  obtained in add i t ive -  
free solutions. 
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Fig. 9. Effect of disk rotation speed on the cathode potential- 
current density curve in 1M CuSO~ ~ 1M H=SO4 solution contain- 
ing 6.2 x 10 -~ moles/I dextrin. 

Summary and Conclusions 
Struc tura l ly ,  1(--)  cyst ine is s imilar  to both th io-  

urea  and glycine but,  as an addi t ion agent  in acid 
sulfate copper p la t ing solutions, it  behaves  more 
l ike th iourea  than  glycine. The polar izat ion curves 
for copper p la t ing  with  th iourea  and 1 ( - - )  cyst ine 
as addi t ion agents are in te rp re ted  to mean  tha t  the 
addi t ive  is e lec t ro ly t ica l ly  reduced wi th  the forma-  
t ion of H~S and subsequent  prec ip i ta t ion  at  the  in-  
terface of CuS which is incorpora ted  into the de-  
posit. Copper sulfide m a r k e d l y  increases the copper 
electrodeposi t ion potent ia l  at a given current  den-  
si ty when crys ta l  growth  is pyramida l ,  but  not 
when it becomes laminar .  S t i r r ing  has a depolar iz-  
ing effect above 3 m a / c m  ~ with  1(--)  cystine. One 
in te rpre ta t ion  is tha t  1(--)  cyst ine changes the  
r a t e -de t e rmin ing  step in the charge t ransfe r  pro-  
cess for copper plat ing.  

Gela t in  inhibi ts  p y r a m i d a l  c rys ta l  growth  during 
copper p la t ing  at low current  densit ies by  adsorb-  
ing on the apex of the  pyramids .  Above the t r ans i -  
t ion current  density,  gela t in  must  be suppl ied in 
much la rger  quant i t ies  to in ter fere  effectively with 
cubic l ayer  type  growth.  

Glycine  and dex t r in  in acid copper p la t ing  solu-  
tions have l i t t le  or no effect on the polar izat ion 
curve for copper plat ing.  Therefore,  the ro ta t ing 
disk e lect rode technique was not useful  in s tudying 
the mechanism w he r e by  they  act  as addi t ion agents. 
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ABSTRACT 

Electrophoretic deposition is shown to be a useful coating method for the 
deposition of metal, oxide, and carbide coats on metal or graphite. The t ime- 
current-voltage relationship on the rate of deposition is discussed, and factors 
important  to preparation of suitable plating suspensions and to the formation 
of adherent deposits, with and without binders, are described. The method has 
been applied to the plating of coats of B, Dy, Zr, Au, Nb, Mo, W, Re, Nb~Sn, 
ZrH2, ThC, UC, NpC, PuC, (ZrU)C, UWC~, UO~, UMoC~, Ta~O~, and both W-UO2 
and Mo-UO~ composites. 

The phenomenon of electrophoresis  has been ob- 
served and inves t iga ted  for at least  150 years ,  but  
only ve ry  l imi ted  use has been made of e lect ro-  
phoresis  as a method of apply ing  coatings to ma-  
terials.  Yet electrophoresis  offers a very  genera l  
and useful  method of coating conducting mater ia l s  
such as meta ls  and graphi te  wi th  a wide va r i e ty  of 
conductors and nonconductors.  

The s tab i l i ty  of a p la t ing suspension has been 
expla ined  in te rms of an electr ical  l ayer  (1-10) .  
Various theories on the format ion  of an adheren t  
deposit  have been advanced (11-16);  however ,  this 
fea ture  of electrodeposi t ion is the least  understood 
and the most difficult to control. 

This paper  describes ways of p repa r ing  s table  
p la t ing suspensions, and lists the impor tan t  p a r a m -  
eters for p la t ing  by e lec t rophoret ic  deposition. 

Experimental Procedure 
Selection and purification of the suspension me-  

dium.--Polar organic l iquids are  most commonly 
used as suspension media  for e lectrophoret ic  depo-  
sition since s table suspensions can be formed in 
these liquids, and the low electr ical  conduct ivi ty  of 
these l iquids minimizes electrolysis  of the l iquid 
and a t t endan t  gassing at the electrodes.  The l iquids 
used in this  invest igat ion were  isopropyl  alcohol 
( IPA)  and ni t romethane.  These were  selected on 
the basis of thei r  p roved  u t i l i ty  as suspension media  
as shown by the impor t an t  appl icat ions  of e lec t ro-  
phoret ic  deposi t ion developed by  Reichard  et al. 
(17). 

The IPA (Bakers  Analyzed  Reagent  Grade)  was 
un t rea ted  before use. The n i t romethane  (Eas tman 
Kodak ' s  No. 189) was dr ied by shaking for a few 
minutes  wi th  calcium sulfate  (Dr ier i te )  and was 
then fi l tered through a "fine" f r i t t ed  glass filter be-  
fore use. The dry ing  procedure  also appeared  to 
remove ionic impur i t ies  f rom the n i t romethane.  

Comminut ion o] powders . - -The  suspensions used 
for e lectrophoret ic  deposit ion usual ly  had a pa r -  
t icle size rang ing  f rom 1-20~. This range of par t ic le  
size was chosen because colloidal  size par t ic les  gave 
low pla t ing  rates, and par t ic les  coarser  than  25~ 
led to uneven deposits. The op t imum size was 
found to be about 6t~, and gr inding t imes were  se-  

lected to give a large  fract ion of the powder  close 
to this size. 

Al l  powders  were  comminuted by j a r  mil l ing in 
IPA. The niobium suspensions were  p repa red  by 
mi l l ing  --325 mesh Fans tee l  Meta l lurgica l  Corpora-  
t ion n iobium for 8 to 12 hr  wi th  steel bal ls  and jars .  
Suspensions of other  mater ia l s  were  mil led for 1 to 
1O hr  in Teflon or po lye thy lene  containers  wi th  
tungsten rods or tungsten carbide  balls.  The la t te r  
powders  were  separa ted  by  centr i fugat ion,  resus-  
pended  in IPA severa l  times, then  resuspended 
severa l  t imes in dr ied n i t romethane  to remove the 
IPA. Final ly ,  the desired par t ic le  size range  was 
obtained by e lu t r ia t ion  of the suspension in a ve r -  
t ical  column of the solvent.  A haemocytomete r  was 
used occasionally to confirm the par t ic le  size. 

Use of addi t ives . - -Early  in the invest igat ion of 
Nb suspensions in IPA, it was observed tha t  some 
suspensions gave adheren t  e lectrophoret ic  deposits, 
others gave only a pa r t i a l ly  adheren t  deposit,  and 
many  gave no deposit,  all  under  the same p la t ing  
conditions. The suspensions all  had approx ima te ly  
the same sedimenta t ion  t ime and exhib i ted  s imilar  
e lectrophoret ic  migra t ion  velocities as de te rmined  
in a s t ra ight  tube  cell. 

By the use of addit ives,  suspensions could be 
made to form an adheren t  deposit.  Of the addi t ives  
inves t iga ted  ( ammonium and sodium hydroxides ,  
hydrochloric ,  ni t r ic  and citric acids) ,  a di lute  solu-  
t ion of ammonium hydrox ide  was found to be the 
most  effective. The ammonium hydrox ide  was 
added as a 0.15M solution p repa red  f rom concen- 
t r a ted  aqueous ammonium hydrox ide  and IPA. The 
small  amount  of wa te r  added in this way  was 
shown to be wi thout  effect. The amount  of addi t ive  
requi red  is discussed later .  

The use of zein, a corn protein,  as an addi t ive  
was first r epor ted  by Reichard et ah (17). It is an 
excel lent  binder,  and deposits containing zein ex-  
hibi t  a "green s t rength"  such tha t  mechanical  
scraping is requi red  to remove them from the sub-  
strate.  However ,  i t  was not  used in the N b - I P A  
suspensions since it caused immedia te  flocculation. 
I t  was added to the n i t romethane  suspensions as a 
60-40 vol % I P A - n i t r o m e t h a n e  solution containing 
10 mg zein/cc.  Al though some suspensoids deposi ted 
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at the anode, all  suspensoids, on the addi t ion of 
zein, deposi ted at  the cathode. The fu r the r  addi t ion 
of small  amounts  of benzoic acid, added as a sa tu-  
ra ted  solution in n i t romethane  to these suspensions 
improved  the smoothness of the deposit.  

The zein could be removed from the deposit  by  
heat ing the sample to 600~ in vacuo. 

The electrophoret ic  deposit ion ra te  was much 
faster  f rom n i t romethane  suspensions containing 
zein and benzoic acid than  f rom IPA suspensions 
containing ammonium hydroxide .  

Preparation o] suspensions.--In the case of the 
N b - I P A  suspensions, samples of the j a r - m i l l e d  sus- 
pension were  d i lu ted  with  IPA to a concentrat ion 
of 10 mg /cc  or less and tested for  p la t ing  charac-  
terist ics using various concentrat ions of ammonium 
hydrox ide  addi t ive  and various voltages on the 
p la t ing cell. A suspension tha t  would p la te  to de-  
plet ion in 10 sec or less, wi th  format ion of an ad-  
herent  deposit,  was considered a sat isfactory p la t -  
ing suspension. 

When n i t romethane  was the suspending medium, 
the ground powders  were  washed severa l  t imes 
with  IPA as descr ibed above. The number  of wash-  
ings in this step was often impor tan t  in de t e rmin -  
ing the p la t ing  character is t ics  of the suspension. 
Af te r  subsequent  cent r i fuging and washing of the  
powder  wi th  n i t romethane  to remove the alcohol, 
the powder  was ground again in n i t romethane  for 
a short  per iod (10 rain) to redisperse  the powder.  
The suspension was then di lu ted  to a dispersoid 
concentrat ion of 10 mg /cc  or less, and sufficient 
zein solution was added so tha t  the weight  of zein 
amounted to about  1% of the weight  of dispersoid 
in the suspension. Often benzoic acid was added to 
improve  the qual i ty  and adherence of the deposits. 
The amount  of benzoic acid needed was de te rmined  
in the same manner  descr ibed above for  ammonium 
hydroxide.  

Plating cel l . - -The electrophoret ic  deposi t ion ex-  
per iments  were  per formed  by using the cell shown 
in Fig. 1. This design al lowed:  (i) the use of small  
samples of suspensions (6.4 ml ) ,  (i i)  easy removal  
or subst i tut ion of small ,  easi ly weighable  elec-  
trodes, and (iii)  v is ib i l i ty  of the suspension dur ing  
plat ing.  The glass por t ion of the cell was made  
f rom a 25 ml g radua ted  cylinder.  A micar ta  cap 
centered the electrode in the cell. The suspensions 

were  magne t ica l ly  s t i r red  by  means of a Teflon- 
covered bar.  

Results 

The N b - I P A  suspensions were  pa r t i cu la r ly  in te r -  
esting due to thei r  sensi t iv i ty  to various exper i -  
menta l  parameters .  In par t icular ,  the ra te  of elec-  
t rophoret ic  deposi t ion of Nb on the anode was 
s tudied as a function of the following: (a)  concen- 
t ra t ion  of dispersoid,  (b)  p la t ing  time, (c) na ture  
of cell electrodes,  (d)  cell vol tage or cur ren t  den-  
sity, and (e) concentrat ion of addit ive.  

Dispersoid concentrat ion.--The effect of the con- 
cent ra t ion  of Nb on electrophoret ic  deposi t ion rates 
in the N b - I P A  suspensions exhib i ted  no unexpected  
features.  For  a given series of suspensions made  by 
various di lut ions of a concentra ted stock suspen-  
sion, the deposit ion ra te  at  constant  vol tage  was 
propor t iona l  to the Nb concentrat ion.  

Induction t ime and electrode s tudies . - -One of the 
most surpr is ing features  of e lectrophoret ic  deposit ion 
f rom the N b - I P A  suspensions was the effect of t ime 
on the ra te  of deposi t ion at  a fixed voltage.  Some of 
the suspensions exhib i ted  an ini t ia l  constant  ra te  
which then g radua l ly  decreased as the  suspension 
became depleted.  In contrast,  the ma jo r i ty  of suspen-  
sions, and all those tha t  had been s t i r red  in a War ing  
Blendor  for  5 min, gave an ini t ia l  " induct ion per iod"  
dur ing  which essent ia l ly  no p la t ing  occurred. This 
was fol lowed first by  a g radua l ly  increasing ra te  of 
deposit ion and then by  a decreasing rate,  as before. A 
comparison of these two typica l  types  of t ime  depend-  
ence is shown in Fig. 2. The points of both curves 
were  obtained f rom aliquots of each of the two 
types of suspensions which were  e lectrolyzed at  
constant  vol tage wi th  selected p la t ing  times. Af te r  
the de te rmina t ion  of each point, the  cell was 
dra ined  and cleaned, and a new graphi te  anode 
and a new por t ion  of the  3.8 mg Nb/cc  suspension 
were  in t roduced for the next  determinat ion.  

The induction t ime appeared  to be unre la ted  to 
par t ic le  mobi l i ty  since migra t ion  exper iments  in-  
dicated that  par t ic le  mobil i t ies  were  the same in 
suspensions wi th  and wi thout  an induct ion period. 
Also, the  anode did not appea r  to be involved in 
the induct ion periods. F igure  3 shows the exper i -  
menta l  demonst ra t ion  of the lat ter .  The solid curve 
was obtained in the same way  as the dot ted curve 
in Fig. 2 (using "blendor ized"  suspensions) ,  but  
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the dot ted  curve was obtained by  the fol lowing 
procedure.  Successive graphi te  anodes were  coated 
at 900v for successive increments  of t ime (10 sec) 
in the same port ion of a b lendor ized Nb suspension, 
and the cumula t ive  weight  of the coats was plot ted  
against  the cumula t ive  time. If an induction t ime 
were  present  wi th  each new anode, no deposit,  
cumula t ive  or otherwise,  would have been obtained.  
However,  the fact that  the curves are so s imi lar  
shows tha t  the anode was not involved in the in-  
duction time. In this regard,  it is in teres t ing to note 
tha t  severa l  conductive anode mater ia l s  were  used 
in various phases of this invest igat ion,  and in no 
case did the anode influence e lectrophoret ic  deposi-  
tion. Anodes of brass, Pt, graphi te ,  Cu, and Mg 
were  tested. 

The resul ts  of a series of exper iments  wi th  
blendorizdd suspensions involving the cathode 
are  shown in Fig. 4. When the Pt  cathode was r e -  
moved from the suspension af ter  electrolysis  at  
900v for 15 sec, which was before  the end of the 
induction period,  then washed and dr ied before 
being placed back  in the same port ion of suspension 
with  a new coating anode, the  amount  of deposit  
was negligible.  The Pt  cathode was replaced wi th  
successive A1 cathodes, and the series was repea ted  
both at 15 and 30 sec increments  wi th  essent ia l ly  
the same results :  namley,  unless the  cathode, A1 or 
Pt, was left  in place for a p la t ing t ime longer than 
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the induction t ime, no apprec iable  deposit  was ob- 
tained.  The cathode, therefore ,  was d i rec t ly  in-  
volved in the phenomenon causing the induction 
time. No plaus ib le  explana t ion  of the na tu re  of the 
cathode react ion which occurs dur ing the induction 
per iod has been found. In general ,  suspensions tha t  
exhib i ted  this phenomenon had r a the r  high con- 
ductivit ies,  and blendor ized suspensions had  con- 
duct ivi t ies  two or th ree  t imes as high as the  un-  
t r ea ted  suspensions, p robab ly  due to the presence 
of impur i ty  ions. 

Current and voltage ef]ects.--The in i t ia l  deposi-  
t ion ra te  of Nb from s t ra ight  N b - I P A  suspensions 
was also s tudied as a function of cell vol tage and 
current  density.  The t imes selected for these studies 
were  sufficiently short  to cause only a th i rd  or less 
of the Nb to p la te  out. At  low voltages (less than  
1000v) and low current  densities, the current  den-  
si ty was propor t iona l  to the vol tage dur ing the 
short  t ime in tervals  used. However ,  at high voltages 
(2000-4000v), the current  quickly dropped (at  
constant  vol tage)  to values tha t  were  sometimes 
one-ha l f  or one - th i rd  the ini t ia l  current .  This effect 
was p robab ly  caused by the deplet ion of impur i ty  
ions f rom the suspensions and led to a final conduct-  
ance of the suspension tha t  was constant  but  lower  
than  the ini t ia l  conductance. Since it was not pos-  
sible to e l iminate  this effect, deposit ion rates  were  
usual ly  plot ted as a function of voltage. 

This drop in conductance has also been repor ted  in 
the l i t e ra tu re  in the p la t ing  of nonconductors,  and 
the authors  (4, 12, 16) have expla ined  this drop as 
a resul t  of the resistance of the deposi ted layer.  A 
different  mechanism must  account for the rapid  
drop in current  when a conduct ive coating is being 
deposited. Since the conductance of the pure  sol- 
vent,  IPA, also falls quite r ap id ly  when electrolyzed,  
it is p robab le  tha t  the decrease in conductance in 
the suspensions is caused by the deplet ion of ions 
and other  cu r r en t - ca r ry ing  par t ic les  r a the r  than 
by the electr ical  proper t ies  of the deposit.  

The deposit ion ra te  increased with  vol tage at low 
voltages and decreased with  vol tage at high vol t -  
age. A typical  deposit ion rate  vs. voltage curve is 
shown in Fig. 5. The r emarkab le  drop in deposit ion 
ra te  wi th  vol tage has not been explained,  and only 
one paper  in the l i t e ra ture  on electrophoret ic  depo-  
sition (18) presented  da ta  which, when plotted,  
showed a s imi lar  decrease.  

The ini t ia l  increase in deposit ion ra te  is a resul t  
of the induction t ime of these suspensions since the 
induct ion t ime was found to decrease as the vol tage 
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Fig. 5. Plating rate vs. voltage for a Nb-IPA suspension 
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Fig. 6. Effect of voltage on induction time; �9 100v; I-I, 250v, 
A,  450v. 

was  inc reased .  This  is s h o w n  in Fig.  6 for  a ser ies  
of e x p e r i m e n t s  on b l e n d o r i z e d  N b - I P A  suspens ions .  

Additives.--One of t he  mos t  i m p o r t a n t  f e a t u r e s  
in  the  use  of e l e c t r o p h o r e t i c  depos i t i on  to o b t a i n  
a d h e r e n t  depos i t s  is t h e  use  of add i t ives .  In  t he  case  
of N b - I P A  suspens ions ,  a m m o n i u m  h y d r o x i d e  was  
found  to be  a use fu l  a d d i t i v e  t h a t  c o n v e r t e d  n o n -  
p l a t i n g  suspens ions  to ones t h a t  gave  sho r t  i n d u c -  
t ion  t imes  a n d  a d h e r e n t  e l e c t r o p h o r e t i c  deposi ts .  
The  effect of a m m o n i u m  h y d r o x i d e  as an  a d d i t i v e  
or  " a c t i v a t o r "  on the  p l a t i n g  cha rac t e r i s t i c s  of a 
Nb suspens ion  is s h o w n  in Fig.  7 w h i c h  shows  the  
we igh t  of Nb  depos i t ed  in  un i t  t imes  as a func t ion  
of i n i t i a l  c u r r e n t  d e n s i t y  for  the  suspens ion  as p r e -  
pa red ,  and  for  s e v e r a l  concen t r a t i ons  of a m m o n i u m  
h y d r o x i d e .  S u c h  a d d i t i o n  caused  the  p e a k s  to sh i f t  
to h i g h e r  c u r r e n t  dens i t i e s  w i t h  i nc rea s ing  concen -  
t r a t i o n  of add i t ive .  A s im i l a r  p lo t  aga in s t  vo l tage ,  
s h o w n  in Fig .  8, e x h i b i t e d  v e r y  l i t t l e  h o r i z o n t a l  
sh i f t  in t he  p e a k  w i t h  c o n c e n t r a t i o n  of add i t ive .  
The  r e su l t s  . i n d i c a t e d  t h a t  t h e r e  is an  o p t i m u m  
c o n c e n t r a t i o n  of a d d i t i v e  if on ly  t he  depos i t i on  r a t e  
a t  t he  p e a k  is cons idered .  

Indeed ,  w h e n  the  depos i t i on  r a t e  a t  t he  p e a k  was  
p l o t t e d  aga in s t  t he  i n i t i a l  conduc t ance  ( in  m i -  
c romhos )  of t he  suspens ion ,  a m a x i m u m  r a t e  of 
depos i t i on  was  obse rved ,  as s h o w n  in Fig.  9. The  
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conduc t ance  at  w h i c h  th is  m a x i m u m  o c c u r r e d  was  
s h o w n  in a s e p a r a t e  e x p e r i m e n t  to c o r r e s p o n d  to a 
m o l a r i t y  of a m m o n i a  of abou t  1.3 x 10~M. The  i n i :  
t i a l  conduc t ance  of the  suspens ion  r a t h e r  t h a n  the  
m o l a r i t y  was  chosen  as a v a r i a b l e  because  t he  con-  
d u c t a n c e  of t he  o r i g i n a l  su spens ion  was  l o w e r  t h a n  
t h a t  of the  s t a r t i n g  IPA,  showing  t h a t  t he  p o w d e r  
adso rbs  mos t  of t he  fo r e ign  ions  in  t he  alcohol .  
O t h e r  e x p e r i m e n t s  s h o w e d  t h a t  t he  c o n d u c t a n c e  of 
a su spens ion  inc reases  w i t h  f u r t h e r  a d d i t i o n  of a m -  
m o n i u m  h y d r o x i d e ,  a l t h o u g h  the  r e l a t i o n s h i p  is no t  
l inea r .  

Applications.--The r e m a r k a b l e  v e r s a t i l i t y  of 
e l e c t r o p h o r e t i c  depos i t i on  has  l ed  to i ts  use  in  a 
n u m b e r  of a pp l i c a t i ons  connec t ed  w i t h  o t h e r  l a b -  
o r a t o r y  r e s e a r c h  p r o b l e m s .  As  d i scussed  above ,  
n i t r o m e t h a n e  suspens ions  con ta in ing  ze in  a n d  b e n -  
zoic ac id  w e r e  used  i n s t e a d  of I P A  s ince  codepos i t ed  
zein  gave  s t r o n g l y  a d h e r e n t  depos i t s  and  s ince  zein 
cou ld  no t  be used  in  t he  a lcohol  suspens ions  b e -  
cause  of f locculat ion.  A c c o r d i n g l y ,  r e su l t s  o b t a i n e d  
in t he  N b - I P A  s tud ies  w e r e  a p p l i e d  q u a l i t a t i v e l y  
to t he  d e t e r m i n a t i o n  of p l a t i n g  cond i t ions  for  v a r i -  
ous n i t r o m e t h a n e  suspens ions .  The  t e c h n i q u e  was  
v e r y  effect ive,  and  a d h e r e n t  u n i f o r m  depos i t s  w e r e  
o b t a i n e d  e v e n t u a l l y  w i t h  e v e r y  m a t e r i a l  t e s ted .  
Thus,  a l t h o u g h  no s y s t e m a t i c  i n v e s t i g a t i o n  was  
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Fig. 9. Plating rate of Nb suspensions at the peak vs. initial 
conductance. 
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made of the general applicability of electrophoretic 
deposition to the coating of solids onto conductors 
in the ni tromethane system, no limitation was found 
in those materials that  were tried. 

The following materials have been deposited as 
coatings by this method: B, Dy, Au, Nb, Mo, W, 
Re, Nb~Sn, ZrH2, ThC, UC, NpC, PuC, (ZrU)C, 
UWC2, UMoC~, UO2, Ta~O~, and both W-UO~ and 
Mo-UO~ composites. Of particular interest were the 
simultaneous plating of W and UO~ and of Mo and 
UO... powder mixtures of varying compositions. In 
both cases, the metal and oxide were uniformly 
distributed in the deposit in the same ratio as in 
the suspension. 

Often, the coat was sintered in place by heating 
in vacuum to a temperature  in the neighborhood 
of 2000~ After such treatment,  the coats were 
then used successfully in applications such as: (i) 
protective coatings to protect reactive materials 
from gaseous corrosion, (ii) bombardment  targets 
for nuclear reaction studies, and (iii) samples for 
the determination of work functions. 

Conclusions 
The method can be adapted to coat any surface 

regardless of size or shape with surprisingly uniform 
deposits of preselected thickness. The latter can be 
accomplished by plating a suspension of known 
concentration to depletion. 

Several factors have been found to be important  
in this type of plating. (i) The ability to obtain re- 
producible suspensions that will result in strong, 
adherent deposits depends, to a large extent, on the 
ionic impurities present in the suspending medium. 
(ii) Induction time and rate of deposition also ap- 
pear to be related to the ionic impurities present. 
(iii) The effect of additives or "activators" is not 
clearly understood, but the amount needed for dif- 
ferent materials can be determined by t ime-current -  
voltage experiments. (iv) These suspensions are 
sensitive to impurities; therefore grinding mate-  
rials should be chosen to minimize the amount of 
impurities introduced. For instance, the use of steel 
balls and mills introduced as much as 1 w/o  Fe in 
the Nb- IPA system. Also, when ni tromethane was 

used for comminution in steel jars, the suspensions 
invariably flocculated. 
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The Dependence of Charge Transfer and Surface Diffusion Rates 
on the Structure and Stability of an Electrode Surface: Copper 

J. O'M. Bockris and Hideaki Kita 1 
Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

Experiments  have been carried out to ascertain the effect on the param-  
eters of the Cu deposition reaction of varying the surface configuration, of the 
substrate. Electrodeposited, He-quenched,  Hf-quenched, dissolved, oxide film 
and chemically reduced surfaces were used. The observations were made by 
means of cathodic transients.  An examinat ion  was also made of the change of 
activity of an  electrode surface for times in the range 10 _3 sec-10 min  after 
production in situ of a fresh surface. 

The charge t ransfer  process per real sq. cm., is about ten  times higher on 
electrodes prepared by quenching from the l iquid than from those of other 
methods. The velocity of surface diffusion is about ten times lower on the 
quenched electrodes than on other electrodes. The concentrat ion of adions on 
the quenched electrodes is much smaller  than those on other substrates. The 
double layer capacity is approximately the same on He-quenched and electro- 
deposited electrode but  much higher on oxide film and chemically reduced sur-  
faces. There is a rapid fall of the velocity of surface diffusion on exposure 
of a fresh surface produced by anodic dissolution to a solution and no fall for 
oxide film electrodes. When the He-quenched electrodes were submit ted to a 
successive series of cathodic pulses, such that  Cu deposition was succeeded by 
H2 evolution in  each pulse, io, Cd ,. and �9 all increased linearly with n u m b e r  of 
pulses. �9 increased about ~/4 the common rate of increase of io and C~ i .  

The ra te -de te rmin ing  step on electrodeposited, oxide film, dissolved and 
chemically reduced surfaces is shared at low current  density by surface dif- 
fusion and transfer  process: at high current  density, it is p redominant ly  by 
transfer  process. On He- and H~-quenched electrodes, surface diffusion control 
is predominant  at low current  density and t ransfer  process at high current  
density. The change of rate constant  for surface diffusion with t ime on ex- 
posure of a fresh surface to the solution is inconsistent  with adsorption of 
impuri t ies  from soIution and consistent with an equil ibrat ion of the adion con- 
centrat ion among the different planes on the surface. The dependence of io on 
substrate is probably a secondary effect of a larger concentrat ion of adions on 
electrodeposited surfaces. Oxide film, chemically reduced, dissolved, and H~- 
evolved electrodes all have similar surface configuration to that of the elec- 
trodeposited electrodes. The surface adion concentrat ion arises from the 
dominance of 100 planes in the surfaces of these substrates. The remarkable  
effects of successive cathodic pulses arise from the increase in surface area 
a t tendant  on the production of Cu in fine particle form by a secondary mech-  
anism. The anomalous l inear  dependence of ~ on the number  of pulses is con- 
sistent with a horn- l ike  shape of the pores. 

Major  a t t en t i on  d u r i n g  the  recen t  deve lopm e n t  of 
e lect rode kinet ics  has been  g iven  to l i q u i d - m e t a l  
so lut ion interfaces ,  i.e., the  charge t r ans f e r  reac t ion  
has been  the focus of a t ten t ion .  In  a d v a n c i n g  toward  
adequa te  models  for  the i n t e r p r e t a t i o n  of the  com-  
plex  facts of the e lec t rodeposi t ion  of solids, it is 
necessa ry  to design expe r imen t s  which  man i fe s t  d i f -  
ferences  ar i s ing  on ly  f rom a change  in  the conf igura-  
t ion  of the  me t a l  surface. 

Cons ide rab le  differences have  been  repor ted  in  the 
ra te  cons tan ts  for m e t a l - s o l u t i o n  exchange  reac t ions  
depend ing  on w h e t h e r  the  me ta l  is p repa red  by  elec- 
t rodepos i t ion  or by  flash cooling of the l iqu id  (1, 2).  
Consequen t ly ,  sys tems i nvo lv ing  Cu, p r epa red  in  
var ious  ways,  have  been  sub jec ted  to electric pulses  
which  modi fy  the surface,  and  ga lvanos ta t i c  t r a n -  

1 O n  l e a v e  f r o m  t h e  Research Institute for Catalysis, H o k k a i d o  
University,  Sapporo, Japan. 

sient  t echn iques  have  been  appl ied  to eva lua t e  the 
effect of the modif icat ion of the  surface on the ra te  
constants .  

Such work  is i n t ended  to th row l ight  not  on ly  on 
the m e c h a n i s m  of e lec t rodeposi t ion  bu t  also to i n -  
dicate the  molecu la r  mechan i sms  which  d e t e r m i n e  
the empi r ica l  ' ac t iv i ty '  of an  e lec t r ica l ly  act ive 
catalyst .  

Experimental 
The appara tus ,  cell, and  pur i f ica t ion  un i t s  were  as 

repor ted  ear l ie r  (1, 2).  So lu t ions  were  pur i f ied b y  
pre-e lec t ro lys is .  
The electric device.--To app ly  a cathodic pulse  at  
var ious  t imes af ter  swi tch ing  off the  anodic  (or 
cathodic)  po la r iz ing  cur ren t ,  an  a r r a n g e m e n t  was 
devised ana logous  to tha t  of Mehl,  D e v a n a t h a n ,  and  
Bockris  (3) (Fig. 1). W h e n  switch S was closed, a 
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S 3 M R I 

S 4  

Fig. 1. Electrical arrangement: R~, delay relay; R2, anodic circuit 
relay; Ra, cathodic circuit relay; R~, pulse relay; M, microswitch; 
C~ and C2, variable condenser; R. variable resistance; and S, switches. 
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w h e r e  v is t he  o v e r p o t e n t i a l  and  i t he  c u r r e n t  d e n -  
s i ty .  E q u a t i o n  [1]  is va l id  (95% a c c u r a c y )  u n d e r  

cons t an t  anod ic  c u r r e n t  b e g a n  to pass  t h r o u g h  the  
t es t  e lec t rode .  A f t e r  t he  d i s so lu t ion  of a ce r t a in  
n u m b e r  (10 ' -10 ") l aye r s ,  a ca thod ic  pu l se  was  i n i -  
t i a t e d  b y  c los ing the  m i c r o s w i t c h  M (S~, S, in 'on '  
pos i t ion  and  S, in 'off' pos i t i on ) .  This  affects t he  c i r -  
cu i t  in  Fig .  1 in  such a w a y  t h a t  t he  anodic  c u r r e n t  
ceases  and  the  ca thod ic  c u r r e n t  is s w i t c h e d  on a t  a 
con t ro l l ed  t ime  a f t e r  t he  t e r m i n a t i o n  of t he  anodic  
cu r ren t ,  i.e., t h e  f r e sh  e l ec t rode  su r f ace  is a l l o w e d  to 
ex i s t  for  a con t ro l l ed  ( sho r t )  t i m e  in con tac t  w i t h  
the  solut ion,  be fo re  t he  k ine t i c s  of depos i t i on  on i t  
a r e  m e a s u r e d .  The  d e l a y  t ime  b e t w e e n  t h e  two  c u r -  
r en t s  is con t ro l l ed  b y  C (Fig .  1).  In  th is  way ,  d e l a y  
t imes  b e t w e e n  9 msec  and  1 sec w e r e  ob ta ined .  D e l a y  
t imes  s h o r t e r  t h a n  9 msec  could  be  o b t a i n e d  b y  con-  
t r o l l i n g  the  v a r i a b l e  res i s tance ,  R, w h e n  bo th  t e r m i -  
na l s  of t he  ca thode  c i r cu i t  r e l ay ,  R,, w e r e  d i r e c t l y  
connec t ed  to the  ca thod ic  p o l a r i z a t i o n  c i rcu i t  a n d  to 
the  tes t  e l ec t rode  (S,  in 'off' p o s i t i o n ) .  The  sho r t e s t  
t ime  was  a few ~sec. The  l e n g t h  of t he  ca thod ic  
pu l se  ( m s e c - s e c )  was  c o n t r o l l e d  b y  the  v a r i a b l e  
condense r ,  C_~ (Fig .  1) .  
The electrodes.--The ' H e - q u e n c h e d '  and  ' e l e c t ro -  
depos i t ed '  e l ec t rodes  w e r e  p r e p a r e d  as r e p o r t e d  
e a r l i e r  (1, 2) .  The  'H~-quenched  e l ec t rode '  was  p r e -  
p a r e d  in  a s t r e a m  of p r e p u r i f i e d  h y d r o g e n ,  and  the  
' ox ide  f i lm e l ec t rode '  was  p r e p a r e d  b y  hea t i ng  the  
H e - q u e n c h e d  e l ec t rode  in a s t r e a m  of p r e - p u r i f i e d  
o x y g e n  at  600 ~ ~ 650~ for  1 min .  The  ox id i zed  e lec -  
t r o d e  was  sea led  in to  a s m a l l  g lass  bu lb  u n d e r  an 
a t m o s p h e r e  of He, as w e r e  the  o t h e r  e lec t rodes .  

C o n c e n t r a t i o n s  of su l fu r i c  ac id  and  cupr i c  su l f a t e  
w e r e  k e p t  a t  1.0 -+ 0.03N and  0.05 • 0.005M 1 -~, r e -  
spec t ive ly ,  excep t  in  specif ied cases. 

Evaluat ion of Rate Constants 
The  mos t  i m p o r t a n t  p a r a m e t e r s ,  the  v a r i a t i o n  of 

w h i c h  w i t h  su r face  s ta te  i t  was  d e s i r e d  to d e t e r m i n e ,  
a re :  ( i )  t he  doub le  l a y e r  capac i ty ,  C~.,. ( a n d  hence  
the  roughnes s  fac to r  of t he  s u r f a c e ) ;  (if)  t he  con-  
c e n t r a t i o n  of su r f ace  adions,  co; ( i i i )  the  su r f ace  
d i f fus ion f lux a t  t he  r e v e r s i b l e  po t en t i a l ,  vo; ( iv )  t he  
e x c h a n g e  c.d. for  t h e  t r a n s f e r  p rocess ,  to; (v )  t he  
t r a n s f e r  coefficients for  anodic  and  ca thod ic  r e a c -  
t ions,  ~, and  ,o, r e spec t i ve ly .  These  p a r a m e t e r s  w e r e  
e v a l u a t e d  as fol lows.  

Double layer capacity, C~., . . - -This  can  be  e v a l u -  
/ 

d~ 
% 

a ted  f rom ( ) *-,0 b y  the  e q u a t i o n  
\ dt 

Cd.,. : i v-,o [13 

cond i t ions  (4)  

i0_~ i 1 

R T  i ---- 6.5 X 
J,J < 0.05 (-o + ~ ) F  io ~o 

Ca.L 0.05 �9 RT Cd.,. [2]  
t < 0.95 (ac + ao)F ~ 6.8 X 10 -~ io 3 

w h e r e  ac and  a ,  a r e  t he  Ta fe l  cons tan t s  for  ca thod ic  
and  anod ic  processes ,  io t he  e x c h a n g e  c u r r e n t  d e n s i t y  
for  t he  t r a n s f e r  p rocess ,  and  R, T, and  F h a v e  t h e i r  
u s u a l  mean ing .  I f  cond i t ions  [2]  a r e  no t  sat isf ied,  a 
c o n t r i b u t i o n  of  t he  t r a n s f e r  r e a c t i o n  to  t h e  c h a r g i n g  
c u r v e  becomes  a p p r e c i a b l e  and  hence  the  v a l i d i t y  
of Eq. [1 ] decreases .  Cond i t ions  [2]  a r e  on ly  va l id  if  
cha rge  t r a n s f e r  is r a t e  con t ro l l ing .  Consequen t ly ,  
t he  c.d. for  t h e  m e a s u r e m e n t  of Cd.~. w a s  a l w a y s  in  
a r eg ion  such t h a t  th is  was  so. 

Surface concentration of adions, co, and the sur- 
]ace diffusion flux at the reversible potential, vo.-- 
These  can  be  c a l c u l a t e d  us ing  fo l lowing  equa t ions  

(5)  (171 < 10 m y ) .  
(a )  co and  vo f r o m  the  ana lys i s  of t r a n s i e n t  ( a t  l ow  

c u r r e n t  d e n s i t y )  b y  
RT i vo 

ln (~ ,  - - ~ )  = l n - -  - -  t [3]  
zF zFvo co 

w h e r e  i is the  F a r a d a i c  c u r r e n t  dens i ty .  
(b) vo can be  c a l c u l a t e d  f r o m  the  s t e a d y - s t a t e  

v a l u e  (a t  low c u r r e n t  d e n s i t y )  b y  

~= = zF + zFvo [4]  

u t i l i z ing  io f r o m  t h e  l i n e a r  Ta fe l  l ine.  
The  thus  o b t a i n e d  Vo v a r i e s  a n o m a l o u s l y  d e p e n d -  

ing  on the  c u r r e n t  d e n s i t y  of m e a s u r e m e n t  [cf. 
an i n t e r p r e t a t i o n  d i scussed  e a r l i e r  ( 6 ) ] .  Hence,  
(vo)~ . . . . . . . . .  w i l l  be  quo ted  for  the  s ake  of c o m -  
par i son .  

E q u a t i o n  [4]  can  be  r e w r i t t e n  as 

w h e r e  V . . . . . . .  fer -~ RTi/zFio and  ~sur,,~ o~t. = RTi /  
zT:v,,, and  hence  

y| io 

~transfer zFvo 

w h i c h  shows  t h a t  w h e n  v , / m  ..... ~o~ is c lose to u n i t y  
(e.g., < 1.3), e s t i m a t i o n  of vo becomes  i n a c c u r a t e  
be c a use  io is k n o w n  on ly  to --+30%. 

Exchange current density, i o . - - In  sy s t e ms  in w h i c h  
the  l i n e a r  V - - l o g  i r e l a t i o n s  was  obse rved ,  io was  
c a l c u l a t e d  in  t he  u s u a l  w a y  b y  e x t r a p o l a t i o n  of log 
i to v = 0. In  s y s t e m s  in w h i c h  t h e  effect  of c h a n g e  
of su r f ace  ac t iv i ty ,  e.g., w i t h  t ime  of con tac t  of  a 
f r e sh  su r f ace  w i th  t h e  solu t ion ,  was  m e a s u r e d  b y  
m e a n s  of a s ingle  t r a n s i e n t  a t  a g iven  c.d., t he  io 
v a l u e  was  o b t a i n e d  a s s u m i n g  t ha t  the  Ta fe l  e q u a t i o n  
a p p l i e d  in t he  r eg ion  concerned ,  i f  a Ta fe l  t i m e  h a d  
been  e s t a b l i s h e d  for  a s im i l a r  s t a t e  of  t h e  su r f ace  
and  s im i l a r  o v e r p o t e n t i a l  r a n g e  (v~ = R T / a F  In to~i). 

Transfer coe~cients . - -These w e r e  d e t e r m i n e d  in 
t he  n o r m a l  way .  
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Table I. Values of parameters for copper dissolution and deposition on various substrates 

October  1962 

E l e c t r o d e s  

io m a  c m  -2 

2.3RT 2 .31~T F r o m  T a f e l  l i n e  F r o m  l i n e a r  r e l a t i o n  
�9 C a p a c i t y  

~ c F  a a F  C a t h o d i c  A n o d i c  C a t h o d i c  A n o d i c  # F  c r n - S  

z F v o  
Co a t  i = 1 

mole cm -2 m a  cm-2 

118 44 4.6 4.0 1.9 4.2 50 
116 44 10.0 6.0 3.5 3.5 58 

E l e c t r o d e p o s i t e d  119 39 3.4 2.2 2.2 2.9 46 
120 40 3.6 2.2 2.4 2.9 46 
128 42 4.7 5.0 2.9 3.7 - -  
146 38 6.2 3.2 1.9 3.7 42 

126 4 4  70  21 - -  - -  - -  

i i 0  5 0  2 5  16 - -  - -  - -  

106 47 22 12 - -  - -  - -  
112 35 56 32 - -  - -  - -  

H e - q u e n c h e d  - -  42 - -  18 - -  - -  - -  
104  4 0  30  2 4  - -  - -  - -  
118  4 8  2 9  16 - -  - -  53  

120 35 42 32 - -  - -  61 
105 45 7 7 - -  - -  - -  

D i s s o l v e d  125 40 30 17 - -  - -  61 
115 44 24 5 - -  - -  51 

H ~ - q u e n c h e d  - -  - -  51 - -  (0.75) - -  51 
- -  - -  59 - -  (0.87) - -  56 

- -  ~ 47 - -  ( 0 . 7 1 )  - -  117 
H : - e v o l v e d  - -  - -  23 - -  (1.0) - -  89 

- -  - -  57 - -  (0.54) - -  70 

110 42 9 7 3.2 - -  - -  
(166) (63) 31 19 0.6 - -  - -  

5 3  - -  14 4.5 - -  - -  

1 2 2  43 15 11 6.0 - -  90 
O x i d e  f i lm - -  - -  40 - -  9.4 - -  137 

. . . .  0.7 - -  183 

. . . .  4.5 - -  122 
- -  1 5  - -  2 . 8  - -  91 

- -  - -  5 2  - -  8 . 7  - -  1 0 9  

- -  2 7 1  - -  6 . 7  - -  1 2 5  

5.8 X 10 -9 4.1 
4.7 X 10 -~ 6.2 
19 X 10 -9 7.0 

- -  6.6 
8 X I0 -~ 5.8 

6.5 X 10 -~~ 1.8 
3.6 X 10 -~~ 1.5 
7.9 • I0 -~~ 2.1 
5.0 X 10 -~~ 1.6 
15 >< 10 -~~ 3.9 

8.8 • 10 -~~ 2.8 
4.3 • i0  -~~ 1.3 
6.1 • 10 -~~ 1.6 

9 X 10 -~ 24 
10 X 10 -0 29 

1.9 • 10 ~ 4.0 
1.4 X 10 -9 3.2 

S u p e r p o l a r i z a t i o n  

3.3 X 10 -8 13 

1.3 X 10 -~ 11 

1.7 X 10 -8 28 

1.5 • 10 -s 14 
2.8 • 10 -~ 20 
6.1 X 10 -8 32 

Transition time, r . - - W h e n  t h e  c u r r e n t  d e n s i t y  e x -  

c e e d s  t h e  l i m i t i n g  c u r r e n t  f o r  d i f f u s i o n  o f  C u  §247 o n e  

f i n d s  a p o l a r i z a t i o n  c u r v e  w i t h  t w o  s t e p s .  T h u s ,  t h e  

f i r s t  i n f l e c t i o n  p o i n t  o f  t h e  c u r v e  w a s  t a k e n  a s  t h e  

t r a n s i t i o n  t i m e  f o r  C u  2+ + 2 e j  ~ C u .  

Resul ts  

Electrodeposited Electrode 

( i )  Values of parameters . - -Values  of  ao, a , ,  i~ 

C,,.,., co, a n d  Vo o n  t h e  e l e c t r o d e p o s i t e d  e l e c t r o d e  a r e  

s h o w n  i n  T a b l e  I.  

T h e  v a l u e s  o f  ~ ,  ,=,  io, a n d  Ca.,. a g r e e  w i t h  t h o s e  

p r e v i o u s l y  r e p o r t e d  (1,  2 ) .  V a l u e s  o f  co w e r e  a n a -  

l y z e d  a s  - ' -8 .10 -9 m o l e  c m  -~. V a l u e s  o f  i~ a n d  zFvo a r e  

a p p r o x i m a t e l y  e q u a l .  

A t y p i c a l  T a f e l  l i n e  is  s h o w n  i n  F i g .  2. S l i g h t  

d e v i a t i o n s  f r o m  t h e  i d e a l  l i n e  a t  l o w  c u r r e n t  d e n -  

s i t i e s  c a n  b e  n o t i c e d .  

( i i )  Change wi th  t ime of the surface of the elec- 
trodeposited electrode after exposing to a solution, 
following anodic preparation of a fresh sur face . - - In  
t h e s e  e x p e r i m e n t s ,  t h e  d e p e n d e n c e  o n  t i m e  o f  c o n -  

t a c t  w i t h  s o l u t i o n  o f  t h e  r a t e  c o n s t a n t s  f o r  d e p o s i -  

t i o n  a t  a s u r f a c e  p r e p a r e d  b y  a n o d i c  d i s s o l u t i o n  (16  

m a c m  -~, ~ 1 0 '  l a y e r s )  w a s  s t u d i e d .  R e s u l t s  a r e  s h o w n  

i n  F i g .  3. (V| c h a n g e s  r o u g h l y  l i n e a r l y  w i t h  l o g  t 

i n  t h e  r e g i o n  o b s e r v e d .  Om/O l n  t --~ 0.5 m v  (c f . ,  t h e  

H e - q u e n c h e d  e l e c t r o d e ) .  

( i i i )  Surface diffusion flux and exchange current 
density as a funct ion of anodic current density by 
which a fresh surface is produced. - -The  io a n d  vo f o r  

c a t h o d i c  d e p o s i t i o n  w e r e  d e t e r m i n e d  a s  a f u n c t i o n  

o f  t h e  a n o d i c  c u r r e n t  d e n s i t y  a t  w h i c h  t h e  ' f r e s h '  

c o p p e r  s u r f a c e  h a d  b e e n  f o r m e d ,  m a i n t a i n i n g  ( a l -  

/ 

15C 

> 
E 
L 

Ioc 

/ 
• 

5(? 

- 3  - 2  - I  

log i { A .  c m - Z )  - ~  

Fig.  2 .  T y p i c a l  T a f e l  l i n e  for  C u  d e p o s i t i o n ,  x ,  E l e c t r o d e p o s i t e d  

electrode; o, He-quenched electrode; . . . . .  , calculated line using 
i o - v a l u e  o b t a i n e d  by  t h e  e x t r a p o l a t i o n  o f  l i n e a r  l ine  t o  ~1 = O. 
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CHARGE TRANSFER AND SURFACE DIFFUSION 
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Fig. 3. Change of overpotential at i ~ 8.7 x 10 -~ amp cm 2 with 
time of contact with solution after anodic dissolution. Open circle, 
circle with dot; He-quenched electrode square box; triangle, x, 
electrodeposited electrode; dark circle, oxide film electrode. 

.z' 

b -• 
~ 1 •  

o.J o.z a3 0.4 o.5 ~',<~, .8 
Anodlc curren densify ( A ,  c m ' Z ) ~  

Fig. 4. Change of io and zFvo as a function of anodic dissolution 
current by which a fresh surface was produced, x = io, o = zFvo; 
curve a, He-quenched electrode; curve b, electrodeposited elec- 
trode. At the current density marked with *, O~ evolution was ob- 
served during dissolution. 

most)  cons tan t  the t ime  b e t w e e n  the  t e r m i n a t i o n  of 
d issolu t ion  and  the c o m m e n c e m e n t  of deposi t ion,  i.e., 
the age of the surface (20 sec). M e a s u r e m e n t s  were  
car r ied  out  successively f rom low anodic c u r r e n t  
dens i ty  to h igh ones, and  the  a m o u n t  of d isso lu t ion  
was  kept  cons tan t  (10' l ayers )  in  each t r e a t m e n t .  

Changes  of io and  vo (ob ta ined  us ing  Eq. [3] are 
shown in  Fig. 4. They  increase  by  app rox i ma t e l y  
twice  t imes  and  approach  cons tan t  values.  

( iv)  Sur face  dif fusion ~ux  and exchange  current  
densi ty  as a funct ion  of  cathodic current  densi ty  by 
wh ich  a f resh  surface is p r o d u c e d . - - ( a )  vo: He-  
quenched  electrodes were  sub jec ted  to cathodic po-  
l a r iza t ion  wi th  a c u r r e n t  of 10 -~ ~ 1 amp cm -~ a n d  a 
t ime  sufficient for the deposi t ion of 10 ' layers.  

Resul ts  of v o as a func t ion  of mode  of p r e p a r a t i o n  
of the surface are shown in  Tab le  II. In  the  c.d. r e -  
gion 0.3 ~ 1 amp,  af ter  the t r ans i t i on  t ime  for the 
deposi t ion of Cu is reached,  vo is increased by  abou t  
2 powers  of 10 compared  wi th  tha t  on He electrodes 
and  becomes i n d e p e n d e n t  of the  t ime  of contact  of 
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Change of L as a function of cathodic deposition current 
a fresh surface was produced. 
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Fig. 6. Change of io with electrodeposition of Cu an the electrode 
which was previously subjected to the high cathodic polarization 
where hydrogen codeposited (2.6 x 10 -1 amp cm-2). (Io)H; io ob- 
served on the previously treated electrode with high cathodic 
polarization, fro)c,, after electrodeposition of Cu. 
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Table II. Effect on surface diffusion flux of formation of 
fresh surface by cathodic deposition 

M e t h o d  o f  p r e p a r a t i o n  z F v o  m a  c m  -2 

He-quenched electrode 0.2 ~ 2.0 (cf. Table I) 

Cathodic deposition of 
10 4 layers: 

(a) Cu deposition. 2 ~ 10 (cf. Table I) 

(b) Cu deposition + 
electrolytic H~ 
evolution. 20 ~ 30 (from Eq. [4] ) 

the  surface w i th  the  solut ion,  over  a t ime  of 9 x 10 -~ 
sec to 1 hr. In  the  reg ion  of cathodic c u r r e n t  dens i ty  
in which  only  copper deposits,  vo is increased  by  
5-10 t imes  only.  

(b)  io: The effect of cathodic  c u r r e n t  dens i ty  wi th  
which  the e q u i v a l e n t  of ~-10' l ayers  are deposi ted in  
the  p r e p a r a t i o n  of a n e w  surface  is shown  in  Fig. 5. 
(Each m e a s u r e m e n t  was  car r ied  out on a f resh  elec-  
t rode.)  I t  is seen that ,  for  (i~), the  e lec t rodeposi ted  
surface  is a m u c h  less act ive one t h a n  is a t i e -  
quenched  surface.  However ,  af ter  H~ is codeposited, 
a cons iderab le  increase  of io occurs. 

Af te r  t r e a t m e n t  at  h igh  cathodic polar iza t ion ,  
where  h y d r o g e n  codeposits 10 ~ layers  of copper was  
e lect rodeposi ted at va r ious  c u r r e n t  densi t ies .  No de-  
crease in  io was observed  (Fig. 6). This  e x p e r i m e n t a l  
r esu l t  es tabl ishes  tha t  i m p u r i t y  adsorp t ion  f rom so- 
lu t ion  d u r i n g  e lec t rodeposi t ion  of copper  does no t  
cause the  decrease of surface  ac t iv i ty  which  takes  
place on deposi t ing  Cu on H e - p r e p a r e d  electrodes.  
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Fig. 7. Change of zFvo and co with time of contact with solution 
after anodic dissolution. Calculated results from open circle, circle 
with dot in Fig. 3 using Eq. [3] .  0 = zFvo, x = co. 

He-quenched Electrodes 

( i )  Values of parameters . - -Values  of p a r a m e t e r s  
on the  H e - q u e n c h e d  e l e c t r o d e  a r e  shown  in T a b l e  I. 
Thus,  ( a )  ~ a n d  a~ a re  a b o u t  t h e  s ame  as for  e l ec -  
t r o d e p o s i t e d  e l ec t rodes ;  (b )  the  e x c h a n g e  c.d. is i n -  
c r ea sed  b y  abou t  10 t imes ;  (c)  C~.,. is u n c h a n g e d ;  
(d )  c~ is a b o u t  10 t imes  less t h a n  on e l e c t r o d e p o s i t e d  
e l ec t rodes ;  (e)  t he  p a r a m e t e r  zFvo is a b o u t  five 
t imes  less t h a n  on e l e c t r o d e p o s i t e d  e lec t rodes .  

C o m p a r i s o n  of io and  zFvo for  t he  H e - q u e n c h e d  
e l ec t rodes  ind ica t e s  t h a t  t he  su r f ace  d i f fus ion of 
ad ions  is r a t e  d e t e r m i n i n g  a t  low c u r r e n t  dens i t ies .  

A t y p i c a l  T a f e l  l ine  is s h o w n  in  Fig .  2. One  sees 
a m a r k e d  d e v i a t i o n  a t  low c u r r e n t  d e n s i t y  f r o m  the  
e x p e c t e d  l ine  o b t a i n e d  a s s u m i n g  t r a n s f e r  to be  r a t e  
con t ro l l ing  at  a l l  c u r r e n t  dens i t ies .  

P a r a m e t e r s  w e r e  also e v a l u a t e d  a f t e r  d i s so lu t ion  
of the  H e - q u e n c h e d  e l ec t rode  ( T a b l e  I ) .  Thus,  co is 
n e a r l y  t he  s ame  as t h a t  on an  e l e c t r o d e p o s i t e d  e lec -  
t r o d e  (i.e., i t  i nc reases  m o r e  t h a n  10 t i m e s )  a n d  
zFv~ i nc reases  m o r e  t h a n  10 t imes ,  a~, a~, and  Cd.~. r e -  
m a i n  cons tan t .  The  e x c h a n g e  c u r r e n t  d e n s i t y  b e -  
comes  a l i t t l e  s m a l l e r  (cf. Fig .  4) .  

( i i )  Change wi th  t ime of the surface of the H e -  
quenched electrode after exposing it to a solution, 
following anodic preparation of a fresh sur]ace.--  
The  d e p e n d e n c e  of the  r a t e  c o n s t a n t  for  a su r f ace  
p r e p a r e d  b y  anodic  d i s so lu t ion  u p o n  t ime  of  con tac t  
w i t h  t he  so lu t ion  was  s tud ied .  Resu l t s  a r e  shown  in 
Fig.  3 for  a c u r r e n t  d e n s i t y  of p r e p a r a t i o n  of 8 m a  
cm -~ ~ 10 ~ l a y e r s  d i sso lved .  In  th i s  c.d. r eg ion  s u r -  
face  di f fus ion is r a t e  con t ro l l ing .  

In  Fig.  3 t he  sec t ion  a b o v e  1 sec is l inea r ,  v,, (or  
vo) changes  l i t t l e  d u r i n g  the  first  second.  0m/0 In t 
--~ 1 mv.  In  Fig .  7, vo and  co c a l c u l a t e d  f r o m  Eq. [3]  
a r e  shown  as a func t ion  of t ime .  

( i i i )  Surface diffusion flux and exchange current 
density as a function of anodic current density by 
which a fresh surface was produced. - - (a)  v~ i n -  
c reases  c o n s i d e r a b l y  w i t h  t he  anod ic  c u r r e n t  d e n s i t y  
and  t hen  becomes  i n d e p e n d e n t  of i t  (Fig .  4) .  Con-  
t ac t  of t he  su r f ace  w i t h  o x y g e n  d u r i n g  d i s so lu t ion  
does  no t  effect t h e  Vo va lue .  ( A t  t he  c u r r e n t  dens i t i e s  
m a r k e d  w i t h  ~ in Fig .  4, o x y g e n  evo lu t i on  com-  
menced . )  
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Fig. 8. Effects of the high cathodic polarization pulses (2.6 x 10 -1 
amp cm -2, 20 sec) on i~, Ca.~., and �9 (He-quenched electrode). 
Electrode was kept 30 min in solution after an application of each 
pulse and then measurements were carried out. o, io; x, Ca.~.; and 
A, "~. 
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Fig. 9. Cathodic polarization curve at 2.6 x 10 -1 amp cm -~. 
Curve 1, on the He-quenched electrode, curves 2, 3, 4, and 5, after 
successive application of cathodic polarization pulse (2.6 x 10 -1 
amp cm -~ 20 sec). 

(b) io: io dec reases  s o m e w h a t  w i t h  i nc rea s ing  c.d. 
of d i s so lu t ion  (Fig .  4) .  

( iv )  Ef]ects of repeti t ive application of high ca- 
thodic polarization pulses in which  hydrogen co- 
deposits, on io, capacity, and transition t ime . - -He-  
q u e n c h e d  e l ec t rodes  w e r e  s u b j e c t e d  to a success ive  
a p p l i c a t i o n  of h igh  ca thod ic  p u l s e  (2.6 x 10 -1 a m p  
cm -~, 20 sec) .  Thus  io, Cd.~., and  r w e r e  obse rved ,  r e -  
spec t ive ly ,  l e a v i n g  the  e l e c t r o d e  30 ra in  in so lu t ion  
a f t e r  t he  a p p l i c a t i o n  of each  pulse .  Resu l t s  a r e  
shown  in Fig .  8. Changes  of t he se  qua n t i t i e s  a r e  
l i n e a r  w i t h  the  n u m b e r  of pulse .  

F i g u r e  9 shows  the  change  of the  V -  t r e l a t i o n  at  
cons t an t  c u r r e n t  of 2.6 x 10 -1 a m p  c m  -~ a f t e r  t h e  a p -  
p l i c a t i on  of  success ive  ca thod ic  pulses .  W h e n  the  
c u r r e n t  d e n s i t y  of t he  pu l ses  was  k e p t  suff ic ient ly  
low (e.g., if i t  was  <2.6  x 10 -~ a m p  cm-~), t he  t r a n s i -  
t ion t i m e  d id  no t  i n c r e a s e  w i t h  t h e  n u m b e r  of pulses .  
Success ive  anodic  d i s so lu t ion  s i m i l a r l y  does  no t  a f -  
fec t  the  t r a n s i t i o n  t i m e  (Fig .  10).  In  Fig .  11, an  
i nc rea se  of the  t r a n s i t i o n  t i m e  w i t h  t he  n u m b e r  of 
ca thode  p o l a r i z a t i o n  is shown  u n d e r  v a r i o u s  con-  
di t ions .  The  i nc rea se  of t r a n s i t i o n  t i m e  w i t h  the  
pu l se  d e p e n d s  s e n s i t i v e l y  on the  c o n c e n t r a t i o n  of 
cup r i c  ions and  no t  u p o n  t h e  c o n c e n t r a t i o n  of p r o -  
tons. A p o w d e r y  depos i t  of coppe r  d u r i n g  the  h igh  
ca thod ic  p o l a r i z a t i o n  t r e a t m e n t  was  obse rved .  

H~-treated Electrode 

( i)  H~-quenched electrode.--Values of p a r a m e t e r s  
a r e  shown  in T a b l e  I. These  v a l u e s  a r e  a lmos t  t he  
s ame  w i t h  those  of  t he  H e - q u e n c h e d  e lec t rode .  
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Fig. 10. Cathodic polarization curve at 2.6 x 10 -~ amp cm "=, 
as a function of surface state. Curves 1, 3; on the He-quenched 
electrode; curve 2, after electrodeposition of Cu (5 x 10 -~ layers); 
curve 4, after dissolution of Cu (3 x 10 * layers). 
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Fig. 11. Change of �9 with number of successive high cathodic 
polarization pulses at various conditions, a, 0.055 mole I -z CuSO4, 
1.1N H~SO~; b, 0.050 mole I -z CuSO4, 0.41N H~SO~; c, 0.013 
mole I -~ CuSO~, 1.1N H2SO~. Section 1; observed after 20 sec 
of the cathodic polarization pulse (2.6 x 10 -~ amp cm -2 20 sec); 
section 2, observed after 2 min of the cathodic polarization pulse 
(2.6 x I0 -z amp cm -2 1 min). 

Hence,  t he  su r face  s t r u c t u r e  of He and  H~ q u e n c h e d  
e l ec t rodes  a r e  t he  same.  

( i i )  H2-evolved e lec trode. - -A H e - q u e n c h e d  e lec -  
t r o d e  w a s  p o l a r i z e d  c a t h o d i c a l l y  in  1N-H2SO, so lu -  
t ion for  a c e r t a i n  t i m e  (--,10 ~ l a y e r s  d e p o s i t e d ) .  
T h e r e a f t e r ,  cupr i c  su l f a t e  so lu t ion  w a s  i n t r o d u c e d  
and  t r a n s i e n t  t e chn iques  w e r e  app l i ed .  Resu l t s  a r e  
shown  in  T a b l e  I. No effect of t he  H~-evolu t ion  t r e a t -  
m e n t  was  obse rved .  Consequen t ly ,  t h e r e  is no r e -  
duc ib l e  su r f ace  c o m p l e x  (ox ide )  on  the  H e -  
q u e n c h e d  e l ec t rode  (cf. Sec t ion  4; ox ide  f i lm e lec -  
t r o d e ) .  

Oxide-fiLm Electrode 

( i )  Values of parameters . - -Values  of p a r a m e t e r s  
a r e  shown  in T a b l e  I. (a )  ~o and  ,~ a r e  e s s e n t i a l l y  t he  
same  as on e l e c t r o d e p o s i t e d  e lec t rode .  (b )  io's a r e  
h i g h e r  t h a n  those  of t he  H e - q u e n c h e d  e lec t rodes .  
(c)  C .... is l a r g e r  (2 ~ 3 t i m e s )  t h a n  on H e - q u e n c h e d  
e lec t rodes .  (d )  co a n d  zFvo a re  s l i g h t l y  l a r g e r  t h a n  
those  of t he  e l e c t r o d e p o s i t e d  e lec t rode .  
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Fig. 12. 'Coulometry' on the oxide film electrode: a, i = 2.6 x 
l 0  -~ amp cm-~; b, i : 8.7 x 10 -~ amp cm-~; ; = 2.6 x 10 ~ amp 
cm-:; electrolyte, 0.2 mole 1-4 N H4CI. 

( i i )  Stabil i ty  o] the sur]ace of the oxide film elec- 
trode after exposing the surface to the solution, fol-  
lowing anodic dissolution.--No change  of t h e  r a t e  
cons t an t  w i t h  t i m e  a f t e r  d i s so lu t ion  of -~10' (15 m a  
cm -~) l a y e r s  was  o b s e r v e d  on t h e  ox ide  f i lm e lec -  
t rode .  Resu l t s  a r e  shown  in  Fig .  3. 

( i i i )  Coulometry on the oxide film and H e -  
quenched e lectrode.- -The t h i cknes s  of  t h e  ox ide  f i lm 
was  m e a s u r e d  b y  c o u l o m e t r y  (4 ) .  Us ing  aqueous  
NH,C1 (0.2 M / L ) ,  a cons t an t  ca thod ic  c u r r e n t  was  
a p p l i e d  and  the  o v e r p o t e n t i a l  f o l l owed  w i t h  t ime .  
Resu l t s  on the  o x i d e  f i lm e l ec t rode  a n d  t h e  H e -  
q u e n c h e d  e l e c t r o d e  a r e  s h o w n  in Fig .  12 a n d  13, r e -  
spec t ive ly .  The  t h i cknes s  of t he  ox ide  f i lm e l ec t rode  
was  d e t e r m i n e d  as  a b o u t  10~A acco rd ing  to t h e  e q u a -  
t ion  (7 ) ,  T = irA, w h e r e  T is t he  t h i cknes s  in  A,  i is 
t he  cons t an t  c u r r e n t  in  m a  cm -~, t is t he  t i m e  in 
seconds  to t he  end  point ,  a n d  A = IO~M/NFp, w h e r e  
M is t h e  g r a m  m o l e c u l a r  w e i g h t  of t he  c o m p o u n d  
compos ing  t h e  film, N is t h e  n u m b e r  of F a r a d a y s  r e -  
q u i r e d  for  t he  r e d u c t i o n  of o n e - g r a m - m o l e c u l a r  
w e i g h t  of film, F is F a r a d a y ' s  n u m b e r ,  a n d  p is t h e  
d e n s i t y  of  t he  f i lm ( for  Cuba,  t a k i n g  p----6.0, A ~- 
12.4). I t  is seen  f rom Fig.  14 t h a t  t h e r e  is no ox ide  
f i lm on H e - q u e n c h e d  e l ec t rode  ( T a b l e  I I I ) .  

Discussion 

Reaction Mechanisms 

( i )  High current densi t ies . - -The r e a c t i o n  m e c h -  
a n i s m  on the  e l e c t r o d e p o s i t e d  e l ec t rode  has  been  
s t ud i e d  in de t a i l  and  is conc luded  to be  (1, 2) 

Cu § + e-* Cu + [5] 

Cu + + e ~ Cu [6]  

w h e r e  r e a c t i o n  [5]  is r a t e  con t ro l l ing .  As  can  be  seen  
f rom Fig.  2 a n d  T a b l e  I, v a l u e s  of  p a r a m e t e r s ,  i.e., 
a~, a~, and  io, a r e  r e p r o d u c e d  on the  e l e c t r o d e p o s i t e d  

i l o 0 0 ~  -X 

I'~ ~o Jo Jo Jo 
I (mln) 

Fig. 13. 'Coulometry' on the He-quenched electrodes, i ~- 2.6 x 

]0 4 amp cm-2; electrolyte; 0.2 mole I -I N H4CI. 
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Table III. Relative effects of substrates on the kinetics of the copper deposition reaction 

Electrode Electro- Chemically 
Quant i ty  Quenched deposited Oxide film deposited Cu 

io High Low Low Very  high increases 
wi th  number  of high 
cathodic pulses. 

High Very  high 

High Very  high 

High Very  high 

v o Low High 

co Low High 

C~.~. Normal  Normal  

~* ~ Rapid ly  decay Slow decay 

e lec t rodes ,  and  va lue s  of ac and  a~ on the  o the r  e l ec -  
t rodes  a r e  a lso  close to those  of t he  e l e c t r o d e p o s i t e d  
e lec t rodes .  Hence,  t he  r e a c t i o n  m e c h a n i s m  on the  
e l ec t rodes  i nves t i ga t ed ,  i nc lud ing  H e - q u e n c h e d  and  
ox ide  f i lm e lec t rodes ,  can  be  cons ide red  as [ 5 ] - [ 6 ]  in 
the  r eg ion  w h e r e  t he  l i n e a r  Tafe l  l ine  was  obse rved .  

( i i )  Low current densit ies.--Were t he  m e c h a n i s m  
[ 5 ] - [ 6 ]  to b e  app l i cab le ,  the  ~- i  r e l a t i o n s h i p  a t  low 
c u r r e n t  dens i t i e s  cou ld  be  c a l c u l a t e d  f r o m  

I J i - - L  e - - e  [7]  

u s i n g / s - v a l u e s  o b t a i n e d  b y  the  e x t r a p o l a t i o n  of t he  
Tafe l  l ine  in  i ts  l i n e a r  reg ion .  F r o m  Fig.  2, i t  can  
be  seen t h a t  t he  e x p e r i m e n t a l  r e su l t s  on t h e  e l e c t r o -  
depos i t ed  e l ec t rode  at  low c u r r e n t  dens i t i es  d e v i a t e  
on ly  s l i g h t l y  f r o m  those  c a l c u l a t e d  f r o m  [7] ,  b u t  on 
t h e  H e - q u e n c h e d  e l ec t rodes  c o n s i d e r a b l e  dev i a t i ons  
f r o m  the  v - log  i a cco rd ing  to [7]  occur.  These  d e v i -  
a t ions  h a v e  b e e n  e x p l a i n e d  b y  a s s u m i n g  t h a t  t h e  
su r face  d i f fus ion of ad ions  is r a t e  con t ro l l ing  a t  low 
c u r r e n t  dens i t i e s  (1, 2, 6) .  As  can  be  seen  f r o m  the  
r a t i o  of i,, to zFvo in  T a b l e  I, t he  r a t e  cons t an t  of t he  
t r a n s f e r  p rocess  is 15 ~- 17 t imes  l a r g e r  t h a n  t h a t  of 
the  su r f ace  d i f fus ion on the  H e -  or  H~-quenched  

/ 

-2 -I I 
log t ( s e c l  

Fig. 14. Change of overpotential with time of contact with solu- 
tion after dissolution. --circle with inner circle--; observed 
(circle with dot in Fig. 3); - - - ,  calculated: a, from eq. [13] 
where D ' / K  ~ and N~=~'/No were taken as 1 and 0.7; b, from 
Eq. [16];  and c, from Eq. [19] where c.~. ~=o/cB, fA, and zFD/xo ~ 
were taken as 5, 0.2, and 10 ~ (Table V). 

No decay 

e lec t rode ,  w h e r e a s  on the  o the r  e l ec t rodes  i t  is 
n e a r l y  un i ty .  

On the  H~-evolved  e lec t rode ,  zFvo and  co cou ld  no t  
be  e s t i m a t e d  be c a use  of s u p e r p o l a r i z a t i o n  in  t he  
t r ans i en t .  H o w e v e r ,  ~ at  low c u r r e n t  dens i t i e s  w a s  
the  s ame  w i t h  t ha t  of the  H e - q u e n c h e d  e lec t rode ,  
i.e., t h e  su r f ace  d i f fus ion is also r a t e  con t ro l l i ng  on  
this  e l ec t rode  sur face .  In  T a b l e  IV, r e a c t i o n  m e c h -  
an i sms  a re  s u m m a r i z e d .  

Change of Parameters of Surface of He-Quenched 
Electrodes wi th  Time after Cessation of 

Anodic Dissolution 
The  fo l lowing  mode l s  a r e  cons idered .  
( i )  D u r i n g  anodic  d isso lu t ion ,  sp i r a l s  u n w i n d ,  i a t  

po in t s  of low r a d i u s  of c u r v a t u r e  b e i n g  g r e a t e r  t h a n  
t ha t  on the  p lanes .  P i t s  m a y  deve lop .  On cessa t ion  of 
the  ne t  d i s so lu t ion  cur ren t ,  d i s so lu t ion  o r  depos i t i on  
occurs  loca l ly  at  p e a k s  or  pi ts ,  r e spec t i ve ly ,  so t h a t  
t he  su r f ace  t ends  to become  smoothe r ,  i.e., i ts  r e a l  
a r e a  less w i t h  i n c r e a s e  of t ime .  The  r a t e  cons t an t  p e r  
a p p a r e n t  squa re  c e n t i m e t e r  w o u l d  t hen  t e n d  to d e -  
c rease  w i t h  t ime.  H o w e v e r ,  such effects w o u l d  be  
ref lec ted  in t he  c a p a c i t a n c e  m e a s u r e m e n t s ,  and  these  
show va lues  i n d e p e n d e n t  of t i m e  a f t e r  cessa t ion  of 
d isso lu t ion .  

( i i )  A f t e r  cessa t ion  of t he  anod ic  cu r ren t ,  i m -  
p u r i t i e s  f r o m  t h e  so lu t ion  (e.g., any  d i s so lved  f r o m  
the  e l ec t rode  s u r f a c e )  m a y  diffuse b a c k  to t h e  s u r -  
face  a n d  adso rb  t he reon ,  m i g r a t i n g  to  g r o w t h  steps.  
Thus,  a s s u m i n g  su r f ace  d i f fus ion con t ro l  and  w i t h  a 
m o d e l  in w h i c h  the  v a r i a t i o n  of ad ion  c o n c e n t r a t i o n  

Table IV. Reaction mechanisms as a function of type of 
electrode surface 

Type  of elec- 
t rode surface Low current  density High cur ren t  density 

Elect rodepos-  Trans fe r  and sur -  Transfer  control  
i ted face diffusion 

He-quenched  Surface diffusion Transfer  control  
control  

He-quenched Surface diffusion Transfer  control  
control  

Oxide  film Transfe r  and sur -  Transfer  control  
face diffusion 

Anodica l ly  Transfer  and su r -  Transfer  control  
dissolved face diffusion 

H~-evolved Surface  diffusion Transfer  control  
control  
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between the growth steps is assumed l inear wi th  
distance (5) 

i Dco c-- co 
- -  - - -  [ 8 ]  
zF Xo e Co 

for s teady state, where  Xo is half  distance between 
growth steps, D the diffusion constant,  and c the con- 
centrat ion of adions at specified potentials  (c. at the 
revers ible  potent ial) ,  respectively.  

Or 

i Dco RT 
- - - - - -  e - - 1  [9] 
zF xo ~ 

xo is re lated to the n u m b e r  of growth steps, N, aris-  
ing f rom a pair  of screw dislocations, by  (6) 

C H A R G E  T R A N S F E R  A N D  S U R F A C E  D I F F U S I O N  

1 
- -  2 N  [ 9 a ]  

(2x.)" 
Hence 

[ z~, ~ [10] 

i l R T  J z F  -- 8 D c o N ,  e -- 1 

The number of growth steps at time t, N, diminishes 

with time, after cessation of dissolution, as the im- 

purities adsorb on them. 

Now 

N, = N~ i No N,=j 

where N,'  is the n u m b e r  of 'poisoned' growth steps. 
But (8) 

D't 

K2 ( Dtt y]2 : 
N /  -- 1 -  e erfc \---KV-] [12] 

if the ra te  of aggregation of impuri t ies  to growth 
steps is controlled by  diffusion f rom solution (D' is 
the diffusion coefficient of the impur i ty  in solution, 
and K is a constant characterist ic of the correspond-  
ing adsorption isotherm).  

From [11], substi tuted into [12] and [10], one 
obtains for 1~/I << R T / z F  

D ' t  

~?* = ~*=~ 1 N':*' ) N , ~  + N':| K~N,=o" e erfc ( ~ [ t  )v~] -~ 

[13] 

where  ~,~ = R T / 8  (zF)'DCoNo, and co is constant wi th  
time. 

This equation is consistent wi th  experiment ,  as 
shown in Fig. 14. However ,  i t  is seen tha t  the model  
involves co ---- constant, and in Fig. 7 it is seen that  co 
decreases with t ime in a way  paral lel  to v,. The 
model is hence untenable.  

(iii) During dissolution, crystal  faces of various 
indices may  be produced, some having higher bond 
s t rength to the adions than  others. Af te r  the cur-  
rent  is switched off, the planes on which the adions 
are present  in the highest concentrat ion m a y  dissolve 

I t  is a s s u m e d  in  t h e  d e r i v a t i o n  of  [12] t h a t  (a) c '  = co', x ~--- 0 
a t  t : 0; c '  : co', w h e n  x- ->  ~ a t  t ----- 0; (b) N F  = K c ' ,  w h e r e  c" 
a n d  co' a r e  t h e  c o n c e n t r a t i o n s  of  i m p u r i t i e s  a t  t h e  H e l m h o l t z  d o u b l e  
l a y e r  a n d  i n  t h e  b u l k ,  a n d  x is  t h e  d i s t a n c e  f r o m  t h e  e l e c t r o d e  to  
t h e  so lu t ion .  
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and meta l  ions deposit on those wi th  a smaller  adion 
concentration. 

Assuming for simplicity an equal  area  of planes A 
and B, where  cA > >  c~, the change of cA with  t ime 
can be expressed by  

dcA., iofA CA., --  CB,, 
- -  - -  - -  [ 1 4 ]  

dt zF e,3,~ 

where )rA is the fraction of surface A/cm 2 of surfaces 
A and B. 

Integration gives 

- - - - t  
ZI~CB, ~ 

cA., = cB.0 + (cA,,_~-- CB.o) e [15] 

From Eq. [9], [15], and the relat ionship co = f~cA,, 
+ f,c,. ,  one obtains 

R T  
--~t = in 

zF 

1 +  

CA, t=o RT 
1 + ~ - - 1  ]A e - - 1  

CB, o 
iof A 

CA.,~ ) 
1 + ~ - - I  fAe 

CB,o 

where  
RT [ 

- - ~ , ~ , = - - I n  i + 
zF 

ZFCB, o 

[16] 

ix2 I .] 

zFD cB,o + (cA.,:o--c,,o) + A  
[16a] 

This model is compared with  exper iment  in Fig. 
14. It  is qual i ta t ively consistent wi th  experiment ,  
but  the gradient  of the ~,-log t relat ion is badly  re -  
produced. 

(iv) The same concept as that  expressed in (iii),  
but the equil ibration of adion concentrat ion occurs 
by means of surface diffusion. 
Hence 

dc~,, fA , /  D 
- -  V d ~  - -  xo ~ (cA,, cs,~) [ 1 7 ]  

Integrat ion gives 

_ _  t112 
3co 

cA,, = e.,o + (ca,,=o--cB,o) e [18] 

F rom Eq. [9], [18], and the relat ionship co : f .c .  + 
]BCB 

R T  
--~, -- In 

zF 

I1 
1 +  

ii to 1 ( ) + .c*"--Y~ 1 ]A e - -  1 

CB o 

2~A 
/ ] :  tl/, _, 

I CA, t:o t Xo ?r 
1 + - - - - i  ]Ae 

CB,o 

[19] 

The model agrees reasonably wi th  exper iment  
(Fig. 14). The slope of the v,- log t relat ion m a y  be 
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Cu *+ 2e 

~ Cu (otis) 

I~eoction Path 

Fig. 15. Schematic expression of potential energy profile for 
Cu electrode reaction. Change of adsorption energy of Cu(ads) 
does not effect primarily reaction rate, since the rate determining 
step is Cu ~§ -+- e~  Cut 

q u a l i t a t i v e l y  b r o u g h t  in to  b e t t e r  a g r e e m e n t  w i t h  e x -  
p e r i m e n t  if t he  f o r m a t i o n  of f u r t h e r  ad ions  f r o m  the  
g r o w t h  s teps  on face  A is t a k e n  into  account ,  t he  
effect be ing  to s low d o w n  the  e q u i l i b r a t i o n  of ad ion  
c o n c e n t r a t i o n  a m o n g  the  c r y s t a l  faces.  I t  is no t  u n -  
p l a u s i b l e  t h a t  t he  r e a r r a n g e m e n t  occurs  b y  su r f ace  
diffusion,  for  the  io v a l u e  on e l e c t r o d e  su r faces  in  
w h i c h  Co is h igh,  is s m a l l  c o m p a r e d  w i t h  t he  io va lues  
on H e - p r e p a r e d  e lec t rodes ,  i.e., ad ions  on t h e  m o r e  
p o p u l a t e d  su r faces  go into  so lu t ion  less we l l  t h a n  
those  on the  less  p o p u l a t e d  surfaces .  

Dependence  oJ Rate  Constant  o] Trans fer  React ion 

on Subs t ra te  of Meta l  Sur face  

F o r  t he  t r a n s f e r  reac t ion ,  two  fac to r s  m a y  change  
w h e n  the  su r f ace  of t he  m e t a l  is a l t e r ed .  

( i )  The  h e a t  of a d s o r p t i o n  of Cu ad ions  is l a r g e r  
on the  e l e c t r o d e p o s i t e d  e lec t rodes ,  as e v i d e n c e d  b y  
t h e  l a r g e r  v a l u e  of co on such e l ec t rodes  t h a n  on 
H e - q u e n c h e d  surfaces .  C o n s i d e r a t i o n  of p o t e n t i a l  
e n e r g y  prof i le  d i a g r a m s ,  h o w e v e r ,  i nd ica t e s  t h a t  t he  
hea t  of a c t i va t i on  for  t h e  t r a n s f e r  r e a c t i o n  [5]  w o u l d  
not  be  effected b y  change  of the  bond  s t r e n g t h  b e -  
t w e e n  m e t a l  and  ad ions  (Fig .  15).  

A s e c o n d a r y  effect may ,  howeve r ,  a r i se  f r o m  the  
l a r g e r  hea t  of a d s o r p t i o n  on the  e l e c t r o d e p o s i t e d  
e lec t rode .  W h e n  8 < 1, w h e r e  8 is t he  c o v e r a g e  of the  
su r face  w i t h  adions ,  and  t a k i n g  the  r a t e  cons t an t  
for  t r a n s f e r  for  an  e l e c t r o d e p o s i t e d  and  a q u e n c h e d  
e l ec t rode  as t he  same,  t he  o b s e r v e d  v a l u e  of io on an 
e l e c t r o d e p o s i t e d  e l ec t rode  w o u l d  be  ia (1 - -  8). 

Thus,  io can  be  def ined  as 

~ F V R  ~H* 
--> R T  R T  

i , ~  k o [ C u  +~]e e ( 1 - - 8 )  

(I -- fl)  FVR ~-H* 

R T  RT 

--~-ka [Cu +] e e ( 1 -  0) [20]  

w h e r e  ~o, a n d  ~a a r e  r a t e  cons tan ts ,  [Cu ++] a n d  
[Cu +] t he  concen t r a t i ons  of t he  i n d i c a t e d  ions  in 
the  H e l m h o l t z  l aye r ,  V~ the  p o t e n t i a l  of t h e  e l ec -  
t r o d e  at  e q u i l i b r i u m ,  fi t h e  s y m m e t r y  fac tor ,  and  
--> 

~H ~ and  ~H ~ a re  t h e  ac t i va t i on  ene rg i e s  of [5]  in 

O c t o b e r  1962 

the  f o r w a r d  and  b a c k w a r d  d i rec t ions ,  r e spec t i ve ly .  
Then  

• F V R ,  He  " ~ H *  H e 

R T  RT 

(io) Ha e e (1 - -  0~o) 

(io)~, .-.> 

,SFVI~.  E A H * ~  

R T  R T  

e e (1 - -  BE) 

<-- 

(I -- fl)  FVR, He A H * H e  

R T  R T  

[Cu+]He e e ( i  -- 8~o) 
[21] 

Also  

Hence  

<-- 

(1  - -  f l ) F V R . E  A H * H e  

R T  R T  

[Cu+]E e e (I -- 8~) 

--> 

AH * :H *-H c"+++eJ 

~H ~ = H * -- He. + 

HH O,,+++o __-- H~o,++ + e 

[22a]  

[22b]  

[22c]  

H~.e - H% = fl(HHe c-+ -- H~ c"+) [22d] 

where H ~ and H's are the potential energies of the 
activated complex and the chemical species specified, 
respectively. 

From Eq. [21] and [22], and the experimental 
r e su l t  t ha t  V . . . .  = V~.E, and  (io)~o/(ia)~ ~-- 10 

( H H e  Cu+ --  HEC~,+) 

RT ( 1 - -  8He) 
10 = e [23] 

( 1 - 8 ~ )  

I t  can  be  a s s u m e d  t h a t  t h e  p o t e n t i a l  e n e r g y  of Cu + 
w i l l  not  change  w i t h  change  of su r face  conf igura t ion ,  
and  hence  the  d i f fe rence  in  io b e t w e e n  the  two  s u b -  
s t r a t e s  can  be  a t t r i b u t e d  to a change  of  0. Us ing  
0He --~ 0.07 ( T a b l e  I ) ,  Eq. [23] g ives  0.86 for  8z w h i c h  
is in good  a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  r e su l t  
of 0E ~ 0.8 ( T a b l e  I ) .  

H o w e v e r ,  t he  t h e o r y  of t he  d e t e r m i n a t i o n  of 0 i n -  
vo lves  t he  a s s u m p t i o n  t ha t  0 < <  1, so t h a t  t he  d e t e r -  
m i n e d  0 va lue s  c a n n o t  be  n u m e r i c a l l y  a c c u r a t e  for  
t he  e l e c t r o d e p o s i t e d  e lec t rodes .  Thus ,  on ly  q u a l i t a -  
t i ve  s igni f icance  a t t a c h e s  to t h e  r e su l t  t h a t  h igh  
ad ion  c o v e r a g e  m a y  cause  t he  c o m p a r a t i v e l y  low io 
v a l u e  of the  e l e c t r o d e p o s i t e d  su r f aces  (see  A p -  
p e n d i x ) .  

( i i )  The  w o r k  func t ion  m a y  change  w i t h  t he  s u r -  
face  s ta te ,  for  e l e c t r o d e p o s i t i o n  d e t e r m i n e s  t he  p r e -  
d o m i n a n t  c r y s t a l  p lanes ,  w h i c h  in  t u r n  inf luence  the  
w o r k  func t ion .  Thus ,  t he  w o r k  func t ion  is less  in  
t he  v i c i n i t y  of de fec t s  (9) .  H o w e v e r ,  p r e d o m i n a n t  
t r a n s f e r  a t  loca l  g r o w t h  s teps  is no t  a c c e p t a b l e  b e -  
cause  of t he  o b s e r v e d  su r f ace  d i f fus ion con t ro l  a t  low 
o v e r p o t e n t i a l .  D i r ec t  t r a n s f e r  to g r o w t h  s teps  was  
conc luded  as an  u n l i k e l y  p rocess  for  m e t a l  ions  b y  
C o n w a y  and  Bockr i s  (10) f r o m  c ons ide r a t i on  of po -  
t e n t i a l  e n e r g y  prof i le  d i a g r a m s .  

On the  ox ide  e lec t rodes ,  t he  io va lue s  a r e  h i g h e r  
t h a n  those  on t h e  e l e c t r o d e p o s i t e d  e l ec t rodes  ( T a b l e  
I ) ,  b u t  if  t he  v a l u e s  a r e  d i v i d e d  b y  the  r a t i o  of 
(Cd.,.) ox ide / (Cd . , . )  e l ec t rodepos i t ed ,  the  va lue s  of ia 
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for the oxide are  of the same order  as those on elec-  
t rodeposi ted  electrodes.  This resul t  is surpris ing.  I t  
could be consistent wi th  two models  of the  surface. 

(a)  The oxide is re la t ive ly  nonporous.  On con- 
tact  wi th  an acid solution, the oxide film wi l l  be 
complete ly  dissolved (the color of the  surface is ob-  
served to change f rom black.to~ da rk  b rown) ,  and a 
Cu surface is therefore  exposed to the solution. The 
dissolution follows a cer ta in  p re fe r r ed  crys ta l  p lane 
in the oxide, and hence a roughening of the  surface 
is caused, in consistence with  the  la rger  capacit ies 
observed for the (so-cal led)  oxide electrodes.  

(b)  Al te rna t ive ly ,  the  oxide m a y  be rega rded  as 
porous and the react ion to occur on the surface of the 
substrate .  However ,  if this were  so, the t ransi t ion 
t ime should be g rea t ly  reduced because of the  small  
f ract ion of ava i lab le  surface area  ( t rans i t ion  t ime is 
p ropor t iona l  to the square of area,  Eq. [28]) and 
the ohmic overpoten t ia l  is increased.  However,  the 
t rans i t ion  t ime and ohmic overpotent ia l  on the oxide 
electrodes are  roughly  equal  to those of e lect ro-  
deposi ted electrodes. Consequently,  model  (a)  is 
va l id  and the ra te  of t ransfer ,  per  t rue  square centi-  
meter ,  to the surface which arises f rom a f reshly  
dissolved oxide is the same as tha t  for e lec t rode-  
posi ted electrodes (except  for the  grea te r  area  
fac tor) .  

The equal i ty  of io would be expla ined  if 0 on the 
e lectrodeposi ted and oxide electrodes were  about  the 
same, i.e., the  a t t achment  of the  adions to the surface 
the same. On an e lect rodeposi ted  electrode,  a large  
number  of k ink  sites will  ar ise  in the bounda ry  of 
the  growth  spirals.  At  the  same time, on oxide elec-  
trode, the surface wil l  possess defects, ar is ing f rom 
the remova l  of oxygen atoms in the  surface, which 
wil l  correspond to about  half  the number  of sites. 
Thus, in both the  reduced and electrodeposi ted elec-  
trodes, the  number  of k ink  sites is much grea te r  than  
tha t  on He-quenched  electrodes and approaches a 
l imi t ingly  high value. This is consistent wi th  the 
lower, and approx ima te ly  equal, io value on e lect ro-  
deposi ted and reduced electrodes.  

The r e m a r k a b l e  increases in io obtained by  the 
repet i t ion  of high cathodic pulses of 20 sec, in which 
Cu is deposi ted fol lowed by the evolut ion of hydro -  
gen, is consistent wi th  the concept that  a chemical  
reduct ion of Cu § in solution evolved H takes  place. 
The change of s tandard  f ree  energy for Cu++~ Cu 
is --61.2 kcal  (11), and the revers ib le  potent ia l  of 
atomic hydrogen  electrode is --1.98v (12) (hydrogen 
scale),  so tha t  the  change of f ree  energy of the  r e -  
action Cu ++ + 2H -~ Cu + 2H + is --107 kcal  [cf. also 
ref. (13) and (14)] .  

The re la t ion of io to the number  of pulses is l inear,  
and the increase pe r  pulse is 8.6 ma. Since the  in-  
crease of surface area  per  pulse in 3.6 cm ~, the ac-  
t iv i ty  of the surface produced is the same as tha t  of 
the e lectrodeposi ted electrode (see Table I ) .  I t  is 
noticed tha t  the  io value  at  the commencement  of the 
pulsing increases compared wi th  tha t  on He-  
quenched electrodes.  The io/Cm ~ on the pulsed elec-  
t rode is, however,  tha t  of an e lectrodeposi ted elec-  
trode. Hence, as the increase in surface area  is only 
3.6 t imes per  pulse, an in i t ia l  decrease of i~ would be 

C H A R G E  T R A N S F E R  A N D  S U R F A C E  D I F F U S I O N  

Table Y. Values of zFD xo ~ as a function of electrodes 

Electrode zFD/xo2 (= zFvo/eo) 

937 

Electrodeposited 0.7 X 108 
He-quenched 2.8 X l0 B 
H~-quenched 2.2 • 106 
Oxide film 0.7 • 106 
Dissolved 2.8 • 106 

expected.  Its absence indicates  tha t  pa r t  of the or igi-  
nal  He-quenched  surface remains  active. 

Dependence  o] v o and Co on the  Subs t ra te  of 
Meta~ Sur face  

Tables I and II I  show that,  per  cm ~, Vo and Co are 
approx ima te ly  paral le l ,  i.e., if the model  considered 
is the first approx imat ion  model  for surface dif-  
fusion on electrodes,  wi th  a l inear  concentra t ion 
gradient ,  then, as, f rom this model  (5),  V o ---- Dco (xo~), 
the factor D~o ~ is roughly  constant  for quenched and 
electrodeposi ted electrodes.  (The constancy is only 
to wi th in  about  2-3 times, but  the  possible var ia t ion  
of Xo are  by  severa l  orders  of magni tude,  so tha t  the  
resul t  vo/co is constant  can be rega rded  as meaning  
tha t  Xo is app rox ima te ly  constant, for D is un l ike ly  
to change for the same meta l  and adsorbed anion 
concentra t ion) .  Results  are shown in Table  V. 

Two models  a re  possible in an in te rp re ta t ion  of the 
var ia t ion  of co wi th  subst ra te :  (a) the e lec t rode-  
posi ted electrode contains more k ink  sites than  does 
the quenched surface. Consequently,  as co = CK exp 
( - - A H / R T ) ,  where  c~ is the concentrat ion of k ink  
sites, and AH the energy difference be tween  the 
atoms at k ink  site and on the surface, the va lue  of Co 
would be grea te r  on the e lectrodeposi ted (and ox-  
ide) surface than  on the quenched electrode. (b) 
Al te rna t ive ly ,  the increase of co observed on an elec-  
t rodeposi ted  electrode may  arise f rom a grea te r  
bond s t rength  for  M-M § than on the quenched elec- 
trode.  

The first model  is the less l ikely,  for, if the num-  
ber  of k ink  sites and hence, number  of steps, is sub-  
s tan t ia l ly  l a rge r  on the electrodeposi ted electrode, xo 
would be subs tant ia l ly  smaller ,  in contradic t ion to 
the results.  

The dependence of co (hence, vo) on the surface, 
therefore,  depends on the crys ta l  p lane  developed in 
deposition. Let  it  be supposed, for i l lustrat ion,  tha t  
in the  deposi ted surface, a 100 plane predominates  
(cf. Fig. 16). Then, the coordinat ion number  of an 

///'~--\,,\\ 
I II I \\', 

i/ /,"~" Iioo)/," "-,\(too)~ -'~\,. 

/ \\\ NO 

i / \\ 
1 \C 

Fig. 16. Schematic expression for a passible change of surface 
structure during electrodeposition and dissolution, a, original sur. 
face; b, after deposition. The facet (111) will grow faster than 
facet (100) and hence fraction of (111) face in the surface will 
decrease with deposition, c, after dissolution. The facet (100) will 
dissolve faster than (111) face and hence fraction of (111) in 
the surface will decrease with dissolution. 



938 

a t o m  in th is  p l a n e  is 8. L e t  i t  be  c o r r e s p o n d i n g l y  
s u p p o s e d  t h a t  (111) p l anes  p r e d o m i n a t e  on  the  
q u e n c h e d  e lec t rode .  Then ,  t he  c o o r d i n a t i o n  n u m b e r  
is 9. Hence ,  the  bond  s t r e n g t h  on the  e l e c t r o d e p o s i t e d  
e l ec t rode  fo r  an  ad ion  is AHsubll.atloJ12 g r e a t e r  t h a n  
t ha t  on a q u e n c h e d  a n d  t hus  5 k c a l  mo le  -1 w o u l d  be  
t h e  o r d e r  of i nc rea se  in  b o n d  s t r e n g t h  of an  ad ion  on 
an  e l e c t r o d e p o s i t e d  sur face ,  c o m p a r e d  w i t h  t h a t  on a 
q u e n c h e d  sur face .  Hence ,  t he  Co v a l u e  w o u l d  be  ( for  
t he  s ame  c o n c e n t r a t i o n  of k i n k  s i tes )  abou t  60 t imes  
l a r g e r  ( e x p e r i m e n t  shows  t en  t i m e s )  fo r  e l e c t r o d e -  
pos i t ed  t h a n  for  H e - q u e n c h e d  e lec t rodes .  

On ox ide  e lec t rodes ,  t he  i~ and  c~ a re  e s sen t i a l l y  
t h e  s a m e  as  on e l e c t r o d e p o s i t e d  e lec t rodes .  Thus ,  a c -  
co rd ing  to  t h e  m o d e l  sugges ted ,  fo r  t he se  e l ec t rodes  
t he  m e t a l - a d i o n  b o n d  m u s t  be  a b o u t  t h e  s ame  as on 
e l e c t r o d e p o s i t e d  e lec t rode ,  i.e., t he  p r e d o m i n a n t  
p l a n e  m u s t  be  the  same,  and  p r o b a b l y  the  100 p lane .  
The  d o m i n a n c e  of t he  100 p l a n e s  on the  coppe r  s u r -  
face  f o r m e d  b y  r educ t ion ,  as we l l  as on t h a t  f o r m e d  
b y  depos i t ion ,  is not  su rp r i s ing ,  if  i t  is r e m e m b e r e d  
t h a t  t h e  a t o m s  in t h e  su r f ace  of a 100 p l a n e  h a v e  a 
coo rd ina t i on  n u m b e r  of 8, c o m p a r e d  w i t h  those  in  a 
111 p lane ,  w h e r e  the  c o o r d i n a t i o n  n u m b e r  is 9. The  
100 p l a n e  w i l l  t hus  be  m o r e  r e a d i l y  a t t a c k e d  in  a 
c h e m i c a l  reac t ion ,  a n d  in  a p o l y c r y s t a l l i n e  s u r f a c e  
wi l l  be p r e f e r e n t i a l l y  consumed ,  thus  u n d e r m i n i n g  
the  100 p lanes ,  and  r e d u c i n g  the  p r o p o r t i o n  of t he  
o t h e r  p l anes  a s soc ia t ed  w i t h  the  100 p l a n e s  in the  
sur face .  The  100 p l a n e s  t end ,  thus ,  to  be  i n c r e a s e d  in 
t h e i r  p r o p o r t i o n  on t h e  su r f ace  (see  Fig .  16).  In  t he  
s ame  cons ide ra t ion ,  depos i t i on  wi l l  occur  m o r e  
eas i ly  on 111 p l anes  t h a n  on 100 p l a n e s  because  an  
e l e c t r o d e p o s i t e d  a t o m  can  be  i n c o r p o r a t e d  in to  the  
l a t t i ce  in  a m o r e  s t ab l e  f o r m  on a 111 p l a n e  t h a n  on 
a 100 p l a n e  (d i f fe rence  in  c o o r d i n a t i o n  n u m b e r ) .  
Hence  111 p l anes  m a y  g r o w  f a s t e r  t h a n  100 p l a n e s  as  
i n d i c a t e d  in  Fig .  16, and  thus  the  100 p l anes  t e n d  to 
be  i nc r ea sed  in t h e i r  p r o p o r t i o n  on the  surface .  

Mechanism o~ E~ects of Repetitive Application of 
Cathodic Pulses at High Applied Potential 

Cathod ic  pu l ses  of 20 sec, a t  a c u r r e n t  d e n s i t y  of 
270 m a  cm -~, w e r e  a p p l i e d  to H e - q u e n c h e d  e lec -  
t rodes  for  up  to 50 consecu t ive  pulses .  E x p e r i m e n t a l  
r e su l t s  on io, C~.L, and  v (cf. Fig.  8 and  11) show t h a t  
t he se  a l l  i n c r e a s e  l i n e a r l y  w i th  the  n u m b e r  of pulses .  

F r o m  Fig.  8, va lue s  of dio/dp, dC~.~./dp, and  d~/dp, 
w h e r e  p is t he  n u m b e r  of pulse ,  a r e  e s t i m a t e d  as 8.6 
ma,  180 ~F  and  48 msec,  r e spec t i ve ly .  S ince  Cd.,. on 
the  H e - q u e n c h e d  and  t h e  e l e c t r o d e p o s i t e d  e l e c t r o d e  
is a b o u t  50 F c m  ~, an  i n c r e a s e  of 180 ~F in C~.~. 
c o r r e s p o n d s  to  an  i nc rea se  of 3.6 cm ~ in  su r f ace  area .  
D iv id ing  the  i nc rea se  of i,  p e r  pu l se  b y  the  i nc rea se  
of su r f ace  area ,  one ob ta in s  2.4 m a c m  -~ for  i~ on the  
deposi t .  Hence ,  t he  su r f ace  a c t i v i t y  of  t he  depos i t  is 
the  s ame  as  t h a t  of the  e l e c t r o d e p o s i t e d  e lec t rode .  

The  sugges t ion  t h a t  t h e  e x t r a  a r e a  is p r o d u c e d ,  
d u r i n g  pu l s ing ,  b y  a c h e m i c a l  r e d u c t i o n  of Cu ~* is 
s u p p o r t e d  b y  the  cons t an t  i nc rea se  of io and  su r f ace  
a r e a  w i t h  the  n u m b e r  of pulses .  

T h e  a v e r a g e  i nc rea se  in  t h i cknes s  of a depos i t  was  
o b s e r v e d  to be  2 x 10 -~ cm p e r  pulse .  A s s u m i n g  n 
l a y e r s  of p a r t i c l e s  p r o d u c e d  p e r  pulse ,  
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2 �9 10 -~-~ n -  2r  [24] 

w h e r e  r is t he  r a d i u s  of t h e  pa r t i c l e s .  The  t o t a l  n u m -  
b e r  of pa r t i c l e s ,  N, can be  e x p r e s s e d  as  

4~ 
N =  [ ( t o + r )  ~ +  ( r , + 3 r )  ~ +  (to + 5r )  ~ 

4r  ~ 
-t- . . . .  -t- (ro -t- ( 2 n - -  1 ) r )  ~] [25]  

H o w e v e r ,  a s s u m i n g  s p h e r i c a l  p a r t i c l e s  of e q u a l  size, 

dA 
4~r ~- N = - -  [26] 

dp 

F r o m  Eq. [24],  [25],  and  [26],  r N 10-' cm, N ,~ 106, 
and  n ~ 5. Hence  the  r a t e  of c h e m i c a l  r educ t ion ,  i,, 
is g iven  by :  

io �9 20 �9 M 4 
- -  N �9 - - ~  [ 2 7 ]  

zFd 3 

as io ~ 10 m a  p e r  a p p a r e n t  su r f ace  area .  

The  t r a n s i t i o n  t ime,  t, can  be  g iven  b y  

[Cu++] ~ z~l~Do.++ 
t---- f~- -  t~  [283 

4i ~ 

w h e r e  f is t h e  ef fec t ive  r o u g h n e s s  f ac to r  for  d i f fu-  
s ion (15) of cupr i c  ions.  Us ing  n u m e r i c a l  v a l u e s  of 
7.2 x 10 -6 cm ~ sec -1, 5 x 10 -~ mo le  cm -~, and  2.6 x 10 -1 
a m p  cm -~ for  De,++, [Cu++], and  i, r e spec t i ve ly ,  t ~ is 
c a l c u l a t e d  as 8.4 msec.  F i g u r e  9, c u r v e  1, and  F i g u r e  
10, cu rves  1 and  3, i n d i c a t e  an  o b s e r v e d  t r a n s i t i o n  
t i m e  on  the  H e - q u e n c h e d ,  e l e c t rode pos i t e d ,  a n d  d i s -  
so lved  e l ec t rodes  is abou t  35 msec.  The  d i s c r e p a n c y  
b e t w e e n  the  c a l c u l a t e d  a n d  o b s e r v e d  t r a n s i t i o n  t i m e s  
m a y  be  a t t r i b u t e d  to S. T h e  t hus  d e r i v e d  f is 2.0 
w h i c h  can  be  c o m p a r e d  w i t h  3.5, e s t i m a t e d  f rom 
Cd.l.. 

A c c o r d i n g  to Eq. [28] ,  w h e n  the  su r face  a r e a  b e -  
comes  l a rge r ,  one  can  e x p e c t  an  i nc rea se  of t p r o -  
p o r t i o n a l  to t he  s q u a r e  of the  su r f ace  area .  H o w e v e r ,  
t h e  e x p e r i m e n t a l  r e su l t s  (F ig .  8 a n d  11) show a 
l i n e a r  i nc rease  w i t h  t h e  n u m b e r  of pulses ,  i.e., a 
l i n e a r  i nc rease  w i t h  t h e  su r f ace  area ,  s ince  C~.,. i n -  
c reases  l i n e a r l y  w i t h  t he  n u m b e r  of pulses .  This  
c on t r a d i c t i on  a r i ses  f r o m  the  d i f fe rence  of t he  s u r -  
face  a r e a s  ef fec t ive  for  t h e  c h a r g i n g  up  of doub le  
l a y e r  and  for  diffusion.  The  depos i t  f o r m e d  f rom 
c h e m i c a l l y  r e d u c e d  Cu § w o u l d  be  po rous  and  co-  
depos i t ed  h y d r o g e n  escapes  t h r o u g h  pores  in  it. Le t  
i t  b e  a s s u m e d  t h a t  t he  hole  s h o w n  in Fig.  17 is t he  
r e l e v a n t  depos i t  shape.  Thus,  t he  l i n e a r  r e l a t i onsh ip s  
in Fig .  8 m e a n  t h a t  some p a r t  of t he  o r ig ina l  e lec -  
t r o d e  su r f ace  is s t i l l  ac t ive  for  t he  depos i t i on  of Cu, 

h I 

TI so,otio~ 

/ / J j / / / '/ ; ; '/ ; / , 
Electrode 

Fig. 17. Schematic expression for hole in deposit 
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a f t e r  t he  a p p l i c a t i o n  of m a n y  ca thod ic  pulses .  S i m i -  
l a r l y ,  such  a shape  m a y  b e  r e g a r d e d  as  e x p e c t e d l y  
a r i s ing  f r o m  the  p r e s s u r e  of ~ e v o l v e d  on the  o r ig i -  
na l  subs t r a t e .  As  a r o u g h  a p p r o x i m a t i o n ,  l e t  i t  be  
a s s u m e d  tha t  

a 
h --  [29]  

x ~ 

w h e r e  h is t he  h e i g h t  of t he  hole ,  x t he  r a d i u s  of t he  
hole  at  h, and  a is t he  cons tan t ,  r e spec t i ve ly .  The  
to ta l  su r f ace  a r e a  of the  holes  can  be  g iven  b y  

N~ f~o 2~rx dh =- N~ 4~r k / a h  [30]  

w h e r e  N,  is t h e  n u m b e r  of holes.  
Hence ,  t is g iven  b y  Eq. [28] a n d  [30] as 

t = t~ �9 (N~4v)~ah [31]  

On the  o t h e r  h a n d  
h - - - - - n . 2 r - p  [32] 

w h e n  n is t he  n u m b e r  of l a y e r s  p e r  pu l se  and  p t he  
n u m b e r  of pulses .  Hence ,  f r o m  Eq. [31]  and  [32] 

t---- t~ ~ �9 (N~4~r)~a �9 n �9 2r  �9 p [33]  

E q u a t i o n  [33]  i nd i ca t e s  t he  l i n e a r  i nc rea se  of t w i t h  
p w h i c h  is o b s e r v e d  e x p e r i m e n t a l l y .  T a k i n g  10 -~ c m  
for  x a t  h = 10 -~ c m  and  us ing  d t / d p  -~ 40 msec,  one 
ob ta in s  N~ as --10 ~ holes  p e r  e lec t rode ,  or  -~10~/cm *, 
a p l a u s i b l e  va lue .  
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A P P E N D I X  
When  0 < 1, an effect of ( 1 - -  0) t e rm in Eq. [20] on 

the Tafel  slope at  high cur ren t  dens i ty  is discussed be-  
low. 

The react ion mechanism is: 

Cu ++ + e-~ Cu + [5] 

Cu § + e ~ Cu (ads) [6] 

Cu (ads) ~- Cu [34] 

where reaction [5] is rate-determining step. 
For the steady state, the net rate, i is expressed for 

reactions [5], [6], and [34] as follows: 

i flF~ (i J i io 1 - -  O aT [Cu +] aT 
= e - -  e [35] 

1 -- Oo [Cu+]0 

where [Cu § is the steady-state concentration of Cu �9 
and [Cu+]o is the equilibrium concentration of Cut 

[Cu +] aT O aT 
i = io' e - -  - -  e [ 3 6 ]  

[Cu+]o Oo 

[ 0 - - 0 0 ]  
i = zFvo L----~-o J [37] 

where  io' is the  exchange cur ren t  dens i ty  for  react ion 
[6]. Since react ion [5] is the  r a t e - d e t e r m i n i n g  step, 
io' > >  io. Hence, f rom Eq. [36] 

Fy 

a T  [Cu § 0 
e [38] 

[Cu+]o Oo 

From Eq. [35] and [38], one obtains 

flF~ (1 J + fl)Fn l 
1 - -  0 aT 0 ~T 

i - - - - i o  1 - - 0 0 '  e ----00 e [ 3 9 ]  

At high cathodic polar izat ion:  

riFT 
1 - - 0  RT- 

i = i o ~ e  [40] 
1 - -0o  

F rom Eq. [37], [40], and [8], one gets 

R T  

e 
i i 

i = i o  1 - -  G D  [ 4 1 ]  

zF xo" (1 - -0o)  

where  GOo ~ co. One can expect  a devia t ion  f rom the 
Tafel  l ine at  the condit ion 

GD 
i > 0 . 1 . z F - -  (1 - -0o)  

Xo 2 

Taking  values  for z F D / x 2  and D as 2 x l0 s (Table  V) 
and 10 -7 cm ~ sec -1, respect ively ,  one gets: i > 20 (1 - -  0o) 
ma cm-t  However ,  no devia t ion  in the Tafel  l inea r i ty  
was observed up to 800 m a c m  -~ (Fig. 2). A possible ex -  
p lana t ion  for  this contradic t ion  is that :  (a) x,  de -  
creases with i (2, 6) ; and (b) a t  h igh cur ren t  density,  
another  process, e.g., nucleat ion,  becomes p redominan t  
and displaces [37]. 
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ABSTRACT 

In the study of the electron emitting behavior of cathodes in practical gas 
discharge devices, a method for the determination and measurement of emission 
in the vicinity of zero field was found and is described. 

The per formance  of cathodes is de te rmined  by  
thei r  t he rmodynamic  s tab i l i ty  and the i r  ab i l i ty  to 
emit  electrons. Therefore,  a genera l  examina t ion  
of mate r ia l s  in tended for cathode use involves the  
s tudy of both the i r  thermochemica l  and electron 
emit t ing behavior.  Fac tors  involved in the t he rmo-  
chemis t ry  of cathode components were  examined  
previous ly  (1).  This paper  begins the descr ipt ion of 
work  concerned wi th  thei r  electron emit t ing be-  
havior.  

The conditions under  which a cathode functions 
in a gas discharge may  convenient ly  be classified 
as those involving an accelerat ing,  a re tarding,  or a 
zero field in front  of the cathode. When a condit ion 
of zero field prevai ls ,  in f ront  of a uni form cathode, 
the discharge cur ren t  equals the "discharge t h e r -  
mionic emission," J,, f rom the cathode. I Then the 
influence of an electron accelera t ing or r e ta rd ing  
field on the cathode is removed  and a measure ,  J~, 
of the thermionic  capabi l i ty  of the cathode can be 
obtained. Methods for measur ing  the emission in 
the v ic in i ty  of zero field have been developed (2- 
8), but  the i r  use has been l imi ted  by  the probes, 
aux i l i a ry  electrodes,  or special s t ructures  tha t  they  
involve. Because of the u t i l i t a r ian  need to pe r fo rm 
measurements  on normal  s tandard  product ion dis-  
charge devices such as phosphor  coated fluorescent 
lamps, a new method was found and is descr ibed 
below. Since the  first results  of this invest igat ion 
were  repor ted  (10), Fo r s t e r -Brown  and Cayless 
(11) and Waymouth  (12) have publ ished thei r  
work  for measurements  on normal  lamps. Their  
procedures  have  assisted the task of in terconnec-  

1 As  " d i s t i n g u i s h e d "  f r o m  t h e  t e m p e r a t u r e - l i m i t e d  zero  f ield t h e r -  
m i o n i c  e m i s s i o n  i n  v a c u u m  d iodes  d e t e r m i n e d  b y  t h e  S c h o t t k y  and  
R i c h a r d s o n - D u s h m a n  plots .  T h e  in terre la t ion  b e t w e e n  th i s  a n d  the  
t h e r m i o n i c  e m i s s i o n  Je a b o v e  is  no t  y e t  c lari f ied (8, 9) .  

\ 
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TRANSFORMER 

c. vo LA'P 
T LAMP 

SWl LTAGE 
(Mercury 
of Thyrotron) LAMP CURRENT 

' ~  DC REGULATED 
POWER SUPPLY 

Fig. 1. Schematic diagram of apparatus 

t ion be tween this work  and the above probe  tech-  
niques. 

Prel iminary Exper iments  

The de te rminan ts  of cathode emission were  
sought in the s tar t ing or electr ical  b reakdown be-  
havior  of the discharge.  This behavior  was inves t i -  
gated using the a r r angemen t  shown in Fig. 1. With  
the supply  vol tage set above the b reakdown  vol t -  
age of the discharge,  closing of the switch produces 
oscilloscopic t races shown in Fig. 2 in thei r  most 
genera l  form. These are character ized by  three  
p la teaus  termed,  f rom left  to right,  A, B, and C. 
For  purposes of subsequent  reference,  the quan t i -  
t ies involved in the vol tage vs. t ime t race  are as 
follows: V, is the height  of p la teau  A in volts; this 
is the  supply  voltage;  AtA iS the length  of p la teau  
A in mill iseconds; Vn is the height  of p l a t eau  B in 
volts; AtB is the  length  of p la teau  B in mill iseconds; 
and Vc is the height  of p la teau  C in volts. 

The corresponding quant i t ies  in the  t race  of cur -  
ren t  vs. t ime are  in the same order,  as follows: J , ,  
AtA, JB, Ate, Jc. 

Dur ing  p la teau  B, the discharge has the appea r -  
ance of a general ized glow engulf ing the cathode. 
Immedia te ly  af ter  the t rans i t ion  to p la teau  C, the 
glow is about as generalized,  but  has a different  

"OD  L 
2OO 

I00 

Voltage vs Time in msec Oscilloscope Trace 

't ~ 
i 200 ~ | f lop ~ 

| 

Current vs Time Oscillos�9 Trace 

i | 

i | 

Light (near cathode) vs Time Oscilloscope Trace 

Fig. 2. Oscilloscopic traces of bre-kdown behavior: top, voltage 
vs. time; middle, current vs. time; bottom, light in cathode vicinity 
vs. time. 
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appearance with respect to both shape and color. 
After some time at this state, the discharge con- 
stricts to a "hot spot." 

If a high tension spark of a few microseconds' 
duration is applied to the discharge during the 
interval AtA, the trace falls immediately to level 
VB. If the spark is applied simultaneously with the 
application of the supply voltage, plateau A disap- 
pears while plateaus B and C remain unaffected. 
These facts and fur ther  evidence (13), indicate that  
plateau A corresponds to a type of formative time 
lag. 

With respect to plateaus B and C, two stable and 
one transient states are recognized as follows: 

(A) If  the cathode is held at some high tem- 
perature before the application of the sup- 
ply voltage, plateau B disappears, the trace 
failing directly from VA, after a ~t~, to level 
Vc. This level, Vc, is then the stable operating 
discharge voltage. 

(B) If the cathode is at some low temperature,  
plateau C disappears, /,t~ becoming infinite. 
VB under this condition is then the stable 
operating discharge voltage. 

(C) If the discharge current is sufficiently high 
for the discharge to heat the cathode di- 
rectly, then the temporal  sequence seen in 
Fig. 2 is obtained as the state described in 
paragraph (B) above is made to revert  to 
the state described in (A).  The extent to 
which this can occur or, in other words, the 
height and the length of plateau B, depend 
on the relative magnitudes of discharge 
current  and initial cathode temperature,  as 
will be seen. 

This general breakdown behavior is exhibited by 
all kinds of discharge devices tried thus far, in- 
cluding a number  containing a few mm Hg of noble 
gas and having anode-cathode spacings of from 1 
to 10 mm. As a result, this behavior does not seem 
attributable to some peculiarity of the positive 
column. Likewise, this behavior is discernible in 
some distorted shape if alternating current, square 
pulses or some sawtooth wave is used instead of 
direct current. 

Correlation with  Electron Emission Constants 
Long gap discharges.--The bulk of this work 

was done using standard phosphor coated 40w 
fluorescent lamps, 48 in. in length and l l& in. in 
diameter. In addition to a drop of mercury,  they 
contained a mixture of 70% argon and 30% neon 
by volume at a pressure of 2.5 mm Hg. The cathodes 
consisted of a structure incorporating a coiled-coil 
filament originally coated, unless otherwise stated, 
with the standard production triple alkaline earth 
carbonates. The experimental  procedure is illus- 
trated by means of Fig. 3. At each setting of cath- 
ode heating current, the discharge current  is read 
on the oscilloscope immediately after its rise from 
plateau A. Therefore, in order to obtain each ex- 
perimental point, the lamp need be lighted for only 
a fraction of a second. 
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CATHOOE HEATING CURRENT IN MA 

Fig. 3. Discharge current vs. cathode filament heating cur- 
rent for 40w standard fluorescent lamp. External resistance, 
R, values shown; supply voltage 30Or. At circled points, 
Vs ~ Vc, hts = O. Full arrows show the limits for zero field 
identification according to Forster-Bruwn and Cayless (11); dotted 
arrows, the upper limit fur zero field identification according to 
Waymouth (12). 

At constant external resistance and supply volt-  
age, ~ little change is observed in the discharge cur- 
rent as the cathode heating current is increased 
from zero up to a certain value. Beyond this value, 
the discharge current increases rapidly and reaches 
a new level within a narrow range of cathode heat-  
ing current. Thereafter, the discharge current be- 
comes quite constant again. At a new setting of 
external resistance, this general behavior is repro-  
duced, and the family of curves shown in Fig. 3 is 
obtained. 

At the low current  branch of each curve, AtB can 
be of the order of several minutes, and the dis- 
charge has the appearance of a glow discharge. At 
low temperature  and high external resistance val-  
ues, the glow often covers the entire electrode 
structure, but as the cathode temperature is raised, 
the glow becomes localized on the coated portion 
of the filament. 

In the cathode heating current  ranges in which 
Ja increases rapidly, Ata decreases until, near the 
upper elbow of each curve, plateau B completely 
disappears, and the oscilloscope trace reverts di- 
rectly from plateau A to plateau C. 

In this range, first the appearance of the glow 
changes and then the discharge acquires the ap- 
pearance of a "hot spot" mode of discharge. During 
a number  of experiments in this and the subse- 
quent series, the cathode heating current  was 
changed from a.c. to a square wave. The behavior 
observed during the "off" (up to 8 msec) and "on" 

s U s u a l l y  300v;  i t  is  o f t e n  n e c e s s a r y  to  u s e  a short durat ion 
(---~ AtA) high  tension spark to l ight  c e r t a i n  t y p e s  of  l a m p s  a t  this  

v o l t a g e .  VB a n d  At~ are not  af fected b y  the  s p a r k .  
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Fig. 4. Variation of VB, upper trace, and JB, lower trace, with cathode heating current. Supply voltage 500v; external resistance 3000 ohms. 
Cathode heating current progressively at 300, 320, 325 and 330 ma. Oscilloscope set at: ordinates, 167 v/cm, and 50 ma/cm; abscissa, 10 
msec/cm. 

pe r iods  i n d i c a t e d  t ha t  t he  n a t u r e  of t he  r e su l t s  d e -  
s c r i bed  a r e  not  due  to some i n t e r a c t i o n  b e t w e e n  
the  ca thode  h e a t i n g  and  d i s c h a r g e  c i rcui ts .  

The  p o s s i b i l i t y  is cons ide red  t ha t  p l a t e a u  B i n d i -  
ca tes  t h a t  an  a c c e l e r a t i n g  field ex is t s  in f ron t  of  
t he  ca thode .  C o n s e q u e n t l y  t he  ca thode  t e m p e r a t u r e  
at  w h i c h  p l a t e a u  B d i s appea r s ,  t h a t  is, w h e n  

J , = J c ; A t B - - - -  0 

is t he  lowes t  ca thode  t e m p e r a t u r e  at  w h i c h  the  
s t a t e  of ze ro  field can  p o s s i b l y  ( b u t  no t  n e c e s s a r i l y )  
occur.  This  h a p p e n s  at  t he  u p p e r  e lbow of each  
cu rve  as d e s c r i b e d  a b o v e  and  shown  on Fig.  3 b y  
the  c i rc led  points .  F i g u r e  4 shows  the  a p p e a r a n c e  
of t he  osci l loscopic  t r ace  as the  above  cond i t ion  is 
a p p r o a c h e d  and  a t t a i n e d  w i t h  i nc r ea s ing  ca thode  
t e m p e r a t u r e .  Of ten  p l a t e a u  B s lopes  s m o o t h l y  in to  
p l a t e a u  C; t hen  At, ~ 0 is f o u n d  b y  c o m p a r i n g  the  
l eve l  of t he  t a i l  end  of t he  t r ace  w i t h  t he  l eve l  of 
t he  t r a c e  i m m e d i a t e l y  a f t e r  t he  r i se  f rom p l a t e a u  
A. W h e n  these  leve ls  a r e  first  equal ,  h t ,  = 0. The  
l eve l  Je r i ses  s l i g h t l y  a f t e r  th is  po in t  is r eached .  
F o r  v e r y  h igh  va lue s  of  e x t e r n a l  r e s i s t ance  ( b o t -  
tom c u r v e  of Fig.  3) J]~ r ises  v e r y  g r a d u a l l y  and  
~tB is indef in i te .  

One  of t he  p r e r e q u i s i t e s  for  t he  co r r ec tnes s  of 
th is  a s s u m p t i o n  is t h a t  t he  ca thode  t e m p e r a t u r e  
and  d i s cha rge  c u r r e n t s  as specif ied a b o v e  shou ld  
o b e y  t h e  R i c h a r d s o n - D u s h m a n  r e l a t i o n  

e~ 

Jo = A T  ~ e ~ -  

A p lo t  of in  Jo/T  ~ vs. 1 / T  in Fig.  5, l ine  A, us ing  
the  d a t a  ( c i r c l ed  po in t s )  of Fig .  3 shows  t h a t  th is  
is the  c a s e /  

The  t e m p e r a t u r e s  w e r e  c o m p u t e d  s  ho t - t o - co ld  r e s i s t a n c e  
ra t ios ;  these  w e r e  p e r i o d i c a l l y  checked  w i t h  a m i c r o p y r o m e t e r .  I t  
is  to be e m p h a s i z e d  t h a t  Ja is  p l o t t e d  in  a l l  c a s e s  as  o b t a i n e d  w i t h -  
o u t  c o n c e r n  o r  c o r r e c t i o n  f o r  t h e  a m o u n t  o f  c a t h o d e  a r e a .  

F u r t h e r  e x p e r i m e n t a l  ev idence  t h a t  the  d i s a p -  
p e a r a n c e  of p l a t e a u  B is r e l a t e d  to zero field e m i s -  
s ion can  come f r o m  p r o b e  m e a s u r e m e n t  m e t h o d s  
such  as t h a t  of F o u n d  (2, 13).  Cay less  and  W a y -  
m o u t h  also took  p a i n s  to  c o m p a r e  t h e i r  r e s p e c t i v e  
m e t h o d s  to p r o b e  m e a s u r e m e n t s .  As  a r e su l t  t h e i r  
t e chn iques  a r e  used  to check  th is  me thod .  

o \ _ ,  _ , o 
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Fig. S. Richardson-Dushman plots for following: A, standard 40w 
fluorescent lamp, data from Fig. 3, slope = 1.59 ev; B, standard 
triple oxide cathode; cathode-anode distance, 2 ram; Supply 
voltage 36v; data from Fig. 8; slope = 1.13 ev; C, same as B 
above but measured at 300v; discharge current vs. cathode heating 
current relationship qualitatively same as in Fig. 3; slope = 1.13 
ev; D, average behavior for 40w fluorescent lamps; slope = 1.27 
ev; E, 40w fluorescent lamp with cathode coated with LaB6 (14), 
showing effect of attack on tungsten filament by boron at higher 
temperatures, initial slope ~ 2.54 ev; F, 40w fluorescent lamp 
with cathode coated with Ba~ThO~ (1), slope ~ 1.54 ev; G, 40w 
fluorescent lamp with uncoated tungsten filament as cathode, slope 

4.5 ev. The coated portion of the filament and coating uni- 
formity in cases A-F vary greatly. Jo is plotted without correction 
for the amount of cathode area. 
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Correlation with other methods.--The Fors t e r -  
Brown and Cayless method (11) determines  the 
zero field condit ion by the shr inking of the nega-  
t ive glow around the cathode f i lament  and the sud-  
den motion of the  posi t ive column away  from the 
cathode as zero field is approached f rom re ta rd ing  
to accelera t ing field conditions. These phenomena 
are reversed  when zero field is approached  f rom 
accelera t ing to re ta rd ing  field conditions. 

For  phosphor-coa ted  fluorescent lamps, the de-  
tails  of the negat ive  glow are not visible, and 
therefore  the  motion of the posit ive column and 
the resul t ing change in phosphor  br ightness  near  
the cathode are used, according to (11), as the 
cr i ter ion for zero field. The solid ar rows in Fig. 3 
indicate  the beginning and end of the motion of the 
posi t ive column as v isua l ly  observed. It is seen tha t  
the circled points are consis tent ly  wi th in  this range. 

In order  to obtain a definite corre la t ion wi th  the 
present  work,  a high speed photoelectr ic  cell p ick-  
up normal ly  used for  electronic fiashtube work  was 
employed.  The 3 x 4 cm aper tu re  of the ins t rument  
was placed against  the wal l  of s t andard  lamps, 
wi th  its long dimension beginning at the cathode 
and ex tending  in a direct ion para l l e l  to tha t  of the 
motion of the posi t ive column at zero field, which 
amounted  to about  3 cm. As a result ,  this motion 
was regis te red  by  the ins t rument ,  the output  of 
which was fed to a dual  t race  oscilloscope. The sec- 
ond input  of the oscilloscope was used for the si-  
mul taneous  observat ion of J (see Fig. 2). A small  
"window" clear  of phosphor  on the side of the lamp 
wal l  away  from the photocell  al lowed the observa-  
t ion of the negat ive  glow. 

F igure  6 gives an example  of the results  over  a 
range  of discharge current .  

I t  is seen tha t  the shr inking of the negat ive  glow 
(or the  d isappearance  of the  cathode da rk  space) 
and the condit ion JB = Jc, ~tB = 0 bracke t  closely 
the beginning of the  appearance  and d isappearance  
respect ive ly  of the F a r a d a y  da rk  space for this pa r -  
t icular  set of condit ions at  least. This connection of 

[ 
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Fig. 6. Variation with cathode heating current of JB (solid points) 
and Jc (circles), and corresponding light output in the vicinity of 
the cathode. Because of the experimental arrangement (see text) 
the light output increases as the head of the positive column ad- 
vances toward the cathode. The arrows indicate the regions at which 
the cathode dark space first appears. 
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Fig. 7. A. Richardson-Dushman plot of data obtained as indicated 
in Fig. 6 and described in text, slope ~ 1.10 ev; B, Richardson~ 
Dushman plot of data for short gap (2 mm) discharge; slopes 
----- 1.05 ev; 1.13 ev. In both A and B circles are points obtained 
by this method, crosses are points obtained by method of ref. (11). 

the d isappearance  of p la teau  B wi th  the  beginning 
of the rapid  motion of the posi t ive column toward  
the cathode was found val id  for a va r i e ty  of s tand-  
a rd  lamps wi th  different  cathode s t ructures  and 
tube diameters .  

A Richardson-Dushman plot of da ta  obtained as 
descr ibed above is given in Fig. 7A. It  is seen tha t  
the apparen t  work  functions correspond well  w i th -  
in the exper imenta l  e r ror  of both methods and the 
in tercepts  are  close enough as to make  l i t t le  p rac t i -  
cal difference. 

The logical consequence of the above was exper i -  
menta t ion  involving discharges (3 mm Hg of argon 
plus a drop of mercu ry )  wi th  electrode gaps suffi- 
c ient ly  smal l  so as to avoid the format ion of a posi-  
t ive column and therefore  of a F a r a d a y  da rk  space. 
In order  also to avoid possible e lectrode effects (see 
below) the a r r angemen t  used for this  series in-  
volved a t i t an ium anode in the  shape of a semi-  
cyl inder  app rox ima te ly  4 mm in d iameter  posi-  
t ioned wi th  the  cathode fi lament along its longi-  
tud ina l  axis. A supply  vol tage of 36v proved suffi- 
c ient ly  high for  this series. The cathode t e m p e r a -  
tures  and discharge currents  at  which p la teau  B 
and the cathode sheath d isappeared  were  measured,  
and Fig. 7B gives an example  of the results.  It is 
seen tha t  the difference be tween the conditions at  
which these two phenomena  occur is now smaller.  
The deviat ion f rom the s t ra ight  l ine at  h igher  dis-  
charge currents  of the points de te rmined  by  the 
shr inking of the  negat ive  glow reproduces  the find- 
ings in references  (8) and (11). This deviat ion be-  
gins to occur as the discharge current  approaches 
100 ma, also in agreement  wi th  reference (11). 

The Waymouth  method (12) detects the zero 
field condition by the onset of radio  f requency  noise 
as one proceeds f rom accelerat ing to re ta rd ing  field 
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CATHODE HEATING CURRENT IN MA 

Fig. 8. Discharge current vs. cathode filament heating current for 
short gap (2 ram) discharge measured at supply voltage of 36v. 
Circled points indicate the VB -~- Vc = Vo, ~ts = 0 condition. 
The Richardson-Dushmon plot using these data is shown in Fig. 5, 
line B. 

conditions. Difficulty p robab ly  of in s t rumenta l  na-  
ture,  was exper ienced in obta in ing  consistent be -  
havior  ut i l izing this in t r iguing  method. In a number  
of successful exper iments ,  radio noise of the char-  
acterist ics descr ibed in reference (12) was obtained 
dur ing p la teau  C, while  dur ing z~tB the noise was 
absent.  The dashed arrows in Fig. 3 indicate the 
regions at  which the radio f requency noise had  be-  
come appreciable ,  but  no sharp onset of noise was 
found in this pa r t i cu la r  instance. 

Accelerating / ield pheno~nena.--Certain phenom-  
ena pe r t a in ing  to the accelerat ing field mode appear  
r e l evan t  to the  presen t  subject.  

I t  wil l  be recal led tha t  at  lower  cathode t em-  
pera tu res  the cathode glow is not necessar i ly  local-  
ized on the pa r t  of the cathode which is coated with 
the emission mater ia l .  This happens regardless  of 
electrode s t ruc ture  or ca thode-anode  spacing. In 
these cases the  behavior  obta ined corresponds 
closely to tha t  of Fig. 3 even for short  gap (1-10 
mm)  discharges.  However  in the case of short  gap 
discharges,  by  reducing  the supply  vol tage f rom 
the 100 or more volts which is the "normal"  range 
for fluorescent lamps to a few tens, the glow is 
made  to envelop only the coated port ion of the 
cathode f i lament even at room tempera ture .  Then, 
the more ant ic ipated  behavior  seen in Fig. 8 is ob-  
tained.  The corresponding Richardson plot  is seen 
in Fig. 5 l ine B. Line C in Fig. 5 shows the Richard-  
son plot  for  the  same l amp  at  300v. I t  is seen tha t  
the two plots correspond quite well.  Therefore  the 
different  behavior  in the accelerat ing field region 
(i.e., Fig. 3 vs. Fig. 8) does not affect the  behavior  
in the v ic in i ty  of zero field, and the evaluat ion  of 
a cathode e i ther  way  is quite valid.  

The above seem to apply  to simple cathode s t ruc-  
tures  as well  as to s t ructures  incorpora t ing  par t s  
var ious ly  of meta l l ic  and nonmetal l ic  na tu re  such 
as shields, ceramic supports,  screens, wire  s t ruc-  
tures,  etc. It is also observed tha t  the bu lk ie r  the 
electrode s t ruc ture  the more the Richardson plot  
resul t  corresponds to tha t  of Fig. 7A ra the r  than  
tha t  of Fig. 7B. 

I t  is of per t inent  in teres t  to note tha t  a Richard-  

son plot  of all  the exper imen ta l  points of Fig. 8 
would give s t ra ight  l ine port ions for discharge cur-  
rent  and cathode heat ing t empe ra tu r e  conditions 
tha t  are  far  into the accelerat ing field region (13). 
This can be read i ly  seen f rom the exponent ia l  
na tu re  of the l o w - t e m p e r a t u r e  port ions of the 
curves of Fig. 8. This i l lus t ra tes  the fact tha t  a 
s t ra ight  l ine Richardson plot  is a necessary but  in-  
sufficient condit ion for the definition of zero field. 

Substances other than triple oxides in standard 
lamps.--Figure 5, l ine E, gives an example  of the re -  
sults obta ined wi th  cathode fi laments coated with  
LaB~ (14) .' At  h igher  t empera tu re s  the  in te rs t i t i a l  a t -  
tack  by  boron on the tungsten f i lament (14) p ro-  
ceeds at such a ra te  tha t  the measurement  of ca th-  
ode t empera tu re  becomes uncertain.  F igure  5, l ine 
F, gives the resul ts  from coatings of an interoxide,  
Ba2ThO, (1).  The above two coatings were  not uni -  
form wi th  respect  to thickness and fi lament cover-  
age (see be low) .  

F igures  9 and 5, l ine G, show the resul ts  obta ined 
wi th  uncoated tungs ten  filaments, the  e lectrode 
s t ruc ture  being otherwise  ident ical  to the above. 
These fi laments a re  i l l -def ined physicochemical ly  
but  of in teres t  because they  are the cathode fila- 
ments  used as base for al l  of the  coatings of this 
work. I t  is noted tha t  in this case even at 300v the 

4 Indebtedness  is a c k n o w l e d g e d  to  Dr.  J .  M. La f f e r ty  f o r  m a k i n g  
this  sample  of  LaB~ avai lable  for t h i s  w o r k .  
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CATHODE HEATING CURRENT IN MA 

Fig. 9. Discharge current vs. cathode filament heating current 
for standard 40w fluorescent lamp with uncoated tungsten filament 
cathode; conditions of measurement some as for Fig. 3. The 
Richardson-Dushmon plot using these data is shown in Fig. 5, line G. 
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b e h a v i o r  seen  in Fig.  8 r a t h e r  t h a n  t h a t  in Fig .  3 is 
ob ta ined .  

The  a b o v e  a re  c o m p a r e d  w i t h  l ine  D in Fig.  5 
w h i c h  a p p e a r s  thus  fa r  to be  an  a v e r a g e  b e h a v i o r  
for  t r i p l e  ox ide  ca thodes .  

Experimental Pitfalls 
M e a s u r e m e n t s  of ca thodes  in  gas  d i s cha rges  a r e  

sub jec t  to a l l  of t he  c o m p l i c a t i n g  f ac to r s  of v a c u u m  
d iode  i nves t i ga t i ons  p lus  some of t h e i r  own.  A 
n u m b e r  of these  fac to rs  a r e  p o i n t e d  out  be low.  

Progressive emission hysteresis.--Figure 10 
shows  cu rves  of J~ vs. ca thode  h e a t i n g  c u r r e n t  for  
a s t a n d a r d  t r i p l e  ox ide  ca thode  l i ke  those  s h o w n  in 
Fig.  3. The  a r r o w s  show the  o r d e r  in  w h i c h  the  
m e a s u r e m e n t s  w e r e  t aken .  The  f igure  i l l u s t r a t e s  
t he  effect  of ionic  b o m b a r d m e n t  a t  t he  l o w e r  l eve l  
of J~ and  the  effect of h e a t i n g  at  t he  u p p e r  l eve l  of 
d i s c h a r g e  cu r ren t .  A r e v e r s a l  in  t he  d i r ec t ion  of t h e  
p h e n o m e n o n  is also obse rved .  The  i n se r t  in  Fig .  10 
g ives  an  e x a m p l e  of this .  I t  shou ld  be  r e c a l l e d  t h a t  
t he  ca thode  o p e r a t e s  for  on ly  a f r ac t i on  of a second  
p e r  e x p e r i m e n t a l  po in t .  

To compensa te ,  a t  l eas t  to some ex ten t ,  for  th is  
r a p i d  c h a n g e  in  c a thode  cha rac t e r i s t i c s ,  t he  e x p e r i -  
m e n t a l  w o r k  was  p l a n n e d  so t h a t  a l l  po in t s  w e r e  
o b t a i n e d  in  consecu t ive  a scend ing  (or  d e s c e n d i n g )  
o r d e r  w i t h i n  each  c u r v e  and  f r o m  one c u r v e  to  t he  
nex t .  The  d i f fe rence  in t he  r e su l t s  o b t a i n e d  in an  
a scend ing  or  de scend ing  p r o c e d u r e  invo lves  sma l l  
d i f fe rences  in  t he  fac to rs  A and  ~ of Eq. [1] ,  b e -  
cause  th is  effect is m o r e  p r o n o u n c e d  a t  h i g h e r  t h a n  
at  l o w e r  d i s c h a r g e  cu r ren t s .  

Temperature.--The ca thode  t e m p e r a t u r e  is d e -  
t e r m i n e d  no t  on ly  b y  the  ca thode  h e a t i n g  c u r r e n t  
b u t  also b y  the  h e a t i n g  effect of t he  d i scharge .  A t  
h igh  d i s c h a r g e  cu r ren t s ,  t he  l a t t e r  can  p r e d o m i n a t e  

to t he  e x t e n t  t h a t  p l a t e a u  B r e v e r t s  to p l a t e a u  C in 
a m a t t e r  of mi l l i s econds  even  if t he  c a thode  h e a t i n g  
c u r r e n t  is zero.  This  is t he  s i t ua t i on  d e p i c t e d  in Fig.  
2, w h e r e  t he  d i s c h a r g e  c u r r e n t  is of t h e  o r d e r  of 200 
ma.  F o r  l o w e r  d i s cha rge  cu r ren t s ,  t he  h e a t i n g  effect 
of t h e  d i s cha rge  m a n i f e s t s  i t se l f  on ly  n e a r  t he  zero  
f ield t e m p e r a t u r e  r a n g e s  w h e r e  a s l igh t  i nc rea se  in 
h e a t i n g  ra te ,  w h e t h e r  c o n t r i b u t e d  b y  the  ca thode  
h e a t i n g  c u r r e n t  or  b y  the  d i scha rge ,  causes  p l a t e a u  
B to d i s a ppe a r .  

Because  of t he se  cons ide ra t ions ,  J~ is r e a d  i m -  
m e d i a t e l y  a f t e r  t h e  r i se  f rom p l a t e a u  A w h e n  the  
h e a t i n g  ac t ion  of t he  d i s c h a r g e  has  been  in effect 
for  on ly  a f ew  mic roseconds .  

Temperature and coating uniformity.--Figure 11, 
f r o m  w h i c h  the  d a t a  for  l ine  F,  Fig.  5 was  ob ta ined ,  
shows  an  e x a m p l e  of m e a s u r e m e n t s  i d e n t i c a l  to 
those  of Fig .  3 b u t  p e r f o r m e d  on n o n u n i f o r m l y  
coa ted  f i laments .  As a r e su l t ,  t hese  ca thodes  show 
r a t h e r  s eve re  t e m p e r a t u r e  g r a d i e n t s  a long  t h e i r  
l ength .  This  cond i t i on  also affects  t he  e x t e n t  a n d  
u n i f o r m i t y  of t he  a c t i va t i on  of t he  ca thode  d u r i n g  
m a n u f a c t u r e .  

I t  is seen  t h a t  t he  r i se  of p l a t e a u  B occurs  ove r  a 
w i d e r  r a n g e  of ca thode  h e a t i n g  c u r r e n t  as  t h e  v a r i -  
ous p a r t s  of t he  ca thode  t e n d  to c o n t r i b u t e  to  t h e  
t o t a l  JB to a d i f fe ren t  e x t e n t  a t  each  se t t i ng  of c a t h -  
ode  h e a t i n g  cu r ren t .  

I n  cases  of th i s  k ind ,  the  Cay less  u p p e r  l imi t s ,  i n -  
d i c a t e d  b y  the  a r r o w s  in Fig .  11, t e n d  to m o v e  f u r -  
t h e r  up  the  h igh  c u r r e n t  b r a n c h  of t h e  cu rves  t h a n  
in  t he  case  of u n i f o r m l y  coa ted  ca thodes .  I t  was  
o b s e r v e d  t h a t  a t  t e m p e r a t u r e s  above  those  i n d i -  
ca t ed  b y  the  a r r o w s  the  b r i g h t n e s s  of t he  p h o s p h o r  
n e a r  t he  ca thode  and  t h e r e f o r e  t he  pos i t i on  of t h e  
h e a d  of t he  pos i t i ve  co lumn  w e r e  f a i r l y  cons t an t  
w i t h  t ime .  In  t he  r eg ion  b e t w e e n  the  a r r o w s  a n d  
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Fig. 10. Discharge current vs. cathode filament heating current for 
standard triple oxide cathode. Measurements followed the se- 
quence shown by the numbers for each branch and the arrows within 
each branch, in order to illustrate the phenomenon of progressive 
emission hysteresis (see text). The reverse phenomenon is shown in 
the insert. 
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Fig. 1]. Discharge current vs. filament heating current for 
standard 40w fluorescent lamp with cathode filament coated non- 
uniformly with Bo2ThO4. The Richardson-Dushman plot using these 
data is shown in Fig. 5, line F. 
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the  J, ~ Jc, AtB ~ 0 po in t s  h o w e v e r  t he  pos i t ion  of 
the  pos i t ive  co lumn  was  v a r i a b l e  for  n e a r l y  1 ra in  
a f t e r  t he  l a m p  was  l igh ted .  This  i n d i c a t e d  t h a t  t he  
c a thode  a c t i v i t y  was  c h a n g i n g  c o n s i d e r a b l y  because  
of the  ac t ion  of t he  d i scharge ,  caus ing  a l a r g e  d i f -  
f e r ence  b e t w e e n  the  " i n s t a n t a n e o u s "  p r o c e d u r e  d e -  
s c r ibed  he re  and  the  " s t e a d y - s t a t e "  p r o c e d u r e  d e -  
s c r i bed  in  ref .  (11) .  This  d i f fe rence  is s m a l l e r  in  
we l l  ac t iva t ed ,  s t ab le  ca thodes  l i ke  t h a t  of Fig .  3 
t h a n  in the  n o n u n i f o r m  ca thode  of Fig.  11. 

Impurities in discharge at~r~osphere.--The d i s -  
cha rge  in vesse ls  of  t u b u l a r  s h a p e  i n t e r a c t s  w i t h  
t he  wa l l s  e spec i a l l y  d u r i n g  atA (13) .  The  su r f ace  
a r e a  of these  wa l l s  can  be  l a r g e  as in  the  case  of a 
p h o s p h o r - c o a t e d  f luorescen t  l amp.  As  a resu l t ,  d e -  
so rp t ion  or  d e c o m p o s i t i o n  p r o d u c t s  can  f ind t h e i r  
w a y  f rom the  wa l l s  in to  t he  gas  a t m o s p h e r e  and  to 
the  ca thode  w h i c h  in g e n e r a l  is t he  mos t  ac t ive  
ge t t e r  a v a i l a b l e  to them.  

Spec ies  t ha t  become  p h y s i c a l l y  a d s o r b e d  on the  
ca thode  su r f ace  t e n d  to  g ive  a s a w t o o t h  or  " h a s h y "  
a p p e a r a n c e  to the  J and  V vs. t i m e  t r ace  t he  first  
t ime  the  l a m p  is l i gh t ed  a f t e r  s t a n d i n g  for  some 
t ime.  

The  effect of species  t h a t  comb ine  w i t h  t he  c a t h -  
ode in  a m o r e  i n t i m a t e  f a sh ion  is m o r e  p r o n o u n c e d  
and  can  be  p e r m a n e n t .  U s u a l l y  those  t e n d  to change  
the  ca thode  b e h a v i o r  f r o m  t h a t  of Fig.  3 to  t h a t  
shown  in Fig .  11. Not  i n f r e q u e n t l y  th is  change  can  
occur  in  the  m i d d l e  of a ser ies  of m e a s u r e m e n t s  and  
even  r e v e r s e  i t se l f  to t he  o r ig ina l  b e h a v i o r  l a t e r  on 
as t he  d i s c h a r g e  c leans  t he  ca thode  su r face  b y  s p u t -  
t e r i ng  or  as these  species  diffuse in to  the  b u l k  of t he  
ca thode .  

Variable cathode composition.--A ca thode  in -  
vo lves  a de l i ca t e  b a l a n c e  b e t w e e n  the  p rocesses  
p r o d u c i n g  the  a c t i v a t i n g  species  such as " f r e e "  
b a r i u m  (1, 15) or  l a n t h a n u m  (14) and  those  t h a t  
cause  t h e i r  loss f r o m  the  ca thode .  E s p e c i a l l y  in  a 
gas  d i scha rge ,  a p rec i se  ba l ance  is r a r e l y  if  e v e r  
a t t a i n a b l e .  T h e r e f o r e  for  each  m e a s u r e m e n t  t he  
d i s cha rge  is l e f t  o p e r a t i n g  for  a f r ac t i on  of a sec-  
ond, and  an  a t t e m p t  is m a d e  to o b t a i n  each  se t  of  
d a t a  u n i n t e r r u p t e d l y .  This  p r o c e d u r e  can  of course  
be  a l t e r e d  to su i t  d i f fe ren t  purposes ,  as for  i n s t ance  
the  d e t e r m i n a t i o n  of an  " e q u i l i b r i u m "  s ta te .  Then  
the  d i s c h a r g e  is i n t e r r u p t e d  for  t he  d e s i r e d  l e n g t h  
of t ime.  

The  a b o v e  fac to rs  t e n d  to m a k e  the  ca thode  an  
e v e r - c h a n g i n g  s y s t e m  w h e t h e r  the  d i s c h a r g e  dev ice  
is o p e r a t i n g  or  not.  H o w e v e r ,  if t hese  fac tors  a r e  
r ecogn ized  and  the  e x p e r i m e n t a l  w o r k  p l a n n e d  ac -  
co rd ing ly ,  c l e a r - c u t  r e su l t s  can be  ob ta ined .  

Discussion and Conclusions 
The p u r p o s e  of the  w o r k  d e s c r i b e d  h e r e  was  to 

ob t a in  a m e a s u r e  of the  t h e r m i o n i c  c a p a b i l i t y  of  
ca thodes  in gas  d i scharges .  The  ev idence  is f a i r l y  

conv inc ing  t h a t  t h e r e  is l i t t l e  p r a c t i c a l  d i f fe rence  in 
t he  r e su l t s  o b t a i n e d  b y  the  p r o c e d u r e  d e s c r i b e d  
h e r e  and  t ha t  d e s c r i b e d  in ref .  (8)  and  (11) .  5 The  
" i n s t a n t a n e o u s "  n a t u r e  of t h e  m e a s u r e m e n t s  d e -  
s c r i be d  a b o v e  offer a d v a n t a g e s  s i m i l a r  to t hese  of 
pu l sed ,  over  d - c  m e a s u r e m e n t s  in  v a c u u m  diodes .  
E s p e c i a l l y  in gas  d i s c h a r g e  ca thode  s tudies ,  th is  
p e r m i t s  t he  r e so lu t i on  a n d  hence  the  s t u d y  of s h o r t  
d u r a t i o n  effects such  as t he  p h e n o m e n o n  of e m i s -  
s ion hys t e r e s i s  d e s c r i b e d  above.  Tha t  th is  can  also 
be done  b y  a m i n o r  a l t e r a t i o n  of  the  m e t h o d  of ref .  
(11)  has  been  d e m o n s t r a t e d .  

F u n d a m e n t a l l y ,  t h e r e  is l i t t l e  d o u b t  t ha t  t he  con-  
d i t i on  V~ ~- Ve a n d  ht~ ~ 0 occurs  on the  a c c e l e r a t -  
ing  f ield s ide  of the  cond i t ions  at  w h i c h  the  ca thode  
d a r k  space  d i s appea r s .  E v i d e n c e  d e r i v e d  f rom 
spect roscopic"  an  p r o b e  (2)  w o r k  7 i nd i ca t e s  t ha t  
i ndeed  p l a t e a u  B d i s a p p e a r s  w h i l e  an  a c c e l e r a t i n g  
field s t i l l  p r e v a i l s  (13) .  I t  is t h e r e f o r e  of f u n d a -  
m e n t a l  i n t e r e s t  t ha t  the  d i s a p p e a r a n c e  of the  g low 
cond i t ion  a s soc ia t ed  w i t h  p l a t e a u  B is d e p e n d e n t  
on the  b e h a v i o r  of the  c a thode  a t  zero field and  on 
the  b e h a v i o r  of f u n d a m e n t a l  gas  d i s c h a r g e  p h e -  
n o m e n a  such  as of the  F a r a d a y  d a r k  space .  
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5 I t  w i l l  be  s h o w n  s u b s e q u e n t l y  (13) t h a t  t h e r e  s h o u l d  be  a n d  in -  
deed  t h e r e  is  a s l i g h t  d i f fe rence  in  t he  a p p a r e n t  w o r k  f u n c t i o n  
d e t e r m i n e d  b y  t he  two  m e t h o d s .  

0 I n  r a r e  g a s - H g  d i scha rges ,  s o m e  of  t he  ra re  gas  spec t r a l  l i ne s  
a re  s t i l l  p r e s e n t  i n  t he  n e g a t i v e  g l o w  a f t e r  AtB = 0. 

AtB becomes  zero a b o v e  t he  zero f ie ld  " p o i n t "  of  a p l o t  of  p r o b e  
current  v s .  c a t h o d e  t e m p e r a t u r e .  
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ABSTRACT 

Minute variations of resistivity in germanium crystals were studied by the 
use of two methods of detection: selective copper plating and micropotential 
scanning. Results show that horizontal zone-leveled crystals have, in general, 
much larger minute resistivity variations than vertically grown crystals. 
Furthermore,  n- type crystals have much larger resistivity variations than 
p- type crystals. These results, when applied to study of breakdown voltage in 
semiconductor devices, show that the range of breakdown voltage in p -n -p  
alloyed-junction transistors is much wider than the range in n-p-n  devices. 

Resis t iv i ty  var ia t ions  resul t ing from nonhomo- 
geneous d is t r ibut ion  of impur i t ies  have been ob-  
served in germanium crystals  grown hor izonta l ly  
and by  the Czochralski  (1) technique.  The nonuni -  
form solute d is t r ibut ion  appears  to be caused by 
var ia t ions in growth conditions, such as ra te  of 
pull ing,  t empera tu re  gradients ,  furnace vibrat ions,  
and s t i r r ing (2).  The var ia t ions  of res is t iv i ty  which 
resul t  f rom these conditions can be categorized as 
follows: (a)  res is t iv i ty  difference be tween the seed 
and the base of the crys ta l  (2);  (b)  nonuni formi ty  
across a wafer  cut pe rpend icu la r  to the  direct ion of 
growth (3, 4);  and (c) minute  var ia t ions  in the 
direct ion of growth  (5).  

The minute  res is t iv i ty  var ia t ions  have often been 
re fe r red  to in the l i t e ra ture  as res is t iv i ty  s t r ia t ions 
(5).  

The first type  of var ia t ion  ment ioned above can 
be measured  easi ly by convent ional  methods using 
four -po in t  and two-po in t  probes. The other  types 
require  methods of measurements  providing much 
be t te r  resolution. One such method is the photo-  
voltaic method (4),  which is l imited,  however ,  to 
res is t iv i ty  var ia t ions  wi th  per iods  which are long 
compared  wi th  the diffusion length  of the minor i ty  
carriers .  Other  methods employ rad iographs  (2) 
and copper p la t ing (4).  The use of rad iographs  to 
detect  minute  res is t iv i ty  var ia t ions  is ve ry  involved 
and is inheren t ly  res t r ic ted  to genera l  qual i ta t ive  
resul ts  only. The copper p la t ing method, despi te  its 
s implici ty,  also yields  only qual i ta t ive  results.  

Methods of measurement  were  sought because 
exis t ing methods did  not  enable  full  qual i ta t ive  and 
quant i t a t ive  s tudy of minute  res is t iv i ty  var ia t ions  
and thei r  effect on devices. However  employing two 
w e l l - k n o w n  methods  and corre la t ing the  resul ts  of 
both p rov ided  sa t is factory  data. 

This paper  describes how two methods of meas-  
ur ing  res is t iv i ty  variat ions,  copper pla t ing and 
micropotent ia l  scanning, are cor re la ted  to give both 
qual i ta t ive  and quant i t a t ive  results  wi th  ve ry  good 
resolution. Results  obta ined by  the use of these 
methods are discussed in te rms of the  effect of r e -  

1 Present  address: Ran Ltd., Tel  Aviv ,  Israel. 

s is t ivi ty  var ia t ions  on the manufac tur ing  yield of 
devices. 

The exper imenta l  procedures  out l ined in this 
paper  should act only as a guide to the per formance  
of s imi lar  exper iments  in tha t  the var iables  involved 
were  not opt imized unless so specified. 

Experimental Procedures 
Copper plating.--The detect ion of res is t iv i ty  

var ia t ions  by the use of selective copper p la t ing 
was suggested by  Camp (5).  In this method, the 
e lect rolyt ic  cell  consists of a copper sulfate  solution 
as an electrolyte,  a copper anode, and the sample to 
be p la ted  as a cathode. An e lect rolyte  which re -  
sul ted in sat isfactory selective p la t ing in most cases 
consisted of 210g of copper  sulfate  pen t ahydra t e  
and 52 cm 3 of concentra ted sulfuric acid, d i luted to 
a volume of 1000 cm 3 wi th  water .  

A pulsed vol tage was appl ied  to the electrodes by 
means of an automat ic  e lec t romechanical  switch. 
Very good selective p la t ing  was obtained with  sam- 
ples f rom 2 to 8 mm thick, which were  covered on 
the back wi th  solder and cast in an epoxy resin so 
tha t  only the surface to be p la ted  was exposed. The 
face to be p la ted  was etched to obtain a clean 
smooth surface. Curren t  densit ies ranged from as 
low as 11/2 a m p / c m  2 to approx ima te ly  30 a m p / c m  ~. 

Both n-  and p - t y p e  ge rmanium in res is t iv i ty  
ranges of from 0.03 to 40 ohm-cm were  sat isfac-  
tor i ly  plated.  Al though no exact  rules for va r i a -  
tions of pa ramete r s  of the p la t ing ba th  could be 
der ived  f rom the exper iment ,  cer ta in  genera l  ru les  
can be given. 

For  p - t y p e  samples,  the  appl ied vol tage ranged  
f rom 300 to 1700v, depending on the res is t iv i ty  of 
the sample;  i.e., higher  resis t ivi t ies  requi red  higher  
voltages. The pulse r a t e  was 3 cps. Selec t iv i ty  of 
p la t ing was improved  in some cases by an increase 
in the conduct ivi ty  and, therefore,  the current  den-  
sity, of the solution through the addi t ion of sulfuric 
acid. In other  cases, an increase in the copper- ion  
concentra t ion in the solution by  the addi t ion of 
copper sulfate resul ted  in be t te r  plat ing.  

In p la t ing n - t y p e  samples, especial ly those sam- 
ples hav ing  h igher  res is t ivi ty ,  the  best  resul ts  were  
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Table I. Typical plating conditions for n- and p-type 
germanium sample 

Resistivity, Plating, Time of 
Type  ohm-cm volts plating, sec. 

p 0.3-0.4 360 30 
p 2.0 630 30 
p 9.0 810 21 
p 15.0-18.0 810 30 
p 25.0 1020 60 
n 0.5 1020 17 
n 2.0 1020 10 

1640 10 
n 9.5-16.0 

n 35.0 

Pulse rate:  about  3/sec. 

90 420 
1640 5 

90 150 

obtained when high pulsed vol tage (above 1500v) 
was appl ied  for a few seconds, fol lowed by  re la -  
t ive ly  low voltage for a longer time. For  some n -  
type  samples,  the select ivi ty  was improved  when 
the copper- ion  concentrat ion in the solution was 
reduced. Table  I lists typica l  p la t ing conditions for 
a few n-  and p - t y p e  crystals.  The p la ted  surfaces 
of these samples  were  ei ther  in the direct ion of 
growth  or perpendicu la r  to the direct ion of growth  
as shown in Fig. 1. 

Micropotential scanning.--Micropotential probing 
is essent ia l ly  a two-po in t  probe method except  tha t  
the space be tween the probes is ve ry  small  and the 
manipu la t ion  of the probes is mechanized. A pa i r  
of probes is a r ranged  in a jig. One of the probes is 
coated wi th  a 1-mil  thickness of Teflon. The two 
probes are  placed in a groove as wide as the sum 
of the d iameters  of the two probes, so tha t  the 
probes are separa ted  only by the Teflon film, i.e., 
distance be tween  the two probes is 1 mil. Various 
tests made  with  the aid of a high magnif icat ion 
microscope assure tha t  the probe spacing does not 
change while  the pa i r  of probes is moving across 
the sample. This technique permi ts  the measure -  
ment  of re la t ive  res is t iv i ty  as a function of distance. 
Al though the conditions of the test  make  absolute  
res is t iv i ty  ve ry  inaccurate,  the main  purpose of the 

Fig. 1. Horizontal-zone-leveled p-type crystal 0.03 ohm-cm. 
Face shown is perpendicular to the direction of growth. 

tests is to invest igate  res is t iv i ty  variat ions.  Wires  
welded at r ight  angles to the probes act as both  an 
electr ical  contact  and a pressure  spring. Af te r  the 
j ig is assembled,  the probes are  machined to chisel 
points. The j ig is then mounted  on a mic romanipu-  
lator,  which has the hor izon ta l -movement  control  
coupled to a ve r y - s l ow - s pe e d  motor  (a f ract ion of 
an r p m ) .  

A d-c  vol tage is appl ied  across the sample to be 
scanned. The vol tage across the probes is e i ther  
amplified or fed d i rec t ly  into a recorder ,  and the 
res is t iv i ty  is p lo t ted  as a function of dis tance di-  
rec t ly  on the recorder  chart .  Ad jus tmen t  of the 
char t  and motor  speeds permi ts  the res is t iv i ty  curve 
to be p lot ted  to any degree of detail .  The resolu-  
t ion of this method is obviously l imi ted  by the  spac-  
ing between the two probes. 

The sample  to be scanned should be in the form 
of a bar  having any desired length  and a cross 
section of f rom 1 to 9 mm 2. The cross section of the 
bar  should be chosen so tha t  the cur ren t  is suffi- 
c ient ly  high to give a detectable  vol tage across the 
probes but  low enough so tha t  conduct ivi ty  modu-  
lat ion does not affect the reading.  The bar  should 
be cut so tha t  the long dimension,  which is in the 
direct ion of scanning, is pe rpend icu la r  to the  d i rec-  
t ion of equires is t iv i ty  planes (planes represented  
by  copper lines of se lect ivi ty  p la ted  samples) .  

Surface p repara t ion  is of ex t reme  impor tance  in 
the micropotent ia l  method. The surface to be 
scanned must  be sufficiently smooth to p reven t  
errors  due to noise genera ted  by  the dragging 
probes. However ,  the  surface must  be sufficiently 
rough to reduce the me ta l - to - semiconduc to r  con- 
tact  res is tance to a min imum (at  least  much 
smal ler  than  the input  impedance  of the recorder  
amplif ier) .  A surface which is l apped  on a 600-gri t  
emery  paper  wi th  the lapping grooves in the  d i rec-  
t ion of scanning provides  a sa t is factory  balance  be-  
tween the two requirements .  

Correlation of the methods.--Neither of the  two 
methods out l ined in this paper  can independent ly  
give full  informat ion about  res is t iv i ty  var ia t ions  of 
the crystal .  For  example ,  var ia t ions  of vol tage in 
the p la t ing  process can va ry  the  se lect iv i ty  of the 
p la t ing and, consequently,  the number  of s tr iat ions 
revealed;  therefore,  the exact  per iod of s t r ia t ions 
cannot a lways  be detected by  the p la t ing method 
alone. Fur the rmore ,  the copper -p la t ing  method 
does not y ie ld  any informat ion about the magni -  
tude of the variat ions.  On the other hand,  for a 
cur rent  which is uni form with  respect  to the cross 
section in a ge rman ium bar,  the res is t iv i ty  va r i a -  
t ions must  be pe rpend icu la r  to the direct ion of the 
current ;  therefore,  the bar  must  be cut accordingly.  

It is impor tan t  to detect  the shape and general  
direct ions of the changes in res is t iv i ty  and then cut 
the crys ta l  so tha t  the copper l ines are pe rpend icu-  
la r  to the long dimension of the  bar.  A potent ia l  
scan of the bar  then indicates  the magni tude  and 
the exact  periods of the var iat ions.  At  this point  
it  is impor tan t  to emphasize tha t  r epea tab i l i ty  of 
shapes of curves was tes ted dur ing  the exper i -  
ments;  the method used was as follows: 
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Fig. 2. Copper plating of a p-type crystal. Resistivity variations 
were purposely introduced in the top (striated) portion. 

A specimen was copper -p la ted ,  a bar  was cut 
according to the method ment ioned above, the cop- 
per  removed using ni tr ic  acid, and the surface of 
the sample  p repa red  by  lapping as explained.  A 
res is t iv i ty  scan was lapped again and another  scan 
was taken  once more. The two scans were  to be 
ident ical  for any conclusions to be drawn,  and such 
was the case. 

A comparison of the resul ts  obta ined by the two 
methods was made on a crys ta l  special ly grown for 
the purpose  of s tudying the na ture  of minute  re -  
s is t iv i ty  var iat ions.  The large  res is t iv i ty  var ia t ions  
were  in t roduced by  use of an off-on cycle which 
var ied  the pul l ing speed every  30 sec from 0 to 5 
m m / m i n  while  the crys ta l  ro ta ted  slowly at about  
8 rpm. The more uni form section was pul led  con- 
t inuously  at  1.5 m m / m i n  and ro ta ted  at 70 rpm. 
F igure  2 shows the copper p la t ing on a sample 
taken  f rom the center  of the crys ta l  and Fig. 3 
shows a magnified por t ion of Fig. 2. Lines were  
scribed on the sample for the purpose of indexing.  
F igure  4 shows the resul t  of the  micropotent ia l  
scan para l l e l  to and m i d - w a y  be tween the index 
l ine in Fig. 3. The comparison shows tha t  there  is 
complete agreement  be tween measured  resul ts  of 
the two methods. The five copper str ipes inside the 
scr ibed rectangle  correspond to the five low-res i s -  
t iv i ty  regions indicated in Fig. 4. The region scanned 
was purpose ly  chosen to be the one joining the 
s t r ia ted  and nons t r ia ted  region. Reproducib i l i ty  was 
checked for both methods by  means of p la t ing and 
scanning a sample, lapping it fur ther ,  and repea t -  
ing the steps. Results  showed very  sat isfactory re -  
producibi l i ty .  
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Fig. 4. A scan of the region shown in Fig. 3 

Experimental  Results 
Vertically grown crystals vs. horizontally grown 

crystals.--In general ,  crystals  which are grown by 
ver t ica l  pul l ing have smal ler  res i s t iv i ty  var ia t ions  
than  crystals  grown by the zone- level ing  method.  
In the samples measured,  hor izonta l ly  grown crys -  
tals  exhibi ted  a 25-50% res is t iv i ty  var ia t ion  as 
compared  wi th  about  10% for ver t i ca l ly  grown 
crystals .  The degree of var ia t ion  depends,  of course, 
on the pa r t i cu la r  growth  conditions and may  itself  
va ry  widely,  as shown by a comparison of the re -  
s is t ivi ty  curves of Fig. 5. F igure  5A is a plot  of a 
section f rom an n - t y p e  zone- leveled  crys ta l  having 
a res is t iv i ty  of about  0.8 ohm-cm. F igure  5B is a 
typica l  plot  of a ver t ica l ly  grown n - t y p e  crys ta l  
having a res is t iv i ty  of about  8 ohm-cm. The resis-  
t iv i ty  of the hor izonta l ly  grown crys ta l  var ies  by 
about  25%; the var ia t ion  in the ver t i ca l ly  grown 
crys ta l  is less than  10%. I t  was ex t r eme ly  difficult 
to p la te  the  c rys ta l  f rom which the section of Fig. 
5B was taken.  In some ver t i ca l ly  grown crystals  
the var ia t ions  were  so small  tha t  they  could ha rd ly  
be detected by  the copper -p la t ing  method. 

It was found tha t  hor izonta l ly  grown crystals  
also differ f rom ver t i ca l ly  grown crystals  wi th  re -  
spect to s t r ia t ions in the cross-sect ional  direction. 
Al though the equires is t iv i ty  surfaces in all  the 
hor izonta l ly  grown crystals  tes ted had a concave 
shape, many  of the ver t i ca l ly  grown crystals  had 
flat equi res is t iv i ty  surfaces. The equires is t iv i ty  
plane in the zone- leveled  crys ta l  is not perpendicu-  
lar  to the direct ion of the  growth  due to the non-  
un i fo rmi ty  of the  t e m p e r a t u r e  grad ien t  in the d i -  
rect ion pe rpend icu la r  to t h e  direct ion of growth.  
F igure  6 shows a copper -p la t ed  sample  of a c rys ta l  
in which res i s t iv i ty  var ia t ions  were  purpose ly  in-  
t roduced and the pa t t e rn  of the equires is t iv i ty  

Fig. 3. A magnified portion of Fig. 2. Lines were scratched for 
indexing purposes. 
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Fig. 5. Resistivity variations for (a) n-type crystal 0.8 ohm-cm 
horizontally grown, (b) vertically pulled n-type crystal 0.8 ohm-cm, 
(c) vertically pulled p-type crystal, (d) zone-leveled p-type crystal 
2.0 ohm-cm. 
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p l a n e  was  changed .  A t  p resen t ,  t he  t e m p e r a t u r e  
g r a d i e n t s  a r e  con t ro l l ed  m o r e  c lose ly  in  the  v e r t i -  
cal  f u r n a c e  t han  in t he  z o n e - l e v e l i n g  fu rnaces .  

I t  shou ld  be  e m p h a s i z e d  t h a t  no a t t e m p t  was  
m a d e  d u r i n g  this  w o r k  to  sugges t  t h a t  v e r t i c a l  
g r o w i n g  is s u p e r i o r  to h o r i z o n t a l  g r o w i n g  of  c r y s -  
ta l s  as fa r  as m i n u t e  v a r i a t i o n s  of r e s i s t i v i t y  a re  
concerned .  H o w e v e r ,  i t  is to be  s t r e s sed  tha t ,  r e -  
g a r d i n g  m e t h o d s  used  at  p resen t ,  v e r t i c a l  g r o w i n g  
c rys t a l s  do seem to h a v e  much  s m a l l e r  r e s i s t i v i t y  
v a r i a t i o n s  as e x p l a i n e d  above .  

A f u r t h e r  ev idence  of t he  r e l a t i o n  b e t w e e n  
g r o w t h  cond i t ions  and  the  r e s i s t i v i t y  v a r i a t i o n s  is 
d e m o n s t r a t e d  b y  the  p o t e n t i a l  scan  m a d e  on a s a m -  
p le  f rom the  c r y s t a l  of Fig .  6. F i g u r e  7 shows  t h a t  
the  d i s t ance  b e t w e e n  two  a d j a c e n t  p e a k s  or  va l l ey s  
is cons t an t  and  c o r r e s p o n d s  e x a c t l y  to t he  l e n g t h  
p u l l e d  d u r i n g  one r evo lu t ion .  

P-type  crystals vs. n- type  crystals.--Measure- 
m e n t s  m a d e  on c rys t a l s  g r o w n  b y  the  z o n e - l e v e l i n g  
m e t h o d  show t h a t  v a r i a t i o n s  f r o m  the  a v e r a g e  r e -  
s i s t i v i t y  v a l u e  a r e  l a r g e r  in  n - t y p e  t h a n  in  p - t y p e  
g e r m a n i u m  for  c ry s t a l s  g r o w n  u n d e r  s i m i l a r  con-  
di t ions .  This  d i f fe rence  in r e s i s t i v i t y  v a r i a t i o n  can  
be  e x p l a i n e d  as fo l lows :  such  g r o w t h  v a r i a b l e s  as 
pu l l i ng  speed,  m e c h a n i c a l  v ib ra t ions ,  t e m p e r a t u r e  
va r i a t ions ,  a n d  v a r i a t i o n s  in  t e m p e r a t u r e  g r a d i e n t s  
r e su l t  in an  effect ive  change  in  g r o w t h  r a t e  (6 ) .  
The  s e g r e g a t i o n  coefficient  of t he  c o m m o n  n - t y p e  
i m p u r i t i e s  va r i e s  v e r y  r a d i c a l l y  w i t h  a n y  change  
in the  r a t e  of g r o w t h ;  h o w e v e r ,  mos t  of the  p - t y p e  
i m p u r i t i e s  show m u c h  s m a l l e r  changes  (7, 8) .  F o r  
e x a m p l e ,  a c o m p a r i s o n  of Fig .  5A and  5D shows  
t ha t  t he  p - t y p e  c rys t a l s  e x h i b i t  a 5 -10% v a r i a t i o n  
f rom a v e r a g e  r e s i s t i v i t y  as c o m p a r e d  to 30-50% for  
the  n - t y p e  c rys ta l s .  The  v a r i a t i o n s  b e t w e e n  n -  and  
p - t y p e  g e r m a n i u m  a re  s m a l l e r  in  t he  v e r t i c a l l y  
g r o w n  c rys ta l s ,  as shown  b y  a c o m p a r i s o n  of Fig.  
5B and  5C. 

Fig. 6. Copper plating of a crystal in which resistivity variations 
were purposely introduced and equiresistivity plane was purposely 
changed. 
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Fig. 7. A scan from a crystal in which resistivity was purposely 
varied (crystal of Fig. 6). 
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Fig. 8. Collector-to-base breakdown-voltage distribution of n-p-n 
and p-n-p transistors. 

Comparison of breakdown voltage be tween n -p -  
n and p -n -p  transistors.--Because b r e a k d o w n  v o l t -  
age  in  p - n  j u n c t i o n s  d e p e n d s  m a i n l y  on the  r e s i s -  
t i v i t y  of the  m a t e r i a l  a t  t h e  d e p l e t i o n  l a y e r  of t h e  
junc t ion ,  l a rge  r e s i s t i v i t y  v a r i a t i o n s  in a c ry s t a l  
r e s u l t  in a w ide  d i s t r i b u t i o n  of b r e a k d o w n  vo l t ages  
in bo th  a l l o y e d  a n d  d i f fused  j u n c t i o n s  m a d e  f r o m  
th is  m a t e r i a l ,  p r o v i d e d  p r o d u c t i o n  p r e c a u t i o n s  a r e  
t a k e n  to a s su re  t h a t  t he  b r e a k d o w n  is a b u l k  
b r e a k d o w n  r a t h e r  t h a n  a su r f ace  b r e a k d o w n .  

As  m e n t i o n e d  p r e v i o u s l y ,  r e s i s t i v i t y  f luc tua t ions  
a r e  found,  in gene ra l ,  to be  l a r g e r  in n - t y p e  t h a n  
in p - t y p e  g e r m a n i u m .  Thus,  t he  c o l l e c t o r - t o - b a s e  
and  e m i t t e r - t o - b a s e  b r e a k d o w n  vo l t ages  in  n o r m a l  
p r o d u c t i o n  dev ices  -~ have  a m u c h  w i d e r  r a n g e  in 
p - n - p  a l l o y e d - j u n c t i o n  or  d i f f u s e d - j u n c t i o n  t r a n -  
s i s to rs  t h a n  in n - p - n  t r ans i s to r s .  F i g u r e  8 shows  
the  c o l l e c t o r - t o - b a s e  b r e a k d o w n  vo l t age  d i s t r i b u -  
t ion of two  a r b i t r a r i l y  chosen  lots  of a l l o y e d - j u n c -  
t ion.  The  base  m a t e r i a l  used  was  w i t h  i m p u r i t y  
c o n c e n t r a t i o n  of a b o u t  1.8 x 10/15. The  r e s i s t i v i t y  
r a n g e  of the  m a t e r i a l  u sed  was  the  s ame  for  a l l  the  
lots,  and  bo th  lots  w e r e  m a n u f a c t u r e d  b y  the  same  
g e n e r a l  processes .  The  f inal  e tch  used  was  a p e r -  
ox ide  e tch  because  i t  was  f o u n d  to affect  b r e a k -  
down  vo l t age  of un i t s  m u c h  less  t h a n  e l e c t r o l y t i c  
etch.  

A c o m p a r i s o n  of t he  two  p lo ts  shows  t h a t  t he  
p e a k s  of the  d i s t r i b u t i o n s  a r e  at  t he  s ame  vol tage ,  
40v. The  w i d t h  of t he  d i s t r i b u t i o n  r a n g e  for  the  
p - n - p  t r a n s i s t o r s  ( n - t y p e  base  m a t e r i a l )  was  a b o u t  
30v, wh ich  c o r r e s p o n d s  to a v a r i a t i o n  in r e s i s t i v i t y  
of a b o u t  30-40% (8) .  The  w i d t h  of t h e  d i s t r i b u t i o n  
r a n g e  for  t he  n - p - n  t r a n s i s t o r s  was  10v, w h i c h  cor -  
r e s p o n d s  to a v a r i a t i o n  in  r e s i s t i v i t y  of a b o u t  10- 

Data p r o v i d e d  b y  R .  P i n t o  o f  t h e  C o m p u t e r  D e v i c e s  G r o u p ,  R C A  
S e m i c o n d u c t o r  and  Mater ia l s  D i v i s i o n ,  S o m e r v i l l e ,  N .  J .  
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15%. These  va lue s  of r e s i s t i v i t y  v a r i a t i o n s  a g r e e  in 
g e n e r a l  w i t h  t he  va lue s  m e n t i o n e d  p r e v i o u s l y .  I t  
shou ld  be  e m p h a s i z e d  t h a t  the  c r y s t a l s  f r o m  w h i c h  
the  t r a n s i s t o r s  w e r e  m a d e  d id  no t  h a v e  v a r i a t i o n s  
across  t he  w a f e r s  ( the  s o - c a l l e d  " t o p - t o - b o t t o m "  
v a r i a t i o n s )  t h a t  cou ld  be  d e t e c t e d  b y  the  f o u r -  
p o i n t - p r o b e  me thod .  

Effect of annealing.--Diffusion of i m p u r i t i e s  oc-  
curs  w h e n  a c r y s t a l  h a v i n g  r e s i s t i v i t y  v a r i a t i o n s  is 
s u b j e c t e d  to long a n n e a l i n g  a t  h igh  t e m p e r a t u r e .  
Because  the  i m p u r i t i e s  t end  to diffuse in  t he  r eg ion  
w h e r e  an  i m p u r i t y  g r a d i e n t  exis ts ,  t h e  v a r i a t i o n s  of 
i m p u r i t i e s  t e n d  to be  suppres sed .  

The  effect of t h e  a n n e a l i n g  was  d e t e r m i n e d  b y  
m e a n s  of m e a s u r e m e n t s  of a sec t ion  f r o m  an  n - t y p e  
0 . 8 - o h m - c m  z o n e - l e v e l e d  c r y s t a l  w h i c h  was  d i v i d e d  
in to  two  pa r t s .  One of t he  po r t i ons  was  a n n e a l e d  
for  130 h r  a t  abou t  850~ the  o t h e r  s e r v e d  as a 
control .  F i g u r e  5A shows  t y p i c a l  r e s i s t i v i t y  v a r i a -  
t ions  in t he  n o n a n n e a l e d  c r y s t a l  of m o r e  t h a n  25% 
w i t h  r e spec t  to t he  a v e r a g e  r e s i s t i v i t y  as m e a s u r e d  
b y  the  f o u r - p o i n t - p r o b e  me thod .  The  p e r i o d  of t he  
v a r i a t i o n s  is a b o u t  9 mils .  The  a n n e a l e d  s a m p l e  
shows  less t h a n  10% v a r i a t i o n s  w i t h  a v e r y  long  
per iod ,  t he  l e n g t h  of w h i c h  is diff icult  to d e t e r m i n e .  

The  b r e a k d o w n  vo l t ages  of a l l o y e d - j u n c t i o n  d i -  
odes m a d e  f rom the  two  p a r t s  of t he  c r y s t a l  w e r e  
also c o m p a r e d .  The  p rocesses  of t h e  d iode  p r e p a r a -  
t ion  w e r e  chosen  to h a v e  as l i t t l e  effect as poss ib le  
on b r e a k d o w n  vol tage .  The  d i s t r i b u t i o n  r a n g e  of 
the  b r e a k d o w n  vo l t ages  of t he  un i t s  m a d e  of the  
a n n e a l e d  po r t i on  was  n a r r o w e r  t h a n  t h a t  of t he  
n o n a n n e a l e d  por t ion .  

O t h e r  p rocesses  o c c u r r e d  in  a d d i t i o n  to  t h e  
s m o o t h i n g  out  of t he  r e s i s t iv i ty .  A n  " o u t " - d i f f u s i o n  
w h i c h  a p p a r e n t l y  took  p l ace  caused  r e s i s t i v i t y  on 
the  su r f ace  to i nc rea se  f rom 8 to 27 o h m - c m .  The  
r e s i s t i v i t y  of s a m p l e s  t a k e n  f r o m  t h e  i n t e r i o r  of 
t he  a n n e a l e d  p o r t i o n  w e r e  in t he  r a n g e  of 1.4 to  1.8 
o h m - c m .  This  b e h a v i o r  m a y  p o s s i b l y  be  a t t r i b u t e d  
to an  " in " -d i f fu s ion  of i m p u r i t i e s  i n t r o d u c e d  into  
the  sy s t ems  e i t he r  f r o m  the  q u a r t z  c o n t a i n e r  or  b y  
the  ac ids  a n d  so lven t s  used  to e tch  and  c lean  the  
c r y s t a l s  (18) .  The  i n t r o d u c t i o n  of i m p u r i t i e s  f r o m  
the  ac ids  a n d  so lven t s  u sed  in  c r y s t a l  p rocess ing  
m a y  also e x p l a i n  w h y  the  b u l k  l i f e t ime  of t he  
m a t e r i a l  was  r e d u c e d  f r o m  a b o u t  60 ~sec to a f r a c -  
t ion  of a m i c r o s e c o n d  as a r e su l t  of the  a n n e a l i n g  
process .  Thus ,  i t  is u n l i k e l y  t h a t  a n n e a l i n g  can  be  
used  to r e m e d y  u n d e s i r e d  r e s i s t i v i t y  va r i a t i ons .  

Discussion 
Explanation of selective copper plating 

C a m p  (4)  and  S i l v e r m a n  and  Benn  (11) m e n t i o n  
a poss ib le  e x p l a n a t i o n  of t h e  s e l e c t i v e - p l a t i n g  
mechan i sms .  These  e x p l a n a t i o n s ,  t o g e t h e r  w i t h  
Uh l i r ' s  (12) ,  and  B r a t t a i n  and  G a r r e t t ' s  (13) d i s -  
cuss ions  of t he  e l e c t r o l y t e - g e r m a n i u m  in te r faces ,  
e x p l a i n  t he  in i t i a l  p h a s e  of t he  p l a t ing ,  i.e., w h y  
l o w e r - r e s i s t i v i t y  s i tes  p l a t e  p r e f e r e n t i a l l y .  As  to 
t he  s u b s e q u e n t  p l a t i n g  phase ,  t h e  fo l lowing  e x -  
p l a n a t i o n  is sugges ted .  The  s i tes  w h i c h  b e c o m e  cop-  
p e r  p l a t e d  first  h a v e  a g r e a t e r  t e n d e n c y  to r e l i n -  
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qu ish  e l ec t rons  to coppe r  ions.  Once  the  i n i t i a l  s i tes  
become  a c t i v a t e d  and  a s m a l l  a m o u n t  of copper  is 
depos i t ed  on them,  t h e y  b e c o m e  s m a l l  copper  c a t h -  
odes  in  the  coppe r  su l f a t e  ba th .  The  m e a s u r e d  ac -  
t i v a t i o n  vo l t a ge  for  copper  depos i t i on  on g e r -  
m a n i u m  was  f o u n d  to be  a p p r e c i a b l e  ( s e v e r a l  
t e n t h s  of a v o l t ) ,  w h e r e a s  coppe r  depos i t i on  on a 
coppe r  ca thode  r e q u i r e s  no o v e r v o l t a g e  (14) .  By 
use  of a h i g h - v o l t a g e  p u l s e  of sho r t  d u r a t i o n ,  t he  
s e l e c t i v i t y  of coppe r  depos i t i on  on coppe r  is en -  
h a n c e d  m u c h  m o r e  t h a n  on g e r m a n i u m  because  
a c t i va t i on  is t i m e  d e p e n d e n t  as w e l l  as p o t e n t i a l  
d .ependent  (15) .  The  th i ckness  of t he  coa t ing  t h e r e -  
fo re  does  no t  i nd i ca t e  t he  m a g n i t u d e  of r e s i s t i v i t y  
d i f fe rences  b e t w e e n  the  si tes.  

Effects of Variations on Devices 
B r e a k d o w n  v o l t a g e  is on ly  one of the  p a r a m e t e r s  

in  a dev i ce  w h i c h  d e p e n d s  on the  i m p u r i t y  c o ncen -  
t r a t i o n  in t he  m a t e r i a l  used  for  t he  device .  O the r s  
are,  for  e x a m p l e ,  s a t u r a t i o n  c u r r e n t  in  t he  p - n  
j u n c t i o n  and  c u r r e n t  r a t ios  in a t u n n e l  diode.  I m -  
p u r i t y  g r a d i e n t  in  t he  base  m a t e r i a l  m a y  r e su l t  in  
u n d e s i r e d  b u i l t - i n  f ields w h i c h  can  change  t h e  
c h a r a c t e r i s t i c s  of a device .  

Because  u n i f o r m i t y  of i m p u r i t y  c o n c e n t r a t i o n  is 
a v e r y  d e s i r a b l e  p r o p e r t y  for  m a n y  devices ,  an  e f -  
fo r t  shou ld  be  m a d e  to p r o v i d e  p r o p e r  g r o w t h  con-  
d i t ions  to minimize minute resistivity variations. 
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Epitaxial Growth of Silicon 
C. H. Li 1 

General Instrument Corporation, Newark, New Jersey 

ABSTRACT 

An improved and reproducible method for epitaxial growth of silicon is de- 
scribed. The equipment is compact, simple, reproducible, and has an im- 
proved gas-mixing system. The process allows shorter time for preparing the 
first run and making each subsequent run. The layers produced are planar and 
uniform from center to edge. Under 500X magnification, they show no pits, 
oxides, pyramids, waviness, growth "scales, or crystal structures. A description 
is given of the characteristics of diodes and transistors made from this material.  
Some results of statistically design.ed experiments on the growth parameters 
and their interactions are given. 

An improved  ep i tax ia l  process for silicon growth 
is presented  here. The equipment ,  the process, and 
the products  are discussed in some detail .  

We shall  first compare  two ver t ica l  systems and 
show how some common problems  are  approached,  
such as t empera tu re  uniformity ,  gas flow, and gas 
mixing. Reproducib i l i ty  of thickness and res is t iv i ty  
of grown layers  are next  considered. F ina l ly  visual  
defects and some device character is t ics  are exam-  
ined. 

The control  of silicon ep i tax ia l  growth  has gen-  
e ra l ly  been considered difficult. The growth  p a r a m -  
eters are known to in terac t  in a complex manner .  
Sys temat ic  and re l iab le  resul ts  on the significance 
of various pa rame te r s  and thei r  interact ions are 
not f r equen t ly  published.  

This paper  also gives some results  of s ta t i s t ica l ly  
designed and control led exper iments .  The exper i -  
menta l  er rors  or measur ing  precisions for l ayer  
thickness and res is t iv i ty  were  first determined,  
each f rom over 50 tests. The growth  pa rame te r s  
then could be compared  both qua l i t a t ive ly  and 
quant i ta t ive ly ,  as shown in the paper .  Each conclu- 
sion for these comparisons was a r r ived  at  f rom the 
average  of severa l  control led tests. 

The method to be descr ibed is s imi lar  to the one 
or iginated at  Bell  Telephone Labora tor ies  (1).  
Basically,  the method consists of the  reduct ion of 
silicon te t rachlor ide  by  purif ied hydrogen  on heated 
silicon wafer  substrates .  More detai ls  of the proc-  
ess, and its modifications in our case, are descr ibed 
la te r  in this paper .  

The Two Systems 
Figure  1 shows the comparison of two ver t ica l  

systems. F igure  l a  is an ear ly  model  and is s imi lar  
to the one descr ibed by  Theuerer ;  Fig. l b  is the 
improved  model. 

With  reference  to Fig. la ,  the hydrogen  enters  at 
the left  side through a flexible stainless steel  t ub -  
ing, passes through a Deoxo unit,  a valve,  and a 
first glass t rap  filled wi th  molecular  sieves and im-  
mersed  in l iquid ni t rogen contained in a first Dewar  
flask. The purified hydrogen  then bubbles  through 
l iquid silicon te t rach lor ide  in a second glass t rap  

IPresent  address:  G r u m m a n  Airc ra f t  Engineer ing  Corporation,  
Bethpage, N. Y. 

kept  at  --30~ by  a mix tu re  of d ry  ice and alcohol 
in a second Dewar  flask. The second t rap  has, on its 
top, a valve  sys tem consisting of a t h r e e - w a y  valve  
and a t w o - w a y  valve  to al low switching the hyd ro -  
gen gas e i ther  d i rec t ly  into the  cyl indr ica l  react ion 
chamber  or ind i rec t ly  through the l iquid silicon 
te t rachlor ide  first and then into the react ion cham-  
ber. In the react ion chamber  there  is a silicon 
pedesta l  to be hea ted  to 1150~ by  an induction 
coil outside the react ion chamber.  The heat ing is 
s ta r ted  by a molybdenum coil on the pedestal .  The 
spent gases are exhaus ted  f rom the react ion cham-  
ber  through another  l iquid ni t rogen t rap  to catch 

Fig. 1. The two small epitaxlal systems: (a, top), an early model, 
(b, bottom), the improved model. 

952 



V o l .  109,  N o .  10 E P I T A X I A L  G R O W T H  O F  S I L I C O N  953 

a n y  u n u s e d  s i l icon t e t r a c h l o r i d e .  The  r e m a i n i n g  
h y d r o g e n  t h e n  passes  to an  ex i t  w h e r e  i t  is b u r n e d  
off. 

A n o r m a l  r u n  for  t r a n s i s t o r - g r a d e  w a f e r s  con-  
sists  of a f lushing p e r i o d  of 20 rain,  a depos i t i on  
p e r i o d  of 10 min,  and  a cool ing p e r i o d  of 20 min.  
The  a v e r a g e  t h i cknes s  of t he  depos i t ed  l a y e r  is 
abou t  0.8 mils .  

F i g u r e  l b  shows the  l a t e r  or  i m p r o v e d  model .  I t  
con ta ins  a l l  t he  essen t i a l  pa r t s ,  b u t  is m o r e  c o m p a c t  
and  rugged .  The  glass  p a r t s  con ta in  t h r e e  i n t e r -  
c h a n g e a b l e  t r aps ,  a v a l v e  sys tem,  a f lowmete r ,  five 
connec t ing  tubes ,  and  a r eac t i on  c h a m b e r .  The  t o t a l  
n u m b e r  of  g lass  p a r t s  is 1I, c o m p a r e d  to 17 for  t h e  
e a r l i e r  model .  E x c e p t  for  t he  q u a r t z  r e a c t i o n  
c h a m b e r ,  a l l  t hese  p a r t s  a r e  m a d e  of P y r e x  glass.  
The  to t a l  i n t e r n a l  v o l u m e  of the  i m p r o v e d  s y s t e m  
is a b o u t  1450 cc c o m p a r e d  w i t h  1840 cc for  the  
e a r l i e r  model .  

The  s m a l l e r  vo lume ,  i n t e r n a l  a rea ,  n u m b e r  of 
pa r t s ,  and  n u m b e r  of ba l l  and  socke t  jo in t s  a p p r e c i -  
a b l y  r e d u c e  the  s y s t e m  c o n t a m i n a t i o n .  This  cond i -  
t ion  l e a d s  to  m o r e  r e p r o d u c i b l e  p roduc t s .  

A l l  t he  p a r t s  of t he  i m p r o v e d  s y s t e m  a r e  m o u n t e d  
a p p r o x i m a t e l y  in  a s ingle  p lane ,  w i t h  a l l  t he  jo in t s  
a t  c o n v e n i e n t  eye  l eve l  for  i m p r o v e d  v i s ib i l i t y .  The  
w h o l e  s y s t e m  is m o u n t e d  on an  18 x 18 in. board ,  
occupy ing  less t h a n  one t h i r d  of t h e  hood  space  r e -  
q u i r e d  b y  the  e a r l i e r  sys tem.  

The  i m p r o v e d  s y s t e m  is un i t ized .  To change  a 
sys tem,  a s ingle  o p e r a t o r  m e r e l y  has  to d i sconnec t  
two  c lamps ,  one a t  the  gas f l o w m e t e r  and  one a t  
the  r e a c t i o n  c h a m b e r .  He can  t hen  l i f t  the  who le  
s y s t e m  out,  r e p l a c e  a p r e c l e a n e d  sys tem,  m a k e  the  
two  c l a m p  connect ions ,  and  r e s u m e  o p e r a t i o n  in  a 
few m i n u t e s '  t ime.  The  s y s t e m  d o w n t i m e  is t h e r e -  
fo re  neg l ig ib le .  

The  s e t - u p  and  r u n n i n g  t ime  for  t he  i m p r o v e d  
s y s t e m  is r e l a t i v e l y  shor t  because  of t he  sma l l  
n u m b e r  of  pa r t s ,  c o m p a c t  a r r a n g e m e n t ,  and  r e d u c e d  
i n t e r n a l  vo lume .  A n  i c e - w a t e r  m i x t u r e  is used  
r a t h e r  t h a n  the  a l c o h o l - d r y  ice m i x t u r e ,  to con t ro l  
t he  t e m p e r a t u r e  of l iqu id  s i l icon t e t r a c h l o r i d e .  This  
i c e - w a t e r  m i x t u r e  y ie lds  0~ w i t h o u t  a d j u s t m e n t .  

Material Preparation 
The  s u b s t r a t e  w a f e r s  for  th is  w o r k  w e r e  n o r m a l l y  

N+ t y p e  w i t h  r e s i s t i v i t i e s  r a n g i n g  f r o m  0.001 to 
0.003 o h m - c m .  T h e y  w e r e  p r e p a r e d  f rom 12-mi l  
s l ices cu t  f r o m  7/s in. d i a m e t e r ,  a r s e n i c - d o p e d  
C z o c h r a l s k i  c rys ta l s ,  w h i c h  w e r e  g r o w n  a t  t h e  
G e n e r a l  I n s t r u m e n t  L a b o r a t o r y  or  b o u g h t  f r o m  
ou t s ide  vendors ,  such  as M e r c k  or  T e x a s  I n s t r u -  
ment .  The  cut  s l ices h a d  < 1 1 1 >  o r i e n t a t i o n s  to 
w i t h i n  u ~ as d e t e r m i n e d  b y  x - r a y  d i f f r ac t ion  
methods .  The  d i s loca t ion  d e n s i t y  of t he se  s l ices 
w e r e  less  t h a n  1000 p i t s / c m  ~, as r e v e a l e d  b y  a m o d -  
ified Dash  etch.  

L a p p i n g  of cu t  s l ices was  c a r r i e d  out  on a L a p -  
m a s t e r  m a c h i n e  w i t h  s i l icon c a r b i d e  pa r t i c l e s .  M e -  
chan ica l  po l i sh ing  was  f in ished on a S h u r o n  po l -  
i she r  w i t h  L i n d e  t y p e  0.05B a l u m i n a ,  w h i c h  has  
p a r t i c l e  sizes of 0.05F. The  f in ished wafe r s ,  a b o u t  
e igh t  mi l s  th ick ,  w e r e  v i s u a l l y  i n spec t ed  at  10X and  

100X u n d e r  v e r t i c a l  and  inc l i ned  i l l umina t ion .  No 
scra tches ,  p i ts ,  or  o the r  de fec t s  shou ld  be  vis ib le .  
De fec t ive  w a f e r s  m a y  h a v e  to be  r epo l i shed .  

C h e m i c a l  e t ch ing  was  no t  u sed  to r e d u c e  w a f e r  
t h i ckness  or  to r e m o v e  d a m a g e d  su r f a c e  l ayers ,  e x -  
cep t  on some spec ia l  tes t  r uns  such  as a r e  de sc r ibed  
in  connec t ion  w i t h  T a b l e  II .  T h e s e  w a f e r s  w e r e  
c h e m i c a l l y  e t ched  w i t h  a CP4 e tch ing  m i x t u r e .  I n -  
s t ead  of c h e m i c a l  e tch ing ,  t he  m e c h a n i c a l l y  po l i shed  
w a f e r s  w e r e  s t e a m - o x i d i z e d  a t  1200~ for  15 min  
w i t h  humid i f i ed  o x y g e n  gas. The  ox id i zed  w a f e r s  
w e r e  s t o r ed  in c l ean  d i shes  un t i l  r e a d y  for  use,  
w h e n  the  ox ide  sk in  was  r e m o v e d  b y  a b r i e f  H F  
etch.  Th is  o x i d a t i o n  s t ep  was  d e s i g n e d  to  r e m o v e  
(or  a n n e a l )  d e f o r m e d  s i l icon and  o t h e r  su r f a ce  i m -  
p u r i t i e s  of i r r e g u l a r i t i e s .  This  s tep  also h e l p e d  
keep  the  w a f e r  su r f ace  c l ean  and  un i fo rm,  and  
t h e r e f o r e  g ive  m o r e  r e p r o d u c i b l e  resu l t s .  

The  s i l icon t e t r a c h l o r i d e ,  f r o m  A n d e r s o n  C h e m i -  
cal  C o m p a n y  of Wes ton ,  Mich igan ,  was  used  w i t h -  
out  pur i f ica t ion .  The  v o l u m e  of t he  l i qu id  c o n s u m e d  
for  each  f i l l ing of the  P y r e x  v a c u u m  t r a p s  (38 m m  
d i a m e t e r  and  250 m m  long)  w a s  e i t h e r  16 m l  ( fo r  
n o - b u b b l i n g  t y p e  of gas  m i x i n g  as d e s c r i b e d  b e -  
low)  or  32 m l  ( fo r  b u b b l i n g  t y p e  of gas  m i x i n g ) .  

Temperature Distribution 
A u n i f o r m  t e m p e r a t u r e  across  t he  s u b s t r a t e  is 

d e s i r a b l e  for  u n i f o r m  deposi ts .  In  gene ra l ,  a w a t e r -  
cooled r e a c t i o n  c h a m b e r  g ives  s t eep  t e m p e r a t u r e  
g rad ien t s .  F o r  th is  and  o t h e r  reasons ,  the  r eac t i on  
c h a m b e r s  a r e  no t  w a t e / - c o o l e d .  

E v e n  w i th  an  a i r - c o o l e d  r eac t i on  c h a m b e r ,  n o n -  
u n i f o r m  t e m p e r a t u r e s  s t i l l  ex i s t  across  t he  s u b -  
s t r a t e  wafe r .  The  d i f fe rence  b e t w e e n  the  cen t e r  
and  edge  of the  w a f e r  has  been  v a r i o u s l y  r e p o r t e d  
to be  b e t w e e n  10 ~ and  35~ I t  has  been  sugges t ed  
t ha t  t he  use  of m e t a l  s u p p o r t s  w o u l d  equa l i ze  t he  
t e m p e r a t u r e .  This  p r o b l e m  has  been  a p p r o a c h e d  
f rom a d i f fe ren t  angle .  

Tes ts  w e r e  r u n  to d e t e r m i n e  this  t e m p e r a t u r e  
d i f fe rence  a t  va r i ous  f low r a t e s  and  i nduc t i on  coil  
posi t ions .  The  s i l icon p e d e s t a l  used  he re  was  abou t  
7/s in. in d i a m e t e r  and  2 in. long.  The  i nduc t i on  coil  
was  of a p a n c a k e  t y p e  p l a c e d  e i t he r  flush w i t h  t he  
b o t t o m  or  top  sur face ,  or  in  the  midd le ,  of t he  
pedes t a l .  T w e l v e  t e m p e r a t u r e  r e a d i n g s  w e r e  t a k e n  
at  each  c o m b i n a t i o n  of flow r a t e  and  coil  posi t ion.  
Of t hese  t w e l v e  r ead ings ,  five w e r e  a t  t he  top  
p e d e s t a l  sur face ,  g iv ing  an  a v e r a g e  t e m p e r a t u r e  
di f ference,  AT, or  the  t e m p e r a t u r e  at  c e n t e r  m i n u s  
t h a t  a t  t he  edge  on the  top  p e d e s t a l  surface .  

To op t imize  t he  t e m p e r a t u r e  d i s t r i bu t i on ,  two  
c r i t e r i a  w e r e  used :  (a )  t he  t e m p e r a t u r e  d i f fe rence  
AT = T c  - -  T e  shou ld  be  ni l ,  and ;  (b )  t he  h ighes t  
t e m p e r a t u r e  shou ld  occur  at  t he  top  p e d e s t a l  s u r -  
face.  

In  genera l ,  a h i g h e r  gas  flow r a t e  r e d u c e d  the  
t e m p e r a t u r e  d i f fe rence  and  the  o v e r - a l l  t e m p e r a -  
tu re  of t he  t op  p e d e s t a l  sur face .  Coi l  pos i t ion  had ,  
h o w e v e r ,  a m u c h  g r e a t e r  effect  on t e m p e r a t u r e  
t h a n  gas  flow ra tes .  A v e r a g e  t e m p e r a t u r e  d i f f e r -  
ences a t  va r i ous  coil  pos i t ions  a r e  s h o w n  in Tab le  I. 

These  a v e r a g e s  s u g g e s t e d  t h a t  if  the  p a n c a k e  in -  
duc t ion  coil  was  pu t  a t  t he  b o t t o m  p l a n e  of t he  
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Table I. Temperature differences vs. coil position 

October 1962 

T e m p e r a t u r e  difference, 
C o i l  p o s i t i o n  A T  = I e  - -  I e ,  ~  

Bottom -t-8.5 
Middle -}- 2.1 
Top --17.5 

pedestal ,  the top pedesta l  center  was hot te r  than 
the edge, since in this case heat  was genera ted  at 
the bottom por t ion of the pedesta l  and there  was 
apprec iable  cooling at the pedesta l  surface. If the 
induction coil was located at the top plane of the 
pedestal ,  the pedesta l  edge was over ly  heated by  
the RF energy;  the center  was therefore  colder. A 
be t te r  coil posit ion would be somewhere  near  the  
middle  of the pedestal .  To be more specific, by in-  
te rpola t ion  of the averages,  it  was found best to 
put  the coil about  3/4 in. below the top surface of 
the 2 in. pedestal ,  so tha t  p rac t ica l ly  uniform t em-  
pe ra tu re  d is t r ibut ion  across the top pedesta l  surface 
could be achieved. This coil posit ion had the added 
advantage  tha t  the top port ion of the pedesta l  was 
kept  r e la t ive ly  hot, the reby  reducing silicon depo-  
sition at  unwanted  areas. 

Gas Flow 
Some growth  defects are found to re la te  to the 

gas flow. Therefore  gas flow pa t t e rn  was studied. 
The Genera l  Ins t rument  Research Labora to ry  de-  
vised a method by which artificial  fogs were  p ro-  
duced in the react ion charhber. This was done by 
replacing the connecting tube be tween the silicon 
te t rachlor ide  t rap  and the react ion chamber  wi th  
another  tube  having an ident ical  shape but  also 
having  a t iny wate r  reservoir .  The evapora t ing  
wa te r  then reacts  wi th  silicon te t rachlor ide  to form 
a fog. F igure  2 shows the resul ts  of fog formation,  
taken  over a t ime in te rva l  of 15 min. The bu i ld -up  
of fog could be watched progress ively  from the top 
left  toward  the bot tom right.  

F igure  3 is a sketch of the fog seen in detail�9 A 
cloud was observed to bui ld up di rec t ly  above the 
hot pedestal .  This cloud was lens-shaped,  being 
th icker  at the center  and th inner  at the edge, pos-  
s ibly because of the gas flow in the annular  space 
between the pedesta l  and react ion chamber.  F u r -  
ther,  this cloud was re la t ive ly  s table in posit ion and 
shape, but  th ickened wi th  increasing gas flow rates.  
A moving eddy and isolated solid par t ic les  also 
were  seen above this cloud. Both the eddy and the 
isolated par t ic les  set t led down and d i sappeared  in 
the same cloud. This gas dynamics  approach aids in 
the s tudy of the react ion mechanism and is the 
subject  of a paper  to be publ ished elsewhere.  

Layer Thickness 
Next, thickness measurement  and reproducib i l i ty  

are discussed. Layer  thickness is measured  s imply  
be scribing and break ing  the deposi ted wafer ,  
s ta ining with a mix ture  of nitric,  acetic, and hydro -  
fluoric acids (5: 24:3 by vo lume) ,  and measur ing  the 
thicknesses on the broken sections at  100X. This 
method of thickness measurement  has been corre-  
la ted with  one using in f ra red  in ter ference  methods.  

Fig. 2. Pictures of fog formation 

f / 
i 

il �9 . . -  . 
. . . . .  , .  

_1 

Fig. 3. Sketch of fog formation 

To fur ther  check the precision of measurement ,  
a number  of deposi ted wafers  were  broken into 
quar ters  and thicknesses measured  at ten fixed lo- 
cations on each quarter ,  five on each of the  two 
perpendicu la r  edges. The two readings  on the same 
location but  different  sides of the broken edge gave 
the desired precision, i.e., 6.5%. Readings be tween 
different  edges measured  thickness reproduc ib i l i ty  
across the wafer.  I t  was found that  the wafers  
broke  evenly  except  at  the ex t reme  outer  edges, 
where  complex f rac ture  pa t te rns  unfavorab ly  
changed the precision ~o 10.4%. The pract ice was 
therefore  not to read these edge thickness values. 
Any  two readings  on the broken  section, except  at 
the edges, checked within the reading  error.  Their  
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Fig. 4. Experiment on layer thickness 

a v e r a g e  thus  gave  an  e s t i m a t e  of the  l a y e r  t h i c k -  
ness.  Unless  the  two  r e a d i n g s  d i f fe red  a p p r e c i a b l y ,  
no a d d i t i o n a l  r e a d i n g s  on l a y e r  t h i cknes s  w e r e  
t aken .  

W i t h i n  t he  m e a s u r i n g  prec is ion ,  no s igni f icant  
t h i ckness  v a r i a t i o n  across  the  depos i t ed  w a f e r  was  
de tec ted .  T e m p e r a t u r e  u n i f o r m i t y  c o n t r i b u t e s  to 
this  d e s i r a b l e  condi t ion .  

In  an  e a r l y  e x p e r i m e n t ,  f ou r  e p i t a x i a l  w a f e r s  
w e r e  m a d e  on each  of fou r  consecu t ive  days  at  fou r  
d i f fe ren t  t e m p e r a t u r e s  and  t imes .  The  first  r u n  
s t a r t e d  w i t h  a t h o r o u g h l y  c l eaned  s y s t e m  on the  
first  day ,  and  w i th  a c l eaned  r e a c t i o n  c h a m b e r  and  
p e d e s t a l  for  the  first  r u n  of each  day .  F i g u r e  4 g ives  
a s u m m a r y  of the  resul t s .  Depos i t i on  t ime,  among  
the  fou r  va r i ab l e s ,  a p p e a r e d  to h a v e  the  g r e a t e s t  
effect. The  l a y e r  t h i ckness  i n c r e a s e d  n e a r l y  p r o -  
p o r t i o n a t e l y  w i t h  t he  depos i t i on  t ime ,  w i t h  a s l igh t  
l e v e l i n g  off of a v e r a g e  r a t e s  a t  long depos i t ion  
t imeK Depos i t i on  t e m p e r a t u r e  ( u n c o r r e c t e d )  was  
n e x t  in i m p o r t a n c e ,  the  depos i t i on  r a t e  r e a c h i n g  its 
m a x i m u m  at  a m e d i u m  t e m p e r a t u r e .  F u r t h e r ,  t he  
l a y e r  t h i ckness  r e a c h e d  m a x i m u m  on the  second  
and  t h i r d  r u n  of each  day ,  and  also on the  second 
of t he  fou r  days .  This  l as t  conc lus ion  seems  to sug -  
ges t  t ha t  t he  sys t em,  the  r e a c t i o n  c h a m b e r ,  and  
the  s i l icon p e d e s t a l  n e e d e d  some d e c o n t a m i n a t i o n  
p e r i o d  to o p e r a t e  at  p e a k  efficiency. 

T a b l e  II  shows the  r e su l t s  of a n o t h e r  e x p e r i m e n t  
in w h i c h  l a y e r  t h i ckness  was  m e a s u r e d  on the  f ron t  
s ide  ( f a c i n g  gas )  t~, and  a t  t he  edge  of t he  b a c k  

s ide  ( con t ac t i ng  p e d e s t a l ) ,  tb. Each  f igure  g iven  
r e p r e s e n t s  t he  a v e r a g e  of fou r  (on  s p e c i m e n  p r e p -  
a r a t i o n  and  flow r a t e )  or  two  (on t e m p e r a t u r e )  
r ead ings .  F r o m  these  two  t h i c kne s se s ,  t he  t h i cknes s  
r a t io s  tb/t~ w e r e  ca lcu la ted .  The  spec imen  p r e p a r a -  
t ion,  gas  flow ra tes ,  and  depos i t i on  t e m p e r a t u r e s  
w e r e  c h a n g e d  in th is  e x p e r i m e n t .  The  (CP4)  e t ched  
w a f e r s  h a d  s m a l l e r  l a y e r  t h i cknesses  t h a n  l a p p e d  
wafe r s ,  t he  d i f fe rence  be ing  24% in t~ and  16% in 
tb. H i g h  flow r a t e s  i n c r e a s e d  the  t~ b y  61%, d e -  
c r eased  the  tJt~ r a t i o  b y  41%,  bu t  d id  no t  a p p r e -  
c i ab ly  affect t he  tb. The  b a c k  s ide  t h i ckness  also in -  
c r e a se d  r e g u l a r l y  w i t h  depos i t i on  t e m p e r a t u r e ,  
w h i l e  t~ r e a c h e d  a m a x i m u m ,  and  the  t h i ckness  
r a t i o  a m i n i m u m ,  at  an  i n t e r m e d i a t e  t e m p e r a t u r e .  
These  resul t s ,  in v i e w  of t he  m e a s u r i n g  p rec i s ion  of 
a b o u t  6.5%, sugges t  t h a t  t he  m e c h a n i s m s  of s i l icon 
depos i t i on  on the  f ron t  and  b a c k  side a r e  d i f ferent .  

The  d a t a  in  T a b l e  II  w o u l d  also d i s cou rage  the  
d e t e r m i n a t i o n  of l a y e r  t h i ckness  b y  w e i g h i n g  or  
t he  m i c r o m e t e r  be fo re  and  a f t e r  the  depos i t ion ,  
be c a use  the  depos i t ed  t h i cknes s  on the  u n w a n t e d  
b a c k s i d e  edge  ( w h i c h  occupies  l a r g e  a r e a s )  m a y  
be  close to fou r  t imes  the  f ron t s ide  th ickness .  The  
e r r o r  of t h i ckness  m e a s u r e m e n t  b y  w e i g h i n g  or the  
m i c r o m e t e r  may ,  u n d e r  u n f a v o r a b l e  condi t ions ,  
r e a c h  s e v e r a l  h u n d r e d  p e r c e n t  and  become  u n s a t i s -  
fac to ry .  

Gas Mix ing  
Two t y p e s  of gas m i x i n g  or  s i l icon t e t r a c h l o r i d e  

p i c k - u p  m e t h o d s  have  been  used :  t he  b u b b l i n g  
me thod ,  and  t h e  n o n b u b b l i n g  me thod .  In  t he  b u b -  
b l ing  me thod ,  pur i f i ed  h y d r o g e n  is b u b b l e d  t h r o u g h  
the  l i qu id  s i l icon t e t r a c h l o r i d e .  In  t he  n o n b u b b l i n g  
me thod ,  t he  pur i f i ed  h y d r o g e n  is m e r e l y  passed  
ove r  t he  l i qu id  sur face .  The  same  s tock  glass  t r a p s  
could  be  used  in e i the r  me thod ,  d e p e n d i n g  on h o w  
much  l iqu id  was  a d d e d  to t he  t r ap .  

T a b l e  I I I  shows  the  r e su l t s  of ca l cu la t ions  of the  
n u m b e r  of moles  of s i l icon t e t r a c h l o r i d e  a v a i l a b l e  
p e r  m i n u t e  at  d i f fe ren t  f low ra t e s  for  t he  t h e o r e t i c a l  
or  e q u i l i b r i u m  cases  and  the  two  a c t u a l  cases w i t h  
the  b u b b l i n g  and  n o n b u b b l i n g  methods .  The  n o n -  
b u b b l i n g  m e t h o d  g ives  a f a i r l y  cons t an t  n u m b e r  of 
moles  of s i l icon t e t r a c h l o r i d e  p e r  minu te ,  w h e r e a s  
t he  b u b b l i n g  m e t h o d  does not.  

T h e r e  a r e  o t h e r  a d v a n t a g e s  of t he  n o n b u b b l i n g  
m e t h o d  ove r  t he  b u b b l i n g  me thod .  In  t he  n o n b u b -  

Table III. Comparison of the bubbling and non-bubbling methods 

C a l c u l a t e d  
F l o w ,  M o l e s  M o l e s  M o l e s  H~ + 

c c / m i n  S i C l 4 / m i n  H ~ / m i n  m o l e s  S i C I ~  

Table II. Effect of specimen preparation, flow rate, and 
temperature on layer thickness 

V a r i a b l e  C o n d i t i o n  t~,  m i l s  tb,  m i l s  tb/t~ 

Specimen Etched 0.58 1.35 2.31 

Prep.  Lapped  0.76 1.61 2.28 

F low ra te  380 cc /min  0.51 1.55 2.89 
720 0.84 1.41 1.70 

Temp 1160~ 0.40 0.85 2.20 
1170 0.71 1.25 1.80 
1180 0.96 1.54 1.61 
1190 0.62 2.25 3.63 

950 0.00436 0.0386 8.8 
1740 0.00798 0.0698 8.8 
2450 0.0112 0.0982 8.8 

E x p e r i m e n t a l  b u b b l i n g  

950 0.00274 0.0425 15.5 
1740 0.00447 0.0779 17.4 
2450 0.00669 0.109 16.3 

E x p e r i m e n t a l  n o  b u b b l i n g  

950 0.000264 0.0424 161 
1740 0.000274 0.0778 284 
2450 0.000377 0.109 289 
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Table IV. Gas mixing and flow rates vs. layer thickness in mils 

Flow rate, Thickness deposited, mils 
ce/min Bubbling Nonbubbling 

950 0.95___16% 0.42___17% 
1740 1.30___7% 0.42___7% 
2450 1.11--+2% 0.41___9% 

b l i n g  me thod ,  the  e v a p o r a t i n g  su r f ace  of t he  l iqu id  
t e t r a c h l o r i d e  is a l w a y s  flat  and  smoo th  a n d  has  a 
cons t an t  a r e a  and  f a i r l y  cons t an t  su r f ace  t e m p e r a -  
ture .  In  t he  b u b b l i n g  me thod ,  t he  s ame  su r f a c e  is 
t u r b u l e n t  and  b u b b l i n g  and  has  no def ined  or  s t ab l e  
s u r f ace  a r e a  or  e v a p o r a t i n g  t e m p e r a t u r e .  T h e r e  is 
a l w a y s  a l a r g e  and  u n k n o w n  v a r i a b l e  t e m p e r a t u r e  
g r a d i e n t  across  t he  i n s u l a t i n g  b u b b l i n g  l a y e r .  This  
cond i t ion  m a k e s  t he  t r a p  t e m p e r a t u r e  a lmos t  
mean ing l e s s .  T h e r e  is also an e r r a t i c  b u r s t i n g  of 
b u b b l e s  g iv ing  r i se  to l i qu id  d r o p l e t s  t ha t  a r e  c a r -  
r i ed  d o w n s t r e a m  to s t r i k e  and  r e - e v a p o r a t e  at  
v a r i a b l e  po in t s  a long  the  w a l l s  a t  u n p r e d i c t a b l e  
t e m p e r a t u r e s .  These  d r o p l e t s  of l i qu id  s i l icon t e t r a -  
ch lo r ide  a r e  k n o w n  sources  of g r o w t h  defects .  

T a b l e  IV g ives  t he  s u m m a r i z e d  r e su l t s  on the  ef -  
fect  of gas  m i x i n g  a n d  flow ra t e s  on l a y e r  t h i ckness  
and  t h i cknes s  r e p r o d u c i b i l i t y .  These  r e su l t s  sugges t  
t h a t  i nc r ea s ing  gas  flow inc reases  t h i cknes s  r e p r o -  
duc ib i l i t y .  Also,  in t h e  n o n b u b b l i n g  me thod ,  t he  l a y e r  
t h i ckness  is i n d e p e n d e n t  of the  flow ra t e ;  w h e r e a s  
in the  b u b b l i n g  sys tem,  m a x i m u m  depos i t i on  r a t e  
is r e a c h e d  at  m e d i u m  flow ra tes .  

I t  has  been  s u g g e s t e d  t h a t  in  t h e  b u b b l i n g  
m e t h o d  a s y s t e m  could  be  d e s i g n e d  to t r a p  a l l  l i q -  
u id  d rop le t s .  Such  a s y s t e m  would ,  acco rd ing  to our  
expe r i ence ,  suffer  f r o m  some  d i s a d v a n t a g e s  such as: 

1. I t  r e q u i r e s  e l a b o r a t e  t r a p s  a n d  fi l ters.  
2. I t  i n t r oduces  c o n t a m i n a n t s  t h r o u g h  the  e x t r a  

fi l ters,  t r aps ,  jo in t s ,  and  i n t e r n a l  sur faces .  
3. The  efficiency and  o p e r a t i o n  of, a n d  c o n t a m i n -  

a t i on  f rom,  these  t r a p s  or  f i l ters  a r e  v a r i a b l e  and  
s t r o n g l y  t i m e - d e p e n d e n t .  

4. T r a p p i n g  was te s  source  l i qu id  and  r e q u i r e s  
m o r e  f r e q u e n t  f i l l ing of source  con ta ine r s  and  d i s -  
t u r b i n g  of t he  s t ab le  g r o w t h  condi t ions .  

5. I t  r e q u i r e s  e x a c t  t e m p e r a t u r e  con t ro l s  on the  
source  con ta ine r s ,  t r aps ,  f i l ters ,  and  v a r i o u s  con-  
nec t ing  tubes .  St i l l ,  t he  b o u n d a r y  l a y e r s  n e a r  the  
wa l l s  of t he  con t a ine r s  or  t u b e s  m a y  have  t e m p e r a -  
tures ,  ve loc i t ies ,  and  c o n c e n t r a t i o n s  e n t i r e l y  d i f f e r -  
en t  f r o m  t h e  i n n e r  l aye r s ,  even  a t  a g iven  ins tan t .  

6. I t  compl i ca t e s  t he  sys tems ,  w h i c h  a r e  l i ab l e  
to be m o r e  v a r i a b l e  f rom one to the  o ther .  The  
p r o d u c t  r e p r o d u c i b i l i t y  also suffers  as a resu l t .  

Resistivity 
T a b l e  V shows  the  t y p i c a l  r e s i s t i v i t y  v a r i a t i o n  

w i t h i n  wafe r s .  Here ,  t he  r e s i s t i v i t y  of each  w a f e r  
is m e a s u r e d  at  s ix  f ixed pos i t ions ,  us ing  the  f o u r -  
po in t  p r o b e  me thod .  F r o m  each set  of s ix  r e a d i n g s  
is o b t a i n e d  t h e  a v e r a g e  r e s i s t i v i t y ,  t he  s t a n d a r d  
dev ia t ion ,  and  the  coefficient  of v a r i a t i o n  (or  t he  
r a t i o  of s t a n d a r d  d e v i a t i o n  to a v e r a g e  r e s i s t i v i t y ) .  
W i t h i n  t he  wa fe r ,  t hese  coefficients v a r i e d  f r o m  2 
to 11%, w i t h  an  a v e r a g e  of 8%.  These  v a r i a t i o n s  

can  be r e d u c e d  b y  i m p r o v e d  g r o w t h  condi t ions ,  as 
s h o w n  below.  

T a b l e  VI  shows  t h a t  t he  coefficient  of v a r i a t i o n  
in  t h i cknes s  a n d  r e s i s t i v i t y  cou ld  be  as h igh  as  46% 
and  25% r e s p e c t i v e l y  on d a y s  w h e n  the  gas  va lve s  
or  g lass  jo in t s  w e r e  l eak ing .  P e d e s t a l  x was  n o t a b l y  
w o r s e  t h a n  the  o the r  th ree .  Such  v a r i a t i o n s  w e r e  
s ign i f i can t ly  g r e a t e r  t h a n  the  a v e r a g e  v a r i a t i o n s  of 
6.5 and  8%,  r e spe c t i ve ly .  

Des igned  e x p e r i m e n t s  on r e s i s t i v i t y  ( a v e r a g e  3.5 
o h m - c m )  have  y i e l d e d  the  fo l lowing  l i s ts  of c r i t i ca l  
v a r i a b l e s  in o r d e r  of de c r e a s ing  i m p o r t a n c e :  

To inc rea se  r e s i s t i v i t y :  1. I n c r e a s e  flow ra te ;  2. 
n o n b u b b l i n g  m e t h o d  of gas  m ix ing ;  3. o p t i m u m  d e -  
pos i t i on  t e m p e r a t u r e ;  4. c l ean  s u b s t r a t e  su r face ;  5. 
i n c r e a s e d  p r e h e a t  t ime.  

To dec rease  r e s i s t i v i t y  v a r i a t i o n  w i t h i n  w a f e r s :  
1. c l ean  s u b s t r a t e  sur face ;  2. n o n b u b b l i n g  m e t h o d  
of gas  m i x i n g ;  3. i n c r e a s e d  flow ra te ;  4. o p t i m u m  
depos i t i on  t e m p e r a t u r e .  

Growth Defects 
F i g u r e  5 shows  the  magn i f i ed  su r f a c e  of a n u m -  

be r  of  t y p i c a l  w a f e r s  a f t e r  depos i t ion .  The  w a f e r  
in  Fig.  5a had  a smoo th  sur face .  F i g u r e  5b shows  a 
w a f e r  w i t h  t r i a n g u l a r  pi ts .  A h i g h e r  magn i f i ca t ion  
of such  p i t s  is s h o w n  in Fig .  5d. These  p i t s  a re  
caused  b y  a d i r t y  p e d e s t a l  or  r e a c t i o n  c h a m b e r .  

F i g u r e  5c shows  a w a f e r  h a v i n g  a p o l y c r y s t a l l i n e  
g r o w t h  of s i l icon,  p u r p o s e l y  depos i t ed  on an  ox i -  
d ized  sur face .  

F i g u r e  5e shows  s i l icon depos i t i on  on a s c r a t ched  
sur face .  The  gas  f low in th is  case was  d i r ec t iona l ,  
so t ha t  flow l ines  a p p e a r e d  on ly  on the  d o w n s t r e a m  
s ide  of t he  sc ra tch .  

F i g u r e  5f shows  the  p y r a m i d a l  s i l icon g r o w t h  
p r o d u c e d  at  r e l a t i v e l y  low depos i t i on  t e m p e r a t u r e s .  

A n o t h e r  t y p e  of de fec t  a p p e a r s  as a w a v y  su r f ace  

Table V. Resistivity variation within wafers 

Standard Coef~cient of 
Wafer Average  deviat ion variat ion,  % 

1 0.196 0.0159 8 
2 0.958 0.0206 2 
3 0.545 0.0617 11 
4 1.950 0.1030 5 
5 0.305 0.922 8 
6 0.573 0.0063 11 
7 0.371 0.0327 9 
8 0.773 0.0688 9 

Average  0.709 0.0503 7.75 

Table VI. Reproducibility of t and p 

Day Pedestal  Runs ~ % p ~  % Notes  

1 3 4 1.50 _+ 14 0.78 _+ 3 a 
2 2 3 1.67 _ 19 0.42 _ 10 a 
3 x 6 2.94 -4- 46 0.63 _+ 25 a 
4 4 4 1.62 _ 5 - -  b 
5 4 6 0.86 +_ 20 - -  a 
6 2 5 1.40 • 12 - -  b 

Notes: (a) Hel ium leak dur ing run. (b) No hel ium leak in valve.  
(c) No hel ium leak in system other  than  valve.  
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Fig. 5. Growth defects 

Fig. 6. Diode characteristics 

E P I T A X I A L  G R O W T H  O F  S I L I C O N  

on the  wa fe r .  This  can  be  e l i m i n a t e d  b y  p r o p e r  
s u b s t r a t e  p r e p a r a t i o n  and  con t ro l l ed  gas  flow ra tes .  

Device Characteristics 
On some of t he  w a f e r s  w i t h  n t y p e  l a y e r s  d e -  

pos i t ed  on n + subs t r a t e s ,  16 x 32 ra i l  a l u m i n u m  
r e c t a n g l e s  have  been  e v a p o r a t e d  t h r o u g h  m e t a l  
masks .  The  a l u m i n u m  was  l a t e r  a l l o y e d  in at  800~ 
for  d i f fe ren t  pe r i ods  of t ime  to f o r m  a l l o y e d  diodes .  
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The  c a p a c i t a n c e  of t he se  d iodes  has  been  m e a s u r e d  
at  d i f fe ren t  r e v e r s e  vol tages .  W i t h i n  c e r t a i n  ranges ,  
change  of a l l o y i n g  t ime  b y  even  a f ac to r  of fou r  d id  
no t  a p p r e c i a b l y  change  the  capac i t ance .  The  s lope 
of the  c a p a c i t a n c e  vs. v o l t a g e  p l o t t e d  on a l o g - l o g  
scale  h a d  a t y p i c a l  v a l u e  of - -1 /2 .5 ,  sugges t i ng  t h a t  
these  a l l o y e d  j unc t i ons  h a v e  c h a r a c t e r i s t i c s  s o m e -  
w h e r e  b e t w e e n  s tep  and  g r a d e d  junc t ions .  

These  e p i t a x i a l l y  g r o w n  m a t e r i a l s  h a v e  been  
used  to m a k e  s m a l l  a n d  l a r g e - a r e a  p l a n a r  and  mesa  
d iodes  and  t r ans i s to r s .  Bo th  the  f o r w a r d  and  r e -  
ve r se  c h a r a c t e r i s t i c s  of the  dev ices  a r e  g e n e r a l l y  e x -  
ce l lent .  F i g u r e  6 shows a t y p i c a l  p l a n a r  e p i t a x i a l  
mic rod iode .  This  d iode  was  a go ld -d i f fu sed  f a s t -  
s w i t c h i n g  type .  I t  h a d  a j u n c t i o n  on ly  5 mi l s  in d i -  
ame te r .  The  le f t  s ide  of the  f igure  shows  the  f o r -  
w a r d  cha rac te r i s t i c s .  The  scale  is 100 m a  p e r  v e r t i -  
cal  d iv i s ion  and  0.2v p e r  h o r i z o n t a l  d iv is ion.  The  
d iode  thus  ca r r i e s  60 m a  at  l v  of f o r w a r d  vo l tage .  

The  r igh t  s ide  of Fig .  6 shows  t h e  r e v e r s e  c h a r a c -  
te r i s t ics .  The  d iode  is s h o w n  to b r e a k  d o w n  v e r y  
s h a r p l y  at  100v. D e t a i l e d  m e a s u r e m e n t s  showed  
t h a t  u n d e r  60v r e v e r s e  bias ,  the  l e a k a g e  c u r r e n t  
was  on ly  5 x 10 lo amp .  F u r t h e r ,  th is  l e a k a g e  c u r -  
r en t  was  m a i n t a i n e d  a f t e r  t he  d iode  was  s u b j e c t e d  
to t h e r m a l  cyc l ing  and  h u m i d i t y  tests .  The  s w i t c h -  
ing  t ime  of the  d iode  was  less  t h a n  two  nanoseconds .  
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ABSTRACT 

Epi tax ia l  films of sil icon have  been  grown on sil icon subst ra tes  by  hydrogen  
reduct ion of SiHCh. React ion kinet ics  have been inves t iga ted  and an over -a l l  
reac t ion  mechanism suggested, assuming reduct ion to occur on the subs t ra te  
surface. Electron micrographs  and diff ractograms of growing layers  have  been 
obta ined in an a t t empt  to de te rmine  the na ture  of the growth  process. P r e -  
l im ina ry  resul ts  indicate  tha t  this  occurs in i t ia l ly  by  the fo rmat ion  of ind iv idua l  
nuclei  r a the r  than  by  continuous film formation,  but  the nucleat ion process is 
appa ren t ly  not  p ropaga ted  continuously.  

E x p e r i m e n t a l  m e t h o d s  for  t he  e p i t a x i a l  g r o w t h  
of s i l icon b y  the  h y d r o g e n  r e d u c t i o n  of s i l icon 
ha l i de s  h a v e  b e e n  d e s c r i b e d  b y  s e v e r a l  a u t h o r s  
(1 -3 ) ,  and  q u a n t i t a t i v e  r e su l t s  have  been  p r e s e n t e d  

b y  T h e u e r e r  (2)  and  W a j d a  and  G l a n g  (3)  for  
SIC1, and  SiHC13, r e spec t i ve ly .  The  r e su l t s  of t h e  
two  sets of a u t h o r s  show m a n y  dif ferences ,  and  on ly  
t h e  f o r m e r  a t t e m p t s  to i n t e r p r e t  t h e m  in t e r m s  of 
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a r e a c t i o n  m e c h a n i s m  which ,  he  sugges ts ,  i nvo lves  
the  a d s o r p t i o n  of SiCI~" onto t he  s i l icon subs t r a t e ,  
f o l l owed  b y  r e d u c t i o n  a n d  d e s o r p t i o n  of HC1, w i t h  
an  o v e r - a l l  a c t i v a t i o n  e n e r g y  of 37 k c a l / m o l e .  

The  p u r p o s e  of th is  p a p e r  is to p r e s e n t  some 
k ine t i c  d a t a  for  t he  h y d r o g e n  r e d u c t i o n  of  SiHCI~ 
on a s i l icon subs t r a t e ,  f r om w h i c h  a r e a c t i o n  m e c h -  
a n i s m  is pos tu l a t ed ,  and  also some p r e l i m i n a r y  ob-  
s e rva t i ons  on e x p e r i m e n t s  c a r r i e d  out  to d e t e r m i n e  
the  g r o w t h  m e c h a n i s m .  E lec t ron  m i c r o g r a p h s  and  
e l ec t ron  d i f f r ac tog rams  of the  g r o w n  l a y e r s  have  
been  o b t a i n e d  a f t e r  v a r i o u s  t i m e  i n t e r v a l s  in the  
v e r y  e a r l y  s t ages  of g r o w t h  and  h a v e  r e v e a l e d  w h a t  
a r e  a p p a r e n t l y  i n d i v i d u a l  nuc le i  d i s t r i b u t e d  on the  
su r f ace  be fo re  c o m p l e t e  cove rage  has  occur red .  

Exper imental  

The  a p p a r a t u s  used  was  e s s e n t i a l l y  s im i l a r  to 
t h a t  e m p l o y e d  b y  S a n g s t e r  et al. (1) .  H y d r o g e n  at  
a flow r a t e  of 30 m l / m i n  was  pa s sed  ove r  r e f lux ing  
SiHCI~ to ensu re  s a tu ra t ion ,  and  the  r e s u l t i n g  gas  
m i x t u r e  was  s t r i p p e d  d o w n  to a k n o w n  c o n c e n t r a -  
t ion  in  a t h e r m o s t a t t e d  condense r ,  a f t e r  w h i c h  i t  
was  f u r t h e r  d i l u t e d  w i t h  h y d r o g e n  to g ive  t he  r e -  
q u i r e d  p a r t i a l  p r e s s u r e  of SiHCI~ in t he  r eac to r ,  
and  a t o t a l  flow r a t e  of a p p r o x i m a t e l y  1.5 1/min.  
P a r t i a l  p r e s s u r e  va lue s  c a l c u l a t e d  f r o m  v a p o r  p r e s -  
su re  a n d  flow r a t e  d a t a  w e r e  checked  e x p e r i m e n t a l l y  
b y  d e t e r m i n i n g  the  gas  phase  SiHCI~ concen t r a t i on  
and  w e r e  f o u n d  to be  co r rec t  to w i t h i n  • 5%.  The  
h y d r o g e n  was  pur i f i ed  b y  pas s ing  t h r o u g h  a c a t a l y t i c  
d e o x y g e n a t i n g  uni t ,  and  a 5A m o l e c u l a r  s ieve  to 
r e m o v e  w a t e r  v a p o r  and  o t h e r  c o n d e n s a b l e  gases.  
The  s u b s t r a t e  was  s u p p o r t e d  v e r t i c a l l y  f r o m  i ts  
ends  w i t h  t a n t a l u m  t a p e s  and  h e a t e d  b y  a d i r ec t  r e -  
s i s tance  m e t h o d  so t h a t  i t  was  t he  ho t t e s t  p a r t  of 
the  s y s t e m  and  s i l icon .was no t  depos i t ed  p r e f e r -  
e n t i a l l y  on the  wa l l s  (Fig .  1). 

The  s u b s t r a t e s  used  w e r e  ba r s  2 m m  x 7 m m  x 
4 cm long,  and  in a l l  of t h e  k ine t i c  e x p e r i m e n t s  t he  
7 m m  face  was  the  {110}, bu t  bo th  {100} and  {111} 
faced  s u b s t r a t e s  w e r e  a lso  used  in  t h e  g r o w t h  m e c h -  
a n i s m  work .  Befo re  g r o w t h  the  s u b s t r a t e s  w e r e  
l a p p e d  on 15tt a l u m i n a  and  c h e m i c a l l y  po l i shed  to 
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Fig. 1. SiHCI~ reactor: A, quartz tube; B, silicon substrate; C, 
tantalum power leads. 
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a m i r r o r  f inish in  an  e tch  con ta in ing  n o m i n a l l y  3 
p a r t s  40% HF,  6 p a r t s  70% HNO3, and  2 p a r t s  60% 
acet ic  acid.  F i n a l  ox ide  r e m o v a l  was  c a r r i e d  ou t  in 
t he  r e a c to r  b y  t r e a t i n g  in  h y d r o g e n  for  15 ra in  a t  a 
t e m p e r a t u r e  in  excess  of 1260~ 

Since  i t  has  been  i n d i c a t e d  (2)  t h a t  bo ron  com-  
p o u n d s  m a y  inf luence  the  r a t e  of th is  reac t ion ,  k i -  
ne t ic  m e a s u r e m e n t s  w e r e  conf ined to n - t y p e  l a y e r s  
g r o w n  on n - t y p e  subs t r a t e s .  The  s u b s t r a t e  r e s i s t i v i t y  
was  0.1 o h m - c m  in each  case, and  the  l a y e r s  w e r e  
a l l  a p p r o x i m a t e l y  1 o h m - c m .  In  o r d e r  to m e a s u r e  
the  l a y e r  t h i cknes s  t he  s p e c i m e n  was  c l eaved  or  
b e v e l l e d  a n d  the  l a y e r  d e l i n e a t e d  b y  a p u l s e  s t a i n -  
ing t e c h n i q u e  r e p o r t e d  e l s e w h e r e  (4) .  

The  p r o c e d u r e  for  each  r u n  was  as fo l lows:  t he  
a p p a r a t u s  was  e v a c u a t e d  and  t h e n  f lushed w i t h  h y -  
d rogen ,  the  s t r e a m  con ta in ing  S iHCL v a p o r  i n i t i a l l y  
b y p a s s i n g  the  r eac to r .  The  s u b s t r a t e  was  h e a t e d  for  
15 min  at  a t e m p e r a t u r e  in  excess  of 1260~ to en -  
su r e  ox ide  r emova l ,  a f t e r  which ,  w i t h  the  s t r i p p i n g  
c o n d e n s e r  set  to the  a p p r o p r i a t e  t e m p e r a t u r e ,  the  
SiHCl~ s t r e a m  was  d i v e r t e d  in to  t he  r e a c t o r  and  
a t  t he  s ame  t i m e  t h e  s u b s t r a t e  t e m p e r a t u r e  set  to 
the  r e q u i r e d  v a l u e  as m e a s u r e d  w i t h  an  op t ica l  
p y r o m e t e r  c a l i b r a t e d  at  t he  m e l t i n g  po in t  of si l icon.  
The  d u r a t i o n  of t he  r u n  was  t i m e d  w i t h  a s topc lock  
and  t e r m i n a t e d  b y  a g a i n  d i v e r t i n g  the  SiHCI~ and  
a l l o w i n g  the  s u b s t r a t e  to cool in  h y d r o g e n .  

Kinetic Measurements  

The  two  fac to r s  wh ich  have  been  i n v e s t i g a t e d  a r e  
(a )  in f luence  of s u b s t r a t e  t e m p e r a t u r e  on g r o w t h  
r a t e  of the  e p i t a x i a l  l a y e r  fo r  a cons t an t  p a r t i a l  
p r e s s u r e  of SiHCI~ in t he  r e a c t o r  and  (b)  t he  effect 
of v a r y i n g  the  p a r t i a l  p r e s s u r e  of S iHCL for  a con-  
s t an t  s u b s t r a t e  t e m p e r a t u r e .  In  bo th  cases  t he  flow 
ra t e s  of h y d r o g e n  w e r e  he ld  cons tan t ,  a n d  p a r t i a l  
p r e s s u r e  was  con t ro l l ed  b y  the  t e m p e r a t u r e  of the  
s t r i p p i n g  condenser .  

The  r a t e  of t he  r e a c t i o n  was  m e a s u r e d  as the  
g r o w t h  r a t e  of t he  e p i t a x i a l  film, and  in a sy s t em of 
th is  t y p e  r e a c t i o n  r a t e s  canno t  of course  be  con-  
s i de r e d  as abso lu te ,  bu t  for  a cons t an t  set  of cond i -  
t ions  e x p e r i m e n t a l  va lue s  w e r e  r e p r o d u c i b l e  to 
w i t h i n  • 10% and  the  g e n e r a l  shapes  of t he  cu rves  
w e r e  also r e p r o d u c i b l e .  E r r o r s  in  t h i cknes s  m e a s u r e -  
m e n t  of the  f i lm a n d  t e m p e r a t u r e  con t ro l  of the  
sub~t ra te  p r o b a b l y  accoun ted  for  mos t  of t he  d e v i a -  
t ions  found.  

W a j d a  and  G l a n g  (4)  r e p o r t  d i f fe rences  in g r o w t h  
r a t e  a long  the  l e n g t h  of t h e  s u b s t r a t e  d e p e n d i n g  
on the  g e o m e t r y  of t he  reac tor .  This  was  no t  o b -  
s e rved  in t he  s y s t e m  e m p l o y e d  in t h e  w o r k  r e -  
p o r t e d  here ,  bu t  some sma l l  d i f fe rences  w e r e  o b -  
s e rved  on oppos i t e  ( p a r a l l e l )  faces  of t he  s u b s t r a t e  
w h e n  i t  was  not  pos i t i oned  c e n t r a l l y  in  the  reac tor .  
M e a s u r e m e n t s  w e r e  t h e r e f o r e  m a d e  on bo th  faces,  
and  the  m e a n  th i ckness  d e t e r m i n e d .  

Deposition t empera ture . - -The  d e p e n d e n c e  of d e p -  
os i t ion  r a t e  on  s u b s t r a t e  t e m p e r a t u r e  for  a c o n s t a n t  
flow r a t e  of  h y d r o g e n  and  p a r t i a l  p r e s s u r e  of S iHCL 
is shown  in Fig.  2. Ove r  t h e  t e m p e r a t u r e  r a n g e  
1110~176 a n o r m a l  A r r h e n i u s  p lo t  is ob t a ined ,  
g iv ing  an  o v e r - a l l  a c t i va t i on  e n e r g y  for  t h e  process  
of 22 k c a l / m o l e ,  b u t  a b o v e  this ,  g r o w t h  r a t e  fa l l s  
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Fig. 2. Temperature dependence of layer growth rate 

with  increas ing  t empera tu re .  This  is con t r a ry  to 
resul t s  ob ta ined  on SiHCI= by  W a j d a  and  on SiCL 
by  Theuere r .  The l a t t e r  fol lowed a n o r m a l  A r -  
rhen ius  re la t ionsh ip  over  the  whole  t e m p e r a t u r e  
r ange  cons idered  (900~176 wi th  an  ove r - a l l  
ac t iva t ion  ene rgy  of 37 kca l /mole ,  whi le  the fo rmer  
showed l i t t l e  va r i a t i on  w i th  t e m p e r a t u r e  b e t w e e n  
1100 ~ and  1200~ bu t  this  was  a t t r i b u t e d  to the 
pa r t i cu l a r  design of the  subs t r a t e  hea te r  and  gas 
flow p a t t e r n  in  the  reactor.  

A s s u m i n g  the r educ t ion  reac t ion  to occur by  a 
he te rogeneous  m e c h a n i s m  on the  subs t ra te  surface,  
then,  of the  steps which  could be r a t e  control l ing,  
gaseous diffusion of the  r eac tan t s  or p roduc t s  is 
ru l ed  out,  s ince it  is not  an  ac t iva ted  process. This  
leaves adsorp t ion  of the  reac tants ,  surface  reac t ion  
fol lowed by  desorpt ion  of gaseous products ,  or in  
this case, the  surface  diffusion of si l icon fo rmed  on 
the subs t r a t e  as the  possible  slow steps in  the  over -  
all  react ion.  If it  is assumed,  however ,  tha t  the  
e q u i l i b r i u m  dens i ty  of this se l f -adsorbed  l aye r  r e -  
ma in s  sens ib ly  constant ,  surface  diffusion canno t  be  
the  r a t e - d e t e r m i n i n g  step since u n d e r  these condi -  
t ions it is an  e q u i l i b r i u m  process. F r o m  the ava i lab le  
da ta  it is not  possible to decide b e t w e e n  adsorp t ion  
and  reac t ion  wi th  desorp t ion  as the  slow step. A 
possible e x p l a n a t i o n  of the m a x i m u m  is tha t  the 
tota l  a m o u n t  of chemisorp t ion  possible  on the  {110} 
surface  decreases  above  a t e m p e r a t u r e  of app r ox -  
ima te ly  1220~ This  m a y  be due  e i ther  to a r educ -  
t ion  in the  l eng th  of t ime  an  adsorbed  rad ica l  is r e -  
t a ined  on  the  surface before  r e - e v a p o r a t i o n  or r e -  
act ion can occur, or to a r educ t ion  in  the  ac tua l  
n u m b e r  of ava i l ab le  surface sites. 

SiHCI= partial pressure.--The inf luence  of SiHCl= 
pa r t i a l  p ressure  on g rowth  ra te  was inves t iga ted  at  
subs t ra te  t e m p e r a t u r e s  above and  below the  m a x -  
i m u m  in  the  g rowth  r a t e - t e m p e r a t u r e  curve.  Re-  
sul ts  ob ta ined  are shown in  Fig. 3, and  it  m a y  be 
seen tha t  in  each case the  g rowth  ra te  reached  a 
l imi t ing  va lue  as the  pa r t i a l  p ressure  of SiHCI~ was 
increased.  Since for the  same flow condi t ions  the  
process was  found  to be act ivated,  it m a y  be con-  
c luded tha t  it was  a reac t ion  ra te  and  not  a mass 
flow effect which  was  measured .  There  are two 
m a i n  possibi l i t ies  conce rn ing  the  ove r - a l l  n a t u r e  
of the  react ion.  ( i)  React ion  occurs b e t w e e n  an  
absorbed  SiHCL molecule  or rad ica l  and  an  ad-  
sorbed h y d r o g e n  molecule  or a tom ( L a n g m u i r -  
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Fig. 3. Effect of SiHCi~ partial pressure on layer growth rate 

Hinshe lwood  m e c h a n i s m ) ,  and  (it) reac t ion  occurs 
b e t w e e n  an adsorbed molecu le  and  a molecule  com-  
ing  d i rec t ly  f rom the gas phase  (Rideal  m e c h a n i s m ) .  
This  gives r ise to two a l t e rna t ives  de pe nd ing  on 
w he t he r  a SiHC1, radica l  is adsorbed and  reac t ion  
occurs wi th  a h y d r o g e n  molecu le  f rom the  gas phase,  
or a hyd rogen  a tom is adsorbed  which  reacts  wi th  a 
gaseous SiHCI~ molecule .  

If a L a n g m u i r - H i n s h e l w o o d  m e c h a n i s m  is fo l -  
lowed, the ra te  wi l l  pass t h r ough  a m a x i m u m  as 
the  pressure  of e i ther  r e a c t a n t  is var ied,  whi le  the  
ra te  wi l l  reach a l imi t ing  va lue  if a Rideal  mech -  
a n i sm  applies.  The  resu l t s  ob ta ined  therefore  ind i -  
cate one or other  of the  Rideal  m e c h a n i s m s  to be 
the  most  p robab le  o v e r - a l l  course of the react ion.  
At  the  s ta r t  of the  process, hyd rogen  alone is p resen t  
over  the subs t ra te ,  and  even  d u r i n g  the  course of 
g rowth  it is p resen t  in  cons iderab le  excess, b u t  f rom 
the  m e a s u r e d  ra te  dependence  on the  pa r t i a l  p res -  
sure  of SiHC13 it appears  that ,  if the  h y d r o g e n  is 
in i t i a l ly  p resen t  as a chemisorbed  l ayer  on  the  su r -  
face, it  is r ap id ly  displaced as soon as a pa r t i a l  p re s -  
sure  of SiHC13 exists,  pa r t i cu Ia r ly  at the  h igher  
t e m p e r a t u r e  (1235~ At  the  lower  t e m p e r a t u r e  
(1200~ however ,  h y d r o g e n  chemisorp t ion  m a y  
be respons ib le  for the smal l  ra te  of change  of r e -  
ac t ion  ra te  at  low SiHCI= concent ra t ions .  Thus  the 
ra te  curves  ind ica te  tha t  essen t ia l ly  SiHCI~ radica ls  
are  chemisorbed  a nd  reac t  w i th  gaseous h y d r o g e n  
molecules.  

Since it is no t  possible to measu re  reac t ion  ra tes  
and  r eac t an t  concen t ra t ions  in  t e rms  of the  same 
va r i ab le  it is not  possible to me a su r e  absolu te  or-  
ders of reac t ion  (o ther  t h a n  zero o rder ) .  However  
Fig. 3 shows tha t  at bo th  t e m p e r a t u r e s  the  order  
becomes zero w i th  respect  to SiHCI= as its pa r t i a l  
p ressure  increases  and  p r e s u m a b l y  a m o n o l a y e r  is 
formed.  The re la t ive  va r i a t ions  of order  w i th  i n -  
c reas ing  in i t i a l  concen t ra t ions  of SiHCI~ at  the  two 
t e m p e r a t u r e s  are also evident ,  and  over  the  l i nea r  
por t ions  the  order  at 1200~ is 2.8 t imes  g rea te r  
t h a n  at 1235~ This difference p r e s u m a b l y  arises 
e i ther  because  of the  re la t ive  ex t en t  of h y d r o g e n  
chemisorpt ion ,  or because  of the ove r - a l l  a m o u n t  of 
chemisorp t ion  possible  at the  two t empera tu re s .  

Influence of Kinetic Parameters on Layer Perfection 
We have  observed  tha t  at  subs t ra te  t e m p e r a t u r e s  

above 1175~ film per fec t ion  is, macroscopical ly ,  
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very  high, irrespective of the partial pressure of 
SiHCI~. As the temperature is reduced, however, 
imperfections of the type seen in Fig. 10 begin to 
appear. (This optical micrograph also shows the 
development of a {112} edge facet.) These imperfec- 
tions eventually lead to regions of polycrystalline 
growth, but their onset and concentration with re-  
spect to temperature can be lowered by a reduction 
in trichlorosilane concentration. Below 1000~ it 
is very difficult to obtain even an imperfect single 
crystal layer, although the partial pressure of SiHCl~ 
may be considerably less than 1 mm Hg. This of 
course suggests that it is the surface mobility of 
silicon atoms which is essentially responsible for 
single crystal layers, even when growth involves a 
chemical reaction. 

Growth Phenomena 

Epitaxial overgrowths of various metals and com- 
pounds evaporated onto an assortment of substrates 
such as other metals, the alkali halides, and mica 
have been studied for a number  of years (5). Direct 
observations of the nucleation and growth have 
been made by evaporating and condensing thin layers 
actually in the electron diffraction camera and elec- 
tron microscope (6). 

Growth resulting from chemical reactions of 
mixed gases at solid substrate surfaces at high tem- 
peratures has received comparatively little atten- 
tion. 

Observations and Discussion 

By using the resistive heating technique already 
described anomalous growth behavior can be ob- 
served at magnifications up to 100X by stereoscopic 
microscope using long working distance objectives 
focussed through the clear quartz walls of the re-  
action tube. 

Pla t inum-carbon replicas (7) of substrate sur- 
faces after chemical polishing and hydrogen etching 
have been compared with those from surfaces ex- 
posed to known growth conditions for different 
lengths of time (10 sec or more).  Each surface so 
treated has been examined by glancing angle elec- 
tron diffraction beam to assist in interpretation of 
the replica observations. The overgrowths prepared 
for electron microscopy (10 and 30 sec growth) were 
essentially featureless when examined in the optical 
microscope. They were grown at 1250~ under con- 
ditions equivalent to s teady-state growth rates of 
0.6-1.2~/min. Prel iminary t reatment  of the substrate 
was confined to exposure to dry hydrogen (2 liters/ 
min) for 10 rain at 1250~ 

All the layers cooled rapidly when the power 
supply to the specimen was switched off. 

The smooth, featureless surface of a chemically 
polished {110} silicon substrate is shown in the 
electron micrograph, Fig. 4. Exposure of a similar 
substrate to dry hydrogen for 10 min at 1250 ~ or 
1300~ produced no detectable change in appear-  
ance. The diffraction pattern, Fig. 5 from the sur- 
face of the specimen illustrated in Fig. 4 consists 
of clearly defined Kikuchi lines only, indicating a 
hlgh degree of crystal perfection and confirming the 

Fig. 4. Electron micrograph of Pt-C replica of chemically polished 
silicon substrate. (110} surfaces. Magnification 40,O00X. 

Fig. 5. Diffractogrom corresponding to Fig. 4 

essentially.fiat surface revealed in the electron mi- 
crograph. 

Electron micrographs of replicas of the {110} 
surfaces of grown layers are shown in Fig. 6-8. 
After 10 sec growth (Fig. 6) the surface has be- 
come covered with a layer of discrete islands typi-  
cally about 500A across. After  30 sec, Fig. 7, the 
islands are still apparent  but less clearly defined, 
the surface having a generally wavy appearance. 
Electron micrographs from the surfaces of thicker 
layers (~5~) do not show the small islands but 
reveal very fine channels or ridges of a somewhat 
wavy nature (Fig. 8). Examination of {111} and 
{100} surfaces after 10 sec growth revealed islands 
similar to those on the {110} surfaces. 

It would seem probable that growth commences 
by a nucleation process which leads to formation of 
the small islands observed. (Fig. 6). These islands 
gradually coalesce to form a relatively rough sur- 
face as illustrated in Fig. 8. The roughness of the 
surface is not, however, the only significant feature 
relevant to the growth morphology. A specimen 
with a 30~ deposit was removed from the reaction 
chamber and fractured. Half was then returned to 
the reactor for regrowth;  10 sec further  growth 
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Fig. 6. Electron micrograph of Pt-C replica of epitaxial silicon 
layer on {110~ surface after 10 sec growth at 1250~ Magnification 
40,O00X. 

Fig. 8. Electron micrograph of Pt-C replica of 7~ epitaxial silicon 
layer on (110} surface. Magnification 20,000X. 

Fig. 9. Typical electron diffraction pattern from {110} growth 
surface. 

Fig. 7. As Fig. 6 but for 30 sec. Magnification 40,000X. 

again resulted in the occurrence of the random 
islands. This suggests that the formation of in- 
dividual nuclei when growth commences may be 
influenced by some residual surface contamination 
such as an incomplete oxide network. Any such 
contamination will be on a small scale, none having 
been detected by electron microscopy or diffraction. 

Precise interpretation of the glancing angle elec- 
tron diffraction patterns has not been attempted. The 
pat tern shown in Fig. 9 is typical of that obtained 
from any of the grown surfaces in that it shows 
both Kikuchi lines and diffraction spots. There are, 
however, differences in the nature and configuration 
of the spot patterns which depend on the layer 
thickness. 

The spot patterns from the short duration growths 
may be associated with the presence of the islands, 
but the occurrence of spot patterns from thick 
layers (~5~) indicates the possibility of alternative 
explanations. For example there is evidence for 

Fig. 10. Unetched surface of {110} epitaxial layer showing {112} 
facet and defects. Magnification approximately cJOX. 

the existence of twin bands or regions of stacking 
faults, the origins of which are currently under in- 
vestigation. The electron micrographs, Fig. 11 and 
12, show examples of such structural defects in the 
unetched and etched conditions, respectively. The 
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Fig. 11. Defect observed in epitaxial layer. Electron micrograph 
of Pt-C replica of unetched layer surface ({110}). Magnification 
approximately 29,000X. 

r e su l t s  of  th is  w o r k  wi l l  be  p u b l i s h e d  in the  n e a r  
f u t u r e  (8) .  

Summary and Conclusions 
The  r e su l t s  of t h e  k ine t i c  m e a s u r e m e n t s  i n d i c a t e  

t ha t  the  mos t  p r o b a b l e  o v e r - a l l  course  of t he  r e -  
ac t ion  i nvo lves  the  c h e m i s o r p t i o n  of a t r i c h l o r o s i l a n e  
r a d i c a l  on the  subs t r a t e ,  w h i c h  is r e d u c e d  to s i l icon 
b y  a h y d r o g e n  m o l e c u l e  i m p i n g i n g  d i r e c t l y  f rom 
the  v a p o r  p h a s e  w i t h  s u b s e q u e n t  d e s o r p t i o n  of I-IC1. 
A poss ib le  i n t e r p r e t a t i o n  of the  ev idence  f r o m  the  
e l ec t ron  m i c r o g r a p h s  and  d i f f r a c t o g r a m s  is t h a t  i n -  
i t i a l l y  t he  s i l icon p r o d u c e d  on the  s u b s t r a t e  does  not  
g r o w  as a con t inuous  m o n o l a y e r ,  b u t  r a t h e r  b y  
f o r m a t i o n  of i n d i v i d u a l  nuc le i  w h i c h  a r e  c o n s i d e r -  
a b l y  t h i c k e r  t h a n  one  a tomic  l aye r .  S ince  c h e m i -  
so rp t ion  as such can  on ly  occur  to m o n o l a y e r  dep th ,  
the  nuc le i  m u s t  a r i se  e i t he r  b y  su r f ace  d i f fus ion of 
s i l icon f r o m  u n f a v o r a b l e  sites,  or  b y  p r e f e r e n t i a l  
chemiso rp t ion .  The  f o r m e r  h y p o t h e s i s  seems  m u c h  
m o r e  p r o b a b l e ,  h o w e v e r ,  s ince  l a y e r  pe r f ec t i on  d e -  
c reases  w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  w h i c h  w o u l d  
be  e x p e c t e d  to r e d u c e  su r face  mob i l i t y ,  not  i n i t i a t e  
n o n p r e f e r e n t i a l  chemiso rp t ion .  The  n u c l e a t i o n  p r o c -  
ess does  no t  a p p e a r  to con t inue  howeve r ,  w h e n  a 
l a y e r  of the  o r d e r  of  1~ has  been  ob ta ined .  

Fig. 12. Region of the layer shown in Fig. 11 but layer etched 
in the Dash dislocation etch for 20 rain. Magnification approximately 
8000X. 
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ABSTRACT 

Analys is  of pressure  measurements  has led to the de te rmina t ion  of the  vapor  
species resul t ing f rom the react ion of GaAs wi th  I. The react ion de te rmined  
from the analysis  is 2GaAs(s )  q- G a L ( v )  ~ 3GaI (v )  -[- 1/fAs,(v) in the  range  
560~176 The equi l ib r ium constant  is given by  the equation,  log Kp 
--23,650/T -b 19.4. The en tha lpy  ca lcula ted  for the react ion is 54.1 kca l /mo le  of 
GaAs. A s imilar  analysis  for  the system G a - G a L  resul ted  in the de te rmina t ion  
of the react ion 2Ga(1) q- GaI~(v) ~ 3GaI (v )  in the  range  420~176 The equi -  
l ib r ium constant  for  this reac t ion  is given by  log Kp ~ 11,000/T § 12.4. The en-  
tha lpy  for  the react ion is 25.2 kca l /mo le  of Ga. By combining the two equi -  
l ibr ia  in the region of over lapping  tempera tures ,  the arsenic pressures  in equi-  
l ib r ium with  GaAs along the th ree -phase  l ine are  obtained.  In  the range  560 ~ 
640~ the p redominan t  react ion is GaAs (s) ~--- Ga (1) q- 1/2As~ (v) .  The en tha lpy  
ca lcula ted  for this  react ion is 44.4 kca l /mo le  of GaAs. The dissociation pressures  
a re  in good agreement  wi th  ex t rapola t ions  f rom two previous  measurements  
made  at  h igher  tempera tures .  

The  g r o w t h  of c r y s t a l s  of b i n a r y  c o m p o u n d s  f rom 
a v a p o r  phase  composed  of t he  species  r e s u l t i n g  
f r o m  r eac t i ons  of the  c o m p o u n d s  w i t h  a h a l o g e n  
e l e m e n t  has  become  of s igni f icant  i m p o r t a n c e  in i ts  
a p p l i c a t i o n  to the  f a b r i c a t i o n  of s o l i d - s t a t e  dev ice  
s t ruc tu res .  In  o r d e r  to ga in  some ins igh t  in to  the  
n a t u r e  of  c r y s t a l  g r o w t h  b y  th is  me thod ,  i t  is f irst  
n e c e s s a r y  to i d e n t i f y  the  r e a c t i n g  v a p o r  species  and  
d e t e r m i n e  e q u i l i b r i a  b e t w e e n  these  spec ies  and  
the  g r o w i n g  c rys ta l .  I t  was  fe l t  t h a t  th is  i n f o r m a t i o n  
could  be  o b t a i n e d  t h r o u g h  ana lys i s  of p r e s s u r e  
m e a s u r e m e n t s .  

Because  of  t he  c u r r e n t  w i d e s p r e a d  i n t e r e s t  in t he  
s e m i c o n d u c t i n g  c o m p o u n d  GaAs ,  and  the  d e m o n -  
s t r a t e d  a b i l i t y  to g r o w  c r y s t a l s  of the  c o m p o u n d  
at  low t e m p e r a t u r e s  t h r o u g h  r e a c t i o n  of t he  com-  
p o u n d  and  ce r t a i n  ha logens  ( 1 - 3 ) ,  p r e s s u r e  m e a s -  
u r e m e n t s  w e r e  c a r r i e d  out  to d e t e r m i n e  the  e q u i -  
l i b r i u m  b e t w e e n  sol id  G a A s  and  the  v a p o r  species  
r e s u l t i n g  f r o m  r e a c t i o n  of t he  c o m p o u n d  w i t h  iodine.  

Of t he  poss ib le  iod ide  v a p o r  species  t h a t  m i g h t  
r e s u l t  f r o m  the  r e a c t i o n  of iod ine  w i t h  GaAs ,  c a l -  
cu l a t i ons  b a s e d  on p u b l i s h e d  t h e r m o d y n a m i c  d a t a  
(4)  r e a s o n a b l y  e x c l u d e d  a l l  b u t  Gala a n d  GaI .  
The  e x c l u d e d  species  w e r e  GaI~ and  t h e  a r sen i c  
iodides .  The  ca lcu la t ions  f u r t h e r  i n d i c a t e d  t ha t  G a L  
w o u l d  be  m o r e  s t ab le  at  l o w e r  t e m p e r a t u r e s  and  
hence  w o u l d  be  t he  p r e d o m i n a n t  iod ide  spec ies  r e -  
su l t ing  f r o m  in i t i a l  l o w - t e m p e r a t u r e  r e a c t i o n  of 
iod ine  w i t h  GaAs .  P r e l i m i n a r y  e x p e r i m e n t s  showed  
tha t  iod ine  reac t s  c o m p l e t e l y  w i t h  G a A s  a t  t e m -  
p e r a t u r e s  b e l o w  200~ to form,  at  e q u i l i b r i u m ,  a r -  
senic  and  a g a l l i u m  iod ide  species  p r e s u m e d  to be  
GaL.  The  p re sence  of  a r sen i c  was  ver i f i ed  b y  x - r a y  
d i f f rac t ion  ana lys i s  of t h e  condensed  phases .  GaL  
was  ident i f ied  p r i m a r i l y  b y  i ts  m e l t i n g  po in t  (5)  
and  the  color  of t he  c rys ta l s .  P o s i t i v e  iden t i f i ca t ion  
b y  x - r a y  d i f f rac t ion  ana lys i s  was  no t  o b t a i n e d  due  
to r a p i d  h y d r o l y s i s  of t he  c o m p o u n d  and  i n a d e q u a t e  
x - r a y  d i f f rac t ion  d a t a  for  t he  g a l l i u m  iodides .  A t  

h i g h e r  t e m p e r a t u r e s ,  in t he  p r e s e n c e  of excess  GaAs ,  
the  v a p o r  spec ies  G a I  w o u l d  become  i m p o r t a n t  
accord ing  to B r e w e r  (4) .  

F r o m  th is  i n f o r m a t i o n  i t  was  poss ib le  to p o s t u -  
la te ,  as  a model ,  a d i s p r o p o r t i o n a t i o n  r e a c t i o n  for  
the  t r a n s p o r t  and  c r y s t a l  g r o w t h  of G a A s  f r o m  a 
v a p o r  phase .  The  p r o p o s e d  r e a c t i o n  was  

2 G a A s ( s )  -[- G a I , ( v )  ~ 3 G a I ( v )  -t- ~/fAs~(v) [1]  

A n  a d d i t i o n a l  e q u i l i b r i u m  w h i c h  m u s t  be  cons ide red  
is the  d i s soc ia t ion  of t e t r a m e r i c  a r sen i c  acco rd ing  
to t he  r e a c t i o n  

2As~ (v )  ~-- As,  (v )  [2]  

The  sy s t em w o u l d  be  a t  l eas t  b i v a r i a n t  and  t h e r e -  
fo re  w o u l d  r e q u i r e  at  l eas t  two  sets  of p r e s s u r e  
m e a s u r e m e n t s  a t  d i f fe ren t  i n i t i a l  i od ine  c o n c e n t r a -  
t ions  in  o r d e r  to t es t  t he  p o s t u l a t e d  model .  The  tes t  
of the  m o d e l  w o u l d  be  in a c o m p a r i s o n  of e q u i l i b -  
r i u m  cons tan t s  c a l c u l a t e d  f r o m  each  set  of p r e s s u r e  
m e a s u r e m e n t s .  Because  of t he  i n v a r i a n c e  of t he  
e q u i l i b r i u m  cons tan t ,  co inc idence  of t he  c a l cu l a t ed  
K p  va lues  w o u l d  be  c ons ide r e d  a r e a s o n a b l e  ve r i f i -  
ca t ion  of t he  p r o p o s e d  equa t ions .  V a r i a t i o n  of t he  
in i t i a l  iod ine  c o n c e n t r a t i o n  w o u l d  se rve  also to es -  
t ab l i sh  a pos s ib l e  u n i v a r i a n t  p o r t i o n  of t he  sys tem,  
e.g., G a L  ( c o n d e n s e d )  ~ GaI~ ( v a p o r ) ,  and  f u r -  
t he r  c o r r o b o r a t e  t he  model .  

In  o r d e r  to ca l cu l a t e  va lue s  of t he  e q u i l i b r i u m  
cons t an t  i t  is n e c e s s a r y  to ca l cu l a t e  first  t he  p a r t i a l  
p r e s s u r e s  of each v a p o r  species.  S ince  the  m o d e l  
a s sumes  fou r  v a p o r  species,  fou r  i n d e p e n d e n t  e q u a -  
t ions  a re  n e e d e d  for  t he  d e t e r m i n a t i o n  of t h e i r  p a r -  
t i a l  p re s su res .  The  t o t a l  p r e s s u r e  m e a s u r e m e n t s  
need  on ly  to be  c a r r i e d  ou t  u n d e r  cond i t ions  of 
k n o w n  v o l u m e  and  k n o w n  iod ine  c o n c e n t r a t i o n  in 
o r d e r  to p r o v i d e  t h e  n e c e s s a r y  i n f o r m a t i o n  for  so-  
lu t ion  of t he  fou r  equa t i ons  w h i c h  a r e  g iven  be low.  

I. Total pressure 

963 
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II. Conservation of iodine 

n, = moles of iodine  added to each t ube  ca lcula ted  
as mona tomic  iodine 

ni ---- 3n~,~ + na~, 

Mul t i p ly ing  both  sides of the equa t ion  by  R T / V ,  
an equa t ion  in  t e rms  of p ressure  is ob ta ined  

n, RT 
- -  - -  3PG~,~ + PG~I [II]  

V 

R is the  gas cons tan t ;  V the  reac t ion  t ube  volume.  
III. Conservatio~ o5 Ga and A s . - - F o r  each GaI ,  

molecule  r e su l t ing  f rom the  reac t ion  of I wi th  GaAs, 
an  arsenic  a tom is p resen t  in  the system. The re -  
fore, in  the  vapor  phase  

riga = has 

hence  

IV. 
As~(v) 

n ~ R T  
- -  = P~,~, + P Ga I 3  

V 

n ~ R T  
4PA~, + 2PA~ 

V 

P(~aI + Paais ---- 4P~,  + 2P,~_~ [ I I I ]  

Arsenic vapor equil ibrium.--2As2( v ) 

PA,~ = Kp (PA~) 2 [IV] 

The  va lues  of Kp for Eq. [ IV] are t abu l a t e d  in  
Stu l l  and  S inke  (6) .  Since the  va lues  of n,, P, ,  R, 
and  V wou ld  be k n o w n  the  pa r t i a l  p ressures  of the 
four  vapor  species could be ca lcula ted  and  hence  
Kp for reac t ion  [1] m a y  be ca lcula ted  f rom 

Kp(1)  = 
I~Gal3 

In  order  to test  the proposed model ,  th ree  sets of 
p ressure  m e a s u r e m e n t s  were  made  each at a d i f -  
fe ren t  in i t i a l  iodine concen t ra t ion .  The m e a s u r e -  
men t s  were  car r ied  out  in  sealed qua r t z  tubes  e m -  
p loy ing  Bourdon  gauges. 

P re s su re  m e a s u r e m e n t s  also were  car r ied  out on 
the  sys tem resu l t ing  f rom the  reac t ion  of iodine  w i th  
an  excess of ga l l ium.  F r o m  the  cons idera t ions  cited 
above (4) ,  the  reac t ion  proposed for this sys tem 
w a s  

2Ga(1) + GaI~(v) ~ 3Gal(v) [3] 

(P~o~)~ 
K p =  

PGala 

The two equa t ions  needed  to ca lcu la te  the  ga l l i um 

iodide pa r t i a l  pressures  for this  sys tem are  g iven  
be low 

P~ = Pa.m + Pa~, 

n, RT 
- -  - -  3Pa. ,3 + PQ~, 

V 

The validity of the proposed reaction was tested 
through a comparison of values of the equilibrium 
constants calculated from the results of two sets 
of pressure measurements. 

From the equilibria determined for the 'two sys- 
tems, it was possible to derive the three-phase line 
dissociation pressures of GaAs in a temperature 
range wherein the arsenic pressures are below 1 x 
10 -7 ram. The arsenic pressures determined from this 
work are in good agreement with extrapolations of 
direct measurements made at higher temperatures 
and pressures. 

Experimental Procedure 

Iodine weighing procedure . - -The  iodine used in  
r u n s  1 a nd  2 was  weighed  in  the  fo l lowing m a n n e r .  
A n  8 m m  OD quar tz  tube  5 in. long was  fitted wi th  
a 10/30 male  jo in t  at one end  and  a b reak-of f  t ip at  
the  opposi te  end.  The  t u b e  was  c leaned  wi th  CH~OH 
and  CCL to r emove  grease and  then  weighed  on an  
ana ly t i ca l  ba lance  which  had  an accuracy  of • 0.2 
rag. A q u a n t i t y  of 99.95% iodine ( G a l l a r d - S c h l e s -  
s inger)  somewha t  grea te r  t h a n  tha t  des i red was  
then  loaded in to  the tube.  Af te r  evacua t ing  the  tube  
at a p ressure  of 0.1~ for 30 min ,  the  t u b e  was  sealed 
by  fus ion  of the quar tz .  The  t ube  plus  iodine  was 
then  reweighed  to give the  ne t  weight  of iodine.  A 
correc t ion  was made  for the  air  displaced f rom the 
iodine capsule.  The iodine used in  r u n  3 was  weighed  
in the same m a n n e r  bu t  in  P y r e x  tubes.  I t  was  sub-  
s equen t ly  d e t e r m i n e d  th rough  cont ro l  e xpe r imen t s  
tha t  in  the  seal ing process s ignif icant  quan t i t i e s  of 
qua r t z  and  P y r e x  were  vaporized.  The we igh ing  re -  
sul ts  for the  I - G a A s  e xpe r i me n t s  are s u m m a r i z e d  
in  Tab le  I. 

Pressure measurements . - -F igure  1 i l lus t ra tes  the  
a ppa r a t u s  used for the  vapor  p ressure  m e a s u r e m e n t s  
and  the  loading  procedure .  For  the  sys tem I -GaAs ,  
high p u r i t y  monoc r ys t a l l i ne  GaAs  1 was  b r o k e n  in to  
1-2 m m  d i ame te r  pieces and  loaded in to  the  tube.  
The  q u a n t i t y  of GaAs used in  each r u n  was  a pp rox -  
ima te ly  t en  t imes  g rea te r  t h a n  the  q u a n t i t y  of io- 
dine. This  i n su r e d  an  excess of GaAs t h r o u g h o u t  
each e x p e r i m e n t  t he r e by  a p p r o x i m a t i n g  the  con-  
d i t ion  p r e v a l e n t  d u r i n g  vapor  g rowth  of the com-  
pound.  The  iodine capsule  was  con ta ined  in  a sep-  
a ra te  t ube  connec ted  to the  reac t ion  chamber .  Both 

1 P r o v i d e d  by  S. E. B l u m  of  t h i s  l a b o r a t o r y .  

Table I. Weighing results for I-GaAs experiments 

Tube vol., cc 

E x p e r i m e n t a l  w e i g h t s  (used 
f o r  c a l c u l a t i o n  o f  Kp v a l u e s  

in Fig. 3) 
w t ,  m g  h i ,  g - a t o m  

C a l c u l a t e d  w e i g h t s  ( f r o m  b e s t  
f i t  o f  K p  f o r  a l l  t h r e e  r u n s ;  F i g .  4) 

w t ,  m g  n h  g - a t o m  

A w e i g h t  
f o u n d  b e t w e e n  
e x p e r i m e n t a l  

a n d  c a l c u l a t e d  
w e i g h t s ,  m g  

E x p e c t e d  e r r o r  
i n  w e i g h t  due 
to s e a l i n g ,  m g  

Run 1 

Run 2 

Run 3 

59.4 

56.7 

58.2 

100.5 

51.7 

22.9 

7.92 X 10 ~ 102.5 

4.07 X 10 ~ 54.1 

1.80 >< 10 -4 23.1 

8.08 X 10 -4 

4.26 X 10 -4 

1.82 X 10 -~ 

+2.0 

+2.4 

+0.2 

+1.5-4.0 

+1.4-4.0 

+0.2-0.5 
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Fig. 1. Apparatus used for vapor pressure measurements showing 
additional connections used for iodine loading and vacuum bake- 
out procedure. 

sides of the  spoon gauge were  evacua ted  s i m u l t a n e -  
ously  to 1 x 10 -~ m m  Hg, and  the  appa ra tu s  was  
t h e n  hea ted  for 6 hr  at  190~176 to r emove  a d -  
sorbed w a t e r  and  o ther  vapors.  The  t ube  was  t h e n  
sealed at  po in t  B. Af t e r  b r e a k i n g  open  the  iodine 
capsule,  the  iodine  was  p u m p e d  in to  the  reac t ion  
t ube  by  cooling a reg ion  of the  reac t ion  t u b e  w i th  
dry  ice. The  appa ra tu s  was  t h e n  sealed at po in t  C. 
A deta i led  descr ip t ion  of the t e chn ique  used in  m a k -  
ing the  p re s su re  m e a s u r e m e n t s  was  g iven  in  a n  
ear l ie r  pub l i ca t ion  (7) .  The f u r n a c e  used in  the  
m e a s u r e m e n t s  was  found  to have  a 10~ t e m p e r a -  
tu re  g rad ien t  over  the  l eng th  of the  tube.  The  sample  
was  s i tua ted  at  the  lowest  t e m p e r a t u r e  in  the  r e -  
act ion tube.  The fu rnace  was p rov ided  wi th  a v i e w -  
ing slit  so tha t  v i sua l  observa t ions  could be made  
d u r i n g  the  course of the  measu remen t s .  T e m p e r -  
a tu res  were  m e a s u r e d  w i th  a P t - P t ,  10% Rh t h e r -  
mocouple  which  was  ca l ib ra ted  aga ins t  a NBS 
s t andard ized  P t - P t ,  10% Rh thermocouple .  The 
the rmocoup le  vol tages  were  read  w i th  a Rub i c on  
Po ten t iomete r ,  Model  2732. P re s su re  m e a s u r e m e n t s  
were  made  d u r i n g  both  hea t ing  and  cooling cycles. 
A t  each t e m p e r a t u r e  where  a m e a s u r e m e n t  was 
taken ,  e q u i l i b r i u m  t imes  of 0.5 to 1 h r  we re  al lowed.  

React ion t ube  vo lumes  were  m e a s u r e d  both  be-  
fore and  af ter  each r u n  by  fil l ing the  tubes  w i th  
wa t e r  f rom a bure t .  The vo lumes  d e t e r m i n e d  ap-  
pear  in  Tab l e  I. 

The p rocedure  ou t l ined  above also was  employed  
for m e a s u r e m e n t s  on  the  sys tem I -Ga.  The  weigh t  
of Ga  used in  each r u n  was  a p p r o x i m a t e l y  t en  t imes  
the  we igh t  of iodine  so tha t  l iqu id  Ga was  p re s -  
ent  t h r o u g h o u t  the  m e a s u r e m e n t s .  The ga l l i um 
(99.999% pure )  was  ob ta ined  f rom Eagle -P icher .  
Reac t ion  t u b e  vo lumes  for the  two m e a s u r e m e n t s  
were  33.6 cc for r u n  1 and  58.2 cc for r u n  2. 

Severa l  Bourdon  gauges  were  used d u r i n g  the 
course  of the  expe r imen t s .  In  genera l ,  the  gauges 
were  insens i t ive  to pressures  be low 4 mm. 

Discussion 

The reaction I -GaAs . - -As  the reac t ion  tubes  were  
hea ted  iod ine  vapor  was observed and  the  vapor  
p ressure  of the  e l emen t  was measured .  At  abou t  
100~ reac t ion  of the  iodine w i t h  GaAs  was  ob -  

IO 3 

@ 

0 = o ~ 

f o2 o 

"[~ 

@ 

,o 8oo' 4'~o :oo :oo ,o'~ ,~oo 
T~ 

Fig. 2. Vapor pressures for three experimental runs on system 
6aAs-Gal , -As~.  Square with dot, Run 1, nz ~ 7.92 x 10 ~ mole; 
circle with dot, run 2, nz ~--- 4.07 x 10 -4 mole; triangle with dot, 
run 3, nt ~ 1,80 x 10 -4 mole. 

served both  as a color change  in  the  vapor  and  as 
a r ap id  decrease in  vapor  pressure.  Af te r  the  in i t i a l  
reac t ion  a condensed  iodide phase  was  observed  on 
the wa l l  of the reac t ion  tube.  The vapor  p ressure  
at this po in t  was  be low the  l imi t  of de tec tab i l i ty  of 
the gauges.  Af te r  the  in i t i a l  react ions,  the  pu rp le  
color of iodine  vapor  was no t  observed.  

The pressure  curves  cor responding  to the  th ree  
di f ferent  in i t i a l  iodine concen t ra t ions  are  shown in  
Fig.  2. The  in i t i a l  r ise in  p ressure  for each set of 
da ta  falls a long a u n i v a r i a n t  cu rve  which  is coin-  
c ident  wi th  tha t  for the  sys tem GaI3(e) ~--- GaI~(v) 
(5).  The  e x p e r i m e n t a l  curves  b r e a k  a w a y  f rom the 
u n i v a r i a n t  cu rve  at d i f ferent  t e m p e r a t u r e s  d e p e n d -  
ing on the  in i t i a l  iodine  concen t ra t ion .  In  r u n  1 
for example ,  the b r e a k - p o i n t  occurs at a pp rox -  
ima te ly  285~ At  this  t e m p e r a t u r e  the  l iqu id  phase  
was observed  to d i sappear  t he r e by  es tab l i sh ing  a 
d e w - p o i n t  for tha t  mater ia l .  The  n u m b e r  of moles 
of vapor  at this  t e m p e r a t u r e  corresponds  to one-  
th i rd  the n u m b e r  of moles of mona t omi e  iodine 
added to the  system. F r o m  this  ca lcu la t ion  and  the  
coincidence of the  curve  w i th  the vapor  p ressure  
of GaI~ it was  conc luded  tha t  the p r e d o m i n a n t  vapor  
species at this  t e m p e r a t u r e  was GaI~. 

The increase  in  p ressure  f rom 285~ to a pp rox -  
ima te ly  500~ ( r u n  1) can be a p p r o x i m a t e d  b y  a 
perfect  gas l aw expans ion  for the  p ressure  of GaL 
plus  the  e q u i l i b r i u m  vapor  p ressure  of e l emen ta l  
arsenic.  Above  a p p r o x i m a t e l y  500~ the  curve  aga in  
resumes  a lower  slope ind ica t ing  tha t  al l  of the  solid 
arsenic  r e su l t ing  f rom the  in i t i a l  r eac t ion  was  in  
the vapor  phase. The  ana lys i s  p r e sen t ed  above re -  
l a t ing  to r u n  1 was  also appl ied  to r u n s  2 and  3. 
The  GaL and  a rsen ic  d e w - p o i n t s  are  cons is ten t  w i th  
va lues  ca lcula ted  f rom the  in i t i a l  iodine concen t r a -  
t ions. 

Above  the  arsenic  d e w - p o i n t  t e m p e r a t u r e s  it  was  
observed  tha t  the  only  condensed  phase  r e m a i n i n g  
in  the reac t ion  tubes  was GaAs. Since  the  objec t ive  
of this  work  is to describe the  e q u i l i b r i u m  u n d e r  
condi t ions  w h e r e i n  the  on ly  k n o w n  condensed  phase  
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Fig. 3. Equilibrium constants for reaction [1].  Square with dot, 
Run 1; circle with dot, run 2; triangle with dot, run 3. 

is GaAs ,  the  d a t a  a b o v e  560~ a r e  those  w h i c h  a re  
p e r t i n e n t  to t he  m o d e l  p r e s e n t e d  in  the  i n t roduc t ion .  
Reac t ions  [1]  and  [2]  w e r e  t h e r e f o r e  a s s u m e d  to 
r e p r e s e n t  t he  p r e d o m i n a n t  e q u i l i b r i a  in  the  t e m -  
p e r a t u r e  r a n g e  560~176 The  p r o c e d u r e  o u t l i n e d  
e a r l i e r  was  used  to ca l cu l a t e  va lue s  of t he  p a r t i a l  
p r e s s u r e s  of  each  spec ies  us ing  the  t o t a l  p r e s s u r e  
d a t a  f r o m  the  t h r e e  e x p e r i m e n t a l  runs .  The  e q u i -  
l i b r i u m  cons t an t  va lue s  for  r e a c t i o n  [1]  t hen  w e r e  
c a l c u l a t e d  in the  fo l l owing  manne r .  A smooth  c u r v e  
was  d r a w n  b e t w e e n  the  v a p o r  p r e s s u r e  po in t s  on 
each  of the  t h r e e  e x p e r i m e n t a l  curves .  Us ing  n, 
va lue s  c a l c u l a t e d  f r o m  the  r e c o r d e d  iod ine  weigh ts ,  
t he  a v e r a g e  va lue s  of P~ and  Eq. [ I - I V ] ,  va lue s  of 
t he  e q u i l i b r i u m  cons t an t  w e r e  c a l c u l a t e d  us ing  an  
IBM 7090 compu te r .  A tes t  of the  a s s u m e d  m o d e l  
was  t hen  to c o m p a r e  Kp va lues  f r o m  r u n  to run.  The  
va lue s  a r e  p l o t t e d  as log Kp vs. r e c ip roca l  t e m p e r a -  
t u r e  in Fig.  3. ( F o r  conven ience ,  t he  v a l u e s  w e r e  
p lo t t ed  on ly  to Kp = 1 x 10-~). A t  h i g h e r  t e m p e r -  
a t u r e s  t he  Kp va lues  a r e  in  e x c e l l e n t  a g r e e m e n t ,  
and  t h e y  d e s c r i b e  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  log 
Kp and  r e c i p r o c a l  t e m p e r a t u r e .  The  d e v i a t i o n s  f r o m  
the  l i n e a r  cu rve  at  l o w e r  t e m p e r a t u r e s  w e r e  found  
to be  we l l  w i t h i n  e x p e r i m e n t a l  e r ro r .  I t  was  no ted  
a b o v e  tha t  t h e  iod ine  quan t i t i e s  used  in runs  1 and  
2 w e r e  w e i g h e d  in q u a r t z  ampoules .  S u b s e q u e n t  
con t ro l  e x p e r i m e n t s  showed  tha t  d u r i n g  sea l ing  of 
the  ampou le s ,  quan t i t i e s  of  q u a r t z  w e r e  vapor i zed .  
The  w e i g h t  losses v a r i e d  b e t w e e n  1.5 and  4.0 mg. 
These  r e su l t s  i n d i c a t e d  t h a t  w e i g h i n g  e r ro r s  e x i s t e d  
in runs  1 and  2; h o w e v e r  t he  e x a c t  m a g n i t u d e  of 
t he  e r ro r s  cou ld  not  be  d e t e r m i n e d  e x p e r i m e n t a l l y .  
F u r t h e r  ca l cu la t ions  of Kp w e r e  c a r r i e d  out  us ing  
s l i g h t l y  h i g h e r  va lue s  of n~ for  bo th  runs .  A t  n~ 
va lue s  c o r r e s p o n d i n g  to iod ine  we igh t s  of 102.7 
and  54.2 m g  the  ca l cu l a t ed  va lue s  of Kp f o r m e d  a 
l i n e a r  r e l a t i o n s h i p  of log Kp vs. 1000/T ove r  the  
e n t i r e  t e m p e r a t u r e  range .  The  co r r ec t i on  c o r r e s -  
p o n d e d  to an  inc rease  in iod ine  w e i g h t  of 2.2 m g  
for  r u n  1 and  2.5 mg  for  r u n  2. The  inc reases  a g r e e  
qu i t e  we l l  in  m a g n i t u d e  w i t h  t he  e x p e c t e d  e r ro r .  
The  co r r ec t ed  d a t a  a r e  p lo t t ed  in Fig.  4. The  s lope  

ibz �9 

-5 
,o 

t O ~ T ' K  

Fig. 4. Equilibrium constants for reaction [1] using corrected 
n, values. Square with dot, Run 1; circle with dot, run 2; triangle 
with dot, run 3. 

is i den t i ca l  w i t h  t h a t  g iven  for  Fig.  3, s ince  t he  cor -  
r ec t ion  sh i f t ed  the  h i g h e r  t e m p e r a t u r e  po in t s  on ly  
s l igh t ly .  The  l a rge  d e v i a t i o n  in the  c a l c u l a t e d  va lues  
of Kp at  l o w e r  t e m p e r a t u r e s  r e su l t s  f r o m  the  v a l u e  
of Poo, be ing  s m a l l e r  or  c o m p a r a b l e  to  t he  v a l u e  
of (An~RT)/V w h e r e i n  An, is r e p r e s e n t a t i v e  of t he  
iod ine  w e i g h i n g  e r ro r .  

S i m i l a r  con t ro l  e x p e r i m e n t s  w e r e  c a r r i e d  out  to 
d e t e r m i n e  the  loss in w e i g h t  due  to sea l ing  a P y r e x  
a m p o u l e  s im i l a r  to t h a t  u sed  in r u n  3. The  r e su l t s  
s h o w e d  an  a v e r a g e  w e i g h t  loss of 0.2 rag. This  co r -  
r ec t ion  was  a p p l i e d  to t he  n~ v a l u e  for  r u n  3 and  
the  r e su l t s  a r e  also p l o t t e d  in Fig.  4. This  s m a l l  cor -  
r ec t ion  obv ious ly  caused  v e r y  l i t t l e  change  in t he  
Kp values .  The  va lue s  of n~ used  for  t he  d e t e r m i n -  
a t ion  of Kp a re  s u m m a r i z e d  in Tab le  I. Thus,  the  
good a g r e e m e n t ,  ove r  the  en t i r e  t e m p e r a t u r e  r ange ,  
of t he  Kp va lues  c a l c u l a t e d  f r o m  the  t h r e e  sets  of  
e x p e r i m e n t a l  d a t a  is cons ide red  a conf i rma t ion  of 
the  p r o p o s e d  model .  The  r e l a t i o n s h i p  b e t w e e n  Kp 
and  t e m p e r a t u r e  for  r e a c t i o n  [1]  can  be  e x p r e s s e d  
a s  

23,650 
log K p ( 1 )  - -  + 19.4 

T ~  

F r o m  the  s lope  of t he  c u r v e  of Fig.  4, t he  en -  
t h a l p y  c a l c u l a t e d  for  r e a c t i o n  [1]  is 54.1 k c a l / m o l e  
of GaAs .  

A b o v e  930~ the  s lope  of c u r v e  3 dec reases  
g r a d u a l l y .  In  th is  r eg ion ,  t he  p r e d o m i n a n t  v a p o r  
spec ies  a r e  GaI ,  As4, and  Ass. Thus  these  d a t a  m a y  
be a p p r o x i m a t e d  b y  a p e r f e c t  gas  l a w  e x p a n s i o n  
for  the  GaI  p r e s s u r e  p lus  c o n t i n u e d  d i s soc ia t ion  of 
As, to As~. 

F u r t h e r  ev idence  for  t he  f o r m a t i o n  of GaI  and  
a r sen i c  v a p o r s  at  h igh  t e m p e r a t u r e s  was  ga ined  
f rom the  r e su l t s  of two  s imp le  w e i g h t  loss e x p e r i -  
ments .  W e i g h e d  quan t i t i e s  of G a A s  and  I w e r e  r e -  
ac ted  in  sea led  tubes  of k n o w n  vo lume .  The  in i t i a l  
i od ine  c o n c e n t r a t i o n s  w e r e  a p p r o x i m a t e l y  the  s ame  
as used  in  run  3. The  t u b e s  w e r e  h e a t e d  to I050~ 
and  t hen  quenched .  The  o r i g i n a l  p ieces  of G a A s  
w e r e  t hen  r e w e i g h e d  and  the  w e i g h t  losses c o r r e -  
s p o n d e d  to t he  f o r m a t i o n  of G a I  and  a r sen i c  v a p o r  
species.  D u r i n g  the  quench ing ,  G a A s  was  c r y s t a l -  
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l ized f r o m  the  v a p o r  phase  in the  f o r m  of dendr i t i c  
r ibbons  and whiskers .  

The reaction I - G a . - - D u r i n g  the  in i t i a l  hea t i ng  of 
the  r eac t ion  tubes,  iod ine  v a p o r  was  obse rved  and 
the  v a p o r  p r e s su re  of iodine  was  measu red .  At  ap-  
p r o x i m a t e l y  80~ r eac t ion  of iodine  w i t h  Ga oc- 
c u r r e d  and  the  iod ine  vapo r  d i sappea red  rap id ly .  
An  iodide  condensed  phase  was  obse rved  at this  
point .  The  vapo r  p re s su re  cu rves  r e su l t i ng  f r o m  
two e x p e r i m e n t s  at  d i f fe ren t  iodine  concen t ra t ions  
are  p lo t t ed  in Fig.  5. T h e r e  also appears  to be a 
u n i v a r i a n t  c u r v e  for  this  sys tem.  A l t h o u g h  the  u n i -  
v a r i a n t  c u r v e  is no t  co inc iden t  w i t h  the  vapo r  
p ressu re  of GaL, ca lcu la t ions  of the  n u m b e r  of 
moles  of v a p o r  ex i s t ing  at the  condensed  phase  
d e w - p o i n t s  ind ica te  t ha t  the  v a p o r  species at the  
d e w - p o i n t s  is GaI~. The  dev i a t i on  of the  u n i v a r i a n t  
c u r v e  f r o m  the  v a p o r  p re s su re  of GaI~ is in the  d i -  
r ec t ion  e x p e c t e d  if g a l l i u m  disso lved  to an a p p r e -  
c iable  e x t e n t  in l iqu id  GaI~ to f o r m  a l iqu id  ap-  
p r o x i m a t i n g  the  compos i t ion  GaI~. Since  this  pape r  
is conce rned  p r i m a r i l y  w i t h  v a p o r  phase  equi l ib r ia ,  
a f u r t h e r  i nves t iga t ion  of the  u n i v a r i a n t  pa r t  of the  
sys t em was  not  ca r r i ed  out. In r u n  2, the  slope of 
the  p re s su re  cu rve  decreases  above  650~ Ca lcu -  
la t ions  show tha t  the  da ta  above  650~ can be ap-  
p r o x i m a t e d  by  a pe r f ec t  gas l a w  expans ion  in p r e s -  
sure  for  t he  species GaI.  This  i n fo rma t ion ,  p lus  
the  d e w - p o i n t  ca lcula t ions ,  e x p e r i m e n t a l l y  suppor t  
the  a s sumed  m o d e l  ( r eac t ion  [3 ] ) .  

An  analys is  of the  e x p e r i m e n t a l  da ta  s imi la r  to 
t ha t  p r e s e n t e d  for  the  I - G a A s  sys tem was  ca r r i ed  
out for  the  t e m p e r a t u r e  r ange  430~176 Values  

of the  e q u i l i b r i u m  cons tan t  for  each  set of e x p e r i -  
m e n t a l  p ressures  w e r e  ca lcula ted .  

The  va lues  are  p lo t t ed  in Fig.  6. The  a g r e e m e n t  
in slope and m a g n i t u d e  of the  ca lcu la ted  Kp va lues  
shows the  v a l i d i t y  of the  p roposed  model .  The  da ta  
can  be r e p r e s e n t e d  by  the  equa t ion  

11,000 
log Kp (3) = - -  -F 12.4 

T ~  

The  e n t h a l p y  for  r eac t ion  [3] ca lcu la ted  f r o m  the  
slope is 25.2 k c a l / m o l e  of Ga. 

Dissociation pressure of G a A s . - - T h r o u g h  a lge -  
bra ic  combina t i on  of reac t ions  [1],  [2],  and [3],  
the  fo l lowing  equ i l ib r i a  a re  ob ta ined  

1 
G a A s ( s )  ~ Ga(1)  ~- -~- As~(v) [4] 

1 
G a A s ( s )  ~ Ga(1) § - :-  Ash(v)  [5] 

The  reac t ions  desc r ibe  the  dissocia t ion of solid 
GaAs  a long the  t h r e e  phase  line. F r o m  the  equ i -  
l i b r i u m  cons tan ts  for  reac t ions  [1],  [2],  and [3],  
the  v a p o r  p ressures  of the  two  arsenic  species w e r e  
ca lcu la ted  in the  r eg ion  560~176 the  t e m p e r a -  
t u r e  r ange  in w h i c h  e x p e r i m e n t a l  r esu l t s  w e r e  ob-  
t a ined  for  bo th  the  I - G a A s  r eac t ion  and  the  I - G a  
reac t ion .  The  va lues  of P~,, and P ~  a re  g iven  in 
Tab le  II. The  d issocia t ion  p r e s su re  of GaAs  f r o m  
this ca lcu la t ion  agrees  r e a s o n a b l y  w e l l  w i t h  e x -  
t r apo la t ions  of two  p rev ious  m e a s u r e m e n t s  m a d e  at 
h i g h e r  t e m p e r a t u r e s  (8, 9).  F i g u r e  7 is a plot  of the  
dissocia t ion p r e s su re  of GaAs  showing  the  resu l t s  

Table I I .  Values of PA~ and PA~_~ 

T,  ~  

I000 

T ~  Kp (1) 

K p  (1) 

~/K~ (2) Kp (3) 

Kp (1) 

Kp (3) 

K p  (1) 

K p  (3) ~/Kp (2) PAs~, m r a  PAs , mlTl  

636 
616 
596 
578 
560 

1.100 2.5 X 10 -7 1.5 X 10 -1~ 2.05 X 10 ~ 1.24 X 10 -7 7.48 X 10 -n 1.17 X 10 -11 5.68 X 10 -8 
1.125 6.8 X 10 -8 2.6 X 10 -~ 1.1 X 10 ~ 6.18 X 104 2.36 X 10 -11 2.90 X 10 -~ 1.79 X 10 -~ 
1.150 1.7 X 10 -8 4.5 X 10 -~ 5.9 X 10 -1 2.88 X 10 -~ 7.63 X 10 -~ 6.30 X 10 -1~ 5.80 X 10 -9 
1.175 4.4 X 10 -9 7.5 X 10 -'8 3.0 X 10 -1 1.47 X 10 -s 2.50 X 10 -~ 1.64 X 10 -~ 1.90 X 10 -9 
1.200 1.1 X 10 -9 1.2 X 10 -'~ 1.61 X 10 -~ 6.84 X 10 -9 7.46 X 10 -~ 3.56 X 10~" 5.67 X 10 -1~ 



9 6 8  J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October  1962 

i d  4 

i ( )  s 

'~ 

~~ '+ %o 

i0  ~ 

I o  - I  

I o -T  

6 5  .7 

o 

[ ]  

o 

o 

+ ,,+++,o.,, ,, ,+ 3 

Fig. 7. Dissociation pressure of GaAs. Circles are from Boomgaard 
and Schol (10); vertical lines are from ref. (9); triangles are from 
ref. (8); squares are from this work. 

of fou r  inves t iga t ions .  T h e  va lues  g iven  in  t he  p lo t  
a r e  t o t a l  a r sen i c  p re s su res .  The  c a l c u l a t e d  va lue s  
f r o m  th is  w o r k  h a v e  e x t e n d e d  the  c u r v e  to a r eg ion  
w h e r e i n  d i r ec t  p r e s s u r e  m e a s u r e m e n t s  w o u l d  be  
diff icult  to obta in .  

The  e n t h a l p i e s  c a l c u l a t e d  for  Eq. [4]  and  [5]  a r e  
g iven  b e l o w  

•  = 28.9 k c a l / m o l e  of G a A s  
AH-----44.4 k c a l / m o l e  of G a A s  

The  v a l u e  of the  e n t h a l p y  for  r e a c t i o n  [5]  is 
s l i g h t l y  h i g h e r  b u t  in  a g r e e m e n t  w i t h  t he  v a l u e  of 

39.67 kca l  r e p o r t e d  e a r l i e r  b y  Gold f inge r  and  
D r o w a r t  (8) .  
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Kinetics of the Tantalum-Hydrogen Reaction 
M. W .  M a l l e t t  and B. G. Koehl 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Kinet ics  of react ion of hydrogen  with  t an ta lum was s tudied for  a tom f rac -  
t ion composit ions,  N~, 0.05 at  500 ~ to 700~ and N, ,  0.10 at  450 ~ to 600~ The 
process was one of dissolut ion and diffusion of hydrogen.  The diffusion coeffi- 
cients obta ined are  expressed by  the fol lowing equations:  

D~.=o.o~ -~ 1560 exp [ (--32,230 ___ 3140)/RT] cm~/sec 

D~,=0 . . . .  13,960 exp [ (--33,620 • 1370)/RT] cm~/sec 

A single ra te  was obta ined for  N ,  : 0.25 at  450~ Regardless  of composit ion,  
NH 0.05 to N ,  0.33, samples  at  300 ~ to 400~ did not  achieve surface sa tura t ion  
in the  expe r imen ta l  t ime. The indica ted  act ivat ion energies  are  h igher  than  the 
meager  l i t e ra tu re  values  for diffusion of hydrogen  in most o ther  metals .  

The  au tho r s  h a v e  p r e v i o u s l y  r e p o r t e d  the  v a p o r  
p r e s s u r e  e q u i l i b r i a  for  the  t a n t a l u m - h y d r o g e n  sys -  
t e m  and  the  t h e r m o d y n a m i c  func t ions  d e r i v e d  
t h e r e f r o m  (1) .  In  t he  p r e s e n t  s tudy ,  t h e  k ine t i c s  of  
so rp t ion  and  di f fus ion of h y d r o g e n  in t a n t a l u m  was  
i n v e s t i g a t e d  as  p a r t  of an  e v a l u a t i o n  of t he  effects 
of i n t e r s t i t i a l  e l e m e n t s  on the  m e c h a n i c a l  p r o p e r t i e s  
of t a n t a l u m .  The  r e su l t s  of the  on ly  p r e v i o u s  q u a n -  
t i t a t i v e  s t u d y  of t he  k ine t i c s  of r e a c t i o n  of h y d r o -  
gen  w i t h  t a n t a l u m  (2) a r e  l a r g e l y  i n v a l i d a t e d  b y  

i n a d v e r t e n t  s i m u l t a n e o u s  o x i d a t i o n  of spec imens .  
E x p e r i m e n t s  w e r e  m a d e  to ob t a in  k ine t i c  d a t a  

for  t he  s o r p t i o n  of h y d r o g e n  b y  t a n t a l u m  to p r o -  
duce  compos i t i ons  h a v i n g  a t o m i c  f rac t ions ,  N , ,  0.05, 
0.10, 0.25, a n d  0.33 in  t he  t e m p e r a t u r e  r a n g e  of 
300~176 E x p e r i m e n t a l  cond i t ions  of t e m p e r a -  
t u r e  and  p r e s s u r e  w e r e  d e t e r m i n e d  f r o m  the  iso-  
p l e t h  of the  d e s i r e d  p r o d u c t  as d e t e r m i n e d  in t he  
e q u i l i b r i u m  s tudies .  I t  has  been  s h o w n  (3, 4) t h a t  
k ine t i c  d a t a  for  r eac t ions  p r o d u c i n g  sol id  so lu t ions  
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(e.g., the t a n t a l u m - h y d r o g e n  react ion)  are more ~r I 
r ead i ly  ra t ional ized when the exper iments  are  de-  
signed to produce react ion products  of constant  
composition. ~oo~ 

Exper imental  ~/ 
Samples were-made from the same stock of elec- 

tron-beam melted  t an t a lum used for the equi l ib-  
r ium studies (1).  They consisted of cyl inders  0.6-0.7 ~ , 
cm in d iamete r  and 2.5-3.5 cm long cut f rom rod ~ 2 
cold-forged and swaged from the ingot. The cyl in-  
ders were  filed c]ean and finish d r y - a b r a d e d  ~ ~ 
through 240-, 400-, and 600-gri t  silicon carbide  t / papers.  Samples  were  spot welded  to the bead  of a 
p l a t i n u m - p l a t i n u m  plus 10% rhodium the rmo-  # 

couple and suspended by  the thermocouple  in a / /  
Vycor react ion tube of a modified Sieverts  appa-  

p ,  

ra tus  (5).  The sys tem was evacuated  to a pressure  
of less than 0.01/z of mercury.  The sample  was then 
ac t iva ted  by heat ing wi th  a res i s tance-wound fu r -  
nace at 900~ for 1 hr  before adjus t ing  the t em-  
pe ra tu re  to tha t  of the run. This t r ea tmen t  served 
to remove dissolved hydrogen  and dissolve invisible  
surface oxide films thus minimizing t imes for sur -  '~ 4 ~ {  
face sa tura t ion  of samples dur ing  reaction.  A1- / though 11 samples were  used in the kinet ic  studies, 
4 of them were  reused 3 to 11 t imes wi thout  r e -  
moval  f rom the react ion tube. Reacted hydrogen 
was removed  be tween runs by 900~ heat ing in 
vacuum. This t r ea tmen t  had no apparen t  effect on 

/ the physical  proper t ies  of the metal .  The sample ~ ~ 
used for 11 runs showed only modera te  pickup of / oxygen f rom a s tar t ing level  of about  20 ppm to 
37 -+- 7 ppm after  use. / f 

The react ion was ini t ia ted by admi t t ing  hydrogen l ~  
through the pressure  regula tor  to the react ion tube. 
The hydrogen  was obtained by  the rmal  decomposi-  
t ion of u ran ium hydride.  The bure t  was kept  ba l -  
anced at  a tmospher ic  pressure  at  all  t imes. The 
regula tor  was set to main ta in  ~he pressure  selected ~ ~. 
f rom a plot  of isopleths (1),  to correspond to the 
exper imenta l  t empe ra tu r e  and composition. Read-  

] I 
NH=O 05 ~ _ _  

o 700 =c 6o0  % 

lOGO 2O00 3 0 O O  40C0 50O0 8C~0 70OO 

Time,seconds 

Fig. l. Representative rate data for the reaction of hydrogen 
with tantalum (N~ = 0.05). 
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Fig. 2. Representative rate data for the reaction of hydrogen with 
tantalum (N~ = 0.I0). 
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Fig. 3. Representative rate data for the reaction of hydrogen with 
tantalum (N~ = 0.25). 

ings of the bure t  were  taken  at  convenient  t ime 
in tervals  depending on the speed of the reaction. 
The amount  of gas reacted wi th  the sample was the 
difference be tween the volume added from the 
bure t  and the volume remain ing  in the gas phase 
in the ca l ibra ted  dead space of the react ion tube. 

Results 
Representa t ive  ra te  da ta  are  shown in Fig. 1-3. 

The ini t ia l  parabol ic  charac ter  of the r aw  data  for 
some of the react ions is apparen t  for react ions at 
and above 500~ but  becomes obscure at lower  
temperatures .  Since no compound was formed,  the 
react ion was expected to be one of s imple dissolu-  
t ion and diffusion of hydrogen  in t an t a lum accom- 
panied by possible secondary  interface  reactions. 
Accordingly  in te rp re ta t ion  of the da ta  was a t -  
t empted  in te rms of theore t ica l  diffusion behavior .  

F ick 's  second law for diffusion in a finite cyl inder  
may  be expressed as (4) 
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Co ~-= , . . . . . .  ,8,~" ( 2 n  -t- 1 ) "  

exo{--  (an  + 1 ) ~  ) )  
[ 0 + ~ J  ]] 

[1] 

where  a is radius  of sample;  l, l eng th  of sample;  
D, diffusion coefficient; C, average  h y d r o g e n  con-  
cent ra t ion;  t, t ime;  Co, the  final equi l ib r ium con-  
cent ra t ion;  ~ ,  the ~ h  root  of the  Bessel func t ion  
J~ (fl) and  the  indices m and n r ange  t h r o u g h  in te-  
g ra l  va lues  as desired. 

Since the  l eng th  to radius  ratio,  I/a, of the  ex -  
pe r imen ta l  cyl indr ica l  samples  var ied  f r o m  about  
5 to 12, theore t ica l  curves  w e r e  calcula ted f r o m  
Eq. [1 ] to  pe rmi t  analysis  of da ta  for  the  sorp t ion  
of gas by a n y  cyl inder .  These curves  are  shown  in 

Fig. 4 whe re  C/C,  is p lo t ted  agains t  ~ /DT/a  for  l /a  
rat ios of 1, 2, 4, 8, 16, and  infinity. 

The fitt ing of the  exper imen ta l  da ta  to the  theo-  
ret ical  diffusion curves  of Fig. 4 becomes qui te  
difficult and impract ica l  w h e n  the  expe r imen ta l  r e -  
act ion does no t  show ideal  behavior .  However ,  
Demarez ,  Hock,  and  Meunie r  (6) offer a par t ia l  
solut ion to  this problem.  They  have  shown tha t  for  
values  of t g rea te r  t han  some threshold  time, to, 
t he  series such as appea r  in Eq. [1]  degenera te  to 
their  first t e rms  wi th  adequa te  accuracy  for  in te r -  
p re ta t ion  o f  the  expe r imen ta l  data.  Then  

C = 1  32 { Dt I i~) ]} Co ~ fl/  exp -- - -a  '~ + f l /  

[2] 

Conver t ing  to logar i thmic  f o r m  one obtains 

32 
log (1 --  C/Co) ~ log - - - -  

~r ~ fl~ 

- ~  ,,o.. o~," ~ "~"-'-'~" 4 " , ~  .-._.,.~ 

-~ o, 
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ol o ~ 4ooo ~ 80oo K:O00 12000 Z4000 
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Fig. 5. Hydrogen absorption as a function of time (N~ = 0.05) 

2.303a = ( i /a )~  -t- fl~ [3] 

Since ill, l, and  a are  known,  D can be de te rmined  
f r o m  the slope of the s t ra igh t  l ine plot  of log ( 1 -  
C/Co) ~ f ( t ) .  That  is, slope = - - ( c o n s t . )  D/a  ~. 
Re-examina t i on  of the  values  f r o m  the  double  
series f r o m  which  the  curves  of Fig. 4 w e r e  d r a w n  
revea led  tha t  t hey  also could be  p lot ted  s imi lar ly  
as a func t ion  of  t to y ie ld  l ines which  were  ade-  
qua te ly  s t ra igh t  over  r easonab ly  large  ranges.  The  
in tercepts  of the  lines differed f rom the  calcula ted 
in tercept  and decreased wi th  increas ing values  of 
l /a.  The  slopes differed only  2 or  3% f r o m  those 
calcula ted f r o m  Eq. [3] .  The more  refined values  
of slopes and intercepts  ca lcula ted  f r o m  the  da ta  in 
Fig. 4 were  used in our  t r e a t m e n t  of the  exper i -  
men ta l  data.  

F igure  5 shows represen ta t ive  plots of log 1 - -  
C/Co vs. time. At  600~ the  react ion was  qui te  
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Fig. 4. Theoretical curves for sorption in cylinders Fig. 6. Comparison of theoretical and experimental absorption rates 
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rap id  and  approached  complete  v o l u m e  sa tu ra t ion  
in  the  e x p e r i m e n t a l  t ime.  A t  500~ the  reac t ion  
was  m u c h  s lower  and  reached  only  60% v o l u m e  
s a t u r a t i o n  in  3 hr. D va lues  were  ca lcu la ted  f rom 
these  curves.  In  Fig. 6 the  theore t ica l  l ine  for  l /a  

9 is a replot  according  to the  me thod  of Demarez  
et aL (6) ,  of a curve  such as shown  in  Fig.  4. A n  
e x p e r i m e n t a l  D va lue  for 650~ was  subs t i t u t ed  in  
the  Dt /a  ~ values  for the  I/a l ine  and  the  theore t ica l  
t ime  behav io r  obta ined.  The theore t ica l  t ime  va lues  
were  p lo t ted  aga ins t  log ( 1 -  C/Co) i n  Fig. 6 a long 
wi th  the  e x p e r i m e n t a l  l ine.  I t  is seen tha t  these  two 
l ines are  pa ra l l e l  and  tha t  the  i n t e r v a l  b e t w e e n  
t h e m  on the  t ime  o rd ina t e  is e q u i v a l e n t  to the  t ime  
lapse before  the  sample  sur face  became sa tura ted .  
This  test  of sur face  s a t u r a t i o n  e l im ina t ed  use  of 
da ta  for NH ---- 0.05 be low 500~ NH = 0.10 below 
450~ and  all  the  da ta  for h ighe r  NH va lues  ex -  
cept  one ra te  for N ,  = 0.25 at 450~ Except  as 
noted,  the  lower  t e m p e r a t u r e  e x p e r i m e n t s  did no t  
p roduce  sur face  s a t u r a t i o n  of the  samples  w i t h i n  
the  e x p e r i m e n t a l  t imes.  The  t imes  for sample  su r -  
face s a t u r a t i o n  of the  good r u n s  are  l i s ted in  Tab le  
I. The  t imes  t e n d  to increase  w i t h  decreas ing  t e m -  
p e r a t u r e  f rom 40 sec at 700~ to abou t  3000 sec at 
450~ for samples  of essen t ia l ly  the  same size. 

E x p e r i m e n t a l  diffusion coefficients for the  t a n -  
t a l u m - h y d r o g e n  sys tems at  composi t ions  of NH 
0.05, 0.10, and  0.25 over  a t e m p e r a t u r e  r ange  of 
450~176 also are g iven  in  Tab le  I. Va r i a t i on  of 
diffusion coefficient as a f u n c t i o n  of t e m p e r a t u r e  is 
shown  for N ,  ---- 0.05 in  Fig. 7 and  NH -- 0.10 in  
Fig. 8. A s ingle  po in t  for N .  ---- 0.25 at  450~ also 
appears  i n  Fig. 8. There  is a t r e n d  toward  fas ter  
diffusion ra tes  at  the  h igher  pressures  r e q u i r e d  to 
fo rm the  solut ions  w i t h  l a rger  a tom f rac t ions  of 
hydrogen .  

The  equa t ions  for the  bes t  s t r a igh t  l ines  in  Fig.  
7 and  8 were  d e t e r m i n e d  by  the  me thod  of least  
squares.  The equa t ions  are 

D~H .. . .  = 1560 exp [ ( - -32,230 -- 3140) /RT]cm"/sec  
[4] 

and  
D~ ...... = 13,960 exp [ ( - -  33,260 +_ 

Table I. Diffusion coefficients for the tantalum-hydrogen system 

Equi l ibr ium Diffusion Time to 
Tem per -  pressure,  Compo- coefficient, sa turate  
ature,  ~ m m  Hg sition, hrH D x i0 e cm~/sec surface,  s e e  

450 99 0.10 0.803 2600 
762 0.25 1.30 2400 

500 57 0.05 1.42 2800 
211 0.10 5.77 1300 

550 106 0.05 2.20 1700 
400 0.10 16.0 350 

600 185 0.05 8.42 4100 
185 0.05 26.8 100 
185 0.05 30.4 350 
715 0.I0 47.5 165 
715 0.10 55.4 125 

650 306 0.05 23.8 400 
306 0.05 24.0 230 

700 477 0.05 122 40 
477 0.05 85.6 40 
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1 3 7 0 ) / R T ] c m ' / s e c  [5] 

where  the ac t iva t ion  e n e r g y  for h y d r o g e n  diffusion 
is 32,230 +-- 3140 c a l / m o l e  for composi t ion,  NH = 
0.05, and  33,620 --+ 1370 c a l / m o l e  for  composi t ion,  
NH ---- 0.10. I t  is seen tha t  these  va lues  of ac t iva t ion  
e n e r g y  agree  w i t h i n  the  l imi ts  of e x p e r i m e n t a l  
error .  

Since Eq. [4] and  [5] have  the  fo rm D ---= Do exp 
( - - E / R T )  the  e n t r opy  of diffusion can  be ca lcu-  
l a t ed  f rom Do a n d  E by  a p p l y i n g  the  t h e o r y  of W e r t  
a nd  Ze ne r  (7, 8) for i n t e r s t i t i a l  diffusion. For  a 
b o d y - c e n t e r e d - c u b i c  la t t ice  

Do ---- 1/6 ao ~ v exp ( ~ S / R )  [6] 

w he r e  ao, the  la t t ice  constant ,  is 3.296A for t a n t a -  
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lum. The v ibra t ion  frequency,  ~, of a solute atom 
in an in ters t i t ia l  posi t ion is given by the approx i -  
mat ion 

v = ( E / 2 m  ~2)1/~ [7] 

where  E is assumed approx ima te ly  equal  to the  
act ivat ion energy, m is the mass of the solute atom, 
and ),, the  distance be tween  in ters t i t ia l  positions, is 
assumed to be ao/2. From Eq. [6] AS for diffusion 
of hydrogen  in t an t a lum was calcula ted to be 24 
ca l /mole  degree.  Theory  indicates  tha t  a posi t ive 
AS is character is t ic  of in te rs t i t i a l  diffusion and not 
diffusion through grain  boundar ies  or other  short  
c ircui t ing paths.  

Discussion 
I t  was observed tha t  the  act ivat ion energies for 

diffusion of hydrogen  in t an t a lum obtained in the 
present  s tudy  are considerably  higher  than  the few 
avai lab le  l i t e ra tu re  values for diffusion of hyd ro -  
gen in metals.  Typical  values  in ca l /mole  are 
12,380 for a - t i t a n i u m  (9),  6640 for  f l - t i t an ium 
(9),  7060 for  a -z i rcon ium (10), and 9370 for nio-  
b ium (4).  Also the exper imenta l  va lue  for Do is 
severa l  orders  of magn i tude  higher  than  those r e -  
por ted  for  most  o ther  hydrogen  meta l  systems. The 
high Do value  leads to a higher  than  usual  value  
(24 ca l /mole  degree)  of AS, the en t ropy  of diffu- 
sion. However ,  Albrech t  and Goode (11) repor t  an 
equat ion for diffusion of hydrogen  in fl-zirconium, 
D = 6.14 x 10 ~ exp (--45,900/RT),  in which al l  the 
factors and the calculated AS 30.7 ca l /mole  degree,  
are of the same magni tude  as those of the t an t a lum 
study. This is of considerable  in teres t  since the di f -  
fusion coefficient for zirconium was obtained by  a 
different  method,  tha t  of permeat ion.  F u r t h e r  data  
on the diffusion of hydrogen  in meta ls  is needed 
before a cr i t ical  evaluat ion  is possible. Diffusion in 
cer ta in  systems such as tha t  of hydrogen  and n io-  
b ium requires  s tudy  over a much wider  t e m p e r a -  
tu re  range. 

In i t ia l  l inear  rates  were  repor ted  for the react ion 
of hydrogen  wi th  n iobium (4).  S imi lar  appa ren t ly  
l inear  react ions were  noted for tanta lum.  However ,  
af ter  rev iew of diffusion theory  (6) it  was con- 

cluded that  such " l inear"  port ions of the curves are 
for tui tous and not  significant. One t an ta lum speci-  
men (not ac t iva ted)  showed a l inear  react ion for 
4 hr  at  400~ However,  a dupl icate  run  made with  
a specimen ac t iva ted  by  heat ing in vacuum at 
900~ for 1 hr  gave the parabol ic  type  curve seen 
in Fig. 3. It appears  tha t  the " l inear"  ra tes  are  the 
resul t  of in ter face  conditions which de lay  surface 
sa tura t ion  of samples for long times. 
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ABSTRACT 

An exper imen ta l  p rogram ut i l iz ing low-pressu re  chemical  vapor  deposi t ion 
techniques for app ly ing  thin  tungs ten  films by  the hydrogen  reduc t ion  of tung-  
sten hexaf luor ide for  the  u l t imate  fo rmat ion  of var ious  electronic devices is 
described.  The purpose  of this work  is to measure  deposi t ion ra tes  a t  var ious  r e -  
act ion t empera tu res  and pressures  which might  be accommodated  to e lect ron 
beam heating.  Tungsten films formed by  chemical  vapor  deposi t ion are  m i r r o r -  
l ike or g ra iny  depending  on deposi t ion tempera ture ,  reactants ,  s to ichiometry,  
and film thickness.  Mirror l ike ,  polycrys ta l l ine ,  r andomly  oriented,  a lpha  tung -  
s ten films of high pur i ty  wi th  unit  resis tance values  approaching  tha t  of single 
crys ta l  tungsten have  been fo rmed  in the  10 -~ to r r  pressure  range  and 1000~ 
at deposi t ion ra tes  of about  3 x 102 A/hr.  The uni t  res is tance values  of these 
films are  cons iderably  lower  than  those for  spu t t e red  tungs ten  films of com-  
pa rab le  thickness.  The adhesion be tween  reac t ion  deposi ted tungsten films and 
sapphi re  subs t ra tes  is much be t te r  than  tha t  be tween  spu t te red  tungs ten  films 
and P y r e x  substrates .  Appl ica t ion  of tungsten films at  250~ and h igher  r e -  
act ion pressures  resul ts  in the  format ion  of polycrys ta l l ine ,  r a n d o m l y  oriented,  
be ta  tungs ten  films which  can be t r ans fo rmed  to the  a lpha  ma te r i a l  by  t r e a t -  
men t  at  900~ for  an ex tended  period.  

C h e m i c a l  v a p o r  depos i t i on  p rocesses  can  be  d e -  
s c r ibed  as t he  g e n e r a t i o n  of depos i t s  on s u i t a b l y  
h e a t e d  s u b s t r a t e s  b y  m e a n s  of a p p r o p r i a t e  t h e r m a l  
r eac t ions  b e t w e e n  v o l a t i l e  c o m p o u n d s  d i r e c t l y  on 
the  su r f ace  to y i e l d  t he  de s i r ed  p r o d u c t  and  g a s e -  
ous b y - p r o d u c t s .  Such  processes  h a v e  b e e n  in  use  
for  some t i m e  to p r o d u c e  m a s s i v e  quan t i t i e s  or  
t h i c k  c o h e r e n t  coa t ings  of bo th  m e t a l l i c  a n d  n o n -  
m e t a l l i c  ma t e r i a l s .  T h e i r  a p p l i c a t i o n  to t he  g e n e r a -  
t ion  of f i lms of con t ro l l ed  s t r u c t u r e  and  c o m p o s i -  
t i on  for  e l ec t ron ic  p u r p o s e s  has  b e e n  l im i t ed .  The  
w o r k  r e p o r t e d  h e r e  is p a r t  of a con t inu ing  s t u d y  of 
c h e m i c a l  v a p o r  depos i t i on  t e chn iques  for  t he  f o r -  
m a t i o n  of t h in  f i lms of c o n t r o l l e d  s t r u c t u r e  of 
meta l s ,  i n su la to r s ,  and  semiconduc to r s .  

The  p u r p o s e  of th is  w o r k  is to m e a s u r e  de pos i -  
t ion  r a t e s  a t  v a r i o u s  r e a c t i o n  t e m p e r a t u r e s  and  r e -  
ac t ion  p r e s s u r e s  w h i c h  m i g h t  be  a c c o m m o d a t e d  to  
e l ec t ron  b e a m  hea t ing ,  and  also to d e t e r m i n e  some 
of t he  r e s u l t a n t  f i lm p r o p e r t i e s  such  as c o m p o s i -  
t ion,  s t r uc tu r e ,  and  res i s tance .  The  specific m o d e l  
s y s t e m  se lec ted  for  th is  s t u d y  is t he  f low m e t h o d  
for  t he  h y d r o g e n  r e d u c t i o n  of t u n g s t e n  h e x a f l u o -  
r i de  (1, 2) to a p p l y  a c o n d u c t i v e  t u n g s t e n  f i lm on 
an  i n s u l a t i n g  a l u m i n u m  ox ide  su r f ace  for  s e v e r a l  
r ea sons :  ( i )  Tungs ten ,  t h e  p r i n c i p l e  p roduc t ,  is a 
r ea l i s t i c  r e f r a c t o r y  c o n d u c t o r  for  use  in  c o m b i n e d  
m i c r o e l e c t r o n i c  c i rcu i t s  or  in  field emiss ion  dev ices  
on the  bas is  of i t s  p h y s i c a l  and  e l ec t r i ca l  p r o p e r -  
t ies ;  ( i i )  R e l a t i v e l y  p u r e  gaseous  t u n g s t e n  h e x a -  
f luor ide  is c o m m e r c i a l l y  a v a i l a b l e  a t  a r e a s o n a b l e  
cost;  ( i i i )  The  r e d u c t i o n  r e a c t i o n  occurs  b e l o w  
1500~ t e m p e r a t u r e s  w h i c h  can  be  o b t a i n e d  w i t h  
c o n v e n t i o n a l  r e s i s t ance  or  i nduc t i on  h e a t i n g  m e t h -  
ods. 

A l u m i n u m  ox ide  w a s  chosen  as t he  s u b s t r a t e  
m a t e r i a l  because  of i ts  s t a b i l i t y  a t  t h e  r e q u i r e d  

t u n g s t e n  de pos i t i on  t e m p e r a t u r e s  a n d  be c a u se  of 
i ts  i ne r tne s s  to h y d r o g e n  f luoride,  t he  r e a c t i o n  b y -  
p roduc t .  In  add i t ion ,  a l u m i n u m  ox ide  i t se l f  can  be  
f o r m e d  b y  c h e m i c a l  v a p o r  depos i t i on  f r o m  a l u m i -  
n u m  chlor ide ,  h y d r o g e n ,  and  c a r b o n  d i o x i d e  or  b y  
decompos i t i on  of t he  a p p r o p r i a t e  a lkox ide .  

P o l y c r y s t a l l i n e  and  s ing le  c r y s t a l  t ungs t en ,  as 
w e l l  as e p i t a x i a l l y  g r o w n  t u n g s t e n  depos i t s ,  a r e  of 
in te res t .  S ince  an  i m p o r t a n t  r e q u i r e m e n t  for  ep i -  
t a x i a l  g r o w t h  is t h a t  t he  l a t t i ce  pos i t ions  of t h e  
s u b s t r a t e  a n d  the  depos i t  m a t c h  w i t h i n  a s m a l l  
p e r  cent ,  t he  d e g r e e  of l a t t i c e  m i s m a t c h  b e t w e e n  
t u n g s t e n  a n d  s a p p h i r e  for  a n y  c r y s t a l  p l a n e  p a i r  
m u s t  be  cons idered .  A s s u m i n g  the  s a p p h i r e  to be  
h e x a g o n a l  in s t r u c t u r e  w i t h  l a t t i c e  cons t an t s  a ----- 
4.75A and  c = 12.97A a n d  t h e  t u n g s t e n  to be  b o d y -  
c e n t e r e d  cubic  w i t h  a l a t t i ce  cons t an t  of 3.15A, i t  
is poss ib le  to f ind sets of m a t c h i n g  l a t t i ce  p a r a m -  
e te r s  f a v o r a b l e  to e p i t a x i a l  g rowth .  This  c o m p a t i -  
b i l i t y  as we l l  as s i m i l a r  t h e r m a l  coefficients of e x -  
pa ns ion  p r o p e r t i e s  also m a k e s  a s t u d y  of t he  t u n g -  
s t e n - a l u m i n a  s y s t e m  appea l ing .  In  th i s  p r o g r a m ,  
h o w e v e r ,  the  mos t  r e a d i l y  a v a i l a b l e  s a p p h i r e  s u b -  
s t r a t e  surface ,  no t  t he  face  p r o v i d i n g  the  bes t  
l a t t i c e  p a r a m e t e r  m a t c h  w i t h  t ungs t en ,  is used.  

W h i l e  t he  p r e s e n t  p r o g r a m  u t i l i zes  r e s i s t ance  
h e a t i n g  m e t h o d s  or  h e a t i n g  b y  h i g h - f r e q u e n c y  
induc t ion ,  t he  u l t i m a t e  a i m  of t he  p r o g r a m  is to 
d e t e r m i n e  r e a c t i o n  p a r a m e t e r s  a d a p t a b l e  to h e a t i n g  
the  s u b s t r a t e s  w i t h  an  e l ec t ron  beam.  Consequen t ly ,  
a l o w - p r e s s u r e  r e a c t i o n  s y s t e m  is sugges ted .  

Experimental 
The  r e a c t i o n  s y s t e m  used  for  t he  depos i t i on  of 

t u n g s t e n  on a l u m i n a ,  s h o w n  s c h e m a t i c a l l y  in Fig .  
1, is c a p a b l e  of an  u l t i m a t e  p r e s s u r e  of 5 x 10 -~. 
P u m p s  r e q u i r e d  b y  t h e  v a c u u m  s y s t e m  a re  p r o -  

973 
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H 2 SOURCE SYSTEM REACTOR WF 6 SOURCE SYSTEM 
r--r!Tm----~--q----- F-i~--- -- q 

Ii1 , ! ,* 

Fig. 1. Schematic representation of the chemical vapor deposition 
system: 1, to H~ cylinder; 2, DEOXO Ha purifier; 3, needle valve; 4, 
liquid N~ trap; 5, thermocouple gauge; 6, H~ ballast bulb; 7, to 
vacuum system; 8, carbon susceptor; 9, induction coil; 10 reactor, 
11, WFe ballast bulb; 12, WF~ cylinder. 

tected f rom reac tan t  mater ia l s  or react ion by-  
products  wi th  l iquid n i t rogen cold traps.  Pressures  
in reac tan t  s torage bulbs are  measured  using cal i-  
b ra ted  thermocouple  gauges. Reaction pressures,  
de te rmined  with  an ionization gauge located in the 
react ion area  and using typical  hydrogen  pressures  
in the  s torage bulb dur ing  a ca l ibra t ion  run, are  
indica ted  to be a factor  of 10 less than  in the r e -  
ac tant  bulb. Airco electrolyt ic  hydrogen  passed 
through a DEOXO catalyt ic  purif ier  and a l iquid  
n i t rogen cold t rap  is used. The tungsten hexafluo- 
ride, used as received, is a Genera l  Chemical  p rod-  
uct  descr ibed as 99.5% pure  wi th  the contaminant  
por t ion composed of oxygen, carbon, ni trogen,  s i l i -  
con, and nickel.  

The sapphi re  subst ra tes  used in these exper i -  
ments  are  1 mm thick single crystals ,  wi th  a me ta l -  
lographic  polish on the deposit  side, p rovided  by 
the Crys ta l  Products  Depar tmen t  of the Linde  
Company;  the crystals ,  produced by  means of a 
flame fusion process, are furnished wi th  the optical  
axis about  60 ~ f rom the geometr ica l  axis. The sur -  
face p repa ra t ion  includes a potass ium d ichromate -  
sulfuric  acid etch, a dis t i l led wa te r  rinse, a ni t r ic  
ac id-hydrochlor ic  acid (3:1 by  volume)  etch, and 
a final double  r inse in hot dis t i l led water .  In  add i -  
tion, af ter  the subs t ra te  is posi t ioned in the reactor,  
it  is baked at a t empe ra tu r e  grea te r  than  the actual  
deposi t ion t empera tu re  in an a tmosphere  of hydro -  
gen for about  30 rain. 

Reactant  gas flow ra tes  are es tabl ished by  means  
of a pressure  drop across cyl indical  meter ing  tubes 
of known conductance. A molecular  conductance 
equation, appl icable  in this work  where  the mean 
free pa th  of the molecules is of the same order  of 
magni tude  or g rea te r  than the tube diameters ,  is 
used to calculate  the re la t ive  dimensions of the 
tubes. 

Resistance or induct ion heat ing methods  are used 
depending on the t empera tu re  range. For  lower  
t empera tu res  a res is t ive ly  heated tungsten f i lament 
located under  the subs t ra te  is used to e levate  the 
subs t ra te  t empera ture .  H igh- f r equency  induct ion 
methods are  requi red  in the h igher  t empera tu re  
regions. Deposit ion t empera tu res  are measured  
wi th  an optical  py rome te r  where  possible. In other 
cases, a ch romel -a lumel  thermocouple  placed in 
contact  wi th  the subs t ra te  is used. Where  etching of 
the wal ls  of the  react ion tube occurred, it was ve ry  

50 I00 150 200 
I~ REACTION PRESSURE (MICRONS) 

Fig. 2. Tungsten deposition rate as a function of hydrogen re- 
action pressure at 250~ The reaction pressure ratio of hydrogen 
to tungsten hexafluoride is 3 to 1. 

s]ow and became evident  only af ter  a series of runs. 
Since this usual ly  occurred below the tungsten 
hexafluoride reduct ion zone, it did not  in ter fere  
wi th  the optical  method for de te rmining  t e m p e r a :  
tures.  Some tungsten deposi ted on the wal ls  of the 
tube, and in some exper iments  it was necessary to 
view the subs t ra te  f rom above. 

In te r fe romet r ic  techniques (3) are used to meas-  
ure  film thicknesses.  Resistance values are de te r -  
mined fol lowing a method pa t t e rned  af ter  tha t  of 
Judd  (4).  Spect rographic  and x - r a y  diffraction 
methods are used to de te rmine  the composit ion and 
s t ruc ture  of the films. 

Results and Discussion 
Tungsten deposits were  formed from the hydro -  

gen reduct ion of tungsten hexafluoride at a sub-  
s t ra te  t empe ra tu r e  of 250~ using hydrogen  reac-  
t ion pressures  ranging  f rom 55 to 175~ and a stoi-  
chiometr ic  hydrogen- tungs t en  hexafluoride pres -  
sure ratio. A plot  of film thickness versus hydrogen  
pressure  for these exper imen ta l  condit ions is shown 
in Fig. 2. The plot  indicates  an increase of deposi-  
t ion ra te  as a function of pressure  over  the ent i re  
pressure  range covered. Deposit ion ra tes  under  
these condit ions ranged  f rom 100 to 2700 A/hr. The 
m a x i m u m  value  in the pressure  range examined  is 
de te rmined  f rom the slope of the curve to be about 
100 A/hr/~. 

During the course of these exper iments ,  a grea t  
deal  of tungsten is deposi ted in the form of crystals  
and whiskers  on tungsten fi laments used as heat  
sources at  t empera tu res  of about  1000~ Since this  
f i lament is located about  0.250 in. beneath  the sap-  
phi re  subs t ra te  and behind it in the gas flow 
stream, it is fel t  tha t  the s t ream of reac tan t  ma te -  
r ials  which reaches the subs t ra te  deposit ion surface 
is not robbed apprec iab ly  of tungsten source ma te -  
rial.  P robab ly  more impor tan t  than this is the 
efficiency of the process due to such factors as the  
design of the exper imen ta l  sys tem and the pa t t e rn  
of the  gas flow which br ings  reac tants  into contact  
wi th  the hea ted  surface, the total  pressure  in the 
react ion zone as a resul t  of incomplete  react ion and 
format ion of gaseous by-produc ts ,  and so forth. No 
es t imat ion of the  effect of these factors on deposi-  
t ion ra tes  has been p repa red  since it is p robable  
tha t  the same complicat ing effects exist  regardless  
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of the heating method used, whether  resistance 
heating or heating with high-frequency induction 
or the dissipated energy of a beam of electrons 
striking the surface of the substrate. 

Films of less than 2000A produced at 250~ are 
mirrorlike in appearance. Thicker films prepared 
at the same temperature  appear to be more granu-  
lar than thinner ones. Tungsten deposits thicker 
than 40,000A have been produced. 

A glancing angle x - r a y  diffraction pat tern shows 
the film to be randomly oriented beta tungsten (5, 
6), with particle size between 0.03 and 1~. Because 
of the diffuseness and broadness of the diffraction 
lines the particle size is probably at the small end 
of the range. Treatment  of this film for 48 hr at 
900~ and 10 -~ torr resulted in a glancing angle 
x - r ay  diffraction pat tern typical of randomly 
oriented alpha tungsten with no evidence of the 
beta material. The crystallite size is estimated to 
be between 0.04 and 1.0~. 

Attempts to form thin mirrorlike deposits at 
1000 ~ and 1200~ under conditions similar to those 
used for the 250~ experiments resulted in ex- 
t remely grainy deposits with infinite resistance. 
Such temperature  effects are not unexpected. Lit-  
erature information (7) in regard to various other 
systems shows that  amorphous deposits of various 
materials can be produced at low temperatures,  
coarse-grained deposits at higher temperatures,  and 
single crystal deposits on single crystal substrates 
at extemely high temperatures.  No single crystal 
character nor epitaxial growth is in evidence in any 
of the films so far produced. 

Because of the grainy appearance of the high- 
temperature deposits and because of the severe 
etching of the sapphire substrate probably as a 
result of h igh- temperature  reaction of the substrate 
with the by-product  hydrogen fluoride, the ratio 
of hydrogen to tungsten hexafluoride was increased 
to 6 to 1. Under these conditions it is possible to 
form mirrorlike deposits at 1000~ At 1200~ 
however, the deposits remain grainy and have infi- 
nite resistance. Tungsten deposition rates as a func-  
tion of hydrogen pressures at HJWFe mole ratios 
of 6 to 1 were determined at these temperatures.  
Plots of these data are presented in Fig. 3 over a 
hydrogen pressure range extending from 2 to 14/~. 

The plots indicate that  deposition rates increase 
with increasing temperature  as well as with in- 
creasing pressures. At 1200~ and 2-~ hydrogen 
pressure, a tungsten deposition rate in excess of 
400 A/hr  can be realized; at 1000~ and similar 
pressures, the tungsten deposition rate approaches 
100 A/hr.  Maximum values, in angstroms per hour 
per micron, are determined by the slopes of the 
curves to be about 4 x 10 ~ at 1200~ and 3 x 10 ~ at 
IO00~ 

Glancing angle x - r ay  diffraction examination of 
a representative tungsten film laid down at 1000~ 
produces four smooth weak lines of alpha tungsten 
over a background of a Laue pat tern of sapphire. 
No evidence of preferred orientation in the tung-  
sten film is seen. The crystallite size is less than 
1/~ and more than 0.03/~. 

Spectrographic analyses of selected mirrored films 
deposited at various temperatures indicate the film 
material  to be very  pure tungsten with only trace 
amounts of silicon and nickel present. This is con- 
sistent with the impurities of the tungsten hexa-  
fluoride listed by the manufacturer .  No analysis of 
grainy deposits nor of deposits formed where etch- 
ing of the alumina substrate is evident were per-  
formed since these deposits are not filmlike in 
nature and do not possess electric tl ' ,roperties of 
thin metallic films. 

In general, adhesion between the sapphire and 
the tungsten film is extremely good with the mir-  
rored deposits showing better adhesive properties 
than the granular  ones. In most cases, it is not pos- 
sible to remove the film by means of scotch tape. In 
fact, vigorous rubbing with an abrasive is re-  
quired. However, instances of flaking have been 
observed in some early experiments where the sur-  
face t reatment  did not include the nitric acid- 
hydrochloric acid etch, but only the potassium di- 
chromate-sulfuric acid etch and the distilled water  
rinse. The intermittent nature of such flaking tends 
to indicate a problem in surface preparation rather 
than in lattice mismatch or differences in the co- 
efficient of thermal  expansion between sapphire 
and tungsten. It should be noted here that  tungsten 
films applied to Pyrex  substrate surfaces using 
sputtering techniques are not as adherent  as these 
reaction deposited tungsten films. 

O- 1200" C 

S IO 15 
H 2 REACTION PRESSURE (MICRONS) 

Fig. 3. Tungsten deposition rates at 1000 ~ and 1200~ as a 
function of hydrogen reaction pressure. The hydrogen to tungsten 
hexofluorlde reaction pressure ratio is 6 to 1. 

! 

�9 %NNESS ~176 

Fig. 4. Normalized resistivity of tungsten films as a function of 
thickness. These mirrorlike films are deposited at 1000~ with the 
He :WFe reaction pressure ratio of 6:1. 
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Table I. Unit resistance values at various thicknesses for tungsten 
films applied using high- and low-temperature chemical vapor- 
deposition techniques and sputtering techniques normalized to the 

value of single crystal tungsten of 0.015 ohms per square 

R e a c t i o n  depos i t ed*  R e a c t i o n  deposited** 
at  1000~ a t  250~ 

Thickness  Thickness  Thickness  
u n i t  r e s i s t ance  u n i t  r e s i s t ance  u n i t  resistance 

(A) ( o h m s / s q u a r e )  (A) ( o h m s / s q u a r e )  (A) (ohms/square)  

190 380 150 860 400 2700 
300 33 150 860 600 2300 
630 23 450 170 3000 100 

1750 6.7 

* Mole  r a t i o  H2/WF6 = 6. 
** Mole  ra t io  H2/WF6 = 3. 

A plot of resistivity vs. thickness for mirrorlike 
deposits formed at 1000~ is presented in Fig. 4. 
The data have been normalized to the value for 
bulk tungsten of 0.015 ohms per square, measured 
using the Judd method. This normalization process 
is necessary since the technique and equipment 
used have not been corrected for edge effects. A 
typical mirror  deposit 190A thick has a value of 
380 ohms per square. For a 1750A thick film, the 
unit resistance value is 6.7 ohms per square. Films 
less than 100A thick have infinite resistance, while 
a heavy tungsten film, 5400A thick, has a unit re-  
sistance value of 2.3 ohms per square. 

Table I lists normalized unit resistance values 
for typical films applied using high- and low-tem-  
perature deposition methods as well as sputtering 
techniques. The table indicates that the h igh- tem- 
perature deposition techniques provide films with 
the best conductivity. Sputtered films have the 
highest values at comparable thicknesses. 

Conclusions 
1. Tungsten films resulting from the hydrogen 

reduction of tungsten hexafluoride deposit at rates 
in excess of 400 A / h r / ~  for reaction pressures in 
the 10 -~ torr  range. 

2. The appearance of the tungsten deposits ranges 
from mirrorlike to grainy depending on deposition 
temperature,  reactant pressure ratio, and film 
thickness. 

3. Resistance values of the mirrorlike tungsten 
films produced by chemical vapor deposition com- 
pare favorably with those for sputtered films of 

comparable thickness. A heavy tungsten film, 5400A 
thick, formed at 1000~ has a unit resistance value 
of 2.3 ohms per square normalized to the value for 
single crystal tungsten of 0.015 ohms per square. 
Sputtered tungsten films as thick as 3000A have 
normalized unit resistance values as great as 100 
ohms per square. The grainy-appear ing reaction 
deposited films have extremely high unit resistance 
values. 

4. Spectrographic analyses indicate that the mir-  
rored deposits formed are h igh-pur i ty  tungsten 
with only trace impurities of silicon and nickel. 
X - r a y  diffraction studies show the low- tempera-  
ture tungsten deposits to be randomly oriented 
crystallites with particle size between 0.03 and 
1.0~, probably at the small end of the range. 

Treating the beta form over an extended period 
at 900~ produces the alpha material. X - r a y  dif- 
fraction patterns of mirrored tungsten films formed 
at the higher temperatures indicate the material to 
be randomly oriented alpha tungsten with particle 
size less than 1~ and more than 0.03~. 

5. Adhesion between the deposited tungsten and 
sapphire substrates is, in general, very  good, con- 
siderably better than that between sputtered tung-  
sten films and Pyrex  substrate material. 
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ABSTRACT 

The exchange current ,  Tafel  slope, s toichiometr ic  number ,  and l imit ing 
anodic cur ren t  of the hydrogen  reac t ion  on nickel  in 0.1N NaOH depend  on the 
p r e t r e a t m e n t  and the polar izat ion h is tory  of the electrodes.  The d ischarge  step 
of the Volmer -Tafe l  mechanism is r a t e -de t e rmin ing  on surfaces character ized 
by  high f rac t ional  coverage with  adsorbed hydrogen.  Such surface states are  
metas tab le  however  and are  t rans formed on anodic-ca thodic  cycl ing to states 
which  adsorb hydrogen  weakly .  The exchange currents  for the  discharge and 
combinat ion  steps are  then about  equal.  

The  r a t e  of t he  h y d r o g e n  r e a c t i o n  on n i c k e l  
shows  the  f a m i l i a r  e x p o n e n t i a l  d e p e n d e n c e  on p o -  
t en t i a l ;  t he  Ta fe l  s lope  b is a b o u t  0.1v and  the  e x -  
change  c u r r e n t  io is in t he  r a n g e  10 -7 to 10 ~ a m p /  
cm ~. The  h y d r o g e n  o v e r p o t e n t i a l  on n i c k e l  is i n t e r -  
m e d i a t e  t h e r e f o r e  b e t w e e n  the  l a r g e  o v e r p o t e n t i a l s  
on m e r c u r y  and  l e a d  (io ~ 10 -~ a m p / c m  ~-) and  the  
r e l a t i v e l y  s m a l l  o v e r p o t e n t i a l s  on m e t a l s  of t he  
p l a t i n u m  g roup  (io ~-, 10 ~ amp /cm~) .  

N icke l  d i s so lves  s l o w l y  in ac id  and  at  a n e g l i g i -  
b le  r a t e  in  a l k a l i n e  solut ions .  S ide  r eac t i ons  can  
be  n e g l e c t e d  in  t he  l a t t e r  if t he  so lu t ion  is f ree  
f rom r e d u c i b l e  i m p u r i t i e s ,  m a i n l y  oxygen .  In  sp i te  
of t he  r e l a t i v e  s i m p l i c i t y  of th is  e l e c t r o c h e m i c a l  
s y s t e m  the  m e c h a n i s m  of  t he  r e a c t i o n  is in doubt .  
A n u m b e r  of a u t h o r s  (1, 3, 4, 8) conc luded  f rom 
the  m a g n i t u d e  of t h e  Ta fe l  s lope  a n d  f r o m  t h e  
v a l u e  of s t o i ch iome t r i c  n u m b e r  t h a t  t he  d i s c h a r g e  
s tep,  H+q - e---) H,~., con t ro l s  t he  o v e r - a l l  ra te .  A 
s i m p l e  s l o w - d i s c h a r g e  m e c h a n i s m  does  no t  e x p l a i n  
h o w e v e r  t he  f r e q u e n t l y  o b s e r v e d  t i m e - d e p e n d e n c e  
of  o v e r p o t e n t i a l ,  n o r  does  i t  g ive  c o r r e c t l y  t he  
change  of o v e r p o t e n t i a l  w i t h  so lu t ion  compos i t ion .  

L u k o w z e w ,  L e w i n a ,  and  F r u m k i n  (1)  f o u n d  t h a t  
t he  p o t e n t i a l  of n i c k e l  ca thodes  w h i c h  h a d  been  
h e a t e d  in  H~ a t  400~176 and  cooled  in  a w a t e r -  
s a t u r a t e d  h y d r o g e n  a t m o s p h e r e  d r i f t e d  for  some  
h o u r s  a f t e r  s w i t c h i n g  on the  cu r ren t .  T h e y  a t -  
t r i b u t e d  the  d r i f t  of p o t e n t i a l  to  r e d u c t i o n  of a 
n i c k e l  o x i d e  f i lm f o r m e d  d u r i n g  cool ing.  

Bockr i s  and  c o - w o r k e r s  (3, 9) also f o u n d  a p o -  
t e n t i a l  d r i f t  in  t he  first  hou r  of  ca thod ic  p o l a r i z a -  
t ion.  S u b s e q u e n t  p o l a r i z a t i o n  cu rves  d id  no t  fo l low 
the  T a f e l  r e l a t i on .  Bockr i s  a n d  P o t t e r  (3)  a t -  
t r i b u t e d  the  d e v i a t i o n s  f r o m  T a f e l  b e h a v i o r  to 
so lu t ion  of h y d r o g e n  in to  n ickel .  T h e y  o b t a i n e d  
s a t i s f a c t o r y  Ta fe l  l ines  b y  m a k i n g  r a p i d  m e a s u r e -  
m e n t s  in  the  d i r ec t i on  of i nc r ea s ing  c u r r e n t  d e n s i t y  
on ly  a n d  b y  us ing  f r e s h  e l ec t rodes  for  e v e r y  run .  
T h e i r  p r o c e d u r e  was  oppos i t e  to t h a t  of L u k o w z e w ,  
L e w i n a ,  and  F r u m k i n  (1)  w h o  c a r r i e d  ou t  m e a s -  
u r e m e n t s  a f t e r  t h e  p o t e n t i a l  h a d  r e a c h e d  a s t e a d y  
va lue .  H o a r e  and  S c h u l d i n e r  (10) f o u n d  Ta fe l  be -  
h a v i o r  ( in  ac id  so lu t ions )  w i t h  n i cke l  e l ec t rodes  

i Present  address: Tyco  Laboratories,  Inc.,  Waltham, Massachu- 
setts. 

" s a t u r a t e d "  w i t h  h y d r o g e n  b y  ca thod ic  p o l a r i z a -  
t ion.  

A m m a r  a n d  A w a d  (4) f o u n d  no t i m e  d e p e n d e n c e  
us ing  n i cke l  e l ec t rodes  e l e c t r o d e p o s i t e d  f r o m  
(NH~)~SO~ + NH~OH so lu t ions ;  t he  o v e r p o t e n t i a l  
a t  a f ixed c u r r e n t  d e n s i t y  r e a c h e d  a c o n s t a n t  v a l u e  
in less t h a n  a minu te .  

The  r e p o r t e d  d e p e n d e n c e  of o v e r p o t e n t i a l  on pFI 
va r i e s  f r o m  a b o u t  0.010 to 0.060v p e r  p H  un i t  
( 1 -4 ) .  I f  t he  d i s c h a r g e  s t ep  is r a t e  d e t e r m i n i n g ,  t h e  
ca thod ic  o v e r p o t e n t i a l  is g i v e n  b y  [ ref .  (11) ] 

---- ~1 - -  1/,~ In io q- i / ~  In a -  In all+ + const .  
[1] 

w h e r e  ~ is t he  o v e r p o t e n t i a l  in  un i t s  of RT/F ,  ~1 is 
t he  p o t e n t i a l  (a l so  in  un i t s  of R T / F )  at  a d i s t ance  
of  one ionic  r a d i u s  f r o m  t h e  e l ec t rode ,  a is t h e  a c -  
t i v i t y  a t  th is  s a m e  d i s t ance  of t he  e n t i t y  d i scha rged ,  
and  a is t he  t r a n s f e r  coefficient  (~ ~ 0.5).  A s s u m -  
ing  t h a t  w a t e r  is d i s c h a r g e d  in d i l u t e  a l k a l i n e  so lu-  
t ions  and  t a k i n g  i ts  a c t i v i t y  as cons tan t ,  w e  h a v e  
from Eq. [i] 

(O~/OpH)~o = 2.3 -~ a~/apH [2]  

In  t he  absence  of specific a d s o r p t i o n  a n d  in  t h e  
p r e s e n c e  of excess  sa l t  (o r  in c o n c e n t r a t e d  a l k a l i n e  
so lu t ions ) ,  8~,/d pH = 0 and  Ov/d pH = 0.060v. In  
d i lu t e  a l k a l i n e  so lu t ions  w i t h o u t  sal t ,  ~ / 8  pI-I 
0.060v and  Or/8 p H  ---- 0.120v. The  o b s e r v e d  d e -  
p e n d e n c e  of v on p H  ( 1 - 4 )  is g e n e r a l l y  no t  in  
a g r e e m e n t  w i t h  these  p red ic t ions .  A n  a t t e m p t  to r e -  
m o v e  this  d i s c r e p a n c y  b y  a s s u m i n g  t h a t  t he  a c t i v i t y  
of w a t e r  m o l e c u l e s  in  t he  d o u b l e  l a y e r  d e p e n d s  on 
~ w a s  no t  success fu l  (3 ) .  In  v i e w  of t hese  anomal i e s ,  
f u r t h e r  e x p e r i m e n t a l  w o r k  on t h e  k ine t i c s  of t h e  
r e a c t i o n  is w o r t h w h i l e .  

Experimental 
Two t y p e s  of cel ls  w e r e  used .  The  so lu t ion  was  

p r e - e l e c t r o l y z e d  in  an  a u x i l i a r y  vesse l  in  one 
se r ies  of e x p e r i m e n t s  a n d  t h e n  t r a n s f e r r e d  u n d e r  
h y d r o g e n  to t he  cel l  c o n t a i n i n g  the  w o r k i n g  e l ec -  
t rode .  Most  r uns  w e r e  m a d e  h o w e v e r  in  t h e  q u a r t z  
cel l  s h o w n  in Fig .  1. P r e - e l e c t r o l y s i s  was  c a r r i e d  out  
in  t he  tes t  cell .  N icke l  e l ec t rodes  w e r e  m o u n t e d  on 
the  p l u n g e r s  of sy r inges ;  t h e y  could  be  i m m e r s e d  or  
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Fig. 1. Quartz cell: (a) reference electrode, (b) pre-electrolysis 
electrode, (c) Luggin-Haber capillary, (d) tubes leading to auxiliary 
compartment (two of four shown), (e) gas inlet, (f) auxiliary 
compartment, (g) working electrode. The pre-electrolysis and 
working electrodes (b and g) were mounted on the plungers of 
syringes. For details of mounting see ref. (5). 

n e i g h b o r h o o d  of t he  e l e c t r o d e  and  also h e l p e d  to 
d e t a c h  h y d r o g e n  bubb les .  L i g h t  t a p p i n g  of t he  e l ec -  
t r o d e  a s s e m b l y  was  n e c e s s a r y  s o m e t i m e s  for  r e -  
m o v i n g  b u b b l e s  f o r m e d  a t  c u r r e n t  dens i t i e s  h i g h e r  
t h a n  10 -3 a m p / c m  ~. 

E l e c t rode s  w e r e  cu t  f r o m  n i c k e l  of " spec t ro scop ic  
p u r i t y "  ( Johnson ,  M a t t h e y ,  a n d  C o m p a n y ) .  T h e y  
w e r e  a b r a d e d  w i t h  2 /0  e m e r y  p a p e r  a n d  c l eaned  in  
ch romic  + su l fu r i c  ac id  c l ean ing  solut ion .  T h e y  
w e r e  w a s h e d  in  bo i l ing  c o n d u c t i v i t y  w a t e r .  

The  cel l  was  c l e a ne d  w i t h  ch romic  + su l fu r i c  
ac id  so lu t ion  and  w a s h e d  s e v e r a l  t i m e s  in  bo i l ing  
w a t e r  be fo re  each  run .  G r o u n d  jo in t s  (a lso  of 
q u a r t z )  w e r e  of t h e  m e r c u r y - c u p  type .  T h e y  w e r e  
m o i s t e n e d  w i t h  c o n d u c t i v i t y  w a t e r  be fo re  t h e y  w e r e  
sealed.  

So lu t ions  w e r e  p r e - e l e c t r o l y z e d  18-24 h r  a t  c u r -  
r e n t  dens i t i e s  r a n g i n g  f r o m  10 to 15 X 10 -s a m p /  
cm ~. The  s o d i u m  h y d r o x i d e  c o n c e n t r a t i o n  was  d e -  
t e r m i n e d  b y  ana lys i s  a t  t he  end  of each  run .  

w i t h d r a w n  f r o m  t h e  so lu t ion  w i t h o u t  l e t t i n g  a i r  
in to  t he  cell .  The  so lu t ion  was  p r e - e l e c t r o l y z e d  
us ing  a n i cke l  ca thode .  This  e l e c t r o d e  was  t h e n  
d r a w n  up  a n d  the  w o r k i n g  e l e c t r o d e  i m m e r s e d .  
T h e r e  was  no d i f fe rence  in  r e su l t s  b e t w e e n  the  two  
t y p e s  of  cells.  

E l ec t rodes  w e r e  c y l i n d r i c a l  and  h a d  a p r o j e c t e d  
a r e a  of a b o u t  1 cm ~. E l e c t r o d e  a s sembl i e s  w e r e  con-  
s t r u c t e d  as r e p o r t e d  (5 ) .  O n l y  q u a r t z  and  Teflon, 
bes ides  t he  e lec t rode ,  c ame  in con tac t  w i t h  solut ion.  
To ge t  a u n i f o r m  c u r r e n t  d i s t r i b u t i o n  on the  w o r k -  
i ng  e l e c t r o d e  i t  was  p l a c e d  in  t h e  c e n t e r  of  a c i rc le  
def ined  b y  the  ends  of  f ou r  u n i f o r m  tubes  of equa l  
l e n g t h  w h i c h  connec t ed  the  cen t r a l  sec t ion  of the  
cel l  to t he  a n o d e  c o m p a r t m e n t .  The  t ip  of a L u g g i n  
c ap i l l a ry ,  0.8 m m  OD, t h r o u g h  w h i c h  po t e n t i a l s  
w e r e  m e a s u r e d ,  was  p l a c e d  1.5 m m  f r o m  the  e l ec -  
t rode .  S c r e e n i n g  effects w e r e  neg l ig ib l e  (6) .  The  
iR co r r ec t i on  (6)  in  a n y  one so lu t ion  was  less  t h a n  
5 m y  at  t h e  m a x i m u m  c u r r e n t  dens i ty .  C o n s t a n t  
c u r r e n t  was  d r a w n  f r o m  a 135v source  t h r o u g h  a p -  
p r o p r i a t e  r e s i s t ances  (Re~, > >  Ro~,,). 

L a b o r a t o r y  d i s t i l l ed  w a t e r  was  r e d i s t i l l e d  w i t h  a 
P y r e x  s t i l l  f r o m  d i lu te ,  a lka l ine ,  p o t a s s i u m  p e r -  
m a n g a n a t e  in to  a t w o - s t a g e  q u a r t z  s t i l l  and  f r o m  
t h e r e  in to  q u a r t z  flasks.  So lu t ions  w e r e  p r e p a r e d  
f r o m  f r e e l y  bo i l ing  d i s t i l l a t e .  S o d i u m  h y d r o x i d e  so -  
lu t ions  m a d e  b y  e l ec t ro ly s i s  gave  the  s a m e  r e su l t s  
as so lu t ions  p r e p a r e d  f r o m  s o d i u m  h y d r o x i d e  r e -  
agent .  These  l a s t  c o n t a i n e d  f r o m  10 -~ to 10 -~ moles /1  
of c a r b o n a t e  ion. So lu t ions  w e r e  r o u t i n e l y  p r e p a r e d  
f r o m  N a O H  reagen t .  

E l e c t r o l y t i c  h y d r o g e n  was  pur i f i ed  b y  di f fus ion 
t h r o u g h  a p a l l a d i u m  t u b e  h e a t e d  to 450~ P a r t  of 
t he  h y d r o g e n  was  b l e d  off to p r e v e n t  a c c u m u l a t i o n  
of i m p u r i t i e s  in  t he  tube .  Argon ,  u sed  for  s w e e p i n g  
t h e  cel l  d u r i n g  p r e - e l e c t r o l y s i s ,  was  pa s sed  f irst  
ove r  coppe r  a t  500~ and  t hen  t h r o u g h  a d r y  i ce -  
ace tone  cold  t r ap .  So lu t ions  w e r e  s a t u r a t e d  w i t h  
h y d r o g e n  for  a b o u t  2 h r  b e f o r e  a run .  A s t r e a m  of  
h y d r o g e n  s w e p t  t he  so lu t ion  a r o u n d  t h e  e l e c t r o d e  
d u r i n g  m e a s u r e m e n t s .  The  r e s u l t a n t  s t i r r i n g  m i n i -  
mized  changes  of h y d r o x y l  c o n c e n t r a t i o n  in  t he  

Results 
The  r e s t - p o t e n t i a l  of n i cke l  e l ec t rodes  c l e a ned  in  

c h romic  § su l fu r i c  ac id  was  -P 0.2 to ~- 0.3v ( r e -  
f e r r e d  to  S H E )  in  0.1N NaOH.  E l e c t rode s  w e r e  
a c t i v a t e d  b y  ca thod ic  po la r i za t ion .  Resu l t s  w e r e  i n -  
d e p e n d e n t  of t he  c u r r e n t  d e n s i t y  a n d  the  n u m b e r  
of cou lombs  in t h e  a c t i v a t i n g  s tep  p r o v i d e d  a m i n i -  
m u m  of t h e  o r d e r  of 10-' c o u l o m b s / c m  ~ was  e x -  
ceeded.  A ca thod ic  c u r r e n t  of 2 • 10 -~ a m p / c m  ~ for  
5 ra in  was  used  gene ra l l y .  

The  r e s t  p o t e n t i a l  a f t e r  a c t i v a t i o n  was  0 -- 0.002v 
vs. t he  h y d r o g e n  e lec t rode .  A f t e r  a ca thod ic  run ,  i.e., 
a f t e r  t r a c i n g  a Ta fe l  c u r v e  bo th  in  i n c r e a s i n g  a n d  d e -  
c r eas ing  o r d e r  of a p p l i e d  cu r ren t ,  t he  e l e c t r o d e  w a s  
p o l a r i z e d  a n o d i c a l l y  to a p o t e n t i a l  g r e a t e r  t h a n  ~- 1.0v. 
A n o d i c  c u r r e n t  dens i t i e s  of  10-100 # a / c m  ~ w e r e  
used.  The  c u r r e n t  was  t hen  s w i t c h e d  off a n d  t h e  
e l e c t r o d e  le f t  "pa s s ive"  u n t i l  t he  n e x t  ca thod ic  run ,  
w h e r e u p o n  i t  was  a c t i v a t e d  a g a i n  as d e s c r i b e d  
above .  M e a s u r e m e n t s  w e r e  t a k e n  in  mos t  cases  over  
2 to 4 days .  O b s e r v a t i o n s  w i t h  a b o u t  30 d i f fe ren t  
e l ec t rodes  a r e  r e p o r t e d .  

N icke l  e l ec t rodes  gave  d i s t i n c t l y  d i f fe ren t  r e su l t s  
w h e n  t h e y  h a d  been  p o l a r i z e d  a n o d i c a l l y  once. 
H o w e v e r ,  no m a j o r  change  in  t he  h y d r o g e n  e v o l u -  
t ion  c u r v e  was  f o u n d  a f t e r  t he  first  cyc le  of a n od i c -  
ca thod ic  po l a r i za t i on .  The re fo re ,  w e  d i f f e r en t i a t e  
in  o u r  d i scuss ion  b e t w e e n  " i n i t i a l "  T a f e l  l ines  a n d  
" s t e a d y  s t a t e "  Tafe l  l ines  m e a s u r e d  a f t e r  one  or  
m o r e  a n o d i c - c a t h o d i c  cycles.  

The  o v e r p o t e n t i a l  w i t h  e l ec t rodes  in  t h e  s t e a d y  
s t a t e  r e a c h e d  i ts  f inal  v a l u e  w i t h i n  t he  t i m e  n e e d e d  
to r e a d  the  p o t e n t i o m e t e r  a f t e r  t he  c u r r e n t  was  se t  
a t  a n e w  va lue .  I t  s t a y e d  cons t an t  for  l o n g  per iods .  
F o r  e x a m p l e ,  in 0.1N N a O H  the  o v e r p o t e n t i a l  a t  
2 • 104 a m p / c m  ~ c h a n g e d  0.4 m v  in 30 min .  Each  
c u r r e n t  s e t t i ng  was  he ld  cons t an t  for  a t  l eas t  2 ra in  
in t r a c i n g  p o l a r i z a t i o n  curves .  A t y p i c a l  c u r v e  is 
shown  in Fig.  2. I t  is obv ious  f r o m  the  f igure  t h a t  
t h e r e  w a s  no  l a r g e  c h a n g e  of t he  Tafe l  p a r a m e t e r s  
in  t h e  2 h r  d u r i n g  w h i c h  d a t a  w e r e  t aken .  

I n i t i a l  Ta fe l  cu rves  (Fig .  3) ,  i.e., cu rves  o b t a i n e d  
w i t h  e l ec t rodes  w h i c h  h a d  no t  been  p o l a r i z e d  
anod ica l ly ,  h a d  a def in i te  t i m e  d e p e n d e n c e .  The  
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Fig. 2. Cathodic polarization curve with electrode in the steady 
state. Open circles are for increasing and full circles for decreasing 
current density. The curve was traced in about 2 hr. Overpotentiai 
in volts. 
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Fig. 3. Cathodic polarization curve with electrode in the "initiQl" 
state. Open circles are for increasing and full circles for decreasing 
current density. The Tafel constants for the open circles are bo = 
0.128v and (io)~xtr = 2.5 • 10 -5 amp/cm~; for the full circles over- 
potential in volts, bc = 0.120 and (io)~,~ = 1.8 • 10 -~ amp/cmt 

d r i f t  of p o t e n t i a l  a t  a f ixed  c u r r e n t  d e n s i t y  was  
g e n e r a l l y  a b o u t  0.2 m y / r a i n ;  in  some cases  i t  was  
as m u c h  as 0.5 m v / m i n .  Ta fe l  cu rves  t r a c e d  r e l a -  
t i v e l y  r a p i d l y  (30 sec a t  each  p o i n t )  s h o w e d  t h a t  
bo th  t h e  s lope  and  t h e  e x c h a n g e  c u r r e n t  d e c r e a s e d  
w i t h  t ime .  The  T a f e l  s lope  in  a t y p i c a l  case  c h a n g e d  
f r o m  0.128v to 0.120v and  the  e x c h a n g e  c u r r e n t  d e -  
c r ea sed  f r o m  2.5 • 10 -5 to 1.8 • 10-5 a m p / c m  ~ in 
a b o u t  30 min .  

T a b l e  I shows  the  r e p r o d u c i b i l i t y  of b o t h  in i t i a l  
and  s t e a d y - s t a t e  T a f e l  p a r a m e t e r s  w i t h  d i f fe ren t  
e lec t rodes .  The  v a r i a b i l i t y  of i n i t i a l  Ta fe l  s lopes  is 
due ,  a t  l e a s t  in  p a r t ,  to  t h e  t i m e  d e p e n d e n c e  n o t e d  
above .  S t e a d y - s t a t e  r e su l t s  w i t h  a g i v e n  e l e c t r o d e  
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Table I. Hydrogen overpotential on nickel 

O.IN NaOI-I at 30~ 

S t e a d y  s t a t e  I n i t i a l  

io, aml~/cm% #, a t  10 -8 to, a m p / c m  s, #, a t  10 4 
b, v x 10 -~ a m p / c m  ~ b, v x 10 -~ amp /cm~  

0.092 0.7 0.198 0.110 1.6 0.198 
0.092 1.2 0.176 0.120 1.8 0.210 
0.093 1.0 0.186 0.135 1.8 0.235 
0.090 1.0 0.180 0.125 2.5 0.200 
0.090 0.95 0.182 0.130 2.5 0.208 

Table II. Hydrogen overpotential on nickel electrodes in the 
steady state 

O.IN NaOI-I at 3 0 ~  

/0, a m p / e r a  s, 7, a t  10 -~ 
T ime ,  h r  b,  v x 1O-~ a m p / c m ~  

2.5 0.091 1.1 0.178 
24.0 0.092 1.2 0.176 
26.0 0.091 1.1 0.178 
28.0 0.095 1.1 0.186 
96.0 0.089 0.93 0.180 

w e r e  r e p r o d u c i b l e  for  pe r i ods  up  to 100 h r  (Tab l e  

n ) .  
Statistical treatment o~ results .--Bockris and  co-  

w o r k e r s  (3, 7) a n d  o the r s  a f t e r  t h e m  [see,  for  e x -  
ample ,  ref .  ( 4 ) ]  t r e a t  t h e i r  r e su l t s  s t a t i s t i c a l l y  b y  
a s s u m i n g  a n o r m a l  d i s t r i b u t i o n  for  io a n d  b. These  
s t a t i s t i c a l  a n a l y s e s  a r e  m i s l e a d i n g  in  some respec ts .  
E x p e r i m e n t a l  e r ro r s  h e r e  a r e  no t  c o n n e c t e d  w i t h  
t h e  m e a s u r e m e n t  of e i t he r  c u r r e n t  or  po ten t i a l .  
F o r  e x a m p l e ,  t he  p o t e n t i a l  is d e t e r m i n e d  r o u t i n e l y  
w i t h  an  a c c u r a c y  of 0.1 mv,  w h i l e  t he  o v e r p o t e n t i a l  
canno t  be  r e p r o d u c e d  to  b e t t e r  t h a n  ----- 10 m v  (1-  
4) .  R e p r o d u c i b i l i t y  of o v e r p o t e n t i a l  d e p e n d s  e n -  
t i r e l y  on the  s t a t e  of t he  e l e c t r o d e  sur face .  The  
m e a n  v a l u e  of a set  of r e s u l t s  g ives  e s s e n t i a l l y  t h e  
p r o b a b i l i t y  of r e p r o d u c i n g  some  su r f ace  cond i t i on  
a n d  e x t e n t  of su r f a c e  c o n t a m i n a t i o n  b y  some ( u n -  
k n o w n )  i m p u r i t y  p r o v i d e d  one fo l lows  a specif ied 
e x p e r i m e n t a l  p r o c e d u r e .  I t  has  no d i r ec t  r e l a t i o n  
to  t he  mos t  p r o b a b l e  v a l u e  for  a " c l e a n"  n i c k e l  
sur face .  To i l l u s t r a t e ,  le t  us  a s sume  t h a t  a p a r t i c u -  
l a r  set  of u n i f o r m  su r f ace  s t a tes  is p r o d u c e d  b y  a 
chosen  e l ec t rode  p r e p a r a t i o n .  L e t  us  f u r t h e r  as -  
s u m e  t h a t  a s u b s t a n c e  Z is p r e s e n t  a n d  is a d s o r b e d  
to  a n  e x t e n t  p = p(Cz)  w h e r e  C~ is i t s  c o n c e n t r a -  
t ion.  The  c o n c e n t r a t i o n  of Z va r i e s  r a n d o m l y  f rom 
e x p e r i m e n t  to e x p e r i m e n t .  Thus  p has  v a l u e s  pl, p~, 
p ~ . . .  in  r u n s  1, 2, 3, . . . .  I n  t h e  s i m p l e s t  case  s u b -  
s t ance  Z dec rea se s  t he  e x c h a n g e  c u r r e n t  b y  an  
a m o u n t  p r o p o r t i o n a l  to  p b u t  does  no t  a l t e r  t he  
Ta fe l  s lope.  The  e x c h a n g e  c u r r e n t  f o u n d  in a p a r -  
t i c u l a r  r u n  is t h e n  io' - -  (1 - -  gp)io w h e r e  g is a 
cons tan t ,  p r o b a b l y  no t  f a r  f r o m  1, a n d  io is t he  e x -  
change  c u r r e n t  for  a c l ean  su r f ace  (p --  0).  W i t h  
t hese  a s s u m p t i o n s  t he  l a r g e s t  m e a s u r e d  e x c h a n g e  
c u r r e n t  is  c loses t  to  io. T h e  be s t  v a l u e  t h e r e f o r e  is 
no t  t h e  a v e r a g e  b u t  t he  m a x i m u m  o b s e r v e d  e x -  
c h a n g e  cu r r en t .  

If  t he  su r f ace  is he t e rogeneous ,  t h e  r e l a t i o n  b e -  
t w e e n  i "  a n d  p is no t  l i nea r .  F u r t h e r ,  i m p u r i t i e s  
a r e  e x p e c t e d  to  c h a n g e  b o t h  t h e  e x c h a n g e  c u r r e n t  
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and  the  Ta fe l  slope.  A s t a t i s t i ca l  ana lys i s  of a se t  
of o v e r p o t e n t i a l  m e a s u r e m e n t s  is no t  jus t i f ied  
t h e r e f o r e  un less  w e  k n o w  in d e t a i l  the  effect of 
impur i t i e s .  W e  chose h e r e  to p r e s e n t  our  r e su l t s  in 
t e r m s  of t y p i c a l  e x p e r i m e n t s .  T h e i r  r e p r o d u c i b i l i t y  
is i l l u s t r a t e d  in  Tab les  I and  II. W e  r e j e c t e d  a b o u t  
15% of our  o b s e r v a t i o n s  because  t h e y  a p p e a r e d  to 
be un re l i ab l e .  The  g r o u n d  for  r e j e c t i o n  in mos t  
cases was  excess ive  d r i f t  of po ten t i a l .  

Discussion 

M e c h a n i s m  o~ t h e  H y d r o g e n  R e a c t i o n  o n  N i c k e l  

T h e r e  is g e n e r a l  a g r e e m e n t  (1, 3, 4, 8, 20) t h a t  
t h e  V o t m e r - T a f e l  m e c h a n i s m  is a p p l i c a b l e  to  n i cke l  
ca thodes .  I t  is a m a t t e r  of d i s p u t e  (3, 20) w h e t h e r  
d i s cha rge  

V l  

H~O + e -~ -H ,d .  + OH- [ I ]  
V2 

or c o m b i n a t i o n  
V3 

H.d. + H.~, ~ H , ( g )  [ I I ]  
V4 

a r e  r a t e  d e t e r m i n i n g  

The  s i m p l e s t  k ine t i c  equa t ions  fo r  t he  V o l m e r -  
Tafe l  m e c h a n i s m  a re  (8, 14-18) 

d [ O H - ] / d t - - - -  v~ = k~ ( 1 - - 8 )  : k r  e -~" (1 ~ ~) [3a ]  

v~ = k~# = k~ ~ eP" 8 [3b]  

d [ H ~ ] / d t  = v~ = k~~ 8 = [4a]  

v,---- k, ~ ( 1 - - 0 )  2 [45]  

w h e r e  t he  k ' s  a r e  r a t e  cons tan t s  in  e l ec t r i ca l  un i t s  
( a m p / c m ' )  a n d  B is t he  f r a c t i o n a l  d e g r e e  of h y d r o -  
gen  adso rp t ion .  In  w r i t i n g  Eq. [3]  and  [4]  t he  
e l ec t rode  su r f ace  is a s s u m e d  to be  homogeneous .  
The  ~k~-potential effect  is a lso  neg lec ted .  

E q u a t i o n s  [3]  and  [4]  can  be  used  to  d e t e r m i n e  
8 as a func t ion  of ~ (18) .  These  equa t ions  also g ive  
t he  ne t  ca thod ic  cu r r en t ,  (i,)~,p,, as 

( i . )  ,pp, = k~ ~ (1 - -  S) e - "  - -  k~ ~ 8 e p" [5]  

A t  l a r g e  n e g a t i v e  ~1, Eq. 

(io)o~p, = k ;  (1  

The  n e t  anod ic  c u r r e n t  
l a r g e  pos i t i ve  

[5]  r educes  to 

- - 8 )  e -~ = 2k~ ~ 8 ~ [5a ]  

is o b t a i n e d  s im i l a r l y .  F o r  

(i~).~p, ---- 2k, ~ ( l - - B )  ~ ---- k~~ p" [6]  

I t  is c o n v e n i e n t  a t  th is  po in t  to i n t r o d u c e  the  e x -  
change  c u r r e n t s  for  s teps  [ I ]  and  [ I I ]  w h i c h  a r e  
def ined  b y  

io, : k~ ~ ( I - - 6  ~ ) ---- k / 8  ~ [ 7 a ]  

io,,-=-- 2k~ ~ (B~ - 2k ,  ~ ( 1 - - B ~  2 [7b]  

w h e r e  8 ~ is t he  v a l u e  of 8 a t  v ---- 0. The  r a t i o  T of 
the  e x c h a n g e  c u r r e n t s  is (see  ref .  18) 

io, k=~ ( k l  ~ + k :  ) 
= . = [ 8 ]  

io,~ 2k~ ~ k~ ~ 

The  cons t an t  k4 ~ can  be f o u n d  f r o m  the  anod ic  
c u r v e  p r o v i d e d  c o n c e n t r a t i o n  p o l a r i z a t i o n  does no t  
set  in  be fo re  is r eaches  i ts  l i m i t i n g  va lue .  F i g u r e  4 
g ives  t y p i c a l  anod ic  runs  for  e l ec t rodes  in  t he  
" i n i t i a l "  and  " s t e a d y "  s ta tes .  The  l i m i t i n g  anod ic  
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Fig. 4. Anodic polarization curves with electrodes in the initial 
state (a) and the steady state (b). The arrows indicate that the 
potential drifts to more positive values at the current densities 
shown. The limiting current with electrodes in the initial state is 
sensitive to stirring by hydrogen; it is a diffusion-limited current. 
The rate of gas flow was the same in (a) and (b). Overpotential 
in volts. 

c u r r e n t  w i t h  e l ec t rodes  in  t he  i n i t i a l  s t a t e  is sens i -  
t ive  to t he  r a t e  of s t i r r i n g  b y  h y d r o g e n ;  i t  a p p e a r s  
t h e r e f o r e  to be  a d i f fus ion cu r ren t .  H o w e v e r ,  w i t h  
e l ec t rodes  in t he  s t e a d y  s t a t e  and  for  t h e  s ame  
h y d r o g e n  flow, t he  l i m i t i n g  anodic  c u r r e n t  is an  
o r d e r  of m a g n i t u d e  less. C o n c e n t r a t i o n  p o l a r i z a t i o n  
m a y  be  n e g l e c t e d  in  th is  case;  t h e  anodic  o v e r p o -  
t e n t i a l  is an  a c t i v a t i o n  o v e r p o t e n t i a l  and  is g iven  
b y  Eq. [6] .  The  l i m i t i n g  anod ic  c u r r e n t  is g iven  b y  
Eq. [6]  w h e n  we  set  8 = 0. I t  is 

(io) ,,~ = 2k, ~ [9]  

In  the  p a r t i c u l a r  case  s h o w n  in  Fig.  5, k, ~ ---- 7 • 
10 -~ a m p / c m  ~. As  s h o w n  be low,  k, ~ is u se fu l  in d e -  
t e r m i n i n g  % 

E x c h a n g e  C u r r e n t  

E x c h a n g e  c u r r e n t s  g iven  in  Tab les  I a n d  I I  a r e  
10 to 50 t imes  those  r e p o r t e d  b y  o the r s  ( 1 - 4 ) .  This  
is a t t r i b u t e d  to  t h e  d i f fe ren t  e l ec t rode  p r e t r e a t m e n t  
used  here .  E l e c t rode s  p r o d u c e d  b y  c a t h o d i c a l l y  ac -  
t i v a t i n g  a s u r f a c e  f o r m e d  u n d e r  h i g h l y  ox id i z ing  
cond i t ions  a r e  less l i k e l y  to  be  c o n t a m i n a t e d  t h a n  
e l ec t rodes  t r e a t e d  in a n y  of t he  c o n v e n t i o n a l  ways ,  
e.g. ,  b y  h e a t i n g  in h y d r o g e n  a t  400~176 (1, 3) .  
The  l a r g e  e x c h a n g e  c u r r e n t  f o u n d  h e r e  is no t  
c aused  b y  a h igh  r o u g h n e s s  fac to r  as w e  have  
s h o w n  a l r e a d y  (12) .  

A r e c e n t  s t u d y  of t he  h y d r o g e n  r e a c t i o n  on p l a t i -  
n u m  c o r r o b o r a t e s  our  f inding  t h a t  e l ec t rode  s u r -  
faces  p r e p a r e d  in  th is  w a y  a re  to  be  p r e f e r r e d .  
T h e  e x c h a n g e  c u r r e n t  on p l a t i n u m  c l e a ne d  in  c h r o -  
mic  p lus  su l fu r i c  ac id  is t i m e  i n d e p e n d e n t  and  abou t  
2.5 t i m e s  t ha t  for  " f r e s h "  e l ec t rodes  p r e p a r e d  in  
o t h e r  w a y s  (13) .  I t  shou ld  be  no ted  also t he  D e v a -  
n a t h a n  and  S e l v a r a t n a m  (8) w o r k i n g  w i t h  n i cke l  in  
2N N a O H  and  us ing  a n o d i c - c a t h o d i c  cycl ing,  a p r o -  
c e d u r e  also used  here ,  f o u n d  an  e x c h a n g e  c u r r e n t  
of 10-" a m p / c m  2 and  a Ta fe l  s lope  of 0.095v. These  
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p a r a m e t e r s  a r e  in  good a g r e e m e n t  w i t h  our  s t e a d y  
s t a t e  r e su l t s  (Tab le s  I, I I ) .  

The  su r f ace  s t a t e  of n i cke l  in a l k a l i n e  so lu t ion  
a p p a r e n t l y  va r i e s  c o n s i d e r a b l y  w i t h  e l ec t rode  p r e -  
p a r a t i o n  and  p r e t r e a t m e n t .  The  p r e s e n t  w o r k  shows  
t ha t  a t  l eas t  two  s ta tes  can  be  d i f f e ren t i a t ed .  I n  t h e  
" i n i t i a l "  s t a t e  h y d r o g e n  is e x t e n s i v e l y  adso rbed .  
H y d r o g e n  is a d s o r b e d  to a m u c h  s m a l l e r  e x t e n t  in  
t he  s t e a d y  s ta te .  These  i n f e r ences  a r e  b a s e d  m a i n l y  
on anod ic  p o l a r i z a t i o n  s tud ies  w h i c h  a r e  p r e s e n t e d  
and  d i scussed  be low.  

The  f r a c t i o n a l  c o v e r a g e  of n i cke l  ca thodes  b y  a d -  
so rbed  h y d r o g e n  in 2N N a O H  was  d e t e r m i n e d  r e -  
c e n t l y  b y  an  anodic  pu l s i ng  t e c h n i q u e  (8 ) .  The  e lec -  
t rodes  w e r e  s u b j e c t e d  to a n o d i c - c a t h o d i c  cyc l ing  in 
the  course  of t he  m e a s u r e m e n t s .  These  r e su l t s  r e f e r  
t h e r e f o r e  to our  s t e a d y  s t a t e  p o l a r i z a t i o n  runs .  A c -  
co rd ing  to th is  s t u d y  (8)  ~ is p r o p o r t i o n a l  to io and  
log [ i o / ( 1 - - 0 ) ]  to ~ as  d e m a n d e d  b y  Eq. [5a]  w i t h  
k~ = 1.0 • 10 ~ a n d  k~ = 3.2 X 10 ~ a m p / c m t  Us ing  
Eq. [Ta] and  [6]  and  t h e  e x p e r i m e n t a l  v a l u e  of 
8 ~ = 0.04 g iven  in  ( 8 ) , i t  is f o u n d  t h a t  k~ ~ = 2.4 • 10-' 
and  k, ~ = 5.5 • 10 -~ a m p / c m t  W i t h  these  v a l u e s  of 
k 's  Eq. [3]  and  [4]  g ive  8 = 0(~) in  good a g r e e m e n t  
w i th  e x p e r i m e n t .  

On the  bas i s  of t he  a b o v e  r e su l t s  i t  was  conc luded  
in ref .  (8)  t h a t  d i s c h a r g e  of w a t e r  mo lecu le s  w a s  t he  
s low s tep  in t h e  h y d r o g e n  reac t ion .  Th is  conc lus ion  
was b a s e d  on a c o m p a r s i o n  of the  k cons tan t s  and  on  
t h e i r  d e t e r m i n a t i o n  of a s t o i ch iome t r i c  n u m b e r  of 2. 
H o w e v e r ,  t he  r e l e v a n t  q u a n t i t i e s  a r e  io, a n d  i~  
r a t h e r  t h a n  the  r a t e  cons tan t s  (18) .  Moreove r ,  t he  
u s u a l  w a y  of d e t e r m i n i n g  s to i ch iome t r i c  n u m b e r s  
y i e lds  a m b i g u o u s  quan t i t i e s  w h i c h  a r e  not  neces -  
s a r i l y  d i agnos t i c  of the  m e c h a n i s m  (18) .  The  d a t a  
g iven  in  ref .  (8)  a c t u a l l y  show t h a t  T = ioi/ioH 

1, i .e . ,  t h a t  t he  r a t e s  of t he  d i s c h a r g e  and  c o m b i n a -  
t ion  r e a c t i o n s  a r e  t he  s ame  at  e q u i l i b r i u m ?  

D e v a n a t h a n  and  S e l v a r a t n a m ' s  (8)  Ta fe l  l ines  
a r e  in  good a g r e e m e n t  w i t h  ou r  s t e a d y - s t a t e  r e -  
sults .  F u r t h e r ,  k ,  ~ d e t e r m i n e d  f r o m  the  anod ic  p o -  
l a r i z a t i o n  c u r v e  ag ree s  w e l l  w i t h  t he  v a l u e  c a l c u -  
l a t e d  f r o m  8 ~ a n d  k l  g iven  in  ref .  (8 ) .  The re fo re ,  
i t  m a y  be  a s s u m e d  w i t h  some  conf idence  t h a t  for  e l ec -  
t r odes  in  t h e  s t e a d y  s t a t e  0 ~ is of  t h e  o r d e r  f o u n d  in 
(8 ) ,  i .e . ,  8 ~ ~ 0.05. I f  8 ~ << 1, t h e  e x c h a n g e  c u r -  
r en t s  for  s t eps  I a n d  I I  a r e  

and  

io~ = k~ ~ (1 - - 8  ~ ) --~k~ ~ [10a]  

io.  = 2 k ,  ~ ( 1 - - 8 ~  ~ [10b]  

The  e x c h a n g e  c u r r e n t  io for  t he  o v e r - a l l  r e a c t i o n  
(18) is t h e n  

ioi ioli iol k~ ~ 
io = io~ + ioH T + 1 T + 1 [10c]  

S t o i c h i o m e t r i c  N u m b e r s  

The  t w o  c r i t e r i a  u sed  f r e q u e n t l y  for  i d e n t i f y i n g  
the  m e c h a n i s m  of t he  h y d r o g e n  r e a c t i o n  a r e  t he  

T h e  v a l u e  .y = 1 i s  a l o w e r  l i m i t .  T h e  v a l u e  o f  3, d e p e n d s  o n  0 ~ 
D e v a n a t h a n  a n d  S e l v a r a t n a m  o b t a i n e d  0 ~ b y  a short extrapolation 
f r o m  ~7 ~ - - 1 0  m v  t o  ~ = 0 .  A n y  e r r o r  i n  t h e  e x t r a p o l a t i o n  i s  i n  
t h e  d i r e c t i o n  o f  l a r g e  /ei*.  

s to i ch iome t r i c  n u m b e r  v a n d  the  Ta fe l  slope.  The  
s t o i ch iome t r i c  n u m b e r  is g iven  b y  

v = 2io/ (Oio/O~)  ~:~ [ 11 ] 

w h e r  io is t he  e x c h a n g e  c u r r e n t  for  t he  o v e r - a l l  r e -  
act ion,  i .e . ,  i ts  t o t a l  r a t e  in  t he  f o r w a r d  (or  r e v e r s e )  
d i r ec t i on  at  v = 0. C o m m o n l y ,  io is o b t a i n e d  b y  
e x t r a p o l a t i n g  io f r o m  l a r g e  Ivl to  ~ = o. A n  " e x -  
change  c u r r e n t "  d e t e r m i n e d  in th is  w a y  m a y  or  
m a y  n o t  co inc ide  w i t h  io. To d i f f e r en t i a t e  t he  two,  
we  deno t e  t he  e x t r a p o l a t e d  v a l u e  b y  (io)o~,,. The  
a p p a r e n t  s t o i ch iome t r i c  n u m b e r  v' m a y  n o w  be  d e -  
f ined (14, 15, 18) b y  

v' = 2 ( i o ) , , , , /  (o io /an) , :o  [12]  
C o n s e q u e n t l y  

v' = ~ (io) . . . .  / io  [12a]  

F o r  t he  V o l m e r - T a f e l  m e c h a n i s m ,  v = (y + 2 ) /  
(y  + 1) (18) .  S u b s t i t u t i n g  for  io f r o m  Eq. [10c] 
in to  [12a]  w e  h a v e  

v ' =  ( 7  + 2) (io) . . . .  / io ,  [13]  

I t  has  been  s u g g e s t e d  t h a t  a v a l u e  of 2 (o r  c lose 
to 2) for  t he  s t o i ch iome t r i c  n u m b e r  of t he  h y d r o -  
gen  r e a c t i o n  shows  t h a t  t h e  d i s c h a r g e  s tep  [ I ]  is 
r a t e  d e t e r m i n i n g  in  t h e  V o l m e r - T a f e l  m e c h a n i s m  
(3, 17, 19).  S ince  e x p e r i m e n t a l  va lue s  of t he  s to i -  
c h iome t r i c  n u m b e r  a r e  a lmos t  a l w a y s  a p p a r e n t  
va lues ,  th is  conc lus ion  is no t  v a l i d  f r e q u e n t l y .  The  
d i s t i nc t ion  b e t w e e n  v and  v' is p a r t i c u l a r l y  i m p o r -  
t a n t  w h e n  7 is of t he  o r d e r  of 1. 

The  a p p a r e n t  s t o i ch iome t r i c  n u m b e r  is a r b i t r a r y  
to a c e r t a i n  e x t e n t  s ince  i t  d e p e n d s  on t h e  sec t ion  
of t he  t o t a l  p o l a r i z a t i o n  c u r v e  chosen  for  e x t r a p o -  
la t ion .  The  s igni f icant  p r o b l e m  h e r e  is to  f ind a y 
cons i s t en t  w i t h  the  v a l u e  of  v' a n d  (io)~,,,, r a t h e r  
t h a n  to use  v" as a c r i t e r i o n  for  d e t e r m i n i n g  t h e  
me c ha n i sm .  

, , , , , , , , ,  , , , . . . .  , ,  
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Fig. 5. Overpotential as a function of the total anodic current 
(i~ = i ~  -I- io) for electrodes in the initial state (a) and the 
steady state (b). The Tafel parameters for (a) are b= = 0.120v 
and io = 1.95 • 104 amp/cm! Points for ~1<0 were calculated 
from the corresponding cathodic curve (Fig. 3) for which bo = 
0.120v and io = 1.85 • 10 -~ amp/cm 2. The anodic curve for 
electrodes in the steady state (b) is not a Tafel line since 0 varies 
rapidly in this region. The limiting anodic current for electrodes 
in the steady state is (ia)z~,~ = 2 h  ~ = 1.4 • 10 -5 amp/cmt 
Overpotential in volts. 
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Fig. 6. Tafel plots for a Volmer-Tafel mechanism with "y ~ 0.1, 
| .0,  and 10.0. Surface coverage 0 ~ ~ 0.04 a t  ~1 ~ 0. The constants 
k8 ~ ~-  3.2 X 10 " ~ a m p / c m  ~ and k~ ~ ~ 5.5 • 10 - ~  sare  
those given in ref. (8). The constant k~ ~ varies from 1.0 • 10 "~ 
amp/cm ~ (~/ ~ 0.1) to 1.0 X I 0  -~ (~' ~ 10) while k~ ~ varies 
from 2.4 • 10 -~ amp/cm s ('y ~ 0.1) to 2.4 • 10 -s amp/cm 2 
(q, ~ 10). The overpotential is in units of RT/F (26 my at  30~ 

We consider  first e lectrodes in  the  s teady  state. 
F r o m  Eq. [8] and  [10] 

ia  ---- (2k, ~ ~, [14] 

S u b s t i t u t i n g  Eq. [14] in to  [13] 

v'---- (~/-{-2) (io) .... / 2 7 k ~  ~ [15] 

I n  a typ ica l  case (Fig. 2 and  5),  (Oio/O~?)~=o ob-  
t a ined  f rom a l i nea r  plot  of io vs.  ,~ ([71 < 15 m v ) ,  
was 3.88 • 10 ~ a m p / c m ~ / v  and  (io),, , ,  was  0.93 x 
10 -~ a m p / c m  ~. The  cor respond ing  a p p a r e n t  s toi-  
chiometr ic  n u m b e r  was  1.85. F r o m  the  anodic  
l imi t ing  c u r r e n t  we  have  2k, ~ = 1.4 • 10-5 a m p /  
cm ~. S u b s t i t u t i n g  in  Eq. [15] we  find ~ = 1.1. 

Values  of V for electrodes in  the  s teady  state  
r a n g e d  f rom 1.50 to 2.25, io,, ----- 2k, ~ r a n g e d  f rom 
7 • 10:3 to 1 • 10 ~, a m p / c m  ~, and  y f rom 0.8 to 1.3. 

The  a p p a r e n t  s to ichiometr ic  n u m b e r  for elec- 
t rodes in  the  in i t i a l  s ta te  was  b e t w e e n  1.8 a n d  3.0 
The va lue  of 2k ,  ~ is no t  k n o w n  in  this  case since the  
anodic  l i m i t i n g  c u r r e n t  was  a diffusion cur ren t .  
However ,  we  can  wr i t e  

2k, ~ > (i~) 

where  (i,)~ is the  d i f fus ion- l imi ted  anodic  c u r r e n t  
densi ty .  In  a typ ica l  case V was  2.10, io ---- 1.85 • 
10 -~ a m p / c m  ~, and  2k,  ~ > 10-' a m p / c m  ~ (Fig. 4).  Us-  
ing Eq. [15] we  find ~, < 0.18. The  uppe r  b o u n d  of 

ca lcu la ted  according to Eq. [15] for e lectrodes in  
the  in i t i a l  s ta te  was  0.2. 

A n  ex tens ive  discuss ion of the  s to ichiometr ic  
n u m b e r  of the  h y d r o g e n  reac t ion  on n icke l  elec-  
trodes was  g iven  by  Hor iu t i  and  S u g a w a r a  (20) .  
The  d i s t inc t ion  made  here  b e t w e e n  v and  v' a m p l i -  

Table Ill. Kinetic parameters of the hydrogen reaction on nickel 

O . 1 N  N a O H  a t  3 0 ~  

Initial s t a t e  Steady state 

(/o) o,t,, amp/cm 2 2.5 • I0 -~ 1.0 • 10 -s 
b, v 0.125 0.090 
v' 2.0 • 0.23* 1.8 • 0.15"* 
(iD ,,,~, amp/cm ~ (i~) ~ ~-- 1 • 10-' < 2k~ ~ 2k, ~ ~ 10 -~ 

<0.2 ,~1.1 

* Average of I0 determinations. 
** Average of 8 determinations. 

ties their argument and demonstrates that v' ~ 2 is 
consistent with a Volmer-Tafel mechanism for 

which ~, --- 1. 
Table III summarizes in terms of b, v', and ~, the 

distinction made previously between the initial and 
the steady state of nickel electrodes. Typical Tafel 
slopes and exchange currents are given rather than 
average values for the reasons discussed previously. 

However, mean values of r' may be computed and 
these are given in Table III. 

T a f e l  S lopes  

I t  is a p p a r e n t  f rom Tab le  I I I  tha t  the  d ischarge  
step is r a t e  d e t e r m i n i n g  for electrodes in  the  in i t i a l  
s ta te  whi le  for e lectrodes in  the  s teady  s ta te  the re  
is no r a t e - d e t e r m i n i n g  step, i.e., the  exchange  cu r -  
r en t s  for d ischarge  and  c o m b i n a t i o n  are about  
equal .  

The cathodic po la r iza t ion  cu rve  on electrodes in  
the  in i t i a l  s ta te  is g iven  by  Eq. [5a] .  If io,, > >  io,, 
the change  wi th  ~? of the  p r e - e x p o n e n t i a l  t e r m  is 
neg l ig ib le  w i t h  respect  to e -=~. The  pola r iza t ion  curve  
approaches  

i o ~ k 1 e -=~ 

The  Tafe l  slope gives d i rec t ly  the  va lue  of ~. Wi th  
electrodes in  the  in i t i a l  s tate  a was  b e t w e e n  0.45 
and  0.55. 

The  va l ue  of 9 ~ for e lectrodes  in  the  in i t i a l  s tate  
is no t  known.  If  the  specific r a t e  of the  c o m b i n a -  
t ion  reac t ion  is the  same as for electrodes in  the  
s teady  state,  i.e., k3 ~ ,-~ 3 • 10 -~ a m p / c m  ~, t h e n  f rom 

io,, = 2k~ ~ (8~ ~ > 2 • 10-' a m p / c m  ~ 

we es t imate  8 ~ > 0.2. I t  is p robab le  tha t  k~ ~ is less 
for e lectrodes in  the  in i t i a l  s ta te  since the  (specific) 
r a t e  of sur face  c o m b i n a t i o n  of h y d r o g e n  atoms is 
expected  to decrease  as the  ene rgy  of adsorp t ion  
increases.  Consequen t ly ,  the  lower  l imi t  of 6 o is 
p r o b a b l y  cons ide rab ly  h igher  t h a n  0.2. 

The  po la r iza t ion  cu rve  for e lectrodes  in  the  
s teady state  is g iven  also by  Eq. [5a].  The  va r i a t i on  
of the  p r e - e x p o n e n t i a l  t e r m  can be es t imated  in  
this  case f rom the  da ta  g iven  in  ref. (8) .  We find 
over  the  r ange  2 < ]'71 < 8 

( 1 - - 8 )  N (const . )  exp ( §  0.067) 

A plot  of log io vs.  "7 should  be a p p r o x i m a t e l y  
l i nea r  over  the  r a nge  '7 = --0.050 to '7 = --0.200 m v  
(see also be low)  w i th  a slope - -  (~ - -  0.06). The  
t r ans f e r  coefficient ca lcu la ted  in  this  w a y  for elec- 
t rodes  in  the  s teady state  (Tables  I a nd  II)  is 
b e t w e e n  0.69 and  0.73. D e v a n a t h a n  and  S e l v a r a t -  
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nam (8) found a ----- 0.67 (at  27~ by  plot t ing log 
[ z o / ( 1 - - 8 ) ]  vs. ~. 

Surface States 

Since nickel  adsorbs hydrogen  ex tens ive ly  (21), 
we expect  ~~ to approach un i ty  at  1 arm of H2. The 
f ract ional  coverage for electrodes in the ini t ia l  s tate 
is at  least  0.2 and m a y  be considerably  higher.  
However ,  4~ is only 0.05 in the  s teady  state. The de-  
crease in hydrogen  adsorpt ion implies  tha t  water ,  
hydroxyl ,  or oxygen are adsorbed extens ive ly  upon 
cycling. I t  is doubtful  tha t  wa te r  adsorpt ion would 
be increased significantly at  posi t ive potentials .  I t  
is also doubtful  tha t  wa te r  would produce,  under  
any circumstances,  a large  change in hydrogen ad-  
sorption. 

I t  is difficult to say which of the remaining  two 
possibil i t ies is more l ikely.  H y d r o x y l  ion adsorpt ion 
p robab ly  takes place. The ra te  and extent  of its ad-  
sorpt ion must  be apprec iab ly  increased at  posit ive 
potentials .  However,  hyd roxy l  ion should be de-  
sorbed at  negat ive  potent ia ls  wi th  a r e tu rn  to the 
" ini t ia l"  state. This is not observed. A resolut ion of 
this contradict ion is possible if the f ree  energy  of ad-  
sorpt ion of hyd roxy l  ion is l a rger  than about  20 
kca l /mole .  Its desorpt ion in the negat ive  potent ia l  
region t r aversed  on cathodic polar izat ion may  be 
re la t ive ly  small  under  these circumstances.  

An oxide is p robab ly  formed dur ing the anodic 
pa r t  of the cycle. Under  normal  circumstances,  one 
expects  this oxide to be reduced on cathodic polar i -  
zation. The electrode capaci ty  (8) is normal  (20 # f /  
cm~). Therefore,  an oxide of the  usual  t ype  is not  
present .  However,  a thin, conducting nickel  oxide 
may  be s table  even on cathodic polarizat ion.  Its con- 
t r ibu t ion  to the to ta l  electrode capaci ty  would be 
negl igible  if it  were  an electronic conductor.  

In any case, the  electrode surface is modified by  
the first anodic-cathodic  cycle so tha t  the  energy 
of adsorpt ion for hydrogen  decreases. The increase of 
the t ransfe r  coefficient f rom about  0.5 to 0.7 is 
p robab ly  a resul t  of the change in the hydrogen  
adsorpt ion energy.  

There are severa l  theoret ica l  in te rpre ta t ions  of 
the coefficient ~, none of which is en t i re ly  sat isfac-  
to ry  (11). In the common represen ta t ion  of elec-  
t rode react ions in te rms of ene rgy- reac t ion  co- 
ord ina te  d iagrams a is given by  the slopes of the 
potent ia l  curves for  the ini t ia l  and final states at  
thei r  point  of in tersect ion (22-24).  Al though an 
increase of a can be in te rp re ted  in a va r i e ty  of 
ways  wi th  this  theory  (24, 25), the most p robab le  
in te rp re ta t ion  is tha t  the heat  of adsorpt ion of hy -  
drogen decreases. For  example,  in the calculat ion 
cited above (25) for discharge of hydrogen  ion on 
nickel,  a decrease of the  hea t  of adsorpt ion  by  about  
10 kcal  would shift  a f rom 0.5 to 0.7. The calculat ion 
(25) assumes tha t  the curve for  the final s ta te  is 
displaced ver t i ca l ly  wi thout  changing its shape and 
tha t  no d isplacement  takes  place along the react ion 
co-ordinate .  Since both assumptions are  doubtful ,  it  
can only be said tha t  an increase of a is consistent  
wi th  a decrease of the energy of adsorpt ion of 
hydrogen.  

I t  should be pointed out tha t  the t rans i t ion  f rom 
"ini t ia l"  to s teady state is unre la ted  to the  a t t a in -  
ment  of any possible equi l ib r ium be tween  adsorbed 
hydrogen  and hydrogen  dissolved in the  metal .  The 
t rans i t ion  is induced by  anodic polarizat ion.  Posi-  
t ive potent ia ls  cer ta in ly  do not  promote  dissolution 
of hydrogen  into nickel.  

High Current Densities and the Shape oi the 
Overpotential Curves 

The cathodic current  is a s imple exponent ia l  
funct ion of the overpoten t ia l  in the Volmer -Tafe l  
mechanism only if 7 > >  1 or ~ < <  1. In both cases, 
8 is sensibly constant  over severa l  hundred  mi l l i -  
volts and the Tafel  plot  is l inear.  If ~, is be tween 
approx imate ly  0.1 and 10, the  re la t ion  be tween  ic 
and ~ is complicated by  the t e rm ( 1 - - 8 )  in Eq. 
[5a].  The Tafel  plot  is now l inear  at  large  I~l; it  
may  be l inear  also at modera te  ]~[ (i.e., --50 to 
--200 mv) ,  but  wi th  a smal ler  slope, if the  k 's  are 
such tha t  Eq. [4] approximates  a s imple exponen-  
t ia l  re la t ion be tween 8 and ~. The two l inear  par t s  
are jo ined by a curved section. 

To make the above r emarks  specific, let  us con- 
sider  the case ~, = 1 using repor ted  (8) ra te  constants.  
A plot  of log 8, ca lcula ted f rom Eq. [3] and [4], 
agains t  ~7 is l inear  in the  in te rva l  ~ ---- 0 to ~ ---- --7 
(--180 mv)  ; approx imate ly ,  8 ---- O ~ e -~ in this range  
of '7 (18). We find f rom Eq. [5a] tha t  i~ = (io)~,,  
e -~ which yields a l inear  Tafel  plot  wi th  an ap-  
pa ren t  ~ ---- 0.62. Deviat ions f rom l inea r i ty  in the  
direct ion of l a rger  [~1 for a given i~ appear  at  l a rger  
overpotent ia ls .  Calcula ted Tafel  plots for ~, = 0.1, 1, 
and 10 are  shown in Fig. 6. 

There  are also exper imenta l  sources of deviat ion 
f rom l inear i ty  at  high current  densit ies which make 
it impossible  f requent ly  to observe the second l inear  
section. The potent ia l  measured  wi th  the direct  
method includes a back emf produced by  concen- 
t ra t ion  changes in the solution next  to the  elec-  
trode. I t  includes also an iR potent ia l  drop in the  
solution be tween electrode and t ip of the Luggin 
capi l lary.  Both er rors  are  in the direct ion of l a rge r  
]~[ and both become apprec iable  at about  2 X 10 -~ 
a m p / c m  ~ in 0.1N NaOH. Therefore,  a t  high cur-  
ren t  densit ies we expect  deviat ions f rom Tafel  be -  
havior  in the direct ion of l a rger  [vl both because of 
the s t ruc ture  of Eq. [3-6] and because of concen- 
t ra t ion  and ohmic overvoltages.  

The devia t ions  observed at  cur ren t  densi t ies  
l a rger  than  1 • 10 -~ a m p / c m  ~ were  ac tua l ly  in the  
opposite direction,  i.e., toward  smal ler  lwi for given 
~. For  electrodes in the ini t ia l  state, the deviat ions 
suggested a t rans i t ion  to another  Tafel  slope wi th  
smal ler  b. Deviat ions observed wi th  electrodes in 
the s teady state were  s imi lar  but  smal ler  and ap-  
pea red  at  even higher  cur rent  densities.  Because 
of the  exper imen ta l  errors  inherent  in the direct  
method of measurement  of ~ at  high cur ren t  densi-  
ties, no a t t empt  was made to s tudy this potent ia l  
region in detail .  The resul ts  a t  high cur ren t  densi t ies  
suggest never theless  tha t  the kinet ic  equations for 
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hydrogen  evolut ion on these electrodes are modi -  
fied e i ther  by  the emergence  of an a l t e rna t ive  pa th  
or by  changes in the energy of hydrogen  adsorpt ion 
at  high coverages. 

Conclusions 
The surface state of nickel  electrodes in 0.1N 

NaOH depends on thei r  p r e t r ea tmen t  and polar iza-  
t ion his tory;  it  de termines  the kinet ics  of the hy -  
drogen reaction. If the f rac t ional  coverage with  
adsorbed (atomic)  hydrogen  at  ~ = 0 is high, the  
discharge step is slow and ra te  determining.  If  the  
f ract ional  coverage is small,  the exchange rates  for 
discharge and combinat ion are about  equal  and 
there  is no single r a t e -de t e rmin ing  step. 
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Technica  Notes 

An All-Teflon Electrochemical Cell Assembly 
J. L. Weininger and W. R. Grams 

Research Laboratory, General Electric Company, Schenectady, New York  

In e lectrochemical  studies improved  ins t rumen-  
ta t ion and exper imenta l  techniques requi re  a cor-  
responding improvemen t  in cell design. This note 
describes an al l-Teflon cell in which the e lect rolyte  
sa tu ra ted  wi th  an iner t  ca r r ie r  gas is c i rcula ted 
pas t  the  electrodes.  

It is now recognized tha t  electrodes and e lec t ro-  
ly te  should only be exposed to each other  and to 
iner t  container  mater ia l .  Such iner t  mater ia l s  are 
Py rex  glass and f luorinated plastics,  e.g., Teflon. 
Each has dist inct  advantages.  P y r e x  glass can be 
blown easily, and cells made  wi th  it are assembled 
f rom in te rchangeable  commercia l  parts .  I t  is t r ans -  
pa ren t  and chemical ly  iner t  to most solutions, con- 
cent ra ted  a lkal i  being an impor tan t  exception. On 
the other  hand, Teflon is r ead i ly  machined from 

avai lab le  stock and is quite inert .  I t  has the dis-  
advan tage  of flowing under  mechanical  pressure  so 
that  blocks of Teflon, pa r t i cu l a r ly  wi th  machined 
threads,  deform on being bol ted together.  I t  was 
found, however,  tha t  this could be avoided by  using 
pipe th reads  ins tead of machine threads,  and by  
the addi t ion of a s imple embossing on Teflon par t s  
that  are to be bolted. These two improvements  have 
been incorpora ted  in the construct ion of the fol low- 
ing Teflon cell. 

F igure  1 is a schematic  of the assembly,  which 
consists of the cell  in the center,  an impel le r  and 
its housing on the left,  and a Teflon U- tube  to the  
r ight .  The e lect rolyte  is c i rculated through this as-  
sembly in a counter -c lockwise  direction. In the 
d rawing  the cross-ha tched par t s  are made of Teflon, 
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Fig. 1. Schematic of Teflon cell assembly 

as is t he  r o t a t i n g  impe l l e r ,  i ts  shaf t ,  and  the  h y d r o -  
gen  e l ec t rode  in t he  b a c k g r o u n d  of t he  cell .  The  
r e m a i n i n g  p a r t s  a r e  b o l t e d  b r a s s  p la tes .  A l l  l i q u i d -  
sea l ing  t h r e a d s  a r e  p ipe  th reads .  

The  impe l l e r ,  A,  is a flat  p a d d l e  w h i c h  ro t a t e s  
w i th  r e a s o n a b l y  close t o l e r a n c e  in  i ts  hous ing ,  B. 
The  ou t l e t  t ube  is off d i a m e t e r  w i t h  r e spec t  to  t h e  
i m p e l l e r  so t ha t  a p u s h i n g  or  sw ip ing  mo t ion  of t he  
l iqu id  in to  t he  t u b e  l e ad ing  to the  cel l  is ach ieved .  
The  i m p e l l e r  shaf t  is r e i n f o r c e d  i n t e r n a l l y  w i t h  a 
s tee l  rod,  C. The  b o t t o m  end  of t he  shaf t  is s ea t ed  
in the  hous ing  l ike  a bea r ing ,  D, and  in t he  c y l i n d e r  
at  the  top  i t  is c a p p e d  w i t h  a Teflon piece,  E, t hus  
p r o v i d i n g  s e l f - l u b r i c a t i o n .  Oppos ing  t h r e a d s  gu ide  
the  gas  w h i c h  can  be  b u b b l e d  t h r o u g h  the  so lu t ion .  
The  r i g h t - h a n d  t h r e a d  on the  l o w e r  p a r t  of t he  
sha f t  i n t roduces  f r e sh  gas  e.g., i ne r t  a rgon ,  f r o m  t u b e  
F t h r o u g h  the  po rous  Teflon p lug  G, in to  the  c i r -  
cu l a t i ng  e l e c t r o l y t e  s t r eam.  A t  t he  end  of a s ingle  
pass  gas  bubb l e s  a r e  r e j e c t e d  b y  the  l e f t - h a n d  
t h r e a d  of t he  u p p e r  p a r t  of t he  sha f t  t h r o u g h  the  
hole,  H, in t he  c y l i n d e r  cap. The  p lug ,  G, can  also 
be  b y p a s s e d  b y  the  hole,  I. 

The  U - b e n d  on the  r i g h t  consis ts  of t h r e e  Teflon 
pieces  bo l t ed  b e t w e e n  b ra s s  p la tes .  T h e y  a re  eas i ly  
s e p a r a t e d  in o r d e r  to m a k e  the  cel l  i t se l f  r e a d i l y  
accessible .  The  m e t h o d  of emboss ing  these  pieces,  
m e n t i o n e d  above ,  is shown  in an  inset .  I t  i t  a lso 
used  to m a k e  the  i m p e l l e r  hous ing  and  the  cel l  
p r e s s u r e - t i g h t .  

The  cell ,  shown  in de t a i l  in  Fig .  2, also consis ts  
of t h r e e  Teflon pieces,  t he  t es t  e l e c t r o d e  J '  in J,  the  
c o u n t e r - e l e c t r o d e  K '  in K, and  the  space r  L. The  
l a t t e r  def ines  t he  cel l  v o l u m e  (3.2 cm *) by  s e p a -  
r a t i n g  the  e l ec t rodes  a n d  also p r o v i d e s  access  to  
the  o the r  e lec t rodes .  T h e r e  is a hous ing  M for  a 
r e f e r e n c e  e l ec t rode  connec t ed  to t he  cel l  b y  t h e  
L u g g i n  c a p i l l a r y  N. A h y d r o g e n  e l ec t rode  is shown,  
bu t  a n y  o the r  s t a n d a r d  e l ec t rode  can be  used.  
E l ec t rode  O shows  the  p o s s i b i l i t y  of i n t r o d u c i n g  
o t h e r  e lec t rodes .  Speci f ica l ly ,  O is a p a l l a d i u m  w i r e  
used  for  c a p a c i t y  m e a s u r e m e n t s .  Tes t  and  c oun t e r  
e lec t rodes ,  e.g., a s ing le  c r y s t a l  of n i c k e l  and  a 
p l a t i n u m  foi l  l a t e r  to be  p l a t i n i zed ,  m u s t  be  i n -  
s e r t e d  in to  the  Teflon p ieces  J and  K w i t h o u t  a l -  
l owing  the  e l e c t r o l y t e  to come in con tac t  w i t h  t he  
leads  P. In  th is  r e spec t  a s imp le  p r e s s u r e - f i t  is no t  

iH2 

K I 

Fig. 2. Teflon cell with reference electrode 

c o m p l e t e l y  sa t i s f ac to ry .  Ins tead ,  a s h o u l d e r  is m a -  
ch ined  into  t he  Teflon p iece  w i t h  close l a t e r a l  t o l e r -  
ance,  and  a hole  is d r i l l e d  and  t a p p e d  t h r o u g h  it. 
W h i l e  t he  e l e c t r o d e  m a t e r i a l  res t s  on th is  shou lde r ,  
the  ho le  is f i l led w i t h  a t h e r m o s e t t i n g  p la s t i c  
( e p o x i d e  at  r oom t e m p e r a t u r e )  to i m p a r t  r i g i d i t y  
to t he  e l ec t rode  a s sembly .  The  e pox ide  Q is no t  
t h r e a d e d  into  t he  Teflon, b u t  t he  t h r e a d s  a r e  neces -  
s a r y  to ensu re  good a d h e s i o n  b e t w e e n  Teflon and  
epoxide .  

This  cons t ruc t i on  r e s u l t e d  in  an  e l e c t r o d e - m o u n t  
w i t h o u t  c r e e p a g e  of e l ec t ro ly t e .  This  was  p r e v e n t e d  
b y  the  des ign  of the  s h o u l d e r  ( J '  and  K '  in  Fig .  2) 
as we l l  as the  e p o x i d e  p r o t e c t i o n  of t h e  l e a d  wi re .  
In  an e x p e r i m e n t  w i t h  a n i c k e l  e l ec t rode  u n d e r  
co r ros ive  a t t a c k  the  l e ad  w i r e  d id  no t  come in con-  
t ac t  w i th  t he  e l e c t r o l y t e  un t i l  t he  e l ec t rode  was  
consumed .  

The  to t a l  v o l u m e  of t he  a s s e m b l y  is d i s t r i b u t e d  
thus :  50 cm 3 in the  i m p e l l e r  r e se rvo i r ,  3.2 cm ~ in  
t he  cel l  i tself ,  a n d  15 cm ~ in the  tub ing .  The  i m -  
p e l l e r  is o r d i n a r i l y  r o t a t e d  at  400 rpm,  w h i c h  p r o -  
pe ls  t h e  l i qu id  a t  a b o u t  50 c m/ se c ,  b u t  h i g h e r  
speeds  of r o t a t i o n  can be  used.  

In  s u m m a r y ,  t he  des ign  of an  e l e c t r o c h e m i c a l  
cel l  is shown  which ,  in  a d d i t i o n  to t he  e l ec t rode  
ma te r i a l s ,  con ta ins  on ly  Teflon. A l l  Teflon p a r t s  a r e  
m a c h i n e d  f rom s imp le  s tock  a n d  tubes .  F r o m  t h e  
e x p e r i m e n t a l  po in t  of v i ew  the  cel l  has  t he  a d v a n -  
t age  of a r a p i d l y  c i r cu l a t i ng  e l e c t r o l y t e  s a t u r a t e d  
w i th  a n y  de s i r e d  gas. The  s t r e a m  of e l e c t r o l y t e  is 
p a r a l l e l  to t he  e l ec t rode  sur faces .  O n l y  a sma l l  
v o l u m e  of e l ec t ro ly t e ,  i so l a t ed  f rom t h e  s u r r o u n d -  
ing, is used.  The  cel l  also p r o v i d e s  for  a s y m m e t r i -  
cal  f ield b e t w e e n  tes t  e l ec t rode  and  c oun t e r  e l ec -  
t rode ,  and  for  close p r o x i m i t y  to the  L u g g i n  cap i l -  
l a ry .  W e  a r e  us ing  i t  for  t he  s t u d y  of e l ec t rode  
r eac t ions  at  s ingle  c r y s t a l  sur faces ,  as we l l  as m o r e  
c o n v e n t i o n a l  e l ec t rode  ma te r i a l s .  
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In  connec t ion  w i t h  a r e s e a r c h  p r o g r a m  on the  
d u c t i l i t y  of c h r o m i u m  a n d  i ts  d e v e l o p m e n t  as a 
h i g h - t e m p e r a t u r e  r e s i s t a n t  m a t e r i a l  ( 1 -3 ) ,  a p i lo t  
p l a n t  (4)  has  been  in  o p e r a t i o n  for  some y e a r s  
p r o d u c i n g  h i g h - p u r i t y  c h r o m i u m  at  the  r a t e  of a p -  
p r o x i m a t e l y  1 k g / d a y .  Va r ious  modi f ica t ions  (4)  
h a v e  b e e n  m a d e  to t he  p l a n t  to  i m p r o v e  the  p u r i t y  
of t h e  c h r o m i u m ,  and  th is  no te  r e f e r s  spec i f ica l ly  to 
t he  i n t r o d u c t i o n  of a p a l l a d i u m  anode ,  des igned  to 
avo id  t in  c o n t a m i n a t i o n  of t he  c h r o m i u m ,  a n d  i ts  
s u b s e q u e n t  effects  on the  ca thode  c u r r e n t  efficiency. 

W h e n  the  first  p a l l a d i u m  a n o d e  was  r e c e i v e d  the  
e x p e r i m e n t a l  a r r a n g e m e n t  was  b r ie f ly  as fo l lows;  
a h i g h - d e n s i t y  p o l y e t h y l e n e  p l a t i n g  t a n k  (55 l i t e r s  
of so lu t i on ) ,  a P b / 7 %  Sn  a n o d e  and  a c o p p e r - t u b e  
ca thode .  This  a n o d e  was  f irst  u sed  in  a b a t h  w h i c h  
h a d  been  o p e r a t e d  for  some t i m e  w i t h  t he  P b / 7 %  
Sn anode;  t h e  ca thode  c u r r e n t  efficiencies o b t a i n e d  
for  a p e r i o d  be fo re  and  i m m e d i a t e l y  a f t e r  i ts  i n t r o -  
duc t ion  a r e  g iven  in  T a b l e  I. 

When ,  h o w e v e r ,  t he  p a l l a d i u m  a n o d e  was  used  
in a f r e s h l y  p r e p a r e d  ba th ,  m a d e  n e c e s s a r y  b y  the  
f a i l u r e  of t he  p o l y e t h y l e n e  t ank ,  t h e r e  was  a s e r i -  
ous dec rea se  in  t he  eff iciency a f t e r  on ly  a few runs ,  
as s h o w n  in Tab le  II ,  t he  compos i t i on  and  c o n d i -  
t ions  be ing  e x a c t l y  as  d e s c r i b e d  in  Tab le  I. Assoc i -  
a t ed  w i t h  th is  fa l l  off in  efficiency was  a p r o -  
n o u n c e d  inc rea se  in  t he  r e s i s t ance  of the  b a t h  a n d  
an  i nc rea se  a lso  in  i ts  t r i v a l e n t  c h r o m i u m  conten t .  
This  f a l l  off in  efficiency in  t he  n e w  b a t h  m a y  h a v e  
been  d u e  to one or  m o r e  of  the  fo l l owing  fac to r s :  

Table I. Cathode current efficiencies 

Solution composi t ion:  250 g/1 CrOs; 5 g/1 H F  

Conditions: 90~ 460 amp/ f t . ;  normal  deposition t ime  24 hr; 55 
l i ters  of  solution 

Cathode current efficiency, % 

36, 34, 26, 33, 36, 34, 36, 38, 37. H igh-dens i ty  po lye thy l -  
ene tank;  P b / 7 %  Sn 
anode 

High-dens i ty  po lye thy l -  33, 37, 31, 40, 30, 41, 41, 41, 
ene tank;  Pd  anode 34, 40, 37, 38, 38, 36, 39, 40. 

Table II. Cathode current efficiency with Pd anode in 
fresh|y prepared bath 

Cathode current 
efficiency, % 

30, 28, 25, 15, 14, 13 New solution; H.D. po ly -  
e thy lene  tank ;  Pd  anode 

( a )  the  a bse nc e  of  l e ad  sa l t s  in  t he  n e w  ba th ,  (b )  
the  absence  of PbO~ on the  anode ,  and  (c)  t he  a b -  
sence  of t in  sal ts .  

The  r e su l t s  of t he  i n v e s t i g a t i o n  of fac to rs  (a )  and  
(b )  a r e  g iven  in T a b l e  III .  These  e x p e r i m e n t s  w e r e  
c a r r i e d  ou t  in  a 10 - l i t e r  p o l y t e t r a f l u o r o e t h y l e n e  
(P .T .F .E . )  b e a k e r ,  9 l i t e r s  of so lu t ion ,  us ing  a sec-  
ond p a l l a d i u m  anode  of i d e n t i c a l  cons t ruc t ion .  

The  effect of t in  was  no t  i n v e s t i g a t e d  f u l l y  s ince  
one of t he  m a i n  r easons  for  i n t r o d u c i n g  a p a l l a d i u m  
a n o d e  was  to avo id  t i n  c o n t a m i n a t i o n  of t he  c h r o -  
m i u m ,  and  t in  sa l t  add i t i ons  w o u l d  no t  h a v e  been  
a p r a c t i c a l  so lu t ion .  H o w e v e r ,  0.75 g/1 of  t in ,  as 
s t ann ic  c h r o m a t e ,  was  a d d e d  to the  so lu t ion  in t he  
P.T.F.E.  b e a k e r  a f t e r  r u n  13, and  the  eff iciency of 
t he  n e x t  r u n  was  29%,  i n d i c a t i n g  no  se r ious  effect  
f r o m  t in  in solut ion.  

The  r e su l t s  in  T a b l e  I I I  show tha t  t he  p r e s e n c e  of 
l e ad  sa l t s  in t he  b a t h  a n d  PbO~ on the  a n o d e  a r e  
de f in i t e ly  a s soc ia t ed  w i t h  a m a i n t a i n e d  efficiency 
Desp i t e  t he  fac t  t h a t  t he  efficiencies in  T a b l e  I I I  
a r e  low c o m p a r e d  w i t h  those  in  T a b l e  I, t he se  
modi f ica t ions  w e r e  i n t r o d u c e d  in to  t h e  l a rge r ,  55 
l i ters ,  ba th ,  a n d  the  first  s ix  r u n s  gave  efficiencies 
of 34%, 38%, 37%, 37%, 36%,  38%. L a b o r a t o r y  
sca le  w o r k  (5)  has  s ince  i n d i c a t e d  t h a t  a c o r r e l a -  
t ion  ex is t s  b e t w e e n  so lu t ion  v o l u m e : c a t h o d e  a r e a  
r a t i o  and  the  l eve l  of efficiency. The  ca thode  a r ea  
was  he re  cons t an t  fo r  bo th  t he  9 l i t e r  and  55 l i t e r  
ba th .  

Table Ill. Factors contributing to decline of cathode 
current efficiency 

Solution composit ion: 250 g/1 CrO~; 5 g/1 HF  

Cathode 
current 

Cathode Dura -  effi- 
Run  c.d. t ion of  Temp,  eieney,  
No. a m p / f t  2 run,  h r  ~ % 

1 New bath ;  no addi t ions  460 5.85 80 29 
2 520 5.75 90 23 
3 410 5.75 95 15 

4 New bath;  sa tu ra ted  435 4.25 95 31 
5 wi th  PbCrO,  435 6 95 32 
6 435 5.5 95 27 
7 460 6 95 22 

8 New bath;  sa tu ra ted  460 6 95 26 
9 wi th  PbCrO,;  anode 460 5.75 95 30 

10 coated wi th  PbO~ by  460 5 95 30 
11 anodic t r ea tmen t  in  460 5.5 95 28 
12 sa tu ra ted  PbF~ solu-  460 5.75 95 29 
13 tion 460 5.5 95 28 
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Spect rographic  analysis  has fa i led to detect  
e i ther  lead or pa l l ad ium in the  chromium. 

Conclusions 
The use of a pa l l ad ium anode for the e lect ro-  

winning of chromium from a fluoride bath,  made  
necessary  by  tin contaminat ion f rom a P b / 7 %  Sn 
anode, resu l ted  in a serious fal l  off in efficiency of 
new baths.  An increase in the ba th  resis tance and 
also in the t r iva len t  chromium content  accompanied 
the fal l  in efficiency. I t  has been shown tha t  these 
d isadvantages  can be overcome by sa tura t ing  the 
ba th  wi th  lead chromate  and by  p re fo rming  PbO~ 
anodical ly  on the surface of the anode. 1 

1 B r i t i s h  P a t e n t  appl icat ions  have  b e e n  filed for these  results.  
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Electroless Ni-Co-P Films with Uniaxial Anisotropy 
J. Bagrowski and M. Lauriente 

Air Arm Division, Westinghouse Electric Corporation, Baltimore, Maryland 

There has been considerable  in teres t  in the basic 
mechanism responsible  for the phenomenon of uni -  
axia l  anisotropic energy in th in  magnet ic  films as 
d isplayed by  the rec tangu la r  hysteres is  loop found 
in the easy direct ion and the closed loop in the  
t ransverse  direct ion (1).  In addi t ion to sat isfying 
the cur ios i ty  of the fundamental is t ,  such in fo rma-  
tion is of engineer ing impor tance  for solving the 
reproduc ib i l i ty  problems  posed by  appl icat ions 
such as memories  for computers.  

In 1959, Her i tage  and Walke r  repor ted  anisot ropy 
for thin n icke l -coba l t -phosphorous  films made by 
electroless deposit ion in a magnet ic  field (2).  In a 
check of this work,  un iax ia l  anisot ropy was also 
found when  a magnet ic  field was not used, thus 
indicat ing tha t  another  source of anisot ropy was 
present .  

Experimental 
Chemical  deposi t ion (also known as electroless 

deposit ion) requires  a su i tab ly  ac t iva ted  surface to 
in i t ia te  the  process. The obl ique incidence effect 
which has been noted for films made by  vacuum 
evapora t ion  (3, 4) thus is impossible  to s tudy  d i -  
rectly.  The exper iment  was designed to ascer ta in  
if oblique incidence effects in a nonmagnet ic  sub-  
s t ra te  film would show up in the chemical ly  de-  
posi ted magnet ic  film. 

The exper iment  consisted of evapora t ing  one 
group of 1 x 3 in. glass slides wi th  chromium-go ld  
at  oblique incidence and another  group at  normal  
incidence. These two groups were  then each sub-  
d ivided so tha t  one group was p la ted  in a mag-  
netic  field and the other  wi thout  the  field. The 
magnet ic  field was provided  by  a d-c  magnet  wi th  
a field s t rength  of 200 oe. One set of slides was also 
mechanica l ly  pol ished in one direction.  

F igure  1 indicates the genera l  a r r angemen t  used 
for producing chrome-gold  subst ra tes  for the ob-  
l ique incidence study.  Slides evapora ted  at normal  
incidence had the source distance increased to 16 
in. Only  two substrates ,  located d i rec t ly  above the 

source, were  evapora ted  at any one t ime to fur ther  
decrease the oblique incidence effect. The thickness 
was control led by means of a resis tance monitor.  
The chromium, used for purposes of adhesion only, 
was evapora ted  to 150,000 ohms per  square while  
the gold was evapora ted  to 3 ohms per  square.  

The solution found to give the best  resul ts  was a 
modification of the one given by  Her i tage  and 
Walke r  (2).  I t  consisted of nickel  sulfate 7.5g, 
cobalt  sulfate 5.0g, ammonium sulfate  21g, sodium 
ci t ra te  42.0g, hypophosphorous  acid 15.0 ml, and 
aqueous ammonium hydrox ide  in sufficient quan-  
t i ty  to y ie ld  a solution pH of 8.5 in a volume of 
500 ml. Deposit ion was at  a ra te  of approx ima te ly  
1000A/min. The solution was used at  90 ~ ----- I~ 

The thickness of the films averaged  5000A as 
measured  by  the Tolansky mul t ip le  beam in te r -  
fe romet ry  technique (5).  This process yields  a 
coercive force which is not too much higher  than  
found for th in  Permal loy  films. This is ve ry  sur -  
pr is ing in view of the coercivit ies of a round 1000 
oe repor ted  by  Sallo and Olsen (6) on films of s imi-  
lar  composit ion which were  electrodeposi ted.  A 
check on the film composition using an electron 
probe microana lyzer  compared  favorab ly  wi th  the  
analysis  repor ted  by  Her i tage  and Walker ,  which 

,, I 
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Fig. 1. Geometric arrangement for evaporation of substrates at 
oblique incidence. 
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Table I. Effect of oblique incidence 

October 1962 

Spec. Field Hc H~ Ha 
(oe) (oe) (oe) 

38.42 Yes 4.1 12.2 12 
40.29 Yes 5.3 8.1 12 
40.30 Yes 2.9 10.8 12 
38.81 No 4.6 8 12 
38.82 No 3.3 12 12 
38.80 No 5.3 12.2 12 

was of equal  amounts  of nickel  and cobalt  and 5% 
of phosphorous.  

Measurements.--Magnetic paramete r s  measured  
were, Hc the wal l  coercive force, and H,, the ani-  
sot ropy field. Measurements  were  made  at  400 cps, 
using the fami l ia r  Cr i t tenden (7) setup. The meas-  
u rement  of H, is ex t rapo la ted  from the ini t ia l  
t ransverse  suscept ibi l i ty  to the sa tura t ion  flux. HA 
is the appl ied field. 

Results 
For all the films tested, H~ < H~ indicat ing tha t  

the films were  normal .  The sensi t iv i ty  of the  films 
to oblique incidence in the subs t ra te  is shown in 
Table I by the consistency of the H, values  found 
independent  of the magnet ic  field. This point  is 
p robab ly  made more d ramat i ca l ly  in Fig. 2, where  
the anisot ropy is easier  to perceive by  the charac te r -  
istic loop traces. 

Now it wil l  be in teres t ing to test  the corol lary;  
i.e., wil l  the anisot ropy be absent  when there  is no 
obliquity.  Table  II  indicates by  the absence of the 
H, for specimens made wi thout  the field that  this 
is the case. F igure  3 i l lus t ra tes  the same point. 

Inducing un iax ia l  anisot ropy by  direct ional  pol-  
ishing has been repor ted  (2) and verified exper i -  
menta l ly  by  the authors.  Direct ional  polishing, 
since it offered no significant improvement  in mag-  
netic proper t ies ,  was not pursued  fur ther .  I t  did, 
however,  confirm the significant contr ibut ion made 
by the subs t ra te  surface to un iax ia l  anisotropy.  

Rotatable  anisotropy s imi lar  to tha t  repor ted  for 
Pe rma l loy  by Prosen et al. (8) were  found for some 
of the th icker  films, i.e., in excess of 10,000A. In 
these films the easy direct ion of magnet iza t ion  can 
be selected by appl icat ion of a sufficiently la rge  
magnet ic  field. A closed loop can then be found 
90 ~ from this axis. F igure  4 shows typical  loops for 
this phenomenon.  This anisot ropy could possibly be 
expla ined as an an t i fe r romagnet ic  in terac t ion  be-  
tween cobalt  oxide and the coba l t -n icke l  layers ,  
based on the Pe rma l loy  example.  

Conclus ion 
The crysta l l i tes  which form thin films made by  

oblique incidence evapora t ion  are known to have 

Table II. Effect of normal incidence 

Field He H~ Ha 
Spec. (oe) (oe) (oe) 

38.89 Yes 8.6 20.3 35 
38.90 Yes 5.6 16 30 
40.47B No 11.1 - -  22.4 
40.47D No 14.4 - -  22.4 

Fig. 2. 400 cps B-H loops for oblique incidence substrates: (left) 
plated in the field; (right) without the field. The transverse loop 
has been superimposed inside the easy direction loop. H~ is the ap- 
plied field in the easy direction. 

Fig. 3. 400 cps B-H loop for normal incidence substrates: (left) 
plated in the field; (right) without the field; (top) easy direction. 

Fig. 4. 400 cps B-H loop of film with rotatable anisotropy: (left) 
easy direction; (right) transverse direction. 

a cha in- l ike  format ion because of the se l f - shadow-  
ing effect. Assuming that  the profiles thus exposed 
in the nonmagnet ic  film are repl ica ted  in detai l  by 
plat ing,  the theory  proposed by  Smith  (3) can then 
be applied.  In a l ike manner ,  the anisotropy created 
by polishing scratches s t rengthens  the theory  tha t  
a shape anisot ropy is tak ing  place. This model  p ro-  
vides a convenient  l inkage for re la t ing  anisotropy 
phenomena found for vacuum evapora ted  films to 
chemical ly  deposi ted films. 

Manuscript received April  12, 1962. This paper was 
prepared for delivery before the Detroit Meeting, Oct. 
1-5, 1961. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Electrodeposition of Thorium from Fused Salts into a 

Molten Zinc Cathode 
Ralph E. Johnson 

Atomics International, A Division of North American Aviation, Inc., Canoga Park, California 

The nuclear  indus t ry  has been in teres ted  in 
thor ium chemis t ry  since this meta l  consti tutes the 
raw mate r i a l  in the  breeding  of U ~. A breeder  re -  
actor of this  type  may  contain thor ium in its core, as 
wel l  as in the b lanket .  One step in the  reprocessing 
of such a core or b l anke t  could be the anodic solu- 
t ion of the impure  thor ium and the s imultaneous 
deposit ion of pure  thor ium at the cathode. This is 
cer ta in ly  not a new idea and has been appl ied  wi th  
reasonable  success in the  past  (1-7) .  Theore t ica l ly  
the electrolysis  could take  place in e i ther  an organic 
medium or a fused salt  medium. The organic sys- 
tem has the advantage  of room t empera tu r e  opera-  
t ion and the d isadvantage  tha t  complex organic re -  
duct ion react ions compete wi th  the  deposit ion of the  
meta l  ion. The fused salt  system operates  at an 
e levated tempera ture ,  but  the competi t ion for elec-  
t rons at  the cathode is less severe. 

Most workers  in the field of thor ium elec t rochem- 
is t ry  have  selected the fused salt  approach to the 
p rob lem because of the  re la t ive  s impl ic i ty  of the 
e lec t rochemis t ry  (2).  Thor ium has been deposi ted 
f rom fused salts by  a number  of workers .  Metall ic  
thor ium in the form of dendr i tes  has been produced 
in this country  by  Gurkl i s  and co-workers  (3),  and 
by Raynes and co-workers  (4),  in Russia by  Evs tyu-  
khin (5),  in Germany  by  Drossback and Neumayer  
(6),  in J apan  by Ogawa (7),  and by  others. The use 
of a molten meta l  cathode has been used prev ious ly  
in fused salt  e lectrochemistry.  Izbekov (8) used l iq-  
uid t in and b i smuth  cathodes in fused salt  e lec t ro l -  
yses and Ogawa and his co -workers  (9, 10) used a 
mol ten  zinc cathode into which thor ium was de -  
posited. Murbach and Hansen (1) of this l abora to ry  
have also electrodeposi ted thor ium into molten zinc. 
Thor ium pla ted  on a solid cathode yields a dendri t ic  
deposit  which is loosely adheren t  and losses occur in 
the process of separat ion f rom the salt  bath.  A 
mol ten  zinc cathode avoids this difficulty and it has 
been shown tha t  zinc is easily removed from the 
thor ium-z inc  al loy (11). 

In the  work  done to the present  t ime on the elec-  
t rodeposi t ion of thor ium from fused salt  media,  there  
has been l i t t le  success in systemat iz ing or improv-  
ing the method. Smirov and Yushina (12, 13) have 
s tudied the  cathode and anode process to some ex-  
tent,  but  other works  have been concerned only in 
t ry ing  to produce the metal .  Gurk l i s  (3) et al. repor t  
cathode current  efficiencies ranging from 3-42%; 
Raynes (4) and his l abora to ry  obtained 40-45%; and 
Evs tyukhin  (5) and co-workers  found 75% e n -  

t ra ined  salt  in the solid deposit.  Wi th  the use of the 
molten zinc cathode, Ogawa (10) repor ts  30-60% 
cathode current  efficiencies and Murbach  and Hart- 
sen (1) were  concerned wi th  decontaminat ion  ra the r  
than efficiency. 

In the  present  work, the  technique of e lec t ro-  
ly t ica l ly  deposi t ing thor ium into molten zinc f rom a 
fused salt  has been perfec ted  to the point  tha t  ap-  
p rox ima te ly  100% current  efficiencies at  the  anode 
and cathode are  obtained.  The effect of the chlor i -  
nat ion of the salt  ba th  pr ior  to electrolysis  has been 
studied. The var ia t ion  of cur ren t  efficiency wi th  
thor ium ion concentra t ion and wi th  current  densi ty  
has been established.  In addit ion,  a prac t ica l  max i -  
m u m  concentrat ion of tho r ium in zinc obta inable  
by  this method has been established.  

Experimental Method 
Apparatus  

The appa ra tus  is shown in Fig. 1. The electrolysis  
cell was made f rom a tall ,  heavy-wal l ,  P y r e x  Dye 
beaker .  The cathode electr ical  contact  which entered  
f rom above was a 1/4 in. t an ta lum rod which was 
th readed  on the lower  end. A mul i te  sleeve p re -  
vented  contact  be tween  the salt  and the tanta lum,  
and a pin th rough  the t an t a lum near  the bot tom re -  
ta ined the sleeve in posit ion throughout  the  run. The 
thor ium anode was suspended from a J/s in. t an t a -  
lum rod. Care was taken  to avoid get t ing the t an t a -  
lum in the salt  melt.  Two short  lengths of glass rod 
which fit into the holes of the s t i r r ing p la t fo rm were  
fused to the bot tom of e lectrolysis  cell. The cell 
res ted  on the  stainless steel  s t i r r ing  p la t fo rm which 
was s t i r red  f rom below. 

The electrolysis  cell was posit ioned in a vacuum 
furnace (Fig. 1). The main  body of the furnace con- 
sisted of a 64-mm Vycor tube sur rounded  by a c lam-  
shell  heater .  The Vycor tube was sealed into wa te r -  
cooled flanges wi th  Apiezon W wax. The top flange 
had an exhaus t  valve  leading to a bubb le r  and con- 
ta ined  the rubbe r  s topper  through which the elec-  
t rodes and thermocouple  tube were  lowered  into the 
melt.  The bot tom flange was bol ted to the vacuum 
system and sealed by  a rubbe r  O-ring.  The system 
had facil i t ies for placing it under  vacuum or argon. 
The argon which was in t roduced is first passed over 
u ran ium chips at  500 ~ to remove oxygen. 

Procedure 
The electrolysis  cell was p repared  by  cut t ing off 

the top of a 400 mel Dye P y r e x  beaker  and fusing 
short  lengths of a 9 mm glass rod to the bot tom of 
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Fig. 1. Apparatus: A, alumina thermocouple well; B, tantalum 
anode hangar; C, tantalum cathode lead; D, rubber stopper; E, 
argon outlet valve; F, water-cooled flanges with Apiezon W seal; 
G, Vycor furnace tube; H, thorium anode; I, Pyrex beaker; J, fused 
salt; K, molten zinc cathode; L, steel platform; M, steel stirrer; 
N, O-rlng seal for stirrer; P, ceramic insulator on cathode lead; Q, 
clam shell furnace around Vycor tube. 

the  beake r  abou t  1~/2 in. apart .  The  anode  was  made  
by  d r i l l ing  a hole in  a r e c t a n g u l a r  piece of p u r e  
t h o r i u m  which  was 6 x �89 x 1/s in. in  d imens ions .  
The  ~/s in. t a n t a l u m  was passed t h rough  the  hole and  
made  in to  a hook which  was  c lamped  aga ins t  the  
t h o r i u m  in  the  vise to in su re  contact.  The cathode 
was p repa red  f rom a zinc ingot  which  weighed  abou t  
200g and  the  d imens ions  of which  wou ld  p e r m i t  low-  
e r ing  it  in to  the  beaker .  A hole was  dr i l l ed  and  
t apped  in  the  zinc to cor respond to the  th reads  on 
the  end  of the  t a n t a l u m  cathode contact .  

The  appropr i a t e  sal t  m i x t u r e  was  weighed  in to  
the  cell. I n  al l  exper imen t s ,  this  was  150g LiC1, 150g 
KC1, and  the  desired a m o u n t  of ThC1,. The cell was  
t h e n  placed on the  p l a t f o r m  in  the  system, closed 
w i th  a solid r u b b e r  stopper,  and  a v a c u u m  was d r a w n  
ove rn igh t  to r e m o v e  most  of the  adsorbed water .  The  
n e x t  m o r n i n g  a rgon  was  in t roduced  in to  the  system. 
The  flow or a rgon  was  con t inued  t h r o u g h o u t  the  e x -  
pe r imen t .  The u r a n i u m  t rap  and  the  fu rnace  were  
t u r n e d  on. Af t e r  the salt  had  mel ted,  the  solid r u b b e r  
s topper  was  exchanged  for  one which  he ld  the  e lec-  
t rodes and  the rmocoup le  tube.  The  the rmocoup le  
was  in t roduced  in to  the  tube,  and  the  zinc e lect rode 
was  lowered  in to  melt .  Af te r  the  zinc had  mel ted,  the  
t a n t a l u m  contact  was  lowered  to a po in t  j u s t  above  
the  bo t tom of the  cell. This  i n su red  t ha t  the  t a n t a l u m  
was u n d e r  the  sur face  of the  zinc. The  s t i r r ing  motor  

was  t u r n e d  on so tha t  the  cell  ro ta ted  about  40 rpm.  
W h e n  the  t e m p e r a t u r e  had  reached  600~ which  
was the  t e m p e r a t u r e  of all  runs ,  the  t h o r i u m  was 
lowered  in to  the  me l t  to a dep th  of abou t  3A in. and  
the  c u r r e n t  t u r n e d  on. Af t e r  a p r e d e t e r m i n e d  l eng th  
of t ime,  e lectrolysis  was d iscont inued ,  the  me l t  
cooled, and  the  z i n c - t h o r i u m  ingot  dissolved in  acid 
and  submi t t e d  for analysis .  

Results 
In  the  ear l ie r  exper imen t s ,  m a n y  va r i a t ions  in  ap-  

pa ra tus  and  t echn ique  were  used. Var ious  cruc ib le  
ma te r i a l s  were  used, severa l  sal t  ba ths  were  e m -  
ployed,  i nduc t ion  hea t ing  of the  zinc as a m e a n s  of 
hea t ing  and  s t i r r ing  the  zinc was  tr ied,  and  com-  
pound  pur i f ica t ion was a t t empted .  High c u r r e n t  effi- 
c iency was achieved o n l y  w h e n  a su i t ab le  s t i r r ing  
m e c h a n i s m  had  been  developed.  

In  a n u m b e r  of exper imen t s ,  an  effort was  m a d e  to 
p la te  a r e l a t i ve ly  la rge  a m o u n t  of t h o r i u m  into zinc. 
The so lubi l i ty  of t h o r i u m  in  zinc at  600~ is n e a r  1 
w / o  (14).  In  this  work,  al loys wi th  a m u c h  h igher  
concen t r a t i on  of t h o r i u m  were  ob t a ined  wi th  the  
highest  h a v i n g  16.2% thor ium.  

A series of e xpe r i me n t s  was  r u n  to d e t e r m i n e  the  
effect of c onc e n t r a t i on  of ThCI~ on the  cathode cur -  
r e n t  efficiency. Resul ts  are l is ted in  Table  I. 

A n o t h e r  series was  r u n  to d e t e r m i n e  the  effect of 
c u r r e n t  dens i ty  on the  c u r r e n t  efficiencies at the  
electrodes.  The 15 w / o  ThC1, sal t  m i x t u r e  was 
chosen as be ing  the  o p t i m u m  concen t r a t i on  based on 
the  p rev ious  series of runs .  The  d i ame te r  of the ca th -  
ode was 6 cm which  gives 28.3 cm ~ area, and  at  the  
anode there  was 1 in."- or 6.45 cm ~ area. These  data  
are  g iven  in  Tab le  II. E x p e r i m e n t  No. 94 was a b l a n k  
to d e t e r m i n e  the  weigh t  loss at  the  anode  in  the  ab -  
sence of electr ic i ty .  Each r u n  was  made  for a d u r a -  
t ion  of t ime  necessa ry  to deposi t  19.5g of t h o r i u m  
according to the  reac t ion  

T h "  + 4e ~ Th  ~ 

For  each r u n  this  was  32,400 coulombs.  
The anode  and  cathode c u r r e n t  efficiencies have  

been  g iven  wi thou t  the  correc t ion  for the  b l a n k  r u n  
No. 94 since the  effect is sma l l e r  t h a n  the  i n h e r e n t  
error.  

As can be seen f rom Tab le  I, the  h ighes t  concen-  
t r a t i on  of t h o r i u m  in  zinc a t t a ined  was abou t  16%. 
It  is possible to ob ta in  this  h igh a concen t r a t i on  even  
though  the  so lubi l i ty  is of the  order  of 1% because  of 
the  fo rma t ion  of Th2Znl~ which  precipi ta tes .  Abou t  
15% t h o r i u m  rep resen t s  a prac t ica l  l imi t  u n d e r  the  

Table I. Cathode current efficiency dependence on ThCh 
concentration 

C u r r e n t  d e n s i t y ,  C u r r e n t  
R u n  No.  w / o  ThC]~ a m p / c m  ~ e f f i c iency ,  % 

61 2.5 0.11 81.6 
59 5.0 0.11 80.0 
60 10.0 0.11 55.2 
57 11.1 0.11 92.4 
62 15.0 0.11 106.6 
63 20.0 0.11 80.5 
64 25.0 0.II 81.6 
65 30.0 0.11 69.3 



Vol.  109, No. 10 E L E C T R O D E P O S I T I O N  O F  T H O R I U M  991 

Table II. Current efficiency as a function of current density 

R u n  C a t h o d e  C . D . ,  A n o d e  C . D . ,  T h e o r .  a m t  G T h  G T h  C a t h o d e  A n o d e  
No.  A m p  a m p / c m  ~ a m p / c m  ~ T h ,  g c a t h o d e  a n o d e  C . E .  C . E .  

94 0.0 0.0000 0.0000 0.0 0.022 0.7 - -  
91 0.5 0.02 0.08 19.5 17.7 19.8 91 101 
82 1.0 0.04 0.15 19.5 18.0 19.0 92 97 
90 1.5 0.05 0.23 19.5 21.0 20.2 107 103 
89 2.0 0.07 0.31 19.5 18.7 20.1 96 103 
87 2.5 0.09 0.39 19.5 18.4 19.1 94 98 
86 3.0 0.11 0.42 19.5 19.5 19.9 100 102 
85 3.5 0.12 0.54 19.5 18.4 19.8 94 i01 
84 4.0 0.14 0.62 19.5 20.2 19.9 103 102 
83 4.5 0.16 0.70 16.2 17.3 16.2 106 100 
81 5.0 0.18 0.76 19.5 20.1 19.8 103 101 
92 10.0 0.35 1.5 19.5 19.5 20.8 100 106 
93 15.0 0.53 2.3 19.5 20.4 20.9 104 107 

cond i t ions  of th is  e x p e r i m e n t  even  t h o u g h  the  t h e o -  
r e t i c a l  l im i t  is 29.4% t h o r i u m  w i t h  a ca thode  of p u r e  
Th~Znl~. A t  abou t  15% t h o r i u m ,  t he  a l l oy  be c ome s  
p a s t e - l i k e ,  a n d  f u r t h e r  inc reases  in  t he  t h o r i u m  
c o n c e n t r a t i o n  w o u l d  s top  t h e  s t i r r i n g  act ion.  U n d e r  
these  cond i t ions  of s t i r r ing ,  t he  z i n c - t h o r i u m  ingo t  
has  a smoo th  surface ,  and  a l l  of t he  t h o r i u m  is u n d e r  
the  surface .  W h e n  s t i r r i n g  is omi t t ed ,  t h o r i u m  e i t he r  
is d e p o s i t e d  as a l a y e r  on the  z inc  or  d e n d r i t i c a l l y  
g r o w s  out  of the  su r f ace  of t he  zinc. 

The  r e su l t s  of t he  e x p e r i m e n t s  in  w h i c h  the  ThC1, 
c o n c e n t r a t i o n  was  v a r i e d  b e t w e e n  2.5 and  30%, in -  
d ica te  t h a t  t he  o p t i m u m  c o n c e n t r a t i o n  was  15 w / o  
ThC1, in a LiC1-KC1-ThC1, ba th .  I t  is fe l t  t h a t  t he  
106% c u r r e n t  eff iciency f igure  is w i t h i n  the  a c c u r a c y  
of t he  e x p e r i m e n t s .  The  di f f icul ty  e n c o u n t e r e d  in  
m a i n t a i n i n g  a cons t an t  c u r r e n t  ove r  s e v e r a l  hou r s  is 
cons ide rab le .  Th is  l a c k  of p rec i s ion  is also c h a r a c -  
t e r i s t i c  of t he  r e su l t s  of t h e  se r ies  on c u r r e n t  effi- 
c i ency  as a func t ion  of c u r r e n t  dens i ty .  In  th is  case,  
t he  w e i g h t  loss a t  t he  a n o d e  was  d e t e r m i n e d  s i m p l y  
b y  w e i g h i n g  be fo re  and  a f te r ,  w h i l e  a t  t h e  ca thode ,  
the  so lu t ion  was  a n a l y z e d  for  t h o r i u m  b y  f irst  p r e -  
c i p i t a t i ng  the  t h o r i u m  a w a y  f r o m  the  zinc as a h y -  
d r o x i d e  and  t h e n  r e p r e c i p i t a t i n g  t h e  o x a l a t e  w h i c h  
was  d r i e d  and  we ighed .  H i g h e r  c u r r e n t  dens i t i e s  
w e r e  no t  poss ib l e  w i t h  t he  p o w e r  s u p p l y  u sed  in  
t hese  e x p e r i m e n t s .  

A t e c h n i q u e  has  b e e n  e s t a b l i s h e d  for  the  e l e c t r o -  
depos i t i on  of t h o r i u m  f r o m  a fu sed  LiC1-KC1-ThCL 
b a t h  w i t h  a m o l t e n  z inc  ca thode  and  t h o r i u m  a n o d e  
in  w h i c h  a p p r o x i m a t e l y  100% c u r r e n t  efficiencies 
a r e  o b t a i n e d  at  bo th  t he  ca thode  and  anode.  The  
mos t  i m p o r t a n t  cond i t ion  in  t h e  p rocess  is t he  s t i r -  
r i ng  of t he  zinc. The  s y s t e m  d e v e l o p e d  h e r e  r e q u i r e s  
t ha t  t h e  z inc  su r f ace  be  b r o k e n  b y  the  s t i r r i n g  act ion.  
I t  ha s  b e e n  shown  t h a t  15% or  so of t h o r i u m  in zinc 
can  be  o b t a i n e d  r e a d i l y  b y  th is  t echn ique .  The  con-  
c e n t r a t i o n  of ThC1, in  t he  ba th ,  w h i c h  gave  t h e  h i g h -  

es t  c u r r e n t  efficiencies,  has  been  f o u n d  to be  15% 
and  c u r r e n t  efficiencies a t  t he  e l ec t rodes  a r e  i n d e -  
p e n d e n t  of c u r r e n t  dens i t i e s  w i t h i n  t he  r a n g e  
s tud ied .  I t  was  no t  n e c e s s a r y  to p u r i f y  chemica l s  or  
m e t a l s  in  th i s  w o r k  in  o r d e r  to o b t a i n  m a x i m u m  
efficiencies.  

A c k n o w l e d g m e n t  

T h e  a u t h o r  wishes  to a c k n o w l e d g e  t h e  efforts  of 
W. D. T u rne r ,  who  ass i s ted  in t he  l a b o r a t o r y  work ,  
and  the  w o r k  of t he  p e r s o n n e l  of t he  A n a l y t i c a l  Un i t  
who  p e r f o r m e d  the  t h o r i u m  ana lyses .  

Manuscr ip t  received Apr i l  3, 1962 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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Inert Electrode Behavior of Tin Oxide-Coated 
Glass on Repeated Plating-Deplating Cycling in 

Concentrated NaI-Agl Solutions 
J. Mantell and S. Zaromb 1 

Research Laboratory, Philco Corporation, Blue Bell, Pennsylvania 

The theory and design principles of the Revers-  
ible Electroplating Light Modulator (RELM) are 
discussed at length in preceding papers (1, 2). The 
feasibility of RELM is, of course, contingent upon 
the existence of an electrochemically inert t rans-  
parent conductor. Evaporated thin films of noble 
metals such as Pt  or Au could not withstand more 
than a couple of deplating pulses exceeding 2v. 
Fortunately, however, conductive tin oxide coatings 
on glass proved much more resistant. The present ex- 
periments were performed with the simplest type of 
RELM, similar to ( though not identical with) that 
shown in Fig. 2a of ref. (2). The actual cell design 
is shown in Fig. 1. 

The electrolyte consisted of 1M AgI plus 1M NaOH 
in 5M NaI, the OH- ions serving to convert any 
colored I~- ions into colorless IO~- ions. Because of 
complexing between the AgI and I- ions, the elec- 
trolyte resistivity appeared higher (--~10 ohm-cm) 
than expected for 5M NaI solutions. 

The cell resistance appeared to be in rough agree- 
ment with calculated values, i.e., of the order of 15 
ohms, as deduced from RC time constant curves re-  
corded with a Type 545 Tektronix oscilloscope. With 
applied voltages of 4-22v, the resulting plating and 
deplating times ~ were found to be of the order of 10 
msec, in agreement with the calculated times 

[1] 

Fig. 1. Design of the reversible electroplating cell used in the 
present study. 

Z Present address: Research and Advanced Technology Depart- 
ment, Electronic S y s t e m s  and Products Division, Martin-Marietta 
Corporation, Baltimore, Maryland 
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Fig. 2. Schematic representation of equipotentiol surfaces, current 
flow lines, and geometric design parameters of the electrode- 
e|ectrolyte configuration used in Fig. ]b. 

for square wave pulses or with the corresponding RC 
time constant values for condenser discharges. Both 
of these types of pulses were applied in both direc- 
tions for a total of more than 1O00 plat ing-deplating 
cycles without any sign of deterioration of the con- 
ductive tin oxide coating. A slow apparent  deteriora- 
tion of the cell was traced to the evaporation of the 
electrolyte and resulting solute precipitation of the 
saturated solution after more than 5 days of inter-  
mittent cycling. 

Extrapolation of the results of ref. (2) shows that 
for fair plating uniformity, the dimensions of Fig. 
2 should satisfy the conditions: 

a' ~ b2/2k [2] 

a" ~ b~/2k [3] 
and 

b~--k [4] 
where 

k = po/p~ [5] 

is the ratio of electrolyte resistivity pe to glass sur- 
face resistivity p~. The actual cell dimensions and re- 
sistivities were approximately a' --~ a" ~ 0.05 cm, 
b ~ 0.3 cm, b' ~ 0.1 cm, pe ~ 10 ohm-cm, and 
p~ --~ 40 ohms/square. These values fall just outside 
the limits set by Eq. [2] through [5]. Hence, the re- 
sulting plating uniformity could be expected to be 
poor or barely fair. The longer dimension L of the 
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Table h Comparison of observed and calculated optical 
density c~onges* 

Optical  dens i ty  change  
P l a t i n g  

Capac i -  Condenser  charge  A v e r -  M a x i -  Ca lcu -  
t ance  vo l t age ,  10~Q, No, of age  m u m  lated 
C,/Lfd v cou lombs  tests* 6av. 6max. ~calc. 

1000 6.1 6.1 3 0.27 
1000 4.2 4.3 200 0.14 
2000 4.3 8.6 66 0.39 
2000 6.1 12.2 60 0.67 
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As shown in Table I, the actual values of ~ were 
usually between 25% and 50% of the theoretical 
ones. This is attributed part ly to poor plating uni-  
formity (related to excessive shutter width b) and 
part ly also to the frequent presence of an appre-  
ciable concentration of oxidizing substance (IOn- 
ions formed by application of an excessive deplating 

0.32 0.9 charge) near the glass electrode. 
0.28 0.6 In view of the latter factors, these prel iminary 
0.80 1.2 
0.96 1.8 results seem to be in fair agreement with theoretical 

expectations. The ability of the tin oxide coating to 
withstand the numerous relatively drastic plating- 
deplating pulses without any sign of deterioration 
renders the RELM promising for practical applica- 
tions. Of course, the present experiments were per-  
formed in alkaline solutions in which the formation 
of nascent hydrogen (known to reduce the tin oxide) 
is least likely to occur. In neutral  or acidic solutions 
greater care may have to be taken to operate under  
conditions of 100% plating current efficiency. 

Manuscript received Feb. 12, 1962. 
Any discussion of this paper will appear in a Discus- 

sion Section to be published in the June 1963 JOURNAL. 
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* On ly  those  tests  are l i s ted here  w h e r e  the  charge  pulse  Q w a s  
d u e  to  a condenser  discharge.  The  s q u a r e  w a v e  pulses  used in m o s t  
of  these  tests  had  serious uncerta int ies  in the  v a l u e  of  Q. 

plated area was 0.7 cm. Hence, the plated area A was 
0.2 cm ~. 

According to Fig. 1 of ref. (1), the theoretical ratio 
of the optical density change 8 to plating charge den- 
sity q~ should be approximately 

~/q, ~ 30 cm~/coul [6] 

for Ag plating solutions free of I~- ions. Hence, for 
A--~ 0.2 cm ~, a total plating charge of Q coulombs 
should yield 

----- 150 Q [6'] 

Vapor Growth of Twinned Germanium Platelets 
C. Pritchard 1 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

Twinned germanium platelets have been formed 
from the vapor phase by a mechanism which appears 
similar to that governing the growth of dendrites 
from a supercooled melt. Regularly shaped and of 
{111} habit, the platelets are thin and flat with the 
twin planes extending parallel to the main faces. 
This is characteristic of dendrites of the diamond 
lattice materials, and both Wagner (1) and Hamilton 
and Seidensticker (2) have pointed out how the 
twins are essential to this type of growth. At least 
two closely spaced parallel twin planes are neces- 
sary. Together they form a set of self-perpetuating 
grooves where they reach the surface of the growing 
crystal. Nucleation takes place at these grooves more 
easily than elsewhere, and the crystal  thus expands 
predominantly in their plane without appreciably 
thickening. 

Within this preferred plane dendrites grown from 
the melt also exhibit preferred directions of growth 
(<211>)  and propagate as long flat ribbons. This is 
part ly a consequence of the thermal geometry which 
becomes set up in the system. Growth is rapid and 
becomes controlled by the diffusion of the liberated 
latent heat away from the growing interface. A more 
isotropic growth resulting in platelet formation has, 
however, been observed for germanium crystallizing 
from solution (3). Much slower than growth from 
the melt, it is governed less by the diffusion of heat 
from the crystal than by that of solute to it. 

Present  address:  Engl i sh  Electric,  Leicester ,  England.  

Platelet formation from the vapor is found to oc- 
cur when germanium is heated in evacuated quartz 
capsules which have not been baked out prior to 
sealing off. The platelets nucleate at the quartz walls 
and grow there in great profusion, clinging by one 
edge and projecting into the capsule. They are flat, 
very thin, and regular in outline. Crystals up to a 
millimeter across have been obtained not more than 
5~ in thickness. Both the main faces and the bound-  
ing edge facets are {111} planes and the edges con- 
sequently trace out ~110> directions around the 
platelets. Thus, as illustrated by the examples in 
Fig. 1, their shape is either that  of an equilateral tr i-  
angle or some segment of a hexagon. In Fig. la  two 
triangles are shown, one lying on the other. The 
smaller is tilted slightly and so appears dark under 
the normal illumination. Figure lb is typical of the 
hexagonal type crystals. The longest edge, which is 
noncrystallographic in most cases, is that  f rom which 
the growth takes place and by which the crystal is 
found attached to the quartz walls. Figure lc is a crys- 
tal which points out directly the similarity between 
platelet and dendrite growth. From one apex of the 
triangle a tip is protruding in the <211> preferred 
growth direction much as that  of a dendrite growing 
into a melt. 

Twins have been revealed in these platelets by  
cross sectioning, polishing, and etching, and also by 
the fracturing technique of Faust and John (4). 
Etching is possible only on the thicker specimens, 
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Fig. la. Vapor grown germanium. Two triangular platelets. Mag- 
nification 100)(. 

Fig. 2a. Twin planes revealed by etching a polished cross section. 
Magnification approximately SOOX. 

Fig. lb. Hexagonal type platelet. Magnification IOOX 

Fig. lc. Triangular platelet with a "dendrite" growing from one 
apex. Magnification 200X. 

and Fig. 2a shows the twin planes revealed in this 
way  in a platelet about 20~ thick. A twin plane 
shown up by fracturing is illustrated in Fig. 2b. As 
revealed by either technique the twins in these crys- 
tals are always confined within a lamella which is at 
most 0.5# thick. Individual twin planes cannot be re-  
solved and, in particular, it has not been possible to 
tell from these observations whether  there are more 
than one present or not. When fractured under  a 
razor blade the material  does tend to cleave along 
<110> directions, but  the cleavage or fracture sur- 
face is invariably at right angles to the main face. 
This approximates the {211} cleavage discussed by 
Faust and John (4), and the {111} cleavage by which 
twins can most easily be resolved and counted was 
never obtained. However,  it can be seen from in- 

Fig. 2b. Twin planes revealed in a fractured cross section. Mag- 
nification approximately 500X. 

spection of the edges of the platelets that  in most 
cases there are an even number  of twin planes in the 
crystals. As mentioned above the edges are them- 
selves (111} planes and, were there an odd number  
of twins, they would be ridged and grooved accord- 
ing to the sense of the twinning operation. Some 
platelets are indeed ridged in this way, but the great 
majori ty  have edges which are planar, sloping all in 
the same sense around the tr iangular crystals and 
alternately inwards and outwards around the edges 
of the hexagons. Thus, except for the few indeter- 
minate examples, we can say that these platelets 
contain at least two twin planes and that  the re-  
quirements of the twin plane growth mechanism are 
met. 

About half of the platelets exhibit growth steps 
which indicate that new growth has nucleated on 
the main faces themselves at the edges of the fully 
formed crystal. The steps usually form at the outer-  
most and growing edges and then sweep back to- 
ward the edge clinging to the quartz. Similar growth 
in germanium dendrites has been pointed out by 
Holmes (5). An early stage is illustrated in Fig. 3a 
where a rampar t  has formed round all three sides of 
a triangle. The rampar t  is about 1.5~ high, increasing 
the thickness of the platelet f rom 3.5 to 5~. This par-  
ticular triangle has grown to nearly 0.8 mm on a 
side before the edge growth has begun. Figure 3b 
illustrates the later stages typical of most of the 
overgrowth which has been observed. The growth 
steps have lost any crystallographic nature  they 
might have had and have taken on the curved char-  
acter as shown. The edge facets of the crystals retain 
their {111} orientations throughout  and, presumably,  
nucleation'at  the twin planes is still going on.. 



Vol. 109, No. 10 V A P O R  G R O W T H  O F  T W I N N E D  Ge  P L A T E L E T S  995 

Fig. 3a. Triangular platelet with "rampart" type edge growth. 
Magnification 100X. 

Fig. 3b. Platelets with growth steps arising from edge nuclea- 
tion. Magnification approximately IOOX. 

The t r anspor t  of the ge rmanium to the wal ls  of the 
capsule f rom the Czochralski  slices sealed off inside 
must  be by  means of res idual  gases left  in the system. 
Halides are known to t r anspor t  germanium,  and 

t races  may  remain  f rom the aqua regia  used to clean 
the quartz  or f rom the CP4 used to etch the lapped 
Czochralski  slices. No growth  occurs if the system is 
first thoroughly  degassed by  baking  out under  vac-  
uum. The capsules are about 10 cm long by  7 mm ID, 
and they  are heated in a smal l  t ubu la r  furnace.  The 
t empera tu res  used are 800 ~ or 900~ and the largest  
crysta ls  have been formed in about 80 hr  heating.  
Deposit ion of the pla te le ts  is more or less uni form 
over the  whole length of the capsules except  for 
r a the r  more profuse growth  at the two ends. These, 
in turn,  face the ends of the furnace  tube which are  
open to the cold surroundings,  but  apar t  f rom this 
there  is no evidence of any control l ing t empera tu re  
gradient .  Instead,  it  is considered tha t  the t ranspor t  
is governed by  the the rmal  cycling about  the control  
temperature .  Control  is by an on-off device and the 
t empera tu re  cycle has an ampl i tude  of about  4~ 
German ium which is dissolved into the t ranspor t ing  
gas at  the h igher  t empe ra tu r e  is then deposi ted at  
the  lower  at  any sui table  nucleat ion site. Marinace  
(6) has discussed a d ispropor t ionat ion react ion be-  
tween ge rman ium and, in his case, iodine which has 
jus t  this p rope r ty  of dissolving ge rmanium at one 
t empera tu re  and deposi t ing it at a lower. 
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Open Tube Epitaxial Synthesis 
of GaAs and GaP 

S. W. Ing, Jr., and H. T. Minden 1 

Electronics Components Division, General Electric Company, Syracuse, New York 

In 1960 Ante l l  and Effer (1) demons t ra ted  the  
synthesis  of I I I - V  compound semiconductors  by the 
react ion of meta l  hal ides in a sealed tube. Since 
then a great  deal  of work  has been done on the 
ha] ide t ranspor t ,  synthesis,  and epi taxia]  deposi-  
t ion of these compounds (2-4) .  Much of this  work  
has involved the use of the synthesized compounds 
as the source for the ep i tax ia l  deposition, and here 

1 P r e s e n t  address; Sperry Rand Research Center, S u d b u r y ,  Massa -  
chuse t t s .  

there  are cer ta in  disadvantages .  The process of 
mel t  synthesis  (to obtain the source) is f a i r ly  d i f -  
ficult, especial ly in the case of GaP. Moreover,  high 
t empera tu res  must  be used to effect these synthesis,  
so tha t  many  impur i t ies  are in t roduced f rom the 
furnaces and the containers  (5).  I t  has been shown 
in this l abo ra to ry  that  these impur i t ies  wil l  c a r ry  
over to the deposit  in unpred ic tab le  ways.  

Holonyak  et al. (4) deposi ted ep i tax ia l  GaP and 
GaAs from the elements;  they  used halogen t r ans -  
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p o r t  in sea l ed  tubes  bo th  for  e p i t a x i a l  depos i t i on  
and  for  the  syn thes i s  of l a rge  G a P  c rys ta l s .  B l a k e s -  
lee  (6)  has  also used  the  sea led  t u b e  ha logen  t r a n s -  
p o r t  t e c h n i q u e  to syn thes i ze  G a A s  c rys ta l s .  In  th is  
w o r k  an  open  t ube  s y s t e m  was  used  to effect the_. 
syn thes i s  a n d  e p i t a x i a l  depos i t ion ;  r e su l t s  w e r e  o b -  
t a i n e d  m u c h  m o r e  q u i c k l y  and  eas i ly  w i th  th is  sys -  
t em t h a n  b y  the  e a r l i e r  c losed t u b e  me thod .  

The  c h e m i s t r y  of t he  sy s t em dese rves  b r i e f  m e n -  
t ion.  HC1 gas  is pas sed  in an  H~ s t r e a m  ove r  h e a t e d  
a r sen ic  or  p h o s p h o r o u s  and  ove r  g a l l i u m  at  a 
h i g h e r  t e m p e r a t u r e .  A n  e p i t a x i a l  depos i t  is o b t a i n e d  
on a seed  w h i c h  is h e l d  at  a l o w e r  t e m p e r a t u r e  t h a n  
the  ga l l i um.  A s u b c h l o r i d e  of g a l l i u m  is f o r m e d  at  
t he  source  

Ga  + x H C I - ~  GaC1 + ( 1 / 2 )  xH~ [1] 

The  s u b c h l o r i d e  d i s p r o p o r t i o n a t e s  at  the  seed  

3GaC1,-~ (3 - -  x )  Ga  + xGaC15 [2]  

These  equa t ions  and  processes  a r e  s im i l a r  to those  
d e s c r i b e d  b y  W i l l i a m s  (2) .  W h e n  the  g a l l i u m  d e -  
posi ts  in  t he  p r e s e n c e  of a r sen ic  or  p h o s p h o r o u s  vapo r ,  
the  c o m p o u n d  is f o r m e d  in an  a t o m  for  a t o m  m a n n e r  
(4) .  E p i t a x i a l  depos i t i on  was  o b t a i n e d  ove r  a r a n g e  
of t e m p e r a t u r e ,  flow ra te ,  etc., b u t  no conce r t ed  
effort  was  m a d e  to  d e t e r m i n e  those  v a l u e s  of t he  
depos i t i on  p a r a m e t e r s  w h i c h  w o u l d  y i e ld  o p t i m u m  
g r o w t h  ra te ,  u n i f o r m i t y ,  etc. The  w o r k  was  u n d e r -  
t a k e n  to d e m o n s t r a t e  the  f e a s i b i l i t y  of the  m e t h o d  
and  ou t l ine  the  ef fec t ive  r eg ion  of ope ra t ion .  

The  e x p e r i m e n t a l  a r r a n g e m e n t  is s h o w n  in Fig .  
1. H.~ was  m e t e r e d  t h r o u g h  a f lowmete r ,  2, a n d  
passed  t h r o u g h  a Deoxo  uni t ,  3, a n d  a d r y i n g  co]-  
Utah f i l led w i t h  m o l e c u l a r  s ieve  pe l le t s ,  4. HC1 gas  
was  m e t e r e d  t h r o u g h  a n o t h e r  f lowmete r ,  5, and  
d r i e d  in a t r ap ,  6, w h i c h  was  i m m e r s e d  in  d r y  ice. 
Teflon t u b i n g  and  s t a in less  s tee l  f i t t ings  w e r e  used  
e x c l u s i v e l y  in  the  HC1 l ine  and  w h e r e v e r  poss ib le  
in  the  H= sys tem.  The  a rgon  gas was  used  as a 
pu rge .  A 24 in. l ong  t w o - z o n e  f u r n a c e  was  used,  
and  the  t e m p e r a t u r e  of each  zone was  con t ro l l e d  
b y  a t h e r m o c o u p l e  (TCA and  TCB)  loca t ed  n e x t  to 
t h e  w ind ings .  A t y p i c a l  t e m p e r a t u r e  prof i le  is 
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Fig. 1. Furnace and gas flow system for the epitaxial synthesis 
of GaAs and GaP. 

shown  in Fig.  1. The  r eac t ions  w e r e  c a r r i e d  out  in  
a 1 in. ID q u a r t z  tube .  A q u a r t z  boat ,  7, con t a in ing  
the  a r sen ic  or  p h o s p h o r o u s  was  loca t ed  in t he  t ube  
ou t s ide  t he  u p s t r e a m  m o u t h  of  t h e  f u r n a c e  a n d  was  
h e a t e d  by  w r a p p i n g  h e a t i n g  tape,  10, a r o u n d  the  
e x t e r i o r  of the  q u a r t z  tube .  The  q u a r t z  boa t  con-  
t a i n ing  the  ga l l i um,  8, was  l oca t ed  a t  t he  cen t e r  of 
the  ho t  zone, A. The  seed,  9, was  he ld  on a s m a l l  
q u a r t z  p l a t e  w h i c h  was  s ea l ed  to the  c losed end  of  
a q u a r t z  tube .  This  t u b e  s e r v e d  bo th  as a h a n d l e  
and  as a sh ie ld  for  t he  seed t e m p e r a t u r e  m o n i t o r -  
ing  t h e r m o c o u p l e ,  TCS. The  seed  h o l d e r  was  s u p -  
p o r t e d  b y  a r i ng  s t a n d  wh ich  could  be  m o v e d  back  
a n d  fo r th  to pos i t i on  the  s a m p l e  in t h e  d e s i r e d  
t e m p e r a t u r e  r eg ion  of the  fu rnace .  

The  seed  s a m p l e s  w e r e  l a p p e d  flat and  w a s h e d  
in t r i c h l o r o e t h y l e n e ,  ace tone  a n d  de ion ized  wa te r .  
The  G a A s  w a f e r s  w e r e  t r e a t e d  w i t h  a w a r m  1:1 
H~O~-H~SO, c h e m i c a l  pol ish ,  w h i l e  t he  G a P  was  
e t ched  in a w a r m  m i x t u r e  of 1:1 HC1 and  HNOs. 

W i t h  t he  f u r n a c e s  a t  t e m p e r a t u r e  a n d  A r  f lowing,  
the  seed  was  p l aced  on the  h o l d e r  a n d  i n t r o d u c e d  
in to  t h e  r e a c t i o n  tube .  The  H~ was  t u r n e d  on a n d  
the  A r  was  shu t  off. The  seed  was  a l l o w e d  to come 
to t e m p e r a t u r e  and  pos i t i oned  c a r e f u l l y  so as to 
ob t a in  the  d e s i r e d  t e m p e r a t u r e .  The  HC1 was  
t u r n e d  on a n d  the  s a m p l e  r e p o s i t i o n e d  to  m a i n t a i n  
the  r e q u i r e d  t e m p e r a t u r e .  F r o m  t ime  to t i m e  d u r -  
ing  the  r u n  the  t e m p e r a t u r e  was  c a r e f u l l y  m o n i -  
tored .  A t  t he  end  of t he  r u n  the  HC1 w a s . t u r n e d  
off, t he  A r  t u r n e d  on, and  the  H~ shu t  off. W h e n  
the  GaCI ,  f u m e s  s t o p p e d  c o m i n g  f r o m  t h e  m o u t h  
of the  tube ,  the  s a m p l e  was  m o v e d  p r o g r e s s i v e l y  
to coole r  zones.  The  s a m p l e  was  he ld  in t he  t u b e  
u n t i l  t he  H, was  pu rged .  (Of t en  the  H5 b u r n e d  a t  
t he  end  of t he  t u b e  d u r i n g  the  run ,  a n d  the  d y i n g  
of th is  f lame was  ev idence  of pu rge . )  The  s a m p l e  
was  t h e n  r e m o v e d .  

In  o r d e r  to d e t e r m i n e  de f in i t e ly  w h e t h e r  d e p o s i -  
t ion h a d  t a k e n  place ,  the  seed  was  w e i g h e d  to 0.1 
m g  be fo re  and  a f t e r  t he  run .  In  add i t ion ,  m i c r o -  
scopic  e x a m i n a t i o n  and  x - r a y  m e a s u r e m e n t s  w e r e  
m a d e  to d e t e r m i n e  the  n a t u r e  of t he  depos i t ed  
l aye r .  E p i t a x i a l  depos i t i on  u s u a l l y  gave  r i se  to geo-  
m e t r i c a l  su r f ace  p a t t e r n s  w h i c h  h a d  the  s y m m e t r y  
of t he  seed  o r i en ta t ion .  If  t he  deposit"  was  no t  
ep i t ax i a l ,  i.e., p o l y c r y s t a l l i n e ,  c ry s t a l l i t e s  w e r e  ob -  
s e rved  w h i c h  h a d  no s y m m e t r i c a l  o r i e n t a t i o n  w i t h  
r e spe c t  to each  o ther .  

The  H, flow ra te ,  t he  HC1 flow ra te ,  and  the  seed  
t e m p e r a t u r e s  f o r m e d  a r e l a t e d  set  of  p a r a m e t e r s  
w h i c h  af fec ted  r a t e  of depos i t i on  and  the  n a t u r e  of 
t he  l aye r .  G a A s  d e p o s i t e d  at  a r a t e  of a b o u t  0.5 ~ /  
m i n  on (110) o r i e n t e d  G a A s  seeds  w h i c h  w e r e  he ld  
at  750~ the  H~ flow r a t e  was  abou t  50 c c / m i n  and  
the  HC1 flow r a t e  was  a b o u t  3 c c / m i n .  The  depos i -  
t ion  r a t e  i n c r e a s e d  w h e n  the  HC1 flow r a t e  was  i n -  
c reased .  W h e n  the  H, flow r a t e  was  i nc r ea sed  to 500 
c c / m i n ,  e t ch ing  r a t h e r  t h a n  depos i t i on  occu r r ed  if 
t he  seed  t e m p e r a t u r e  w a s  a b o v e  a b o u t  680~ th is  
he ld  t r u e  even  w h e n  the  HC1 flow r a t e  was  i n -  
c r e a se d  to as m u c h  as 50 c c /min .  Be low th is  t e m -  
p e r a t u r e  depos i t i on  took  p l ace  a t  r a t e s  f r o m  0.1 to 
1 ~ / m i n .  
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A t  t he  h igh  flow ra t e s  depos i t i on  o c c u r r e d  bo th  
on the  seed  and  on the  q u a r t z  on  w h i c h  the  seed  
res ted .  I t  w i l l  be  n o t e d  f r o m  Fig.  1 t h a t  t h e r e  w a s  
a t e m p e r a t u r e  g r a d i e n t  in t he  depos i t i on  reg ion .  
The  m a x i m u m  t e m p e r a t u r e  of depos i t i on  was  d e -  
l i n e a t e d  b y  an  a b r u p t  end  of t he  depos i t  on the  
q u a r t z  s a m p l e  h o l d e r  in  the  h i g h - t e m p e r a t u r e  d i -  
rec t ion .  I t  shou ld  be  no ted ,  h o w e v e r ,  t h a t  a t  t he  
l o w e r  flow ra t e s  (e.g.,  50 c c / m i n  for  t he  H2) de pos i -  
t ion  on t h e  s a m p l e  h o l d e r  n e a r  t h e  seed  d id  no t  
n e c e s s a r i l y  a c c o m p a n y  depos i t i on  on the  seed.  

I t  w i l l  be  n o t e d  t h a t  t he  effect  of i nc r ea s ing  the  
H2 c a r r i e r  flow r a t e  w a s  s i m p l y  to d e c r e a s e  t h e  
eff iciency of t he  process .  P r e s u m a b l y  s ince  t h e  gas  
m i x t u r e  w a s  in  con tac t  w i t h  t he  Ga  source  for  a 
s h o r t e r  l e n g t h  of t ime  a t  the  h i g h e r  flow ra tes ,  t he  
r a t io  of u n r e a c t e d  HC1 to g a l l i u m  s u b c h l o r i d e  a r -  
r i v ing  a t  t he  seed  was  h igher .  Hence  t h e  r a t e  of 
depos i t i on  b y  d i s p r o p o r t i o n a t i o n  was  l o w e r e d  r e l a -  
t ive  to t he  r a t e  of e t ch ing  the  seed  b y  the  HC1. 

The  depos i t i on  r a t e  of G a A s  a p p e a r e d  to d e p e n d  
on c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of the  subs t r a t e .  
W h e n  smoo th  p o l y c r y s t a l l i n e  seeds  w e r e  used,  some 
g ra ins  g r e w  f a s t e r  t h a n  others .  No d e t a i l e d  , s tudy  
was  m a d e ,  h o w e v e r ,  on the  effect of seed  o r i e n t a -  
t ion  on g r o w t h  ra te .  F o r  (110) and  (112) o r i e n t e d  
seeds  t he  v a r i a t i o n  in t h i ckness  of the  depos i t ed  
l a y e r  across  t he  face  of t he  c r y s t a l  was  w i t h i n  • 
10%, w h i l e  l a y e r s  on the  ( l l l ) B  su r f ace  t e n d e d  
to be  n o n u n i f o r m  in t h i ckness  at  g r o w t h  r a t e s  
w h i c h  e x c e e d e d  0.5 ~ / m i n .  

The  source  t e m p e r a t u r e s  w e r e  not  p a r t i c u l a r l y  
c r i t ica l .  W h e n  the  As  was  b e l o w  450 ~ no de pos i -  
t ion  of G a A s  took  p l ace  on the  seed;  w h e n  the  Ga  
was  b e l o w  900 ~ t h e r e  was  no depos i t i on  a n d  the  
seed  w a s  e tched.  A b o v e  these  t e m p e r a t u r e s  fo r  b o t h  
t he  As  and  the  Ga  the  depos i t i on  r a t e  was  no t  ob -  
s e r v e d  to be  d e p e n d e n t  on t h e  source  t e m p e r a t u r e .  
D u r i n g  some of t he  runs  t he  Ga  m e l t  was  obse rved ,  
and  i t  was  i n s t r u c t i v e  to see t h a t  t h e r e  was  no sk in  
of sol id  GaAs .  On t h e  o t h e r  hand ,  such  a sk in  was  
a l w a y s  p r e s e n t  a f t e r  t he  m e l t  cooled;  u n d o u b t e d l y ,  
some  As  was  d i s so lved  in t h e  G a  m e l t  d u r i n g  the  
run .  The  p o i n t  is t h a t  for  t h e  depos i t i on  of G a A s  
b y  t h e  d i s p r o p o r t i o n a t i o n  r e a c t i o n  a sol id  p h a s e  of 
t he  c o m p o u n d  is no t  n e e d e d  a t  t h e  source.  

Two fac to rs  a f fec ted  the  n a t u r e  of t he  G a A s  d e -  
posi ts .  W h e n  the  seed  t e m p e r a t u r e  w a s  b e l o w  abou t  
660 ~ t h e  depos i t  was  n o n e p i t a x i a l .  Also  w h e n  a i r  
was  a l l o w e d  to dif fuse  b a c k  (a t  low H2 flow r a t e s )  
f r o m  the  t u b e  ex i t  to  t h e  seed,  t he  depos i t i on  r a t e  
inc reased ,  b u t  aga in  t he  depos i t  was  n o n e p i t a x i a l .  

The  V a n  de r  P a u w  (7) m e t h o d  was  used  to m a k e  
H a l l  coefficient  a n d  r e s i s t i v i t y  m e a s u r e m e n t s  on 
some of t he  e p i t a x i a l  l aye r s .  These  l a y e r s  w e r e  d e -  
pos i t ed  on (111) o r i e n t e d  s u b s t r a t e s  w h i c h  had  a 
r e s i s t i v i t y  of l0  s o h m - c m .  The  H a l l  coefficient  was  
n e g a t i v e  and  - -1 /Re  r a n g e d  f r o m  lxl017 to 4x1017 cm-" 
w h i l e  R/p  was  2400-2800 cm" /vo l t - sec .  

F o r  t he  depos i t i on  of G a P  v e r y  s im i l a r  r e su l t s  
w e r e  ob ta ined ,  a l t h o u g h  th is  m a t e r i a l  was  no t  as 
e x t e n s i v e l y  s t u d i e d  as GaAs .  Here ,  as w i t h  G a A s  
at  H.. flow r a t e s  of a b o u t  500 c c / m i n  the  m a x i m u m  
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seed  t e m p e r a t u r e  a t  w h i c h  depos i t i on  took  p lace  was  
abou t  680~ These  facts ,  a long  w i t h  t he  absence  
of a sol id  p h a s e  a t  t he  g a l l i u m  source  s t r o n g l y  sug -  
ges t ed  to t h e  a u tho r s  t h e  h y p o t h e s i s  t h a t  t he  bas ic  
depos i t i on  r e a c t i o n  i nvo lves  on ly  t he  G a  (see  for  
e x a m p l e  Eq. [ 2 ] ) .  In  gene ra l ,  depos i t i on  r a t e s  w e r e  
s o m e w h a t  l o w e r  for  G a P  t h a n  for  GaAs ,  a l t h o u g h  
t h e y  w e r e  of t he  s ame  o r d e r  of m a g n i t u d e .  Depos i -  
t ion  r a t e s  v a r i e d  f r o m  g r a i n  to g r a i n  on p o l y c r y s -  
t a l l i ne  samples ,  b u t  he r e  a g a i n  no q u a n t i t a t i v e  s t u d y  
was  m a d e  of the  effect of o r i en ta t ion .  The  Ga  source  
t e m p e r a t u r e  w a s  a b o u t  t h e  s a m e  as  for  GaAs ,  b u t  
t h e  p h o s p h o r o u s  source  t e m p e r a t u r e  w a s  no t  m e a s -  
u red .  

G a P  w a s  also syn thes i zed  b y  us ing  PCI~ as the  
p h o s p h o r o u s  source.  H~ was  b u b b l e d  t h r o u g h  the  
PCL which  was  at  r o o m  t e m p e r a t u r e ,  a n d  the  m i x -  
t u r e  was  pa s sed  ove r  G a  at  1000 ~ No HC1 was  used  
in these  e x p e r i m e n t s .  F a i r l y  l a r g e  b r i g h t  o r ange  
need les  and  sma l l  c r y s t a l l i t e s  w e r e  f o r m e d  d o w n -  
s t r e a m  f r o m  the  Ga  a t  850o-890 ~ F u r t h e r  d o w n -  
s t r e a m  f r o m  850 ~ to 600 ~ the  depos i t i on  took  the  
fo rm of fine o r a n g e  and  y e l l o w  hai r .  The  f o r m a t i o n  
of s i m i l a r  need le s  and  c r y s t a l l i t e s  w e r e  also o b s e r v e d  
to a c c o m p a n y  the  e p i t a x i a l  depos i t i on  of  GaAs .  

S e v e r a l  h e t e r o e p i t a x y  e x p e r i m e n t s  w e r e  p e r -  
fo rmed .  G a A s  was  depos i t ed  e p i t a x i a l l y  on a (111) 
Ge seed.  Bo th  x - r a y  and  e l ec t ron  d i f f r ac t ion  m e a s -  
u r e m e n t s  s h o w e d  t h e  d e p o s i t e d  l a y e r  to be  a (111) 
o r i e n t e d  s ingle  c rys ta l .  The  e p i t a x i a l  l a y e r  was  
f o u n d  b y  c h e m i c a l  e t ch ing  to h a v e  the  A (Ga)  face  
up. G a P  was  also e p i t a x i a l l y  depos i t ed  on GaAs .  In  
these  e x p e r i m e n t s  (110) seeds  w e r e  used.  A l t h o u g h  
the  depos i t s  o f ten  a p p e a r e d  g r a y  b y  ref lec ted  l ight ,  
sec t ion ing  r e v e a l e d  t ha t  t h e  l a y e r s  h a d  the  c h a r -  
ac te r i s t i c  y e l l o w  color  of GaP .  S o m e  of the  depos i t ed  
l a y e r s  w e r e  red,  h o w e v e r ,  even  t h o u g h  a l l  the  G a P  
l a y e r s  w h i c h  w e r e  d e p o s i t e d  on G a P  w e r e  ye l low.  
These  r e su l t s  a r e  in accord  w i t h  those  of H o l o n y a k  
e t a l .  (4)  w h o  o b t a i n e d  y e l l o w  and  r e d  depos i t s  of 
G a P  on G a A s  in c losed  t u b e  e p i t a x i a l  e x p e r i m e n t s .  

Manuscr ip t  rece ived  March  16, 1962; rev ised  m a n u -  
scr ip t  received June  8, 1962. 

A n y  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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In the course of current work on the growth of 
thin uniform oxide films on zirconium in h igh- tem- 
perature  steam and oxygen, the color produced on 
individual crystals by optical interference is being 
measured by recording the wavelength of reflection 
minima at a fixed angle of incidence. To relate color 
to thickness or weight of thermal films, the color/ 
weight gain relation of anodic films on zirconium 
has been determined. 

Published data offered no reliable basis for this 
relation. The work of Young (1) showed the danger 
of at tempting to use voltage/thickness and vol tage/  
color data unless all conditions (procedure, current, 
temperature,  electrolyte, concentration, etc.) were 
closely specified. The color/weight  gain relation was 

l 
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Fig. 1. Weight gain vs. reflection minima for anodized zirconium; 
o, 1% KOH; e, 0.2N H2SO~; A, saturated ammonium borate. 

therefore obtained by measuring the weight gain 
and reflection minima of large anodized specimens of 
annealed and chemically polished Van Arkel zir- 
conium. Films of uniform color were obtained by 
anodizing at 10 ma /cm 2 and then allowing the cur- 
rent to decay to ~0.2 m a / c m  ~ at the required voltage; 
prolonged oxidation at low current  density resulted 
in the color varying from grain to grain. The films 
formed in three different electrolytes (0.2N H~SO,, 
saturated ammonium borate, 1% w t / v  KOH) at 
room temperature fitted the same series of smooth 
curves when various orders of reflection minima 
were plotted against weight gain (Fig. 1). In con- 
trast the voltage/color relation for the different elec- 
trolytes indicated a greater difference in the voltage/  
thickness relation than seems to have been reported 
previously (2). This is illustrated in Table I, in 
which the weight gain is derived from color using 
the relation in Fig. 1, with support from capacity 
measurements, the reciprocal capacity of a film 
being taken as a measure of its thickness. Weight /  
voltage and capaci ty/voltage relations vary  with 
solution, but the capaci ty/weight  relation is con- 
stant. 

These results are most readily explained if only 
the voltage/thickness relation varies with electro- 
lyte. If the density, refractive index, and dielectric 
constant of the film were to vary,  they would have to 
do so in a most improbable compensating manner  to 
fit the observed weight, optical, and capacity meas- 
urements. To determine whether  this difference in the 
thickness/voltage relation resulted from changes 
within the film or at the film-electrolyte interface, 
experiments were performed in which specimens 
were transferred from one electrolyte to another. 
Results for transfers from 0.2N H, SO, to 1% KOH 

Table I. Measurements on films formed in two different electrolytes 

Specimen 
No. Electrolyte 

Weight* Reciprocal 
gain W, capacity,  W/V, 

Voltage, v m g / d m  s l /C,  cm2/ILF m g / c m  2 V, Xl00 
1/CV, 

cmS/~FV, XIO0 
1 / c w ,  

cm4/~F, mg  

1 0.2N H2SO, 
2 0.2N HsSO, 
3 1% KOH 
4 1% KOH 

65 1,63 5.71 2.51 8.79 350 
100 2.5 8.73 2.50 8.73 350 
65 2.5 8.70 3.85 13.4 348 

100 4.0 14,0 4.0 14.0 350 

* Computed  from reflection minima.  
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t h a t  of the  n e w  e l ec t ro ly t e ,  b u t  the  a b s o l u t e  t h i c k -  
ness  a t  a g iven  v o l t a g e  was  no t  t h e  s a m e  as t h a t  

~oo a c h i e v e d  if  t he  w h o l e  f i lm was  g r o w n  in t he  second  
e l ec t ro ly t e .  D u r i n g  the  a d j u s t m e n t  p e r i o d  a f t e r  
t r a n s f e r  f r o m  H~SO~ to K O H  e l ec t ro ly t e ,  t he  t h i c k -  

.... n e s s / v o l t a g e  r a t i o  was  a b n o r m a l l y  l a rge ,  sugges t ing  
g t h a t  once ionic m o v e m e n t  occur red ,  changes  w e r e  

,ooo! also t a k i n g  p l a c e  w i t h i n  t he  f i r s t - f o r m e d  p a r t  of t h e  
~- film. 

A s s u m i n g  a d e n s i t y  of 5.7 g / c m  8 for  t he  ox ide  film, 
~oo ~ a v a l u e  of r e f r a c t i v e  i n d e x  n ---- 2.05 a t  k = 5000A is 

o b t a i n e d  f r o m  t h e  v e r t i c a l  s e p a r a t i o n  of l ines  in  Fig .  
1. This  is in  good a g r e e m e n t  w i t h  a v a l u e  of n - ~  2.1 

.... a t  k = 5000A m e a s u r e d  on the  s t r i p p e d  o x i d e  b y  
e m b e d d i n g  in  s u l f u r / s e l e n i u m  m i x t u r e s .  
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Fig. 2. Effect of changing electrolyte during anodizing of zir- 
conium; o, anodized in 1 electrolyte; o, behavior after changing 
electrolyte; ~ ,  0.2N H~SO~; - -  - -  - -  1% KOH. 

so lu t ions  and  vice versa a re  g iven  in  Fig.  2. In  a l l  
t r ans f e r s ,  f u r t h e r  f i lm g r o w t h  a l w a y s  b e g a n  e x a c t l y  
at  t he  v o l t a g e  a t  w h i c h  the  f i lm h a d  p r e v i o u s l y  been  
fo rmed .  H o w e v e r ,  once  n e w  g r o w t h  h a d  s t a r t ed ,  t h e  
i n c r e m e n t a l  v o l t a g e / t h i c k n e s s  r e l a t i o n  a p p r o a c h e d  
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T h e  f o r m a t i o n  of anodic  ox ide  f i lms on me ta l s ,  
p a r t i c u l a r l y  a l u m i n u m  and  t a n t a l u m ,  has  b e e n  e x -  
t e n s i v e l y  s t ud i ed  in  r e c e n t  yea r s ,  and  the  r e su l t s  
have  been  s u m m a r i z e d  b y  Young  (1) .  W h i l e  t he  
gross  f e a t u r e s  of t he  p rocess  a r e  w e l l  e s t ab l i shed ,  
some  of t he  de t a i l s  a r e  not ;  in  p a r t i c u l a r ,  t h e r e  is 
u n c e r t a i n t y  as  to  w h i c h  a tomic  spec ies  is m o b i l e  a n d  
ca r r i e s  t h e  c u r r e n t  t h r o u g h  t h e  oxide .  

A t t e m p t s  h a v e  b e e n  m a d e  in  b o t h  a l u m i n u m  (2) 
and  t a n t a l u m  (3) to t ag  t he  ox ide  f i lm w i t h  r a d i o -  
ac t ive  S=O, -- and  find out  w h e t h e r ,  on con t inued  a n o -  
diz ing,  succeed ing  ox ide  l a y e r s  a r e  f o r m e d  ins ide  or  
ou t s ide  t h e  t a g g e d  l aye r .  I f  t he  m e t a l  moves ,  f r e sh  
ox ide  w i l l  be  l a id  d o w n  ou t s ide  t he  m a r k e d  l a y e r ;  if  
the  o x y g e n  moves ,  t hen  the  n e w  ox ide  wi l l  be  f o r m e d  
b e t w e e n  t h e  ex i s t i ng  t a g g e d  f i lm and  the  m e t a l  su r -  
face. The  e x p e r i m e n t a l  resu l t s ,  h o w e v e r ,  a r e  i ncon -  
c lus ive ,  p a r t l y  because  t he  m e c h a n i s m  of t he  o x i d e  
d i s so lu t ion  m e t h o d  used  to d e t e r m i n e  t h e  f inal  pos i -  
t ion  of t h e  t a g g e d  l a y e r  is not  e s t ab l i shed ,  and  p a r t l y  
b e c a u s e  t he  t a g g e d  l a y e r  i t se l f  has  d i f fe ren t  p r o p -  
e r t i e s  f r o m  the  r e s t  of t h e  ox ide  fi lm (1) .  This  d i f -  
f e r ence  in p r o p e r t i e s  can  p r o b a b l y  be  a t t r i b u t e d  to 
t h e  p r e s e n c e  of c h e m i c a l l y  s igni f icant  a m o u n t s  of 
su l f a t e  ion in t he  t a g g e d  l a y e r  (4) .  F u r t h e r m o r e ,  i t  
has  y e t  to be  e s t a b l i s h e d  t h a t  an  ionic  m a r k e r  such 
as S O j -  does  not  i t se l f  m o v e  u n d e r  t he  h igh  p o t e n t i a l  
g r a d i e n t  of the  anod iz ing  field. The  p r e s e n t  r e p o r t  

desc r ibes  some p r e l i m i n a r y  e x p e r i m e n t s  in  w h i c h  
these  diff icul t ies  w e r e  o v e r c o m e  b y  i n j ec t i ng  t r a c e  
a m o u n t s  of the  r a d i o a c t i v e  i n e r t  gas,  X e  ~ ,  as a 
m a r k e r .  

P r e v i o u s  i nves t i ga t i ons  (5, 6) in  th is  l a b o r a t o r y  
h a v e  been  conce rned  w i t h  t h e  r a n g e  of a c c e l e r a t e d  
a tomic  p a r t i c l e s  in  m e t a l  t a rge t s .  As  a r e s u l t  of th i s  
w o r k ,  i t  has  been  f o u n d  t h a t  a b e a m  of r a r e  gas  ions  
can  b e  i n j e c t e d  w i t h  a k n o w n  d i s t r i b u t i o n  at  v a r i -  
ous m e a n  d e p t h s  (15-500 a t o m  l a y e r s )  b e n e a t h  t h e  
m e t a l  su r f ace  b y  us ing  a s u i t a b l e  b o m b a r d m e n t  e n -  
e r g y  (1-200 k e v ) ,  and  t h a t  t h e s e  i n j e c t e d  a toms  r e -  
m a i n  t r a p p e d  w h e n  the  m e t a l  l a t t i c e  s u r r o u n d i n g  
t h e m  is c o n v e r t e d  to oxide .  In  fact ,  K e l l y  and  B r o w n  
(7) have  f o u n d  t h a t  t h e r e  is no a p p r e c i a b l e  d i f fus ion 
of t he  X e  a t o m s  out  of t h e  anod ic  ox ide ,  even  on 
h e a t i n g  in vacuo to 500~ The  a n o d i z i n g - s t r i p p i n g  
t e c h n i q u e  (8)  e m p l o y e d  to d e t e r m i n e  the  d i s t r i b u -  
t ion  of e m b e d d e d  r a d i o a c t i v e  a toms  in t h e  m e t a l  
c anno t  be  used  to d e t e r m i n e  the  m e a n  d e p t h  of t he  
m a r k e r  in  t he  ox ide ;  consequen t ly ,  a m o r e  g e n e r a l  
m e t h o d  of d e t e r m i n i n g  the  l o c a t i o n  of e m b e d d e d  
a t o m s  was  sought .  This  has  been  f o u n d  in t h e  
" a tomic  sca le  m i c r o m e t e r , "  whose  d e v e l o p m e n t  a n d  
c a l i b r a t i o n  wi l l  be  f u l l y  d e s c r i b e d  e l s e w h e r e  (9) .  

T h e  p r i n c i p l e  of  t he  m e t h o d  is as  fo l lows.  Ce r t a in  
rad io i so topes ,  of w h i c h  X e  ~ is one, h a v e  low e n -  
e r g y  y transit~ions w h i c h  a r e  i n t e r n a l l y  c o n v e r t e d  
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w i t h  h igh  efficiency; t he  mos t  i n t ense  g roup  of con-  
ve r s ion  e l ec t rons  a r e  e j ec t ed  f r o m  the  K shel l  and  
a r e  e s s e n t i a l l y  monoene rge t i c .  I f  these  e l ec t rons  a r e  
r e l e a s e d  w i t h i n  a sol id,  t h e y  wi l l  lose e n e r g y  in 
t he i r  pa s sage  to t he  sur face ,  and  so t he i r  e n e r g y  
s p e c t r u m  wi l l  be  modif ied.  W i t h  s u i t a b l e  c a l i b r a -  
t ions,  these  modi f ica t ions  can  be  r e l a t e d  to the  
a m o u n t  of m a t t e r  t r a v e r s e d  b y  the  e lec t rons ,  and  
hence  to t he  m e a n  d e p t h  of t h e i r  sources ,  the  X e  ~ 
a toms,  b e l o w  the  sur face .  U n f o r t u n a t e l y ,  t he  en -  
e rgy  los t  b y  the  e l ec t rons  is no t  a s imp le  func t ion  
of t he  mass  of m a t e r i a l  t r a v e r s e d ,  b u t  also d e -  
pends  on i ts  a tomic  n u m b e r .  

A c c o r d i n g l y ,  c a l i b r a t i o n s  for  A1 and  Ta  w e r e  p e r -  
f o r m e d  s e p a r a t e l y .  F o r  A1, a ser ies  of e l ec t ron  e n e r g y  
s pec t r a  w e r e  o b t a i n e d  f r o m  X e  ~ e m b e d d e d  a t  va r i ous  
k n o w n  d e p t h s  w i t h i n  t he  m e t a l  and  the  spe c t r a  
f rom the  anod ized  s a m p l e s  c o m p a r e d .  S ince  A1 a n d  
O h a v e  a lmos t  t he  s ame  a tomic  n u m b e r ,  the  p r e s -  
ence  of t he  o x y g e n  shou ld  have  l i t t l e  effect on the  
c a l i b r a t i o n  ( e x p r e s s e d  in /~g cm-~). The  s ame  t e c h -  
n ique  could  no t  be  used  w i t h  Ta,  because  t he  Xe  ~ 
could  not  be  g iven  sufficient  b o m b a r d m e n t  e n e r g y  
to in jec t  i t  a t  dep th s  c o m p a r a b l e  to those  f o u n d  in 
the  anod ic  t a n t a l u m  oxide .  Ins tead ,  k n o w n  t h i c k -  
nesses  of gold  w e r e  s u b l i m e d  onto  the  su r f ace  of 
m e t a l  foi ls  con t a in ing  Xe  ~ at  specif ied dep ths ;  t he  
e l ec t ron  e n e r g y  s p e c t r a  w e r e  t hen  r e c o r d e d  and 
used  for  c a l i b r a t i n g  the  anod ized  spec imens  of Ta. 
Gold  a p p r o x i m a t e s  to Ta  in a tomic  n u m b e r ,  b u t  no 
co r r ec t i on  can  y e t  b e  m a d e  for  the  effect of t he  o x -  
ygen  in Ta~O.~. This  c a l i b r a t i o n  is t h e r e f o r e  less  ac -  
c u r a t e  t h a n  t ha t  for  A1. 

Using  t h e  C h a l k  R i v e r  ~rM/2 f l - s p e c t r o m e t e r  (10) 
dep th s  can  be  e s t i m a t e d  to as  l i t t l e  as •  a t o m  l a y -  
ers  (0.2 ~ g / c m  2 for  A1) p r o v i d e d  the  X e  ~ a t o m s  
a re  less t h a n  3 ~ g / c m  2 b e n e a t h  t he  su r face ;  w i t h  i n -  
c r eas ing  dep th ,  the  p rec i s ion  dec reases  cons ide rab ly .  
The  m e t h o d  is n o n d e s t r u c t i v e  and  a p p l i c a b l e  to a n y  
sol id ;  i t  has  been  u sed  to  m e a s u r e  t h e  d e p t h  of 
the  X e  ~ m a r k e r s  in  t he  g r o w i n g  ox ide  film. 

F o r  these  p r e l i m i n a r y  e x p e r i m e n t s ,  a l u m i n u m  and  
t a n t a l u m  t a rge t s ,  each  5.0 x 1.0 x 0.1 cm, w e r e  b o m -  
b a r d e d  on the  flat  face  w i t h  a b e a m  of 5 k e v  X e  ~ 
ions in an  e l e c t r o m a g n e t i c  i so tope  s epa ra to r .  The  
to ta l  i n t e g r a t e d  b e a m  c u r r e n t  s t r i k i n g  each  t a r g e t  
was  less  t h a n  10 ~ a toms/cm~;  s ince  t he  n u m b e r  o f  
m e t a l  a toms  in one a t o m  l a y e r  is a p p r o x i m a t e l y  
2 x l f f V c m  ~, i t  is e v i d e n t  t ha t  c h e m i c a l  c o n t a m i n a -  
t ion  of the  t a r g e t  b y  t h e  X e  ~ is neg l ig ib le .  F r o m  
o the r  w o r k  (6)  i t  is k n o w n  tha t  the  m e a n  p e n e t r a -  
t ion  d e p t h  of 5 k e v  X e  ~ ions  in A1 is 3.2 ~ g / c m  ~, and  
in Ta  5.5 ~ g / c m  ~. 

A f t e r  m e a s u r i n g  t h e  shape  of  t he  K-54.96  (21.79 
k e y )  conve r s ion  e l ec t ron  peak ,  t he  t a r g e t s  w e r e  
anod ized  a t  cons t an t  cu r r en t ,  0.1 m a / c m  ~ for  A1 and  
2 m a / c m  ~ for  Ta, us ing  3% aqueous  a m m o n i u m  c i t -  
r a t e  as  e l ec t ro ly te .  A t  10, 40, and  200v the  anod iz ing  
was  i n t e r r u p t e d ,  and  the  shape  of the  c o n v e r s i o n  
p e a k  was  m e a s u r e d  again .  The  f irst  s tep,  10v, con-  
ve r t s  t h e  m e t a l  con t a in ing  t h e  X e  ~ to  ox ide ;  s u b -  
s equen t  s teps  show w h a t  h a p p e n s  to the  Xe  m a r k e r  
as t he  o x i d e  f i lm g rows  th icke r .  The  conve r s ion  
e l ec t ron  s p e c t r a  o b s e r v e d  a r e  i l l u s t r a t e d  in Fig.  1 
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Fig. I. Effect of anodizing on the shape of the K-54.96 (21.79 
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Fig. 2. Effect of anodizing on the shape of the K-54.96 (21.79 
key) conversion line; 5 key Xe 1~ in tantalum. 

and  2. The  p e a k  a t  21.79 k e y  r e p r e s e n t s  e l ec t rons  
w h i c h  h a v e  not  los t  a n y  e ne rgy ;  those  e l ec t rons  
wh ich  have  been  s ca t t e r ed  at  l eas t  once be fo re  
l e a v i n g  the  ox ide  a p p e a r  in  t he  low e n e r g y  tai l .  

F o r  A1, the  l ine  shape  changes  on ly  s l i g h t l y  on 
anod iz ing  to 200v, and  at  l eas t  ha l f  of t he  o b s e r v e d  
c h a n g e  occurs  d u r i n g  the  first  10-v s tep.  Most  of 
th is  in i t i a l  change  can  be  a t t r i b u t e d  to t he  c o n v e r -  
s ion of t he  A1 l a y e r  (3.0 ~ g / c m  2) a b o v e  the  X e  ~ 
to a l a y e r  of Al~O2 (5.7 ~g/cm~).  The  r e su l t s  show 
tha t  the  Xe  ~ r e m a i n s  v e r y  close to  t he  su r f ace  u n d e r  
t hese  anod iz ing  condi t ions ,  and  the re fo re ,  t h a t  t he  
f r e sh  ox ide  l a y e r s  a r e  be ing  f o r m e d  u n d e r  the  e x -  
i s t ing  ones. The  a l t e r n a t i v e  poss ib i l i ty ,  t h a t  X e  is 
d i f fus ing  t o w a r d  the  su r f a c e  as f a s t  as f r e s h  ox ide  
l a y e r s  a r e  l a id  down,  seems  v e r y  u n l i k e l y ;  Xe, due  
to i ts  h igh  ion iza t ion  po ten t i a l ,  is a lmos t  c e r t a i n l y  
p r e s e n t  in t he  ox ide  as a n e u t r a l  a t o m  and  so wi l l  
no t  be  inf luenced  b y  t h e  v e r y  l a r g e  v o l t a g e  g r a d i e n t  
across  the  oxide .  F u r t h e r m o r e ,  w e r e  such  di f fus ion 
o f  t he  X e  ~ occur r ing ,  t h e r e  w o u l d  p r o b a b l y  be an  
a p p r e c i a b l e  loss of X e  ~ to t h e  e l e c t r o l y t e ;  in fact ,  
t he  m e a s u r e d  loss was  less  t h a n  4%.  

If  f r e sh  ox ide  l a y e r s  a r e  be ing  f o r m e d  u n d e r -  
n e a t h  t he  old, o x y g e n  m u s t  be  t he  m o b i l e  species.  
H o w e v e r ,  i t  has  been  f o u n d  (8)  tha t ,  u n d e r  cond i -  
t ions of cons t an t  vo l tage ,  abou t  20% of t he  a l u m i -  
n u m  c o n s u m e d  in t he  anod iz ing  p rocess  a p p e a r s  
d i s so lved  in the  e l ec t ro ly t e .  The  f r ac t ion  d i s so lved  
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Table I. Burying of Xe ~ during anodic oxidation 

T a r g e t  A n o d i c  v o l t a g e  

A p p r o x i m a t e  L o c a t i o n  of 
t h i c k n e s s  of XeU~ b e n e a t h  
ox ide  l ayer ,  sur face ,  

~ g / c m  2 a ~ g / c m  2 b 

A1 

Ta 

0 
I0 
40 

200 

0 
i0 
40 

200 

- -  3.2 
5.~ 5.0 

20 6.0 
95 7.5 

- -  5.5 
14 10 
56 22 

28O 90 

T h i c k n e s s  of  AleO~ ca l cu l a t ed  f r o m  0.475 /~g/cme/v (8) ; t h i c k -  
ness  of Ta20~ ca l cu l a t ed  f r o m  16 A / v  (11). 

F r o m  c h a n g e  in  K54.96 c o n v e r s i o n - l i n e  shape.  The  e s t i m a t e d  
e r ro r  i n  each  A1 d e t e r m i n a t i o n  is a b o u t  10% of the  v a l u e  quoted, 
an d  i n  each  Ta  d e t e r m i n a t i o n  a b o u t  30%. 

u n d e r  t he  cons t an t  c u r r e n t  cond i t ions  used  in  th i s  
w o r k  has  y e t  to be  m e a s u r e d ,  b u t  m a y  we l l  be  con-  
s ide rab le .  Consequen t ly ,  i t  seems  p r o b a b l e  t h a t  bo th  
m e t a l  and  o x y g e n  m i g r a t e ,  b u t  t h a t  a t  0.1 m a / c m  ~ 
t h e  f i lm g r o w s  m a i n l y  b y  o x y g e n  mig ra t i on .  

In  Ta  a d ra s t i c  c h a n g e  in l ine  shape  is o b s e r v e d  
w i t h  i n c r e a s i n g  anod ic  vo l tage ,  as  shown  in Fig .  2. 
The  X e  ~ r e m a i n s  a t  abou t  t he  m i d d l e  of the  ox ide  
f i lm ( T a b l e  I ) ,  i n d i c a t i n g  t h a t  f r e sh  ox ide  is be ing  
f o r m e d  on bo th  s ides  of it. Hence,  once again ,  bo th  
m e t a l  and  o x y g e n  move.  H o w e v e r ,  u n l i k e  A1, bo th  

t y p e s  of m i g r a t i o n  a r e  c o n t r i b u t i n g  to t he  ox ide  
f i lm g rowth .  

These  p r e l i m i n a r y  e x p e r i m e n t s  show t h a t  b y  
us ing  X e  ~ as an  i n e r t  t r a c e r  u n i q u e  a n d  use fu l  i n -  
f o r m a t i o n  a b o u t  t he  m e c h a n i s m  of ox ide  f i lm g r o w t h  
can  be  ob ta ined .  F u r t h e r  w o r k  is in  p r o g r e s s  to s t u d y  
the  effect  of v a r i o u s  anod iz ing  condi t ions ,  a n d  to e x -  
t e n d  t h e  t e c h n i q u e  to  o the r  me ta l s .  

Manuscr ip t  rece ived  May 31, 1962. Issued as A.E.C.L. 
No. 1600. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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E l e c t r o c h e m i c a l  i n v e s t i g a t i o n s  of s t r e s sed  m e t a l s  
have  been  h a m p e r e d  in the  p a s t  b y  the  l a ck  of a 
su i t ab l e  e l ec t rode  moun t .  A s a t i s f a c t o r y  m o u n t  for  
s t r e s sed  spec imens  shou ld  p r o v i d e  a i r  and  l iqu id  
t i gh t  seals ,  be  n o n c o n t a m i n a t i n g ,  a d a p t a b l e  to v a r y -  
ing e n v i r o n m e n t s  and  t e m p e r a t u r e s ,  and  s imp le  to 
c l ean  and  assemble .  The  des ign  d e s c r i b e d  h e r e  mee t s  
a l l  of these  r e q u i r e m e n t s  and,  in add i t ion ,  p e r m i t s  
e x p e r i m e n t a t i o n  u n d e r  cond i t ions  of e i t h e r  s ta t ic  
or  d y n a m i c  t ens ion  or  tors ion.  

F i g u r e  1 shows the  l o w e r  end  of t he  spec imen  
h o l d e r  in de ta i l ;  t he  u p p e r  end  is e s s e n t i a l l y  t he  
same.  On ly  Teflon, P y r e x  glass,  a n d  t h e  e l ec t rode  
con tac t  t h e  solut ion.  W i r e  spec imens  a r e  u sed  b e -  
cause  t h e y  a r e  eas i ly  s t ressed ,  and  those  no t  long 
enough  to e x t e n d  ou t s i de  the  f lask a r e  first  i n s e r t e d  
into  a m e t a l  rod  and  he ld  w i t h  a set  screw.  The  l o w e r  
end of t he  w i r e  and  the  m e t a l  rod  a r e  sh i e lded  f rom 
the  so lu t ion  b y  a Teflon g a s k e t  t h r o u g h  w h i c h  the  
e l ec t rode  e x t e n d s  in to  t he  solut ion.  A compres s ion  
seal  is o b t a i n e d  b y  the  p r e s s u r e  of a glass  b u s h i n g  

1 P r e s e n t  addres s :  S p r a g u e  Elec t r ic  C o m p a n y ,  N o r t h  A d a m s ,  Mas-  
sachuse t t s .  

2 P r e s e n t  addres s :  O l in  M a t h i e s o n  C h e m i c a l  Corpo ra t ion ,  New 
Haven ,  Connec t i cu t .  

on a Teflon gaske t .  P r e s s u r e  is a p p l i e d  b y  s c r e w i n g  
t o g e t h e r  t he  two  ha lves  of a Teflon compres s ion  
jo in t .  

F i g u r e  2 shows  the  e l e c t r o d e  h o l d e r  m o u n t e d  i n -  
s ide a s t a n d a r d  p o l a r i z a t i o n  f lask w h i c h  has  an  a d d i -  

GLASS I=//~SPEGIMEN 
SUSHI NG ~ I ( ~ _ _  

Fig. 1. Specimen holder 
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t iona l  s t a n d a r d  t a p e r  j o i n t  on the  bo t tom.  V e r t i c a l  
a d j u s t m e n t  is s u p p l i e d  b y  pas s ing  the  u p p e r  com-  
p re s s ion  jo in t  t h r o u g h  a Teflon s topper .  The  p o -  
l a r i z a t i on  cel l  i t se l f  has  been  d e s c r i b e d  in de t a i l  
e l s e w h e r e  ( 1 - 3 ) .  

Tens i l e  or  t o r s iona l  s t ress  can  be  a p p l i e d  to t he  
e l ec t rodes  be fo re  or  a f t e r  t h e y  a r e  i n s e r t e d  into the  
cell .  Tens i l e  s t ress  is a p p l i e d  a f t e r  i n se r t i on  b y  a t -  
t a ch ing  s u i t a b l e  w e igh t s  to t he  w i r e  or  m e t a l  rod.  
S m a l l  s y n c h r o n o u s  m o t o r s  a r e  used  in  a s im i l a r  
m a n n e r  to a p p l y  t o r s iona l  s t ress .  

The  e l ec t rode  m o u n t  has  p e r f o r m e d  s a t i s f a c t o r i l y  
in th is  L a b o r a t o r y  d u r i n g  n u m e r o u s  e x p e r i m e n t s  a t  
t e m p e r a t u r e s  up  to 130~ a n d  in w i d e l y  v a r y i n g  
e nv i ronme n t s .  

TEFLON 
COMPRESSK~N 
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1ELECT  
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N+N Delineation in Silicon 
Irvin Berman 

Air Force Cambridge Research Laboratories, Office of Aerospace Research, 
L. G. Hanscom Field, Bedford, Massachusetts 

R e c e n t l y  m a n y  of t he  d i f fus ion e x p e r i m e n t s  in  
t he  A i r  F o r c e  C a m b r i d g e  R e s e a r c h  L a b o r a t o r i e s  
have  been  o r i e n t e d  t o w a r d  i nc rea s ing  the  i m p u r i t y  
leve ls  in s i l icon for  t u n n e l i n g  effects.  P h o s p h o r u s  
p e n t o x i d e  has  been  d i f fused  into  n - t y p e  s i l icon to 
g ive  su r face  concen t r a t i ons  of 6 x 10 TM or h ighe r .  
Because  the  d i f fusan t  i m p u r i t y  is of t he  s ame  t y p e  
as t he  bu lk ,  o b s e r v a t i o n  of t he  d e p t h  of p e n e t r a t i o n  
has  been  difficult .  

The  c o n v e n t i o n a l  m e t h o d s  of f inding  the  d e p t h  of 
p e n e t r a t i o n  b y  a r e s i s t i v i t y  profi le ,  and  b y  i n c l u d -  
ing  a con t ro l  of p - t y p e  s i l icon in  t h e  e x p e r i m e n t ,  
l e ave  m u c h  to be  des i red .  U n t i l  r ecen t ly ,  th is  l a b o -  
r a t o r y  d id  no t  h a v e  a n y t h i n g  s im i l a r  to t he  F u l l e r  
S t a i n  (1)  for  o b s e r v i n g  th i s  p e n e t r a t i o n .  

S i l v e r m a n  and  Benn  (2)  h a v e  s h o w n  how e x c e l -  
l en t  d e l i n e a t i o n s  of p - n  j unc t i ons  can  be  o b t a i n e d  
t h r o u g h  the  use  of A u  chemip l a t i ng ,  good d e l i n e a t i o n  
on PP+, b u t  q u e s t i o n a b l e  r e su l t s  for  NN § d e l i n e a -  
t ion.  A l t h o u g h  in t he  A i r  F o r c e  C a m b r i d g e  R e s e a r c h  
L a b o r a t o r i e s  t h e ~ r i g i n a l  i n v e s t i g a t i o n  w a s  on d i f -  
fused  samples ,  i t  was  e x t e n d e d  to N § e p i t a x i a l  l a y -  
ers  on n - t y p e  b u l k  and  to n - t y p e  a l loys  in to  n - t y p e  
b u l k  m a t e r i a l .  

In  a l l  cases, good r e su l t s  a r e  o b t a i n a b l e  u n d e r  
p r o p e r  control .  T h e r e  is s t a in ing  b y  th i s  t echn ique ,  
b u t  also t h e r e  is some e tch ing .  T h r o u g h  p r o p e r  d i l u -  
t ions,  good con t ro l  of th i s  e t ch ing  has  been  e s t a b -  
l ished.  Th is  e x p e r i m e n t  was  p e r f o r m e d  u n d e r  a m -  
b i en t  r o o m  t e m p e r a t u r e .  

By w a y  of diff icult ies,  t h e r e  a r e  two  cond i t ions  
t ha t  shou ld  be  m e n t i o n e d  in u t i l i z ing  the  p r o c e d u r e :  
( i )  p r e c a u t i o n  is n e c e s s a r y  in p r e s e r v i n g  t h e  edges  
of t h e  si l icon,  in o r d e r  to h a v e  good r e f e r e n c e  po in t s  
for  m e a s u r i n g ;  ( i i )  t he  s t a in ing  r e a g e n t  shou ld  be  
s t o r ed  u n d e r  r e f r i g e r a t i o n  for  t he  m a i n t e n a n c e  of i ts  
po tency .  

The  s t a in ing  r e a g e n t  consis ts  of: 

40 cc H F  (49.2% 20 cc HNO3 (70 .2%)  
100 cc H..O 2g AgNO3 

The  p r o c e d u r e  consis ts  of t he  fo l l owing  s teps :  
(a)  p r e p a r e  s a m p l e  b y  m o u n t i n g  in p las t ic ,  for  ang le  
l a p p i n g  or  for  g r o o v i n g  (3 ) ;  (b)  l ap  first  w i t h  600 
g r i t  to expose  d e s i r e d  a rea ;  (c)  l ap  w i t h  success ive ly  
s m a l l e r  g r i t s  un t i l  t he  d e s i r e d  po l i sh  is ob t a ined ;  
(d)  c l ean  su r face  and  d ry ;  (e)  use  a w o o d e n  or  p l a s -  
t ic  a p p l i c a t o r  to a p p l y  a d rop  of the  s ta in  r e a g e n t  
to t he  e x p o s e d  si l icon.  A t  th is  point ,  s i l ve r  w i l l  d e -  
pos i t  on the  en t i r e  surface ,  b u t  t he  g r e a t e s t  depos i t  

Table I. Calculated diffusant depth vs. measured stain depth 

B u l k  m a t e r i a l  5 x 1016 i m p u r i t y  a toms/cmS 

No. C a l c u l a t e d  dep th ,  in.  M e a s u r e d  dep th ,  in.  

1 2.94 X 10 -a 2.38 X 10 -3 
2 2.48 X 104 2.48 X 10 -3 
3 1.73 X 10 -~ 1.54 X 10 -3 
4 1.31 X 10 -3 1.4 X 10 -3 
5 1.6 X 10-* 1.42 X 104 
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Fig. 1. Epitoxial n-type germanium layer: A, epitaxial layer; B, 
interface; C, substrate. Magnification 650X. 

wil l  be at the region of highest  res is t iv i ty ;  (f)  r inse 
off surface and dry;  (g) App ly  a drop  of di lute  ni-  
tr ic acid to the surface wi th  a wooden or plast ic  ap-  
pl icator ;  (h)  r inse off sample and dry.  

The use of this technique establishes a good corre-  
lat ion be tween  calcula ted diffusant depth  and meas-  
ured stain depths.  

Some of the er ror  can be a t t r ibu ted  to the diffusion 
techniques. The greates t  contr ibut ion to the error  
p robab ly  comes f rom the slight etching and subse-  
quent  rounding of the edge. This in terferes  wi th  the 
point  of reference for measuring.  To minimize the 
etching, the solution was var ied  by di lut ing wi th  
water.  As the bulk  approaches the  degenera te  l aye r  
in impur i ty  concentrat ion,  the  del ineat ion becomes 
more difficult to reproduce.  A repet i t ion  of the ad-  
dit ion of the stain reagent  and the ni tr ic  acid steps 
wil l  even tua l ly  br ing  out  the delineation.  The effect 
of l ight  on the  react ion was also invest igated;  it did 
not appear  to contr ibute  to the reaction. 

The t ime requi red  for the stain del ineat ion to 
appear  wi l l  depend on the impur i ty  concentrat ion 
and the di lut ions of the reagent.  By increasing the 
concentrat ion of the reagent ,  the t ime wil l  be re -  
duced. However,  the  danger  of etching wil l  be in-  
creased. 

S imi lar  techniques employed wi th  N+N ge rma-  
nium del ineat ion works  fa i r ly  well, but  in ger -  

Fig. 2. Cross section of silicon die: A, diffused phosphorus; B, 
n-type silicon; C, N + regrowth; D, gold/antimony. Magnification 
650X. 

manium the boundar ies  appear  to lack sharpness.  
F igure  1, a 650X photograph,  shows an ep i tax ia l  
n - t y p e  Ge l aye r  deposi ted by  a closed cycle vapor  
growth process on an n - t y p e  Ge substrate.  The epi-  
t ax ia l  layer  is des ignated as A. The interface  labeled 
B appears  so heav i ly  oxidized that  i t  loses its dis-  
t inct ion in a photograph.  The subst ra te  is designated 
as C. F igure  2 is a photograph  of a cross section 
(magnification 650X) of a silicon die s tained by  the 
techniques descr ibed here. Region A is a phosphorus 
diffusion (8 x 101~ a toms /cm 3) into n - t y p e  bu lk  si l-  
icon (region B) ,  wi th  5 x 10 ~ impur i ty  atoms/cm~T 
On the opposite side, a disk of go ld / an t imony  (1% 
Sb) has been alloyed. The del ineat ion of the  N § 
regrowth  region labeled C is quite apparent .  The 
area  marked  D is the al loy of go ld /an t imony.  
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Voltammetric and Chronopotentiometric 
Study of the Anodic Oxidation of 

Methanol, Formaldehyde, and Formic Acid 
R. P. Buck ~ and L. R. Griffith 

California Research Corporation, Richmond, California 

ABSTRACT 

The anodic oxidat ion  of methanol ,  fo rmaldehyde ,  and formic acid on 
p la t in ized p la t inum electrodes was s tudied by  the technique of vo l t ammet ry  at 
l inear ly  changing poten t ia l  in 14 aqueous solutions ranging  f rom 10M KOH to 
9M H~SO~ and over  a concentra t ion range  of 0.01 to 0.1M. The p i t  dependences  
of the  cu r ren t -vo l t age  curves, peak  currents ,  overpotent ia ls ,  and kinet ic  p a r a m -  
eters  were  inves t iga ted  for  each of the th ree  compounds where  possible. Mech-  
anisms based on these resul ts  and the suppor t ing  chronopotent iometr ic  and 
product  studies a re  discussed. 

A d e t a i l e d  k n o w l e d g e  of  the  m e c h a n i s m s  of m e t h -  
anol ,  f o r m a l d e h y d e ,  and  fo rmic  ac id  ox ida t i ons  on 
p l a t i n u m  e l ec t rodes  is p e r t i n e n t  to , cons ide ra t ion  of 
these  m a t e r i a l s  as fue l  cel l  r eac t an t s .  I t  m a y  be  a 
p r e r e q u i s i t e  for  t he  u n d e r s t a n d i n g  of anod ic  ox i -  
da t i on  of  h y d r o c a r b o n s .  A l t h o u g h  the  anod ic  o x i d a -  
t ion  of a lcohols  on p l a t i n u m  has  been  p r e v i o u s l y  r e -  
po r t ed ,  t he  k ine t i c s  and  m e c h a n i s m s  of these  p r o c -  
esses have  no t  been  we l l  e s t ab l i shed .  The  w o r k  of 
Mfi l ler  (1)  led  to t he  sugges t ion  t h a t  m e t h y l a t e  
an ion  m a y  be  the  ox id i zab l e  spec ies  in  bas ic  aqueous  
solut ions .  T a n a k a  (2)  s t ud i ed  the  anod ic  o x i d a t i o n  of 
m e t h a n o l  in base,  b u t  f a i l ed  to obse rve  f o r m a l d e h y d e  
as an  i n t e r m e d i a t e .  P a v e l a  (3)  m a d e  e x t e n s i v e  use  
of cons t an t  c u r r e n t  in his  i nves t i ga t i on  of the  ox i -  
da t i on  of m e t h a n o l  in bas ic  and  acidic  solut ions .  
O the r  v o l t a m m e t r i c  s tud ies  of  a lcohols  and  a l d e -  
h y d e s  h a v e  been  r e p o r t e d  b y  M a c N e v i n  and  S w e e t  
(4) ,  B o g d a n o v s k i i  and  S h l y g i n  (5) ,  and  V i e l -  
s t ich (6) .  

In  th i s  p a p e r  w e  discuss  our  e x p e r i m e n t s  des igned  
to e l u c i d a t e  the  r e a c t i o n  sequence  and  the  r a t e s  of 
l im i t i ng  processes  in t he  anodic  o x i d a t i o n  of m e t h -  
anol.  W e  o b t a i n e d  e l e c t r o c h e m i c a l  d a t a  f rom c u r r e n t -  
p o t e n t i a l  cu rves  w i t h  l i n e a r l y  c h a n g i n g  p o t e n t i a l  and  
p o t e n t i a l - t i m e  cu rves  at  cons t an t  c u r r e n t  (7 ) .  Com-  
p a r a t i v e  d a t a  a r e  also g iven  for  f o r m a l d e h y d e ,  f o r -  
mic acid,  and  f o r m a t e  ion. In  t he  case  of v o l t a m -  
m e t r y  at  l i n e a r l y  c h a n g i n g  po ten t i a l ,  q u a n t i t a t i v e  
desc r ip t i ons  for  cases  i n v o l v i n g  r a t e - d e t e r m i n i n g  
a d s o r p t i o n  processes  or  p r e e l e c t r o c h e m i c a l  so lu t ion  
r eac t ions  a r e  not  ava i l ab le .  Q u a l i t a t i v e l y ,  the  e f -  
fects  of p r e e l e c t r o c h e m i c a l  r e ac t i ons  a r e  d i scussed  
us ing  a r g u m e n t s  s i m i l a r  to those  of K o u t e c k y  and  
B r d i c k a  (8) .  E a r l i e r  r e su l t s  of th is  p r o g r a m  have  
been  d e s c r i b e d  (9 -11 ) .  

Experimental 
A v e r s a t i l e  i n s t r u m e n t ,  b u i l t  a r o u n d  c o m m e r c i a l l y  

ava i l ab l e ,  c h o p p e r - s t a b i l i z e d  c o m p u t e r  ampl i f ie rs ,  

1 P r e s e n t  a d d r e s s :  B e l l  and Howel l  Research Center,  Pasadena, 
California. 

was  used.  The  e q u i p m e n t  was  b u i l t  a f t e r  des igns  b y  
D e F o r d  (12) .  

Most  of the  e x p e r i m e n t s ,  i nc lud ing  a l l  v o l t a m -  
m e r r y  in ac idic  solu t ion ,  w e r e  done  w i t h  a c o n v e n -  
t i ona l  H - c e l l  us ing  t h r e e  e lec t rodes .  The  e l ec t ro lys i s  
c u r r e n t  f lowed b e t w e e n  a p l a t i n u m  sphe re  anode  and  
a Hg-Hg~SO~, s a t u r a t e d  K_.SO, a u x i l i a r y  ca thode ,  
s e p a r a t e d  f rom the  a n o d e  b y  a f l i t t e d  glass  d i sk  and  
an  aga r  p lug  s a t u r a t e d  w i t h  K~SO,. A n o d e  po t en t i a l s  
w e r e  m e a s u r e d  and  c on t ro l l e d  f r o m  a B e c k m a n  
s a t u r a t e d  ca lome l  e l e c t r o d e  s e p a r a t e d  f rom the  
anode  c o m p a r t m e n t  b y  a s im i l a r  aga r  b r idge .  The  
anode  was  p l a t i n i z e d  f r o m  a 0.5 wt  % p l a t i n i c  ch lo -  
r ide  so lu t ion  to g ive  a b l a c k  p l a t i n u m  surface .  

A l l  so lu t ions  w e r e  p r e p a r e d  f r o m  c o m m e r c i a l l y  
a v a i l a b l e  C. P. g r a d e  chemica l s ,  i nc lud ing :  p H  10.0, 
a p p r o x i m a t e l y  0.2M in K~CO~ and  KHCO3; p H  2.12, 
a p p r o x i m a t e l y  0.1M in KH~PO, and  H~PO,. 

C o m m e r c i a l l y  p u r e  m e t h a n o l  (99 .8%) ,  c o m m e r -  
c i a l ly  p u r e  s o d i u m  f o r m a t e  (100 .0%) ,  and  M e r c k  
f o r m a l d e h y d e  (37% in w a t e r  s t ab i l i zed  w i t h  m e t h -  
ano l )  w e r e  used.  

M ic ro l i t e r  s a mp le s  w e r e  p i p e t t e d  in to  t he  anode  
c o m p a r t m e n t ;  a n o l y t e  v o l u m e  was  50 ml .  S a m p l e s  
w e r e  s t i r r e d  in to  t he  so lven t  w i t h  a m a g n e t i c  s t i r r e r .  
The  so lven t  was  d e a e r a t e d  w i t h  n i t r o g e n  p r i o r  to 
a d d i n g  the  o x i d i z a b l e  sample ,  and  a n i t r o g e n  a t -  
m o s p h e r e  was  m a i n t a i n e d  ove r  t h e  u n s t i r r e d  so lu -  
t ions  d u r i n g  p o t e n t i a l  sweeps .  

P o t e n t i a l  sweeps  w e r e  done  f r o m  n e g a t i v e  p o -  
t en t i a l s  in a pos i t i ve  d i r ec t ion  to t he  b e g i n n i n g  of 
o x y g e n  evo lu t i on  and  t h e n  in r eve r se .  S w e e p  r a t e s  
w e r e  4.00 and  8.00 m v / s e c .  T e m p e r a t u r e  was  23 ~ 
_0 .5~  

E a r l y  runs  showed  t h a t  e l e c t r o d e  p r e t r e a t m e n t  
was  e s sen t i a l  to the  r e p r o d u c i b i l i t y  of t he  c u r r e n t  
o b s e r v e d  on  success ive  p o t e n t i a l  sweeps .  A f ew m o -  
m e n t s  of r a p i d  h y d r o g e n  evo lu t ion  was  sufficient  to 
r e d u c e  the  p l a t i n u m  ox ide  f o r m e d  d u r i n g  p r e v i o u s  
sweeps .  H o w e v e r ,  in  so lu t ions  m o r e  ac id ic  t h a n  p H  
11.5, a p l a t i n i z e d  n i cke l  anode  h a d  to be  bo th  ox i -  
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Fig. 1. Potential sweeps of sodium hydroxide solution. Platinized 
nickel ball; electrode, 2.6 mm diameter; arrows indicate sweep 
direction; 0.1M NaOH, sweep rate, 4 mv/sec. 

SORBED 
HYDROGEN 

12C OXIDATION 
/ ~ OXYGEN 

~ REDUCTION OF 
~ I ~  OXIDES 

160 

-Q, - & '  ; ' 0'.2 ' o'.,' & ' o,'8 ' .'o' , ' .~ ,.4 
APPLIED POTENTIAL, VOLTS VS SCE 

Fig. 2. Potential sweeps of sulfuric acid solution. Platinlzed 
platinum ball; electrode, 2.1 mm diameter; arrows indicate sweep 
direction; 1M H~S04, sweep rate, 4 mv/sec. 

dized and reduced,  appa ren t ly  to remove adsorbed 
materials .  This p rocedure  was not a lways  successful. 

Results and  Discussion 

Current-Potential Characteristics 
A typical  potent ia l  sweep of a basic solution con- 

ta ining no oxidizable  sample  is shown in Fig. 1. A 
sweep in 1M H~SO~ solution is shown in Fig. 2. Three 
peaks  for the  oxidat ion of sorbed hydrogen  are 
c lear ly  seen at the beginning of the la t te r  sweep. 
Two of these, marked  I and II, agree wi th  those 
observed by F rank l in  and Cooke (13), who pos tu-  
la ted the na ture  of three  forms of sorbed hydrogen.  
Beyond +0.6v  the oxidat ion of p la t inum to a p la t i -  
num oxide layer  begins (14). On the reverse  sweep, 
the  reduct ion of the oxide layer  appears  as a peak  
be tween +0.8 and +0.3v. The reduct ion of hydrogen  
ions to hydrogen  shows two peaks  at  potent ia ls  more 
posit ive than  hydrogen evolution. I t  appears  tha t  
two kinds of sorbed hydrogen  form before  hydrogen 
evolution. 

Typical  cyclic vo l tammet r ic  sweeps for methanol  
in four e lectrolytes  are shown in Fig. 3. Data for 
other  acidit ies are given in the or iginal  reports  (11). 
In the basic region, pH 10-14, the first pa r t  of the as-  
cending anodic cu r ren t -po ten t i a l  curve obeys the 
Tafel  equation. Toward  more  posi t ive  potent ials ,  the  
anodic cur ren t  reaches a m a x i m u m  value and then 
decreases e i ther  because the surface concentrat ion is 
deple ted  or because the surface becomes blocked by  
oxide format ion or because of both. Aside  f rom h y -  
drogen oxidation,  there  are no other  anodie peaks  in 
basic solutions pr ior  to oxygen evolution. 

F rom pH 3.75 to low pH values,  a second, b road  
peak  appears  af ter  the main  peak  but  pr ior  to oxy-  
gen evolution. We in te rp re t  this to be a cata lyt ic  cur -  
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i :  ~ ~ . . . .  

~" 40o pH 2 12 
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-i  z 0 e -0 4 a o 4 o.s i,a 
APPLEO POTENTIAL, VOLTS VS SCE 

Fig. 3. Voltammetrir behavior of methanol; 0.0247M (O.0121M 
for ].OM H~S04); sweep rate, 8 mv/sec. All sweeps begin at the most 
negative potentials; anodic current above zero, cathodic current 
below. 

rent  due to regenera t ion  of p l a t inum oxides which 
are formed elect]:ochemically in this potent ia l  region 
but  are  reduced chemical ly  by  methanol  in acidic 
solutions. The locations of the  main  oxidat ion peaks 
of fo rmaldehyde  and formic acid as de te rmined  in 
separa te  exper iments  show tha t  the  second peak  
cannot be due to the oxidat ion of in te rmedia tes  f rom 
the methanol  oxidation.  This cata lyt ic  pa t t e rn  p re -  
vails only in acidic solutions for potent ia ls  be tween 
+ 1.0 to + l . 3v ,  depending on the acidity. The height  
of the second peak  for methanol  is a lways  about  one 
half  that  of the first oxidat ion peak. On the reverse  
sweep, the second peak does not appear.  

The direct  anodic oxidat ion of methanol  does not 
occur on p la t inum oxide in e i ther  acidic or basic 
media  at ra tes  comparable  to the  react ion on oxide-  
free plat inum. This fact is c lear ly  shown in base 

iiil ..... 

-' ~,;;jE;~ ;ods%s'dc " 

Fig. 4. Voltammetric behavior of formaldehyde; 0.026M (0.013M 
for 1.0M H~SO,); sweep rate, 8 mv/sec. All sweeps begin at the 
most negative potentials; anodic current above zero, cathodic cur- 
rent below. 
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w h e r e  t he  m e t h a n o l  o x i d a t i o n  c u r r e n t  is no t  ob-  
s e rved  d u r i n g  the  r e v e r s e  sweep  u n t i l  the  ox ide  l a y e r  
r e d u c t i o n  p e a k  is passed .  

Cycl ic  v o l t a m m e t r i c  sweeps  for  f o r m a l d e h y d e  in 
fou r  e l e c t ro ly t e s  a re  shown  in Fig.  4. In  t he  r eg ion  
10M K O H  to 0.1M N a O H  t h e r e  a r e  r e p r o d u c i b l e  
doub le  p e a k s  of r e m a r k a b l y  s im i l a r  fine s t ruc tu re .  
The  p e a k s  m o v e  t o g e t h e r  on dec r ea s ing  bas ic i ty .  The  
second  peak ,  w h i c h  is the  s m a l l e r  of the  two  at  10M 
KOH,  becomes  l a r g e r  r e l a t i v e  to the  first  ( m o r e  
n e g a t i v e )  p e a k  u p o n  dec reas ing  bas i c i t y  un t i l ,  a t  
0.1M NaOH,  the  first  p e a k  is a lmos t  a s h o u l d e r  on 
the  l a r g e r  second  peak .  

The  o x i d a t i o n  " p e a k "  of f o r m a l d e h y d e  r e t a in s  a 
b r o a d  aspec t  in less  bas ic  solut ions .  E v i d e n c e  of 
s e c o n d a r y  p rocesses  g iv ing  r i se  to a shou lde r  on 
e i the r  t he  n e g a t i v e  or  t he  pos i t i ve  p o t e n t i a l  s ide r e -  
m a i n s  un t i l  abou t  p H  2. On ly  in  so lu t ions  m o r e  
ac idic  t h a n  p H  2 does  t he  o x i d a t i o n  p e a k  have  a v e r y  
sha rp ,  s p i k e l i k e  shape.  H o w e v e r ,  t he  p r e w a v e  s t i l l  
pe r s i s t s  as i n d i c a t e d  b y  the  p r e s e n c e  of two  Tafe l  
slopes.  

In  a l l  e l ec t ro ly t e s ,  ac id ic  or  basic ,  in  a d d i t i o n  to 
t he  peak ,  p e a k  and  shou lder ,  o r  p e a k s  at  t he  n e g a -  
t i ve  p o t e n t i a l  s ide of t he  scan, t h e r e  is a b r o a d  p e a k  
p r i o r  to o x y g e n  evo lu t i on  in  t he  r eg ion  w h e r e  p l a t i -  
n u m  ox ide  is k n o w n  to form.  In  s t rong  base ,  th is  
t h i r d  p rocess  a p p e a r s  as a m e r e  d r a w n - o u t  s h o u l d e r  
l e a d i n g  to  o x y g e n  evo lu t ion .  In  s t r ong  acid,  th is  
process  a p p e a r s  as a p e a k  of c o m p a r a b l e  size to, 
b u t  n e v e r  m o r e  than ,  t he  m a i n  peak .  This  t h i r d  p e a k  
is v e r y  l i k e l y  a ca t a ly t i c  c u r r e n t  caused  b y  the  p l a t i -  
n u m  o x i d e - c a t a l y z e d  ox ida t i on  of  f o r m a l d e h y d e  as 
p r e v i o u s l y  sugges t ed  for  m e t h a n o l .  

In  bas ic  e l ec t ro ly t e s ,  f o r m a l d e h y d e  ox id izes  on 
p l a t i n u m  ox ide  bu t  a t  a s l ower  r a t e  t h a n  on the  c l ean  
p l a t i n u m .  This  r e a c t i o n  can  be  o b s e r v e d  as a con-  
s i d e r a b l e  anod ic  c u r r e n t  d u r i n g  the  r e v e r s e  p o t e n t i a l  
sweep  a f t e r  r e d u c t i o n  of a d s o r b e d  o x y g e n  bu t  be fo re  
p l a t i n u m  ox ide  is r educed .  G r e a t e r  f o r m a l d e h y d e  
concen t r a t i ons  p r o d u c e  g r e a t e r  anod ic  c u r r e n t s  in 
th is  reg ion .  The  p l a t i n u m  o x i d e  r e d u c t i o n  c u r r e n t  
s u b t r a c t s  f r o m  the  anod ic  c u r r e n t  and  y ie lds  a ne t  
c u r r e n t  w h i c h  m a y  be  anod ic  or  ca thodic ,  d e p e n d i n g  
on the  f o r m a l d e h y d e  concen t r a t ion .  W h e n  the  p o t e n -  
t i a l  is r e a c h e d  at  w h i c h  t h e  p l a t i n u m  ox ide  is r e -  
moved ,  t he  anod ic  c u r r e n t  i nc reases  g rea t ly .  The  
s a m e  effects a r e  o b s e r v e d  in ac id ic  so lu t ions  of f o r m -  
a ldehyde .  The  r eg ion  b e t w e e n  +0 .8  and  + 0 . 6 v  m a y  
be  one w h e r e  aga in  bo th  e l e c t r o c h e m i c a l  o x i d a t i o n  
of f o r m a l d e h y d e  and  electrochemical r e d u c t i o n  of 
p l a t i n u m  ox ide  occur  s i m u l t a n e o u s l y .  

Cycl ic  v o l t a m m e t r i c  sweeps  of f o r m a t e  and  fo rmic  
acid  show e q u a l l y  c o m p l e x  shapes .  Typ i ca l  cu rves  a r e  
shown  in Fig .  5. A t  a l l  p H  va lues ,  t he  o x i d a t i o n  p e a k  
shows t w o  pa r t s ,  a l t h o u g h  in s t rong  base  and  s t rong  
ac id  i t  is diff icult  to te l l  b ecause  of t he  v e r y  sma l l  
cu r ren t s .  A n o t h e r  p e a k  close to o x y g e n  evo lu t ion  is 
o b s e r v e d  in  t he  p o t e n t i a l  sweeps  in ac idic  solut ions .  
This,  aga in ,  m a y  be  a p l a t i n u m  o x i d e - c a t a l y z e d  ox i -  
da t i on  of fo rmic  acid.  

Dependence of Peak Currents on Fuel Concentration 
Plo t s  of p e a k  c u r r e n t  vs. c o n c e n t r a t i o n  of fue l  

w e r e  p r e p a r e d  for  14 aqueous  e l ec t ro ly t e s  r a n g i n g  
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Fig. 5. Voltammetric behavior of formate and formic acid; 

0.036M (0.0237M for 1.0M H2S04); sweep rate, 8 mY/sec. All sweeps 
begin at the most negative potentials; anodic current above zero, 
cathodic current below. 

f rom 10M K O H  to 9M H~SO4. Two or  m o r e  p o t e n t i a l  
sweep  r a t e s  w e r e  used  for  each  fue l  c o n c e n t r a t i o n  in 
each  e l ec t ro ly te .  These  p lo ts  a r e  not  r e p r o d u c e d  
here ,  bu t  a re  con t a ined  in the  o r ig ina l  p rog re s s  r e -  
po r t s  (11) .  

G e n e r a l l y ,  p e a k  c u r r e n t s  v a r y  l i n e a r l y  w i t h  fue l  
c o n c e n t r a t i o n  as e x p e c t e d  for  r eac t ions  i n v o l v i n g  
di f fus ion l i m i t a t i o n  up  to a b o u t  0.05M; h o w e v e r ,  
p e a k  c u r r e n t s  a r e  m u c h  s m a l l e r  t h a n  r e q u i r e d  for  
d i f f u s i o n - l i m i t e d  processes .  Two n o t a b l e  excep t ions  
to t he  l i n e a r  r e l a t i o n s h i p  a r e  f o r m a t e  in  bas ic  so lu-  
t ions  and  m e t h a n o l  in a l l  so lu t ions  m o r e  ac idic  t h a n  
p H  11.5. The  m e t h a n o l  cu rves  a r e  l i n e a r  in  t he  r eg ion  
of 0.001M to a b o u t  0.03M, b u t  t end  to l eve l  off a t  
h i g h e r  concen t ra t ions .  F o r m a l d e h y d e  shows  l i n e -  
a r i t y  ove r  a wide  c o n c e n t r a t i o n  r a n g e  and  g e n e r a l l y  
shows  g r e a t e r  p e a k  cu r ren t s .  The  h ighes t  c o n c e n t r a -  
t ion  i n v e s t i g a t e d  was  0.24M. 

Dev ia t i ons  f r o m  l i n e a r i t y  canno t  be e x p l a i n e d  
w i t h  t he  e l e c t r o n - t r a n s f e r  l i m i t i n g  m o d e l  used  b y  
D e l a h a y  (15) s ince t he  p e a k  c u r r e n t s  shou ld  be  
l i n e a r  in fue l  c o n c e n t r a t i o n  and  shou ld  i nc rea se  w i t h  
the  s q u a r e  roo t  of the  s w e e p  ra te .  M e t h a n o l  p e a k  
c u r r e n t s  i n c r e a s e  w i t h  sweep  r a t e  b u t  in a p r o p o r -  
t ion less  t h a n  p r e d i c t e d  b y  the  s q u a r e  roo t  r e l a t i o n -  
ship.  This  was  also g e n e r a l l y  t r u e  for  f o r m a l d e h y d e  
and  f o r m a t e  ion. On ly  in t he  ac idic  r a n g e  a r e  t h e  
f o r m a l d e h y d e  p e a k  c u r r e n t s  in  t h e  p r o p e r  r a t i o  fo r  
sweep  r a t e s  8.00 and  4.00 m v / s e c .  

These  f e a t u r e s  of t h e  v a r i a t i o n  of p e a k  c u r r e n t  
w i th  c o n c e n t r a t i o n  and  s w e e p  r a t e  cause  us to con-  
c lude  t h a t  t h e  c u r r e n t  p e a k  is no t  d i f fus ion  l imi t ed .  
F a c t o r s  no t  cons ide red  in  t he  t h e o r y  (15) a r e  s low 
p r e e l e c t r o c h e m i c a l  so lu t ion  r eac t ions  and  d i s soc ia -  
t i ve  a d s o r p t i o n  on the  e lec t rode .  

Dependence of Peak Current on pH 

The  s lope of  t he  p e a k  c u r r e n t  vs. fue l  c o n c e n t r a -  
t ion  cu rves  r e p r e s e n t  the  p e a k  c u r r e n t  p e r  un i t  con-  
c e n t r a t i o n  or  " r e d u c e d "  p e a k  c u r r e n t  in  m i c r o a m -  
p e r e s  p e r  m i l l i m o l e  p e r  l i te r .  These  s lopes  d e p e n d  on 
t h e  p H of t h e  e l e c t r o l y t e  and  the  p o t e n t i a l  sweep  
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Fig. 6. Reduced peak currents vs. pH for methanol, formaldehyde, 
and formic acid; sweep rate, 8.0 my/see. 

rate. When the curves were not l inear, the slope 
chosen was the maximum value obtained at the low- 
est concentrations. The reduced peak currents are 
plotted v.s. pH for methanol, formaldehyde, and 
formic acid in Fig. 6. 

The optimum acidity for the oxidation of these 
materials is in the range pH 0-1. Decrease in peak 
currents for still higher acidities may be related to 
the increased bulk concentration of protonated 
methanol, formaldehyde, and formic acid (16). In-  
creasing peak heights for methanol and formalde- 
hyde with increasing basicity may be due to the 
greater concentrations of methylate ion and meth-  
ylene glycolate ions, respectively. Ultimate decreas- 
ing of peak heights with increasing basicity may be 
due to increased adsorption of OH- onto the anode. 

Formate  can be oxidized in base as shown by the 
small peak in the basic range in Fig. 6. However,  it 
is not oxidized rapidly at the potential of rapid 
methanol and formaldehyde oxidation, and formate 
is, therefore, the principal product of the oxidation 
of methanol and formaldehyde at pH > 11. This com- 
plication is not clear from Fig. 6, which merely 
shows the magnitude of the peak current wherever  it 
happens to occur on the potential scale. 

Formic acid gives larger reduced peak currents 
than methanol at intermediate pH values of 2-11. 
This suggests that  formate anion (or formic acid) 
may not be the principal end product from methanol 
below pH 11 but merely an intermediate. Product  
analyses (9, 10) of methanol oxidation, which show 
buildup of formate in strong base but nearly com- 
plete conversion to CO~ in strong acid, have not been 
performed for electrolytes in the range pH 2-11. The 
dropoff of reduced peak currents from pH 10 to 
about pH 12 for methanol  and formaldehyde may re- 
flect the change from six to four electrons for meth-  
anol and a change from four to two electrons for 
formaldehyde if it is t rue that formate becomes 
limiting only above pH 11. 

At all p.H values, formaldehyde gives greater peak 
currents than either methanol or formic acid. This 
result may seem puzzling since methanol is intrinsic- 
ally capable of yielding six electrons while formal-  
dehyde at best can yield only four. This result in 
basic solutions is consistent with a mechanism for 
methanol oxidation involving a slower preelectro- 
chemical reaction for methanol than for formalde-  
hyde, e.g., a slow dissociative chemisorption step or a 
slow solution reaction to produce the electroactive 
species. 

Position of Peak Current on the Potential Scale 

The positions of peak current on the potential scale 
for. methanol, formaldehyde, and formic acid or 
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Fig. 7. Position of peak current for two sweep rates and various 
concentrations to 0.1M. 

formate are shown in Fig. 7. The values are given 
as ranges incorporating data from both 4.00 and 8.00 
mv/sec  sweeps over a wide range of fuel concentra-  
tions. The spread in the potential range for each 
pH is smaller if the data for only one sweep rate are 
included. 

Rate Constants in Basic Solutions 

In the low current region on the negative potential 
side of a current peak, the following equation is as- 
suraed to hold if the reaction rate is limited only by 
a slow electron transfer step and adsorption of the 
reactant is absent. The instantaneous current,  at a 
given potential E, is given by the equation: 

i = nFC~ [ ( . 1 - - ~ ) n , F ( E - -  E%) [1 ]  

where n is the number  of electrons in the over-all  
oxidation (n has the value 4 for methanol, 2 for 
formaldehyde, and 2 for formate in base), F the 
Faraday,  C ~ the reactant  concentration at the elec- 
trode surface and in the bulk, A the electrode area, 
k,,,, the rate constant at a potential E~ the reversible 
potential for the ra te-determining step, (1 -- a) the 
anodic transfer  coefficient, and n~ the number  of 
electrons in the rate-determining step. Applicability 
of Eq. [ 1 ] is restricted to high bulk reactant  concen- 
tration and very  low current  drain so that the sur- 
face concentration is not depleted during the course 
of the experiment. If oxidation occurs f rom an ad- 
sorbed state, a constant value of k~.~ is not expected 
with this calculation. 

MethanoL--On a 2.6 ram platinized nickel ball 
anode using current densities in the range 1-500 
~a/cm ~ and methanol of 0.0498M, our value for 
b ~ 0.059/(1 --~)n~ is 0.21-0.28 at 25~ and b is in- 
dependent of pH from pH 10 to 14. 

Values of Ak,,~, the product of electrode area and 
apparent  heterogeneous rate constant for a possible 
rate-determining step 

CH~O- + 20H- -~  CH~(OH)O- + H~O + 2e- [2] 
were calculated from the following equations and 
are given in Table I. 

] i = 4FAk,.~(CI-I~O-) exp RT ( E - -  E%) [3] 

K~ (OH-) 
i = 4FAk,.~ (CH,OH) 

K~ 

and 
exp [ (1 --  a )n jF  ~u (E-- E%) ] [4] 
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Table |. Apparent heterogeneous rate constants for methanol at 25~ 

pH Aks,h, c m 3 / s e c  * E ~  vs .  S C E  Ak' , ,~ ,  c m S / s e c * *  E~ vs. S C E  

~15 (10M KOH) --0.972 
~14 (1M KOH) 1.6 X I0 -~ --0.913 8.9 X 10 ~ --0.834 
~13 (0.1M NaOH) 5.6 X 10 -~ --0.854 3.3 X 10 -8 --0.775 

12.21 (25% K~CO~) 5.0 X 10 -~ --0.807 5.0 X I0 -s --0.728 
11.50 (PO4=-, HPO~ =) 7.9 X i0 -~ --0.765 1.4 X 10 ~ --0.686 

* B a s e d  o n  m e t h y l a t e  i on .  
** B a s e d  o n  f o r m a l  m e t h a n o l .  

r (1 
i = 4FAk',.h(CH~OH) exp / 

L R T  

1 
(E -- E~162 J 

[5] 

E~ is the formal potential for molal concentrations 
of reactant  and product in the rate-determining step 
stated by Eq. [2], and 

E % ( v s .  SCE) = 0.913 -- 0.059 log (OH-) 

This value was obtained from E ~ given by Lat imer 
(17) by correcting for the acid dissociation constants 
of methanol, pK~ = 15.54 and methylene glycol, 
pKA ~ 12.8 (17,19). Apparent  formal rate constants 
based on total methanol concentration referred to E ~ 
are given in Table I also. 

Since a constant value of neither k,,~ nor k',.~ is 
found, we conclude a preelectrochemical reaction 
occurs. This preelectrochemical reaction may be a 
reaction in solution to produce the electroaetive 
species or it may be an adsorption process. Both 
processes may also occur. 

F e r m a l d e h y d e . - - T h e  results shown in Fig. 6, 
coupled with product analyses, show a two-electron 
oxidation (to formate) for pH 11.5 or higher and 
suggest a three-  to four-electron oxidation from pH 
7 to 10. In addition to this complication, formalde- 
hyde exists in aqueous solution mainly as a hydrate,  
methylene glycol (19). The increase in peak current 
is not as extreme with increasing pH beyond pH 
11.5 as would be necessary if methylene glycolate 
anion were the only oxidizable species and the rate 
of reaction [6] were slow. 

CH2(OH)~ + OH- ~ CH~(OH)O~ + H~O [6] 

For this reason, we postulate a fast preelectrochemical 
reaction, [6], is responsible for supplying the elec- 
trode with oxidizable methylene glycolate anion in 
addition to that which diffuses from the bulk. Be- 
cause of the magnitude of the dissociation constant, 
methylene glycolate is a predominant  species even 
in 0.1M NaOH. 

In basic solutions, formaldehyde decomposes cata- 
lytically on the plat inum anode to form sorbed hy-  
drogen. The Tafel region is difficult to measure ac- 
curately because of the simultaneous oxidation of 
sorbed hydrogen. Best results have been obtained by 
sweeping applied potential from --1.0v in a positive 
direction to about --0.6v, depending on pH. In this 
region, bound surface hydrogen is removed. The po- 
tential is then swept negative to zero current. Upon 
the subsequent positive sweep, the low current form- 
aldehyde oxidation can be observed without compli- 
cation by sorbed hydrogen. 

Plots of log i vs.  E for formaldehyde in 0.1M NaOH 
between --0.8 and --0.5v give slopes corresponding to 
( 1 - - a ) n ~  values between 0.3 and 0.4. Our best 
values for ( 1 - - a ) n ~  were obtained at the highest 
concentrations used, 0.078M and 0.13M formalde- 
hyde; values of ( 1 -  a)n~ are approximately 0.35. A 
sweep rate of 4 mv/sec  was used. The apparent  
heterogeneous rate constant at the reversible poten- 
tial (--1.253 vs.  SCE for 0.1M NaOI-I) multiplied 
by the surface area is approximately 10 -~ cm~/sec. 

ForTnate ion . - -Very few observations suitable for 
quantitative description of formate oxidation in base 
have been obtained. The reversible potential for 
formate oxidation to carbonate follows the equation 

E% = --1.252 -- 0.059 log (OH-) [7] 

Qualitatively, the rate constant multiplied by the 
electrode area, at the reversible potential, will be 
smaller than that of formaldehyde by approximately 
a factor of 10. 

Quan t i t a t i ve  B e h a v i o r  in  Acid ic  E lec t ro l y t e s  

For methanol in 1 and 5M H~SO~, plots of log i vs .  
E are not so comparable f rom one run to another as 
had been observed for methanol oxidations in basic 
solutions. Rather than the normal positive deviations 
from the Tafel slope, due to the onset of concentra- 
tion polarization at high current  drain, methanol 
shows smaller than normal  Tafel slopes at currents 
greater than 100 ~a. This corresponds to the striking 
sharpness of the current-vol tage peaks and is an in- 
dication of adsorption limitation. 

For 0.0494M methanol in 1M sulfuric acid, (1--a)n~ 
values averaged 0.5 at currents less than 100 ~a and 
reached 0.6 at higher currents. In 5M H2SO~, values 
for (1 --~)n~ averaged 0.4 at the lower currents and 
increased to 0.7 at higher currents. Two sweep rates, 
4.0 and 8.0 mv/sec,  were used. 

Analysis of formaldehyde data is complicated by 
the presence of shoulders or double peaks, indicating 
two electrode processes, one of which is probably ad- 
sorption limited. The ( 1 - - a ) n ~  values in 1M H2SO~ 
were 1.3-1.5 while in 5M H~SO~ the values ranged 
from 1.5 to 2.2 at two sweep rates and 0.05M form- 
aldehyde. We have not at tempted to analyze the 
formic acid peaks. 

Cons i s t ency  o f  V o l t a m m e t r i c  R e su l t s  
w i t h  Produc t  S tud ie s  

The apparent heterogeneous electron-transfer  rate 
constants reported above for methanol, formalde- 
hyde, and formate in base refer to the reversible po- 
tential for a given pH. This is, of course, different 
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for  each  species.  F r o m  t h e  p o i n t  of v i e w  of fue l  cel l  
ope ra t ion ,  i t  is m o r e  i n f o r m a t i v e  to c o m p a r e  f o r m a l  
r a t e s  a t  a specif ic  po ten t i a l .  F o r m a l  r a t e  cons t an t s  a t  
a p o t e n t i a l  E in t he  Ta fe l  r eg ion  can  be  c o m p u t e d  
f r o m  k,.~ b y  co r r ec t i ng  to t he  d e s i r e d  po ten t i a l .  A t  
an  a r b i t r a r y  p o t e n t i a l  in t he  T a f e l  r eg ion  of bo th  
m e t h a n o l  a n d  f o r m a l d e h y d e  in  1M h y d r o x i d e :  

kt.~ ( F o r m a l d e h y d e )  10 -2 106.~< ...... ,.,, 
= x [ 8 ]  

kt .~(Methanol)  10-~ 10~.~< ...... > 

w h e r e  A k , . , ( f o r m a l d e h y d e )  = 10 -~ cm~/sec, Ak~.~ 
( m e t h a n o l ) - - - - 1 0  -~ cm~/sec, and  an  a v e r a g e  T a f e l  
s lope  r e f e r r e d  to base  10 of 0.16 for  f o r m a l d e h y d e  
a n d  0.21 for  m e t h a n o l .  

In  fue l  cel l  p r o d u c t  s tud ies  b y  S c h l a t t e r  (10) us ing  
1.56M m e t h a n o l  in 4.5M NaOH,  the  ce l l .was  o p e r a t e d  
a t  cons t an t  cu r r en t .  H o w e v e r ,  b e c a u s e  of t he  h igh  
c o n c e n t r a t i o n  of m e t h a n o l  and  the  v e r y  low c u r r e n t  
d ra in ,  the  cel l  p o t e n t i a l  r e m a i n e d  a p p r o x i m a t e l y  
c o n s t a n t  a t  - -0 .65v  vs. SCE. A p p l y i n g  Eq. [8] ,  i t  can  
be  shown t h a t  t h e  r a t e  of  o x i d a t i o n  of f o r m a l d e h y d e  
at  - -0 .65v is m u c h  g r e a t e r  t h a n  t h e  m e t h a n o l  o x i d a -  
t ion ra te .  The  o v e r - a l l  p rocess  y i e l d i n g  f o r m a t e  is 
ana logous  to a consecu t ive  r e a c t i o n  of t he  t y p e  

k~ k~ 
A > B > C [9]  

w h e r e  t he  c o n c e n t r a t i o n  of m e t h a n o l  is ( A ) ,  f o r m -  
a l d e h y d e  is ( B ) ,  a n d  f o r m a t e  is ( C ) .  F o r m a l d e h y d e  
c o n c e n t r a t i o n  shou ld  a p p r o a c h  a s t e a d y  s ta te  g iven  
b y  kJk~  ( A ~  w h e r e  (A ~ is the  i n i t i a l  c o n c e n t r a -  
t ion  of  m e t h a n o l .  A t  - -0 .65% t h e  r a t i o  of f o r m a l  r a t e s  
g iven  b y  

kr., ( F o r m a l d e h y d e )  
k J k ,  = = 1.4 X 10 '~ [10]  

kt.,  ( M e t h a n o l )  

Thus,  we w o u l d  p r e d i c t  a s t e a d y - s t a t e  f o r m a l d e h y d e  
c o n c e n t r a t i o n  of  11 x 10-'M. E x p e r i m e n t a l l y ,  the  
s t e a d y - s t a t e  c o n c e n t r a t i o n  r e a c h e d  b y  f o r m a l d e h y d e  
was  2.5 x 10~M a f t e r  a p p r o x i m a t e l y  90 h r  a t  50 ma.  
O n l y  o r d e r - o f - m a g n i t u d e  v a l u e s  of t he  h e t e r o -  
geneous  r a t e  cons tan t s  w e r e  used  so t h a t  t he  p r e -  
d ic t ion  is in good a g r e e m e n t  w i th  t he  e x p e r i m e n t a l  
va lue .  

In  ac idic  solut ions ,  m e t h a n o l  and  f o r m a l d e h y d e  
a re  i r r e v e r s i b l y  ox id i zed  to y i e l d  p e a k s  in  n e a r l y  
t he  s a m e  p o t e n t i a l  reg ion .  I t  is no t  s u r p r i s i n g  t h a t  
f o r m a l d e h y d e  s t e a d y - s t a t e  c o n c e n t r a t i o n  d u r i n g  

G 

ua 

-0 .  

-0 .2  
TIME 

00980 M CH30H 0094, M HCHO 0.10 M HCOOH 
I" - 36.3 SEC 9" - 38,6 3F-C T " 42.6 SE:C 

io " I e~ MAlE M2 Io = 22.5 MA/CM z io m 10 MA/CM 2 

Fig. 9. Experimental potential-time curves for methanol, formalde- 
hyde, and formic acid in 2.5M H~S04. 

m e t h a n o l  ox ida t i ons  is m u c h  g r e a t e r  t h a n  in base  as 
s h o w n  b y  Sc h l a t t e r .  F o r m i c  ac id  in  ac idic  so lu t ions  
is r a p i d l y  ox id ized  also, and  p r o d u c t  ana lyse s  show 
tha t  fo rmic  ac id  is i n d e e d  an  i n t e r m e d i a t e ,  and  
i ts  s t e a d y - s t a t e  c o n c e n t r a t i o n  is c o m p a r a b l e  to tha t  
of f o r m a l d e h y d e .  

Chronopo~ent iometry  in Basic Solut ions 

W e  h a v e  o b t a i n e d  c h r o n o p o t e n t i o g r a m s  for  the  
o x i d a t i o n  of m e t h a n o l ,  f o r m a l d e h y d e ,  a n d  fo rmic  
ac id  in bo th  bas ic  a n d  acidic  solut ions .  R e p r e s e n t a -  
t ive  cu rves  a r e  s h o w n  in Fig .  8 and  9. T r a n s i t i o n  
t imes  w e r e  m e a s u r e d  f r o m  r e c o r d e r  p lo t s  of anode  
p o t e n t i a l  vs. t ime.  In  genera l ,  t hese  cu rves  a r e  no t  
s imple  shapes  a s soc ia t ed  w i t h  ( i )  r e v e r s i b l e  o x i d a -  
t ions,  ( if)  i r r e v e r s i b l e  ox ida t ions ,  or  ( i i i )  i r r e v e r s i -  
b l e  ox ida t i ons  w i t h  p r e e l e c t r o c h e m i c a l  so lu t ion  r e -  
act ions.  The  sole e x c e p t i o n  is m e t h a n o l  in  base  
w h e r e  t he  d a t a  can  be  f i t ted  b y  equa t i ons  for  E vs. t 
for  e i t he r  case ( if)  or  ( i i i ) .  Resu l t s  f r o m  e x p e r i -  
m e n t s  us ing  p l a t i n i z e d  p l a t i n u m  foi l  e l ec t rodes  a r e  
g iven  in  T a b l e  I I  for  c o m p a r i s o n  w i t h  v o l t a m m e t r i c  
resu l t s .  

In  the  p o t e n t i a l  s w e e p  e x p e r i m e n t s  a t  81VI N a O H  
and  w i th  0.0988M m e t h a n o l ,  the  a v e r a g e  v a l u e  of 
(1 - - a ) n a  for  s ix  e x p e r i m e n t s  was  0.35 w i t h  a r a n g e  
of va lue s  b e t w e e n  0.31 and  0.41. 

V a l u e s  of t he  p r o d u c t  i~r 1:2 fo r  t he  anod ic  o x i d a -  
t ion of m e t h a n o l  in bas ic  so lu t ion  d e c r e a s e  w i th  
i nc r e a s ing  cu r ren t .  F o r  the  r e a c t i o n  

G 
~-o 

us 

- I . 00  

- 1.2~3 
TIME 

0.0986 M CH30H 0.074 M HCHO O.I M HCOO- 

~ r .  61.8 3s T - 73~0 SEE T �9 30 SEC 
i0 18 MA/CM z i0 �9 1O MA/CM 2 IO - 1.75 MA/CM z 

kr (OH-)  
CH,OH + OH- , ~ CH,O- + H~O [ 11 ] 

kb 

the  r e l a t i o n s h i p  b e t w e e n  i :  1:2 and  io is g iven  b y :  

~l/~nF C ~ Do~:~ ~:% 
i,'r '/~ = [12] 

2 2 K [ k r ( O H - )  + k,,] ':~ 

Table II. Electrochemical oxidation of methanol in IOM KOH 
on a platinized platinum electrode 

C ~ , {o,  ~ ~  k '= ,~ , ,  
m o l e / l i t e r  a m p / e r a  2 (1 --  c~) n a  c m / s e c  c m / s e c  

Fig. 8. Experimental potential-time curves for methanol formalde- 0.0494 0.0075 0.30 1.6 X 10 -~ 3.4 X 10 -~ 
hyde, and formate ion in 1M KOH. 0.0988 0.015 0.36 1.3 X 10 -2 5.9 X 10 -7 
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w h e r e  
(CH~O-) kr (OH-)  

K --  
(CH~OH) kb 

and  k r ( O H - )  and  kb a re  the  r a t e  cons tan t s  for  t he  
f o r w a r d  and  r e v e r s e  processes ,  r e spec t i ve ly .  F r o m  
10M K O H  to p H  10, a p p l i c a t i o n  of Eq. [12]  g ives  
k t - "  10 ' cm ' m o l e  -1 sec -1. This  v a l u e  is m u c h  l o w e r  
t h a n  is n o r m a l  for  a p r o t o n  t r a n s f e r  of  t he  t y p e  a s -  
sumed ;  Luz,  Gil l ,  a n d  M e i b o o m  (20) r e p o r t e d  a 
v a l u e  of kf ---- 10 ~ cm ' mo le  -~ sec -1 w h i c h  t h e y  d e t e r -  
m i n e d  f r o m  NMR data .  S ince  ioT ~/~ va r i e s  w i t h  io 
w h e n  a d s o r p t i o n  processes  occur  in  t he  course  of the  
reac t ion ,  w e  conc lude  t h a t  t he  r a t e - l i m i t i n g  p r o c -  
ess is no t  so le ly  t he  f o r m a t i o n  of m e t h y l a t e  ion, b u t  
also invo lves  c h e m i s o r p t i o n  of t he  m e t h y l a t e  ion or  
me thano l ,  i tself .  

Va lues  of ior ~/~ for  f o r m a l d e h y d e  o x i d a t i o n  in  base  
a re  no t  cons tan t .  The  d a t a  w e r e  no t  t r e a t e d  be c a use  
of the  c o m p l e x i t y  of t he  c h r o n o p o t e n t i o g r a m s  caused ,  
in p a r t ,  b y  the  f o r m a t i o n  of h y d r o g e n  on  the  e lec -  
t rode .  

Va lues  of ior "~ for  f o r m a t e  o x i d a t i o n  in  base  a r e  
v e r y  n e a r l y  cons t an t  as shown  in T a b l e  III .  The  u s u a l  
p lo t  of E vs.  log [ 1 - - ( t / ~ )  ~/~] is not  a s t r a i g h t  l ine  
in t he  r eg ion  of s m a l l  va lue s  of t. This  fac t  a n d  the  
shape  of t he  c h r o n o p o t e n t i o g r a m  ind i ca t e  t h a t  t he  
o x i d a t i o n  m a y  be c o m p l i c a t e d  b y  o t h e r  r eac t i ons  oc-  
c u r r i n g  on the  e lec t rode .  

C h r o n o p o t e n t i o m e t r y  in  Ac id ic  So lu t ions  

In  Fig.  9 c h r o n o p o t e n t i o g r a m s  for  t he  o x i d a t i o n  of 
me thano l ,  f o r m a l d e h y d e ,  and  fo rmic  ac id  in  2.5M 
H~SO, show v a r i a t i o n s  f rom the  f o r m  e x p e c t e d  for  
t o t a l l y  i r r e v e r s i b l e  p rocesses  w i t h  one r a t e - d e t e r -  
m i n i n g  step.  S i m i l a r  v a r i a t i o n s  a r e  seen  in  1M H~SO~. 
In  e x t r e m e  cases,  p o t e n t i a l  osc i l l a t ions  occur  in t he  
o x i d a t i o n  of m e t h a n o l  and  f o r m a l d e h y d e ;  h o w e v e r ,  
in bo th  of these  cases,  i t  is poss ib le  to ox id ize  t he  
m a t e r i a l s  w i t h o u t  p o t e n t i a l  osc i l la t ions .  A l t h o u g h  w e  
d id  not  obse rve  osc i l l a t ions  in the  case  of f o rmic  acid,  
t h e y  have  been  r e p o r t e d  b y  P a v e l a  (3) .  

M e t h a n o l . - - P o t e n t i a l  osc i l l a t ions  a r e  o b s e r v e d  in 
the  c u r r e n t  d e n s i t y  r a n g e  of 10-15 m a / c m  ~ w i t h  
0.0988M m e t h a n o l  in 1M H~SO, at  25~ A t  g r e a t e r  
c u r r e n t  dens i t i e s  w h e r e  p r a c t i c a l l y  no osc i l l a t ions  
occur,  t he  m e a s u r e d  t r a n s i t i o n  t imes  a p p r o a c h  the  
c a l c u l a t e d  va lue s  neg l ec t i ng  co r rec t ions  for  su r f ace  
roughnes s  and  k ine t i c  compl i ca t i ons  due  to p r e e l e c -  
t r o d e  reac t ions .  

F o r m a l d e h y d e . - - T y p i c a l  c h r o n o p o t e n t i o g r a m s  for  
the  o x i d a t i o n  of f o r m a l d e h y d e  in ac id  so lu t ions  a r e  
s h o w n  in Fig.  9 and  10. The  f irst  30-sec  p e r i o d  f r o m  
each of 8 c h r o n o p o t e n t i o g r a m s  at  8 c u r r e n t  dens i t i e s  
is shown  in Fig.  10. The  osc i l l a t ions  do no t  occur  
at  c u r r e n t  dens i t i e s  b e l o w  7.5 m a / c m  ~. As  c u r r e n t  
d e n s i t y  is ra i sed ,  the  a m p l i t u d e  of the  osc i l l a t ion  in -  

Table III. 0.1M formate in 1M KOH 

i o ,  a m p / c m  ~ io~1/2, a m p - s e c 1 / ~  

0.00175 0.0124 
0.0020 0.0117 
0.0025 0.011 
0.0030 0.0115 

0.6 

0.2 
' ~  30  SECONDS NUMBERS OVER CURVES 
, ,  ~ ,~ INDICATE CURRENT 

DENSITY IN MA/CM 2 
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0.2 
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0 
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Fig. 10. Potentlol-time curves for the electrochemical oxidation of 
O.1M formaldehyde in 1M H~S04. 
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Fig. 11. Potential-time curves for the electrochemical oxidation of 
0.1M formic acid in 2.5M H2SO~. 

creases ;  t h e  f r e q u e n c y  does  no t  c h a n g e  a p p r e c i a b l y .  
We h a v e  also o b s e r v e d  t h a t  t he  f r e q u e n c y  inc reases  
w i t h  i nc r e a s ing  ac id  concen t r a t ion ,  t he  a m p l i t u d e  
dec reases  w i t h  i nc r e a s ing  ac id  concen t ra t ions ,  the  
f r e q u e n c y  dec reases  w i t h  t ime ,  and  the  a m p l i t u d e  
some t imes  inc reases  and  some t imes  dec reases  w i t h  
t ime.  

Formic  a c i d . - - C h r o n o p o t e n t i o g r a m s  of 0.1M 
H C O O H  in 2.5M H~SO~ h a v e  c o m p l i c a t e d  shapes  
s h o w n  in Fig.  11. I f  the  e l ec t rode  r e m a i n s  in con tac t  
w i t h  t he  e l e c t r o l y t e  for  some t i m e  be fo re  c u r r e n t  is 
d r a w n ,  t he  p o t e n t i a l  passes  t h r o u g h  a m a x i m u m  
a f t e r  the  load  is app l i ed .  If  t he  e l ec t rode  is in con tac t  
w i t h  t he  so lu t ion  for  on ly  a shor t  t ime ,  th is  m a x i -  
m u m  is r e p l a c e d  b y  a shou lde r .  T r a n s i t i o n  t i m e s  a r e  
not  s ign i f i can t ly  d i f fe ren t  in the  two  cases. 

Poten t ia l  Osci l lat ions  

Osci l l a t ions  d u r i n g  cons t an t  c u r r e n t  anodic  p r o c -  
esses in  ac id  so lu t ions  h a v e  been  r e p o r t e d  p r e v i o u s l y  
(3, 21-28) .  In  t he  cases  of m e t h a n o l  and  f o r m a l d e -  
hyde ,  P a v e l a  (3)  be l i eves  t h a t  p o t e n t i a l  osc i l l a t ions  
r e su l t  f r om gas  (CO~) evo lu t ion  a t  t he  e lec t rode .  
E x p l a n a t i o n s  i n v o k i n g  an  a l t e r n a t i o n  of processes ,  
such as ( i )  t he  d i r ec t  o x i d a t i o n  at  t he  mos t  n e g a t i v e  
po t en t i a l s  a n d  ( i i )  o x i d a t i o n  v i a  r e a c t i o n  w i t h  p l a t i -  
n u m  o x i d e  a t  t he  pos i t i ve  p o t e n t i a l  s ide  of  t h e  osc i l -  
la t ion ,  a r e  diff icult  to defend .  W h e t h e r  or  not  t he  
c h e m i c a l  r e a c t i o n  of the  fue l  w i t h  p l a t i n u m  ox ide  is 
s l o w e r  t h a n  diffusion,  t he  p rocesses  ough t  to  seek  a 
s t e a d y  s t a t e  a t  an  i n t e r m e d i a t e  po ten t i a l .  
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A recent study by Sawyer and Seo (28) of the 
anodic oxidation of dissolved hydrogen suggests that  
potential oscillations arise f rom diffusion of absorbed 
hydrogen out to the electrode-solution interface 
from interior positions. Reduction of plat inum oxides 
formed during the positive potential sweep brings 
the potential back to the negative extreme of the 
oscillation. In the meantime, the concentration of 
oxidizable material  in solution at the interface has 
been replenished. This interpretation explains the 
sensitivity of the oscillations to time of exposure of 
the electrode to the solution before applying load. 

Evidence ]or Surface Adsorption 

All of our present evidence for a surface adsorp- 
tion step in the mechanism for the oxidation of 
methanol and formaldehyde in base is indirect. It has 
been shown by Schlatter (10) that alcohols without 
an available hydrogen on the carbon containing the 
hydroxy group are not oxidizable on platinum 
anodes, e.g., ter t iary butanol is not oxidizable in 
aqueous base at room temperature.  The only metals 
on which room temperature oxidations proceed are 
those commonly known as hydrogenation or dehy-  
drogenation catalysts. The magnitude of the current 
peak heights for methanol may be smaller than those 
for formaldehyde because of a slow preelectrochemi- 
cal adsorption step, and further, a slowing of the ad-  
sorption rate with current drain due to removal of 
methanol at the electrode surface may account, in 
part, for the small methanol peak currents. The pres-  
ence of shoulders on the negative potential side of 
an oxidation current  peak is analogous to the well- 
known adsorption prewaves in polarography. 

These factors, plus the difficulty in reproducing 
voltammetric data depending on the time between 
the addition of the sample and the start of the po- 
tential sweep, suggest that  adsorption plays a role 
in the mechanism. However,  it is not clear that the 
adsorption rate is the slowest step or that it becomes 
entirely limiting during a potential sweep. Chrono- 
potentiometric studies for the testing of adsorption 
rate limitation along lines suggested by Reinmuth 
(29) may elucidate the role played by adsorption. 

Mechanisms and Conclusions 
Our postulated mechanism for the oxidation of 

methanol, formaldehyde, and formate in base de- 
pends on extensive voltammetric studies and their 
analyses. No mechanism is proposed for the oxida- 
tion in neutral  or acidic solutions. However, the 
over-al l  course of the reaction is clear in acidic 
media through the extensive product analyses of 
Schlatter (10). The suggestion that methylate, 
methylene glycolate, and formate anions are the 
electroactive species has already been suggested by 
Mfiller (1). Our mechanism is similar to one pro-  
posed by Pavela (3). The principal differences be- 
tween his mechanism and ours are: (i) we consider 
that hydroxyl  ion participates in a preelectrochemi- 
cal step and not in the slow electron-transfer  step, 
and (ii) we favor a dissociative chemisorption step 
which is of slower speed than the preelectrochemical 
reaction involving hydroxyl  ion. Rate constants re-  
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ported above are not corrected for fractional surface 
coverage by adsorbed species. 

The mechanism for methanol oxidation in base ap- 
pears to include 

kt 
CH.OH § 0H- ~ CH.0- + H=0 (A) 

k, 

Pt 
CH~O- > CH, O-(ad) q- H(ad)  (B) 

sIow 

fast 
H(ad)  q- OH- > H20 q- e- (C) 

slow 
CH=O-(ad) > CH.~O q- e- (D) 

~8,h 

fast 
CH20 + H=O > CH~(OH)~ (E) 

fast 
CH,(OH),  q- 3 OH- > HCOO- q- 3H=O q- 2e- (F) 

slow 
HCOO- q- 3 O H - - - - - - ~  CO,= q- 2H,O q- 2e- (G) 

Details of the process represented by (F) are the 
same as those occurring when formaldehyde is the 
fuel 

kt 
CH=(OH)~ + O H - ~  CH=(OH)O- q- H~O ( g )  

k, 
Pt  

CH~(OH)O ~ > CH(OH)O-(ad)  q- H(ad)  (I) 
moderate 

fast 
H(ad)  q- OH- > H~O q- e- (J)  

slow 
CH(OH)O-(ad)  q- OH- > HCOO- q- H~O q- e- 

(K) 

Process (G), the anodic oxidation of formate, may 
proceed by a mechanism analogous to those postu- 
lated above; however, we cannot rule out the possi- 
bility of a direct reaction of the formate without an 
adsorbed intermediate state. Also, we do not have 
evidence to exclude simultaneous direct reaction of 
methylate or methylene glycolate without an ad- 
sorbed intermediate state. 
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The Effect of Acetylenic Molecules on Cathodic Overvoltage on 
Steel in Acid Solutions 

E. J. D u w e i l  

Minnesota Mining and Manufacturing ,Company, St. Paul, Minnesota 

ABSTRACT 

An appara tus  was constructed for measur ing  changes in e lect rode poten t ia l  
at constant  cur ren t  densi ty.  Large  increases in hydrogen  overvol tage  were  
noted when  acetylenic  molecules  were  adsorbed  on a steel  cathode, and ca-  
thodic reduct ion  of dissolved oxygen  was appa ren t ly  inhibi ted.  The effect on 
the anodic oxida t ion  of steel  was small .  Thus, i t  can be concluded tha t  these 
molecules  slow down the oxida t ion  of s teel  in acid solutions by  inhibi t ing  the 
cathodic reactions.  The most effective adsorbates  a re  charac te r ized  by  steric 
ava i lab i l i ty  of the acetylenic  bond, non- ionic  character ,  and la rge  molecular  
size. 

The  a d s o r p t i o n  of mo lecu l e s  f r o m  so lu t ion  on a 
m e t a l  su r f ace  to p r e v e n t  co r ros ion  is a w e l l - k n o w n  
process .  S e v e r a l  t e c h n i q u e s  such  as  t a g g i n g  t h e  a d -  
so rba t e  w i t h  r a d i o a c t i v e  t r ace r s ,  m e a s u r e m e n t  of 
con tac t  ang les  and  su r f ace  po ten t i a l s ,  and  s t r a i g h t -  
f o r w a r d  ana lys i s  of so lu t ion  c o n c e n t r a t i o n  b e f o r e  
and  a f t e r  a d s o r p t i o n  h a v e  been  used  to fo l low the  
a d s o r p t i o n  process .  The  m e a s u r e m e n t  of t he  c h a n g e  
in p o t e n t i a l  of one  e l e c t r o d e  p rocess  as a d s o r p t i o n  
p roceeds  has  been  used  to a m u c h  l e sse r  e x t e n t  to  
d e t e r m i n e  a d s o r p t i o n  even  t h o u g h  th is  t e c h n i q u e  
has  b e e n  used  success fu l ly  b y  s e v e r a l  i n v e s t i g a t o r s  
( 1 -3 ) .  

F o r  an  e l ec t rode  p rocess  w h i c h  is p r o c e e d i n g  a t  
a f ini te  r a t e ,  t h e  p o t e n t i a l  E is g iven  b y  

E=ER+~ 

where ER is the reversible potential and w is the over- 

vol tage .  The  o v e r v o l t a g e  is r e l a t e d  to c u r r e n t  d e n -  
s i ty  i, b y  the  w e l l - k n o w n  Ta fe l  e q u a t i o n  

= a - -  b log  i 

w h e r e  a and  b a r e  cons tan ts .  If  the  c u r r e n t  is he ld  
cons tan t ,  and  t h e  change  in o v e r v o l t a g e  is caused  b y  
adso rp t ion ,  i t  m a y  be  a s s u m e d  t h a t  

AT = 7' - -  ~ = b log  i/i' 
w h e r e  

i '  = ( I  - -  8) i 

0 is t he  a p p a r e n t  f r a c t i o n  of t h e  a r ea  c ove re d  b y  the  
abso rba t e .  I t  t h e n  fo l lows  t h a t  

= 1 - -  e -'e/~' 

The  v a l u e s  of 8 o b t a i n e d  b y  th is  m e t h o d  h a v e  b e e n  
s h o w n  to b e  in  r e a s o n a b l e  a g r e e m e n t  w i t h  va lue s  
of 8 o b t a i n e d  b y  doub le  l a y e r  c a p a c i t a n c e  m e a s u r e -  
m e n t s  for  t h e  a d s o r p t i o n  of oc tano ic  ac id  on s i lve r  
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(3). It is assumed that the adsorbed layer is an 
inert blanket and does not change the reactions oc- 
curring at the electrode, and hence does not change 
the value of the constant b. This may not be entirely 
correct for the systems to be described in this pa- 
per, although some of the results support this as- 
sumption. 

If v in the base solution is known, only a meas- 
urement of A,} is needed for a comparison of ad- 
sorbates introduced to that solution. Since the pur- 
pose of th is  i n v e s t i g a t i o n  was  to c o m p a r e  t he  effect  
of  v a r i o u s  a c e t y l e n i c  chemica l s  on the  e l e c t r o d e  r e -  
ac t ions  w h i c h  occur  w h e n  s tee l  is ox id i zed  b y  acids,  
an  a p p a r a t u s  was  d e s i g n e d  w h i c h  gave  a m e a s u r e -  
m e n t  of A~. 

I t  has  b e e n  k n o w n  for  some t i m e  t h a t  some 
ace ty l en i c  chemica l s  w i l l  i nh ib i t  t he  o x i d a t i o n  of 
s tee l  (4, 5) .  O u r  d a t a  s u p p o r t  an  e a r l i e r  r e p o r t  t h a t  
i t  is t he  ca thod ic  p rocess  w h i c h  is s l owed  d o w n  (5) .  

Apparatus 
The  es sen t i a l  f e a t u r e s  of t he  b r i d g e  c i rcu i t  and  

cel l  a r e  g iven  in  Fig .  1. The  p o t e n t i a l  source  con-  
s i s ted  of two  6v l e ad  s to rage  cel ls  in  ser ies .  T h e  
loops  in  t he  l e f t  a r m s  con ta in  1.5v b a t t e r i e s  for  a 
b ias  vo l tage ,  v a r i a b l e  300 ohm and  15 ohm res is tors ,  
a n d  T e x a s  I n s t r u m e n t  2N250 t r ans i s to r s .  T h e  c u r -  
r e n t  in  the  ce l l  and  r e f e r e n c e  a r m s  w e r e  m a d e  e q u a l  
b y  a d j u s t m e n t  of r e s i s to r s  in  the  t r a n s i s t o r  c i rcui t .  
These  c i rcu i t s  t h e n  s e r v e d  to m a i n t a i n  a cons t an t  
c u r r e n t  even  if  t he  r e s i s t ance  of t he  cel l  changed .  
A V a r i a n  G - 1 1 A  p o t e n t i o m e t r i c  r e c o r d e r  w i t h  v a r i -  
ab le  r a n g e s  f r o m  0-10 to 0-1000 m v  was  u sed  to 
r e c o r d  the  v o l t a g e  d i f fe rence  b e t w e e n  the  cel l  a n d  
r e f e r e n c e  a r m s  of t he  b r idge .  The  r e f e r e n c e  "ce l l "  
cons i s t ed  of a decade  b o x  w h i c h  was  a d j u s t e d  to 
g ive  a zero  r e a d i n g  on the  r e c o r d e r .  Thus,  if t he  
c u r r e n t  in t h e  cell  is equa l  to t h a t  in  t he  decade  box,  
t h e  r e s i s t ance  of t he  cel l  equa l s  t he  r e s i s t anc e  of 
the  decade  box  w h e n  the  e x p e r i m e n t  is begun.  I f  
an  a b s o r b a t e  is n o w  a d d e d  to an  e l ec t rode  c h a m b e r  
and  inc reases  t he  ove rvo l t age ,  t h e  change ,  as  a f u n c -  
t ion  of  t ime ,  is n o t e d  on the  p o t e n t i o m e t r i c  r e c o r d e r .  

Fig. 1. Circuit diagram for the DPA apparatus. V and I ore 
voltmeters and ammeters for measuring the current and voltage drop 
across the cell and reference arm of the circuit. A decade box 
(D) is used in the reference arm. P is a Vorian G-1 ]A potentiometric 
recorder. 
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The  cel l  cons i s ted  of 500 m l  c a thode  and  anode  
c h a m b e r s  s e p a r a t e d  f r o m  a c y l i n d r i c a l  c e n t e r  sec -  
t ion  b y  f r i t t e d  glass  disks .  The  f r i t t e d  d i sks  s e r v e d  
as m e m b r a n e s  to r e d u c e  the  d i f fus ion of mo lecu le s  
f r o m  the  a n o d e  to t he  c a thode  c h a m b e r s .  The  c e n t e r  
sec t ion  was  also u sed  to d e t e r m i n e  i f  a p a r t i c u l a r  
a d s o r b a t e  c h a n g e d  the  r e s i s t ance  of t he  so lu t ion  b y  
c o n t r i b u t i n g  to t he  ionic  s t r eng th ,  or b y  chang ing  
the  m o b i l i t y  of t h e  ions in  t he  base  solu t ion .  B e -  
cause  t he  d i s t ance  b e t w e e n  the  f r i t t e d  glass  d i sks  
w a s  m u c h  l a r g e r  t h a n  the  d i s t a n c e  f r o m  t h e  e l ec -  
t r odes  to  t he  disks ,  th is  t y p e  of c h a n g e  w a s  m a g -  
nif ied in  c o m p a r i s o n  to w h a t  w o u l d  be  o b t a i n e d  in  
the  anode  o r  c a t h o d e  c h a m b e r .  C a l i b r a t i o n  could  
be a c c o m p l i s h e d  b y  use  of so lu t ions  of k n o w n  r e -  
s i s tance  a n d  m e a s u r e m e n t  of  the  d i s t ances  b e t w e e n  
the  e l ec t rodes  and  the  f r i t t e d  glass  disks .  A bu f fe red  
cel l  so lu t ion  of 1M acet ic  a c i d - l M  s o d i u m  ace t a t e  
was  used  in a l l  e x p e r i m e n t s  r e p o r t e d  in  th i s  p a p e r .  

The  s tee l  (S.A.E.  1010) ca thode  cons i s t ed  of a 
flat  p l a t e  w i t h  an  e x p o s e d  a r e a  of 8.25 cm ~. The  b a c k  
of t he  p l a t e  and  t h e  s t em l e a d i n g  up  out  of t he  so lu-  
t ion  w e r e  coa ted  w i t h  a h igh  m e l t i n g  wax .  Thus  the  
e n t i r e  e xpose d  su r f a c e  was  at  t he  s a m e  p o t e n t i a l  
r e l a t i v e  to t he  anode,  and  changes  in  t he  l eve l  of 
the  l i qu id  d id  no t  affect  t h e  size of t h e  e x p o s e d  area .  
O x y g e n  was  e v o l v e d  in  t he  a n o d e  c h a m b e r  on a 
r o u g h  p l a t i n u m  wire .  

The  ca thode  p o t e n t i a l  was  m e a s u r e d  r e l a t i v e  to 
a s a t u r a t e d  c a lome l  ha l f  cell .  T h e  p o t e n t i o m e t r i c  
c i r cu i t  c o n t a i n e d  a T y p e  7552 L&N p o t e n t i o m e t e r  
and  a R u b i c a n  mu l t i r e f l e c t i on  g a l v a n o m e t e r .  A L u g -  
g in  t u b u l u s  was  used  for  e l e c t r i c a l  con tac t  b e t w e e n  
t h e  ca lome l  cel l  a n d  s tee l  e l ec t rode .  This  t e c h n i q u e  
for  m e a s u r i n g  e l ec t rode  p o t e n t i a l s  in cel ls  in w h i c h  
an  a p p r e c i a b l e  c u r r e n t  is f lowing has  been  d e s c r i b e d  
in  t he  l i t e r a t u r e  (6) .  

Reagents 
B u t y n e d i o l  was  c r y s t a l l i z e d  f r o m  30% solu t ions  

o b t a i n e d  f r o m  G e n e r a l  A n i l i n e  C o m p a n y ,  and  the  
c r y s t a l s  w e r e  w a s h e d  w i t h  e t h y l  a lcohol .  P r o p a r g y l  

: z  - ' ' /  

,,,D 

o )- 

~ - I , 0  

-I.3 

-I.4 
I 

-5.O -2.0 
LoG i (AMP/CM ~) 

Fig. 2. Potential vs. current density for a mild steel cathode in: 
(A) 1M acetic acid-lM sodium acetate; (B) 1M acetic acid-]M 
sodium ocetate-0.01]6M propargyl alcohol; (C) ]M acetic acid-]M 
sodium acetate-0.01]6 M ]-hexyne-3-of. i is the current density on 
the stee} cathode. 
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TaMe I. Changes in cathodic potential with additions of various 
acetylenic chemicals 
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A d d i t i v e  (RIC ~_ CRy) 
R~ 

Cel l  s o l u t i o n :  1M CI-~COOH--1M CHaCOONa;  c u r r e n t :  30 m a ;  
v o l u m e  in  ca thode  c h a m b e r :  500 co; a m o u n t  of ace ty l en i c  c h e m i c a l  
(R~C ~ C -- R2) a d d e d  to  c a t h o d e  c h a m b e r :  0.0116 mole .  

Re 
Alcoho ls  

i. CH2 (OH) H +370 
2. CH~CH (OH) H +235 
3. CH,(OH) CH, H +108 
4. CH, (OH) CH~ +105 
5. CH, (OH) CH2OH +110 
6. CI~C(CH,) (OH) H +295 
7. CH.CH.CH ( 0 H )  H +265 
8. CH~CH (OH) CH~ H +127 
9. CI~CH2C(CHD (OH) H +325 

10. CH.CH,CH2CH (OH) H +530 
11. CH2(OH)C -- C CH2OH +125 
12. CInCH,CHiC(OH) (CHD H +535 
13. CI~CH(CB_~)CH~C(OH) (CHD H +670 
14. CINCH (CI-ID (OH) C (CH.) (OH) CH. 0 
15. CI~CH2CH2CH,CH (CH~CI~) CH (OH) H + 690 

CH2CH~ 

16. CH, / ~C (OH) H +540 

~CH~CH~ / 
17. p-OHC6H4 p-OHC6H~ 0 
18. CHiC(OH) (C6H5) H +635 
19. CI~CH,C(CH,)  (OH) C(CH~) (OH)CH~CI~ +10  
20. CH,CH,CH,CH~CH, CH,OH +260 

&ce iy l en i c  h y d r o c a r b o n s  

21. CI~CH2CH~ H +650 
22. CI~CH,CH~CH, H +650 
23. CI~CH,CH, CH. +46 
24. CH,CH, CH,CH~ -]-9 
25. CHz (CH2) ~ H +800 
26. CH -- C(CH~)3 H +720 
27. CI~ (CHD s H +850 
28. CI~ (CH~), CH, + 13 
29. CI-I~ (CH,) ~ H +810 
30. CH~(CH~) ~ H +910 
31. C~H~ H +610 

A c i d s  and  E s t e r s  

32. COOH H --35 
33. COOH COOH --33 
34. C~Hs-O-CO H + 162 

a lcoho l  and  p h e n y l a c e t y l e n e  w e r e  r e a g e n t  g r a d e  
f r o m  the  M a t h e s o n  C o m p a n y .  R e a g e n t s  6, 9, 13, 14, 
15, 16, 17, a n d  19 ( T a b l e  I )  w e r e  c o m m e r c i a l  s a m -  
ples  o b t a i n e d  f r o m  A i r  R e d u c t i o n  C o m p a n y .  The  
r e m a i n i n g  r e a g e n t s  l i s t ed  in T a b l e  I w e r e  r e a g e n t  
g r a d e  s a m p l e s  p r e p a r e d  b y  F a r c h a n  R e s e a r c h  L a b o -  
ra to r i es .  

Results 

A d e t e r m i n a t i o n  was  m a d e  of ca thod ic  p o t e n t i a l  as 
a func t ion  of c u r r e n t  d e n s i t y  in t he  acet ic  a c i d - s o -  
d i u m  ace t a t e  bu f f e r ed  so lu t ion  (F ig .  2) .  A d d i t i o n  of 
p r o p a r g y l  a lcohol  or 1 - h e x y n e - 3 - o l  i n c r e a s e d  t h e  
v o l t a g e  b u t  d id  no t  a p p r e c i a b l y  change  the  shape  of 
the  cu rves  w i t h i n  t he  l imi t s  of e x p e r i m e n t a l  e r ro r .  
This  was  f o u n d  to be  t r u e  in g e n e r a l  for  t h e  
a ce ty l en i c  c o m p o u n d s  w h i c h  w e r e  i nves t i ga t ed .  W i t h  
t he  e x c e p t i o n  of r e a g e n t s  32 and  33 ( T a b l e  I ) ,  none  
of t he  mo lecu l e s  i n v e s t i g a t e d  gave  a change  in  cel l  
p o t e n t i a l  w h e n  a d d e d  to t he  c e n t e r  c h a m b e r .  

Bo th  the  r a t e  a n d  t o t a l  c h a n g e  in ca thod ic  o v e r -  
v o l t a g e  d e p e n d e d  on t h e  c o n c e n t r a t i o n  of t h e  a c e t -  
y l en i c  compound .  The  m a x i m u m  change ,  h o w e v e r ,  
s e e m e d  to be  r e a c h e d  at  c o n c e n t r a t i o n s  of a b o u t  

0.01M for  2 - b u t y n e - l , 4 - d i o l ,  or  1 - h e x y n e - 3 - o l  (F ig .  
3) .  The  r a t e  of change  of o v e r v o l t a g e  also d e p e n d e d  
on h o w  v i g o r o u s l y  t he  so lu t ion  was  s t i r r e d  u n t i l  
some d e g r e e  of ag i t a t i on  was  r eached ,  b e y o n d  w h i c h  
no i nc rea se  in r a t e  was  ob ta ined .  T h e  a n o d e  a n d  
ca thode  c h a m b e r s  w e r e  b o t h  r a p i d l y  s t i r r ed ,  so t h a t  
n e i t h e r  an  i n c r e a s e  in a g i t a t i o n  n o r  s m a l l  dec reases  
c h a n g e d  the  r a t e  a t  w h i c h  t h e  o v e r v o l t a g e  inc reased .  

0.0116 Moles  of a n u m b e r  of a c e ty l e n i c  chemica l s  
w e r e  a d d e d  to t h e  ca thode  c h a m b e r .  I f  t he  c o m -  
p o u n d s  w e r e  soluble ,  th i s  w o u l d  r e s u l t  in  0.0232M 
solut ions .  Some  of t h e  mo lecu l e s  l i s t ed  w e r e  n o t  
so lub le  to t h a t  ex ten t ,  a n d  the  r e s u l t i n g  so lu t ions  
w e r e  t h e r e f o r e  s a tu r a t e d .  The  so lub i l i t i e s  a r e  no t  
in g e n e r a l  k n o w n  for  t he  v a r i o u s  c o m p o u n d s  i n v e s -  
t i ga t ed .  

Because  the  so lu t ions  w e r e  r a p i d l y  s t i r r e d  and  
not  p r o t e c t e d  f r o m  the  a t m o s p h e r e ,  i t  can  b e  a s -  
s u m e d  t h a t  some o x y g e n  was  a v a i l a b l e  for  r e d u c -  
t ion  a t  t h e  ca thode .  A l t h o u g h  a c u r r e n t  of  on ly  30 
m a  w a s  used  in  a l l  t he  e x p e r i m e n t s ,  t he  evo lu t ion  
of h y d r o g e n  gas  was  r e a d i l y  v i s ib le  on t h e  s tee l  
ca thode  sur face .  I f  no o x y g e n  r e d u c t i o n  h a d  oc-  
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Fig. 3. Fraction of area covered on mild steel cathode as a func- 
tion of time for additions of 1-hexyne-3-ol to 500 ml to ]M acetic 
acid-1M sodium acetate. 

curred, the theoretical hydrogen production would 
have been 0.42 cc/min. 

The bubbling of either hydrogen or nitrogen gas 
through the solution to remove oxygen resulted in 
a slow increase in cathode potential. If  an acetylene 
compound such as 1-hexyne-3-ol  was then added to 
the cathode chamber, the change in the cathode po- 
tential was decreased as compared to the changes 
noted in aerated acetic acid-sodium acetate buffer 
solutions (Fig. 4). The total increase in cathodic 
overvoltage resulting from oxygen removal and ad-  
dition of 1-hexyne-3-ol  to the deoxygenated solution 
was approximately equal to that obtained by addi- 
tion of the 1-hexyne-3-ol  to an aerated solution. 
Conversely, when oxygen was bubbled through a 
deaerated solution containing the acetylenic com- 
pound, there was a slow decrease in cathode poten- 
tial. The magnitude of the decrease was less when 
the acetylenic compound was present. 

The acetylenic compounds also increased the elec- 
trode potential for the anodic decomposition of iron. 

40C 

!~oc 

I I t 

0 L "~M~CML~ Z ; 4 

Fig. 4. Overvoltage as a function of time for the addition of 
1-hexyne-3-ol (0.0116M) to an aerated 1M acetic acid-lM sodium 
acetate solution (A), and to the same solution except constantly 
deaerated with a hydrogen bubbler (B). The final change in ~11 was 
530 my for the'aerated solution and about 200 my less for the de- 
aerated solution. 

To measure this effect, the polari ty of the cell was 
reversed. A slow but steady increase of the cell re-  
sistance was noted. Addition of one of the acetylenic 
compounds to the chamber containing the steel elec- 
trode gave an increase in electrode potential that  was 
very small compared with the increase noted when 
the steel electrode was the cathode. 1-Hexynol, for 
example, gave an increase of 30 my. 

Discussion 

Since there was no change in cell resistance when 
any  of the acetylenic compounds were added to the 
center chamber, it can be concluded that  the ob- 
served effects are due to changes on the electrode 
surface, and not to changes in the resistance of the 
solution. Therefore, the acetylenic molecules must  
in some way become adsorbed on the electrode 
surface. 

The most apparent  effect of the acetylenic chem- 
icals is to raise the potential level of the Tafel plots 
(Fig. 2) rather  than change their shape. The Tafel 
slopes as drawn have a value of about 250 mv, 
which is much higher than usually noted. However, 
a curved line of approximately the same slope would 
fit the experimental  points better in each case 
(broken line). The slope of these curves at the 
higher current  densities would be about 120 my, 
which agrees more closely with the values usually 
reported. If the slope of the Tafel line is dependent 
on the reaction mechanism as has often been sug- 
gested, the data indicate that the reaction mechanism 
may change with current  density. For this reason 
all of the acetylenic chemicals were compared at the 
same current  density. The assumption that  the ad- 
dition of acetylenic chemicals does not change the 
reaction mechanism is of course very  tentative in the 
absence of more complete analytical data. 

The chemicals in Table I are listed approximately 
in order of increasing molecular size. It is apparent,  
all other things being equal, that  there is an in- 
crease in overvoltage with increasing molecular 
size. Propargyl  alcohol (reagent 1) is a notable ex- 
ception. It gave a larger increase in overvoltage 
than some successively larger a-substi tuted acet- 
ylenic alcohols (reagents 2, 6, 7, and 9). The gen- 
eralization is valid for all other a -hydroxy  acetylene 
compounds listed. There are, however, other fac-  
tors that greatly affect the change in overvoltage 
and lead to a partial understanding of how the 
acetylenic molecules become attached to the surface. 

The position of the acetylenic bond in the carbon 
chain is the most important  structural  feature af- 
fecting cathodic overvoltage. If the acetylenic bond 
is not a terminal group, the effect on cathodic over-  
voltage is decreased or disappears as the size of 
the group on either end of the acetylenic bond is 
increased (reagents 4, 5, 14, 17, 19, 23, 24, and 28). 

The acetylenic hydrocarbons are generally more 
effective than the acetylenic alcohols for increasing 
overvoltage. For example, 1-pentyne and 1-hexyne 
gave larger increases in overvoltage than any of 
the acetylenic alcohols with the same chain length. 
The hydrocarbons are much less soluble than the 
alcohols. Assuming that  both the alcohols and by-  
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drocarbons are held to the metal surface through 
the acetylene group, the alcohols would tend to be 
more easily solvated and desorbed as a result of 
hydrogen bonding of the alcohol group with water. 
The hydrocarbons are less rapidly adsorbed than 
the alcohols. This also is probably a result of their 
limited solubility. 

The adsorbed layer of acetylenic molecules ap- 
parently behaves primari ly as a barr ier  to diffusion, 
since both cathodic reduction of oxygen and reduc-  
tion of hydronium ions are apparent ly inhibited. 
This would be effected by increasing the work nec- 
essary to bring oxygen and hydronium ions to the 
electrode surface. The larger the hydrocarbon tail 
on the molecule, the greater is the barrier  to dif- 
fusion. The adsorbed layer appears to be loosely 
bound to the surface, however, since oxidation of 
the steel surface is not inhibited under ordinary  at-  
mospheric conditions. Also, the electrodes have a 
hydrophobic surface when wi thdrawn from the so- 
lution containing the acetylenic compound as evi- 
denced by the high contact  angle of water  droplets 
on the surface. This hydrophobic surface is easily 
removed by rinsing in a stream of distilled water. 
Thus it appears that  the acetylenic molecules are 
easily desorbed by either evaporation or dissolution. 

Since the acetylenic molecules can be effective 
for increasing overvoltage even when the acetylenic 
group does not terminate the molecule, bonding to 
the surface probably occurs through the electron 
rich acetylenic group, rather  than by displacement 
of the acetylenic hydrogen. The formation of acety- 
lenic metal complexes of this type have been 
reported (7, 8, 9) and probably involve the filling 
of d band vacancies in the metal by  ~r electrons of 
the acetylenic group. Though bonding both by this 
mechanism and by hydrogen displacement might 
occur, the former appears more likely since iron 
compounds formed by hydrogen displacement have 
been reported to be very  unstable (9). 

If  the hydroxyl  group is a to the acetylenic group, 
the increase in cathodic overvoltage is about twice 
that obtained for an isomer in which the hydroxyl  
group is fl to the acetylenic group (reagents 2-3, 
7-8). Since the hydroxyl  group withdraws electrons 
from the acetylenic bond and makes the acetylenic 
hydrogen more acid, this observation does not appear 
to support the bonding hypothesis forwarded, but 
actually lends weight to the hypothesis that  bonding 
may occur by displacement of the acetylenic hydro-  
gen. However, since the acetylenic hydrocarbons 
give larger increases in overvoltage than the a-sub-  
stituted alcohols, it is probable that  there are other 
effects which may contribute or detract f rom a com- 
pound's  ability to increase cathodic overvoltage. 

Another  factor which may contribute to increas- 
ing cathodic overvoltage is the insulating properties 
of the adsorbed layer. An adsorbed layer which is 
essentially a hydrocarbon can be expected to be a 

poor ionic conductor. Proprolic acid and acetylene di- 
carboxylic acid (reagents 32 and 33), which gave 
small decreases in cathodic overvoltage, may  be- 
come adsorbed but  serve as good conductors of hy -  
dronium ions to the surface because of their strongly 
acidic nature. These molecules gave decreases of 
only several millivolts in cell potential when added 
to the center chamber. Therefore, the change of over 
30 m y  resulting from their addition to the cathode 
chamber cannot be attr ibuted to an increase in ionic 
strength. 

Finally, the possibility that the acetylenic bond 
becomes hydrogenated must not be overlooked. Al- 
though such a reaction may change cathode potential 
and may occur to some extent, it is probably not a 
major  factor contributing to the effect of the acety- 
lenic chemicals on cathodic overvoltage. Qualitative 
observations support this conclusion. The evolution 
of hydrogen gas is readily visible and does not 
visibly diminish when the acetylenic chemical is 
added to the cathode chamber. Also, the increase in 
overvoltage continues far beyond the time at which 
the acetylenic additive would be consumed by hy-  
drogenation. Finally, the effect of an olefin such as 
allyl alcohol on cathodic overvoltage is small (10 
mv) compared to the effect of the acetylenic analog 
propargyl  alcohol (370 mv).  

Fur ther  work is in progress to elucidate the nature 
of the interaction of acetylenic molecules with metal 
surfaces. Initial efforts are being directed toward 
adsorption measurements.  
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Oxidation of Magnesium 
J. E. Castle, 1 S. J. Gregg, and W .  B. Jepson 2 

Department of Chemistry, University of Exeter, England 

ABSTRACT 

The kinetics of the oxidation of magnes ium in oxygen at temperatures  be-  
tween 475 ~ and 570~ have been investigated. It is found that the course of the 
oxidation is grossly different according to whether  the oxidation is carried 
out on a vacuum microbalance in  static oxygen at 10 cm pressure or on a ther-  
mal balance in flowing oxygen at 76 cm pressure. This discrepancy cannot  be 
a t t r ibuted to different surface pretreatments .  I t  is shown that  the ready film 
breakdown (and subsequent  nonprotect ive oxidation) in  flowing oxygen is 
brought  about by the reaction of the impuri t ies  in the oxygen with the mag-  
nesium. If these impurit ies are removed from the oxygen by gettering, either 
wi th  magnes ium itself or with a mixture  of copper and iron oxides, before the 
magnes ium is oxidized on the microbalance, then  the amount  of oxidation is 
very small, e.g., at 525~ only 3 ~g/cm ~ after 50 hr. The impuri t ies  are thought 
to be hydrocarbons which are catalytically cracked on the oxide surface to 
deposit carbon which becomes incorporated in the growing oxide layer. The rate 
of film thickening is dependent  on the part ial  pressure of impuri t ies  in  the 
oxygen, and as a consequence the rate  of oxidation shows an apparent  depend-  
ence on the pressure of oxygen. 

The  ox ida t ion  of m a g n e s i u m  has been  the  sub jec t  
of a n u m b e r  of inves t iga t ions  ( 1 - 3 ) ;  it  is gene ra l l y  
recognized t h a t  if m a g n e s i u m  is hea ted  in  f lowing 
oxygen  on  a t h e r m a l  ba l ance  a t  a t e m p e r a t u r e  such 
as 550~ " b r e a k a w a y "  occurs af ter  severa l  hours ;  as 
the  wh i t e  oxide scale ex tends  over the  sample  su r -  
face so the  r a t e  of ox ida t ion  con t inuous ly  increases  
wi th  t ime  u n t i l  the  whole  of the  spec imen  surface  is 
covered (3) .  The me ta l  t h e n  oxidizes at a cons tan t  
or l i nea r  r a t e  (e.g., 0.18 m g / c m V h r  at 550~ If the  
ox ida t ion  is con t inued  for a sufficiently long t ime,  
the  r a t e  m a y  increase  to a second cons tan t  va lue ,  
some tenfo ld  g rea te r  t h a n  the  first and  "second 
b r e a k a w a y "  is said to have  occurred;  the oxide 
fo rmed  over  this  second l inea r  b r a n c h  is buff  in  color 
and  di f ferent  in  t ex tu r e  f rom the  whi te  oxide scale. 

D u r i n g  the course of an inves t iga t ion  (4, 5) of the  
ox ida t ion  of a n u m b e r  of m a g n e s i u m  alloys in  oxy-  
gen wi th  a v a c u u m  microba lance ,  it  became neces-  
sa ry  to ob ta in  re fe rence  data  for m a g n e s i u m  itself. 
Ra the r  s u r p r i s i n g l y  i t  was  found  tha t  w h e n  a m a g -  
n e s i u m  sample  was  oxidized at  550~ in  the  same 
batch  of oxygen  as tha t  used on the  t h e r m a l  ba lance ,  
bu t  u n d e r  s ta t ic  condi t ions  and  at  a r educed  p ressure  
(100 r am) ,  the  incep t ion  of b r e a k a w a y  was  de layed  
for severa l  h u n d r e d  hours.  

This  d i sc repancy  has led to a r e inves t i ga t i on  of 
the  ox ida t ion  of m a g n e s i u m  in  oxygen  which  has 
es tab l i shed  tha t  t races  of organic  i m p u r i t y  (p rob -  
ab ly  h y d r o c a r b o n  in  n a t u r e )  p l ay  a f u n d a m e n t a l  
role i n  p r o m o t i n g  b r eakaway .  If the  i m p u r i t y  is r e -  
moved  f rom the  oxygen,  e i ther  by  ge t t e r ing  or by  
ca ta ly t ic  oxidat ion,  the  weigh t  ga ined  by  the  m a g -  

P r e s e n t  a d d r e s s :  C.E.R.L., L e a t h e r h e a d ,  Su r r ey ,  England .  

~Presen t  address :  Me ta l l u rgy  Division,  A.E.R.E.,  HarwelI ,  Dideot ,  
Berks ,  Eng land .  

n e s i u m  is e x t r e m e l y  small ,  e.g., 3 ~ g / c m ~ af ter  50 hr  
at  525~ 

Experimental 
The m a g n e s i u m ,  suppl ied  b y  M a g n e s i u m  E l e k t r o n  

Ltd. ( E n g l a n d ) ,  was  in  the  fo rm of 1.6 m m  thick  
sheet  and  was  of the  same stock (ba tch  2) as tha t  
used in  p rev ious  w o r k  (3 ) ;  the  impur i t i e s  a m o u n t e d  
to 500 p p m  (Tab le  I ) .  The m a j o r  por t ion  of the  work  
was  car r ied  out  w i th  samples  whose surfaces  had  
been  ab raded  to 4 /0  e m e r y  and  then  e lect ropol ished 
according  to the  me thod  of J acque t  (6) in  a ba th  of 
phosphor ic  acid and  e thy l  alcohol. 

Severa l  grades  of oxygen,  all  f rom B.O.C. Ltd.  
( E n g l a n d )  we re  used;  viz., ba tch  A, med ica l  grade;  
ba tch  B, spectroscopical ly  s t anda rd ized ;  and  ba tch  C, 
spectroscopical ly  s t anda rd i zed  which  u n l i k e  ba tch  B 
had been  p r epa red  in  a s ingle  r u n  and  con ta ined  
smal l e r  a m o u n t s  of impur i t y .  Ana lyses  are g iven  in  
Tab le  II. 

The ox ida t ion  of m a g n e s i u m  was fol lowed on a 
v a c u u m  mic roba lance  (7, 8) sens i t ive  to 2.5 ~g (i.e., 

Table I. Analysis of magnesium, in ppm 

Zn <200 A1 <100 
Si <50 Cu <I0 
Mn <I00 Fe <100 
Ni <20 Zr Tr 

Table II. Analysis of oxygen, in ppm 

O t h e r  c a r b o n  
B a t c h  CO CO~ epds.  as CO~ A r  N2 It2 

1018 

A 0 <7 approx. 7 <0.4% Tr - -  
B 0 <4  - -  - -  <570 <15 
C 0 <4  - -  - -  <57 <15 
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0.2 # g / c m  ~ of the  sample  used) .  The  n o r m a l  pract ice  ~ Ioc 
wi th  expe r imen t s  in  the  mic roba lance  is to outgas 
the  sample  before  the  s ta r t  of the  r u n  at the  p ro -  ,~" 7s 
posed reac t ion  t e m p e r a t u r e ;  w i th  m a g n e s i u m ,  such 
a p rocedure  was no t  des i rab le  howeve r  because  _z 
evapora t ion  of the  me t a l  r ead i ly  occurred  [ s a t u r a -  ~ 5c 
t ion  vapor  p ressure  of m a g n e s i u m  (9) at  525~ is 
0.15 m m ] ,  and  the fo l lowing  me thod  was there fore  ~ 2~ 
adopted.  At  the  s ta r t  of an  expe r imen t ,  the  sample  
was first outgassed at  room t e m p e r a t u r e ,  t h e n  a 
furnace ,  p rese t  to 450~ was  ra ised  a r o u n d  the  b a l -  o 
ance l imb,  and  outgass ing  was con t inued  for a f u r -  
ther  hour.  U n d e r  these  condi t ions,  no evapora t ion  of 
the  me t a l  could be detected.  Nex t  the  fu rnac e  was  
replaced  by  a second fu rnace  prese t  to the  desired 
r u n  t e m p e r a t u r e ,  and  oxygen  was  admi t t ed  to a 
p ressure  of 100 m m ;  the  zero of t ime  was t a k e n  as 
the  i n s t a n t  w h e n  oxygen  was  admi t ted ,  and  the  first 
r ead ing  was t a k e n  af ter  about  3 rain,  s u b s e q u e n t  
read ings  be ing  t a k e n  at su i t ab le  in te rva ls .  

The n o r m a l  pract ice  of ob t a in ing  the  "ba lance  cor-  
rec t ion  ''~ by  evacua t ing  the  ba l ance  case at the  end  
of the r u n  led to evapora t ion  of m a g n e s i u m  and  a 
consequen t  we igh t  loss; a s t a n d a r d  correc t ion  was 
therefore  appl ied  to da ta  ob ta ined  in  each r u n  a nd  
was d e t e r m i n e d  in  severa l  p r e l i m i n a r y  r u n s  us ing  an  
a l u m i n u m  sample  of the  same d imens ions  as the 
m a g n e s i u m  samples.  A usefu l  check of the ba l ance  
correc t ion  was p rov ided  by  the  fact  tha t  l i t t le  oxi -  
da t ion  occurred  over  the  first few m i n u t e s  of each 
r u n  so tha t  the  first r ead ing  of the  ba lance  af ter  ad-  
miss ion  of oxygen  cor responded  essen t ia l ly  to zero 
weigh t  gain. 

Results 

Runs  were  car r ied  out  at 500 ~ 525 ~ and  550~ in  
oxygen  of ba tch  A. As is seen f rom Fig. 1, the  ra te  of 
ox ida t ion  at  550~ at first decreases w i th  t ime  (OA) 
to become a lmost  cons tan t  a long AB u n t i l  at C 
b r e a k a w a y  occurs and  the  ra t e  increases  a long CD: 
by  v isua l  e x a m i n a t i o n  the b r e a k a w a y  was  found  to 
be associated w i th  the  fo rma t ion  of smal l  m o u n d s  of 
buff -colored  oxide, p a r t i c u l a r l y  a long the  edges of 
the sample  (Fig. 2). At  500 ~ and  525~ b r e a k -  
a w a y  was  absen t  w i t h i n  the  per iod  of the  exper i -  
ments ,  and  the weigh t  gains  af ter  a g iven  t ime  were  
sma l l e r  t h a n  a t  550~ Compar i son  wi th  a r u n  on a 
t h e r m a l  ba lance  in  f lowing oxygen  of commerc ia l  
qua l i t y  and  at a tmospher ic  p ressure  showed the  
weight  gains  to be lower  by  severa l  orders  of m a g -  
n i t u d e  in  the  mic roba lance  exper imen t s ,  e.g., 50 #g /  
cm ~ compared  wi th  10 m g / c m  ~ at  550~ on the t h e r -  
ma l  ba lance ,  a f ter  30 hr. F u r t h e r m o r e ,  af ter  b r e a k -  
away,  the  oxide was  whi te  in  the  t h e r m a l  ba l ance  
r u n s  and  buff -colored  in  the  mic roba lance  exper i -  
ments .  

Possible  reasons  for the  differences are:  (a)  in  the  
r u n s  on the  mic roba l ance  the m a g n e s i u m  u n d e r w e n t  
a v a c u u m  a n n e a l  at  450~ for 1 h r  before  oxygen  
was  admi t ted ,  whereas  in  those on the  t h e r m a l  b a l -  
ance the  furnace ,  a l r eady  at  t e m p e r a t u r e ,  was  

8 T h e  b a l a n c e  c o r r e c t i o n  is  t h e  c h a n g e  i n  d e f l e c t i o n  of  t h e  b e a m  
w h e n  t h e  p r e s s u r e  of  g a s  w i t h i n  t h e  b a l a n c e  c a s e  is  r a i s e d  f r o m  
10 -6 m m  to  100 r a m ,  t h e  m a s s  of t h e  s a m p l e  r e m a i n i n g  c o n s t a n t .  
T h e  m a g n i t u d e  of t h e  b a l a n c e  c o r r e c t i o n  is  a f u n c t i o n  o f  p r e s s u r e  
a n d  is  m a i n l y  d u e  to t h e  t h e r m o m o l e c u l a r  f low of g a s  m o l e c u l e s  
a l o n g  t h e  s u s p e n s i o n  w i r e  (8 ) .  
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Fig. 1. Oxidation of magnesium at 500 ~ and at 550~ in static 
oxygen (batch A) at 100 mm pressure. The magnesium had been 
abraded. 

Fig. 2. Characteristic pit on the edge of a magnesium specimen 
which had undergone breakaway during oxidation at 550~ in static 
oxygen (batch A) at 100 mm pressure. Magnification approximately 
32X. 

ra ised into pos i t ion  a r o u n d  the  reac t ion  c hambe r  
t h r ough  which  oxygen  was  a l r e a dy  f lowing;  (b)  the  
p ressure  of oxygen  was 100 m m  in  the mic roba lance  
e x p e r i m e n t s  compared  wi th  1 a t m  in  the  t h e r m a l  
ba lance  runs ;  and  (c) ox ida t ion  m a y  be p romoted  
by  some i m p u r i t y  in  the  oxygen  which  in  the  t h e r -  
ma l  ba lance  r u n s  would  be bo th  con t inuous ly  sup-  
pl ied and  p resen t  at a l a rger  pa r t i a l  p ressure  t h a n  in  
the  mic roba l ance  exper imen t s .  

To test  poss ib i l i ty  (a ) ,  the  n o r m a l  p rocedure  of 
s t a r t ing  a r u n  on the v a c u u m  mic roba lance  was  
car r ied  t h r ough  up  to the  po in t  at  wh ich  oxygen  
would  have  been  admi t t ed ;  the  f u r na c e  was t h e n  
removed,  and  af ter  the sample  had  cooled to room 
t empera tu r e ,  it  was t r a n s f e r r e d  to the  t h e r m a l  ba l -  
ance  and  hea ted  at 550~ in  f lowing oxygen.  The 
ox ida t ion  fol lowed the same course as tha t  of a 
f resh ly  ab raded  sample  so t ha t  the  v a c u u m  a n n e a l  
has negl ig ib le  inf luence  in  r e t a r d i n g  b r eakaway .  

A f u r t h e r  set of e xpe r i me n t s  gave resu l t s  which,  
a l though  not  e l i m i n a t i n g  (b ) ,  f avored  the  th i rd  
poss ib i l i ty  (c) ,  viz., tha t  an  i m p u r i t y  in  the  oxygen  
is respons ib le  for the  h igher  ra te  of ox ida t ion  in  the  
t h e r m a l  ba lance  e x p e r i m e n t s ;  th ree  r u n s  were  
car r ied  out  on the  mic roba lance  at 525~ bu t  at the  
d i f ferent  p ressures  of 1 mm,  10 ram, and  100 mm,  
respect ively .  As is seen f rom Fig. 3, the  curves  are all  
s imi la r  in  shape, bu t  the weigh t  ga in  at a common  
ord ina te  a long the  b r a n c h  AB is some th reefo ld  
g rea te r  at 100 m m  t h a n  at 1 mm.  Since it  was  con-  
s idered  u n l i k e l y  tha t  the  p ressure  of oxygen  per  se 
would  account  for these  la rge  differences it  was i n -  
fe r red  tha t  the  increase  in  we igh t  ga in  w i th  inc reas -  
ing  p ressure  of oxygen  is in  fact  caused b y  a cor re -  
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Fig. 3. Oxidation of magnesium at 525aC in static oxygen (batch 
B) at pressures of 1 ram, 10 mm, and 100 ram, respective|y. The 
magnesium had been electropolished. 
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Fig. S. Oxidation of magnesium at 525~ in static oxygen (batch 
C) at 100 mm pressure. Curve 1, gettered oxygen; curve 2, un- 
gettered oxygen; curve 3, oxygen ~ 500 ppm of n-nonane. The 
magnesium had been electropolished. 
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Fig. 4. Microbalance case in its modified form with the limb B 
extended to accommodate the second magnesium sample which was 
used to getter the oxygen. 

sponding increase in the  quan t i ty  of impur i ty ,  which  
being propor t iona l  to the pressure  of oxygen would 
in the exper iment  at 100 mm be present  in an 
amount  one-hundredfo ld  grea ter  than  in the exper i -  
ment  at 1 mm. 

This conclusion was confirmed by  exper iments  in 
which the suspected impur i ty  was removed  from the 
oxygen by  "get te r ing"  it wi th  a sample of magne-  
sium suspended in l imb B of the microbalance  case 
(Fig. 4) which was lengthened for the purpose.  The 
sample under  test  was suspended in l imb A in the 
usual  way,  and both samples were  outgassed for  1 h r  
at 450~ in the s tandard  manner ,  when the sample  in 
l imb A was a l lowed to cool to room tempera ture .  
Oxygen of batch B was then admi t ted  to a p ressure  of 
100 ram, and the t empera tu re  of the  furnace  around 
l imb B was raised to 575~ and held there  for 70 hr, 
in the expecta t ion tha t  the magnes ium in the course 
of its oxidat ion would ge t te r  the impur i ty .  Af ter  
l imb B had cooled to room tempera tu re ,  a furnace  
preset  to 525~ was raised into posi t ion around l imb 
A, and the second magnes ium sample oxidized. The 
resu l tan t  weight  gain was very  smal l  (Fig. 5, curve 
1) being only 3 ~g /cm ~ af ter  50 hr;  this  s t rongly  sug- 
gests tha t  some impur i ty  which can be ge t te red  by  
magnes ium is able to promote  oxidation.  

It now remained  to a t t empt  the identif ication of 
the impur i ty .  Ni t rogen and wa te r  vapor  were  obvious 
possibil i t ies,  but  were  e l iminated  f rom considerat ion 
by  the fol lowing exper iments .  A number  of runs  
were  car r ied  out at 525~ wi th  oxygen of batch C 
containing a pa r t i a l  pressure  of 0.05 mm (500 ppm)  
of n i t rogen as an addendum,  but  the curves of weight  

gain against  t ime did not differ apprec iab ly  from 
those obtained with  batch C oxygen itself. In  some 
fu r the r  exper iments ,  the oxygen (batch C) was 
thoroughly  dr ied  by  leaving it in contact  wi th  a sur -  
face immersed  in l iquid oxygen for  24 hr, before 
s ta r t ing  the oxidat ion run at  525~ Again  the curves 
of weight  gain against  t ime did not differ apprec iab ly  
from those obta ined wi th  ba tch  C oxygen itself. 

For  var ious  reasons it was suspected tha t  the im-  
pu r i t y  might  be organic in nature .  A run  was ac-  
cordingly car r ied  out in which an oxidizing catalyst ,  
commercia l ly  avai lable ,  consisting of a mix tu re  of 
i ron and copper oxides suppor ted  on kaolin,  rep laced  
the magnes ium get ter  in l imb B (Fig. 4).  The cata-  
lys t  was outgassed in situ at 620~ ( the highest  t em-  
pe ra tu re  it could wi ths tand)  unt i l  the vacuum was 
10-' ram, and the magnes ium in l imb A then  out-  
gassed at  450~ The furnace  was then removed  from 
A and the sample a l lowed to cool to room t e m p e r a -  
ture,  oxygen of batch C was admi t ted  to a pressure  
of 100 mm, and was left  for 20 hr  wi th  the ca ta lys t  
s t i l l  at 620~ so as to al low ample  t ime for oxidat ion 
of the impur i ty ;  a furnace  preset  to 525~ was then 
ra ised into posit ion around the l imb A. The resu l tan t  
curve of weight  gain against  t ime (for  the sample  
in A)  closely resemb}ed tha t  obta ined wi th  m a g -  
nesium as ge t te r  (curve  1, Fig. 5), s t rongly  indica t ing  
that  the re levan t  impur i t y  is organic. 

On genera l  grounds it seemed tha t  the imp.urity 
might  be hydrocarbon  in na tu re  and was perhaps  
in t roduced dur ing manufac tu re  of the  oxygen by  
leakage  of lubr ica t ing  oil f rom the compressors.  In a 
fur ther  exper imen t  therefore  500 ppm of a hyd ro -  
carbon, nonane (n-CJ4~),  was de l ibe ra te ly  in t ro-  
duced into the oxygen (batch C).  A run  at  525~ 
(Fig. 5, curve 3) gave a curve which lies above tha t  
for oxygen of ba tch  C containing no added h y d r o -  
carbon (curve  2) ; moreover  signs of b r e a k a w a y  are 
present ,  the curve becomes convex to the t ime axis, 
and some whi te  oxide scale was formed along the 
edges of the sample in a manner  character is t ic  of 
oxidat ion in flowing oxygen. 

The par t i a l  pressure  and not mere ly  the absolute 
amount  of the impur i t y  is impor tant .  This is ev ident  
f rom a comparison of two para l l e l  exper iments  
car r ied  out wi th  flowing oxygen of batch A, one on 
the microbalance  at 100 mm pressure  and the other  
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Fig. 6. Oxidation of magnesium at 475 ~ 500 ~ 550 ~ and 570~ 
in static oxygen (batch C) at 100 mm pressure. The magnesium had 
been electropolished. 
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525 ~ a nd  550~ respect ively .  S ingle  r u n s  were  also 
car r ied  out  at 475 ~ (250 h r )  a nd  at 570~ (23 h r ) .  

The curves  ob ta ined  (Fig. 6) fa l l  in to  a r egu l a r  
sequence.  At  475 ~ 500 ~ and  525~ the  ra t e  of oxi -  
da t ion  c on t i nua l l y  decreased w i th  t ime,  whe reas  at  
550~ in  two out of the  th ree  r u n s  the  ra te  of oxi -  
da t ion  increased  af ter  the  in i t i a l  p ro tec t ive  stage, i n -  
d ica t ing  b r eakaway ,  and  at  570~ b r e a k a w a y  oc- 
cu r red  on ly  af ter  15 hr. Visua l  e x a m i n a t i o n  of the  
oxidized samples  showed tha t  b r e a k a w a y  was  as-  
sociated wi th  film b r e a k d o w n  at isolated poin ts  on 
the  me t a l  surface  fol lowed by  the  fo rma t ion  of buff -  
colored oxide. Samples  which  had  been  oxidized at  
525~ a n d  be low showed a s l ight  loss of lus ter ,  b u t  
no in t e r f e r ence  colors were  discernible .  At  the  th ree  
lower  t e m p e r a t u r e s  ( a l though  not  at 550 ~ and  
570~ the  da ta  conformed  fa i r ly  wel l  (Fig. 7), over  
the first 150 hr  at  least,  to the  loga r i thmic  law 

w = k l o g  (1 + at) [1] 

where  w is the  we igh t  ga in  at  t ime  t. The va lue  of k 
was the  same at all  th ree  t empera tu re s ,  viz., 15 #g /  
cm '~, bu t  a va r i ed  w i th  t e m p e r a t u r e  f rom 0.22 h r  -1 at 
475~ to 0.90 hr  -1 at  500~ a nd  3.8 hr  -1 at 525~ 

At  the  longer  t imes  ( b r a nc h  AB, 525~ curve,  Fig. 
6) the  rate ,  which  was  v e r y  smal l  (e.g., 0.02 #g/cm~/ 
h r  a t  525~ was  a lmost  i n d e p e n d e n t  of t e m p e r a -  

3 ture.  This  is a necessa ry  consequence  of the  fact tha t  
the  p a r a m e t e r  k is i n d e p e n d e n t  of t e m p e r a t u r e ,  for 
f rom Eq. [ 1 ] we have  

dw ak 
- -  = - -  [ 2 ]  

dt 1 + at 

which  for va lues  of t such tha t  at > >  1 becomes  

dw k 
- -  - -  [ 3 ]  

dt t 

and  this  for a g iven  va lue  of t is the  same at all  th ree  
t empera tu re s .  

F ina l ly ,  i n f o r m a t i o n  was  sought  as to the  t e x t u r e  
of the  oxide film; the  sur face  area  of a sample  of 
magnes ium,  oxidized for 268 hr  at 525~ on the  
mic roba lance  to a we igh t  ga in  of 42 ~ g / c m  ~ was  
m e a s u r e d  by  k r y p t o n  sorp t ion  (10, 11). A va lue  of 
111 cm ~ was obta ined,  as compared  w i th  68 cm ~ for 
a f resh ly  pol ished sample.  Both va lues  con ta in  a no t  
neg l ig ib le  c o n t r i b u t i o n  for adsorp t ion  on the  glass 
wal l s  of the  conta iner ,  b u t  the  difference of 43 cm ~ 
should no t  be v e r y  di f ferent  f rom the  a rea  of the  
oxide;  it  is e q u i v a l e n t  to 3 cm ~ pe r  cm ~ of geomet r i ca l  
area  of the  sample  a nd  suggests  a degree  of r o u g h -  
ness which  is incons i s t en t  w i th  the mode l  of a u n i -  
f o r m l y  th ick  oxide layer .  E lec t ron  microscopic ex -  
a m i n a t i o n  of a few r e p r e s e n t a t i v e  samples  b y  the  
repl ica  t echn ique  u n f o r t u n a t e l y  gave no clear  ev i -  
dence  as to the  t e x t u r e  of the  oxide film. 

Discussion 

The p re sen t  resu l t s  s t r ong ly  suggest  t ha t  the  we l l -  
k n o w n  b r e a k a w a y  a nd  s u b s e q u e n t  nonpro t ec t i ve  
ox ida t ion  of m a g n e s i u m ,  which  occur at t e m p e r a -  
tu res  of 475~ and  above in  f lowing oxygen,  are  
p romoted  b y  an  organic  i mpur i t y ,  p r o b a b l y  h y d r o -  
ca rbon  in  na tu re ,  p r e sen t  in  the  oxygen.  W h e n  m a g -  

Fig. 7. Oxidation of magnesium at 475 ~ 500 ~ and 525~C in 
static oxygen (batch C) at 100 mm pressure. Data are tested for 
conformity to the logarithmic rate law by plotting w against log 
(1 ~ at). Values of a were 0.22 hr- ~, 0,9 hr -1, and 3.8 hr -1 at 475 ~ 
500 ~ and 525~ respectively. 

on the  t h e r m a l  ba l ance  at a tmospher ic  pressure ,  the 
mass of oxygen  passed ( equ iva l en t  to 6.6 l i ters  at  
N T P / h r )  and  therefore  the  to ta l  q u a n t i t y  of i m -  
p u r i t y  be ing  the  same in  each case. In  the  r u n  at a t -  
mospher ic  p ressure  b r e a k a w a y  commenced  af ter  
on ly  10 m i n  and  was accompanied  by  the fo rma t i on  
of the  u sua l  whi te  oxide scale, whereas  in  the  r u n  at 
100 m m  the  incep t ion  of b r e a k a w a y  was  de layed  for 
11 h r  and  the  oxide was  buff  in  color. 

Once a film has been  fo rmed  in  a closed system, 
i.e., in  the  presence  of a smal l  and  fixed a m o u n t  of 
impur i t y ,  it  confers  pro tec t ion  on the  me ta l  w h e n  
this  is s u b s e q u e n t l y  exposed to f lowing oxygen  wi th  
its more  p l en t i fu l  supp ly  of impur i ty .  This  was  d e m -  
ons t ra ted  by  oxidiz ing a sample  of m a g n e s i u m  on the  
mic roba lance  for 30 ra in  at 550~ in  oxygen  of ba tch  
C at 100 m m  pressure ,  t h e n  t r a n s f e r r i n g  it  to the  
t h e r m a l  ba l ance  and  con t inu ing  the  r u n  the re  at the  
same t e m p e r a t u r e .  B r e a k a w a y  was  now de layed  for 
19 hr  as compared  w i th  the  10 m i n  of a n o r m a l  r u n  
on the  t h e r m a l  ba lance  at  this  t empe ra tu r e .  

I t  was  t hough t  des i rab le  to s tudy  sys temat ica l ly  
the  de ta i led  k ine t ics  of oxida t ion;  u n t r e a t e d  oxygen  
of ba tch  C was  used at  a p ressure  of 100 ram. Three  
runs  were  car r ied  out  at each of the  t e m p e r a t u r e s  
500 ~ 525 ~ and  550~ of these, two r u n s  were  con-  
t i nued  for  at leas t  25 h r  and  the  th i rd  for at least  
250 hr, the  r ep roduc ib i l i t y  as j udged  by  the  weigh t  
ga in  at 25 hr  be ing  •  + 3 % ,  and  -+2% at 500 ~ , 
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nesium is hea ted  in oxygen the impur i ty  must  e i ther  
be oxidized or consumed in some way,  as evidenced 
by the successful use of magnes ium at  570~ as a 
getter.  Nevertheless  the pronounced diminut ion in 
ra te  which occurs af ter  a per iod of t ime (as at  A on 
the 10 mm curve  in Fig. 3) is not a s imple conse- 
quence of the complete  removal  of the impur i ty ;  for 
when a fu r the r  charge of oxygen, and wi th  it more 
impur i ty ,  was admi t ted  at B (Fig. 3) to increase the  
pressure  to 100 mm there  was no detec table  change in 
the ra te  of oxidation.  Thus while the ra te  of th icken-  
ing of the oxide l aye r  up to the 'knee '  at A is de-  
pendent  on the pa r t i a l  pressure  p of impur i ty ,  the 
ra te  of oxidat ion beyond the knee is insensi t ive to p. 
These conclusions are suppor ted  by  the exper iment  
at 550~ in which it was shown tha t  an oxide layer  
p re formed  in stat ic oxygen is able to r e t a rd  b r e a k -  
away  on subsequent  oxidat ion in flowing oxygen. 

If, as seems l ikely,  the impur i ty  is present  as a 
complex mix tu r e  of hydrocarbons ,  the  fates of the 
separa te  const i tuents  could only be ful ly  e lucidated 
by a series of deta i led studies. There  is some evi-  
dence for decomposit ion resul t ing  in carbon deposi-  
t ion on the oxide surface; a specimen of magnes ium 
was oxidized at  525~ in get tered oxygen at 100 mm 
pressure  containing Cl ' - label led  decane (C~'H3 (C~I-I) 
CH~) at  a pa r t i a l  pressure  of 0.035 ram. A "count"  
(12) of the surface of the specimen af ter  40-hr  oxi-  
dat ion indica ted  the presence of 0.15 #g of carbon 
per  cm ~, a value far  in excess of tha t  which could be 
a t t r ibu ted  to chemisorbed carbon dioxide ( f rom oxi-  
dat ion of the hydroca rbon) .  

Turning  now to the kinet ics  of the oxidation,  these 
can be rega rded  as proceeding in two stages: (a)  
the growth  of a continuous oxide film which under  
cer ta in  conditions is fol lowed by  (b ) ,  the actual  
b reakdown  of this  film ( b r e a k a w a y )  and subsequent  
nonprotect ive  oxidation.  

The preceding discussion leads to the t en ta t ive  
conclusion tha t  the enhanced ra te  of growth  of the 
protec t ive  film, stage (a ) ,  in oxygen containing the 
hydrocarbon  impur i ty  is b rought  about by  deposit ion 
of carbon on the oxide surface and its incorporat ion 
in the oxide. As to the mechanism by which this 
carbon promotes  the ou tward  diffusion of Mg ++ ions 
and thei r  electrons [it is genera l ly  agreed (3) that  
magnes ium oxidizes by  cationic diffusion] one can at 
present  only speculate:  possible factors are  an in -  
crease in the e lectr ical  conduct ivi ty  of the oxide film 
[exper iments  at  1000~176 show (13) tha t  mag-  
nesium oxide is a mixed  ionic and electronic con- 
ductor] ,  and the product ion of mechanical  defects 
in the film. Regard ing  the kinet ics  of stage (a) ,  it  
needs to be emphasized tha t  the ex tan t  theories of 
oxidat ion refer  by impl icat ion to systems free of im-  
pur i ty ,  and only the curve obtained wi th  get tered 
oxygen (curve  1 of Fig. 5) fulfills this condit ion suffi- 
c ient ly  well. Unfor tuna te ly  the weight  gains in this 
exper iment  were  too smal l  for  deta i led  discussion, 
but  i t  is obvious f rom casual inspection tha t  the 
curve cannot be represen ted  by  a parabol ic  or cubic 
equat ion ( the ra te  falls  off too sharp ly  in the region 
of A) ; it appears  to be logar i thmic  in form, but  un-  
for tunate ly ,  even if conformity  to a logar i thmic  law 

could be confirmed, this  would be of l i t t le  help in 
e lucidat ing the mechanism of oxidation,  since at  least  
six der ivat ions  of this type  of law have  appeared  in 
the l i t e ra tu re  (14). 

When present  in sufficient amounts,  the hydroca r -  
bon impur i ty  is also able to promote  b r e a k a w a y  and 
subsequent  nonprotect ive  oxidat ion wi th  the p roduc-  
t ion of a white,  b r i t t l e  oxide scale. If however  the 
conditions are such tha t  the supply  of impur i ty  is 
l imi ted  (as in the microbalance  exper iments  wi th  
batch C oxygen at 100 mm) ,  b r e a k a w a y  does not oc- 
cur wi th in  300 hr at  525~ B r e a k a w a y  was in fact 
only observed at  550 ~ and above and was associated 
with  the format ion of the powdery,  buff-colored 
oxide in isolated regions on the specimen surface 
(Fig. 2);  what  p robab ly  occurs is tha t  magnes ium 
vapor  e rupts  through mechanica l ly  weak  areas  in 
the oxide film (the sa tu ra ted  vapor  pressure  of mag-  
nesium (9) at  550~ is 0.29 ram) and reacts  wi th  
oxygen in the  vapor  phase. The buff color is p robab ly  
due to traces of metal l ic  magnes ium in the oxide, and 
if the la t te r  is exposed to the l abora to ry  a tmosphere  
for severa l  months,  it  becomes whi te  (3).  

The type  of b r e a k a w a y  associated wi th  la te ra l  
growth of the fami l ia r  whi te  oxide thus seems to be 
a t t r ibu tab le  to the  presence of hydrocarbon  impur i t y  
in the oxygen;  oxidat ion in "pure"  oxygen, free of 
the impur i ty ,  is character ized by  localized b r e a k -  
away  which resul ts  in buff-colored oxide. 

Conclusions 
The oxidat ion of magnes ium in flowing oxygen at 

t empera tu res  of 500~ and above is p romoted  by  
t races  of an impur i ty ,  p robab ly  a mix tu re  of hydro -  
carbons, but  under  "stat ic" conditions and at  100 mm 
pressure  of oxygen, i.e., in a s t r ic t ly  l imi ted  supply  
of the  impur i ty ,  the oxidat ion remains  pro tec t ive  for 
at least  300 hr at  525~ In oxygen f rom which the 
impur i t y  has been removed,  e i ther  by  ge t te r ing  or by 
ca ta ly t ic  oxidat ion,  the  oxidat ion is st i l l  protec t ive  
and is ve ry  slight, a mere  3 ]~g/cm 2, or so, af ter  50 hr  
at 525~ 
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The Oxidation of an Iron-5 Per Cent Chromium Alloy 
in the Temperature Range 600~176 
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ABSTRACT 

An inves t iga t ion  is r epo r t ed  on the oxidat ion  of an i ron-5% chromium 
al loy over  the t empe ra tu r e  r ange  600~176 The film on ab raded  specimens 
unde rwen t  t r ans format ion  by  nodu l a r - t ype  growths  to produce  a scale con- 
ta ining i ron chromite  and fe r r i c -chromic  oxide. The al loy under ly ing  iron 
chromite  was suscept ible  to in te rna l  oxidat ion.  These phenomena  combined 
with  mechanica l  b reakdown  of oxides gave rise to nonreproduc ib le  oxidat ion 
ra te  curves. 

Desp i t e  t he  c o n s i d e r a b l e  n u m b e r  of inves t iga t ions ,  
an  u n d e r s t a n d i n g  has  no t  b e e n  o b t a i n e d  of t he  c o m -  
p l e x  o x i d a t i o n  b e h a v i o r  of i r o n - c h r o m i u m  s tee l s  a t  
h igh  t e m p e r a t u r e s .  Sca les  m a y  con t a in  one or  b o t h  
of t he  r h o m b o h e d r a l  sesqu iox ide ,  Fe~O,.XCr~O, or  of 
the  sp ine l ,  FeO.XCr~O,  d e p e n d i n g  on the  e x p o s u r e  
condi t ions .  Yea r i an ,  Rande l l ,  and  Longo  (1)  h a v e  
c h a r a c t e r i z e d  a s ingle  phase  type ,  w h i c h  consis ts  of 
c h r o m i u m  ox ide  w i t h  some d i s so lved  h e m a t i t e ,  to  be  
f o u n d  a t  low o x i d a t i o n  ra tes ,  a t  low t e m p e r a t u r e s  
a n d / o r  h igh  c h r o m i u m  con ten t  a l loys ,  and  a d u p l e x  
type ,  w h i c h  consis ts  of an  o u t e r  l a y e r  of h e m a t i t e  
w i t h  a s m a l l  a m o u n t  of d i s so lved  c h r o m i u m  ox ide  
and  an  i n n e r  l a y e r  of i ron  ch romi t e ,  to be  f o u n d  at  
h igh  r a t e s  of a t t ack .  A t  long e x p o s u r e  t imes ,  bo th  
scales  u n d e r g o  b r e a k d o w n  b y  c rack ing .  

U t i l i z ing  e l ec t ron  mic roscop ic  obse rva t ions ,  Y e a r -  
fan, D e r b y s h i r e ,  and  R a d a v i c h  (2)  h a v e  d e m o n -  
s t r a t e d  t h a t  t he  t r a n s f o r m a t i o n  of a f e r r i c - c h r o m i c  
ox ide  f i lm to one con ta in ing  i ron  c h r o m i t e  p roceeds  
in loca l ized  ox ide  g r o w t h s  at  r a n d o m l y  d i s t r i b u t e d  
pos i t ions  on the  sur face .  This  b e h a v i o r  is t y p i c a l  of 
b o t h  a b r a d e d  a n d  e l e e t r o p o l i s h e d  spec imens .  S ince  
the  k ine t i c s  for  f o r m a t i o n  of f i lms u n d e r g o i n g  th i s  
t r a n s f o r m a t i o n  h a v e  not  been  d e m o n s t r a t e d ,  th is  
s t u d y  was  d e s i g n e d  to i n v e s t i g a t e  t he  o x i d a t i o n  
k ine t i c s  of  an  F e - 5 %  Cr  a l loy  ove r  t he  t e m p e r a t u r e  
r a n g e  600~176 Such  an  i n v e s t i g a t i o n  shou ld  l e ad  
to a f u r t h e r  in s igh t  in to  t he  u n d e r l y i n g  causes  of 
t he  poor  r e p r o d u c i b i l i t y  in  t he  k i n e t i c  d a t a  f o u n d  
for  these  a l loys  ( 3 - 5 ) .  

Experimental 
A v a c u u m  m i c r o b a l a n c e  a s s e m b l y  s i m i l a r  to t h a t  

d e s c r i b e d  b y  G u l b r a n s e n  (6)  was  e m p l o y e d  for  t he  
k ine t i c  m e a s u r e m e n t s .  The  s e n s i t i v i t y  of q u a r t z  m i -  
c r o b a l a n c e  was  1 d iv i s ion  (0.001 cm)  of t he  m i c r o -  

1 Present  address: Metal lurgy Division, Atomic  Ene rgy  of Canada 
Ltd.,  Chalk  River ,  Ontario, Canada. 

scopic  m i c r o m e t e r  p e r  11 ~g for  a s a m p l e  of 0.6900g. 
The  sys t em,  c a p a b l e  of m a i n t a i n i n g  a v a c u u m  of 
10 -6 r a m  Hg,  cons i s t ed  of  a m e c h a n i c a l  p u m p ,  a 
t h r e e - s t a g e  oi l  d i f fus ion  p u m p ,  o x y g e n  s t o r a g e  flasks,  
and  a n u m b e r  of t r a p s  to p r o t e c t  t he  m e t a l  spec imens  
and  o x y g e n  f r o m  moi s tu re ,  oil,  a n d  m e r c u r y  vapors .  
T e m p e r a t u r e s  w e r e  c on t ro l l e d  to _ 2 ~  

A l l  spec imens  w e r e  s u b j e c t e d  to a s t a n d a r d  a n -  
n e a l i n g  e x p o s u r e  b e f o r e  ox ida t ion .  Once  a s p e c i m e n  
was  p l aced  on the  m i c r o b a l a n c e ,  t h e  s y s t e m  was  
e v a c u a t e d  to 10 -~ m m  Hg. The  t e m p e r a t u r e  w a s  
b r o u g h t  to 800~ ove r  a p e r i o d  of 11/2 h r  a n d  the  
s p e c i m e n  was  a n n e a l e d  for  2 h r  a t  th is  t e m p e r a t u r e .  
Upon  a d j u s t m e n t  of the  f u r n a c e  to t he  d e s i r e d  t e m -  
p e r a t u r e ,  o x i d a t i o n  was  c a r r i e d  out  in  an  o x y g e n  
a t m o s p h e r e  at  200 m m  Hg p re s su re .  A f t e r  an  o x i d a -  
t ion  tes t ,  t he  s y s t e m  was  e v a c u a t e d  to a l l ow the  
s p e c i m e n  to cool in va c uum.  O x i d i z e d  spec imens  
w e r e  v a c u u m  m o u n t e d  in  a c o l d - s e t t i n g  p o l y e s t e r  
res in  for  m e t a l l o g r a p h i c  e x a m i n a t i o n s .  The  a l loy  
g r a i n  s t r u c t u r e  cou ld  be  d e t e r m i n e d  a f t e r  e t ch ing  
spec imens  for  40 sec in a 5% N i t a l  so lu t ion .  

The  a l loy  c o n t a i n e d  5.0% c h r o m i u m  w i t h  i m p u r i t y  
con ten t s  of 0.01, 0.004, 0.04, 0.04% su l fu r ,  phospho r ,  
s i l icon,  and  m a n g a n e s e ,  r e spe c t i ve ly .  S p e c i m e n s  w i t h  
su r f a c e  a r eas  of a p p r o x i m a t e l y  2.0 cm ~ w e r e  cut  
f rom the  a s - r e c e i v e d  0.035 in. t h i c k  sheet .  A 1/64 in. 
su spens ion  ho le  was  d r i l l e d  n e a r  one end  of  a spec i -  
m e n  w h i c h  was  t h e n  a b r a d e d  to  4 /0  g r a d e  s i l icon 
c a r b i d e  p a p e r ,  d e g r e a s e d  in  acetone,  a n d  s u s p e n d e d  
in t he  r e a c t i o n  t u b e  f r o m  the  m i c r o b a l a n c e .  

Results 

Resu l t s  a r e  p r e s e n t e d  for  t he  k ine t i c  tes t s  ove r  
t he  t e m p e r a t u r e  r a n g e  600~176 in c o n j u n c t i o n  
w i t h  m e t a l l o g r a p h i c  e x a m i n a t i o n s  of t h e  ox ide  
scales.  S ince  the  t r a n s f o r m a t i o n  t e m p e r a t u r e  of t h e  
a l loy  f r o m  the  a l p h a  to g a m m a  s t r u c t u r e  is 855~ 
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(7) ,  the oxidat ion  phenomena  are character is t ic  of ~.2c 
a ferr i t ic  alloy. 

Of the five ini t ia l  tests for exposures  of 3 hr  at  z.~ 
800~ Fig. 1, two ra te  curves (1 and 2) were  sire-  z ~4,  

i lar ,  whereas  the  others  were  different  in form and 
magni tude.  The oxide topographies  revealed  l e a -  ~z.0c 
tures  associated wi th  these phenomena.  Smal l  nodu-  
lar  oxide growths were  d is t r ibu ted  over the surface ~ ,.6, 
of the specimen exhibi t ing  the least  oxidation,  test  5, 

l'2C while  the  specimens which had  undergone la rger  
degrees of oxidat ion d isp layed  l a rge r  nodules. To 

0'8r 
i l lus t ra te  these localized growths,  a photomicrograph  
of the nodules  on specimen of test  1 is shown in 

0.4( 

Fig. 2. A series of oxidat ion tests was carr ied  out at  
700 ~ and 850~ to de te rmine  the influence of tern- o 
pe ra tu re  on these phenomena.  As i l lus t ra ted  by  the 
curves in Fig. 1, these kinetics were  also nonrepro-  
ducible. As before, oxidat ion proceeded via nodula r  
growths.  On the heavi ly  oxidized specimens at 
700~ these growths had  coalesced to a less pro tec-  
t ive scale. I t  was apparen t  from a corre la t ion of the 
resul ts  f rom the kinet ic  tests wi th  microscopic ob-  
servat ions tha t  the extent  of nodular  growths at  a 
specific t empera tu re  was more impor tan t  in de te r -  

6 0 0 " C  

E O 0 ~  

8 5 0 " C  

TIME (hr•) 

Fig. 3. Oxidation rote curves over the temperature range 600 ~ 
850~ 

140 

~C~ 

0.8C 

e 0.6Q 

w o-4r 

~ o.2o 

O.eo 

O.gO 

gSO I 

TIME (h~l) 

Fig. 1. Oxidation rate curves over the temperature range 700 ~ - 
8500C (800~ curves 1-5). 

Fig. 2. Surface topography of specimen oxidized for 3 hr at 800~ 
(test 1, Fig. 1). Magnification approximately 250X. 

Fig. 4. Cross-section of specimen oxidized at 600~ for 31 hr, 
etched in 5% Nital. Magnification approximately 575X. 

mining the degree  of oxidat ion  than  the absolute 
magni tude  of t empera tu re .  

In order  to examine  the effect of exposure  t ime 
at severa l  t empera tu res  on oxidat ion  behavior ,  tests 
were  car r ied  out for exposures  to 30 hr  a t  600 ~ 800 ~ 
and 850~ These resul ts  are  i l lus t ra ted  in Fig. 3. 
The curves were  i r regular ;  the specimen exhibi t ing  
the lowest  in i t ia l  oxidat ion ra te  at  850~ main ta ined  
this character is t ic  even though this t empe ra tu r e  
was of highest  value.  

Examina t ion  of scale cross sections i l lus t ra ted  
features  associated with this behavior.  Photomicro-  
graphs  are  presented  in Fig. 4-6 of the scales on the 
specimens of the  three  above tests. I ron chromite  
is d is t inguishable  f rom fe r r ic -chromic  oxide by  its 
d a r k e r  color. At  the  lowest  t empe ra tu r e  of 600~ 
the scale, which consisted p redomina te ly  of iron 
chromite,  was severe ly  cracked. Voids in this oxide 
layer  were  encased by  fe r r ic -chromic  oxide. On the 
other hand, the scale consisted p redomina te ly  of this 
l a t te r  oxide at  800 ~ and 850~ wi th  la rge  amounts  
of iron chromite  occurr ing only in the  nodular  
growths.  Detai led examina t ion  of cross sections dem-  
ons t ra ted  tha t  specimens whose scales contained the 
smal ler  amounts  of iron chromite  exhib i ted  the less 
rap id  oxidat ion ra tes  in the t empera tu re  range  600 ~ 
850~ 

In t e rna l  oxidat ion of the al loy proceeded p redom-  
inan t ly  i n t e r g r a nu l a r l y  at  t empera tu res  below 700 ~ 
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Fig. 5. Cross section of specimen oxidized for 51 hr at 800~ 
Magnification approximately 575X. 
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Fig. 7. Qualitative ternary phase diagram for the ferritic iron- 
chromium solid solution and oxides at temperatures higher than 
600~ ABS~, hypothetical path for small degree of internal oxida- 
tion in 5% Cr alloy underlying iron chromite at 800~ AB'S'=, 
hypothetical path for large degree of internal oxidation in 5% Cr 
alloy underlying localized oxide growths at 850~ 

Fig. 6. Cross section of a localized oxide growth on specimen after 
43 hr oxidation at 850~ Magnification approximately 2SOX. 

and predominantly intragranular ly  at temperatures 
above 800~ These phenomena are illustrated in 
the photomicrographs of Fig. 4-6. Moreover, highly 
localized external and internal oxidation in the tem- 
perature range 800~176 gave rise to the unusual 
growths depicted in Fig. 6. These growths, which 
exhibited porosity, contained large amounts of both 
iron chromite and ferric-chromic oxide. It was pos- 
sible to show by etching experiments that alloy 
grains had been completely converted to oxide by 
these growths. 

Discussion 
In this section, the salient oxidation character-  

istics are correlated insofar as possible with the 
mobilities of the reactants in the alloy and oxide 
phases and the Fe-Cr-O phase diagram. 

The correlation of the results from the kinetic ex- 
periments with metallographic examinations has 
demonstrated that the degree of oxidation at con- 
stant temperature  was dependent on the extent of 
nodular oxide growths from the metastable film on 
the abraded specimens. These findings substantiate 
the electron microscopic observations of Yearian, 
Derbyshire, and Radavich (2). They also demon- 
strate that a ferric-chromic oxide film on an Fe-5% 
Cr steel was stable for exposures to at least 30 
min at 625~ For the experimental conditions of 
this investigation, this oxide was extremely protec- 
tive in the temperature  range 800~176 and only 
transformed to localized growths containing large 

amounts of iron chromite for exposures in the order 
of 30 hr. 

This transformation of ferric-chromic oxide to 
iron chromite is brought  about by a simple chemical 
displacement reaction. As illustrated by the tentative 
Fe -Cr -O phase diagram for temperatures greater 
than 600~ in Fig. 7 (8), ferric-chromic oxide may 
exist only in stable equilibrium with alloys con- 
taining greater than 12% chromium. When this ox- 
ide exists in contact with a 5% Cr alloy, iron and 
oxygen react to transTorm this initial metastable 
film to one containing spinel and a rhombohedral  
oxide richer in iron 

20~ + 3Fe + xFe~O~. 2Cr~O~ ~ FeCr~O, 

+ (1 + x) Fe20~-Cr~O8 

For heavily oxidized specimens, this reaction leads 
progressively to formation of a scale containing dis- 
tinct layers of the two oxides (Fig. 4). 

The alloy beneath the localized oxide growths 
containing iron chromite was subjected to severe 
internal oxidation. Chromium was sufficiently de- 
pleted for oxide precipitation because the diffusion 
constant of metal in the spinel oxide is of the rela- 
t ively large magnitude (9) (10 -~ cmVsec at 800~ 
On the other hand, chromium was not depleted from 
the alloy beneath rhombohedral  oxide because the 
diffusion constant for this oxide is relatively small 
(9) (10 -1" cmVsec at 80O~ The composition paths 
in the internally oxidized regions of the alloy at 
800 ~ and 850~ are qualitatively represented in the 
phase diagram of Fig. 7. Iron chromite which would 
exist in equilibrium with a 5% chromium alloy is 
designated S~. Its composition lies within the range 
S,-S~ (Fel.5 Crl.5 O, to FeCr~O4). Since chromium may 
be depleted from 5 % to as little as 2% by oxidation 
at 800~ (4), the oxide of the scale Sx, lies on the 
iron rich side of S~. Consequently, a composition 
path ABSx in the two phase field represents the de- 
pletion of chromium in the internally oxidized re-  
gions of the alloy. The position of B on the tie-line 
between the 2% alloy and spinel Sx is determined 
by the degree of internal oxidation (Fig. 5). This 
degree of oxidation was much larger beneath the 
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localized oxide growths at 850~ where the pro- 
nounced depletion of chromium lead to complete 
conversion of alloy grains to oxide. Consequently, 
the composition of the spinel oxide would approx-  
imate closely to ' the  composition $1 for the spinel of 
smallest chromium concentration. The composition 
in the internally oxidized region may  then be pre-  
sented by the path AB1Sx 1 where the position of B 1 
represents the large degree of oxide precipitation 
(Fig. 6). 

The irregular, nonreproducible oxidation rate 
curves are similar to those from previous investiga- 
tions. Because the initial rates were not representa-  
tive of uniform oxide growth, a distinction could not 
be made between the acting chemical and physical 
processes. We could only conclude that oxidation 
proceeded in the early exposure stages by localized 
external and internal oxidation. The large variations 
of such oxidation over the alloy surface at a specific 
temperature were more important  than the absolute 
value of temperature in determining the magnitudes 
of oxidation in the range 600~176 Since oxygen 
could also penetrate inwards through cracks in the 
localized oxide growths, spinel oxide growth and its 
cracking to more pervious oxide played effective 
roles in the occurrence of irregular transitions to 
more rapid rates in the oxidation curves. These re-  
sults emphasize that reproducible curves for a fer-  
ritic alloy of low chromium composition will be ob- 
tained only under conditions where the initial me- 
tastable film is uniformly converted to the stable 

duplex film of iron chromite and ferric-chromic 
oxide prior to oxidation. 
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The Anodic Dissolution of Binary Alloys 
R. F. Steigerwald I and N. D. Greene 

Corrosion Research Laboratory, Interdisciplinary Materials Research Center, 
Renssetaer Polytechnic Institute, Troy, New York  

ABSTRACT 

A method for calculating the anodic polarization curves of binary alloys 
from those of their components is presented. Heterogeneous alloys can be 
treated as simple galvanic couples, but homogeneous alloys are subject to a 
modification of Tammann's concept of surface enrichment. Potentiostatic anodic 
polarization curves are used to compare the calculated and experimental curves. 
Data are presented for the tin-zinc, cadmium-zinc, iron-chromium, titanium- 
chromium, and iron-titanium systems. 

The practical and commercial importance of al- 
loys has made their corrosion and dissolution the 
subject of numerous experimental  investigations 
(1-7);  however, no general, quantitative theory has 
been presented for the dissolution of alloys. 

The recent application of potentiostatic polariza- 
tion techniques to metallographic etching (8, 9) 
has shown that the phases of a heterogeneous alloy 
probably dissolve independently of one another, but 
only limited experimental  evidence has been pre-  
sented (10). The theory for homogeneous alloys 

ZPresent  address:  Research Division, Eiectrochemicals  Depar t -  
ment ,  Exper imenta l  Station, E. I.  du Pont  de Nemours  and Com- 
pany,  Wilmington,  Delaware .  

has been largely an extension of Tammann 's  (11) 
explanation of parting limits in gold alloys. 

Theory 
GeneraL--The  homogeneous or mixed potential 

theory of electrode kinetics was stated by Wagner 
and Traud (12) and extensively applied to corrod- 
ing systems by Stern and Geary (13, 14). The basic 
assumptions are that  electrochemical reactions may  
be treated as sums of partial reactions (usually con- 
sidered as independent of one another) and that no 
net current flows at an electrode which is in equi- 
librium or at steady state. Thus the net rate of ox- 
idation equals the net rate of reduction at steady 
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s ta te ;  a n y  p o l a r i z i n g  c u r r e n t  w i l l  be  t he  d i f f e rence  
b e t w e e n  the  o x i d a t i o n  a n d  r e d u c t i o n  r a t e s  a t  t he  
p o l a r i z e d  po ten t i a l .  

i applied----  i - -  [1]  

--> 

w h e r e  i is t he  o x i d a t i o n  c u r r e n t  and  ~ the  r e d u c -  
t ion  cu r ren t .  

F o r  t he  p r e s e n t  d iscuss ion,  cons ide r  an  e l ec t rode  
co r rod ing  u n d e r  a c t i v a t i o n  con t ro l  (13) 

c = log i / ioor= - -  log i / i  .... [2]  

w h e r e  ~ equa l s  E - -  Ecor and  B, a r e  Ta fe l  s lopes,  
cons tan t s  of t he  sys tem.  
C o m b i n i n g  Eq. [1]  a n d  [2]  

i,pp,,~ = i . . . .  ( 10 ~/p - -  10 -~/~) [3]  

T a k i n g  ~ --  fl O.10 v o l t / d e c a d e  ( t y p i c a l  for  a cor -  
--> 

r o d i n g  e l e c t r o d e ) ,  i / ' ~ =  10 a t  �9 = 0.05v. Thus  at  
50 m y  nob le  to t h e  cor ros ion  po ten t i a l ,  t he  a p p l i e d  
c u r r e n t  is a p p r o x i m a t e l y  equa l  to t he  d i s so lu t ion  
cu r r en t .  I t  is th is  fac t  t h a t  m a k e s  t he  p o l a r i z a t i o n  
c u r v e  such  a use fu l  tool  for  s t u d y i n g  the  d i s so lu t ion  
of me ta l s .  

F o r  comple teness ,  no te  t h a t  d i s so lu t ion  cu r ren t ,  
l i ke  a n y  o the r  r a t e  process ,  can  be  e x p r e s s e d  b y  a 
t y p i c a l  e x p o n e n t i a l  e q u a t i o n  

= A exp < AG~ h / ~ Z F  
RT ) e x p [ - ~ - - / E  [4]  

w h e r e  A is a cons tan t ,  AG ~ the  f r ee  e n e r g y  of a c t i v a -  
t ion,  ~ t he  d i s t r i b u t i o n  coefficient,  Z the  o x i d a t i o n  
n u m b e r ,  a n d  F equa l s  1 F a r a d a y .  D e t a i l e d  d i scus -  
s ions  of  e l e c t r o c h e m i c a l  c u r r e n t s  as  r a t e  p rocesses  
can  be  f o u n d  e l s e w h e r e  (15, 16).  

Dissolution of heterogeneous al loys.--Stern (17) 
s t u d i e d  the  ca thod ic  p o l a r i z a t i o n  of g a l v a n i c  couples  
and  f o u n d  bo th  t h e o r e t i c a l l y  a n d  e x p e r i m e n t a l l y  
t h a t  a t  a n y  p o t e n t i a l  E 

i~ = i,fA + i~f~ [5]  

w h e r e  t he  s u b s c r i p t  T s t ands  for  to ta l ,  A, B for  t he  
coup le  componen t s ,  a n d  f~, f~ a r e  a r e a  f r ac t ions  of 
t he  componen t s .  

A h e t e r o g e n e o u s  a l l oy  can  be  r e g a r d e d  as a ga l -  
van ic  coup le  in  w h i c h  e l ec t r i c a l  connec t ion  is m a d e  
b y  d i r ec t  contact .  I f  t he  p o l a r i z a t i o n  c u r v e  for  each  
phase  is known ,  t he  p o l a r i z a t i o n  c u r v e  of t he  a l l oy  
can  be  c a l c u l a t e d  f r o m  Eq. [5] .  The  a r e a  f r ac t ions  
n e e d e d  in  Eq. [5]  can  be  c a l c u l a t e d  f rom the  c o m -  
pos i t ion  of t he  a l loy  s ince  a sec t ion  t h r o u g h  an  a l l oy  
( in  th is  case  t he  e x p o s e d  su r f ace )  has  an  a r e a  com-  
pos i t ion  equa l  to t he  v o l u m e  compos i t i on  of t he  a l -  
loy. The  v o l u m e  compos i t ion  is e a s i l y  c a l c u l a t e d  
f r o m  the  w e i g h t  compos i t i on  and  the  specific g r a v -  
i t y  of t he  componen t s .  

A l t h o u g h  Eq. [5]  is g e n e r a l l y  a p p l i c a b l e  to d i s -  
so lu t ion  of m u l t i p h a s e  a l loys ,  some  excep t ions  m u s t  
occur.  A p p l i c a b i l i t y  of Eq. [5]  d e p e n d s  on the  fac t  
t h a t  a r e a  f r ac t ions  of each  p h a s e  can  be  c a l c u l a t e d  
f rom the  a l loy  compos i t ion .  U n d e r  some condi t ions ,  
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the surface composition of the alloy may not equal 
its volume composition. Consider a heterogeneous 
alloy containing an active phase dispersed as small 
isolated colonies in a relatively inert matrix. Under 
these conditions, the area fraction of the matrix 
would be greater than the one calculated from the 
composition since the rapid dissolution of the second 
phase exposes the matrix, not more of itself. How- 
ever if the colonies are large or the active phase 
continuous, the surface composition would not be 
affected by the disparity of dissolution rates, and 
the area fractions could be calculated accurately. 
The occurrence of surface enrichment in hetero- 
geneous alloys is determined by the relative and 
absolute dissolution rates and the dispersion of the 
phases. A large difference in rates, of course, is nec- 
essary for surface enrichment, and unless the dis- 
solution rate of the active phase is relatively high 
deviations from Eq. [5] would not be observed in 
finite times. Because of the dispersion effects noted 
above, surface enrichment should be expected only 
in relatively dilute heterogeneous alloys; however, 
as the dispersion of the phases becomes finer, the 
possibility of surface enrichment extends to "less 
dilute alloys. 

This application of the mixed potential theory to 
a heterogeneous alloy surface extends it beyond 
Wagner and Traud's (12) original assumption that 
anodic and cathodic reactions occur randomly on the 
electrode surface. Equation [5] implies that the 
cathodic reaction may occur almost entirely on one 
phase and the anodic on the other. This localization 
of the partial reactions is the principle underlying 
the addition of noble metals to Ti and Cr (18-20). 
The high exchange current density for hydrogen ion 
reduction on the platinum rich areas of the surface 
leads to the passivation of the base metal. 

The mixed potential theory is based on the con- 
servation of charge and the existence of partial 
processes. Neither of these principles is concerned 
with the distribution of reaction s~tes, and therefore 
the character of the electrode surface is not basic 
to the theory. 

Dissolution of Homogeneous aIloys.--Equation [5]  
is a p p l i c a b l e  to t he  d i s so lu t ion  of a n y  a l loy ;  t h e  
p r o b l e m  is d e t e r m i n i n g  the  p r o p e r  a r e a  f r ac t ions  and  
c o m p o n e n t  c u r r e n t  dens i t i e s  a t  a n y  p o i n t  in  t he  
d i s so lu t ion  process .  In  t h e  p r e v i o u s  sect ion,  t he  v a l -  
ues  of these  p a r a m e t e r s  w e r e  set  b y  a s s u m i n g  t h a t  
each  p h a s e  d i s so lved  i n d e p e n d e n t l y  of  t h e  o thers .  
H o w e v e r ,  as t he  d i spe r s i on  of t he  phases  in  t he  a l loy  
becomes  f iner  a n d  finer,  t he  p o s s i b i l i t y  of su r f ace  
e n r i c h m e n t ,  d i scussed  above ,  becomes  p r o p o r t i o n -  
a t e l y  g rea t e r .  F i n a l l y  w h e n  the  d i spe r s i on  r eaches  
a tomic  d imens ions ,  a sol id  solu t ion ,  su r f a c e  e n r i c h -  
m e n t  con t ro l s  t he  d i s so lu t ion  r a t e  of t he  a l loy .  By  
cons ide r ing  su r f ace  e n r i c h m e n t  as t he  r a t e - d e t e r -  
m i n i n g  fac tor ,  M u e l l e r  (21) has  d e r i v e d  an  e x p r e s -  
s ion for  t he  s t e a d y - s t a t e  d i s so lu t ion  r a t e  of a h o m o -  
geneous  al loy.  A s l igh t  modi f i ca t ion  of th i s  d e r i v a -  
t ion  fo l lows :  

I f  a l l  poss ib l e  s o l i d - s t a t e  i n t e r a c t i o n s  a n d  i n t e r -  
f ac ia l  ene rg ie s  a r e  neg lec ted ,  t he  c u r r e n t  d e n s i t y  
for  each  c o m p o n e n t  of a h o m o g e n e o u s  a l loy  a t  a n y  
p o t e n t i a l  E w o u l d  be  t h a t  of t h e  c o m p o n e n t  as a 
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pure  metal .  Fur the rmore ,  if the dissolution is un i -  
form (as opposed to dezincification where  one com- 
ponent  is removed  se lec t ive ly) ,  the rat io  of A to B 
is the same in the solution as the alloy. Hence it 
follows tha t  surface enr ichment  of the more noble 
component  occurs. This may  be expressed 

- - -  [6] 
N~ ZAiBfB 

where  NA, NB are  the mole fract ions in the alloy, ZA, 
ZB are the oxidat ion numbers  of the ions, iA, iB are 
dissolution cur ren t  densi t ies  of the components  A 
and B at  a given potential ,  and fA, f ,  are the area 
fract ions of A and B. 

By definition 
f,, --F fB = 1 [ 7 ]  

Combining Eq. [6] and [7] 

ZANAiB ZBNBiA 
f ,  = . f .  = [ 8 ]  

Z,N,i~ + Z~N~iA Z,NAi, + ZBN,i, 

Subst i tu t ing  Eq. [8] into Eq. [5] 

iAi,(ZANA -t- ZBN,) 
iT = [9] 

ZAN,iB + ZBNBiA 

ir is now the al loy dissolution cur ren t  density.  Equa-  
tion [9] is Muel ler ' s  final expression for dissolution 
ra te  wr i t t en  in te rms of cur rent  density.  

When Eq. [9] was appl ied  to exper imenta l  da ta  
measured  in this  study,  it  was found tha t  even in 
systems in which there  were  negl igible  free energy 
changes on al loying the calculated and exper imen ta l  
s t eady-s t a t e  dissolution rates  were  in agreement  
only when corrosion potent ia ls  of the pure  compo- 
nents  were  nea r ly  the same. 

Equat ion [9] was der ived on the basis that  the 
components are independent  on each other, tha t  the 
atoms of the al loy are joined as minute  galvanic  
couples. Even in an ideal  solid solution this is not 
t rue;  an A atom cannot dissolve wi thout  affecting 
both A and B neighbors.  I t  is obvious that  the effect 
of so l id-s ta te  interact ions on dissolution, a kinet ic  
process, cannot  be adequate ly  eva lua ted  on the 
basis of equi l ibr ium the rmodynamic  data. I t  is, how-  
ever, difficult to assess the magni tude  of these k i -  
netic interact ions theoret ical ly .  

If  the surface of a corroding al loy is enriched in 
the noble component,  the polar izat ion behavior  of 
the al loy should be control led by  the polar izat ion 
behavior  of this component. Although Eq. [9] de-  
scribes this  k ind  of control,  it  does not  t ake  into 
account possible interact ions be tween the compo- 
nents. 

If dissolution is considered as an ac t iva ted  proc-  
ess (Eq. [2] and [4] ) ,  the ra te  is de te rmined  not by  
the  potent ia l  E but  by  the overvol tage E. Therefore,  
one correct ion tha t  could be appl ied  to Eq. [9] is 
to take  currents  at  constant  overvol tage ra the r  than  
constant  potential .  This condit ion of constant  over-  
vol tage is most easily met by  shif t ing the polar iza-  
tion curves of the components  along the potent ia l  
axis unt i l  the i r  corrosion potent ia ls  coincide with  

tha t  of the a l loy and then calculat ing the curve for 
the al loy f rom Eq. [9]. 

Jus t  as Eq. [5] is expected to fail  .in describing the 
behavior  of heterogeneous al loys under  cer ta in  con- 
ditions, Eq. [9] wi l l  fail  for cer tain homogeneous 
alloys. Muel ler  (21) has pointed out tha t  deviat ions 
are  more l ike ly  when an al loy contains an excess of 
the act ive component. The pr inc ip le  under ly ing  Eq. 
[9] is the surface enr ichment  of the more noble com- 
ponent.  If  the act ive component  is in the major i ty ,  
surface enr ichment  can occur only by the removal  of 
a large  number  of a tom layers  f rom the surface of 
the electrode (e.g., nine a tom layers  have  to be r e -  
moved from the al loy where  the mole f ract ion of the 
noble component  is O.1). If the difference in the dis-  
solution rates  is large (iA/iB > 10s), surface enr ich-  
ment  is p robab ly  h indered  by  the remova l  of loosely 
bound noble atoms by  the r ap id ly  dissolving act ive 
atoms of succeeding monolayers .  In the ex t reme  case, 
the dissolution current  of the al loy would be given 
by  Eq. [5]. It is wor th  not ing that  the l imi t ing case 
for the dissolution of a homogeneous al loy is the 
normal  case for a heterogeneous one and vice versa. 
The two al loy types are thus not  as different  as they  
seem. 

Ideal ly,  this discussion might  include the ca lcula-  
t ion of the corrosion potent ia ls  of solid solutions. This 
very  complex problem has been t rea ted  in detai l  by  
Akimov  (22) and wil l  not be considered here. Two 
points should be made  about  the corrosion potential ,  
however :  (i) considering the above discussions, the 
corrosion potent ia l  does not  affect the shape of the 
calculated polar izat ion curve, only  its posit ion on the 
potent ia l  axis. I t  should be noted tha t  surface en-  
r ichment  precludes  any simple t r ea tmen t  of the cor-  
rosion potent ia l ;  (i i)  in many  actual  cases, the cor-  
rosion potent ia l  of a single phase var ies  almost  
l inear ly  wi th  composit ion (23-25).  Therefore,  when 
exper imenta l  values  are not avai lable ,  a s t ra ight  l ine 
re la t ionship  can be used as an approximat ion.  

D~ssolution of intermetallic compounds and other 
intermediate phases.MIntermetallic compounds and 
in te rmedia te  phases are homogeneous alloys, but  
differ f rom the o rd inary  ( te rmina l )  solid solutions 
discussed above since they  may  have  different  c rys ta l  
s t ructures,  o rdered  s t ructures ,  a n d / o r  s t ronger  sol id-  
s ta te  binding. Since they  are  homogeneous, the gen-  
era l  features  of thei r  dissolution behavior  should 
be same as solid solutions; the pr inc ip le  of surface 
enr ichment  should apply,  but  the so l id-s ta te  differ-  
ences be tween the in te rmedia te  phase and its com- 
ponents  may  cause d isplacement  of the calculated 
polar iza t ion  curve along e i ther  the cur ren t  or po-  
ten t ia l  axis. Since the type  and magni tude  of these 
interact ions differ g rea t ly  in the var ious  a l loy sys-  
tems, and since l i t t le  is known about  the  in ter fac ia l  
effects of different  c rys ta l  s t ructures ,  it  is difficult to 
make  predict ions about the kinds and magni tudes  of 
displacements  which would occur. If the dissolution 
ra te  is control led by  surface enrichment ,  however ,  
the shapes of ca lcula ted and exper imen ta l  curves 
wil l  be similar.  

To summarize,  the rules  for calculat ing anodic 
polar izat ion curves of alloys are:  
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1. P o l a r i z a t i o n  cu rves  of h e t e r o g e n e o u s  a l loys  can  
be  c a l c u l a t e d  b y  Eq. [5] .  T h e  a r e a  f r ac t ions  u sed  a r e  
equa l  to t he  v o l u m e  f r ac t ions  c a l c u l a t e d  f rom the  
compos i t i on  of t h e  a l loy .  Ca re  m u s t  be  used  in  a p p l y -  
ing  this  m e t h o d  w h e n  the  r a p i d l y  d i s so lv ing  phase  
is p r e s e n t  in  v e r y  s m a l l  amoun t s .  

2. The  p o l a r i z a t i o n  cu rves  for  h o m o g e n e o u s  a l loys  
can  be  c a l c u l a t e d  f r o m  Eq. [9]  a f t e r  t he  p o l a r i z a t i o n  
cu rves  of t he  c o m p o n e n t s  h a v e  been  sh i f t ed  a long  the  
p o t e n t i a l  ax i s  un t i l  t h e i r  co r ros ion  po t en t i a l s  a r e  at  
t he  cor ros ion  p o t e n t i a l  of t he  a l loy.  If  t he  co r ros ion  
p o t e n t i a l  of t he  a l loy  is no t  known ,  as a first  a p p r o x i -  
m a t i o n  i t  can  be  a s s u m e d  to v a r y  l i n e a r l y  b e t w e e n  
those  of t he  two  componen t s .  Some  cau t ion  shou ld  be  
used  in a p p l y i n g  these  ca lcu la t ions  to a l loys  in w h i c h  
the  nob le  c o m p o n e n t  is p r e s e n t  in  s m a l l  amounts .  

3. I n t e r m e t a l l i c  c o m p o u n d s  and  i n t e r m e d i a t e  
phases  a r e  t r e a t e d  in t he  s a m e  m a n n e r  as  o t h e r  
h o m o g e n e o u s  a l loys ,  b u t  t he  s t r o n g e r  i n t e r ac t i ons  in 
these  m a t e r i a l s  m a y  l ead  to d i s p l a c e m e n t s  of t h e i r  
p o l a r i z a t i o n  cu rves  a long  e i t h e r  axis .  

Procedure 
The  e x p e r i m e n t a l  p a r t  of th is  i n v e s t i g a t i o n  in -  

v o l v e d  m e a s u r i n g  the  anodic  p o l a r i z a t i o n  of a n u m -  
b e r  of a l l oy  sys tems .  The  sys t ems  chosen  a l l  e x -  
h i b i t e d  a c t i v e - p a s s i v e  t r a n s i t i o n s  (26-28) .  A l t h o u g h  
the  p o l a r i z a t i o n  cu rves  of a c t i v e - p a s s i v e  m e t a l s  a r e  
much  h a r d e r  to r e p r o d u c e  t h a n  those  of n o r m a l  m e t -  
als,  t h e i r  c h a r a c t e r i s t i c  shapes  p r o v i d e  po in t s  a t  
w h i c h  u n a m b i g u o u s  compar i sons  can  be  m a d e  b e -  
t w e e n  t h e o r y  and  e x p e r i m e n t .  S i m p l e  d i s so lu t ion  
cu rves  have  no such  s ingu la r i t i e s .  

Materials.--The dif f icu l ty  in r e p r o d u c i n g  anod ic  
p o l a r i z a t i o n  cu rves  r e p o r t e d  in  t he  l i t e r a t u r e  is 
p r o b a b l y  the  r e s u l t  of t r a c e  i m p u r i t i e s  in t he  m e t a l s  
u n d e r  s t u d y  (29) .  To m i n i m i z e  th is  diff icul ty,  the  
a l loys  used  in  th is  s t u d y  w e r e  p r e p a r e d  f r o m  v e r y  
h i g h - p u r i t y  me ta l s ,  a n d  a l l  a l loys  of a g iven  ser ies  
w e r e  p r e p a r e d  u n d e r  i den t i ca l  condi t ions .  T a b l e  I 
l is ts  t he  c o m p o n e n t  m e t a l s  and  t h e i r  pu r i t y ,  Tab le  II  
the  a l loys  s tud ied .  

In  gene ra l ,  b u t t o n s  of the  h igh  m e l t i n g  a l loys  w e r e  
p r e p a r e d  b y  a rc  m e l t i n g  in  an  a r g o n  a t m o s p h e r e  and  
m a c h i n e d  in to  s p e c i m e n  e lec t rodes .  L o w  m e l t i n g  
a l loys  w e r e  m e l t e d  in  P y r e x  tubes  u n d e r  a rgon.  The  
a l loys  w e r e  used  in  t he  a s - c a s t  cond i t ion  un les s  hea t  
t r e a t m e n t  was  n e e d e d  to i n su re  a p a r t i c u l a r  s t r u c -  
t u r e  ( T a b l e  I I ) .  

A l l  so lu t ions  w e r e  p r e p a r e d  f rom r e a g e n t  g r a d e  
chemica l s  a n d  t r i p l y  d i s t i l l ed  w a t e r .  

Experimental.--The d i s so lu t ion  s tud ies  e m p l o y e d  
c o n v e n t i o n a l  p o t e n t i o s t a t i c  anodic  p o l a r i z a t i o n  t e c h -  
n iques .  The  g r e a t e r  p a r t  of t he  m e a s u r e m e n t s  w e r e  
m a d e  w i t h  a c lass ica l  p o t e n t i o s t a t  as  d e s c r i b e d  b y  
G r e e n e  (28) ;  in t he  l a t e r  s t ages  of t he  work ,  a 
t r a n s i s t o r i z e d  e l ec t ron ic  po ten t ios ta f f  was  used.  Con-  
t ro l  in  bo th  cases  was  w i t h i n  1 my,  and  p o t e n t i a l s  
w e r e  m e a s u r e d  r e l a t i v e  to a s a t u r a t e d  ca lome l  e lec -  
t r o d e  us ing  a L u g g i n  p r o b e  and  h igh  i m p e d a n c e  c i r -  
cu i t ry .  

The  p o l a r i z a t i o n  cel l  was  s im i l a r  to those  d e s c r i b e d  
b y  S t e r n  and  G r e e n e  (28, 30).  Two p l a t i n i zed  p l a t i -  
n u m  e l ec t rodes  on oppos i t e  s ides  of t he  cel l  w e r e  used  

2 Duffer's Associates, Inc., Troy, N. Y. 

Table I. Pure metals 

N o m i n a l  
M e t a l  p u r i t y ,  w / o  S u p p l i e r  
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Sn 99.9999 
Zn 99.999 
Cd 99.999 
Fe  99.94 
Cr 99.94 
Ti 99.90 

Vulcan Det inning Co. 
Amer ican  Smel t ing  & Refining Co. 
Amer ican  Smel t ing  & Refining Co. 
Purchased  Commerc ia l ly  
Union Carbide  Metals  Co. 
Union Carbide  Metals  Co. 

Table II. Alloy compositions studies 

A B w / o  B in  a l loy  

Sn Zn 
Cd Zn 
Fe Cr 
Ti Cr 
Fe Ti 

0.0, 6.5, 10.5, 15.7, 51.0, 73.3, 100.0 
0.0, 10.0, 30.0, 100.0 
0.0, 5.5, 10.5, 13.6, 20.6, 25.0, 100.0 
0.0, 10.0, 20.4, 49.5, 65.0", 100.0 
0.0, 30.0*, 46.0*, 100.0 

* I n t e r m e t a l l i c  c o m p o u n d .  

as ca thodes .  E l ec t rodes  of a l loys  t h a t  cou ld  be  m a -  
ch ined  w e r e  c y l i n d e r s  of a p p r o x i m a t e l y  1 cm ~ s u r -  
face  a r e a  m o u n t e d  on the  e l e c t r o d e  h o l d e r  d e s c r i b e d  
b y  S t e r n  and  M a k r i d e s  (31) .  The  h a r d n e s s  and  
b r i t t l e n e s s  of t he  i n t e r m e t a l l i c  c o m p o u n d s  s t ud i ed  
m a d e  i t  n e c e s s a r y  to m o u n t  t h e m  in B a k e l i t e  or  
e p o x y  res in  in o r d e r  to  m a k e  connec t ions  to them.  
U n w a n t e d  a r e a  a n d  e x p o s e d  p o r t i o n s  of t he  con-  
nec to r s  w e r e  m a s k e d  w i t h  g l y t a l  pa in t .  Con t ro l  e x -  
p e r i m e n t s  s h o w e d  t h a t  t he  p re sence  of t he se  m a t e -  
r i a l s  d id  not  affect  t he  d i s so lu t ion  curves .  

P o l a r i z a t i o n  cu rves  w e r e  m e a s u r e d  in e i t he r  n o r -  
m a l  su l fu r i c  ac id  or  n o r m a l  sod ium h y d r o x i d e  d e -  
p e n d i n g  on the  a l l oy  sys tem.  A l l  so lu t ions  w e r e  h y -  
d r o g e n - s a t u r a t e d  to s i m p l i f y  t he  r e d u c t i o n  k ine t ics .  
P r i o r  to polariz~Ition the  spec imens  w e r e  e xposed  to 
t he  t e s t  so lu t ion  for  s e v e r a l  hours  to i n s u r e  t h a t  a 
s t ab le  cor ros ion  p o t e n t i a l  was  a t t a ined .  

A t  mos t  po ten t i a l s ,  t he  c u r r e n t  r e a c h e d  s t e a d y -  
s t a t e  va lue s  in a s h o r t  t i m e  ( less  t h a n  5 r a i n ) ,  a n d  
these  s t e a d y - s t a t e  va lue s  a r e  r e p o r t e d .  In  t he  pas s ive  
reg ion ,  h o w e v e r ,  c u r r e n t  is t ime  d e p e n d e n t  (29, 
32-34) .  E x p e r i m e n t s  showed  tha t  even  a f t e r  t h r e e  or  
fou r  days  t he  pa s s ive  c u r r e n t  was  s t i l l  d e c r e a s ing  on 
some meta l s .  The re fo re ,  i t  is a p r a c t i c a l  i m p o s s i b i l i t y  
to w a i t  for  s t e a d y  s t a t e  a t  each  po in t  on t h e  p o l a r i z a -  
t ion  curve .  As  p a r t i a l  so lu t ion  to th is  p r o b l e m ,  i t  was  
dec ided  to r e p o r t  t he  c u r r e n t s  a t  these  t i m e - d e p e n d -  
en t  points ,  u s u a l l y  10 min.  I t  m u s t  be  e m p h a s i z e d  
t ha t  in t he  a l loys  s t ud i e d  on ly  the  pa s s ive  c u r r e n t  
h a d  th is  p r o n o u n c e d  t i m e - d e p e n d e n c e .  A l l  o the r  
c u r r e n t s  r e p o r t e d  a r e  s t e a d y - s t a t e  va lues ;  t he  onse t  
of p a s s i v i t y  and  the  shapes  of t h e  p o l a r i z a t i o n  cu rves  
a r e  no t  a f fec ted  b y  th is  m e t h o d  of w a i t i n g  s t a t ed  i n -  
t e r v a l s  in  t he  pa s s ive  region .  

A l l  p o l a r i z a t i o n  m e a s u r e m e n t s  w e r e  m a d e  at  r oom 
t e m p e r a t u r e  w h i c h  w a s  25 ~ • 2 ~ 

Results 
S i m i l a r  to a l l  r a t e  processes ,  d i s so lu t ion  is a 

l o g a r i t h m i c  func t ion  of i ts  d r i v i n g  force  (cf. Eq. 
[ 4 ] ) .  C u r r e n t  is e x p e c t e d  to v a r y  e x p o n e n t i a l l y  
w i t h  ove rvo l t age ,  and  for  th is  r ea son  e l ec t rode  p o -  
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t e n t i a l  is p l o t t e d  as a func t ion  of the  l o g a r i t h m  of 
t he  a p p l i e d  c u r r e n t  in th is  p r e s e n t a t i o n ,  and  a g r e e -  
m e n t  b e t w e e n  c a l c u l a t e d  and  e x p e r i m e n t a l  r e su l t s  is 
d i scussed  in t e r m s  of these  curves .  In  a d d i t i o n  to t he  
l o g a r i t h m i c  n a t u r e  of the  processes  invo lved ,  one 
o t h e r  p o i n t  shou ld  be  m a d e  in f a v o r  of s e m i - l o g  
p l o t t i n g  of these  data .  The  d i f fe rence  b e t w e e n  the  
ac t ive  and  pa s s ive  c u r r e n t s  is u s u a l l y  f r o m  two  to five 
o rde r s  of m a g n i t u d e .  S i m p l e  l i n e a r  p l o t t i n g  could  not  
r e v e a l  a l l  the  p e r t i n e n t  f e a t u r e s  of cu rves  w h i c h  con-  
t a in  such  l a r g e  changes  in one of t he  va r i ab l e s .  

Dissolution of heterogeneous alloys.--The t i n -  
zinc s y s t e m  is a s imple  eu tec t ic  w i t h  no sol id  so lu -  
b i l i t y  in  e i t he r  c o m p o n e n t  a t  r o o m  t e m p e r a t u r e  (35) .  
A l loys  of th is  s y s t e m  a re  t h e r e f o r e  s imp le  m i x t u r e s ,  
and  t h e i r  d i s so lu t ion  b e h a v i o r  shou ld  con fo rm to 
Eq. [5] .  

F i g u r e  1 shows  the  anodic  p o l a r i z a t i o n  cu rves  of 
t in  and  zinc in  n o r m a l  s o d i u m  h y d r o x i d e .  F i g u r e s  2 
t h r o u g h  5 c o m p a r e  t he  m e a s u r e d  and  c a l c u l a t e d  
cu rves  for  s e v e r a l  of t h e i r  a l loys .  The  cu rves  for  
t in  and  t h e  a l loys  w e r e  qu i t e  r e p r o d u c i b l e ,  b u t  t h a t  
of zinc v a r i e d  b y  as m u c h  as a f ac to r  of th ree .  The  
d a s h e d  l ines  i nd ica t e  loss of p o t e n t i o s t a t i c  control .  

The  a g r e e m e n t  b e t w e e n  the  c a l c u l a t e d  and  e x p e r i -  
m e n t a l  cu rves  is g e n e r a l l y  qu i t e  good. A l t h o u g h  c u r -  
r e n t  va lue s  s o m e t i m e s  differ  b y  as m u c h  as a f ac to r  
of ten,  t h e  cu rves  g e n e r a l l y  coincide ,  and  t h e i r  
shapes  a r e  a l w a y s  the  same.  Note  p a r t i c u l a r l y  the  
a g r e e m e n t  b e t w e e n  p o t e n t i a l s  for  t he  c a l c u l a t e d  and  
e x p e r i m e n t a l  c u r r e n t  m a x i m a  or "noses . "  

The  ca l cu la t ions  show t h a t  the  p o l a r i z a t i o n  cu rves  
for  each  of the  a l loys  shou ld  h a v e  two noses,  one 
for  t in ,  t h e  o the r  for  zinc. O n l y  in  t he  absence  of t he  

!J 
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Fig. 1. Anodic polarization of tin and zinc in normal sodium hy- 
droxide: �9 tin; e, zinc. 
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Fig. 2. Anodic polarization of a Sn-10.5 w/o Zn alloy in normal 
sodium hydroxide: O, experimental; e, calculated. 
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Fig. 3. Anodlc polarization of a Sn-15.7 w/e Zn alloy in normal 
sodium hydroxide: O, experimental; e, calculated. 
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Fig. 4. Anodir polarization of a Sn-51 w/o Zn alloy in normal 
sodium hydroxide: �9 experimental; e, calculated. 
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Fig. 5. Anodic polarization of a Sn-73.3 w/o Zn alloy in normal 
sodium hydroxide: �9 experimental; e, calculated. 

m o r e  ac t ive  nose in t he  10.5 w / o  Zn  a l l oy  (Fig .  2) is 
t h e r e  se r ious  d i s a g r e e m e n t  b e t w e e n  the  c a l c u l a t e d  
and  e x p e r i m e n t a l  curves .  This  d i s a g r e e m e n t  occurs  
u n d e r  the  c i r c u m s t a n c e s  w h i c h  w e r e  d i scussed  
above ,  t h a t  is w h e n  the  ac t ive  c o m p o n e n t  is p r e s e n t  
in s m a l l  amounts .  I f  th is  h y p o t h e s i s  is cor rec t ,  r e -  
f ining the  d i spe r s ion  of t h e  phases  shou ld  e x t e n d  
th is  su r f ace  e n r i c h m e n t  to a l loys  w i t h  h i g h e r  zinc 
contents .  To tes t  t he  idea,  t h e  d i spe r s i on  of a s a m p l e  
of the  15.7 w / o  Zn a l l o y  s h o w n  in Fig.  3 was  re f ined  
b y  cold  w o r k  and  hea t  t r e a t m e n t  and  i ts  anod ic  po -  
l a r i z a t i o n  c u r v e  was  m e a s u r e d .  As  p r e d i c t e d ,  t h e  
cu rve  s h o w n  in Fig.  6 was  u n c h a n g e d  e x c e p t  t h a t  the  
m o r e  ac t ive  nose was  r e p l a c e d  b y  ca thod ic  cu r ren t .  

A l l o y s  of t he  c a d m i u m - z i n c  s y s t e m  a re  also s imple  
eu tec t ic  m i x t u r e s  (36) ,  and  t h e i r  p o l a r i z a t i o n  b e -  
h a v i o r  can  be  d e s c r i b e d  b y  Eq. [5] .  T a b l e  I I I  r e co rds  
t he  i m p o r t a n t  p a r a m e t e r s  for  t he  anodic  p o l a r i z a t i o n  
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Fig. 6. Effect of cold work on the anodic polarization behavior 
of the Sn-15.7 w/o Zn alloy in normal sodium hydroxide: e, as 
cast; | cold worked; - - - - - -  cathodic current. 
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Fig. 8. Anodic polarization of an Fe-5.48 w/o Cr alloy in normal 
sulfuric acid: % exp; e ,  calc (Eq. [5]);  I ,  calc (Eq. [9] ) .  
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Fig. 7. Anodic polarization of iron and chromium in normal sul- 
furic acid: % Fe; e ,  Cr. 

of some C d - Z n  al loys .  The  c r i t i ca l  c u r r e n t  Ic is t he  
c u r r e n t  m a x i m u m ;  and  the  p r i m a r y  pas s ive  p o t e n t i a l  
E p p  is t he  p o t e n t i a l  c o r r e s p o n d i n g  to th is  m a x i m u m .  
Ip  is t he  pas s ive  c u r r e n t  m e a s u r e d  a t  - -0 .2v  vs. 
S. C. E. As  n o t e d  above ,  t h e r e  is some sca t t e r  in  the  
p o l a r i z a t i o n  d a t a  of zinc; Tab le  I I I  shows  th is  sca t te r .  
The  a g r e e m e n t  b e t w e e n  the  c a l c u l a t e d  and  e x p e r i -  
m e n t a l  va lue s  is g e n e r a l l y  w i t h i n  t h e  l imi t s  of e x -  
p e r i m e n t a l  r e p r o d u c i b i l i t y .  

Dissolution of solid so lu t ions . - -The  i r o n - c h r o m i u m  
s y s t e m  is e s s e n t i a l l y  a con t inuous  sol id  so lu t ion  
( i n t e r r u p t e d  on ly  b y  the  s i g m a  p h a s e  n e a r  50% Cr)  ; 
th is  sol id  so lu t ion  a p p r o a c h e s  i d e a l i t y  (37) ,  and  i t  
is of c o n s i d e r a b l e  p r a c t i c a l  in te res t .  These  fac to rs  
m a k e  i t  a log ica l  choice  as t he  p r i n c i p l e  sub j e c t  for  
an  i n v e s t i g a t i o n  of t he  d i s so lu t ion  of sol id  so lu t ion  
a l loys .  A l t h o u g h  the  p o l a r i z a t i o n  b e h a v i o r  of th is  
s y s t e m  has  been  s t ud i ed  p r e v i o u s l y  (38, 39) ,  none  of 
t he  d a t a  w e r e  c o m p l e t e  enough  to a l l ow t h e i r  a n a l -  
ys is  in  t e r m s  of the  p r e s e n t  d iscuss ion.  

' I ' I ' I ' I ' I ' I 
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Fig. 9. Anodic polorizatlon of an Fe-lO.5 w/o Cr alloy in normal 
sulfuric acid: % exp; e,  calc. 

F i g u r e  7 shows  the  anod ic  p o l a r i z a t i o n  of i r on  a n d  
c h r o m i u m  3 in  n o r m a l  su l fu r i c  acid.  F i g u r e s  8 t h r o u g h  
11 c o m p a r e  e x p e r i m e n t a l  and  c a l c u l a t e d  p o l a r i z a t i o n  
cu rves  for  some F e - C r  a l loys .  The  cu rves  w e r e  ca l -  
c u l a t e d  acco rd ing  to the  p r o c e d u r e  o u t l i n e d  ~bove :  4 
t he  p o l a r i z a t i o n  cu rves  of t he  p u r e  c o m p o n e n t s  w e r e  
sh i f t ed  so t h a t  t h e i r  co r ros ion  po t e n t i a l s  w e r e  a t  t h e  
cor ros ion  p o t e n t i a l  of the  a l loy ,  a n d  Eq. [9]  was  used  
to ca l cu l a t e  t he  p o l a r i z a t i o n  c u r v e  of t h e  a l loy.  I t  
m u s t  be  r e m e m b e r e d  t h a t  Eq. [9]  can  be  a p p l i e d  
on ly  a f t e r  t he  p o l a r i z a t i o n  cu rves  of t he  c o m p o n e n t s  
have  been  sh i f ted .  

The  e x p e r i m e n t a l  r e su l t s  a r e  cons i s t en t  w i t h  t he  
g e n e r a l  ru les  d e s c r i b e d  above .  In  t he  case  of t he  
d i l u t e  5.48 w / o  Cr a l l o y  (Fig .  8) ,  t h a t  p o r t i o n  of t he  
cu rve  w h e r e  t he  r a t e s  differ  w i d e l y ,  e.g., at  E---- 
- -0 .4v  iFe/icr = 3.3 X 1O ~, fo l lows  Eq. [5]  m o r e  c lose ly  
t h a n  Eq. [9] .  This  is cons i s t en t  w i t h  e a r l i e r  d i s cus -  

a T h e  n e g a t i v e  loop  (40) ,  t h e  r e g i o n  w h e r e  the reduction current 
e x c e e d s  t h e  p a s s i v e  c u r r e n t ,  w a s  n o t  s h o w n  f o r  c h r o m i u m  or the 
25 w / o  Cr  a l loy .  

4 Z c r / Z F e  w a s  t a k e n  as  3 /2 .  

Table I l l .  Anodic dissolution of Cd-Zn alloys in N / N a O H  

C r i t i c a l  c u r r e n t ,  
I c , / t a / c m 2  

P r i m a r y  p a s s i v e  p o t e n t i a l ,  
Epp, v v s .  S.C.E.  

Passive current, 
Ip, ~ a / c m  ~ a t  -- 0 .2v 

A l l o y  E x p .  Ca lc .  E x p .  Cac l .  E x p .  Cal r  

Cd 
Cd-lO w/o  Zn 
Cd-30 w/o  Zn 

Zn 

20.6 
1,000-2,500 
9,000-11,000 

12,200-37,000 

1,250-4,000 
4,500-12,000 

--1.000 - -  20.6 - -  
--1.400 --1.420 --1.400 100-200 350-1,070 

--1.430 --1.400 --1.420 --1.400 1,100-1,400 1,000-3,100 
--1.420 --1.400 - -  2,290-9,000 
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Fig. 10. Anodic polarization of an Fe-20.6 w/o Cr alloy in normal 
sulfuric acid: O, exp; e, calc. 
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Fig. 11. Anodic polarization of an Fe-25.0 w/o alloy in normal 
sulfuric acid: % exp; e, calc. 

sions of t he  b e h a v i o r  of d i l u t e  a l loys .  In  t he  10.5 
w / o  Cr a l loy ,  on ly  the  r e l a t i v e l y  w ide  c u r r e n t  m a x i -  
m u m  r e m a i n s  as e v i d e n c e  of t he  effect  of g r e a t l y  
d i f f e ren t  d i s so lu t ion  r a t e s  on the  p o l a r i z a t i o n  cu rves  
of r e l a t i v e l y  d i l u t e  a l loys .  E x c e p t  for  the  m a g n i t u d e  
of the  p a s s i v e  cu r r en t s ,  t he  e x p e r i m e n t a l  and  ca l cu -  
l a t e d  cu rves  for  t he  20.6 and  25 w / o  a l loys  ag ree  
qu i t e  wel l .  

In  Tab le  IV, c a l c u l a t e d  and  e x p e r i m e n t a l  v a l u e s  of 
t he  p a r a m e t e r s  for  t he  anodic  d i s so lu t ion  of some 
m e t a s t a b l e  sol id  so lu t ions  of  t i t a n i u m  and  c h r o m i u m  
a re  l i s ted .  Aga in ,  c a l c u l a t e d  and  e x p e r i m e n t a l  r e -  
su l t s  c o m p a r e  f a v o r a b l y .  

In  bo th  of t he  a l loy  sy s t ems  d i scussed  above ,  
t h e r e  is a n o t i c e a b l e  d i f fe rence  b e t w e e n  ca l c u l a t e d  
and  o b s e r v e d  pa s s ive  c u r r e n t s ?  I t  shou ld  be  no ted  

Work in this laboratory  has shown tha t  the  t ime-dependence  of 
the passive cur ren t  is different  for different elements.  Al though 
discussion of this  phenomenon  is beyond the scope of this paper ,  it 
is na tura l  tha t  the  behav ior  of alloys would be  in te rmedia te  to tha t  
of their  components .  Such behavior  could lead to the differences 
observed. 

Mueller (21) has suggested tha t  the format ion  of mixed  oxides or 
spinels m ay  lead to passive films on alloys which  are less soluble 
t han  those of ei ther  component .  Such reactions also could explain 
the observed differences. 
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Fig. 12. Anodic polarization of TiCr2 in normal sulfuric acid: 
e, exp; I I ,  calc; e, talc with correction. 

O4 

.~02 

-o~ 

-0.4 

-o.15 i i I I i i J i ~ i i i t i i i  i i i , , , ,  
i o  l o s  I o  s 

CURRENT DENSITY (F, A I C M Z l  

Fig. 13. Anodic polarization of TiFe in normal sulfuric acid: 
e, exp; e, calc. 

t h a t  due  to t he  l a r g e  change  in  c u r r e n t  d u r i n g  the  
t r a n s i t i o n  f rom the  ac t ive  to t he  pa s s ive  s ta te ,  t he  
d i f fe rences  o b s e r v e d  in  t he  p a s s i v e  c u r r e n t s  a r e  no t  
s igni f icant  in  r e l a t i o n  to t h e  o v e r - a l l  p o l a r i z a t i o n  
b e h a v i o r  of these  a l loys .  F u r t h e r m o r e ,  t he se  d i f fe r -  
ences  a r e  no g r e a t e r  t h a n  w o u l d  be  e x p e c t e d  in t he  
v a l u e s  of pas s ive  c u r r e n t s  r e p o r t e d  b y  i n d e p e n d e n t  
i nves t i ga t i ons  on the  s ame  me ta l .  

Dissolution of intermetalli.c compounds.--It was 
p o s t u l a t e d  a b o v e  t h a t  t he  d i s so lu t ion  of i n t e r m e t a l l i c  
c o m p o u n d s  shou ld  be  c on t ro l l e d  b y  the  e n r i c h m e n t  
of t he  nob le  c o m p o n e n t  on the  sur face ,  bu t  i t  was  
also no ted  t h a t  t he  s t rong  i n t e r a c t i o n s  t h a t  a r e  c h a r -  
ac t e r i s t i c  of t he se  a l loys  m i g h t  l e ad  to d i s p l a c e m e n t  
of t he  p o l a r i z a t i o n  c u r v e  a long  e i t he r  t he  c u r r e n t  or  
p o t e n t i a l  axis .  F i g u r e s  12 a n d  13 show the  c a l c u l a t e d  
and  e x p e r i m e n t a l  p o l a r i z a t i o n  cu rves  for  TiCr~ and  
TiFe .  The  e x p e r i m e n t a l  a n d  c a l c u Ia t e d  c u r v e s  have  
the  s a m e  shapes  b u t  a r e  d i s p l a c e d  f r o m  one a n o t h e r  
a long  the  c u r r e n t  axis .  In  g e n e r a l  

Table IV. Anodic polarization of Ti-Cr alloys in NH2SO4 

Critical current ,  P r ima ry  passive potential ,  Passive current ,  
Ic, pa / c m 2 Ep~, v vs. S.C.E. p~a/cm 2 at 0.2v 

A l l o y  Exp. Calc. Exp. Calc. Exp. Calc. 

Ti 29.1 - -  --0.520 - -  2.18 - -  
Ti-10 w / o  Cr 26 33 --0.520 --0.520 1.4 2.0 
Ti-20.4 w / o  Cr 42 35 --0.520 --0.540 1.2 1.8 

Cr  3,700 - -  --0.560 - -  1.25 - -  
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Table V. Correction factors for the dissolution of 
some intermetallic compounds 

Compound C 

TiCr2 50 
TiFe 2 
TiFe~ 15 

3. The rules for calculat ing the polar izat ion curves 
of al loys can be summarized:  

(A) Heterogeneous al loys behave  as s imple gal-  
vanic couples. If the polar iza t ion  curve for each 
phase in the al loy is known 

= i j ,  + ~f~ [5]  

where  C is an expe r imen ta l ly  de te rmined  constant.  
Values f rom 2 to 50 have been found for C (Table  
V),  but  there  is no method of predic t ing the constant  
for a pa r t i cu la r  compound. 

The exper imenta l  resul ts  show tha t  the polar iza-  
t ion of these complex alloys is appa ren t ly  de te rmined  
by  tha t  of thei r  most noble component,  but  the posi-  
t ion of the curve is influenced to va ry ing  degrees by 
the fact  tha t  these compounds have character is t ics  
which are usual ly  quite different from the i r  pure  
components.  

Discussion 
For the most par t ,  the exper imenta l  resul ts  have 

been discussed in re la t ion  to the theory  in the p re -  
vious section; however,  some general  points mer i t  
fu r ther  discussion. 

The resul ts  of meta l lographic  etching (8, 9) and 
the quant i ta t ive  agreement  be tween theory  and ex-  
pe r imen t  in this s tudy make phys ica l  in te rpre ta t ion  
of the dissolution of heterogeneous al loys re la t ive ly  
sure. The dissolution behavior  of the  phases of a 
heterogeneous al loy are unaffected by  the fact that  
they are  in an alloy. Electrochemical ly ,  such an alloy 
is a galvanic  couple in which the necessary electr ical  
connections are made by  physical  contact  be tween 
phases. I t  was noted above that  this fact extends 
the mixed  poten t ia l  theory  beyond its or iginal  as-  
sumption and requ i rement  of r andomly  d is t r ibu ted  
anodic and cathodic sites. 

Considerable  care must  be taken  in a t taching 
physical  significance to the fact tha t  the dissolution 
of homogeneous al loys can be t r ea ted  by  assuming 
tha t  the noble component  enriches on the surface of 
the alloy. The polar izat ion curves of alloys are ap-  
pa ren t ly  control led by  surface enr ichment  or at 
least  some surface en r i chment - l ike  effect, but  there  
is no evidence that  this enr ichment  is a gross effect 
l ike the dezincification of brass. On the contrary ,  the 
behavior  of in termeta l l ic  compounds and the neces-  
s i ty of the potent ia l  shift  in apply ing  Eq. [9] make  
enr ichment  at  only the act ive dissolution sites a 
much more l ike ly  explanat ion.  If the  noble com- 
ponent  covered the ent i re  electrode surface to any 
thickness,  the behavior  of the e lectrode would be in-  
dependent  of so l id-s ta te  interact ions  in the alloy, yet  
a l lowance for these interact ions  had to be made in 
this study. Al though the present  theory  is undoub t -  
edly  only an approx imat ion  of a very  complex proc-  
ess, the quant i ta t ive  agreement  be tween it and ex-  
per iment  show tha t  the approx imat ion  is genera l ly  
valid. 

Summary 
1. A genera l  quant i t a t ive  theory  has been p r e -  

sented for the anodic dissolution of b ina ry  alloys. 
2. Expe r imen ta l  verification of the theory  has 

been presented.  

The area  fract ions fA,]B can be calcula ted f rom the 
composition of the alloy, i is the  to ta l  a l loy cur ren t  
densi ty  at a potent ia l  E; i~,iz are the cur ren t  den-  
sities of the components  at this potential .  

(B) Homogeneous alloys must  be t r ea ted  by ex-  
tending Tammann ' s  concept of surface enrichment .  
To compensate  for interact ions in the alloy, the 
polar izat ion curves of the components  are shif ted 
along the potent ia l  axis unt i l  thei r  corrosion poten-  
t ials  are  at the corrosion potent ia l  of the alloy. The 
current  at any potent ia l  can then be calcula ted 

iAiB (ZAN, + ZBNB) 
i : [9] 

ZAi~NA + Z~i~NB 

NA,NB are the mole fract ions of the components  in the 
alloy; ZA,ZB are  the oxidat ion numbers  of the ions. 
The other  symbols  are as in (A) .  

(C) In te rmeta l l ic  compounds and in te rmedia te  
phases behave in general  l ike other homogeneous 
alloys, but  s t ronger  sol id-s ta te  interact ions  may  shift  
thei r  polar izat ion curves along the cur ren t  axis. 
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Darkening Speed Tests with Reversible Electroplating Shutters 
S. Zaromb 1 and J. Y. Chang 2 

Philco Scientific Laboratory, Blue Bell, Pennsylvania 

ABSTRACT 

The design and construct ion of exper imen ta l  revers ib le  e lec t ropla t ing  l ight  
shut ters  are  described,  and thei r  p r e l imina ry  evaluat ion  by  means  of resis tance 
measurements  is outlined. Oscilloscope traces of s imul taneous  l ight  t ransmission 
changes and pla t ing pulses are  presented  and in terpre ted .  An  observed be t t e r -  
t han -expec t ed  da rken ing  efficiency may  be a t t r ibu ted  e i ther  to an anomalous ly  
high absorpt ion coefficient of the ve ry  thin Ag films deposi ted by  an unusua l ly  
fast  p la t ing procedure  or to increased tu rb id i ty  a n d / o r  increased mul t ip le  l ight  
reflections. The m a x i m u m  achieved p la t ing  speeds corresponded to average  cur -  
rent  densi t ies  of up to 80 a m p / c m  ~ for  250 to 400 ~sec over  an area  of up to 16 
cm ~. No damage in the  t in oxide coating was observed af ter  more  than 13 such 
pulses wi th  a p la t ing  solution of 3M AgI  plus 8M NaI  at a neu t ra l  pH. The 
m a x i m u m  pla t ing speeds expected f rom first o rder  es t imates  of diffusion ra te  
l imi ta t ions  were  approached  in five tests. 

P r e l i m i n a r y  e x p e r i m e n t s  (1)  w i t h  a R e v e r s i b l e  
E l e c t r o p l a t i n g  L i g h t  M o d u l a t o r  ( R E L M )  of sma l l  
a r e a  (0.2 c m  ~) s h o w e d  e x c e l l e n t  r e s i s t ance  of t r a n s -  
p a r e n t  t in  o x i d e - c o a t e d  glass  e l ec t rodes  in  a l k a l i n e  
A g I - N a I  so lu t ions  to n u m e r o u s  p l a t i n g - d e p l a t i n g  
cycles  and  f a i r  g e n e r a l  a g r e e m e n t  w i t h  t h e o r y  (2) .  
The  p r e s e n t  w o r k  was  a i m e d  at  d e m o n s t r a t i n g  the  
f e a s i b i l i t y  of a R E L M  of i n c r e a s e d  a r e a  and  p l a t i n g  
speed.  F u r t h e r m o r e ,  the  e x p e r i m e n t a l  cond i t ions  
used  w e r e  m u c h  m o r e  d ras t i c ,  t he  cel ls  be ing  s u b -  
j e c t ed  to h igh  vo l t age  and  c u r r e n t  pu lses  ( ~ 2 0 0 v  
and  --~1000 a m p ) ,  and  the  e l e c t r o l y t e  be ing  no t  
s t r o n g l y  a l k a l i n e  b u t  r a t h e r  ac id ic  or  n e u t r a l ,  and,  
t he re fo re ,  m o r e  l i k e l y  to d a m a g e  the  conduc t i ve  t in  
ox ide  coa t ing  v i a  f o r m a t i o n  of  na scen t  h y d r o g e n .  

1Present  address: Research and A d v a n c e d  Techno logy  Depa r t -  
ment ,  Electronic Sys tems  & P r o d u c t s  Division,  Mar t i n -Mar i e t t a  Cor-  
pora t ion ,  Ba l t imore ,  Maryland~ 

Present  addres.~: Research Division,  N e w  York  Univers i ty ,  
Bronx,  N e w  York. 

Shutter Design, Construction, and Evaluation 
The  s h u t t e r  des ign  was  based  on a r r a n g e m e n t  6 of 

Fig.  2 of ref .  (2)  cons i s t ing  of p a r a l l e l  ( n o n a l t e r n a t -  
i ng )  e l ec t r i ca l  connec t ions  b e t w e e n  l i n e - s y m m e t r i c  
s u b e l e m e n t s  of w i d t h  b (_~0.3 cm) .  The  con tac t s  to 
each  s u b e l e m e n t  w e r e  m a d e  b y  s a w i n g  pa ra l l e l ,  
n a r r o w  grooves  ( a p p r o x i m a t e l y  0.03 cm w i d e  and  
0.15 cm deep )  in  flat  l i m e - g l a s s  p la tes ,  w i t h  a d i s -  
t ance  2b b e t w e e n  a d j a c e n t  grooves ,  a p p l y i n g  a con-  
d u c t i v e  t in  ox ide  coa t ing  ove r  t he  en t i r e  g rooved  
sur face ,  and  i n t r o d u c i n g  A g  p a i n t  and  Cu l eads  in to  
the  g rooves  so as to fo rm good  e l ec t r i ca l  con tac t s  b e -  
t w e e n  the  l e a d s  a n d  the  c o n d u c t i v e  c oa t i ng  w i t h i n  
the  grooves ,  as s h o w n  in Fig.  1. A p r o t e c t i v e  i n s u l a t -  
ing  l a y e r  of K i m b l e  CV 137 so lde r  g lass  was  f o r m e d  
in t he  u p p e r  ha l f  of t he  g rooves  b y  r e p e a t e d  f i l l ing 
w i t h  t he  so lde r  g lass  f r i t ,  h e a t i n g  to 425~ at  a r a t e  
of 10~  s i n t e r i n g  for  1 h r  a t  425~ a n d  cool -  
ing  at  a r a t e  of 5 ~  In  o r d e r  to a l l ow for  d i f f e r -  
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Fig. 1. Schematic cross-sectional drawing of groove, contacting 
lead, and protective layer. 

Fig. 3. Assembled reversible electroplating light shatter 

Fig. 2. Construction of the transparent electrodes 

en t ia l  t h e r m a l  expans ion  d u r i n g  the  s i n t e r i n g  p roc -  
ess, the  Cu leads w e r e  m a d e  of Cu tubing,  0.04 cm 
OD and 0.005 cm w a l l  th ickness ,  compressed  into 
r ibbons  0.012 cm th ick  and 0.05 cm wide  so as to 
l eave  the  n a r r o w  air  hole  shown  in Fig. 1. The  
pa ra l l e l  connec t ion  of the  Cu leads to a h e a v y  Ag 

band  s u r r o u n d i n g  each  p la t e  is shown in Fig. 2. The  
d imens ions  of Fig.  2 co r re spond  to those  of the  o r ig i -  
na l  p l a t i ng  cel l  des ign  of Fig.  3. H o w e v e r ,  mos t  of  the  
ac tua l  p la t ing  cells used  in the  p re sen t  e x p e r i m e n t s  
had  a sma l l e r  shu t t e r  area,  as l i s ted  in Tables  I 

and II. 
For  m a x i m u m  p la t ing  speeds,  a low cel l  r es i s tance  

was  desired.  Hence ,  special  efforts  w e r e  m a d e  d u r -  
ing the  t in  ox ide  coa t ing  s tep to r e n d e r  the  glass 
su r face  as h igh ly  conduc t ing  as possible.  The  g rooved  
glass p la tes  w e r e  c leaned  w i t h  l a b o r a t o r y  d e t e r g e n t  
(A lconox  or  Ca lgon i t e ) ,  r insed  w i t h  alcohol,  a i r  
dried,  e tched  for  at  leas t  1 min  in a so lu t ion  of 
1.5:3:0.9 v o l u m e  ra t io  of concen t r a t ed  HF,  H~SO,, 
and H20, r insed  w i t h  d is t i l led  wa te r ,  p laced  on 
g r aph i t e  holders ,  and p r e h e a t e d  in a muffle f u r n a c e  
to 650~ Holde r s  and p la tes  w e r e  t h e n  p laced  in 
f ron t  of s eve ra l  hot  p ropane  bu rne r s  w i t h i n  a f i re-  
b r i ck  enc losure  a r r a n g e d  so as to y ie ld  f a i r ly  u n i -  
f o r m  and in tense  hea t i ng  of the  en t i r e  glass p l a t e  and 

Table I. Pertinent data and interpretation of the oscilloscope traces of tests I-XVII.  

T e s t  
No. 

Ce l l  S e r i e s  
P l a t e  P l a t e d  r e s i s t -  r e s i s t -  C a p a c i -  

s p a c i n g  a r e a  a n c e ,  a n t e ,  t a n c e  
a,  c m  A,  cm 2 o h m s  o h m s  C, t~fd 

T i m e  c o n s t a n t  
f r o m  

RC V- 
V o l t a g e  p r o d u c t  t r a c e  q4, f i na l  

V, v ;tsec ~sec  ~ ' i , / tsec Q, cou l  c o u l / c m 2  ca lc .  
q , ~ ,  (~i ( ~ ' i )  m l  . , 

QL/Q c o u l / c m  ~ ca lc .  ~ s e e  

I 0.09 6 0.40 0.2 1575 
II 0.038 6 0.25 0.2 1575 
III 0.043 6 0.25 0.2 1575 
IV 0.043 6 0.28 0.2 1575 
V 0.043 6 0.28 0.2 1575 
VI 0.06 15 0.15 0.14 2625 
VII 0.06 15 0.15 0.12 2625 
VIII  0.045 16 0.16 0.12 2625 
IX 0.045 16 0.15 0.12 1575 
X 0.045 16 0.14 0.12 1575 
XI 0.045 16 0.14 0.12 1575 
XII  0.045 16 0.14 0.12 1575 
XIII  0.045 16 0.14 0.12 1050 
XIV 0.045 16 0.14 0.12 2100 
XV 0.043 16 0.25 0.12 1575 
XVI 0.043 16 0.20 0.12 1575 
XVII 0.043 16 0.19 0.12 1575 

135 1000 600 600 0.21 0.035 1.3 0.65 0.023 0.8 260 
135 700 600 400 0.21 0.035 1.3 0.55 0.019 0.7 180 
135 700 400 300 0.21 0.035 1.3 0.5 0.018 0.65 160 
135 700 400 250 0.21 0.035 1.3 0.45 0.016 0.6 130 
135 700 400 400 0.21 0.035 1.3 0.65 0.023 0.9 260 
180 890 400 400 0.47 0.031 1.2 0.65 0.020 0.8 200 
300 700 500 400 0.79 0.053 2.0 0.5 0.027 1.0 370 
300 700 500 300 0.79 0.049 1.9 0.5 0.025 1.0 310 
135 500 300 400 0.21 0.013 0.5 0.7 0.009 0.4 40 
200 500 300 400 0.31 0.016 0.6 0.7 0.010 0.4 50 
300 500 300 300 0.47 0.029 1.1 0.6 0.017 0.7 140 
400 500 300 250 0.63 0.039 1.5 0.5 0.020 0.8 200 
400 300 200 250 0.42 0.026 1.0 0.7 0.018 0.7 160 
135 600 400 500 0.28 0.018 0.7 0.7 0.012 0.5 70 
135 600 350 500 0.21 0.013 0.5 0.75 0.010 0.4 50 
182 600 350 400 0.29 0.018 0.7 0.7 0.013 0.5 80 
250 600 300 300 0.39 0.024 0.9 0.6 0.014 0.5 100 
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Table II. Data and calculations pertaining to the oscilloscope traces of tests XVII I -XXIX. 

Tes t  No. 

Ce l l  
P l a t e d  res i s t -  

a rea  ance,  
A, em s o h m s  

T i m e  c o n s t a n t  
Ser i e s  f r o m  
res i s t -  Capac i -  RC V- 
ance ,  tahoe  V o l t a g e  p r o d u c t  t r a c e  qa, 
o h m s  C,/~fd V, v /~sec ~sec r l , / ~ e c  Q, eoul  c o u l / c m  ~ 

f ina l  f ina l  qd ~, (&), 
calc.  m e a s u r e d  Qx/Q cou l /cm~ ealc. 

XVIII  6 4725 67 0.32 0.053 
XIX 3 0.44 0.12 2625 70 1600 0.18 0.060 
XX 13.3 0.28 0.5 5250 180 4100 3500 5000 0.94 0.071 
XXI 13.3 0.20 0.4 5250 180 3100 3500 1500 0.94 0.071 
XXII  13.3 0.18 0.3 5250 180 2500 3000 1300 0.94 0.071 
XXIII  16.2 0.18 0.5 5250 180 3600 4000 1000 0.94 0.058 
XXIV 16.2 0.16 0.4 5250 200 2900 3000 600 1.05 0.058 
XXV 16.2 0.16 0.3 5250 200 2400 400 1.05 0.058 
XXVI 16.2 0.16 0.3 5250 200 2400 400 1.05 0.058 
XXVII 16.2 0.16 0.3 5250 200 2400 350 1.05 0.058 
XXVIII  16.2 0.16 0.3 5250 200 2400 400 1.05 0.058 
XXIX 16.2 0.16 0.3 5250 200 2400 400 1.05 0.058 

2.0 2.0 
2.3 2.4 
2.7 0.7 0.05 1.9 
2.7 0.4 0.03 1.1 
2.7 0.3 0.02 0.8 
2.2 0.2 0.012 0.5 
2.2 0.2 0.012 0.5 
2.2 0.15 0.009 0.3 
2.2 >2.0 0.15 0.009 0.3 
2.2 >2.0 0.15 0.009 0.3 
2.2 3.0 0.15 0.009 0.3 
2.2 3.0 0.15 0.009 0.3 

holder.  D u l l - r e d  heat ,  co r responding  to the  sof ten-  
ing t e m p e r a t u r e  of the glass, was reached w i t h i n  10 
to 20 rain, at  which  t ime  a fine sp ray  of SnCL solu-  
t ion  was i m m e d i a t e l y  directed at  the  grooved glass 
surface.  

The s p r a y i n g  solut ion was made  up  by  s lowly  add -  
ing a n h y d r o u s  SnC1, to a so lu t ion  of 100g SnCI~- 5H=O 
in 50g dis t i l led wa te r  p lus  10g concen t ra t ed  HCI and  
1.0 or 1.5g SbCI~ un t i l  a s l ight  s u p e r s a t u r a t i o n  was  
observed,  and  then  add ing  a t en th  pa r t  of the  same 
solu t ion  to r e n d e r  the so lu t ion  s l ight ly  u n d e r s a t u -  
rated.  The sp ray  gun  was  cons t ruc ted  en t i r e ly  of 
P y r e x  glass. The  sp ray  was  t r iggered  by  the  passage 
of compressed 02 th rough  a gas in le t  tube.  The sp ray  
nozzle was held  at a d is tance  of 10 cm f rom the  glass 
p la te  and  the sp ray  appl ied  for 10- to 15-see per iods 
wi th  a con t inuous  hor izon ta l  a n d / o r  ve r t i ca l  mot ion  
of the  nozzle a imed  at ob t a in ing  a u n i f o r m l y  con-  
duc t ive  coating.  Af te r  a l l owing  a few m i n u t e s  for 
the glass to r ega in  its sof ten ing  t empera tu re ,  the  
sp ray ing  was  resumed;  this  was repea ted  4-10 t imes  
depend ing  on the  desired conduc t iv i ty  and  l ight  
t r ansmiss ion .  The  pla tes  were  t h e n  placed in  an  a n -  
nea l i ng  fu rnace  and  a l lowed to cool s lowly  ( in  > 2  
hr )  to room t empera tu r e .  

A l though  the  res i s t iv i ty  of the  glass on the  flat 
p la te  surface could r ead i ly  be b rough t  down  to 5 
ohms / sq  by  the  above procedure ,  the  res i s t iv i ty  i n -  
side the grooves u sua l l y  t ended  to be m u c h  higher ,  
especial ly  w h e n  the  groove wid ths  were  less t h a n  
0.025 cm. Wi th  grooves 0.03 cm wide,  a sa t is factory  
groove sur face  res i s t iv i ty  of a p p r o x i m a t e l y  20 o h m s /  
sq was ob ta ined  in  the bes t  plates.  

The average  res i s t iv i ty  in  the  grooves was es t i -  
ma t ed  in  the  fo l lowing  way:  Let  r be the  ra t io  of the  
sur face  res is t iv i t ies  p~ and  p~ of the  conduc t ive  film 
ins ide  and  outs ide the  grooves, respect ively ,  

r = pQ/p~ [ 1 ] 

n= the  n u m b e r  of grooves or conduc t ive  str ips be-  
tween  grooves, w= and  wa the respec t ive  pe r ime te r s  
of a s t r ip  and  groove cross section, and  l~ the l eng th  
of each groove or strip.  T h e n  the  res is tances  R~, and  
RQ, be tween  the  long edges of each s t r ip  and  groove, 
respect ively ,  are  

R,,  = p~w#Z, [2] 
and  

whereas  the respec t ive  res is tances  R~, a nd  RQ, be -  
t w e e n  the  shor te r  edges are 

R~, = p ~ l w ~  [ 4 ]  
and  

R ~  = pQlg/wo [5] 

The to ta l  series res i s tance  R, b e t w e e n  n,  a l t e r n a t i n g  
resis tors  (R~ + Re,) is 

R, = n~ (R~, + RQ,) = (pgw~ + pow~) nJ lg  [6] 

whereas  the tota l  conduc tance  ( l / R , )  of n ,  conduc-  
tors (1/R~, + 1/R~,)  connec ted  in  pa ra l l e l  is 

1/R~----  ( n ~ / R ~ )  + (nJRo~)  = ~  + - [7] 
Pa 

The ra t io  

R, r~ ~ (p~w~ + pow~) (p~w~ + p~wo) 
- -  - - -  [ 8 ]  

was measured readily by clamping two parallel soft- 
copper contacting strips first along the shorter and 
t h e n  a long the  longer  edges of each conduc t ive  plate.  
Se t t ing  w~ ~ 2 x 0.15 cm = 0.3 cm and  w~ = 2b = 0.6 
cm one obta ins  

R J R ,  ~ n ~ w ~ ( 1  + 0.5r) (r + 0.5)/r lO 

w~(1 + 0.5r) (r  + 0.5)~lOt for b ~ 0.3 cm [9] 

where  
w ~-- n , w ~  [10] 

is the  to ta l  l eng th  (or w id th  of the  p la te  a long the  
d i rec t ion  p e r p e n d i c u l a r  to the  grooves. The  va lues  of 
R~/R, cor responding  to va r ious  res i s t iv i ty  rat ios  r 
were  t a bu l a t e d  for w~/l~ ~ = 1 ( square  p la tes ) .  M u l t i -  
p l ica t ion  of the  ac tua l ly  m e a s u r e d  rat ios  R J R ,  by  
the d imens iona l  correct ion factor  l ~ / w  ~ and  compar i -  
son w i th  the t a b u l a t e d  va lues  gave a di rect  es t imate  
of r. F u r t h e r m o r e ,  s ince u s u a l l y  w J &  >>wo/p~,  the  
va lue  of R, gave  an  a p p r o x i m a t e  es t imate  of p~ 

p~ ~ l~R, /w [7']  

As seen f rom Fig. 1, the  contac t  res i s tance  ro be -  
t w e e n  a C u  lead and  the conduc t ive  film layer  n e a r  
the  top of the  groove m a y  be w r i t t e n  as 

ro = rA, + rt~ [11] 

where  rA~ is the  res i s tance  of the  Ag pa in t  l ayer  and  
r,~ is tha t  of the  conduc t ive  film in  the  u p p e r  hal f  
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of t he  groove .  I f  po is t he  su r f ace  r e s i s t i v i t y  of t he  
l a t t e r  film, t h e n  

r,~ _~ po • (0.05 c m / 5  cm)  ----- 0.01 pa [12] 

w h e r e  t he  f ac to r  0.05 c m / 5  cm c o r r e s p o n d s  to the  a p -  
p r o x i m a t e  w i d t h  and  l e n g t h  of t h e  top  ha l f  g roove  
wal l .  C o n s i d e r i n g  t h a t  t he  r e s i s t ance  of each  s u b -  
e l e m e n t  m u s t  be  at  l e a s t  

p~b/2L ~ 0.04 p~ [13] 

w h e r e  L (--~4 cm)  is the  l e n g t h  of each  s u b e l e m e n t  
(cf. Eq. [13 ' ]  of ref .  ( 2 ) ) ,  and  t h a t  t h e r e  a r e  two  
con tac t s  p e r  s u b e l e m e n t  [cf. Fig .  3],  t h e n  the  
t o t a l  r e s i s t ance  due  to t he  r,g c o m p o n e n t  w o u l d  be 
less t h a n  ~/2 of the  t h e o r e t i c a l  cel l  r e s i s t ance  g iven  
b y  Eq. [24']  of ref .  (2 ) ,  i f  po w e r e  no t  l a r g e r  t h a n  #g. 
On  the  o t h e r  hand ,  t h e  r,~ c o m p o n e n t  shou ld  be  
neg l i g ib l e  if  no se r ious  c racks ,  a i r  gaps,  or  o the r  
sources  of spu r ious  r e s i s t ance  a r e  p r e s e n t  b e t w e e n  
the  C u ' l e a d ,  the  A g  pa in t ,  and  the  conduc t i ve  f i lm at  
the  l o w e r  ha l f  of the  g roove  sur face .  F u r t h e r m o r e ,  
t he  r e s i s t ance  of a Cu l ead  2 cm long and  500 x 10 -6 
cm ~ in  cross  sec t ion  is less t h a n  0.01 ohm w h i c h  is 
neg l ig ib le ,  i.e., less t h a n  10% of p~ b/2L.  Hence ,  ac -  
co rd ing  to t he  des ign  of Fig.  1, t he  t o t a l  r e s i s t ance  
due  to con tac t s  w o u l d  be  n e a r l y  ha l f  the  m i n i m u m  
t h e o r e t i c a l  cel l  r e s i s t ance .  

W i t h  t he  Cu l eads  and  A g  p a i n t  i m b e d d e d  in t he  
l o w e r  p a r t  of the  groove ,  t he  r e s i s t ance  Ro, b e t w e e n  
two  n e i g h b o r i n g  Cu l eads  was  

Re, = 2re + R~, 

0.02 po + 0.12 pg for  b _~ 0.3 cm [14] 

Thus ,  for  b _~ 0.3 cm, p~ --~ 5 o h m s / s q ,  and  po ---- 20 
o h m s / s q ,  one ob ta ins  Rc,--~ 1.0 ohm. The  a c t u a l  
va lues  of Rc~ m e a s u r e d  in  mos t  of the  p l a t e s  subse -  
q u e n t l y  f o u n d  to be  u n s a t i s f a c t o r y  w e r e  u s u a l l y  
h i g h e r  t h a n  1.0 ohm. On the  o the r  hand ,  those  p l a t e s  
wh ich  y i e l d e d  the  bes t  e x p e r i m e n t a l  cel ls  a c t u a l l y  
showed  Re, va lue s  of 0.4-0.9 ohm sugges t ing  h i g h e r  
conduc t i v i t i e s  or  va lue s  of pG even  l o w e r  t h a n  20 
o h m s / s q  in  t he  u p p e r  p a r t s  of t he  grooves .  

The  cel ls  w e r e  a s s e m b l e d  as shown  in Fig.  3 and  
f i l led w i t h  an  aqueous  so lu t ion  of 3M A g I  p lus  8M 
NaI  and  p H  v a l u e s  r a n g i n g  f r o m  3 to 9 ( u s u -  
a l l y  a p p r o x i m a t e l y  8) ,  in a cco rdance  w i t h  the  r ec -  
o m m e n d a t i o n s  of ref .  (2) .  

These  cel ls  cou ld  be  p a r t l y  e v a l u a t e d  even  w i t h o u t  
a c t u a l  p l a t i n g  e x p e r i m e n t s  b y  s i m p l y  c o m p a r i n g  
the i r  r e s i s t ances  w i t h  t he  t h e o r e t i c a l  va lue s  p r e -  
d i c t ed  b y  Eq. [24']  of ref .  (2)  

Rp ~ (ap~ -k 0.5 p~b2)/A [15] 

S e t t i n g  po _~ 10 o h m - c m ,  a _~ 0.05 cm (a  r a t h e r  h igh  
v a l u e  u s u a l l y  n e c e s s i t a t e d  b y  the  w a r p i n g  of t he  
p l a t e s ) ,  p~ _~ 6 o h m s / s q ,  b ----- 0.3 cm, and  A _~ 16 cm ~, 
one w o u l d  e x p e c t  R~ _~ 0.05 ohm. 

The  cell  r e s i s t ances  w e r e  m e a s u r e d  b y  the  C a h a n -  
Ri ie t sch i  s q u a r e  w a v e  pu l se  m e t h o d  (3) .  The  100-kc 
squa re  w a v e  c a l i b r a t o r  o u t p u t  Vs (50 or  100v) of a 
T e k t r o n i x  535 osc i l loscope  was  connec t ed  to a ser ies  
c i r cu i t  c o m p r i s i n g  a 10/~fd condense r ,  a l a r g e  c u r r e n t  
d e t e r m i n i n g  r e s i s t ance  R d .  (10,000 ohms  or  100,000 
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o h m s ) ,  and  the  p l a t i n g  cell .  The  a m p l i t u d e  is of t he  
s q u a r e  w a v e  c u r r e n t  pu l se  t h r o u g h  the  p l a t i n g  cel l  
was  t h e n  a p p r o x i m a t e l y  

i, ~_ V , / R  .... [16] 

i.e., 1-10 ma,  and  t h e  p l a t i n g  cel l  r e s i s t ance  R~ was  
g iven  b y  the  i n s t a n t a n e o u s  v o l t a g e  changes  AV, 
across  t he  cel l  a t  t he  b e g i n n i n g  or  end  of each  pu l se  

Rp ~-- AV,/i~ ~ Rc.d. A V , / V ,  [17]  

The  cel ls  l i s t ed  in  Tab les  I and  I I  a c t u a l l y  h a d  a r e a s  
A of 3-16 cm 2 a n d  r e s i s t ances  of on ly  0.14-0.4 ohm,  
in t o l e r a b l e  a g r e e m e n t  w i t h  t he  m i n i m u m  t h e o r e t i c a l  
va lue s  of a p p r o x i m a t e l y  0.05-0.25 o h m  (cf. Eq. [ 1 5 ] ) .  
These  cel ls  also y i e l d e d  the  bes t  r e su l t s  ( h ighes t  
m e a s u r e d  p l a t i n g  speeds  as g iven  in  T a b l e  I ) .  

Measurement of Plating Current and 
Optical Density Changes 

S e v e r a l  525 tzfd-450v e l e c t r o l y t i c  c a pa c i t o r s  con -  
nec t ed  in p a r a l l e l  w e r e  c h a r g e d  to t he  d e s i r e d  
vo l t a ge  and  t h e n  d i s c h a r g e d  r a p i d l y  t h r o u g h  the  
p l a t i n g  cel l  a n d  a 0 .1 -ohm p rec i s i on  se r ies  r e s i s to r  
upon  c los ing  of an  EM-1  Hg  p l u n g e r - t y p e  r e l a y  
( m a n u f a c t u r e d  b y  E b e r t  E lec t ron ic s  Corp. ,  Queens  
Vi l lage ,  N e w  Y o r k ) .  The  vo l t a ge  across  t he  0 .1 -ohm 
re s i s to r  connec t ed  to one t r ace  i n p u t  of a T e k t r o n i x  
502 osc i l loscope  gave  the  i n s t a n t a n e o u s  c u r r e n t  
t h r o u g h  the  p l a t i n g  cel l  (cf. Fig .  4) .  The  second  
t r a c e  of  t h e  s a m e  osc i l loscope  showed  t h e  o u t p u t  of  a 
p h o t o m u l t i p l i e r  t u b e  c i r cu i t  m e a s u r i n g  the  l igh t  
t r a n s m i t t e d  t h r o u g h  the  shu t t e r .  Bo th  s i m u l t a n e o u s  
t r aces  w e r e  p h o t o g r a p h e d  w i t h  a P o l a r o i d  camera .  
The  d a t a  for  t he  bes t  e x p e r i m e n t a l  cel ls  a r e  l i s t ed  
and  i n t e r p r e t e d  in T a b l e  I and  t y p i c a l  osc i l loscope  
t r aces  a r e  s h o w n  in Fig.  5 u n d e r  t he  s ame  tes t  n u m -  
be r s  ( in  R o m a n  n u m e r a l s ) .  In  each  g raph ,  t he  t i m e  
c oo rd ina t e  is hor i zon ta l ,  s t a r t i n g  at  t he  second  l ine  
f rom the  r i g h t  and  i n c r e a s i n g  f rom r i g h t  to left ,  
w h e r e a s  t h e  v e r t i c a l  c o o r d i n a t e  r e f e r s  e i t h e r  to  t he  
c u r r e n t  or  vo l tage ,  i nc r e a s ing  u p w a r d ,  in those  
t r aces  w h i c h  show an  in i t i a l  m a x i m u m  fo l lowed  b y  a 
t y p i c a l  d o w n w a r d  c a p a c i t o r  d i s c h a r g e  c u r v e  (V-  
t r a c e )  or  to t he  l igh t  t r ansmis s ion ,  de c r e a s ing  u p -  
w a r d ,  in  cu rves  s h o w i n g  a s t e a d y  u p w a r d  c l imb  to -  
w a r d s  an  a s y m p t o t i c  v a l u e  on the  l e f t - h a n d  side.  In  
t es t  V, the  ( u p p e r )  l igh t  t r a n s m i s s i o n  c u r v e  shows  
an  in i t i a l  m a x i m u m  fo l lowed  b y  a s low dec rease  due  
e i t he r  to p a r t i a l  s p o n t a n e o u s  c l e a r i n g  of t he  s h u t t e r  

UP TO 400v 
~ l  l , IO00" 

I I I I  

Hg PLUNGER LIGHT 
. . . . . . . . .  / '1 C_~s .. . . .  

TYPE IP21 PHOTOMULTIPLIEN T ~ ~ R A C E  
WITH ASSOCIATED CIRCUIT I L ' ~ OF TEKTRONIX TYPE 5 0 2  

TRACE 2.~ OUAL TRACE OSCILLOSCOPE 

Fig. 4. Experimental arrangement for simultaneous measurements 
of plating current and optical density. 



1038 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1962 

Fig. 5. Applied current pulses and light absorption changes in 
typical shutter closing experiments of less than 1000 ~sec duration. 

Fig. 6, Light absorption measurements of improved accuracy and, 
where indicated, current pulse shapes in shutter closing experiments 
of up to 10 ~sec duration. 

s imi lar  to tha t  observed in tests XXVIb and XXVIIb  
of Fig. 6, or to a pa r t i a l  recovery  of the pho tomul t i -  
pl ier  circuit  output  from an ini t ia l  "overshoot." The 
upper  br ight  spots (near  the second ver t ica l  l ine 
from the r ight  and be tween the second and four th  
lines f rom the top) m a r k  the s teady s tate  output  of 
the photomul t ip l ie r  circuit  when the l ight  source was 
tu rned  off. Hence, the asymptotes  of the l ight  t r ans -  
mission curves should all  be located below the level  
of these upper  br ight  spots. The actual  upward  dis-  
p lacement  of the asymptotes  was a t t r ibu ted  at first 
to absorpt ion of s t r ay  l ight  upon closing the shutter ,  
but  was finally t raced to an actual  t rans ient  over-  
shooting by the photomul t ip l ie r  circuit.  Because of 
this defect and pa r t ly  also because of the inaccuracy 
of the ordinate  scale, l ight  absorpt ion values  of more 
than 90% (or optical  densi t ies  exceeding 1.0) are 
unfor tuna te ly  uncer ta in  in the tests of Table  I and 
Fig. 5. However ,  the t imes ~i corresponding to an 
optical  densi ty  change 8 of at least  1.0 could st i l l  be 
es t imated f rom these curves and are l isted in the 
ten th  column of Table I. Comparison of the  t ime 
values in columns 8, 9, and 10 shows a close p a r a l -  
lel ism and near  equal i ty  of r, and the t ime constant  
of the capaci tor  discharge circuit.  The h igher  values  
of column 8 are p robab ly  due to nonl inear  res is t -  

ances in the circuit  ar is ing f rom a b reakdown  of 
spurious resis tances under  a high voltage.  Because of 
the  spurious and nonl inear  circui t  resistances,  the 
current  and vol tage t races are  also subject  to un-  
certainties.  Hence, the ac tual  charge Q1 passed 
through the cell up to the t ime T1 was es t imated by  
means of the re la t ion  

Q1/Q = 1 - e -~1/~o [18] 

where  Q is the to ta l  capaci tor  charge (column 11) 
deduced from the product  CV of columns 6 and 7, 
and ro is the t ime constant  of column 9. Division of 
Q by  the area  A of column 3 y ie lded  the to ta l  charge 
densi ty  q, of column 12, and mul t ip l ica t ion  of q~ by 
the Q1/Q rat io  (column 14) y ie lded  the charge den-  
si ty q~ passed up to the t ime ~1. 

According to Fig. 1 of ref. (2),  the actual  optical  
densi ty  change 81 corresponding to a charge densi ty  
q~l should be 

81 = 38q~1 [19] 

and s imilar ly ,  for 8 corresponding to 100% capaci tor  
discharge 

8 ~ 38q~ [19'] 

The calculated values of 31 (column 16) are  usual ly  
less than  the es t imated  actual  value  of at least  1.0. 
This m a y  be due ei ther  to a h igher  actual  absorpt ion 
coefficient of the ve ry  thin  films produced by  the 
rap id  p la t ing  process, or to marked  local re f rac t ive  
index changes giving rise to increased reflections 
and increased turb id i ty .  

The last  column (rl)=,.  gives the min imum values  
of ~ a l lowed according to Eq. [33] of ref. (2) 

(r~) m,, ~ 5 • lO-~q2/c~ ~ ~ 0.5q~: [20] 

the concentrat ion c~ of p la t ab le  ions being 0.003 
mole/cc.  Comparison of columns 10 and 17 shows 
that  (~)=, .  was ba re ly  approached  only in tests V, 
VII,VIII,  XII,  and XIII ,  and was exceeded by  a factor  
of 2-10 in all  the other  tests. Since the actual  speed 
l imita t ions  in all  these tests were  due to circuit  RC 
t ime constants r a the r  than to e lectrochemical  l imi t -  
ing factors, the resul ts  of Table  I do not give any 
indicat ion of the actual  appl icab i l i ty  of Eq. [33] of 
ref. (2),  but  they  do at least  suggest the absence of 
any more severe intr insic  speed l imitat ion.  

To check the accuracy of the vl and q,, values of 
Table I, measurements  were  made  with  a corrected 
photomul t ip l ie r  tube circuit  and more sensit ive 
scales obta ined with  a Tek t ron ix  535 oscilloscope and 
a type Z different ial  pre-ampl i f ier .  The da ta  and 
in te rpre ta t ion  are given in Table II  and typica l  
traces shown in Fig. 6. In tests XVIII,  XIX, XXV, 
XXVI, XXVIII ,  and XXIX, the V- t race  (cur ren t  or 
vo l t age- t ime  curve)  was not recorded.  Tests XXVIb 
and XXVIIb  in Fig. 6 are s imultaneous recordings of 
the same photomul t ip l ie r  outputs  as in the respect ive  
tests XXVIa and XXVIIa,  but  on more compressed 
t ime scales and a more sensi t ive (expanded)  ver t ica l  
( l ight  t ransmiss ion)  scale. The downward  slope in 
test  XXVIb and XXVIIb  shows the slow pa r t i a l  
c lear ing in the absence of a continuous pla t ing cur-  
rent  fol lowing the ini t ia l  charge pulse. 

The t ime constants  and ~, values in Table II  are  
usual ly  much longer than  those in Table  I due to 
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Fig. 7. Photographs of irregular incandescent lines resulting from 
a nonuniform distribution of high current pulses through an un- 
satisfactory plating cell. 

b r e a k a g e  of t he  bes t  e x p e r i m e n t a l  cel ls  b y  the  t ime  
the  p h o t o m u l t i p ] i e r  c i r cu i t  was  i m p r o v e d .  H o w e v e r ,  
t he  q~ and  (8~)~.,,~. va lue s  of T a b l e  I I  ( co lumns  15 
and  16) a r e  u s u a l l y  c o m p a r a b l e  wi th ,  and  t h e r e b y  
i n d i r e c t l y  conf i rming,  those  of T a b l e  I. The  u n u s u -  
a l ly  h igh  v a l u e  of (8~)r in  tes t  X X  is p r o b a b l y  due  
to a n o n u n i f o r m i t y  of p l a t i n g  in t he  a r e a  d i r e c t l y  in 
f ron t  of t he  p h o t o m u l t i p l i e r  tube .  

As  m e n t i o n e d  above ,  the  cel ls  used  in tes ts  X V I I I  
t h r o u g h  X X I X  w e r e  g e n e r a l l y  p o o r e r  and  less  u n i -  
f o rm  t h a n  the  e a r l i e r  cells.  A t t e m p t s  to i nc rease  
t he i r  p l a t i n g  speed  b y  r e d u c i n g  the  n u m b e r  of ca -  
pac i t o r s  and  c h a r g i n g  to h i g h e r  v o l t a g e s  i n v a r i a b l y  
r e s u l t e d  in an  i ncandescence  of t he  g rooves  (cf. Fig.  
7) p r o b a b l y  due  to an  excess ive  v a l u e  of po and  as -  
soc ia ted  I~R p o w e r  d i s s ipa t ion  in  t h e  conduc t i ve  f i lm 
in t he  g roove  wal l s .  F u r t h e r m o r e ,  a n o n u n i f o r m  
c u r r e n t  d i s t r i b u t i o n  could  r e s u l t  in p e r m a n e n t l y  
d a m a g e d  spots  in t he  conduc t i ve  f i lm a d j a c e n t  to the  
e l e c t r o l y t e  in  a r eas  w h e r e  the  c u r r e n t  dens i t i e s  w e r e  
at  a m a x i m u m .  Since  a n y  such d a m a g e  w o u l d  t end  
to enhance  s u b s e q u e n t  p l a t i ng  n o n u n i f o r m i t i e s ,  a 
s ingle  pas sage  of an  excess ive  c u r r e n t  pu l se  w o u l d  
u s u a l l y  be fo l lowed  b y  i ncandescence  and  f u r t h e r  
d e t e r i o r a t i o n  even  w i t h  l o w e r  ( p r e v i o u s l y  a c c e p t -  
ab l e )  c u r r e n t  pulses .  These  effects w e r e  e spec i a l l y  
se r ious  in the  l a r g e r  a r e a  cel ls  (A _~ 40 cm ") no t  
l i s t ed  in T a b l e  I and  II.  

In  v i e w  of t he  e x t r e m e  s e n s i t i v i t y  of p a r a l l e l  c i r -  
cui ts  to i m b a l a n c e  u n d e r  v e r y  h igh  loads,  i t  is a lmos t  
s u r p r i s i n g  t h a t  t he  r e l a t i v e l y  h igh  p l a t i n g  speeds  of 
T a b l e  I cou ld  have  been  ob ta ined .  The  a v e r a g e  c u r -  
r en t s  and  c u r r e n t  dens i t i e s  in tes t s  VII ,  VIII ,  XI I ,  and  
X I I I  c o r r e s p o n d  to b e t w e e n  1000 a n d  1300 a m p  and  
70-80 a m p / c m  ~ for  250 to 400 ~sec ove r  a r e l a t i v e l y  
l a rge  a r e a  of  15-16 cm ~. I t  shou ld  be no ted  t ha t  tes ts  
I I  t h r o u g h  X I V  w e r e  a l l  p e r f o r m e d  w i t h  t he  s ame  
p a i r  of m a t c h e d  p la tes ,  and  t h a t  no d a m a g e  due  to 
the  h igh  c u r r e n t  pu l ses  was  o b s e r v e d  in  these  p la tes .  

H o w e v e r ,  even  these  bes t  p l a t e s  had  the  se r ious  
s h o r t c o m i n g s  of  (a )  r e l a t i v e l y  poor  l igh t  t r a n s -  
m i s s i v i t y  ( 4 0 - 6 0 % ) ,  r e s u l t i n g  in  an  o v e r - a l l  l i gh t  
t r a n s m i s s i o n  of on ly  20% for  t he  a s s e m b l e d  cel l ;  and  
(b )  excess ive  w a r p i n g ,  nece s s i t a t i ng  cel l  spac ings  of 
0.04-0.09 cm, i.e., 4-9  t i m e s  the  o r i g i n a l  des ign  v a l u e  
of 0.01 cm. 

Rate of  Unpla t ing  

The  t i m e  r e q u i r e d  for  c l e a r i n g  of t he  l igh t  s h u t t e r  
was  h i S h l y  i r r e p r o d u c i b l e  and  could  v a r y  f rom less 
t h a n  10 sec to m o r e  t h a n  5 m i n  d e p e n d i n g  on cel l  
s t ruc tu re .  S ince  the  gap  w i d t h s  a in mos t  of t he  cel ls  
s t ud i ed  w e r e  4-10 t imes  l a r g e r  t h a n  the  des ign  v a l u e  
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Fig. 8. Effect of a reverse charge pulse and/or shorting the cell 
terminals on the rate of clearing of a 6-mil gap width light shutter. 

of 0.01 cm ( r e q u i r e d  to r e v e r t  to 78% of t h e  o r i g i n a l  
t r a n s m i s s i o n  in 1 sec or  90% in 3 sec) ,  and  s ince  t h e  
c l e a r i n g  t ime  is p r o p o r t i o n a l  to a ~, one w o u l d  i n -  
deed  expec t  t he  o b s e r v e d  " c l e a r i n g  t i m e s "  to  r a n g e  
f rom 16 to 300 sec in cases  w h e r e  t he  p r o p e r  r e v e r s e  
cha rge  has  been  app l i ed ,  and  a b o u t  f o u r f o l d  l onge r  
" c l e a r i n g  t i m e s "  w i t h o u t  t he  r e v e r s e  charge ,  in 
a g r e e m e n t  w i t h  t he  a c t u a l  obse rva t ions .  H o w e v e r ,  
in a d d i t i o n  to t he  effect of t he  spac ing  a, t he  f o l l o w -  
ing  f ac to r s  m a y  f u r t h e r  r e d u c e  the  c l e a r i n g  r a t e :  ( A )  
A n y  loss of t he  ox id i z ing  c o m p o n e n t  (L- or  IO3-) v i a  
a r e a c t i o n  w i t h  t he  i n su l a t i ng  m a t e r i a l  or  w i t h  t he  
m e t a l  l eads  w o u l d  r e su l t  in i n c o m p l e t e  c lea r ing .  
Hence ,  f a u l t y  i n su l a t i on  m a y  be  p a r t l y  r e s p o n s i b l e  
for  some  o b s e r v e d  i r r e p r o d u c i b i l i t i e s .  (B)  I n  cases  
w h e r e  r e v e r s e d  cha rge  pu l ses  w e r e  app l i ed ,  c u r r e n t  
d e n s i t y  n o n u n i f o r m i t i e s  d i f f e ren t  in two  pu l se  d i -  
r ec t ions  m a y  p r o d u c e  an  excess  of A g  in some a reas  
and  of I~ in o thers .  S ince  the  m o t i o n  of I~- ions in 
d i r ec t ions  p a r a l l e l  to t he  e l ec t rodes  is e x t r e m e l y  s low 
( cons ide r i ng  the  low a / L  and  a / w  r a t i o s ) ,  such a reas  
of excess  A g  and  excess  I~ m a y  r e m a i n  d a r k  for  a 
v e r y  long t ime .  

These  l as t  two  fac to rs  m a y  e x p l a i n  t he  t y p e  of 
d i s c r e p a n c y  shown  in Fig.  8. The  n o m i n a l  gap  w i d t h  
a b e i n g  on ly  0.015 cm, one w o u l d  e x p e c t  a r e t u r n  to  
78 % of the  o r ig ina l  t r a n s m i s s i o n  in  2 sec r a t h e r  t h a n  
the  20 sec s h o w n  b y  the  l owes t  curve .  H o w e v e r ,  t h e  
a c t u a l  gap  w i d t h  in t he  cel l  m u s t  h a v e  f luc tua t ed  b y  
at  l eas t  - -50%,  each  of t he  two  p l a t e s  h a v i n g  a s u r -  
face  unevenes s  of a b o u t  0.01 cm. Hence ,  a r e , t e r se  
cha rge  pu l se  was  l i k e l y  to r e su l t  in  s e p a r a t e  a r eas  
of excess  A g  and  excess  I~. S h o r t i n g  the  cel l  t e r m i n a l s  
fo l lowing  the  r e v e r s e  c h a r g e  pu l se  w o u l d  t h e n  be  
e x p e c t e d  to a c c e l e r a t e  t he  r a t e  of c l e a r i n g  of the  A g  
and  L spots  v i a  a t y p e  of b a t t e r y  d i s c h a r g e  m e c h a n -  
ism, as shown  b y  the  l o w e r  two  cu rves  of Fig.  8, 
w h e r e a s  no m a r k e d  effect r e s u l t e d  f r o m  s h o r t i n g  
w h e n  a r e v e r s e  c h a r g e  h a d  no t  been  app l i ed ,  as 
shown  by  the  u p p e r  two  curves .  

S u m m a r i z i n g ,  then ,  t he  o b s e r v e d  r a t e  of d e p l a t i n g  
u s u a l l y  a g r e e d  in  f irst  o r d e r  of m a g n i t u d e  w i t h  
t h e o r e t i c a l  expec t a t i ons .  Occas iona l  cases  of i r r e -  
p r o d u c i b i l i t y  or  of m a r k e d  d i s c r e p a n c y  a p p e a r  a t -  
t r i b u t a b l e  to f a u l t y  cel l  s t ruc tu re s .  

Conclusions 
The  e x p e r i m e n t a l  r e su l t s  a r e  u s u a l l y  in f a i r  a g r e e -  

m e n t  w i t h  t heo ry .  D i sc r epanc i e s  in r a t e  of u n p l a t i n g  
a r e  o b v i o u s l y  r e l a t e d  to t he  fo l lowing  m a i n  d e v i a -  
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t ions f rom the design prescr ip t ions  of ref. (2) :  (a)  
uneven spacing be tween  the electrodes;  and (b)  
nonuniform electrode surface resis t ivi t ies  and the 
presence of spurious resistances in the contacts to 
the ind iv idua l  subelements.  

These deviat ions were  also responsible  for: (a)  
the nonuniformit ies  in p la t ing  densi ty  observed wi th  
unsat is fac tory  cells; (b)  circuit  imbalances  asso- 
ciated with  these nonuniformit ies ,  resul t ing  in over-  
loading of some of the para l l e l  subelements ;  and (c) 
i r r epa rab le  damage of the overloaded subelements  
or of the contacts due to excessive local FR heat  
genera t ion  on passage of excessive current  pulses. 

With  sa t is factory  cells having negl igible  spurious 
contact  resistances,  the t in oxide coat ing was able to 
wi ths tand  average current  densit ies as high as 80 
a m p / c m  ~ for 250 to 400 ~sec over  an area  of up to 
16 cm ~ in solutions of neu t ra l  pH. No damage in the 
coat ing was observed even af ter  more than  13 such 
high current  pulses. The max imum pla t ing speed 
expected on the basis of a first order  es t imate  of 
diffusion ra te  l imita t ions  (Eq. [33] of ref. (2 ) )  were  
approached but  not exceeded in five of the tests 
l is ted in Table I. Since the p la t ing  speed in all  these 
tests was l imi ted  by  the RC t ime constant  of the c i r -  
cuit used, no conclusion can be d rawn  as to the actual  
impor tance  of diffusion l imi ted  mechanisms.  

Optical  dens i ty  changes of 1.0 or h igher  were  ob- 
ta ined with  an average charge densi ty  q~l of 0.016 
cou l /cm ~ (in tests of both Tables I and I I ) ,  i.e., 60- 

70% of the charge densi ty  calcula ted on the basis of 
the  absorpt ion constant  of th ick Ag layers.  This 
b e t t e r - t h a n - e x p e c t e d  darkening  efficiency may  be 
due ei ther  to var ia t ion  of absorpt ion constant  wi th  
film thickness and method of format ion (possibly 
re la ted  to defect  and impur i t y  concentra t ion in the 
fi lm),  or to increased tu rb id i ty  a n d / o r  mul t ip le  l ight  
reflections. A more thorough invest igat ion of these 
resul ts  should have an impor tan t  bear ing  both on the 
opt imizat ion of the per formance  of the l ight  shut ter  
and on the unders tanding  of the effect of g rowth  
pa ramete r s  on the proper t ies  of ve ry  thin films. 
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Magnetic Electrodeposits of Cobalt-Phosphorus 
J. S. Sallo and J. M. Carr 

Research Center, Minneapolis-Honeywel~ Regulator Company, Hopkins, Minnesota 

ABSTRACT 

Means of preparing Co-P electrodeposits having a wide range of magnetic 
properties are discussed. X-ray  diffraction data, electron micrographs, and 
Bitter patterns are presented. An explanation of the origin of the high coer- 
civity is presented. Low flux density of the material  is described, and a possible 
explanation is presented. 

For  many  years  there  has been interes t  in mag-  
netic electrodeposi ts  having high coercivi ty  for use 
in ser ial  s torage devices. Most of the  electrodeposi ts  
used for  this purpose  have  been Co-Ni alloys. These 
mater ia l s  usua l ly  have coercivit ies of 200-300 oe, a l -  
though recent ly  a Co-Ni al loy having a coercive 
force of 500 oe has been repor ted  (1).  A coercive 
force of 810 oe has been prev ious ly  repor ted  f rom a 
Co-Ni -P  system (2).  This system has been shown to 
consist of clusters of small  single domain platelets ,  
thus expla in ing  the high coercive force (3).  

The Co-Ni -P  mate r i a l  is p repa red  f rom a sys tem 
containing hypophosphi te  ion. Since the  to ta l  p rod -  
ucts of the electrolysis  exceed a 100% cathode effi- 
ciency, the or iginal  workers  (2) concluded tha t  the 
ma te r i a l  is formed through a combinat ion of chemi-  
cal (electroless)  deposi t ion and electrodeposi t ion.  
Since the sys tem operates  at  a p i t  of about  4, and 
since chemical  deposi t ion of cobal t  does not take  

place f rom acid systems, it  can be concluded tha t  the 
nickel  is essential  for the occurrence of chemical  
deposi t ion and tha t  removal  of the nickel  ion f rom 
the sys tem will  e l iminate  the phosphorus  f rom the 
deposit.  Despite these conclusions, Co-P deposits are 
formed from such a system, and modifications of this 
sys tem lead to a series of deposits  having a wide 
range of magnet ic  proper t ies .  F igure  1 shows the 
effect of removing the nickel  from the Co-Ni -P  
system. The mechanism by which these deposits are 
formed is not fu l ly  understood.  

Experimental 
The electrodeposi t ion was done on fiat 0.003 in. Be- 

Cu or phosphor bronze foil. Tempera tu re  control  was 
provided  by  a "Glascol" hea t ing  mant le  sur rounding  
a 1-1 beaker  which served as a p la t ing  chamber .  A 
d-c  power  supply  was used as a cur rent  source. The 
s t andard  system was a 1-1 ba th  containing 100 g/1 
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Fig. 1. Nickel ion concentrations vs. Hc of deposit in oersteds 

CoCI~. 6H20, 100 g/1 NH~C1, a n d  15 g/1 NaH~PO=. H=O 
at  50~ and  o p e r a t e d  at  60 a m p / f t l  This  s y s t e m  
p r o d u c e s  a depos i t  h a v i n g  a coe rc ive  force  of abou t  
400 oe. O t h e r  coerc iv i t i e s  a r e  o b t a i n e d  b y  v a r y i n g  
the  c o n c e n t r a t i o n  of b a t h  cons t i t uen t s  and  the  p l a t -  
ing p a r a m e t e r s  of t he  s y s t e m  such as c u r r e n t  d e n -  
s i ty ,  t e m p e r a t u r e ,  and  pH. 

The  p h o s p h o r o u s  ana lys i s  was  done  w i t h  a " S p e c -  
t ron ic  20" C o l o r i m e t e r  b y  the  m o l y b d o v a n a d o p h o s -  
phor i c  ac id  me thod .  T h e  e t h y l e n e d i a m i n e  t e t r a a c e t i c  
ac id  ( E D T A )  t i t r a t i o n  m e t h o d  w a s  used  to d e t e r -  
m i n e  coba l t  w i t h  d i th i zone  as ind ica to r .  

M a g n e t i c  m e a s u r e m e n t s  w e r e  o b t a i n e d  w i t h  a con-  
v e n t i o n a l  60-cyc le  hys t e r e s i s  loop t e s t e r  (4) .  D i r ec t  
c u r r e n t  m e a s u r e m e n t s  w e r e  o b t a i n e d  b y  the  " m o v -  
ing  coil  m e t h o d "  b y  use  of  a ba l l i s t i c  g a l v a n o m e t e r  
and  a 6 in. V a r i a n  M a g n e t  c a p a b l e  of p r o d u c i n g  
fields of 10,000 gauss .  

E l e c t r o n  m i c r o s c o p y  was  p e r f o r m e d  us ing  an  R C A  
m o d e l  EMU3 b y  c o n v e n t i o n a l  co l lod i an  r e p l i c a t i o n  
t echn iques  us ing  c a r b o n  s h a d o w i n g  and  b y  the  C r a i k  
t e c h n i q u e  (5)  w i t h  an  ex t ens ion  of th is  t e c h -  
n ique  (3) .  

X - r a y  d i f f r ac t ion  s tud ies  w e r e  p e r f o r m e d  u s i n g  a 
N o r t h  A m e r i c a n  Ph i l i p s  Nore lco  w i t h  a w ide  ang le  
a u t o m a t i c  D i f f r ac tome te r .  

A l l  chemica l s  w e r e  r e a g e n t  g r a d e  and  w e r e  u sed  
w i t h o u t  f u r t h e r  pur i f ica t ion .  A l l  so lu t ions  w e r e  p r e -  
p a r e d  us ing  d i s t i l l ed  w a t e r .  

Results 

U n d e r  s u i t a b l e  cond i t ions  t he  coe rc ive  force  of 
these  depos i t s  can  be  v a r i e d  f r o m  50 oe to 1300 oe. 
U n d e r  c e r t a i n  cond i t ions  a s t e p p e d  hys t e r e s i s  loop 
can  be  ob ta ined .  

The  400-oe  m a t e r i a l  o b t a i n e d  f rom th is  s y s t e m  has  
shown  good c a p a b i l i t i e s  as a h igh  d e n s i t y  s t o r a ge  
media .  Resu l t s  o b t a i n e d  f rom a c o n v e n t i o n a l  f ixed 
h e a d  d r u m  s y s t e m  show the  depos i t  to have  a p a c k -  
ing  d e n s i t y  c a p a b i l i t y  of abou t  t w i c e  t h a t  of con-  
v e n t i o n a l  m a g n e t i c  oxide .  Reco rd ing  d a t a  w i l l  be  
p u b l i s h e d  at  a l a t e r  da te .  

The  coerc ive  force  of t he se  m a t e r i a l s  is d e p e n d e n t  
on the  c r y s t a l  o r i e n t a t i o n  of t he  depos i t  which ,  in  
t u rn ,  is d e p e n d e n t  on the  p l a t i n g  p a r a m e t e r s  of t he  
sys tem.  T h e  50-oe coe rc iv i t y  m a t e r i a l  e x h i b i t s  an  
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u n c e r t a i n  c r y s t a l  o r i e n t a t i o n  and  some s a mp le s  a p -  
p e a r  to be  a m o r p h o u s .  The  400-oe  m a t e r i a l  has  t he  
110 p l a n e  p a r a l l e l  to t he  subs t r a t e .  The  1300-oe m a -  
t e r i a l  has  t he  002 p l a n e  s t r o n g l y  o r i e n t a t e d  in  t h e  
p l a n e  of t he  depos i t .  The  n a t u r e  of the  l a t t e r  m a -  
t e r i a l  is d e s c r i b e d  e l s e w h e r e  (6 ) .  

The  60-cyc le  hys t e r e s i s  loop of t he  depos i t  a t  a l l  
coerc iv i t i e s  w i t h i n  t he  t es t  r a n g e  (50-2000 oe)  shows  
a s q u a r e n e s s  ( B r / B m )  of a b o u t  0.5. R e m a n e n c e  
va lue s  a r e  a b o u t  5500 gauss  for  a 400-oe  depos i t ;  
h o w e v e r ,  fu l l  s a t u r a t i o n  m a y  no t  have  b e e n  a t t a ined .  
The  p r o p e r t i e s  a r e  i n d e p e n d e n t  of  t he  t h i c k n e s s  of 
the  depos i t  ove r  the  r a n g e  s t u d i e d  (1-30/~). 

The  m a g n e t i c  p r o p e r t i e s  of t he  depos i t  a r e  no t  
d e p e n d e n t  on an  e p i t a x i a l  g r o w t h  f rom the  subs t r a t e .  
A l t h o u g h  mos t  t e s t  s a m p l e s  w e r e  p r e p a r e d  on 0.003 
in. B e - C u  and  p h o s p h o r  b ronze  foils,  a n y  s u b s t r a t e  
m a y  be  used  w h i c h  is u sed  in  n o r m a l  e l e c t r o d e p o s i -  
t ion  t echn iques .  The  depos i t  m a y  be  p l a t e d  on a l u m i -  
n u m  t h r o u g h  use  of the  z inca te  m e t h o d  or  b y  us ing  
e lec t ro less  n i c k e l - c l a d  a l u m i n u m .  P l a s t i c s  can also be  
used  as the  s u b s t r a t e  a f t e r  be ing  m a d e  c onduc t i ve  
b y  one of t he  c o n v e n t i o n a l  t echn iques .  In  e i t he r  of 
t he se  cases,  t he  m a g n e t i c  p r o p e r t i e s  a r e  e q u i v a l e n t  to 
tl~ose o b t a i n e d  on a coppe r  b a s e d  subs t r a t e .  

The  mos t  s igni f icant  f ac to r  in f luenc ing  the  coerc ive  
force  of the  d e p o s i t e d  m a t e r i a l  is t he  p H  of t he  sy s -  
tem.  A p H  of 2 or  less y i e ld s  a depos i t  h a v i n g  a co-  
e r c i v e  force  of a b o u t  50 oe. A t  p H  of 3-4.5 a depos i t  
h a v i n g  a coe rc iv i t y  of 400 oe is ob ta ined .  I n c r e a s i n g  
the  p H  to the  p r e c i p i t a t i o n  p o i n t  of t he  sys t em,  a b o u t  
4.7, p r o d u c e s  a depos i t  whose  coerc ive  force  is 800 
oe or  h igher .  In  a l l  cases  s tud ied ,  t he  p h o s p h o r o u s  
con ten t  of t he  depos i t  r e m a i n e d  in  t he  r a n g e  of  2-3 %. 

The  concen t r a t i ons  of t he  b a t h  cons t i t uen t s  also 
h a v e  an  effect on the  coe rc ive  force  of t he  deposi t .  
F i g u r e  2 shows  the  effect of v a r y i n g  the  CoC12, 
NH,CI,  and  NaH_~PO~ concen t r a t i ons .  E x c l u d i n g  t h e  
h y p o p h o s p h i t e  f rom the  s y s t e m  p r o d u c e s  an  u n s o u n d  
depos i t  h a v i n g  a coerc ive  force  of abou t  100 oe. R e -  
p l a c ing  the  a m m o n i u m  ion w i t h  s o d i u m  ion  also 
p r o d u c e s  an  u n s o u n d  deposi t .  S m a l l  a m o u n t s  of 
c o m m o n  i m p u r i t i e s  w i t h  the  excep t ion  of i ron  h a v e  
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Fig. 2. Concentrations of Co § NH~*, H~PO~, v s  Hc of deposit in 
oersteds. 
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Fig. 3. Current density vs .  Hc of deposit in oersteds 

l i t t le  or no effect on the deposit.  Re la t ive ly  large 
quant i t ies  of phosphi te  do not a l ter  the proper t ies  of 
the deposit.  F igure  3 shows the effect of va ry ing  the 
current  density.  The m a x i m u m  coercivi ty obta inable  
by increas ing the cur ren t  is about  600 oe. In a st i l l  
sys tem cur ren t  densit ies above 120 a m p / f t  ~ give an 
unsound deposit.  As the t empera tu re  of the system is 
increased,  the coercive force of the deposi t  increases. 
The highest  coercive force deposit  is obtained at 
65~ F u r t h e r  increases in t empe ra tu r e  resul t  in a 
decrease in the coercive force of the deposit  unt i l  the 
deposit  becomes unsound at a t empera tu re  of about 
95~ 

When an iner t  anode is used, a rap id  decrease in 
pH occurs. This leads to a change in the magnet ic  
proper t ies  of the deposit  as discussed previously.  Re-  
p lacement  of the iner t  anode wi th  a soluble cobalt  
anode minimizes the decrease in pH and resul ts  in a 
very  s table system. By using the soluble cobalt  anode 
and making  periodic addit ions of hypophosphi te ,  
p la t ing  of a pa r t i cu la r  coercive force deposit  can be 
cont inued almost  indefini tely wi thout  an appreciable  
change in the pH of the sys tem or the magnet ic  p rop-  
er t ies  of the deposit.  

Discusssion 

The coercivi ty of these Co-P deposits is high 
enough to suggest  single domain par t ic le  behavior .  A 
very  s imilar  s i tuat ion has been s tudied previous ly  
for Co -Ni -P  electrodeposi ts  (3).  F igure  4a is an 
electron micrograph  showing the p la te le t  l ike s t ruc-  
ture  of the Co-P deposit  which is s imi lar  to the Co- 
N i -P  electrodeposit .  These pla te le ts  differ f rom the 
Co-Ni -P  platelets .  They appear  to be la rger  in the 
smallest  dimension. The la rger  size of the p la te le t  
may  expla in  the lower  coercive force observed in 
the Co-P system. F igure  4b is an electron micro-  
g raph  of the Co-P pla te le ts  in the demagnet ized state 
wi th  the use of the modified Craik  techniques. The 
collection of magnet i te  shows flux leaving the plane 
of the film at c luster  boundaries .  The same technique 
appl ied  to a magnet ized sample shows no magnet i te  
pat tern .  

These resul ts  can best  be expla ined  by use of Fig. 
5. Each set of vectors represents  a cluster  of single 
domain pla te le ts  wi th  the boundary  be tween them 

Fig. 4a. Electron micrograph of surface of Co-P deposit; mag- 
nification 3000X. Fig. 4b. Bitter pattern of demagnetized surface of 
Co-P deposit (Craik technique); magnification 3000X. 

considered a cluster  boundary .  In the demagnet ized  
state (a) each p la te le t  has its magnet ic  vector  at  
180 ~ to the p la te le t  ad jacent  to it. Since al l  of these 
vectors are in the plane of the deposit  ( the un iax ia l  
easy direct ion)  there  are  no fields out of the p lane  
of the film and no magnet i te  is collected wi th in  the 

D E M A G N E T I Z E D  S U R F A C E  

/ 

M A G N E T I Z E D  S U R F A C E  

Fig..5. Representation of flux state in (a) demagnetized state and 
(b) magnetized state. 
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clusters. At cluster boundaries each platelet may  
attempt to obtain closure with itself, with an adja-  
cent platelet, or with a similarly oriented platelet in 
a neighboring cluster. Closure cannot be entirely be- 
tween adjacent platelets as mismatching of the 
magnetic polarity of the platelets must  occur to some 
extent. Self closure or closure between adjacent 
platelets will lead to some flux leaving the plane of 
the film at cluster boundaries part icularly since the 
neighboring cluster may be attempting closure in 
the same area. This closure flux explains the magne-  
tite pat tern shown in Fig. 4b. 

In the case of a magnetized sample, as shown in 
Fig. 5b, the platelets within the cluster have parallel 
magnetic vectors. In the remanent  state of the mate-  
rial, all magnetic vectors will re turn to the easy 
direction of magnetization. Even so, each cluster has 
a component of magnetization in the direction of 
the previously applied field. Closure at cluster 
boundaries can take place between neighboring 
clusters and in the plane of the film, since mismatch- 
ing of the magnetic polarities of the platelets cannot 
O c c u r .  

Smaller flux outputs were obtained from both the 
Co-Ni-P and Co-P deposits than would be expected 
from the chemical composition. A possible explana- 
tion for this is that  the metal in the deposit is in the 
form of the phosphide. A lower saturation magneti-  
zation value is obtained for the Co-P deposit than for 
the Co-Ni-P. This is contrary to the expected value 
as cobalt has a much higher saturation magnetization 
value than nickel. This may be explained by assum- 
ing Ni to be in the form of the phosphide in the Co- 
Ni-P deposit and cobalt in the form of the phosphide 
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in the Co-P deposit. Fur ther  studies of the saturation 
magnetization may reveal the nature of the phos- 
phides in this type of deposit. 

Conclusions 
The magnetic properties of cobalt phosphorous 

electrodeposits have been determined. An extremely 
wide range of magnetic properties are available in 
this system. Studies of the crystalline structure of 
the deposit are presented along with an interpreta-  
tion of the origin of the coercivity. Possible appli- 
cations exist for this material  in the field of hard 
magnetic materials. High density magnetic storage 
capabilities seem to exist. 
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Electroluminescent Lines in ZnS Powder Particles 
I. Embedding Media and Basic Observations 

Albrecht G. Fischer 
t~CA Laboratories, Radio Co~-poration of America, Princeton, New Jersey 

ABSTRACT 

Several new embedding media of the same refractive index as ZnS are de- 
scribed which make possible the microscopic examination of the interior of 
electroluminescent particles taken from efficient industrial lots. Light is emitted 
in form of lines or striations extending through most of the diameter of the 
particles. The brightness of single lines has been measured in dependence of 
applied voltage, frequency, phase, and position along the line. Evidence is pre- 
sented that the EL lines are associated with invisible copper-sulfide-decorated, 
conducting imperfection lines of submicroscopic diameter, and that coarse, 
visible imperfections are not the cause of EL. 

Most studies of the electroluminescence (EL) of 
ZnS-type powders have been carried out on macro-  
scopic cells containing a great number  of particles. 
The study of the individual l ight-emitt ing elements 
in single particles, which alone can give reliable 
clues as for the acting mechanism, is difficult, and 
hence little has been done. There are several reports 
(1-3) that light emission takes place at the surfaces 
or tips of the particles or at contacts between grains. 

Due to the high refractive index of the irregularly 
shaped ZnS particles such observations are quite 
unreliable because of possible deceptions by mult i-  
ply-reflected light. 

To evade these difficulties, several authors have 
studied the EL of single crystals grown by sublima- 
tion. Light emission exclusively in front of the 
cathode (4, 5), or light emission in the bulk in the 
form of striations or dotted lines parallel to the field 
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(3, 6, 7) has been reported.  Recently,  and  when the 
present  work  was a l r eady  concluded (25), Gil lson 
and Darnel l  (8) publ i shed  resul ts  ve ry  s imi lar  to 
those to be repor ted  here. They found l ight  emis-  
sion in the form of s t r ia t ions in i n su la t ing ly -em-  
bedded,  smal l  single crysta ls  grown by subl imat ion 
f rom EL powder ,  s imi lar  to the method used by  Zalm 
(3).  Their  crystals  were  embedded  in a da rk  resin 
and had  a ground and pol ished fiat surface through 
which v iewing of the in ter ior  wi thout  d is turbance  by  
scat tered l ight  was possible. In view of the impor t -  
ance of these findings for the theore t ica l  i n t e rp re t a -  
t ion of EL in ZnS powder ,  which may  lead to im-  
provements  of br ightness  and efficiency, and since 
several  different  forms of EL are possible in ZnS so 
tha t  conclusions by  analogy may  lead  to errors,  it is 
justified to confirm these resul ts  on par t ic les  t aken  
f rom efficient indus t r ia l  powders,  1 and to measure  
the proper t ies  of these str iat ions.  

Matched Embedding Media  for EL Particles 
If  ZnS par t ic les  (n = 2.37) are  immersed  in the 

convent ional  immers ion l iquid wi th  the highest  r e -  
f rac t ive  index, me thy lene  iodide (n----1.75), the 
Becke fr inges (9) are  so th ick tha t  microscopic ob-  
servat ion  reveals  no detai ls  of the bulk.  A mix tu re  of 
sulfur,  whi te  phosphorus,  and methy lene  iodide (10) 
of index 2.08, which was used for the same task by  
Lehmann  (11), gives be t te r  but  st i l l  unsat i s fac tory  
resul ts  and is unpleasan t  to handle.  In a search for 
matched embedding  media  for ZnS, severa l  new ma-  
ter ials  were  found to be descr ibed in the following. 

Sulfur-Selenium Glass and Cell 
Preparation Technique 

A red -o range  mix tu re  of sulfur  [26 w / o  (weight  
per  cen t ) ]  and selenium (74 w / o ) ,  which can be 
easi ly p r epa red  by  fusing the elements  together  in 
a test  tube,  matches the  index of ZnS. Samples  for 
optical  observat ion  can be p repa red  by mel t ing  a 
small  piece of the S -Se  glass on a microscope slide 
on a hot  p la te  (180~ The EL powder  is mixed  
into the  viscous l iquid and squeezed as flat as pos-  
sible under  a cover slide. The cell is cooled to room 
t empera tu re  s lowly to p reven t  peeling. 

For  the observations,  a Leitz Panphot  microscope 
with  oil immers ion object ive was used, giving a 
total  magnification of 1200. 

The exact  matching  of re f rac t ive  indices can be 
accomplished by  using the method of d isappear ing  
Becke fringes, or the  method of oblique i l lumina-  
t ion (9).  Smal l  amounts  of S or Se have to be added 
to the main  charge, melted,  and mixed,  and new test  
cells have to be p repa red  and checked under  the 
microscope unt i l  the surfaces of the par t ic les  d isap-  
pear  completely.  The crysta l l i tes  can then be dis-  
cerned only by the difference in color, provided  the 
embedding  l aye r  is not much th icker  than the p a r -  
t icle diameter .  I t  is advantageous  to have a sl ight  
remaining  mismatch so tha t  the f r inge of the l a rg -  

1 G i l l s o n  a n d  D a r n e l l  (8) s t a te  t h a t  t h e y  w e r e  ab le  to f ind  p o w d e r  
pa r t i c l e s  w i t h  f lat  su r faces  i n to  w h i c h  v i e w i n g  was  poss ib le ,  and  
t h a t  t h e y  f o u n d  t h e  s a m e  r e s u l t s  as  in  l a r g e r  c rys ta ls .  The  a u t h o r  
w as  u n a b l e  to  f ind  such  fiat  p o w d e r  par t ic les .  I n  t he  w o r k  p r e s e n t e d  
here ,  a m o r e  c o n v e n i e n t  m e t h o d  is described, as w e l l  as  p h y s i c a l  
m e a s u r e m e n t s  o n  EL lines. An  interpretation of  the  mechan i sm is 
p r e s e n t e d  w h i c h ,  t h o u g h  c o n t a i n i n g  e l e m e n t s  of f o r m e r  models ,  is 
d i f f e ren t  f r o m  previous theories.  

Fig. 1. Apparatus used to observe and measure El. lines. For most 
of the measurements, cooling of the photomultiplier is unnecessary. 
Vertical sensitivity of dual-sweep oscilloscope 50 mv/cm. Leitz 
Panphat microscope with immersion objective. Upper lens of ocular 
removed and replaced by adjustable diaphragm. Audiofrequency gen- 
erator and amplifier not shown. 

est d iameter  of the par t ic le  appears  as a faint  da rk  
line. A n y  la rger  mismatch can lead to mis in t e rp re -  
ta t ions due to mul t ip le  scattering.  

I t  is unfor tuna te  tha t  the findings of visual  micro-  
scopic observat ions  are difficult to document  by  
photographs.  Due to the shal low focal depth  it is 
necessary to move the focus up and down through 
the volume of the par t ic les  to see all  the details.  

For  the observat ion of EL emission, a "gap cell" 
has to be prepared ,  which consists of a microscope 
slide wi th  an evapora ted  a luminum film. A gap of 
1 mil  wid th  is produced by the shadow of a 1 mil  
wire  s t rung across the slide under  spring tension 
pr ior  to evaporat ion.  EL powder  is mixed  into the  
mol ten  embedding medium, spread across the gap, 
squeezed as thin as possible wi th  a cover slide, and 
cooled. In the center  of the gap, the a l t e rna t ing  elec- 
t r ical  field is pe rpend icu la r  to the optical  axis. It 
is suppl ied by  a genera tor  giving up to 1000 v, 25 kc 
of a sinusoidal  voltage. The exper imen ta l  setup is 
indicated in Fig. 1. 

The specific electr ical  resis tance of this S-Se  glass 
is in the order  of 101' ohm-cm. The optical  absorp-  
t ion edge is at  6100A. Observat ion  of EL emission is 
only possible for o range-emi t t ing  phosphors l ike 
ZnS-Cu,  Mn. Other  ZnS-phosphors  can be e x a m -  
ined for  imperfect ions  with ex te rna l  i l luminat ion.  

Thallium Bromide-Thallium Chloride Mixtures 

For  the examinat ion  of green and blue emit t ing 
phosphors,  and in order  to see inclusions which have 
a body color which is only s l ight ly  off white,  an 
embedding med ium with  a wider  t ransmiss ion range  
is desirable.  

I t  was found tha t  a mix tu re  of about 70/30 w / o  
T1Br-T1C1 has the ref rac t ive  index of ZnS. T1C1 
alone has an index of n = 2.2; T1Br has an index of 
n = 2.4. Both mater ia l s  are white,  of cubic crys ta l  
s t ructure ,  and comple te ly  miscible as l iquids and 
solids. In pure  state thei r  melts  solidify wi thout  air  
inclusions, comple te ly  t r anspa ren t  in areas  large 
enough for microscopical  examinat ion.  The mel t ing 
point  of the mix ture  is about  450~ At  that  t empe r -  
ature,  chemical  reactions be tween  the EL powder  
and the T1Br-T1C1 take  place, resu l t ing  in a s l ight  
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discoloration. Nevertheless, the EL properties of 
the powder are preserved; only the photoluminescent 
response is quenched due to absorption of the ex- 
citing light. 

Since the molten mixture etches away the evap- 
orated metal film, it is difficult to prepare gap cells 
with this mixture. Ir idium or plat inum films have 
to be used. Conductive, t ransparent  tin oxide coat- 
ings on glass also withstand the corrosive effect so 
that plate capacitor cells consisting of two conduc- 
tive cover slides, with the electric field parallel to 
the optical axis, can be made. 
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Arsenic-Chalcogen-Ha~ogen Glasses 

It is known that molten arsenic sulfides solidify 
as yellow glasses of high refractive index. It was 
found that a mixture having a refractive index of 
2.4 has a very  high viscosity even at temperatures  
beyond 400~ This glass is not very  suitable. 

In the older l i terature on highly refractive im- 
mersion media for mineralogical purposes (12) it 
is reported that  arsenic tr ibromide (mp 28~ can 
dissolve large amounts of arsenic sulfide. It was 
found that  with increasing sulfide content the solu- 
tions become more viscous and finally solid at room 
temperature. Due to impurities in the chemicals, 
these glasses were dark brown, so that synthesis 
from spectroscopically pure elements had to be used. 
This can be accomplished by first melting arsenic 
and sulfur together in a test tube, and then adding 
small increments of liquid bromine until  the desired 
refractive index has been reached. The synthesis 
is very simple and can be carried out in a chemical 
hood without difficulty. The mixture which matches 
ZnS has a composition of 33/30/37 w / o  As, S, and 
Br, as determined by chemical analysis. The thermal 
expansion coefficient of this glass is similar to that 
of aluminum. The softening point is at 140~ at 
180~ the glass is liquid enough for cell preparation. 
The resistivity is l0 s ohm-cm, the dielectric con- 
stant is 7.5. The optical absorption edge is situated 
at 5000A, and the glass is t ransparent  in the infrared 
up to 13~. The glass has excellent stability and 
imperviousness against moisture. This glass is the 
most suitable and convenient embedding medium 
for ZnS and was used in most of this work (13). 

The existence of an extended range of arsenic- 
sulfur-iodine glasses has been recently reported; 
however no data on refractive indices and optical 
transmission were given (14). It  was found that  
these glasses have a pink body color, with absorp- 
tion edges around 5500A. They can be made with 
indices higher than 2.4 which makes them suitable 
for red-emit t ing ZnS-CdS, ZnS-ZnSe-ZnTe,  and 
GaP phosphors. The melting points of some of 
the mixtures are below 100~ The resistance to 
moisture is poor. 

Other glasses in this system, with absorption edges 
in the red and infrared and still higher refractive 
indices, are As-Se-Br  and As-Se- I  glasses. Glasses 
containing tel lurium are p- type  semiconductors 
(15). Glasses of this group are also of interest as 
optical cements to reduce reflection losses in com- 
binations of EL and photoconducting crystals. 

Fig. 2. Cavities in EL particles. The particle (about 15~ diameter) 
is embedded in matched As-Br-S glass. Illumination from below. The 
striations in the upper part are probably decorated imperfection 
lines. 

It was ascertained that  the inorganic polymers 
described above do not appreciably impair the EL 
properties of the powder. This was assured by dis- 
solving the glass with methylene iodide or alkaline 
solution and comparing the recovered powder with 
fresh powder in castor oil cells. 

Due to t rapping of light in matched layers in the 
absence of scattering, the apparent  brightness of 
ideally matched cells is only about 1/22 of that  of 
unmatched cells. 

Visua l  Microscopic  Observat ions  
In most of this work, green-emitt ing ZnS-Cu,A1 

phosphors of various United States manufacturers  
were used. It  was ascertained, however, that  halo- 
gen-coactivated and manganese-containing mater i-  
als show the same features. 

With external illumination the finding of Leh-  
mann (11) was confirmed that EL particles con- 
tain numerous round spots (Fig. 2). It could be es- 
tablished that these "inclusions" are not filled with 
copper sulfide, as Lehmann assumed, but are voids 
which look black only because of their strong Becke 
fringes. The same spots, often in clusters of up to 
10, occur in powders which were prepared like EL 
powders but without copper doping. Most probably 
these cavities are caused by rapid, disorderly growth 
in the presence of volatile flux. The presence of these 
coarse imperfections, which makes it likely that  
submicroscopic imperfections are also present in 
large numbers, seems to be a necessary (but not 
sufficient) condition for efficient EL, since all EL 
particles, active and inert ones from the same prep- 
aration, contain them, whereas particles of com- 
parable size taken from commercial photolumines- 
cent and cathodoluminescent powders show fewer 
voids. 

It  is most likely that the walls of these voids are 
coated with copper sulfide layers which are thin 
enough to be transparent.  As is well known, EL 
phosphors have to be prepared with an excess of 
copper which precipitates at the surfaces during 
cooling. The following cyanide washing process re-  
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moves the precipitated excess copper sulfide from 
external surfaces, but does not reach the internal 
surfaces. Only if the EL powder is reheated in halo- 
gen-containing atmosphere (16) or in molten KCN 
(17) can the internally precipitated copper sulfide 
be removed, but  then the EL properties are de- 
stroyed. The photo-and cathodoluminescence, which 
are due to dissolved copper, remain and change only 
their color due to secondary effects. 

That such thin, conducting, and transparent  cop- 
per sulfide layers can indeed exist was established 
by washing a large, polished wafer  of mel t -grown 
ZnS (18) in copper nitrate solution. After careful 
rinsing and drying, this crystal, which now looked 
yellowish, had a conducting surface layer with a 
square resistance of 500 ohms, which gave a p - type  
signal with thermoelectric probes. It could be easily 
removed with cyanide solution. The same t reatment  
of the crystal with silver or gold solutions gave 
layers whose resistance was higher by at least three 
orders of magnitude. The high conductivity of the 
copper precipitates may  serve as an explanation why 
only copper doping produces efficient EL in ZnS. 

The voids are never associated with EL emission. 
In some cases, especially in inefficient phosphors 
with higher than optimum copper doping levels, 
the black spots are associated in lines or strings 
(Fig. 3a). Parallel to these dotted lines one finds, 
by observation with polarized light, birefringent 
striations (Fig. 3b). When the field is applied, elec- 
troluminescent striations can be found along these 
birefringent striations (Fig. 3c). This indicates that 
the occurrence of EL is closely connected with crys- 
ta l  imperfections (imperfection lines), a finding that 
has been expressed in the li terature repeatedly (8, 
19-24). 

In efficient EL particles, however, observation with 
crossed nicols shows that  the particles are isotropic 
and that the sites of EL lines are indistinguishable 
from the bulk. Some hexagonal particles are present, 
but these are usually inert. With intense x - r a y  ex- 
citation, the particles luminesce uniformly through-  
out the volume. It must be concluded that  in effi- 

Fig. 3b. External illumination, crossed nicols. Birefringent lines 
extending parallel to long cavity. Bright areas: Strained glass. 

Fig. 3c. A-C field applied. Electroluminescent double-line at site 
of birefringent striation. 

Fig. 3a. External illumination: Long hollow channel (cavity) in EL 
particle. Fig. 3a-c show the same particle. 

cient EL particles the imperfection lines have sub- 
microscopic diameters. 

With a-c excitation, light is emitted in long lines 
along those orientations fixed within the crystals 
which form an acute angle (usually less than 45 ~ ) 
to the field. If, in a specially constructed cell, the 
direction of the field was rotated, the EL lines faded 
away as they became more perpendicular to the field, 
whereas new ones lighted up and became brighter 
as they became more parallel to the field. 

The lines start with a bright, thick" "head" near 
one surface and extend far into the bulk, forming 
a thinner and dimmer tail. In many cases, in straight 
continuation of the tail of one line, the tail of a 
new line starts which has its head at the opposite 
end of the particle (Fig. 4 and 5). It  is therefore 
a natural  conclusion, which was also independently 
drawn by Gillson and Darnell, that  the two lines 
which have the form of two comets fleeing each 
other, are actually one unit. The dark interspace in 
the center shortens with increasing voltage. 
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Fig. 4. EL lines in single particle. Due to the shallow focal depth 
of the microscope at  high magnification (up to 2000X) most of the 
lines are slightly out of focus. With visual observation and continuous 
accommodation, the lines appear much sharper. 
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Fig. 6. Log brightness vs. (voltage) -~ for a single line. Very long, 
bright lines show deviations towards linear dependence near break- 
down. There is no threshold voltage. The fit to the equat ion I ~-~ exp 
- -  C / V  is not too good. 
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Fig. 5. EL lines drown from visual observation. Some rather round, 
non-EL cavities are also shown. In the "idealized particle" below, 
several possible interactions of EL lines are indicated. The upper 
case is the most frequent one. 

In well-crystallized, efficient powders, the EL lines 
are coherent; they do not consist of series of fine 
dots. (The resolution of the microscope is about 
0.1/,.) The slow, t ime-dependent  movements of EL 
lines which Lehmann reports (I1)  could not be ob- 
served. 

Thus, our observations on powder particles are in 
complete accord with the findings of Gillson and 
Darnell on larger crystallites. 

Brightness Measurements  

Waymouth  and Bitter (1) and Gillson and Dar-  
nell (8) state that  the t ime-integrated light out- 
put of single particles or lines has a threshold and 
then rises linearly, whereas Zalm, Diemer, and 
Klasens (2) and Lehmann (26) report  that  it fol- 
lows about the same exponential relation as holds 
for the light output of a complete cell. This situa- 
tion requires clarification. 

The various brightness measurements to be de- 
scribed here were carried out with the setup shown 
in Fig. 1. Since most particles have many  (up to 
30) EL lines so that it is difficult to measure the. 
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Fig. 7. Log brightness vs (voltage) -z/~ for single lines. Short, dim 
lines rise faster than long, bright lines and have no linear range. The 
fit to the equation I ~ exp .-- C / V  ~/~ is good only for measurements 
which integrate over many lines. 

light f rom one line without  interference from other 
lines, it was necessary to inspect a great number  of 
particles to find some with isolated, single lines of 
typical shape. To eliminate light from neighboring 
lines, a diaphragm with a fine slot was inserted 
into the ocular of the microscope. 

The measurements of brightness vs. voltage in- 
dicate (Fig. 6-8) that  there is no apparent  voltage 
threshold, but  that  the light emission of a single line 
rises exponentially. The points do not yield a good 
straight line either for a plot of log I vs. 1 / V  (I  = 
brightness, V = voltage) or for the plot of log I vs. 
V -1~. This could have been caused by the nonhomo- 
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Fig. 8. Brightness vs. voltage. Some very bright, long lines show a 
linear range. 

geneous field in the gap cell; however, a measure-  
ment integrating over about 100 single lines yields 
an excellent straight line on the plot log I vs .  

V -1/~. The slope of short, dim lines, which require 
higher voltages to reach the same brightness as long 
lines, Js steeper than that of long lines. Some very 
bright, long lines were found which showed a linear 
increase of brightness with voltage in the last half 
decade of brightness before electric breakdown. This 
linear range at high voltage is of significance for the 
theoretical interpretation. 

By moving the EL line under the microscope with 
the microscope stage, the brightness of a line vs .  its 
length could be measured. For this purpose, the 
slotted diaphragm was arranged with the slot per-  
pendicularly to the EL line. The brightness increases 
from "tail" to "head" in a strongly superlinear 
fashion. 

By displaying the signal of the photomultiplier, 
which was focused on one or the other half of a 
double-comet line, on a dual- t race oscilloscope to- 
gether with the a-c voltage which excited the gap 
cell, the phase relation of the light bursts or "br ight-  
ness waves" of a single line could be obtained. (Fig. 
9). At 100 cps the light waves extend only over a 
fraction of the cycle, whereas at higher frequencies 
the decay time becomes longer than the cycle so 
that a background develops. For all phosphors ex- 
amined, the phase relation of light emission is such 
that light is emitted at that  half of a line which 
points to the electrode which is becoming less nega-  
tive or more positive. Both halves of a line go on 
and off al ternatingly with a phase shift of 180 ~ 
(6). The pr imary  and secondary peaks observed in 
the emission of complete cells exist also at the ele- 
mentary  level in green-emitt ing particles (not in 
manganese-containing ones). With sine-wave ex-  
citation, the peaks of the brightness waves of Mn- 
doped phosphors coincide exactly with the voltage 
peaks. In contrast, the brightness waves of phos- 
phors not doped with Mn lead the voltage slightly. 
The study of these elementary brightness waves may  
yield better insight into the mechanism than the 
study of integrated light waves. 

EL ~ARTICLE ~ 

EL LINE 

~ -F~LO Or VIEt.V 

Fig. 9. Brightness waves of single lines, ZnS-Cu,AI particle. Above: 
photomultiplier focused on left half of "double-comet" line, sine 
and square-wave excitation, 100 cps. Below: Photomultiplier focused 
on right half. With sine excitation, the "primary" and "secondary" 
peaks are recognizable. In all phosphors light is emitted at that 
half which points to the electrode which is turning positive. 

By counting the number  of perceptible lines in a 
given field of observation, which exceed the thresh- 
old of visibility, vs .  the applied voltage, the plot of 
Fig. 10 was obtained, which differs fror5 the linear 
increase reported by Zalm (3). 

The approximate brightness of single lines at 10 
kc near breakdown voltage was measured by rais- 
ing the external illumination of the microscope 
(green light) to such a level that  the EL line just 
disappeared against the bright background. The 

m 
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Fig. 10. Number of spots above threshold of perceptibility of dark- 
adapted eye in a constant viewing area, vs. voltage (7 kc). 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Fig. 11. Log brightness vs. log frequency at constant voltage for 
short and long lines. 

brightness of the background was then measured 
with a brightness meter. A value of about 5.108 f t -L 
was obtained. 

The brightness of single lines vs. frequency of the 
applied voltage, which is kept constant, is plotted 
in Fig. 11. Whereas the brightness of complete cells 
increases with a power only slightly less than one at 
low frequencies (3), the brightness of short lines 
increases with a power of about 0.6. Long bright 
lines show a steeper rise. 

Conclusion 
Microscopic observation of the interior of EL par-  

ticles which are embedded in the matched-ref rac-  
t ive- index-media  described, is a new, convenient 
tool for studying the active elements of the EL proc- 
ess, which heretofore have been almost inaccessible. 
Electroluminescence is by no means a surface proc- 
ess, as previously believed, but is associated with 
crystal imperfections in the bulk. Previous theories 
do not describe the real situation. 

In a separate article, a new model (25) will be 
treated in which it is assumed that  insulating lumi- 
nescent ZnS particles contain conductive, copper- 
sulfide-decorated imperfection lines, which, by 
means of geometrical field intensification at their 
ends, are capable of field-emitting both holes and 
electrons from opposite ends into the crystal. The 
injected holes become trapped in luminescent cen- 
ters and recombine radiatively with field-injected 
electrons and electrons returning through the bulk 
at field-reversal. 
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ABSTRACT 

Aluminum nitride and aluminum oxide are mutually soluble at high tem- 
peratures. A number of solid solutions and reaction products of various com- 
positions in the system AIN-AI20~ have been prepared at about 2000~ which 
can be described by one general formula 

Alc2+,/8~O(8-.~N= 
where x represents the number of nitrogen atoms. 

Five phases were observed: (i) Al=O~ of corundum structure with negli- 
gible solubility of AIN; (it) a phase similar to 8-alumina, found when the AIN 
content was about 5.5 mole %; (iii) a spinel phase with an AIN content up to 
50 mole %; (iv) a phase obtained when the AIN content was between 50 and 67 
mole % (this phase always occurred mixed with phase iii) ; (v) AIN of wurtzite 
structure with up to about 17 mole % A1208. 

Phases (it)to (v) show no observable fluorescence, but broad band phos- 
phorescence in the blue when excited with 2537A radiation. Manganese activa- 
tion produces a green or a red luminescence which is attributed to transitions of 
Mn =+ and Mn 4+ at different lattice sites. Electroluminescence in the visible is 
observed in all phases when suitably activated. 

The similarity of the crystal structures of a-Fe.~O~ 
and a-A120~ (1) has long led to conjecture concern- 
ing the formation of an aluminum spinel similar to 
FelOn. The metastable 7-form of AI~O~ has a spinel- 
like structure with a deficiency of metal ions with 
respect to the hypothetical  spinel Al~O4. In 1957 
Filonenko et al. (2) reported an aluminum spinel 
to which they assigned the formula A10.AI~O~. This 
product was formed by the reduction of AI~O~ with 
carbon according to the formula 

3AI~O~ q- C --> 2AI~O, q- CO 

In the same year, Vert et al. (3) reported the for- 
mation of an aluminum spinel by firing a mixture 
of Al.~O8 and carbon at 1500~176 Long and Fos- 
ter (4) reported formation of a $-A1~O3 and a phase 
similar to the spinel-type lithium-S-alumina when 
AIN and Al20, mixtures were fused in an argon at- 
mosphere, but did not explain the mechanism of 
the phase transformations involved. The formation 
of a spinel phase was found (5) during the prepara- 
tion of AIN in an Al~O2 crucible. This phase was de- 
scribed as a solid solution of AIN in Al~O, with a 
maximum AIN:AI~O, ratio of 1:1 corresponding to 
the formula AI~O,N. Recently Yamaguchi and Yana- 
gida (6) revised their previous AI~O, formulation for 
the spinel phase to the formula AIN'A]~Os. 

Electroluminescence has been reported for AIN 
(7, 8). As early as 1934, Guntherschulze and Ger- 
]ach (9) reported a faint red emission when a thin 
film of pulverized ruby was subjected to an alter- 
nating field in a high vacuum. A bright emission has 
recently been observed in specially treated A1203 
excited by an electric field (10, 11). 

z Present  address: Airtron,  Divis ion of Li t ton Industr ies ,  Morr is  
Plains, N e w  Jersey.  

s Present  address: Solid State  Research Labora tory ,  The H a r s h a w  
Chemical  Company ,  Cleveland, Ohio. 

In the present study, the reaction products of 
various compositions, heated to 2000~ are identi- 
fied, and a comparison of their luminescent proper-  
ties is presented. An AI~O~-A1N phase, not pre-  
viously reported in the literature, was detected. 

Experimental Procedure 
The AIN used for this study was prepared in an 

autoclave, similar to that  shown schematically in 
Fig. 1, by reacting h igh-pur i ty  a luminum powder 
with nitrogen at 1000~ and 1000 psi in A1N or A120~ 
crucibles. Solid solutions containing more than 50 
mole % A1N were also prepared in the autoclave by 
mixing aluminum powder with ALO8 powder 
(ALCOA A-14) and firing in nitrogen at 1000~ 
and 1000 psi. The reaction of nitrogen with alumi- 
num is exothermic and served to increase the tem- 
perature to about 2000~ as indicated by the begin- 
ning of melting of the container when an A120~ 
(melting point 2050~ crucible was used. Samples 
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Fig. 1. Autoclave pressure reactor 
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c on t a in ing  less  t h a n  50 mo le  % AIN could  no t  b e  
p r e p a r e d  in  t he  au toc l ave ,  s ince  t he  h e a t  g e n e r a t e d  
b y  the  r e a c t i o n  of s m a l l  a m o u n t s  of a l u m i n u m  w i t h  
n i t r o g e n  w a s  insuff ic ient  to  i n c r e a s e  t he  t e m p e r a t u r e  
to t h e  r e q u i r e d  2000~ t h e r e f o r e  t hese  s a m p l e s  
w e r e  p r e p a r e d  b y  fus ing  m i x t u r e s  of ALO~ a n d  A1N 
in an  a rc  i m a g e  f u r n a c e  a t  2000~ or  a b o v e  for  5 
min ,  t he  r a w  m i x  s e r v i n g  as i ts  o w n  con ta ine r .  A n  
a r g o n  a t m o s p h e r e  of  5 psi  w a s  a d m i t t e d  in to  a p r e -  
v i o u s l y  e v a c u a t e d  r e a c t i o n  flask,  a n d  the  t e m p e r a -  
t u r e  was  m e a s u r e d  p y r o m e t r i c a l l y .  

U n r e a c t e d  a l u m i n u m  was  r e m o v e d  b y  t r e a t i n g  the  
fused  m a t e r i a l  w i t h  a ho t  d i l u t e  so lu t ion  of s o d i u m  
h y d r o x i d e .  N i t r o g e n  was  t h e n  d e t e r m i n e d  b y  a m o d -  
if ied K j e l d a h l  p r o c e d u r e  (12)  in  w h i c h  1-5 m g  
s amp le s  in  10 c m  s of 50% N a O H  w e r e  h e a t e d  to 
200~ This  s e r v e d  to  decompose  a l u m i n u m  n i t r i d e  
q u a n t i t a t i v e l y .  T h e  r e a c t i o n  was  c a r r i e d  ou t  in  a 
spec i a l l y  de s igned  a p p a r a t u s  m a d e  of q u a r t z  w h i c h  
con t a ined  a n i c k e l  r e a c t i o n  tube .  T h e  a m m o n i a  was  
e n t r a i n e d  in  a s t r e a m  of w e t  n i t r o g e n  a n d  d e t e r -  
m i n e d  b y  a c i d i m e t r i c  p rocedures .  

Dop ing  was  a c h i e v e d  b y  two  me thods .  One  m e t h o d  
cons i s t ed  of m i x i n g  t h e  d o p a n t  (as  a sa l t  or  ox ide  in 
a m o u n t s  of f r ac t ions  of a p e r  cent  to s e v e r a l  p e r  
cen t )  w i t h  t he  c o m p o u n d  to be  a c t i v a t e d  and  p l a c ing  
the  m i x t u r e  in  an  a l u m i n a  boat .  A l a r g e  n u m b e r  of 
d i f fe ren t  d o p a n t s  w e r e  used,  b u t  on ly  a few wi l l  be  
d i scussed  here .  The  b o a t  was  t h e n  f i red in a q u a r t z  
tube at 600~176 in nitrogen for I/2 hr followed 
by a similar treatment in chlorine which removed 
unreacted aluminum (and, incidentally, was re- 
sponsible for producing the electroluminescent re- 
sponse property). Generally, it also removed most 
of the added activators such that only a small frac- 
tion of the amount added was retained in the finished 
phosphor. 

The second method, used to produce red lumi- 
nescent Mn-doped AIN, consisted of firing a mixture 
of the dopant (salt or metal) powder and aluminum 
powder in the autoclave at 2000 ~ under nitrogen 
pressure. The sample was then reacted as described 
before. 

For luminescence studies, the samples were ex- 
cited using two mercury lamps, one rich in 2537A 
and one rich in 3650A. Electroluminescence was ex- 
cited by applying a d-c potential of 500v across the 
powdered sample, about z/2 mm thick, between a 

m e t a l  base  p l a t e  a n d  a c o n d u c t i n g  glass  p la te .  S p e c -  
t r a  w e r e  m e a s u r e d  as d e s c r i b e d  in ref .  (7)  and  (13) .  

A s q u a r e  w a v e  g e n e r a t o r  w a s  b u i l t  to  s t u d y  t h e  
effect  of  s q u a r e  v o l t a g e  pu l s e s  on  l i g h t  ou tpu t .  I t  
cons i s ted  of a m o t o r - d r i v e n  c o m m u t a t o r  to  con t ro l  
the  f r e que nc y ,  a h igh  v o l t a g e  t h y r a t r o n  c i r cu i t  for  
swi tch ing ,  a n d  a r o t a t i n g  b r u s h  a s s e m b l y  for  s e l ec t -  
ing  pu l se  w id th .  The  un i t  was  d e s i g n e d  to  p r o d u c e  
the  v e r y  low f r e q u e n c y  r a n g e  of 0.2-2000 c y c l e s / r a i n ,  
an  o u t p u t  p u l s e  w i d t h  of  b e t w e e n  1.0 and  99.0% 
of t he  pe r iod ,  a n d  o u t p u t  pu l se  a m p l i t u d e s  of • 
1000v. The  o p e r a t i o n  was  such  tha t ,  a f t e r  a p a r t  of 
each  cycle,  t he  a p p l i e d  v o l t a g e  was  r e v e r s e d  in  s ign  
for  t he  r e s t  of t he  cycle.  

Results 
F o u r  c r y s t a l l i n e  phases  w e r e  iden t i f i ed  in  t h e  

p r o d u c t s  o b t a i n e d  in  t h e  r e a c t i o n  b e t w e e n  ALO8 a n d  
A1N a t  2000~ A t e t r a g o n a l  phase  s i m i l a r  to  8 - a l u -  
m i n a  (14) w a s  f o u n d  w h e n  m i x t u r e s  cons i s t ing  of 
40 to 1 and  18 to 1 m o l a r  r a t i o  of ALO8 and  A1N 
w e r e  fused.  As  the  c o n c e n t r a t i o n  of A1N was  i n -  
c r e a se d  b e y o n d  18ALO~ to 1A1N a sp ine l  p h a s e  a p -  
pea red .  W h e n  the  m o l a r  a m o u n t  of A1N e x c e e d e d  
t h a t  of ALO~ a n e w  p h a s e  was  obse rved .  Th is  n e w  
p h a s e  was  the  on ly  one w h i c h  could  no t  be  o b t a i n e d  
as a s ingle  phase .  I t  was  a l w a y s  f o u n d  m i x e d  w i t h  
t he  sp ine l  a n d  could  no t  be  s e p a r a t e d  f r o m  it. F o r  
a m o l a r  r a t i o  of ALOe: AIN of Iess t h a n  1 to 6, on ly  
a w u r t z i t e - l i k e  p h a s e  was  de tec t ed .  The  n i t r o g e n  
c on t e n t  of  some of  t he  phase s  is s h o w n  in  T a b l e  I. 
X - r a y  p o w d e r  d i f f r ac t ion  p a t t e r n s  of t he  d o m i n a n t  
phases  a r e  s h o w n  in Fig .  2. 

A c o m p a r i s o n  of t h e  f luorescence,  p h o s p h o r -  
escenc~, and  e l e c t r o l u m i n e s c e n c e  of t he se  phases  
d o p e d  w i t h  Mn, Cr,  a n d  Eu  is p r e s e n t e d  in  T a b l e  II. 
The  o b s e r v e d  i n t e n s i t y  of t he  e l e c t r o l u m i n e s c e n c e  
v a r i e d  f r o m  1 to 10 f t -L .  A b o u t  10 f t - L  w e r e  o b -  
s e r v e d  for  M n - d o p e d  A1N of g reen  e l e c t r o l u m i n e s -  
cence,  and  a b o u t  5 f t - L  fo r  M n - d o p e d  A1N of r e d  
e l ec t ro luminescence .  The  i n t e n s i t y  of t h e  e l e c t r o -  
l u m i n e s c e n c e  of t he  v a r i o u s  u n d o p e d  m a t e r i a l s  was  
b e l o w  1 f t - L .  The  s t ronges t  p h o s p h o r e s c e n c e  i n -  
t e n s i t y  of a b o u t  1/2 f t - L  w a s  f o u n d  on the  M n - d o p e d  
r e d  e m i t t i n g  A1N w h e n  i t  w a s  i r r a d i a t e d  w i t h  i l l -  
t e r e d  u.v. f r o m  a H a n o v i a  l a m p  at  a d i s t a n c e  of a b o u t  
5 cm. E l e c t r o l u m i n e s c e n c e  in t hese  m a t e r i a l s  is 
o b s e r v e d  on ly  a f t e r  t h e  a d d i t i o n  of an  a c t i v a t o r  as 

Table I. Weight per cent nitrogen in crystal phases detected in the AI2Oa-AIN system 

W t . % N  
theoretical ,  

Molar  rat io in s tar t ing Wt. % N 
Sample  A1208 : A1N mate r ia l  by  analysis Major  phase- type  

1. 1 : 0 0.00 0.00 
2.* 40 : 1 0.34 - -  
3.* 18 : 1 0.75 0.95 
4.* 2 : 1 5.72 7.15 
5.* 1 : 1 9.79 10.20 
6.** 1 : 2 15.10 13.10 
7.** 1 : 5 22.82 - -  
8.** 1 : 6 24.16 24.70 
9.** 0 : 1 34.19 34.60 

~-Alumina  (phase  1 ) 
~-Alumina  and b-a lumina (phase  1 and 2) 
8 -Alumina  (phase  2) 
Spine l  (phase  3) 
Spine l  (phase 3) 
Spinel  and  new phase (phase  3 and  4) 
Wur tz i t e  (phas.e 5) 
Wur tz i te  (phase  5) 
Wur tz i t e  (phase 5) 

* Samples fused in are image furnace. 
=* Samples prepared in pressure reactor. 
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Table II. Comparison of fluorescence, phosphorescence, and electroluminescence of phases in the AI~Oa-AIN system 

3650A Hg 2537A Hg 
Act iva to r  Major  phase- type  F1 P h  F1 Ph  E1 

C1 t rea ted  a-AlsOs (phase 1) no* no no* no b lue  (Ns) 
no dopant  5-AI~O~ (phase  2) no* no no* b lue  b lue  (N~) 

spinel  (phase 3) no* no no* blue b lue  (N~) 
spinel  -{- new phase  

(phase 3 and 4) no* no no* blue b lue  (N2) 
A1N (phase 5) no* no no* b lue  b lue  (N~) 

Manganese  ~-ALO3 (phase  1) no* no no* no blue (N~) 
8-AlsO~ (phase 2) no* no p ink  no p ink  
spinel  (phase 3) no* no ye l low green green 
spinel  -{- new phase 

( phase  4) no* no red  no p ink  
/kin  (Mn ~§ (phase 5) no* no no* b lue  green 
A1N (Mn ~§ (phase 5) no* no red  red  red  

Europ ium a-Al~O~ (phase 1) red  no no* no r ed  
6-ALO~ (phase  2) no* no r ed  b lue  r ed  
spinel  (phase 3) no* no p ink  b lue  r ed  
spinel  -t- new phase 

(phase 4) no* no green b lue  red  
A1N (phase  5) no* no no* b lue  r ed  

Chromium a-AI~O~ (phase 1) red  no red  no r ed  
~-ALO3 (phase 2) no* no p ink  no red  
spinel  (phase 3) no* no ye l low blue red  
spinel  -{- new phase 

(phase 4) no* no red  b lue  r ed  
A1N (phase  5) no* no no* b lue  b lue  (N~) 

* Fluorescence could not be observed because of insufficient filtering of visible light from the existing u.v. source. 

a ch lo r ide  a n d  s u b s e q u e n t  h e a t  t r e a t m e n t ,  or  a f t e r  
h e a t  t r e a t m e n t  w i t h  c h l o r i n e  gas. The  ch lo r ine  t r e a t -  
m e n t  was  no t  neces sa ry ,  h o w e v e r ,  to  o b t a i n  f luores -  
cence and  phosphore scence .  The  m a t e r i a l s  t ha t  w e r e  
t r e a t e d  w i t h  ch lor ine ,  b u t  p r e p a r e d  w i t h o u t  ,an ac -  
t i va to r ,  e m i t t e d  on ly  t he  N~ b a n d  sy s t ems  d u r i n g  
d - c  e x c i t a t i o n  as r e p o r t e d  p r e v i o u s l y  (7, 8) .  In  s u i t -  
a b l y  a c t i v a t e d  m a t e r i a l s ,  an  emiss ion  c h a r a c t e r i s t i c  
of t he  a c t i v a t o r  was  o b s e r v e d  in  a d d i t i o n  to t he  
N~ bands .  

Fig. 2. X-ray powder diffraction patterns (Cu K~) of the dominant 
phases in the AhOs-AIN system. 1, a-AltOs; 2, 18 AI20~-AIN; 3, 
2AI2Os-AIN; 4, AI~O3"AIN; 5, 2AIN-AhO~; 6, 6AIN'AI208 ; 7, AIN. 

D u r i n g  e l e c t r o l u m i n e s c e n c e  exc i t a t ion ,  c h l o r i n e -  
t r e a t e d  s a m p l e s  e x h i b i t e d  i n c r e a s e d  c o n d u c t i v i t y  
ove r  t he  u n t r e a t e d  m a t e r i a l  as m e a s u r e d  b y  a m i c r o -  
a m m e t e r ,  and  the  c u r r e n t  was  p r o p o r t i o n a l  to the  
l igh t  in t ens i ty .  F i g u r e  3 shows  c h a r a c t e r i s t i c  l i gh t  
w a v e  fo rms  f r o m  an  A1N s a m p l e  us ing  s q u a r e  w a v e  
v o l t a g e  exc i t a t ion .  S i m i l a r  b e h a v i o r  is e x h i b i t e d  b y  
the  o t h e r  phases  1 to 4 as de f ined  above .  The  v o l t a g e  
was  v a r i e d  f r o m  pos i t i ve  ( w i t h  r e s p e c t  to t h e  m e t a l  
e l e c t r o d e )  to  n e g a t i v e  w i t h  a f r e q u e n c y  of 60 c y -  
c l e s / m i n .  W h e n  the  p u l s e  was  pos i t i ve  less t h a n  60% 
p e r  cycle,  no l igh t  was  e m i t t e d  f r o m  the  p o w d e r .  F o r  
pos i t ive  pu l se  d u r a t i o n s  g r e a t e r  t h a n  60% of t he  
cyc le  (Fig .  3a) ,  a s low i n c r e a s e  in  l igh t  was  seen.  
This  l i gh t  i n t e n s i t y  i n c r e a s e  on  t h e  osc i l loscope  was  
fo l l owed  b y  a fas t  d e c r e a s e  to  zero  and  a v e r y  in -  
t ense  and  sho r t  b u r s t  of  l i g h t  a t  t he  m o m e n t  of p o -  
l a r i t y  r eve r sa l .  W h e n  the  p u l s e  w i d t h  w a s  75% 
(Fig .  3b)  t he  i n t e n s i t y  was  m u c h  g r e a t e r  and  the  
l i g h t  r e a c h e d  i ts  m a x i m u m  m u c h  m o r e  r a p i d l y .  On 
field r e v e r s a l  t he  d e c a y  no l o n g e r  r e a c h e d  zero.  The  
s u b s e q u e n t  i n c r e a s e  was  s t i l l  r ap id ,  b u t  t he  d e c a y  
e x t e n d e d  ove r  t he  fu l l  p e r i o d  of f ield r eve r sa l .  A t  
78% pos i t i ve  pulse ,  (Fig .  3c) t he  d e c a y  of t h e  l i gh t  
b u r s t  is seen  to  be  s l o w e r  s t i l l  a n d  fa l l s  to  zero  on ly  
on field r eve r sa l .  Us ing  a.c., l i gh t  o u t p u t  was  ob -  
t a i n e d  fo r  f r e q u e n c i e s  as  h igh  as  25 kc ;  the  l i gh t  
i n t e n s i t y  i n c r e a s e d  w i t h  d e c r e a s i n g  f r e q u e n c y  d o w n  
to 20 cps, w h i c h  was  t h e  l o w - f r e q u e n c y  l i m i t  of 
our  a - c  ampl i f ie r .  

Discussion 

A n  ox ide  sp ine l  w i t h  on ly  one  ca t ion  spec ies  is 
f o r m u l a t e d  as R80,. The  de fec t  sp ine l  7-Al~O~, w h i c h  
can also be  w r i t t e n  as A1,/30,, has  o n e - n i n t h  of t he  
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Fig. 3. Light wave forms emitted from AIN when applying square 
waves at 60 cycles/min: (a) (top) 62% pulse width; (b) (center) 
75% pulse width; (c) (bottom) 78% pulse width. 

t o t a l  n u m b e r  of sp ine l  ca t ion  s i tes  vacan t .  This  can  
be r e p r e s e n t e d  as 

AI=/= [~]~/, O, [ 1 ] 

w h e r e  ~ ]  r e p r e s e n t s  sp ine l  ca t ion  vacancies.,_..,For 
e v e r y  a l u m i n u m  a t o m  a d d e d  to fill a v a c a n c y  [S [  in 
f o r m u l a  [1] ,  c h a r g e  c o m p e n s a t i o n  can  be  a c h i e v e d  
b y  t h r e e  n i t r o g e n  a toms  r e p l a c i n g  t h r e e  o x y g e n  
atoms.  Thus  the  sp ine l  AI=O,N is o b t a i n e d  b y  a d d i n g  
one t h i r d  of an  a l u m i n u m  to f o r m u l a  [1]  and  com-  
p e n s a t i n g  w i t h  the  s u b s t i t u t i o n  of one n i t r o g e n  for  
one oxygen .  Cons ide r  the  f o r m u l a  

( - = 
2 +  

w h e r e  x r e p r e s e n t s  t he  n u m b e r  of n i t r o g e n  a toms.  
Se t t i ng  x = 0 and  m u l t i p l y i n g  t h r o u g h  b y  4/3, 
f o r m u l a  [2]  r e v e r t s  to AI=I= [ 'S I - ,  O,. W h e n  x = 3/4, 
i m p l y i n g  t h a t  a l l  sp ine l  s i tes  a r e  occupied,  f o r m u l a  
[2]  becomes  

AI0/~O0/~N,I~ (or  A1.O,N) [3]  

This  e o r r e s p o n d s  to one mole  of A1N for  one  m o l e  
of AI=O.. Thus  f o r m u l a  [2]  is an  e m p i r i c a l  f o r m u l a  
d e s c r i b i n g  t h e  so l id  so lu t ion  se r i e s  AI~O~-AI~O3. A1N 
w i t h  O ~ x ~ 3/4.  

F r o m  s t a b i l i t y  c o n s i d e r a t i o n s  i t  a p p e a r s  p l a u s i b l e  
t h a t  v e r y  s m a l l  v a l u e s  of x wi l l  y i e l d  a 7 - t y p e  sp ine l  
which ,  l i ke  7-ALO=, is p r o b a b l y  u n s t a b l e  a t  h igh  
t e m p e r a t u r e s ,  c h a n g i n g  into  a s t r u c t u r e  w h i c h  r e -  
s emb le s  ~ - a lumina .  F o r  l a r g e r  v a l u e s  of  x, e n o u g h  
a d d i t i o n a l  a l u m i n u m  and  n i t r o g e n  a toms  h a v e  e n -  
t e r e d  t h e  s t r u c t u r e  to s t ab i l i ze  i t  as a sp ine l  a t  h igh  
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t e m p e r a t u r e s .  The  sp ine l  v a c a n c y  si tes a re  then  
filled, and  f u r t h e r  a d d i t i o n  of A1N y ie lds  a w u r t z i t e -  
t y p e  phase  w i th  s u b s t a n t i a l  o x y g e n  i m p u r i t y  and  
ca t ion  w u r t z i t e  vacanc ies .  

A w u r t z i t e - t y p e  phase  r e q u i r e s  a 1:1 r a t io  of 
an ion  to cat ion,  e.g., A1N. F o r m u l a  [3]  f o r m u l a t e d  
f rom the  po in t  of v i ew  of a w u r t z i t e  s t ruc tu re ,  a p -  
p e a r s  as 

AI,/, [w[ ,/, O,l~ N,/, [4]  

w h e r e  LW_J r e p r e s e n t s  w u r t z i t e  ca t ion  vacanc ies .  
Aga in ,  t he  i n t r o d u c t i o n  of one a l u m i n u m  a t o m  in a 
v a c a n c y  can be  c o m p e n s a t e d  by  s u b s t i t u t i n g  t h r e e  
n i t r ogens  for  t h r e e  oxygens .  Thus  A1N of w u r t z i t e  
s t r u c t u r e  is o b t a i n e d  b y  add ing  t h r e e - f o u r t h s  of an  
a l u m i n u m  to f o r m u l a  [4]  and  c o m p e n s a t i n g  b y  sub -  
s t i t u t i ng  n i n e - f o u r t h s  oxygen .  Cons ide r  the  f o r m u l a  

A1 N [5] ( ) ( ) 2 + - -  
3 3 

W h e n  x = 3, the  w u r t z i t e  s t r u c t u r e  is filled, o x y g e n  
d i s appea r s ,  and  w e  have  A1,N= (or  A1N).  F o r m u l a  
[5] ,  w i t h  3/4--~ x ~ 3, is thus  an  e m p i r i c a l  f o r m u l a  
for  de sc r i b ing  the  sol id  so lu t ion  ser ies  AI=O~.A1N- 
A1N. 

D i s r e g a r d i n g  ca t ion  vacanc ie s  in  cons ide r ing  the  
ser ies  AlsO, ~ A1,O,N-~ A1N, i t  fo l lows  t h a t  a l l  the  
phases  in th is  ser ies  can be de sc r ibed  b y  the  g e n e r a l  
f o r m u l a  

A1 N [6]  
x O (3 - x )  x (=+y) 

w i t h  0 ~ x --~ 3. 

In  a - A L O ,  i t  is a p p a r e n t l y  poss ib l e  to r e p l a c e  a l u -  
m i n u m  a t o m s  w i t h  o t h e r  ca t ions ,  b u t  no t  to i n t r o d u c e  
a d d i t i o n a l  ca t ions  t o w a r d  R.O,, a l t h o u g h  one t h i r d  
of t he  o c t a h e d r a l  s i tes  a n d  a l l  t he  t e t r a h e d r a l  s i tes  
a r e  unf i l led.  To a c c o m m o d a t e  m o r e  A1 a toms  w h e n  
n i t r o g e n  is i n t roduced ,  t h e  sp ine l  p h a s e  a p p e a r s  
w h i c h  a c c o m m o d a t e s  t h r e e  ca t ions  for  e v e r y  fou r  
an ions  p re sen t .  W h e n  s t i l l  m o r e  ca t ions  a r e  added ,  
the  w u r t z i t e - t y p e  p h a s e  a p p e a r s  w h i c h  can  a c c o m -  
m o d a t e  one ca t ion  for  e v e r y  an ion  p re sen t .  I f  a l u -  
m i n u m  could  e x i s t  in  a d i v a l e n t  as w e l l  as a t r i v a l e n t  
s ta te ,  as does  i ron,  t h e n  i n c r e a s i n g  a l u m i n u m  con-  
c e n t r a t i o n  w o u l d  f o r m  a-ALO=--> 7-ALO.'-> A1.O, 
--> A10.  S ince  th is  s equence  w o u l d  en t a i l  a va l ence  
change  of a l u m i n u m ,  i t  c anno t  occur  in  a solid.  The  
fo l lowing  sequence  is obse rved ,  h o w e v e r ;  a-AI~O,--> 
7-A120,-> AhO~N--> A1N. I n  t h e  p rocess  t h e  an ion  
close p a c k i n g  changes  f r o m  h e x a g o n a l  to cubic  and  
b a c k  to h e x a g o n a l .  

The  ac t ion  of Cl~ gas  on these  m a t e r i a l s  is complex .  
The  effects a r e  p o s s i b l y  (a )  i n c o r p o r a t i o n  of  C1 in to  
the  l a t t i c e  caus ing  an  a p p a r e n t  i n c r e a s e  in t he  e l ec -  
t r i c a l  conduc t i v i t y ,  a n d  (b )  i n c r e a s e  in  t h e  d i f fus ion  
v e l o c i t y  of i m p u r i t i e s  in to  t hese  m a t e r i a l s .  F o r  i n -  
s tance ,  dop ing  of AI~O. w i t h  Cr  "§ occurs  at  s u b s t a n -  
t i a l l y  l o w e r  t e m p e r a t u r e s  t h a n  is poss ib le  in  t h e  a b -  
sence  of  C1. 

S ince  Cr  "§ shows  a s t r o n g  o c t a h e d r a l  s i te  p r e f e r -  
ence,  i t  t h e r e f o r e  r e a d i l y  r e p l a c e s  A1 a t o m s  in  co-  
r u n d u m  and  in t h e  sp ine l  A1,O,N, w h e r e  t w o - t h i r d s  
of t he  A1 occupy  o c t a h e d r a l  si tes.  In  A1N w h e r e  on ly  
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t e t r a h e d r a l  s i tes  a r e  occupied ,  no s u b s t i t u t i o n a l  Cr  
dop ing  is poss ib le .  Manganese ,  on the  o the r  hand ,  
p r o d u c e s  a c h a r a c t e r i s t i c  g r e e n  e l e c t r o l u m i n e s c e n t  
emiss ion  in  A1N a n d  Al~OsN w h i c h  is a t t r i b u t e d  to 
Mn ~§ No g r e e n  emiss ion  was  o b s e r v e d  in ~-Al~Os. 
Red  emiss ion  has  been  r e p o r t e d  in AI:O~ d o p e d  w i t h  
Mn (15, 16), b u t  we  w e r e  u n a b l e  to d u p l i c a t e  these  
f indings.  Red  emiss ion  w a s  o b s e r v e d  on ly  in A1N 
w h e n  the  l a t t e r  was  f i red in  t he  au toc l ave ,  no t  b y  
s imp le  dop ing  fo l l owed  b y  the  C1 t r e a t m e n t .  H o w -  
ever ,  some  sp ine l  m a y  h a v e  been  p r e s e n t  in th is  m a -  
t e r i a l  caus ing  the  r e d  emiss ion.  In  fact ,  w i t h  Mn 
a c t i va t i on  the  sp ine l  and  the  n e w  p h a s e  d id  p r o d u c e  
a r e d  l u m i n e s c e n c e  as  we l l  as  a g reen  one. K r S g e r  
(16) r e p o r t e d  g r e e n  emiss ion  f r o m  A1 c o m p o u n d s  of 
s t r uc tu r e s  o t h e r  t h a n  a~AI~O~. This  is mos t  l i k e l y  
on ly  w h e n  A1 (or  some  o the r  ca t ion )  is d i s p l a c e d  
f r o m  t e t r a h e d r a l  si tes.  I t  w o u l d  a p p e a r  t h e n  t h a t  
g r een  emiss ion  is o b s e r v e d  in these  m a t e r i a l s  on ly  
w h e n  Mn :§ r e p l a c e s  AF* in t e t r a h e d r a l  s i tes  (A1N, 
Al :O3-AlN s p i n e l ) ,  and  r e d  emiss ion  on ly  w h e n  M n  4§ 
r e p l a c e s  A F  § in o c t a h e d r a l  s i tes  (~-A1~O8, AI~O~-A1N 
s p i n e l ) .  More  e x t e n s i v e  i n v e s t i g a t i o n  of M n  s u b -  
s t i t u t i on  in t hese  s t r u c t u r e s  m u s t  be  u n d e r t a k e n  to 
s u b s t a n t i a t e  t he  va l ence  s t a tes  and  a c t i v a t o r  co-  
o r d i n a t i o n  in  c r y s t a l s  w h i c h  g ive  r i se  to t he  e m i s -  
s ion  o b s e r v e d  and  the  pos i t ion  of Mn in t he  s t r u c -  
tures .  The  r e su l t s  of a c h e m i c a l  ana lys i s  canno t  be  
c ons ide r ed  as conc lus ive  p roo f  of t he  va l ence  s t a t e  of 
Mn;  d i s p r o p o r t i o n a t i o n ,  d e c o r a t i o n  of d i s loca t ions  
and  s e g r e g a t i o n  of s m a l l  u n d e t e c t a b l e  a m o u n t s  of a 
M n - c o n t a i n i n g  second  p h a s e  could  i n t e r f e r e  w i t h  i ts 
p r o p e r  ident i f ica t ion .  A p h y s i c a l  d e t e r m i n a t i o n ,  e.g., 
ESR, m u s t  t h e r e f o r e  s u p p l e m e n t  t he  c h e m i c a l  a n a l -  
ysis.  In  p a r t i c u l a r ,  a r i go rous  p roo f  is r e q u i r e d  be fo re  
one can s a y  w i t h  c e r t a i n t y  t h a t  t he  r e d  emiss ion  is 
due  to Mn 4§ i.e., u n t i l  t he  absence  of ox ide  in  sol id  
so lu t ion  or  as a second  p h a s e  in  A1N is a sce r t a ined .  
A r e d  l u m i n e s c e n c e  can  be  p r o d u c e d  in  A1N b y  M n -  
doping ,  y e t  no  o c t a h e d r a l  s i tes  a r e  a v a i l a b l e  in  A1N 
excep t  i n t e r s t i t i a l  si tes.  I t  is also no t  qu i t e  u n d e r -  
s tood w h y  a r e d  M n - l u m i n e s c e n c e  is diff icult  to ob -  
t a in  in  a-AI~O~, s ince  an  o c t a h e d r a l  Mn 4. s i te  is a v a i l -  
ab le  b y  A F  + subs t i tu t ion .  

The  l u m i n e s c e n c e  and  e l e c t r o l u m i n e s c e n c e  ob -  
s e r v e d  in  t he  s y s t e m  ALO3-A1N a re  r a d i a t i o n s  c h a r -  
ac t e r i s t i c  of t he  ac t iva to r s .  Bo th  emiss ions ,  t he  ac -  
t i v a t o r  and  the  n i t r o g e n  b a n d  s y s t e m  emiss ion ,  a r e  
o b s e r v e d  in  a l l  ALO~-AIN samp le s  a f t e r  ch lo r ine  
hea t  t r e a t m e n t .  The  N~ b a n d  emiss ion  m i g h t  be  e x -  
p l a i n e d  b y  e l ec t ron  emiss ion  a n d / o r  b y  the  e n e r g y  
t r a n s f e r  of  the  e l e c t r o n - h o l e  r e c o m b i n a t i o n  a t  the  
su r face  to a d s o r b e d  or  i m p i n g i n g  N.~ molecu les .  The  
l a t t e r  p rocess  w o u l d  be  t he  r e v e r s e  of t he  exc i t a t i on  
of l u m i n e s c e n c e  in so l ids  b y  i m p i n g i n g ' e x c i t e d  gases  

as i n v e s t i g a t e d  b y  Sanc ie r ,  F r e d e r i c k s ,  a n d  Wise  (17) .  
U l t r a v i o l e t  l igh t  is a v a i l a b l e  f r o m  the  emiss ion  of 
t he  N2 sy s t e ms  and  cou ld  s e c o n d a r i l y  exc i t e  f luores -  
cence in  t he  phosphors .  F u r t h e r  w o r k  on t h e  effects 
of n o n s i n u s o i d a l  vo l t a ge  pu l ses  on the  l i gh t  w a v e  
fo rms  and  m e a s u r e m e n t s  of t h e  e l e c t r i c a l  c o nduc -  
t i v i t y  u n d e r  t hese  cond i t ions  is n e e d e d  to o b t a i n  a 
c l ea r  p i c tu r e  of the  e x a c t  m e c h a n i s m  i n v o l v e d  in 
t he  e l e c t r o l u m i n e s c e n c e  obse rved .  
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ABSTRACT 

A different ia l  capac i tance-vol tage  method for de te rmin ing  doping profiles 
in depth  in ep i tax ia l  semiconductor  films is described.  Exper imen ta l  profiles, 
in which  the doping level  genera l ly  is not  fiat bu t  decreases  wi th  film thickness,  
a re  shown for severa l  film growth  conditions. A possible exp lana t ion  for the  
observed d is t r ibut ion  is discussed. 

The  m e a s u r e m e n t ,  u n d e r s t a n d i n g ,  a n d  con t ro l  of 
dop ing  d i s t r i b u t i o n  in  d e p t h  is n e c e s s a r y  for  p r o p e r  
u t i l i z a t i o n  of e p i t a x i a l  s e m i c o n d u c t o r  f i lms in  dev ice  
f ab r i ca t ion ,  e spec i a l l y  for  v e r y  t h in  films, for  s t r u c -  
t u r e s  in  w h i c h  t h e  s u b s t r a t e - f i l m  in t e r f ace  is  a 
f u n c t i o n a l  p a r t  of a device ,  or  for  s t r u c t u r e s  in 
w h i c h  the  prof i le  m u s t  be  t a i l o r e d  (as  w i t h  g r o w n  
j u n c t i o n s ) .  

The  i m p u r i t y  d i s t r i b u t i o n  in e p i t a x i a l  s e m i c o n -  
duc to r  fi lms is d e t e r m i n e d  b y  t w o  fac to r s :  ( i )  t h a t  
r e l a t e d  to t he  g r o w t h  m e t h o d  per se, and  ( i i )  t h a t  
r e l a t e d  to diffusion,  e spec i a l l y  f r o m  the  s u b s t r a t e  
in to  t he  film. The  f irst  of these  is dea l t  w i t h  in  th i s  
pape r .  The  d i f fus ion  effects a r e  cons ide red  in a 
s e p a r a t e  p a p e r  (1) .  

Experimental Methods 

The  e p i t a x i a l  f i lms w e r e  g r o w n  b y  m e a n s  of t h e  
h y d r o g e n  r e d u c t i o n  of s i l icon t e t r a c h l o r i d e .  The  
m e t h o d  is s t a n d a r d  at  th is  po in t  and  has  been  r e -  
p o r t e d  in  d e t a i l  b y  a n u m b e r  of i n v e s t i g a t o r s  ( 2 - 5 ) .  
F o r  t hese  e x p e r i m e n t s ,  t h e  s u b s t r a t e  sl ice in e v e r y  
case  was  s u b j e c t e d  to a 30- ra in  p r e h e a t  t r e a t m e n t  
( c l e a n i n g )  a t  1240~176 in f lowing d r y  h y d r o g e n  
i m m e d i a t e l y  be fo re  f i lm g rowth .  The  f i lm g r o w t h  
t e m p e r a t u r e s  w e r e  se lec ted  in  t he  r a n g e  1060 ~  
1220~ A l l  t e m p e r a t u r e s  h a v e  been  c o r r e c t e d  for  
e m i s s i v i t y  and  fo r  w a l l  t r a n s m i s s i o n  losses and  a re  
m e a s u r e d  b y  m e a n s  of an  op t i ca l  p y r o m e t e r  v i e w -  
ing  t h e  u p p e r  su r f ace  of t h e  slice. 

The  s i l icon t e t r a c h l o r i d e  s a t u r a t o r  t e m p e r a t u r e  
was  s t ab i l i z ed  a t  -40~  ( • 1 7 6  w h i c h  g ives  a 
c a l c u l a t e d  m o l e  f r a c t i o n  of 0.01 in  the  vapor .  The  
h y d r o g e n  flow r a t e  was  2.5 l i t e r s  ra in  -1 t h r o u g h  a 
l l/4-in. ID c h a m b e r .  The  a p p a r a t u s  was  a s ingle  
slice,  ve r t i ca l ,  R F  h e a t e d  s y s t e m  w i t h  a s i l icon 
pedes ta l .  The  p e d e s t a l s  w e r e  p r e h e a t e d  w i t h  p r o -  
j ec t ion  l a m p s  to f a c i l i t a t e  R F  coup l ing  and  d id  
no t  con ta in  d o p e d  inser t s .  Bo th  pur i f i ed  and  d o p e d  
s i l icon t e t r a c h l o r i d e ,  as we l l  as l i g h t l y  and  h e a v i l y  
d o p e d  pedes t a l s ,  w e r e  used  in t hese  e x p e r i m e n t s .  

Unless  spec i f ica l ly  s t a t ed  o the rwi se ,  a l l  of t he  
s u b s t r a t e  s l ices w e r e  f r o m  the  same,  a r s e n i c - d o p e d ,  
p u l l e d  ingot ,  0.004-0.006 o h m - c m  and  a b o u t  5/s-in. 
d i a m e t e r .  The  s l ices  w e r e  cut  to a (111) o r i e n t a t i o n  
a n d  e l e c t r o c h e m i c a l l y  p o l i s h e d  (6 ) .  Each  s l ice  w a s  
c l eaned  i m m e d i a t e l y  p r i o r  to use  b y  m e a n s  of a 
1 - m i n  r o o m  t e m p e r a t u r e  e tch  in  250 cc HNOs, 50 
cc HF,  and  220 cc (Is s a t u r a t e d )  H A c  fo l l owed  b y  a 

de ion ized  w a t e r  r i n se  in  a c o u n t e r - c u r r e n t  flow 
sys tem.  The  s a m p l e s  w e r e  d r i e d  in  a c o n t i n u o u s l y  
p u r g e d  n i t r o g e n  a t m o s p h e r e  oven  and  i m m e d i a t e l y  
p l a c e d  in the  depos i t i on  c h a m b e r .  

Diodes  w e r e  f a b r i c a t e d  b y  a 1/4~ b o r o n  d i f fus ion  
t h r o u g h  a p h o t o r e s i s t  ox ide  mask .  1 A 10 b y  10 a r r a y  
of 18 mi l  d i a m e t e r  dots  was  p r e p a r e d  on each  slice. 
S ix  to e igh t  d iodes  w e r e  m e a s u r e d  on each  slice. 
C o m p a r a b l e  r e su l t s  h a v e  been  f o u n d  us ing  a l u m i n u m  
a l loy  diodes .  H o w e v e r ,  t h e  p e r c e n t a g e  y i e l d  of good 
d iodes  was  b e t t e r  w i t h  t he  sha l l ow  b o r o n  diffusion,  
and  c o n s e q u e n t l y  i t  was  used  for  t he  m a j o r  p o r t i o n  
of th is  i nves t iga t ion .  

G r o w t h  t e m p e r a t u r e s  of 1200~ or  h i g h e r  h a v e  
been  w i d e l y  r e p o r t e d  in t he  pa s t  as n e c e s s a r y  for  
the  p r e p a r a t i o n  of good e l ec t r i ca l  q u a l i t y  films. 
F i g u r e  1 shows  t h e  f o r w a r d  and  r e v e r s e  c h a r a c -  
t e r i s t i c s  of a t y p i c a l  d iode  (1/4# b o r o n  diffused,  18 
mi l  d i a m e t e r )  in  one  of t he  l o w - t e m p e r a t u r e  f i lms 
of abou t  7~ th ickness .  The  c u r r e n t  j u s t  b e f o r e  b r e a k -  
d o w n  is a b o u t  10 -7 amp .  Diode  cha rac t e r i s t i c s  as 
s h o w n  in Fig.  1 a r e  q u i t e  a d e q u a t e  for  t he  e l ec t r i ca l  
m e a s u r e m e n t s  d e s c r i b e d  be low.  The  e s sen t i a l  po in t  
for  p r e p a r a t i o n  of good dev ice  m a t e r i a l  a t  th i s  
t e m p e r a t u r e  a p p e a r s  to be  s c rupu lous  a t t e n t i o n  to 
t he  s u b s t r a t e  and  s y s t e m  c leanness .  

The  m e a s u r e m e n t  m e t h o d  is based  on the  fac t  
t h a t  for  a j u n c t i o n  b e t w e e n  a h e a v i l y  d o p e d  and  a 

1 O x i d a t i o n  a t  1100~ fo r  30 m i n ,  d i f f u s i o n  a t  9OO~ fo r  70 min .  

Fig. 1. Diode characteristics for film grown at 1060~ Boron 
diffused 18 mil diameter dots, �88 depth; measured current just 
before breakdown about 10 -7 amp. 

~- Reverse Forward 
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more l ight ly  doped semiconductor,  the slope of 1 / C  ~ 
vs.  the appl ied  reverse  vol tage (V) is a s imple func-  
t ion of the  doping concentra t ion at the edge of the 
space-charge,  (N,)  (7).  The basic equations are  as 
follows 

d ( 1 / C ~ ) / d V  = 2/EqN~ [1] 

C = d Q / d V  = d s  [2] 

d ( 1 / C  ~ ) / d V  = - - 2 C  ~ ( d C / d V )  [3 ] 

A nomograph  based on these equations is shown in 
Fig. 2? The measurement  method is as follows. 
Capaci tance is measured  at a given voltage.  Then 
the capaci tance br idge dial  sett ing is changed by  a 
small  increment ,  roughly  1%. The appl ied  reverse  
vol tage is changed to rebalance  the capaci tance 
bridge.  This gives A C / A V  ( ~ d C / d V )  at the given 
values  of C and V. Af te r  sui table  correct ion for 
diode area,  the doping concentrat ion,  the depth  at 
which the measurement  is made, and the res is t iv i ty  
in ohm-cm (for n - t y p e  silicon) may  be de te rmined  
d i rec t ly  f rom the nomograph.  Thus, a doping pro-  
file in dep th  may  be de te rmined  by  mul t ipoin t  
measurements  on each diode. 

Exper imental  Results 

Figure  3 shows the po in t - to -po in t  measurements  
in depth  for six diodes on a typ ica l  ep i tax ia l  silicon 
film grown at 1220~ A 70-90 ohm-cm arsenic-  
doped pedes ta l  was used. The sa tura tor  contained 
purif ied silicon te t rach lor ide  (8) at -40~ The film 
thickness is measured  f rom the junction.  Ang le - l ap  
and staining indicate  tha t  the in terface  is app rox -  
imate ly  6.85/L below the junction. 

The main body of the curve approx imates  a 
s t ra ight  l ine which may  be ex t rapo la ted  to give an 
"effective" ini t ia l  doping concentrat ion at the  ap-  
pa ren t  interface,  which is labeled as N%. Near  the 
interface,  there  is also a diffusion tail.  In some in-  
stances, it has been possible near  the junct ion to see 
the compensat ion effect of the boron diffusion. 

T h i s  s p e c i f i c  m e a s u r e m e n t  m e t h o d  w a s  f i r s t  s u g g e s t e d  b y  M .  M .  
A t a U a  a n d  D .  K a h n g  w h o  c o n s t r u c t e d  t h e  n o m o g r a p h .  
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Fig. 3. Diode data for on epitaxial silicon doping profile. Sub- 
strate (As-doped) 0.004 ohm-cm; SiCh (purified) saturator at 
- -40~ pedestal (As-doped) 70-90 ohm-cm silicon; growth tem- 
perature 1220~ growth rote 2.5/~ min-~; interface estimoted ot 
6.85~ below junction. 

Since the doping is not uni form wi th  depth,  some 
of the spread  be tween  the  diodes may  be caused 
by film thickness var ia t ions  across the sample.  F igure  
4 shows the effect of mak ing  a l a t e ra l  ad jus tmen t  
in the points  f rom Fig. 3 to br ing  the diffusion tai ls  
to a common level.  The m a x i m u m  ad jus tmen t  re -  
qui red is about  0.5/~ which is wi th in  the  range  of 
normal ly  observed thickness var iat ions.  The resul t  
is to significantly reduce the da ta  spread wi thout  
changing the slope or the in tercept  by  any apprec i -  
able amount.  However ,  the  ad jus tment  introduces a 
degree of approx imat ion  in the film thickness co- 
ordinate.  In l ike manner ,  some of the ver t ica l  da ta  
spread  p robab ly  is re la ted  to var ia t ions  in diode 
area. Average  curves shown throughout  this  paper  
are based on the  unad jus ted  da ta  as shown in Fig. 3. 
F igure  5 shows a composite profile for three  films 
of different  thicknesses grown wi th  a doped sa tu ra -  
tor  under  otherwise ident ical  conditions. The points 
are mean values,  and the ver t ica l  l ines indicate  the 
m a x i m u m  spread in the measurements .  Five to six 
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Fig. 5. Composite curve for three films of different thicknesses 
grown with the same doped saturator. 
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Fig. 6. Point data for sample-] of Fig. 5 showing compensation 
effect near junction. 
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with aluminum alloy diodes; slope --0.45. 
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Fig. 9. Straight-line portions of doping profiles at several growth 
temperatures. Diffusion tails nat shown; suhstretes (As-doped) 0.004 
ohm-cm; purified SiCh; pedestal (As-doped) 70-90 ohm-cm silicon, 
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Fig. 10. Film growth temperature dependence of profile slopes 

diodes selected at random were measured on each 
sample. The three films were grown at 1180~ using 
a doped saturator. Figure 6 shows the detailed di- 
ode data for sample 1 and clearly illustrates the 
compensation effect near the junction. Figure 7 
shows the usual capacitance vs. reverse voltage plot 
for the boron diodes on sample 2. This is the same 
raw data as above, but is merely plotted differently. 
Figure 8 shows capacitance vs. reverse voltage data 
for a luminum alloy diodes (15 mil diameter dots) 
prepared on a portion of sample 2. Four diodes se- 
lected at random were measured. There is a reason- 
able resistivity check between the four plots in 
Fig. 5, 6, 7, and 8. 8 However, the advantage of the 
differential method for determining the detailed 
profile shape is clearly shown. On sample-2 the 
differential method indicates a profile shape that  
cannot readily be determined from the capacitance 
vs. reverse voltage plots. 

s O b t a i n e d  b y  t r e a t i n g  t h e  d a t a  o f  F i g .  7 a n d  8 a s  i f  t h e  s l o p e s  
w e r e  - -  0 . 5 .  

Figure 9 shows the variation in the slope of the 
straight line portion of the profiles as a function of 
the temperature  at which the film is grown (using 
purified SIC1,). There will, of course, be a diffusion 
tail (not shown here) near the interface for each 
of the profiles. The profiles extrapolated to the ap- 
parent  interface give an "effective" interface con- 
centration labelled as N*o. The profile at each growth 
temperature  is a composite for three to eight slices. 

There are several important  points in Fig. 9: (i) 
the semilog plots are straight over a rather wide 
thickness range;  (ii) flat profiles are approached 
only at the lower growth temperature;  and (iii) 
there appears to be a common intercept or pivotal 
point somewhere near the interface. These points 
will be considered in more detail in the Discussion 
section. The temperature  dependence of the profile 
slopes, r is shown in Fig. 10. 

Figure 11 shows the shift in N*o produced by a 
shift in substrate resistivity. However, the ratio of 
N*o to substrate resistivity is not constant. This point 



1058 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1962 

1015 I '% I 

1013 

FILM THICKNESS, MICRONS FROM SUEISTRATE 

Fig. 11. Effect of substrate resistivity on profiles. I, Substrate 
0.004 ohm-cm (2x]@~); II, substrate ] ohm-cm (5.5xl0ZS); III, sub- 
strate 15 ohm-era (3x1@% All substrates As-doped; growth tem- 
perature 1180~ with purified SiCh. 
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Fig. 12. Effect of gas-phase doping on profiles. I, Purified SiCI~, 
70-90 ohm-era pedestal; II, doped $iCI4, 2000-3000 ohm-cm pedes- 
tal. Substrates 0.004 ohm-cm; growth temperature 1150~ 

wil l  be considered fu r the r  in the Discussion section. 
The slopes remain  ident ical  wi th in  the sensi t iv i ty  
l imits  of the measurement  method. 

F igure  12 shows the effect of heavy  gas phase  
doping. In th ick films (10-14~) grown with  this  
doped sa tura tor ,  there  is an asympto te  of about  
2.5 x 10 TM which is approached  at  a dis tance of 10-11/~ 
f rom the substrate .  

M o d e l  
It  has been shown above tha t  the expe r imen ta l ly  

measured  doping level  in a given epi tax ia l  silicon 
film (grown by  the hydrogen  reduct ion of silicon 
te t rachlor ide  in a flow system) genera l ly  decreases 
as a function of dis tance into the film from the sub-  
strate.  This d is t r ibut ion  is dist inct  f rom and in add i -  
t ion to diffusion from the subs t ra te  into the film. In 
addit ion,  the doping level  in the film is affected both 
by the ambien t  gas-phase  doping level  and by  the 
subs t ra te  doping level. 

At  present ,  there  is insufficient da ta  for an ana l -  
ysis of the kinet ics  of the system. However,  there  is 
considerable  evidence tha t  dopant  is t r ans fe r red  
f rom the silicon pedesta l  and f rom the backside of 
the subs t ra te  slice to the growing film through the 
gas phase (2).  We propose here tha t  a s imilar  t r ans -  
fer f rom the upper  surface of the subs t ra te  (or  the 

film af ter  it has begun to grow) into the working  
gas phase is a ma jo r  factor  in de te rmin ing  the shape 
of the doping profile in the film. Since the mechanism 
is not  understood,  we mere ly  wr i t e  

(silicon, dopant)~a, ~ (silicon, dopant)sol,d 

Dis t r ibut ion expressions which appear  to agree in 
form wi th  the measured  profiles (n - type )  have been 
der ived  by t rea t ing  the film growth  as a d iscont inu-  
ous process in which the sequent ia l  steps are: 

1. Si l icon and dopant  are removed from the solid 
in the ra t io  in which they  are found at the solid sur -  
face, i.e., the step involves an "etch" phenomenon 
with  no p re fe ren t i a l  leaching of e i ther  silicon or 
dopant.  

2. The working  gas-phase  composit ion is modified 
by mixing  with  the incoming gas ambien t  which 
contains SIC1, and may  or may  not contain dopant.  

3. Silicon and dopant  are deposi ted in the rat io 
in which they are now present  in the modified w o r k -  
ing gas phase. These steps const i tute a complete 
cycle in which there  is a net increase in film th ick-  
ness. Thus, some dopant  f rom the subst ra te  (as well  
as tha t  suppl ied by the incoming gas ambien t )  is 
ava i lab le  for red is t r ibu t ion  in the film. 

The discontinuous model  is used here  on the 
grounds of ma themat ica l  convenience, reasonable  
agreement  wi th  the measured  profiles, and the ab-  
sence of adequate  kinet ic  da ta  at  present .  It is not 
in tended to imply  tha t  the ac tual  process is discon- 
tinuous. 

In developing the model, we ignore diffusion from 
the subs t ra te  into the  film or diffusion wi th in  the 
body of the film. These effects are  considered in a 
separa te  paper  (1).  

In the first step, ma te r i a l  is removed from the solid 
phase in the dopant - to -s i l i con  ratio. 

(dopant /s i l icon)~ = ( N / N  ~ [4] 

This ma te r i a l  mixes wi th  the incoming gas phase to 
give a work ing  gas concentrat ion near  the surface 

(dopant /s i l icon)~ = (N + b n ) / ( N  ~ + bn ~ [5] '  

On the deposi t ion ha l f  of the  cycle, the dopant  and 
silicon deposit  in the  rat io  shown in [5] wi th  a ne t  
increase in film thickness 

y = a x =  1 ,2 ,3  . . . . .  [6] 

The value of x for y = ax = 1 is analogous to the 
HETP (height  equivalent  to a theore t ica l  p la te)  in 
d is t i l la t ion and ext rac t ion  theory  and defines the 
incrementa l  thickness in microns equiva lent  to one 
theoret ica l  cycle. F rom the above considerat ions it 
follows tha t  

(N1/N ~ = (N~+bn)  / (N~ bn ~ [7] 

NI = N~(No + b n ) / ( N  ~ + bn ~ = ~ ( N ,  + bn) [8] 

where  
= N ~ 1 7 6  ~ 

T h e  d i m e n s i o n s  o f  lV a n d  N ~ a r e  a t o m s - c c - l ( s ) ,  a n d  o f  n a n d  n ~ 
are  a t o m s - c c - ~ ( g ) .  T h e r e f o r e  t h e  e x a c t  f o r m  o f  [5 ]  is 

( d o p a n t / s i l i c o n )  g = ( w N  + B n )  / ( w N  ~ + B n  ~ 
w h e r e  

w = d~lds a n d  b = B / w  
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N2 = a2No § a~bn § a b n  [g] 

N~ = No~ ~ § ~ b n ( 1  + a)  + . . . .  + ~-~ [10] 

Rewri t ing  the geometr ica l  progress ion in exact  
terms gives 

N ,  = Noc~" § [11] 
o r  

N ,  § N % ~ "  + , ~ b n ( 1 - - - ~ ~  [12] 

where  N*o is the effective No at the interface be-  
tween the film and the substrate .  

Equat ion [12] is the  general ized expression for 
the case where  dopant  is present  both in the sub-  
s t ra te  and in the  gas phase. The ambient  gas-phase  
doping may  or iginate  wi th  the silicon te t rachlor ide ,  
the sys tem contaminat ion,  the pedestal ,  or even 
from the backside of the subs t ra te  by  a t ransfe r  
mechanism discussed e lsewhere  (2).  

For  a pure  gas phase,  n = 0 and [12] reduces  to 

�9 / /  :) 

i . . . . . . . .  
. . . . . . . . .  

Fig. 13. Theoretical doping profiles derived from model discussed 
in text; diffusion effects not shown. I. Hypothetical profile for 
process with no etch-back; also determi,es the asymptote at a 
given doping level in the gas phase; II, profile for doped substrate 
and pure gas; III, profile for pure substrate and doped gas; IV, 
profiles for doped substrate and doped gas showing the approach 
to an asymptote. 

N ,  = N % ~ "  = N % e  -~" [13] 

since by definition, 0 < ~ < 1. Also for an intr insic  
subs t ra te  and doped gas, the expression reduces to 

N ,  = abn(1--a")/ (1--a) = 

[ a b n / ( l - - e )  ] ( 1--e -r [14] 

For  la rger  values  of x, (i .e. ,  th ick layers)  

N = a b n / ( 1 - - a )  = A, (an asymptote)  [15] 
x--> oo 

The var ious  der ived  equations are  summar ized  in 
Table I. The phys ica l  significance of these expres -  
sions is shown in Fig. 13 where  log N~ is p lot ted  
against  x. The several  curves are  discussed below. 

C u r v e  / . - - T h i s  is the asymptot ic  l imi t  for a sys-  
tem in which gas doping occurs, i.e. 

N .  = K n  = n ( N ~  ~ = A [16] 

This is obvious f rom the fact  tha t  the exponent ia l  
t e rm N*oe -~ becomes vanish ingly  small  for la rge  
x-va lues ,  whi le  the  summat ion  t e rm approaches a 
constant  value.  The absolute posit ion of the a symp-  
tote wi l l  depend on the gas-doping  concentrat ion,  n, 
as shown in Table  I. 

C u r v e  / / . - - T h i s  is the exponent ia l  profile for a 
doped subs t ra te  wi th  an intr insic  gas phase. The 

diffusion tai l  is not shown. The slope of this curve 
is given by ~b and wil l  be discussed later .  

C u r v e  I I I . - - T h i s  is the profile for a gas-doped  
system with  an intr insic  substrate.  N~ theore t ica l ly  
approaches zero at  the interface.  This profile wi l l  
approach the asymptot ic  l imi t  defined ear l ie r  for 
thick films. 

C u r v e  IV . - -Th i s  is the general ized profile for the 
case where  both the  subs t ra te  and the gas phase  are  
doped. As the gas doping contr ibut ion increases,  the 
asymptote  moves up. I t  is apparen t  tha t  the gas-  
phase doping contr ibut ion wil l  a l ter  the slope of the 
curve and also affect its s t ra ightness  on the semilog 
plots. 

There are only two constants  involved in these 
expressions.  They are  b, the gas-phase  mixing con- 
stant,  and a, the  constant  involved in the  HETP. If 
the gas-phase  concentra t ion is known accurately,  
then b may  be de te rmined  by an analysis  of the 
curves, and a may  then be calculated.  Unfor tunate ly ,  
the gas-phase  concentrat ions genera l ly  are not 
known with  sufficient accuracy and, in fact, are 
usual ly  ad jus ted  by  t r i a l - a n d - e r r o r  to give a spec- 
ified film resis t ivi ty.  Also, there  is the added dif -  
ficulty tha t  the des i red  gas-phase  concentrat ion is 
tha t  of the work ing  gas near  the  surface r a the r  than  
the ambient  suppl ied by the saturator .  The w o r k -  
ing gas may  contain miscel laneous contr ibut ions 

Table I. Doping profile equations for hypothetical epitaxial growth process 

C a s e  F o r  a n y  x - v a l u e  F o r  l a r g e  x - v a l u e s  

Substrate and gas dop- 
ing (general) 

Substrate doping only 

Gas doping only 

/1-- .o-\  
N. = + ) 

N .  = ,~bn(1 - -  ,~') / (1 --  a) -- [ ~ b n / ( 1  --,~)] (1 --  e -~) 

/ 1 \  

\ n ~  

N ,  = N*o~ a- = N*oe -~ 

\ n ~  
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from the system, the pedestal, and the slice back- 
side (2). 

Discussion 
Experimental ly  it is found that substrate dom- 

inated (i.e., purified gas phase) profiles appear to 
decrease exponentially with distance from the sub- 
strate. Also, it is found that, with sufficiently thick 
films, the profiles approach an asymptotic limit de- 
fined by the gas-phase doping level. For purified 
silicon tetrachloride, the asymptote is below about 
5 x 10~cc -1. As the gas-phase doping level is in- 
creased, the asymptote moves up, and the shape and 
slope of the profile are modified accordingly. These 
observations are consistent in form with predictions 
which derive from the counter-current  model. 

The model suggests that  the profile slopes should 
be temperature dependent. However, neither the 
quantitative dependence of the slopes nor the loca- 
tion of the interfacial intercepts may be predicted 
from the model. Experimental ly it is found that the 
slopes decrease with temperature and that the ex- 
ponential portion of the profile pivots about a point 
in the vicinity of the interface. A practical conse- 
quence is that  flattening the profile by decreasing the 
growth temperature also produces a lower film re- 
sistivity at a given thickness level. This effect is 
opposite to that which would be produced by a dif- 
fusion phenomenon. This problem may be offset 
somewhat by increasing the substrate resistivity and 
thus shifting the location of N*o. The ultimate lim- 
itation will be that of device specifications on sub- 
strate resistivity since a very  large shift in substrate 
resistivity is necessary to produce a factor-of- ten 
shift in N* o .  

We have found that for given experimental  con- 
ditions the mean film resistivity generally increases 
with film thickness. This observation also is con- 
sistent with the preceding points. 

The position of the gas-phase mixing constant b 
in the profile expressions indicates that  a higher 
dilution factor in the working gas volume should 
produce a more rapid approach to the asymptote 
and, consequently, a more nearly flat profile. If the 
working gas volume extends sufficiently far into the 
gas phase, this might be accomplished by higher gas 
velocity, etc. 

For the counter-current  model, as stated, the 
amount of substrate dopant involved in the initial 
e tch-back step is the total amount  available for 
redistribution throughout the film. Table II  shows 
the integration of the profiles in Fig. 9 from N*o to 
10 TM. For the lower growth temperatures this, of 
course, requires a considerable extrapolation of the 
profiles. The dimension of the third column is 

Table II. Computed etch back distance based on a substrate 
surface concentration of 2 x 10 TM 

- -  (1 - -  e-~=) E t c h  b a c k  
T e m p ,  ~  x a t  1 0 ~ ,  ~ ~b d i s t a n c e ,  A 

1060 66.5 1.16 • 10 ~6 5.77 
1105 20.7 2.48 • 10 TM 1.74 
1150 10.1 2.11 • 10 TM 1.05 
1180 9.5 2.08 • 10 ~ 1.04 
1220 7.9 2.01 • 10 ~ 1.01 

atoms-cc-l-micron. If we assume etch back into a 
substrate with a uniform doping level at 2 x 101~ 
then the required etch-back distance is about 1-6A. 
The calculations in Table II  are based on experi-  
mental  data f rom runs with purified SiCL, where the 
ambient gas-phase contribution to the integrated 
value is negligible. The etch-back concept has been 
discussed elsewhere (9, 10). 

A second point not explained by the model is the 
fact that  N*o is about N,,b X 10 -* for heavily doped 
substrates and about Ns,b x 10 -1 for lightly doped sub- 
strates. These two points indicate that  the nature 
of the process at the boundary  layer is not clearly 
understood and that  the counter-current  model 
should not be interpreted in a literal mechanistic 
sense. Infrared and electron microscope studies of 
surfaces of n - type  silicon (doped in the range of 
2 x 10 TM) show considerable changes in the surface 
properties of the starting substrate material  as a 
function of the heat t reatment  given the substrate 
prior to film deposition (11). Furthermore,  the nu-  
merical value of N*o has been found to be sensitive 
to the heat t reatment  conducted prior to film depo- 
sition. 

Equation [5] indicates the nature  of the dopant /  
silicon ratio in the working gas phase. It was as- 
sumed that, on the deposition half of a cycle, the 
deposit occurs in this ratio. If this is not true, then 
the effect will be to modify the value of the term a 
(and consequently 4) without changing the form of 
the equation. Earlier work by Theuerer (3) indi- 
cates that the assumption is reasonable for n - type  
doping (phosphorus),  but that  for p- type  doping 
(boron) a should be reduced by a factor of about 10. 

Summary 

An experimental method for determining doping 
distribution along the thickness coordinate in epi- 
taxial semiconductor films has been described. The 
doping concentration generally is found to decrease 
with distance from the substrate. A model has been 
described which leads to a distribution expression 
which is in reasonable agreement with the experi- 
mental  data. The model has obvious pragmatic value. 
However,  additional information will be necessary 
before the kinetics and mechanism of the film 
growth process are clearly understood. 
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SYMBOLS Q 

N atoms-cc -1 of dopant in the solid phase q 
N ~ atoms-cc -~ of silicon in the solid phase 
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"effective" dopant  concentrat ion at the interface, 
atoms-cc -I 
atoms-cc -I of dopant  in  the ambient  gas phase 
atoms-cc -~ of silicon in  the ambient  gas phase 
gas mixing  factor 
gas di lut ion factor 
d~/ d~ 
density of solid 
density of gas 
index number  of the theoretical cycle 
distance in microns from the substrate 
space charge thickness, or distance between the 
junct ion  and the edge of the space charge 
y / x  ~ a constant  
asymptotic l imit  of doping profile 
-~ abn(1/1 -- ~) : n (N~ ~ 
d (ln N)/dx ,  -1  
pfd/cm ~ 
volts 
coulombs/cm ~ 
electronic charge ----1.6 x 10 -1~ coulombs 
permit t iv i ty  of silicon ~ 1 pfd /cm 

Preparation of Epitaxial GaAs and GaP Films 
by Vapor Phase Reaction 

R. R. Moest and B. R. Shupp 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Single crystal films of GaAs and GaP have been grown from the vapor phase 
on several substrates in a closed system containing source mater ia l  and hydro-  
gen chloride. The GaAs and GaP source mater ial  reacts wi th  HC1 to form 
gall ium chlorides and elemental  arsenic or phosphorus. These are t ransported 
along a tempera ture  gradient  in the ampoule and deposited at the cooler end 
as GaAs or GaP, several hundred  degrees below their  mel t ing points. Epitaxial  
GaAs films have been grown on monocrystal l ine  Ge and GaAs substrates of 
various crystallographic orientat ions and GaP epitaxial  films on GaAs and GaP. 
The conductivi ty type of the films was controlled by appropriate doping of the 
source material .  The growth rates were de termined as a funct ion of tempera ture  
and int ia l  HC1 pressure. 

The successful  g rowth  of Si and  Ge ep i tax ia l  films 
has s t imu la t ed  cons iderab le  in t e re s t  in  methods  for 
g rowing  ep i tax ia l  films of I I I -V  compound  semi -  
conductors  f rom the  vapor  phase,  in  pa r t i cu l a r  of 
GaAs and  GaP.  A n  i n h e r e n t  p r o b l e m  to the g rowth  
of c o m p o u n d  semiconduc tors  is the  s to ich iomet ry  
of the  mate r ia l .  E x p e r i m e n t s  to grow some I I I - V  
compound  films by  s imu l t aneous  evapora t ion  of the  
cons t i tuen t s  f rom separa te  con ta ine rs  have  been  
repor ted  (1, 2). This  t echn ique ,  however ,  is for all  
p rac t ica l  purposes  l imi t ed  to cons t i tuen t s  w i th  a 
r e l a t i ve ly  h igh  vapor  p ressure  at modera t e  t e m p e r a -  
tu res  and  canno t  be r ead i ly  appl ied  to the  cont ro l led  
g rowth  of subs t an t i a l  GaAs and  GaP  films. A more  
p romis ing  me thod  appears  to be  the  vapor  g rowth  
of these  compounds  by  a chemical  react ion.  Deposi-  
t ion  f rom the  vapor  phase by  a chemica l  r eac t ion  was  
first r epor ted  by  An te l l  and  Effer (3) .  They  reac ted  
iodides and  chlor ides  of ga l l i um and  i n d i u m  wi th  
arsenic  or phosphorus  in  a sealed t u b e  at  e leva ted  
t e m p e r a t u r e s  and  g rew  smal l  c rys ta ls  of GaAs, GaP,  
InAs,  and  I n P  in  the  cooler end  of the  ampoules .  
The chemical  methods  for the  p r e p a r a t i o n  of I I I - V  
compounds  were  f u r t h e r  inves t iga ted  by  Effer a n d  
An te l l  (4) .  Lyons  and  Si lves t r i  (5) and  H a g e n -  

locher  (6) descr ibed the  g rowth  of GaAs films in  
a sealed t ube  us ing  iodine  as t r ans f e r  agent .  Ho lon -  
yak  (7) disclosed methods  for the  g rowth  of I I I - V  
compound  films w i th  ha logen  or me ta l  hal ides  as 
t r ans f e r  agents,  also in  a closed system.  A n o t h e r  
approach  to the g rowth  of I I I - V  compounds  f rom 
the  vapor  phase  is the  open  flow me thod  in  wh ich  
a s teady  flow of a su i tab le  ca r r i e r  gas w i th  a reac t -  
ing  agent ,  mos t ly  h y d r o g e n  halides,  reacts  w i th  
some source m a t e r i a l  at  h ighe r  t e m p e r a t u r e  and  
redeposi ts  the  compound  at  a cooler reg ion  of the  
reac t ion  tube.  React ions  of this  type  have  been  r e -  
por ted  b y  Effer and  A n t e l l  (4) ,  Wi l l i ams  a nd  R u e h r -  
we in  (8) ,  and  N e w m a n  and  Goldsmi th  (9) .  Frosch  
(10) r epor ted  the evapora t ion  of GaAs a nd  GaP  
at e leva ted  t e m p e r a t u r e s  in  a flow of h y d r o g e n  gas 
and  the  s u b s e q u e n t  redepos i t ion  of the  compound  
in  a cooler zone of the  system. 

This c o m m u n i c a t i o n  describes the ep i tax ia l  
g rowth  of GaAs or G a P  on an  appropr i a t e  subs t r a t e  
f rom the  vapor  phase  in  a sealed t ube  in i t i a l ly  con-  
t a i n i n g  HC1. These compounds  were  t r a n s f e r r e d  
f rom GaAs or G a P  sources and  deposi ted on a s u b -  
s t ra te  at  a s o m e w h a t  lower  t e m p e r a t u r e .  G a l l i u m  
arsen ide  or g e r m a n i u m  subs t ra tes  were  used for 
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GaAs growth  and GaP or GaAs subst ra tes  for GaP 
growth.  The effects of g rowth  ra te  on source and 
subs t ra te  t empera tu res  and in i t ia l  HCI pressure  
were  determined.  

E x p e r i m e n t a l  

Epi tax ia l  GaAs or GaP films were  grown in sealed 
quar tz  ampoules  wi th  an IX) of 9 m m  and 10 to 15 
cm long. One end of the ampoule  was f lat tened so 
tha t  its cross section was semicircular .  Af te r  add-  
ing the source and subs t ra te  the ampoule  was evacu-  
a ted to 10-' to r t ,  outgassed by  heat ing wi th  a torch, 
cooled, backfi l led wi th  HC1, and sealed off. The am-  
poule containing the subs t ra te  a t  the  f lat tened end 
of the tube  and the source at  the  opposite end was 
hea ted  in a furnace  shown schemat ica l ly  in Fig. 1. 
Growth  was res t r ic ted  to the subs t ra te  by in t roduc-  
ing a local  cold spot on the ampoule  d i rec t ly  be-  
nea th  the  subst ra te .  Ei ther  a me ta l  wi re  or s t r ip  
ex tending  f rom the subs t ra te  to outside the  fu r -  
nace is a sa t is factory  hea t  sink. A s i lver  wire  1 m m  
in d iamete r  wi th  a flat but ton  at  one end was gen-  
e ra l ly  used. Thermocouples  located beneath  the 
source and subs t ra te  were  used to measure  the i r  
t empera tures .  The quar tz  tube shown on the lef t  
side of Fig. 1 suppor ted  the  subs t ra te  thermocouple  
and cold sink. The furnace  was e i ther  a 12-in. cy l in-  
dr ica l  microcombust ion type  or a 10-in. h inged mi -  
crocombust ion type.  The l a t t e r  p roved  to be ve ry  
convenient  wi th  respect  to ease of loading in add i -  
t ion to its short  hea t -up  time. Typica l  t empe ra tu r e  
profiles are  indica ted  in Fig. 1. The dot ted  curves 
show schemat ica l ly  the  t empe ra tu r e  profile a long 
the bot tom of the a m p o u l e  benea th  the substrate .  
Fa i lu re  to make  this region the min imum t e m p e r -  
a tu re  of the  ampoule  resul ts  in spurious growth  
(genera l ly  whiskers)  on the wall.  

Af te r  g rowth  for a des i red  t ime the ampoule  was 
cooled local ly  wi th  wet  asbestos and then quenched 
in water .  Monocrys ta l l in i ty  and ep i t axy  of the  de-  
posi ted films were  demons t ra ted  by  Laue  back  r e -  
flection and electron diffract ion analyses.  

Growth of GaAs Films 
Epi tax ia l  GaAs films 1/~ to 2 mm thick have  

been grown on GaAs substrates .  These films were  
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temperature profiles. 
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Fig. 3. Deposition rates of GaAs as a function of source tempera- 
ture and HCI pressure. 

ei ther  n-  or p - type ,  depending on the conduct iv i ty  
type  of the source. They were  grown over the t em-  
pe ra tu re  range  550~176 Source t empera tu res  
var ied  f rom 600 ~ to 850~ Fi lms  were  grown at  
t empera tu res  20~176 below the source t e m p e r a -  
ture.  The ini t ia l  HC1 pressure  var ied  f rom 50 to 
240 torr.  With in  the above limits,  the  growth  ra tes  
of the films depended only on the source t e m p e r a -  
ture  and the in i t ia l  HC1 pressure.  As ment ioned 
earl ier ,  growth  was res t r ic ted  to the  subs t ra te  so 
tha t  the  growth  and t rans fe r  ra tes  are  identical .  In -  
dependence of the  ra te  on the subs t ra te  t e m p e r a t u r e  
is i l lus t ra ted  by  the da ta  in Table I. I t  r emained  
constant  wel l  wi th in  exper imenta l  e r ror  when  the 
subs t ra te  was 67~176 below the source t e m p e r a -  
ture,  700~176 and was independent  of the sub-  
s t ra te  size. 
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Table I. Growth rate for GaAs films on GaAs substrates at 
various substrate temperatures. Initial HCI pressure in 

ampoules, 240 torr 

Tempera tu r e s  in ~ C G r o w t h  ra te ,  
Exp. No. Source Subs t ra te  A Temp ,  ~ m g / m i n  

1 707 640 67 0.054 
2 700 623 77 0.045 
3 700 610 90 0.049 
4 700 600 100 0.048 
5 700 595 105 0.049 
6 700 584 116 0.048 
7 703 578 125 0.049 
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Substrate wafers of different crystallographic 
orientations were used to determine possible effects 
on the growth rate. No variation was found for dep- 

osition on {100}, {110}, {111}, or {111} planes. Spher-  
ical or polycrystalline substrates may show preferen-  
tial deposition on one plane. However,  the over-all  
transfer rate is independent of orientation within the 
experimental  conditions described above. 

The growth rate is independent of time for a given 
source temperature  and HC1 pressure except for an 
initial starting period of less than 15 rain required to 
establish s teady-state  conditions. These observa- 
tions are summarized in Fig. 2. 

Four different initial HC1 pressures were used. 
The effects on growth rate are shown in Fig. 3, 
where the log of the growth rate is plotted vs. the 
reciprocal of the source temperature  for the different 
initial HC1 pressures. The growth rate increases 
with increasing source temperature and decreasing 
HC1 pressures. Since the growth rates were found 
to be independent of substrate temperature,  the 
slopes of the curves in Fig. 3 may  be related to 
average activation energies for reactions at the 
source. These are 85 and 39 kcal for initial HC1 
pressures of 50 and 240 torr, respectively. These 
relatively high values indicate that  the process is 
not diffusion limited. A strong dependence of the 
activation energy on the initial HC1 pressure justifies 
an assumption that  competing reactions take place 
at the source. Upon cooling the ampoules condensa- 
tion of arsenic and gallium trichloride could be ob- 
served. Melting point determinations (77~176 
and chemical analyses indicated that  the condensed 
chloride was essentially gallium trichloride. Within 
the analytical limits of accuracy, approximately 
10%, there was no evidence of unreacted HC1. 

Smooth uniform films were obtained with thick- 
ness variations of less than 10% over 60-80% of 
the total substrate area. Figure 4 shows inter-  
ferometric microphotographs of a polished GaAs 
substrate and of a uniform epitaxial film approx-  
imately 2/~ thick. Over the viewing field of the sur- 
face, diameter 2.1 mm, the average thickness varia-  
tion was less than 0.27~, the wavelength of the 
thallium light used with the interferometer.  The 
substrate slices were generally flatlapped with Car-  
borundum 1800 and chemically polished on a rota t -  
ing Teflon plastic block in a solution of 70% sul- 
furic acid, 15% hydrogen peroxide, and 15% water  
to a mirrorlike finish (11). It  was observed that  
the smoothness and film uniformity depended mainly 

Fig. 4. Interferometric microphotographs of GaAs substrate (top) 
and film surface (bottom). Explanation in text. Magnification 34X. 

Fig. 5. Microphotographs of typical surfaces of epitaxial GaAs 
films. Magnification 100X. 

on the preparation and cleanliness of the original 
substrate surface, and not on the crystallographic 
substrate orientation. Microphotographs of typical  
films grown by this method are shown in Fig. 5. The 
film surfaces are essentially free of growth patterns. 

As mentioned earlier, the conductivity type and 
resistivity of the films were determined primari ly 
by the conductivity type and resistivity of the source 
material. Epitaxial p -n  junctions have been grown 
with this method. Figure 6 shows a section of a 
typical p -n  junction after angle lapping and staining. 
The sharpness of the junction is noteworthy.  Since 
the sample was beveled in a 10 ~ angle, the scale of 
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Fig. 6. Microphotograph of GaAs p-n junction. Magnification 100X 
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Fig. 8. Deposition rate of GaP as function of source temperature 
at constant HCI pressure. 

Fig. 7. Microphotograph of GaAs-Ge junction. Magnification 100X 

1 c m  on t h e  p h o t o m i c r o g r a p h  p l a n e  p e r p e n d i c u l a r  
to the  j u n c t i o n  c o r r e s p o n d s  to a t h i cknes s  d i f fe rence  
of 1.7~ of s u b s t r a t e  or  film. Thus  the  a p p a r e n t  w i d t h  
of t he  j u n c t i o n  is less  t h a n  0.1~. 

E p i t a x i a l  f i lms of G a A s  h a v e  also been  g r o w n  
on g e r m a n i u m  s u b s t r a t e  wafe r s .  The  t e m p e r a t u r e  
of t he  G a A s  source  m a t e r i a l  was  b e t w e e n  680 ~ 
and  780~ w h e r e a s  t he  Ge  s u b s t r a t e  t e m p e r a t u r e  
was  b e t w e e n  550~176 F i g u r e  7 shows  p a r t  of 
an  ang le  l a p p e d  h e t e r o j u n c t i o n  of a G a A s  f i lm 
g r o w n  e p i t a x i a l l y  on a Ge  subs t r a t e .  

Growth of G a P  Films 
E p i t a x i a l  G a P  fi lms w i t h  t h i cknesses  f rom 1~ to 

100m have  been  g r o w n  on G a A s  s u b s t r a t e  wafe r s .  
T h e  t e m p e r a t u r e s  in  t hese  e x p e r i m e n t s  v a r i e d  f r o m  
750 ~ to 900~ for  t he  G a P  source  m a t e r i a l .  T h e  
G a A s  s u b s t r a t e  w a f e r s  w e r e  g e n e r a l l y  100~176 
b e l o w  the  source  t e m p e r a t u r e .  W i t h i n  these  l imi t s  
t he  depos i t i on  r a t e  was  i n d e p e n d e n t  of t he  s u b s t r a t e  
t e m p e r a t u r e .  

G r o w t h  r a t e s  of G a P  w e r e  m e a s u r e d  as a func t ion  
of source  t e m p e r a t u r e  a t  an  i n i t i a l  HC1 p r e s s u r e  of 
240 to r r .  The  d e p e n d e n c e  on source  t e m p e r a t u r e  is 
s h o w n  in Fig.  8. F r o m  the  s lope  of t he  c u r v e  w e  
e s t i m a t e  t he  a v e r a g e  ac t i va t i on  e n e r g y  of t he  source  
r e a c t i o n ( s )  to  be  45 kca l .  This  c o m p a r e s  w i t h  39 
kca l  f o u n d  for  G a A s  u n d e r  s im i l a r  condi t ions .  

F i l m  smoo thness  a n d  u n i f o r m i t y  w e r e  a g a i n  
f o u n d  to d e p e n d  m a i n l y  on t h e  i n i t i a l  su r f ace  p r e p a -  
r a t i o n  a n d  c lean l iness  of t he  s u b s t r a t e  wafe r .  A 
sec t ion  of  a h e t e r o j u n c t i o n  w i t h  a G a P  fi lm on a 
G a A s  s u b s t r a t e  a f t e r  10 ~ ang le  l a p p i n g  and  s t a in ing  
is s h o w n  in Fig .  9. 

S u m m a r y  

A m e t h o d  is d e s c r i b e d  for  t he  g r o w t h  f r o m  the  
v a p o r  p h a s e  of e p i t a x i a l  f i lms of G a A s  a n d  G a P  on 
s e v e r a l  subs t r a t e s .  The  r e a c t i o n  p r o d u c t s  of  e i t he r  
G a A s  or  G a P  source  m a t e r i a l  a n d  HC1 cons t i t u t e  t h e  
v a p o r  phase .  G a l l i u m  a r s e n i d e  s u b s t r a t e s  w e r e  u sed  
for  bo th  G a A s  and  G a P  f i lm g r o w t h ;  Ge s u b s t r a t e s  

Fig. 9. Microphotograph of GaAs-Ge junction 

w e r e  also used  for  G a A s  g rowth .  Depos i t i on  f r o m  
the  v a p o r  phase s  was  in a l l  cases  r e s t r i c t e d  to t he  
s u b s t r a t e  l oca t ed  at  a co ld  spo t  in  t he  sys tem.  

The  g r o w t h  r a t e  of G a A s  was  d e p e n d e n t  on source  
t e m p e r a t u r e  a n d  in i t i a l  HC1 p r e s s u r e  and  i n d e -  
p e n d e n t  of t he  s u b s t r a t e  t e m p e r a t u r e  or  o r i en ta t ion .  
Source  a n d  s u b s t r a t e  t e m p e r a t u r e s  w e r e  in  t h e  
r a n g e s  600~176 a n d  550~176 r e spec t i ve ly .  
I n i t i a l  HC1 p r e s s u r e s  v a r i e d  f r o m  50 to 240 to r r .  The  
g r o w t h  r a t e s  w e r e  p r o p o r t i o n a l  to exp  (-~H/RT) 
w h e r e  T ~  is t he  source  t e m p e r a t u r e ,  R the  gas  
cons tan t ,  and  AH is i n t e r p r e t e d  to be  t he  a v e r a g e  
ac t i va t i on  e n e r g y  for  r eac t i ons  a t  t he  source.  The  
v a l u e  of hH was  39 and  85 kca l  for  i n i t i a l  HC1 p r e s -  
su res  of 240 and  50 to r r ,  r e spec t i ve ly .  The  s t rong  
d e p e n d e n c e  of AH on p r e s s u r e  is t a k e n  as ev idence  
for  c o m p e t i n g  source  reac t ions .  G r o w t h  r a t e s  for  
G a P  e x h i b i t e d  the  s a m e  g e n e r a l  d e p e n d e n c e s  as  for  
GaAs .  

The  p h y s i c a l  qua l i t i es ,  smoothness ,  and  u n i f o r m i t y  
of e p i t a x i a l  G a A s  and  G a P  fi lms w e r e  i n d e p e n d e n t  
of  s u b s t r a t e  o r i en t a t i on ,  b u t  d e p e n d e n t  on t h e  s u b -  
s t r a t e  su r f ace  p r e p a r a t i o n  p r i o r  to depos i t ion .  

A c k n o w l e d g m e n t  

The  a u t h o r s  wi sh  to exp re s s  t h e i r  t h a n k s  to J. M. 
W h e l a n  a n d  C. D. T h u r m o n d  for  h e l p f u l  adv i ce  and  
discuss ions .  

Manuscr ip t  rece ived  Apr i l  23, 1962; rev ised  m a n u -  
script  rece ived  J u l y  11, 1962. This paper  was p repa red  
for de l ive ry  before  the  Det ro i t  Meeting,  Oct. 1-5, 1961. 
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Any  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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The Diffusivity of Arsenic in Silicon 
W. J. Armstrong 

Components Division, International Business Machines Corporation, Poughkeepsie, New York  

ABSTRACT 

The diffusion coefficient of arsenic in sil icon has been  inves t iga ted  over  the 
t empera tu re  range  of l100~176 using the fo rmat ion  of p - n  junct ions  to 
de te rmine  diffusion depths  and concentrat ions.  Diffusion coefficients are  in good 
agreement  wi th  p rev ious ly  publ i shed  data, bu t  the diffusion equat ion 

--97,600 
D = 6 8 . 6 e x p \  ~ ] 

has a h igher  Do and act ivat ion energy.  Surface  concentrat ions  of arsenic 
were  in the 1017 to 10 TM range.  

The  use  of a r sen i c  as an  i m p u r i t y  for  m a k i n g  
d i f fused  s i l icon dev ices  has  r e c e i v e d  l i t t l e  a t t e n t i o n  
c o m p a r e d  to bo ron  and  phosphorus .  On ly  two  r e f -  
e rences  to th i s  d i f fusan t  a r e  k n o w n :  t he  w o r k  of 
F r o s c h  a n d  D e r r i c k  (1 ) ,  a n d  t h a t  of  F u l l e r  a n d  
D i t z e n b e r g e r  (2) .  The  f o r m e r  p a p e r  r e p o r t s  a sca t -  
t e r i n g  of open  t u b e  e x p e r i m e n t s  w i t h  no  a t t e m p t  
to ca l cu l a t e  a d i f fus ion cons tan t .  The  l a t t e r  p a p e r  
g ives  d a t a  o b t a i n e d  f rom e x p e r i m e n t s  c a r r i e d  out  
in  sea l ed  capsules .  The  p r e s e n t  w o r k  is conce rned  
w i t h  d i f fus ion of a r sen i c  f r o m  the  v a p o r  p h a s e  ove r  
t he  t e m p e r a t u r e  r a n g e  of 1100~176 in an  open  
t u b e  sys tem.  The  e x p e r i m e n t a l  r e su l t s  a r e  cons i s t en t  
w i t h  a d i f fus ion m o d e l  e x h i b i t i n g  a c o m p l i m e n t a r y  
e r r o r  func t ion  d i s t r i b u t i o n  of d i f fusan t  in t he  b u l k  
m a t e r i a l .  

Experimental Procedure 
T h r e e - q u a r t e r  inch  d i a m e t e r  s l ices w e r e  cut  

p a r a l l e l  to t he  (111 ) c r y s t a l l o g r a p h i c  d i r ec t i on  f r o m  
a p p r o x i m a t e l y  0.35 o h m - c m  b o r o n  d o p e d  si l icon.  
The  sl ices w e r e  l a p p e d  w i t h  12~ a lumina ,  t h e n  w i t h  
5~ a l u m i n a ,  c l e aned  u l t r a s o n i c a l l y  in  d i s t i l l ed  w a t e r ,  
and  po l i shed  to a m i r r o r  f inish on one s ide  w i t h  
0.3# a l u m i n a  p o w d e r  on Pe l l on  P a n - W  cloth.  F i n a l  
s a m p l e  t h i cknes s  was  a p p r o x i m a t e l y  7-9 mils .  A f t e r  
deg reas ing ,  c lean ing ,  a n d  e t ch ing  in  H F  ac id  t he  
r e s i s t i v i t y  of each  s l ice  was  m e a s u r e d  on the  l a p p e d  
s ide  us ing  a f o u r - p o i n t  p robe .  

The  a r sen i c  d i f fus ion was  c a r r i e d  ou t  in  a 13/4 in. 
ID Zi rco  t u b e  w h i c h  was  f i t ted  w i t h  g r o u n d  P y r e x  
t a p e r  j o in t s  c e m e n t e d  to each  end.  The  As=O, sou rce  
m a t e r i a l  was  p l aced  in a P y r e x  t u b e  w h i c h  was  i m -  
m e r s e d  in a cons t an t  t e m p e r a t u r e  b a t h  and  con-  
nec t ed  to the  Zi rco  t u b e  v i a  t he  g r o u n d  jo in t .  The  
P y r e x  t u b e  j o in ing  t h e  source  w i t h  t he  Zi rco  t u b e  

was  m a i n t a i n e d  a t  a r i s ing  t e m p e r a t u r e  g r a d i e n t  
f rom source  to s i l icon t h r o u g h  the  use  of a g lass -  
c ove re d  r e s i s t a n c e - h e a t e d  wi re .  A u t o m a t i c  c o n t r o l -  
l e r s  and  P t - P t  10% Rd t h e r m o c o u p l e s  m a i n t a i n e d  
the  SiC h e a t e d  s a m p l e  f u r n a c e  a t  +--3~ w h i l e  t h e  
cons t an t  t e m p e r a t u r e  b a t h  h e l d  t he  As~O~ a t  - -1~ 
A c a r r i e r  gas  of 99.4% n i t r o g e n - 0 . 6 %  o x y g e n  was  
d r i e d  to less t h a n  1.5 p p m  H~O, m i x e d  b y  vo lume ,  
and  passed  into  t he  d i f fus ion  t u b e  at  1.5 1/m. W a t e r  
v a p o r  con ten t  was  c o n t i n u o u s l y  s c a nne d  on a CEC 
Mode l  26-301 M o i s t u r e  Moni to r .  

Due  to t he  s low s u b l i m a t i o n  r a t e  of As~O3 i t  w a s  
n e c e s s a r y  to r e p l e n i s h  the  source  s u p p l y  on ly  once 
in th is  en t i r e  g r o u p  of e x p e r i m e n t s .  A c o n s t a n t  
source  a r e a  of abou t  1140 m m  ~ was  m a i n t a i n e d ,  and  
r e a g e n t  spec ia l  g r a d e  As~O3 was  used  as source  m a -  
te r ia l .  The  s i l icon sl ices w e r e  d i f fused  two  or  t h r e e  
at  a t i m e  on a flat  q u a r t z  s lab w h i c h  was  r e m o v e d  
f rom the  f u r n a c e  on ly  long enough  (5-10 sec)  to 
p l ace  t he  slices.  

A f t e r  r e m o v i n g  the  As~O3 g la s sy  l a y e r  in  concen -  
t r a t e d  H F  acid,  t he  d i f fused  sl ices w e r e  m e a s u r e d  
w i t h  a f o u r - p o i n t  p r o b e  to d e t e r m i n e  shee t  r e -  
s i s t iv i ty .  The  s a m p l e s  w e r e  t hen  b e v e l e d  on a 1 ~ 
b lock ,  s t a i ne d  w i t h  a HF,  H20~, H~O etch,  and  p h o -  
t o g r a p h e d .  I n t e r f e r e n c e  f r i nges  p r o d u c e d  w i t h  so -  
d i u m  l igh t  w e r e  used  to d e t e r m i n e  the  j u n c t i o n  d e p t h  
on the  samples .  S u r f a c e  c o n c e n t r a t i o n s  w e r e  ca l -  
c u l a t e d  us ing  cu rves  of I r v i n  (6 ) .  

Results and Discussion 
Junction depth as a funct ion of t ime . - -To  d e t e r -  

m i n e  if  t he  su r f ace  c o n c e n t r a t i o n  was  cons t an t  as  a 
func t ion  of t ime ,  d i f fus ion  r u n s  w e r e  m a d e  a t  1100 ~ 
1150 ~ 1200 ~ 1225 ~ 1240 ~ 1300 ~ a n d  1350~ fo r  
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Fig. 2. Surface configuration and vapor pressure as functions 
of arsenic trioxide source temperature. 

times ranging from 1 to 16 hr. A source temperature 
of 180 ~ was used for all experiments. Results are 
presented graphically in Fig. 1. The junction depth 
is proportional to the square root of time indicating 
that  the surface concentration is constant for the 
duration of the experiments. 

Sur face  concen tra t ion  as a f u n c t i o n  of source t e m -  
p e r a t u r e . - - S o l u t i o n  of the differential diffusion 
equation for these boundary  conditions of constant 
diffusant surface concentration and a semi-infinite 
solid give a complementary error function distribu- 
tion of diffusant. Under these conditions the meas- 
urement  of junction depth, sheet resistivity, and 
bulk doping level permits calculation of surface 
concentrations from the previously mentioned 
curves. The results of the experiments to determine 
the effect of source temperature  on arsenic surface 
concentration are shown in Fig. 2. All experi-  
ments were done at a silicon temperature  of 1300~ 
and carrier gas conditions were as described earlier. 
As expected, differences in silicon resistivity of 0.3- 
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Fig. 3. Diffusion constant as a function of reciprocal absolute 
tempernture. 

0.8 ohm-cm did not appear to affect the surface con- 
centration results. 

For arsenic surface concentrations greater than 
10% the natural  logari thm of the impuri ty  surface 
concentration is linear with the source temperature 
and has a slope of 0.050. A curve for the natural  
logarithm of As~O8 vapor pressure as a function of 
temperature is shown in the same figure. This curve 
is based on data f rom several authors given in the 
"Handbook of Physics and Chemistry" and extrapo-  
lated below 212~ This curve, which also approx- 
imates a straight line in the region of interest, has 
a slope of 0.049. Thus, the two curves are in excel- 
lent agreement over the 170~176 range, demon- 
strating the direct relationship between impuri ty 
surface concentration and vapor pressure. 

D e t e r m i n a t i o n  oJ d i f fus ion c o n s t a n t . - - T h e  diffu- 
sion equation solution for these boundary conditions 
may be writ ten 

C, = Co erfc 2~/D~ 

where Co is the surface concentration, C, the con- 
centration at a distance x from the surface, erfc 
the error function complement, t the time of dif- 
fusion, and D the diffusion constant. For each dif- 
fusion, C,, Co, x and t are known and D may be cal- 
culated. A plot of In D vs.  the reciprocal of absolute 
temperature  is shown in Fig. 3. The slope of this 
curve is the activation energy for arsenic diffusion 
in silicon and has been determined to be 97,600 cal/  
mole. Do has been calculated as 68.6 cm'/sec;  the 
diffusion equation for arsenic in silicon is then 

D = 68.6 exp ( -97 '600  ) 
R T  

The paper of Fuller and Ditzenberger gives a value 

of: D = O . 3 2 e x p ( - - 8 2 , O 0 0  ) 
R T  
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for diffusion in  sealed capsules.  Not  enough  da ta  are  
g iven  in  the  paper  of Frosch  and  Der r i ck  to p e r m i t  
ca lcu la t ion  of the ac t iva t ion  ene rgy ;  however ,  the  
dif fusivi ty  da ta  agree m u c h  be t t e r  w i t h  this  i nves t i -  
ga t ion  t h a n  wi th  the  w o r k  of F u l l e r  as can  be seen 
f rom Fig. 4. 

The reason  for the  d i sc repancy  in  the  va lues  of AH 
and  Do b e t w e e n  this  i nves t iga t ion  and  tha t  of F u l l e r  
is not  r ead i ly  apparen t .  I t  is ev iden t  f rom the i r  data ,  
however ,  t ha t  some i r r e g u l a r i t y  w i th  r ega rd  to a r -  
senic diffusion is present .  F u l l e r  and  Di t zenbe rge r ' s  
classic inves t iga t ion  covers the  e l ements  boron,  
phosphorus ,  a l u m i n u m ,  ga l l ium,  ind ium,  t e l l u r i um,  
a n t i m o n y ,  and  b i s m u t h  as we l l  as arsenic .  Al l  d i f -  
fusions were  done in  sealed capsules  whe r e  the  
source m a t e r i a l  is m a i n t a i n e d  at the  same t e m p e r a -  
t u r e  as the  silicon. Thus ,  one w o u l d  expect  the  s u r -  
face concen t r a t i on  in  each case to be n e a r  the  solid 
so lub i l i ty  of the  i m p u r i t y  in  s i l icon at the  t e m p e r a -  
t u r e  of diffusion. Tab le  I gives a compar i son  of the  
surface  concen t ra t ions  ob ta ined  b y  F u l l e r  and  the  
solid solubi l i t ies  as g iven  b y  T r u m b o r e  (3) .  

Of the  seven  e l emen t s  for wh ich  da ta  are  ava i l -  
able, the re  is gross d i sc repancy  for  two, a l u m i n u m  
and  arsenic.  Resul t s  f rom the  i nves t iga t ion  descr ibed  
he re in  have  shown  tha t  h igher  a rsenic  sur face  con-  
cen t ra t ions  are  ob t a inab l e  t h a n  those r epor t ed  by  
Fu l le r .  These  facts could ind ica te  some a n o m a l y  
which  wou ld  effect the  va lue  of D as r epor t ed  in  the  
ear l ie r  inves t iga t ion .  

Table I. Comporison of surface concentration and solid solubility 
data for various elements in silicon 

Solid solubi l i ty  Co (Ful ler  et  al.) 
E lement  T e m p e r a t u r e  (Trumbore )  em 4 e m ~  

A1 1300 1.7 X 10 ~" 5 X 101~ 
1085 2 X 1019 3 X 101~ 

Ga 1320 3.5 X 101' 6.7 X 10 ~~ 
1105 3.5 X 101' 5.8 X 10" 

As 1380 10 ~~ 4.5 X 10 ~ 
1200 1.5 • I0 ~ 5.8 • I0 ~' 

Sb 1200 3 X 10 ~ 5.7 X 10 ~ 
1095 5 X 10 ~ 1.4 • lO TM 

Bi 1305 8 X 1017 5.4 X 1017 
1220 5 X 1017 1.0 • I0 ~7 

B 1275 5.5 X 10 ~ 1.0 • 102l 
1122 4.5 X 10 ~ 1.0 X 10 "~ 

P 1235 1.4 X 10 ~ 6.0 • 10 ~0 
1030 1.2 X 10 ~ 3.0 X 10 ~ 

A good es t imate  of the  ac t iva t ion  e n e r g y  for a r -  
senic diffusion can  be ob t a ined  t h r o u g h  a m e t h o d  
suggested  by  Nowick  (4) .  This  es t imate  ut i l izes  the  
va lue  of Do for se l f -d i f fus ion  wh ich  can  be es t ima ted  
f rom e n t r o p y  da ta  (5) .  A n  es t ima te  of this  type  has  
b e e n  made  for si l icon b y  F u l l e r  who repor t s  a va lue  
of 0.8 cmVsec. I t  should  be bo r ne  in  m i n d  tha t  this  
is p r o b a b l y  a m i n i m u m  Do a nd  the  i n t r o d u c t i o n  of 
fore ign  a toms wi l l  r esu l t  in  a change  in  its va lue .  
Us ing  0.8 cmVsec for  Do and  the  e x p e r i m e n t a l  va lue  
of D at the  h ighes t  t e m p e r a t u r e  of diffusion to m i n -  
imize effects of i n t e r n a l  surfaces,  AH can  be ca lcu-  
la ted  f rom 

g iv ing  a resu l t  of AH = 85 kcal.  Since this  should  be  
a m i n i m u m  value ,  the  a g r e e m e n t  w i t h  this  i nves t i -  
ga t ion  is good. 
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Growth of Silicon Bicrystals 
by the Dash Pedestal-Method 

R. Gereth 

Shockley Transistor, Unit of Clevite Transistor, Palo Alto, California 

ABSTRACT 

Silicon bicrystals are grown in an inert atmosphere avoiding quartz cru- 
cibles. The oxygen content of the bicrystals is below the ]imit of detection with 
the 9~ absorption line. The Dash pedestal method is modified, and the bicrystals 
are pulled from the melt by means of a "bi-seed" which contains a small angle 
grain boundary. A float zone scanner is converted into a crystal grower. A "drill  
press"-etching apparatus facilitates the etching of the seed crystals to a needle- 
like shape with the grain boundary in the center of the 0.1 mm diameter of 
the tip. 

Smal l  angle gra in  boundar ies  consist of a regu la r  
a r r a y  of edge dislocations (1-3) .  Bicrys ta ls  wi th  
such boundar ies  are an excel lent  tool to invest igate  
dislocations. F rom the resul t  of gra in  bounda ry  ex-  
per iments  one can d raw conclusions about  the be-  
havior  of isolated dislocations. 

Silicon bicrys ta ls  have been s tudied in the past  
(4-8) .  Enhanced diffusion along smal l  angle gra in  
boundar ies  in silicon has been found in this l abo ra -  
to ry  (5).  Phonon drag  measurements  in silicon 
gra in  boundary  specimens have been carr ied  out 
by Hubner  and Shockley (6),  and l ight  emission at  
high vol tage from a gra in  boundary  junct ion has 
been observed by Goetzberger  and Stephens (7).  
Al l  these exper iments  were  made with  oxygen- r ich  
bicrys ta ls  grown from a quar tz  crucible by  the 
Czrochralski  method (9).  I t  is, however,  not well  
known what  role oxygen plays  in the behavior  of 
silicon crystals  together  wi th  dislocations. Hooper  
and Queisser (8) recen t ly  found a s trong influence 
of hea t  t r ea tmen t  on the photoresponse of Si b ic rys -  
tals. They assumed tha t  oxygen pa r t i cu la r ly  ac- 
counts for these effects. For  fu r the r  studies it is, 
therefore,  des i rable  to have both oxygen- r i ch  and 
oxygen- f ree  silicon gra in  bounda ry  crystals  ava i l -  
able. Al l  b icrys ta ls  obta ined by the s tandard  cru-  
cible procedure  are  contamina ted  with  oxygen. This 
paper  describes a method and an appara tus  for 
growing oxygen- f ree  silicon bicrystals .  

Method of Growing Dash Bicrystals 
Dash (10-12) describes a method of growing s i l -  

icon monocrysta ls  free of dislocations and oxygen. 
This procedure  does not employ the quartz  (SiO.~) 
crucible necessary with  the we l l - known  Czochralski  
method (9).  The use of quar tz  crucibles gives rise 
to high oxygen content  in the pul led  crystals .  With  
the Dash method,  the crys ta l  is pul led  f rom the mol -  
ten top of a silicon rod, commonly cal led the "ped-  
estal ." A seed consisting of ma te r i a l  of low dis loca-  
t ion densi ty  is used. I t  is t apered  at the t ip to a 
d iamete r  of app rox ima te ly  O.1 mm. The crys ta l  is 
pul led  in an iner t  argon a tmosphere  to avoid con- 
tamina t ion  and oxidation.  

For  these exper iments ,  a Dash c rys ta l -g rowing  
appara tus  was constructed.  Af te r  many  perfect  sil-  
icon monocrysta ls  had been grown, the equipment  
was used to grow grain  boundary  crysta ls  wi th  low 
oxygen content. Silicon mate r i a l  containing gra in  
boundar ies  was chosen for the  seeds, ins tead of the 
d is locat ion-f ree  bars  employed in the convent ional  
Dash method. 

Crystal grower.--A Lindberg  float zone scanner  
(Model LA-VSE-24  ZR) was conver ted  into a c rys-  
tal  grower.  The basic a r r angemen t  is shown in Fig. 1. 

The quartz  tube, L, contains the main components 
of the crysta l  grower.  The tube (35 mm OD) is 

ARGON GAS 
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Fig. 1. Schematic drawing of the Dash crystal grower 
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al igned inside the hea t ing  coil, N, and shading coils, 
M, of the Lindberg  RF genera tor  (Model LI -10-C-1 ,  
4MC, 10 KW).  During growth,  argon gas containing 
less than  0.1 ppm of oxygen flows through the quar tz  
tube. 

The pedestal ,  F, is connected to the quartz  chuck, 
H, (15 mm diameter ,  100 m m  length) .  A slot ted steel 
tube, J, wi th  center ing screws supports  the quartz  
rod. The top of the rod is cut to a step shape to fit 
a corresponding step on the pedes ta l  mater ia l .  The 
par ts  are connected by  t an t a lum wires. One of these 
wires, G, establishes the coupling of the RF field 
before the silicon pedes ta l  is heated.  The quartz  
chuck, H, insulates the hot par ts  of the grower.  I t  
also helps to reduce contaminat ion  of the pedestal ,  
and improves  the ease of al igning the whole as- 
sembly.  The suppor t ing  shaft,  K, is mechanica l ly  
connected to a motor  unit.  Thus the opera tor  is able 
to ro ta te  and move all  parts ,  F -K ,  according to any 
desired program.  

A smal l  quar tz  tube, B, is used as a "seed holder ."  
I t  is connected to the e levator  shaft  A. The crystal ,  
D, is pul led  from the melt,  E, by moving the seed, 
C, upward.  At  the same t ime it rota tes  wi th  a con- 
s tant  speed of 6 rpm. The solid l iquid interface is 
kept  a t  a constant  level  by  feeding the pedesta l  up -  
ward  to compensate  for the removed  mater ia l .  

Preparation of silicon starting material.--Czo- 
chra l sk i -g rown  crystals  (25-500 ohm-cm, n - t y p e  
and 7-15 ohm-cm, p - t ype )  wi th  a d iameter  of about  
18 mm were  used as pedes ta l  mater ia ls .  The top por -  
tions of all  these rods were  tapered  to a cone with  
a SiC-abras ive ,  while the lower  par t s  were  cut to fit 
the quartz  chuck. Subsequent ly ,  the pedesta l  was 
etched in a solution consisting of 1 par t  HF (49%) 
and 3 par t s  of HNO~ (70%).  

The seed was p repared  in the fol lowing way:  A bi-  
crysta l  containing a 10.5 ~ gra in  boundary  was grown 
by the Czochralski  method using two seeds dis-  
or iented wi th  respect  to each other [as descr ibed by 
Matar6 and Wegener  (13)] .  F rom this crys ta l  a 
rec tangula r  piece, containing the gra in  boundary  
(14) was cut (2 x 2 x 60 ram).  I t  was lapped by  hand 

A 

G 
B ~ F  

E 

D 

0 15 
t 1 i 1 

S C A L E  - -  c m  

Fig. 3. Etching apparatus 

Fig. 2. Etched bi-seed containing a 10.5 ~ grain boundary (diam- 
eter of the tip is about 0.1 mm). 
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Fig. 4. Oxygen free, 10.5 ~ grain boundary crystal with [100] 
pull axis. 

unt i l  the grain boundary  was equidis tant  f rom both 
sides para l l e l  to the  gra in  bounda ry  plane.  This "bi-  
seed" was etched to a needle l ike  shape (see Fig. 2) 
wi th  the gra in  bounda ry  stil l  r emain ing  in the center  
of the tip. The b i - seed  must  have a small  d iameter  
( approx ima te ly  0.1 ram) at  the t ip in order  to avoid 
freezing of the mol ten  silicon on top of the pedes ta l  
when the seed is lowered  into the melt.  

An appara tus  for faci l i ta t ing the etching of the 
seed crystals  was constructed (see Fig. 3). The etch-  
ing appara tus  moves the  seed ver t ica l ly ,  whi le  si-  
mul taneous ly  ro ta t ing it at  10 rpm. This way,  seed 
crystals  can be etched very  accura te ly  to the desired 
concentric geometry.  The etching appara tus  is s imi-  
lar  to a dr i l l  press. The suppor t ing  block, A, can be 
tu rned  about  the column, B, so tha t  the seed, E, may  
be a l t e rna t ive ly  dipped into the etching solution, C, 
[1 par t  HF (49%) ,  3 par t s  HNO~ ( 7 0 % ) ]  or cooling 
water ,  D. The seed is connected to the synchronous 
motor  G, by  means  of the  Teflon chuck, F. 

Exper imenta l  Results 

Figure  4 is a photograph  of a Dash gra in  boundary  
crystal .  The 10.5 ~ gra in  bounda ry  is seen on the 
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c r y s t a l  su r f ace  as a fine, s h a r p  l ine  w h i c h  is no t  c o m -  
p l e t e l y  p a r a l l e l  to t he  g r o w t h  l ines.  This  is caused  
b y  i n a c c u r a t e  o r i e n t a t i o n  of the  g r a i n  b o u n d a r y  
w i t h  r e s p e c t  to the  b i - s e e d .  The  c r y s t a l  is 147 m m  
long a n d  has  a n e a r l y  cons t an t  d i a m e t e r  of 9 m m  
over  a l e n g t h  of a p p r o x i m a t e l y  80 ram. I t  was  g r o w n  
w i t h  a s t a r t i n g  pu l l  r a t e  of 4 m m / m i n  and  a f inal  
pu l l  r a t e  of 1.4 m m / m i n .  The  o u t p u t  e n e r g y  of t h e  
R F  g e n e r a t o r  was  m a n u a l l y  con t ro l l ed  to ach ieve  
o p t i m u m  g r o w i n g  condi t ions ,  and  the  t e m p e r a t u r e  of 
the  m o l t e n  Si  was  d e t e r m i n e d  us ing  an  op t i ca l  p y -  
rome te r .  

E a r l i e r  i n f r a r e d  t r a n s m i s s i o n  m e a s u r e m e n t s  h a d  
i n d i c a t e d  t h a t  Dash  c rys t a l s  g r o w n  f r o m  unre f ined  
n o r m a l  Czoch ra l sk i  c r y s t a l s  or  f r o m  float zone r e -  
f ined s i l icon ba r s  s h o w e d  the  s ame  a b s o r p t i o n  p e a k  
he igh t  a t  9t~. The  a b s o r p t i o n  coefficient  of a l l  t hese  
s l ices was  c a l c u l a t e d  to be  in  t he  o r d e r  of 0.8 cm -1. 
This  v a l u e  is k n o w n  to be  t he  b a c k g r o u n d  a b s o r p t i o n  
of s i l icon i t se l f  (15) .  A l l  m e a s u r e m e n t s  w e r e  c a r r i e d  
out  w i t h  a B e c k m a n  s p e c t r o p h o t o m e t e r  (Mode l  IR4) .  
S ince  th i s  i n s t r u m e n t  has  a d o u b l e - b e a m  a r r a n g e -  
ment ,  t he  t es t  s l ices cu t  f rom c rys t a l s  g r o w n  b y  the  
D a s h - m e t h o d  could  be  d i r e c t l y  c o m p a r e d  w i t h  
e q u i v a l e n t  f loat  zone m a t e r i a l  p l a c e d  in  the  r e f e r e n c e  
pa th .  A sl ice  t a k e n  f r o m  the  b i c r y s t a l  s h o w n  in Fig .  
4 was  checked  in th is  m a n n e r .  No o x y g e n  con ten t  
could  be  d e t e c t e d  b y  the  9~ a b s o r p t i o n  l ine.  
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The Effect of Hydrogen Reduction on the 
Morphology of Copper Oxide Whiskers 

William R. Lasko and Warren K. Tice 
Research Laboratories, United Aircraft Corporation, East Hartford, Connecticut 

ABSTRACT 

A series of closely control led  exper iments  was conducted to de te rmine  the 
effect of hydrogen  reduct ion  on the morphology  of oxide whiskers  fo rmed  on 
unannea led  and p reannea led  copper.  In i t ia l  reduct ion  occurred along r andom 
sites at  the  whi ske r  surface. No p re fe ren t i a l  reduct ion  at the  whi ske r  t ip was 
observed.  Dur ing  the reduct ion  cycle, the whiskers  col lapsed to form smal l  
i r r egu l a r l y  shaped h igh-opac i ty  nodes. Some differences were  observed in the 
ra te  and manner  in which the whiskers  reduced  on the unannea led  and p re -  
annea led  samples which were  a t t r ibu ted  to ini t ia l  var ia t ions  in size and shape 
of the  whiskers.  Selected area  diffract ion analyses  of the  reduced  products  
revea led  tha t  the  whiskers  changed f rom CuO to Cu~O and then to Cu. Cu~O 
appeared  to form ad jacent  to the  meta l  surface. 

Repl ica  examinat ions  of the  ox id ized- reduced  surfaces when  compared  wi th  
replicas of the or iginal  surface revea led  considerable  surface r e a r r a nge me n t  
wi th  the fo rmat ion  of subgra in - type  s t ructure .  The size of the subgrains  fo rmed  
on the p reannea led  sample  appea red  to be smal ler  than  that  obta ined  on the 
unannea led  sample.  In  most  cases, the  reduced  oxide wh i ske r  g rowth  products  
appeared  to emanate  f rom subgra in  bounda ry  intersect ions ra the r  than  f rom 
subboundary  inter iors .  

U n u s u a l  g r o w t h  p r o d u c t s  r e s e m b l i n g  need les ,  
b lades ,  s e r r a t e d  b lades ,  etc.,  h a v e  been  o b s e r v e d  b y  
m a n y  w o r k e r s  in t he  o x i d a t i o n  of m e t a l s  ( 1 - 3 ) .  I n  
mos t  cases  t he  g r o w t h s  h a v e  been  iden t i f i ed  b y  x - r a y  

a n d  e l ec t ron  d i f f r ac t ion  t e c h n i q u e s  to  be  ox ides  of 
the  base  meta l .  The  w h i s k e r  shape ,  in some  ins tances ,  
has  been  r e l a t e d  to t he  p r e t r e a t m e n t  g i v e n  the  m e t a l  
(4)  and  the  e n v i r o n m e n t  (5) .  The  exac t  m e c h a n i s m  
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by which this growth  occurs is s t i l l  quite obscure. 
Some invest igators  have pos tu la ted  growth f rom the 
base (6) whi le  others have  indica ted  tha t  g rowth  
occurs f rom the t ip (7) .  To date, not too much work  
has been done on the effect of a reducing a tmosphere  
on whisker  morphology,  pa r t i cu l a r ly  to de te rmine  
how and where  the reduct ion process is in i t ia ted  on 
the whisker  surface. A common assumption,  a l -  
though in f requen t ly  suppor ted  by  exper imen ta l  evi-  
dence, is t ha t  react ion occurs at  dislocation sites. Un-  
quest ionably,  whiskers  grow by  many  different  
mechanisms and may  even grow at both ends at  
once. 

Since copper oxide is r ead i ly  reduced by hydrogen  
at  r e l a t ive ly  low tempera tures ,  a sys temat ic  series of 
exper iments  was conducted to de te rmine  the effect 
of hydrogen  on the morphology  of the oxide growth  
products.  Pa r t i cu la r  emphasis  in this s tudy was di-  
rected toward  de te rmin ing  the site or sites of in i -  
t ia l  reduction.  In addit ion,  an a t t empt  was made to 
detect  differences in reac t iv i ty  be tween  the whiskers  
formed on the co ld- ro l led  and p reannea led  samples,  
since previous  studies (8) have  indicated tha t  
whiskers  formed on cold- ro l led  copper are somewhat  
different  in size and shape f rom whiskers  grown on 
p reannea led  copper. Electron t ransmission rep l ica-  
t ion and diffraction techniques were  employed to 
eva lua te  the  various react ion products  cri t ically.  

Experimental Procedure 
The copper oxide whiskers  used in the reduct ion 

exper iments  were  grown by a technique prev ious ly  
descr ibed (4).  Briefly, h i g h - p u r i t y  (99.999%) cold- 
rol led and p reannea led  slot ted copper disks (0.3 cm 
d iamete r )  were  oxidized in air. The disks were  held 
in porcelain boats at a t empera tu re  of 400~ for 1 hr  
and whiskers  were  formed in the  area  of the slot. 
The annealed  specimens were  p repa red  by  heat  
t rea t ing  the cleaned, s lot ted disks at 450~ for 4 hr. 
In order  to insure tha t  the copper disks were  not 
oxidized dur ing  the anneal ing step, s t andard  p re -  
cautions such as flowing argon gas over  the disks 
pr ior  to reaching the anneal ing  t empe ra tu r e  and 
main ta in ing  the gas flow while  the specimens were  
being cooled to room t empera tu r e  were  exercised. 

Chemical  reduct ion of the oxide growths was con- 
ducted in a special ly  designed tubu la r  furnace.  The 
whiske r -coa ted  disks were  held in porcela in  boats  
and reduced by  flowing d ry  h i g h - p u r i t y  (99.995%) 
hydrogen over the boats at  a ra te  of ---0.98 l / ra in .  
The hydrogen  was dr ied by  flowing the gas through 
a dry ing  column containing ind ica t ing - type  Drier i te .  
The react ion t ime was var ied  f rom 1 min to 2 hr  
while  the react ion t empe ra tu r e  was main ta ined  at 
200 ~ • 2~ Examinat ions  were  made of var ious  
specimens at  var ious  phases of reduction,  but  only 
micrographs  necessary for c la r i ty  are i l lus t ra ted  in 
this paper .  

Electron opt ical  s tudies were  per formed  to detect  
the react ion products  in the area  of the slot as wel l  
as the top surface of the disk as shown in Fig. 1 for 
both the unannea led  and p reannea led  samples. Trans -  
mission techniques were  employed p r i m a r i l y  to de-  
tect the effect of hydrogen  reduct ion on whisker  
morphology dur ing  reduct ion and, in par t icu lar ,  to 
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Fig. 1. V-slot copper specimen. (Not to scale) 

de te rmine  the site or sites of in i t ia l  reaction.  Nega-  
t ives were  taken  at  electronic magnifications of 
3000X. Pr in ts  were  made by  optical  en la rgement  to 
5000X and 25,000X. 

Replicas were  made of the unannea led  and p re -  
annea led  disk surfaces p r io r  to oxidat ion and af ter  
reduct ion of the oxidized surface using the direct  
ca rbon-chromium,  pos t -shadowed,  and preshadowed 
repl ica  techniques.  High-pur i ty ,  r e a ge n t - g r a de  ni t r ic  
acid was employed as the  solvent for copper. Both 
negat ive  and posi t ive repl icas  of the ox id ized- re -  
duced surfaces were  prepared .  All  repl ica  micro-  
graphs were  processed to the negat ive  pr in t  stage in 
an a t t empt  to s impl i fy  the in te rp re ta t ion  of the  
various surface features.  

Selected area  diffraction analyses were  conducted 
at  var ious  stages of the reduct ion cycle to ascer ta in  
the s t ruc ture  of the  reduct ion products .  In order  to 
improve  the accuracy of de te rmining  the lat t ice con- 
stants of the reduced products  ut i l iz ing the selected 
area  diffraction a t tachment ,  a method was devised 
for  incorpora t ing  an in te rna l  s tandard.  A small  hole 
was punched in the area  of the slot as shown in 
Fig. 1. Af te r  the  disks were  oxidized and reduced,  
Mg r ibbon was igni ted and the MgO smoke was 
collected along the sides of the holes. An appropr ia te  
mask was employed to res t r ic t  the deposi t ion of the 
smoke to the region of the  hole only. Selected area  
diffraction pa t te rns  were  taken  of the reduced p rod -  
ucts formed in the area  of the slot. Without  changing 
any of the ins t rumenta l  dial  set t ings ( in te rmedia te  
current ,  high voltage,  object ive current ,  etc.) ,  the  
specimen stage was moved into the MgO-coated  area  
and the diffraction pa t t e rn  was photographed  in an 
ident ical  manner .  The lat t ice constants  of the  oxi-  
d ized- reduced  products  were  then de te rmined  in 
terms of the ins t rumenta l  correct ion factor  es tab-  
l ished f rom the MgO s tandard  as was prev ious ly  de-  
scr ibed in ref  (9).  

Results and Discussion 

Three methods ( t ransmission,  repl icat ion,  and 
selected area  diffraction) were  used to evalua te  the 
effect of hydrogen  on the morphology of the oxide 
whiskers  formed on unannea led  and p reannea led  
copper. Par t i cu la r ly ,  it  was of in teres t  to de te rmine  by  
high magnif icat ion microscopy the site or sites of in i -  
t ia l  reduct ion  on the oxide whiskers .  In addit ion,  an 
a t t empt  was made  through the appl icat ion of r ep -  
l ication techniques to de te rmine  the whisker  growth  
site as wel l  as to de te rmine  differences in surface 
r ea r r angemen t  produced by  the ox ida t ion- reduc t ion  
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Fig. 4. Copper oxide whiskers reduced in hydrogen for 1 min at 
200~ (a) unannealed; (h) preannealed. Magnification 25,000X. 

Fig. 2. Copper oxide whiskers grown in dry air for 1�89 hr at 
400~ (a) unannealed; (b) preannealed. Magnification 5000X. 

t r e a t m e n t  on copper  s a m p l e s  w h i c h  w e r e  u n a n n e a l e d  
and  p r e a n n e a l e d .  

Transmission.--Typical w h i s k e r  g r o w t h s  i n d u c e d  
on u n a n n e a l e d  and  p r e a n n e a l e d  coppe r  a f t e r  e x -  
posu re  to d r y  a i r  for  l l /z h r  a t  400~ a re  s h o w n  in 
Fig.  2a and  2b. The  ox ide  w h i s k e r s  f o r m e d  at  th is  
t e m p e r a t u r e  on the  u n a n n e a l e d  s a m p l e  a r e  n o r m a l l y  
t h i c k e r  t h a n  the  w h i s k e r s  o b t a i n e d  on the  p r e a n -  
n e a l e d  s a m p l e s  as i n d i c a t e d  in  t he  e l ec t ron  m i c r o -  
g raphs .  A f t e r  e x p o s u r e  to d r y  h y d r o g e n  for  1 min  a t  
200~ (Fig .  3a and  3b) ,  t he  ox ide  w h i s k e r s  show 

some ev idence  of a t t a c k  at  t he  w h i s k e r  s ides  ( r e -  
v e a l e d  b y  u n t a i l e d  a r r o w s ) .  The  a t t a c k  a p p a r e n t l y  
occurs  m o r e  or  less r a n d o m l y  a long  the  w h i s k e r  
sides,  and  no p r e f e r e n t i a l  a t t a c k  a t  t he  t ip  was  i n d i -  
cated.  F u r t h e r  e x a m i n a t i o n  (Fig .  4a and  4b) of some 
spec imens  a t  h i g h e r  magn i f i ca t ions  (25,000X) r e -  
v e a l e d  t ha t  t he  a t t a c k  p roceeds  w i t h  t he  f o r m a t i o n  
of sma l l  h i g h - c a p a c i t y  nodu le s  ( shown  b y  u n t a i l e d  
a r r o w s )  of v a r y i n g  size and  shape  a long  the  w h i s k e r  
sides.  No d i f fe rence  could  be  d e t e c t e d  b e t w e e n  the  
u n a n n e a l e d  and  p r e a n n e a l e d  samples ,  p a r t i c u l a r l y  in  
t he  d e g r e e  of su r f ace  a t t ack .  

The  m i c r o g r a p h s  in  Fig .  5 i l l u s t r a t e  t h e  change  in  
w h i s k e r  m o r p h o l o g y  a f t e r  e x p o s u r e  in  h y d r o g e n  
f r o m  16 ra in  to 2 hr.  The  a m o u n t  of w h i s k e r  co l l apse  
is s h o w n  to i nc rea se  w i t h  t i m e  of e x p o s u r e  to h y d r o -  
gen  for  bo th  the  w h i s k e r s  f o r m e d  on the  u n a n n e a l e d  
a n d  p r e a n n e a l e d  samples .  H o w e v e r ,  t h e  ox ide  
w h i s k e r s  g r o w n  on the  p r e a n n e a l e d  s a m p l e  a p p e a r e d  
to co l l apse  f a s t e r  t h a n  the  w h i s k e r s  f o r m e d  on t h e  
u n a n n e a l e d  spec imens .  This  o b s e r v a t i o n  is to be  e x -  
pec ted  s ince  t he  w h i s k e r s  g r o w n  on the  f o r m e r  a r e  

Fig. 3. Copper oxide whiskers reduced in hydrogen for 1 min at 
200~ (a) unannealed; (b) preannealed. Magnification 5000X. 

Fig. 5. Copper oxide whiskers reduced in hydrogen at 200~ for 
varying periods of time: (a-c) unannealed; (d-f) preannealed. Mag- 
nification 5000X. 
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Table I. Electron diffraction analysis of reduction products 
Lat t i ce  spacings (dA) of products formed on 
unannealed samples for the indicated times 
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L i t e r a t u r e  spac ings  
f r o m  A S T M  Card  F i l e  

P r i o r  to 
r e d u c t i o n  1 ra in  16 ra in  32 ra in  2 hr. CuO Cu20 Cu 

3.03-S 2.98 3.02 
2.73-S 2.76-S 2.79 2.75 
2.52-S 2.54-S 2.52-S 

2.50-S 2.46-S 2.47-S 
2.33-S 2.34-S 2.33 2.33-S 

2.12 2.12-S 2.13-S 
2.07-S 2.10-S 

1.89 1.91 1.88 1.86-S 
1.81 1.79-S 

1.74 1.74 1.74 
1.67 1.71 

1.58 1.55 1.58 
1.55 1.51 

1.50-S 1.52 1.50-S 1.50-S 1.50-S 
1.41-S 1.42-S 1.42 
1.35 1.37 1.35 
1.30 1.32 1.30 
1.25 1.26 1.28-S 1.27-S 1.28 1.26 
1.14 1.16 1.15 

1.08 1.07 1.09 
1.03 1.01 1.04 
0.92 0.92 
CuO CuO + Cu~O Cu~O + CuO + Cu Cu~O + Cu Cu + Cu~O 

1.28 

2.09-S 

1.81-S 

1.28-S 

1.09 
1.04 

n o r m a l l y  t h i n n e r  and  longer  t h a n  those g rown  on the  
lat ter .  F u r t h e r  ev idence  of some difference in  r e -  
ac t iv i ty  b e t w e e n  the  u n a n n e a l e d  and  p r e a n n e a l e d  
samples  is shown in  Fig. 5 c a n d  5f whe re  the  r educ -  
t ion  t ime  was  increased  to 2 hr.  The u n a n n e a l e d  
sample  st i l l  reveals  small ,  i r r egu la r ,  h igh -opac i ty  
nodules  p ro jec t ing  out  f rom the surface  whi le  the  
p r e a n n e a l e d  sample  revea ls  on ly  m i n o r  va r i a t ions  in  
surface  roughness .  

Selected area di~raction.--Tables I and  II con ta in  
la t t ice  spacing  data  ob ta ined  by  app l ica t ion  of the  

selected area  diffract ion t echn ique  to the  var ious  
ox id ized - reduced  products  at different  stages of the 
r educ t ion  cycle. The  tables  also l ist  the  l i t e r a tu re  d 
spacings  for CuO, Cu~O, and  Cu ob ta ined  f rom the  
A S T M  card file. To s impl i fy  the i n t e r p r e t a t i o n  of the  
data,  al l  h igh  i n t e n s i t y  l ines  are  des igna ted  by  the  
le t te r  "S". In  all  the  dif f ract ion analyses ,  the  selected 
area  di f f ract ion leaves were  kept  r e l a t ive ly  close to-  
ge ther  to i n su re  tha t  the r e su l t ing  p a t t e r n  was  r e -  
s t r ic ted to the wh i ske r  reac t ion  products  r a the r  t h a n  
to the  base oxide. In  the sample  tha t  was r educed  for  

Table II. Electron diffraction analysis of reduction products 

L a t t i c e  spac ings  (dA) of p r o d u c t s  f o r m e d  on 
p r e a n n e a l e d  s a m p l e  fo r  t he  i n d i c a t e d  t i m e s  

L i t e r a t u r e  spac ings  
f r o m  A S T M  Card  F i l e  

Prior to 
reduction 1 rain 16 rain 32 min 2 hr CuO Cu20 Cu 

3.04-S 3.04 3.02 
2.73-S 2.73-S 2.75 
2.52-S 2.52-S 2.52-S 

2.50-S 2.48-S 2.47-S 
2.33-S 2.32-S 2.32 2.33-S 

2.14 2.15-S 2.14-S 2.15 2.13-S 
1.88 1.88 1.86-S 

1.78 1.78 1.80-S 
1.75 1.74 

1.73 1.73 1.71 
1.58 1.58 

1.51-S 1.55 
1.52-S 1.52-S 1.52-S 1.50-S 
1.42-S 1.43-S 1.40 1.42 
1.36 1.35 

1.29-S 1.28-S 1.29-S 
1.24 1.26 

1.13 1.15 
1.09 1.10 

1.04 1.04 1.04 
0.95 0.96 

0.91 0.93 0.92 
CuO CuO + Cu~O Cu.~O + CuO + Cu Cu~O + Cu Cu + Cu~O 

1.51 

1.28 

0.95 

1.81-S 

1.28-S 

1.09 
1.04 
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2 hr (Fig. 5c and 5f), the reduced products were 
quite small; consequently, some of the base surface 
was also included in the field made available by the 
diffraction leaves. 

Prior to reduction, the whiskers s h o w  primari ly 
the CuO structure. After reduction for 1 rain, trace 
amounts of Cu~O were observed, while after 16 min 
the intensity of the Cu~O lines became more pro-  
nounced. However, no strict comparison between the 
observed and li terature intensities can be made since 
anomalous intensities are encountered in electron 
diffraction. Fur ther  reduction for 32 min resulted in 
a mixture of CuO, Cu~O, and Cu, with Cu~O being the 
predominant  oxide. Final reduction for 2 hr showed 
copper as the major  constituent with only trace 
amounts of Cu~O. No differences in structure could 
be detected in the reduced products formed on either 
the unannealed or preannealed samples. 

From these diffraction results, it would appear 
that the oxide whisker growths initially reduce from 
CuO to form Cu~O and then ult imately from Cu~O to 
Cu. It is suspected that  the small spherical opaque- 
shaped droplets (shown by untailed arrows in Fig. 
5b and 5e) are Cu, with the remaining portion of the 
collapsed whisker (shown by tailed arrows) being 
a mixture of Cu~O and CuO. Since trace amounts of 
Cu~O were present even after 2 hr of reduction, it 
would appear that  in the reduction process of the 
mixed oxides (CuO and Cu~O), Cu~O is the final 
oxide to be reduced to Cu. CuO is the principal oxide 
component in the whiskers. 

Replication.--In electron transmission studies of 
specimens of the type shown in Fig. 1, part icularly 
in the area of the slot which exhibits considerable 
depth to the electron beam, it is possible to obtain a 
false impression of the over-all  product distribution. 
This is attributed to the large depth of field in the 
electron microscope where the maximum thickness 
permissible for specimens in electron microscopy is 
normally less than the depth of field. As a result, 
relatively sharp images of the reduced-oxide prod-  
ucts will be obtained regardless as to where the 
products are situated in relation to the object plane 
of the specimen. In order to offset this problem, 

part icularly in determining the manner  in which the 
oxidized-reduced products are distributed, a direct 
carbon replica technique was utilized. Typical elec- 
tron micrographs of the unannealed and preannealed 
surfaces prior to the oxidation-reduction t reatment  
prepared by the positive replica technique are shown 
in Fig. 6. The unannealed sample (Fig. 6a) reveals 
considerable surface roughness such as striations 
and pitting possibly instituted by the cold-rolling 
process. On the other hand, the preannealed surface 
(Fig. 6b) is relatively free of pits, but numerous 
surface striations are still evident. The formation of 
what  appear to be subgrains (shown by untailed ar-  
rows) is also revealed. 

After subsequent oxidation at 400~ in air for 1~/2 
hr and reduction in hydrogen for 2 hr at 200~ con- 
siderable alteration of the surface topography had 
occurred for both the unannealed and preannealed 
samples, Fig. 7. The hydrogen-reduced topography 
of the unannealed sample shown in Fig. 7a no longer 
resembles the surface prior to oxidation (Fig. 6a). 
Large grain boundaries as well as surface striations 
are no longer evident. Instead "patch-l ike" areas 
which may be subgrains ranging in size f rom ,-~0.1 to 
1.0~ are readily visible. Metal-coated carbon shells 
(light areas on the micrograph) of the reduced oxide 
whisker growth products are distributed randomly 
over the surface. From the size of the shells it would 
appear these represent clusters of reduced-oxide 
whisker growths (Fig. 5c) rather  than individual 
whiskers. In some instances the shells cast shadows 
(illustrated by an untailed arrow) indicating these 
regions are elevations. In other areas the shadows 
are on opposite sides of the shells indicating that  
some of the shells may represent depressions. It  is 
more probable that these shells are located in the 
valleys between two subgrains and consequently re-  
ceive no metal during shadow casting. Similar type 
structures can be observed in the reduced oxidized 
surface of the preannealed sample (Fig. 7b). How-  
ever, the size of the subgrains on the preannealed 
sample appears somewhat smaller. Close inspection of 
the micrograph also reveals that the shells appear to 
emanate from subgrain boundary  intersections. Fur -  

Fig. 6. Positive carbon replicas of copper surfaces prior to oxida- 
tion-reduction treatment: (a) unannealed; (b) preanneoled. Mag- 
nification 5000X. 

Fig. 7. Positive carbon replicas of oxidized-reduced copper sur- 
faces: (a) unannealed; (b) preannealed. Magnification 5000X. 
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Fig. 8. Positive carbon replicas of oxidized-reduced copper sur- 
faces: (a) unannealed; (b) preannealed. Magnification 13,300X. 

ther examination of the micrographs part icularly at 
the shell-subgrain interfaces reveals that the sub- 
grains appear to form around the reduced whisker 
growth products and definite interface boundaries 
are formed. It is not conclusively known whether  
the whiskers and the base oxide reduce in a similar 
manner. However, it is suspected that the physical 
processes (liberation of copper from the lattice of 
the oxide and subsequent condensation of the copper 
atoms to produce the rearrangement  of the surface) 
occurring in the reduction rearrangement  of the 
whiskers are somewhat different from those occur- 
ring in the base oxide. Otherwise, if the physical 
processes of reduction were similar for both the 
whiskers and base oxide, it would be reasonable to 
expect that  there would be no resolvable differences 
in topography between the reduced-oxide whisker 
sites and the base oxide subgrain boundaries. 

High magnification examinations (Fig. 8) (13,- 
300X) of the same surfaces fur ther  reveal the extent 
of the surface rearrangement  resulting from the re-  
duction treatment.  At this magnification the char-  
acteristic subgrain structure with the carbon shells 
of the reduced whisker products is clearly revealed. 
Projections (shown by tailed arrows) are easily dis- 
tinguished from the depressions (shown by untailed 
arrows).  Some subboundary migration is also indi- 
cated (open untailed arrows).  Close examination of 
the shell- type structures also reveals that the carbon 
layer around the depressions and elevations has par-  
tially collapsed accounting to some extent for the 
unusual shapes. The lack of shadows behind some of 
the shells (shown by untailed arrows) is believed to 
be caused by the variation in topography of the sub- 
grains. The reduced oxide whisker products in this 
case are emanating from a valley between a cluster 
of subgrains whose faces are relatively normal to the 
electron beam. As a result, during the preshadowing 
step employed in the preparation of the direct posi- 
tive carbon replica, these areas would receive no 
metal and appear as depressions. 

To substantiate these observations, negative rep- 
licas were prepared of the same specimens. In this 
technique, since it represents a reverse of the true 
surface, the low regions between subgrains should 

Fig. 9. Negative carbon replicas of oxidized-reduced copper sur- 
faces: (a) unannealed; (b) preannealed. Magnification 5000X. 

cast shadows while the narrow valleys would appear 
as wavy  white lines. From the micrographs shown in 
Fig. 9, it would appear that  these observations have 
been substantiated. The white outlines surrounding 
the reduced-oxide whisker products represents a 
long dimension of carbon or carbon and metal to the 
electron beam. At these regions on the replica, in- 
creased inelastic scattering occurs accounting for the 
abrupt  change in photographic density observed on 
the micrographs. In addition, when comparing the 
distribution of reduced-oxide products (Fig. 5c and 
5f with Fig. 7a and 7b), it would appear that product 
distribution shown by the shadow images in Fig. 5c 
and 5f are somewhat exaggerated. 

Conclus ions  
From these studies it has been demonstrated that 

both transmission and replication electron micro- 
scopy are required to define completely the manner  
in which the oxide growth products reduced on cop- 
per. The studies have shown that the oxide whiskers 
reduce more or less randomly at the sides with no 
indication of preferential reduction at the tip. On this 
basis, one could perhaps conclude, if the assumption 
is made that the reaction occurs more readily at a 
dislocation site, that  the mechanism of growth in this 
case was basal growth rather  than growth from the 
tip. This assumption is based on the proposition that 
a growth step exists at the whisker tip. In order for 
the tip growth mechanism to be operable, it is re-  
quired that the whisker tip be a much better heat 
sink for the oxidation products than the whisker 
sides or the base oxide layer. However, this is purely 
a qualitative assumption which is difficult to prove 
experimentally. There is also some probabili ty that  
the oxidation growth and reduction processes are not 
morphologically equivalent. On this basis the t rans-  
port mechanisms for the oxidation and reduction 
processes would be dissimilar, and no quantitative 
conclusions for the failure to observe reduction at 
the tip can be made. 

The observation that reduction occurred along the 
whisker sides may indicate the formation of defects, 
such as growth steps, whereby reduction occurs pref-  
erentially. However, transmission and replication 
examinations of individual whiskers revealed rela- 
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t i v e l y  smoo th  sur faces .  I t  is i n t e r e s t i n g  to no t e  in  t he  
r ep l i ca  e x a m i n a t i o n s  of t he  o x i d i z e d - r e d u c e d  s u r -  
faces  t h a t  t h e  r e d u c e d  p r o d u c t s  a p p e a r e d  to e m a n a t e  
f rom s u b g r a i n  b o u n d a r y  i n t e r s ec t i ons  r a t h e r  t h a n  
f r o m  the  in te r io r .  Th is  is u n d e r s t a n d a b l e  s ince  a 
g r e a t e r  c o n c e n t r a t i o n  of d i s loca t ions  is e x p e c t e d  a t  
t he  b o u n d a r i e s  t h a n  at  the  i n t e r i o r  of the  gra ins .  I t  
is h o p e d  t h r o u g h  the  con t ro l l ed  o x i d a t i o n  a n d  r e -  
duc t ion  of t h in  m e t a l l i c  foils,  p l a n n e d  for  t he  fu tu re ,  
t ha t  the  ro le  of specific d i s loca t ions  in  the  w h i s k e r  
g r o w t h  process  and  the  n a t u r e  of t he  g r o w t h  si te  w i l l  
be  m o r e  c l e a r l y  def ined.  

Manuscr ip t  received Apr i l  27, 1962; revised m a n u -  
script  rece ived  Ju ly  18, 1962. 

Any  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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High-Temperature Electrical Conduction in the System UO-ZrO  

H. A. Johansen and J. G. Cleary 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

A method  for de te rmin ing  the a-c  e lectr ical  conduct iv i ty  of ceramic oxides 
to 2000~ in neu t r a l  a tmosphere  is described.  The electr ical  conduct ion of the  
system UO~-ZrO~ is invest igated.  Al l  composit ions of (UOD~ (ZrODI-,, where  
0.1 --~ x ~ 0.9, show two modes of conduction: a l o w - t e m p e r a t u r e  region  be-  
low about  l l00~ wi th  an act ivat ion energy of 0.26 ev, and a h i g h - t e m p e r a t u r e  
region wi th  an act ivat ion energy of about  1.59 ev. 

The  p r o p e r t y  of  e l e c t r i c a l  conduc t ion  in  r e f r a c t o r y  
ce ramic  ox ides  has  been  a r e l a t i v e l y  n e g l e c t e d  s t u d y  
un t i l  r e c e n t  yea r s .  H i g h - t e m p e r a t u r e  m e a s u r e m e n t s ,  
in p a r t i c u l a r ,  h a v e  been  s c a n t y  a n d  the  r e su l t s  f r e -  
q u e n t l y  confl ict ing.  

I t  was  t he  p u r p o s e  of t he  p r e s e n t  i n v e s t i g a t i o n  to  
deve lop  a t e c h n i q u e  fo r  m e a s u r i n g  e l ec t r i ca l  con-  
d u c t i v i t y  to 2000~ and  to use  th is  t e c h n i q u e  to  e x -  
a m i n e  the  e l ec t r i ca l  b e h a v i o r  of a c e r amic  ox ide  
s y s t e m  w h i c h  c o m b i n e d  bo th  w h o l l y  ionic  a n d  
w h o l l y  e l ec t ron ic  t y p e  conduc t ion .  The  s y s t e m  UO_~- 
ZrO~ was  chosen  because  no p r e v i o u s  h i g h - t e m p e r a -  
t u r e  c o n d u c t i v i t y  d a t a  w e r e  a v a i l a b l e  for  th is  s y s -  
tem,  a n d  r e c e n t  p u b l i s h e d  w o r k  on UO~ a n d  on CaO 
s t ab i l i z ed  ZrO~ a f forded  a c o n v e n i e n t  s t a r t i n g  poin t .  

The  h i g h - t e m p e r a t u r e  e l ec t r i ca l  c o n d u c t i v i t y  of 
(CaO)o.=(ZrO~) .... has  been  m e a s u r e d  b y  K i n g e r y ,  
Papp i s ,  Doty ,  a n d  Hi l l  (1 ) ,  and  t h e i r  r e su l t s  i n d i -  
ca t ed  t h a t  ove r  the  r a n g e  700~176 the  c o n d u c -  
t iv i ty ,  ~, cou ld  be r e p r e s e n t e d  b y  the  r e l a t i o n  

( - -1"9 '6  
cr = 1.50 • 10~ exp  \ ~ /  [1]  

w h e r e  k is t h e  B o l t z m a n n  cons t an t  and  T the  a b s o l u t e  
t e m p e r a t u r e .  M e a s u r e m e n t s  of the  c o n d u c t i v i t y  u n -  
d e r  v a r y i n g  p a r t i a l  p r e s s u r e s  of o x y g e n  i n d i c a t e d  
no d e p e n d e n c e  on o x y g e n  p r e s s u r e ;  hence  c o n d u c -  
t ion  in  (CaO)  .... (ZrO~) .... was  j u d g e d  to be  due  to 
the  p r e s e n c e  of o x y g e n  ion  vacanc ies ,  t h e  n u m b e r  of 
w h i c h  is f ixed b y  the  compos i t ion .  

The  case for  t he  c o n d u c t i v i t y  of UO~ is less  c lear .  
W i l l a r d s o n ,  Moody,  and  G o e r i n g  (2)  h a v e  s u m -  
m a r i z e d  the  m o r e  r e c e n t  d a t a  on the  e l ec t r i ca l  con-  
d u c t i v i t y  of UO~. The  e l e c t r i c a l  p r o p e r t i e s  of n o n -  
s t o i ch iome t r i c  UO~ h a v e  been  s t u d i e d  in a r e c e n t  
p a p e r  b y  Aronson ,  Rul l i ,  a n d  S c h a n e r  (3 ) .  The  m a -  
t e r i a l  be ha ve s  as an  a m p h o t e r i e  s e m i c o n d u c t o r ;  t h a t  
is, t he  s ign of the  c u r r e n t  c a r r i e r  m a y  be  p lu s  or  
m i n u s  d e p e n d i n g  on the  compos i t ion .  N ons to i ch io -  
m e t r i c  UO~ is t h e r e f o r e  an  e l ec t ron ic  conduc to r .  The  
s e n s i t i v i t y  of  t he  e l e c t r i c a l  c o n d u c t i v i t y  to  a v a r i e t y  
of f ac to r s  is a t t e s t e d  to b y  the  w ide  v a r i a t i o n s  in  
c o n d u c t i v i t y  v a l u e s  r e p o r t e d  in  t he  l i t e r a t u r e .  

Experimental 
MateriaL--Materials used  w e r e  a c o m m e r c i a l  

g r a d e  ZrO~ w i t h  an  ana lys i s  of 99.8% ZrO~ + HfO.~ 
w i t h  Cu, Ti, and  F e  as p r i n c i p a l  impur i t i e s .  H a f n i u m  
was  d e t e r m i n e d  to be  a b o u t  1%. The  UO= was  p r e -  
p a r e d  f rom U~Os b y  h y d r o g e n  r educ t ion .  A n a l y s i s  
showed  UO~ to be  99.9% w i t h  Si  as ch ie f  i m p u r i t y .  
No spec ia l  a t t e m p t  was  m a d e  to avo id  the  s l igh t  
o x i d a t i o n  of UO~ a t t e n d i n g  the  m i x i n g  and  b r i q u e t -  
t ing  ope ra t i ons  p r i o r  to t he  f i r ing of t he  UO~-ZrO~ 
spec imens  in a rgon.  H o w e v e r ,  t h e r e  is no ques t ion  
t ha t  some s l igh t  o x i d a t i o n  o c c u r r e d  so t ha t  the  i n i t i a l  
f i r ing compos i t i on  of u r a n i a  shou ld  p r o p e r l y  be  r e -  
f e r r e d  to as UO .... X - r a y  d i f f r ac t ion  p a t t e r n s  for  t h e  
UO~ s h o w e d  on ly  t he  cubic  p h a s e  and  an  ao = 5.466/i,. 

Preparation o] specimens.--The m i x e d  p o w d e r s  
w e r e  p r e s s e d  in c a r b i d e  dies  a t  a p p r o x i m a t e l y  50,000 
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psi wi th  no binder,  and the br iquets  were  fired in 
argon in a spli t  g raphi te  res is tor  furnace  to 1900~ 
for approx ima te ly  15 min. The fired br ique t  was then 
ground, re -pressed ,  and ret i red as before. This p ro-  
cedure produced a we l l - s in t e r ed  cyl inder  1 x 2 cm 
with  densit ies  be tween  65% and 70% of theoret ical .  

The s in te red  br iquets  were  then coated on the ends 
to obtain a low ohmic contact.  This was done in two 
ways,  e i ther  of which appeared  to be sat isfactory:  a 
coating of TaSi, was appl ied  by  means of an argon 
p lasma jet, or a coating of p la t inum could be ob- 
ta ined by paint ing on p l a t inum paste.  

X-ray  dil~raction.--X-ray powder  diffraction pa t -  
terns  were  obta ined for al l  composit ions of (UO~)~ 
(ZrO,),_~ prepared .  The pa t t e rn  for x -= 0.1 showed 
what  appeared  to be a cubic phase plus t races  of 
monoclinic ZrO~. At  x = 0.15 only the  cubic phase 
was obtained.  However ,  publ i shed  phase d iagrams 
indicate  tha t  the first phase formed is ac tua l ly  a face-  
centered te t ragona l  phase wi th  c/a ra t io  nea r ly  
equal  to one. At  x ---- 0.2 a second phase was detected 
by  the presence of a sl ight  spl i t t ing of the lines. This 
indicated the phase boundary  be tween the face-  
centered te t ragona l  and the face-cen te red  cubic plus 
face-cen te red  te t ragona l  region. The two phase  re -  
gion then  cont inued to about  70 mole % UO~. F rom 
x = 0.7 to 1 the pa t te rns  showed the face-cen te red  
cubic s t ruc ture  of UO~. 

Electrical conductivity measurements . - -Measure-  
ments  were  car r ied  out from room t empera tu r e  to 
2000~ The range  f rom room t empera tu re  to 1000~ 
was obta ined using a convent ional  spl i t  tube furnace  
and argon atmosphere.  The range  f rom 800 ~ to 
2000~ was obtained by  use of a spl i t  g raphi te  re -  
sistor furnace  with  argon atmosphere.  Tempera tu re  
in the lower  range was measured  by  thermocouple  
and in the  h igher  range  by  optical  pyrometer .  

A l t e rna t ing  current  conduct iv i ty  measurements  
were  made using a Genera l  Radio Impedance  Bridge,  
Type 1650-A. This ins t rument  gave sat isfactory 
readings  on the oxides down to app rox ima te ly  0.2 
ohm-cm. 

In order  to establ ish the re l i ab i l i ty  of the measu r -  
ing appara tus ,  the conduct iv i ty  of (CaO)o.~,(ZrO~)o.~ 
was de te rmined  to 2000~ The plot  of the logar i thm 
of the e lectr ical  conduct iv i ty  vs. the reciprocal  t em-  
pe ra tu re  gave a s t ra ight  l ine which was represen ted  
by  the re la t ion  

--1.26 
= 1.27 X i0' exp ~ [2] 

kT 

Our value for the activation energy, 1.26 ev, agrees 
directly with the value of Kingery, Pappis, Doty, and 

Hill  (1) as shown in Eq. [ 1 ]. Our somewhat  lower  
p re -exponen t i a l  t e rm p robab ly  reflects the lower  
densi ty  of the specimens. Since quite s imilar  resul ts  
were  obta ined using different  methods  of p r e p a r a -  
tion, the appara tus  and techniques were  considered 
provis ional ly  sat isfactory.  

Results and Discussion 
Figure  1 shows the plot  of the logar i thm of the 

conduct iv i ty  vs. the  reciprocal  t empe ra tu r e  for the  
composition (UO,)o.,(ZrO,) .... and for comparison,  
the composit ion (CaO)o.~(ZrO~) .... The curve for 

E L E C T R I C A L  C O N D U C T I O N  IN UO2-ZrO.~ 
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Fig. 2. Electrical conductivity for (UO~)~ (ZrO~h-~ 

(UO~)o.I(ZrO~)o., is seen to consist of two s t ra ight  
l ine por t ions  which intersect  near  1200~ This be -  
havior  is typica l  for all  compositions (UO~), (ZrO~)1_~ 
where  0.1 --  x ~-- 0.9. 

F igure  2 shows the s t ra ight  lines f rom the plot  of 
the log conduct ivi ty  vs. rec iprocal  t empe ra tu r e  for 
the curves for (UO~)~(ZrO~)I_, for x values of 0.1 to 
1. Whi le  the progress ion is not perfect ,  it  can be seen 
tha t  the conduct ivi ty  in the lower t empe ra tu r e  re -  
gion ranges s teadi ly  u p w a r d  with  increasing x. Con- 
duction in the h i g h - t e m p e r a t u r e  region is also h igher  
wi th  increas ing x. The var ia t ions  f rom a direct  
progress ion in both h igh-  and l ow - t e m pe r a t u r e  r e -  
gions may  possibly  be ascribed to var ia t ions  in oxy-  
gen s to ichiometry  in UO,, which are repor ted  (2, 3) 
to influence profoundly  the electr ical  propert ies .  

F rom the slopes of the s t ra ight  l ine port ions of the 
da ta  p lot ted  in Fig. 2, the act ivat ion energy for each 
composit ion was calculated and the resul ts  are shown 
in Fig. 3 where  the  act ivat ion energy and logar i thm 
of the conduct ivi ty  at two t empera tu res  are p lot ted  
vs. the composition. With  increasing UO, content  the 
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Fig. 3. Results of calculation of activation energy for each com- 
position, from data plotted in Fig. 2. 

region is ionic and proceeds by oxygen vacancy, then 
some other mechanism of producing oxygen vacan- 
cies in the ZrO~ fluorite lattice must be found than 
the mechanism proposed for (CaO)o.=(ZrO~)o.~: that  
is, oxygen vacancy production by substitution of di- 
valent Ca ions in the zirconium lattice, thus upset-  
ting the charge balance. In the case of UO~, the sub- 
stitution of tetravalent  U in the zirconium lattice 
would produce no charge imbalance. 

However, we may consider that  the total conduc- 
tivity, ~r, in (UO=)~(ZrO,) .... (0.1 --~ x --~ 0.9) is com- 
posed of the low-temperature  conductivity, ~L, 
where 

AE, 
=L = AL exp --  [3] 

k T  

and the h igh- temperature  conductivity (r~, where 

~ k E  H 

~E=AE e x p - - ~  [4] 
k T  

activation energy in the high region falls sharply 
from 2.9 ev to a minimum of about 2 ev at 15 mole 
% UO=, rises sharply again to another maximum 2.9 
ev at 17.5 mole %, then falls steadily to a value of 1 
ev at 90 mole % UO,. In the low region the activa- 
tion energy falls off gradually f rom about 0.5 ev at 
10 mole % UO, to 0.26 ev for pure UO=. This value 
for the activation energy of UO,, 0.26 ev, agrees rea-  
sonably well with the 0.30 ev activation energy in 
the single phase UO=§ region found by Aronson, 
Rulli, and Schaner (3). 

The plot of the logari thm of the conductivity at 
1400~ vs. composition in Fig. 3 shows corresponding 
changes with the changes in the activation energy, 
i.e., the conductivity rises to a maximum simultane- 
ous with the fall to a minimum in the activation en- 
ergy at 15 mole % UO=, then falls to a minimum, 
again corresponding to the maximum in the activa- 
tion energy at 17.5 mole % UO~. The conductivity 
then steadily rises to its highest value at 90 mole % 
UO=. At 1800~ the conductivity curve is much 
smoother, rising to an apparent  maximum at about 
50 mole % of UO=, and without the pronounced 
maximum-min imum in the 15 mole % UO= region 
at 1400~ 

The problem of the abrupt  change in slope often 
observed in plots of log conductivity vs. reciprocal 
absolute temperature  has been examined in detail 
by Mitoff (4) for the case of the electronic conductor 
NiO. It  is possible that the argument  for the abrupt ly  
changing slope in NiO applied as well to the UO=- 
ZrO~ system. Our results for UO, (in argon),  how- 
ever, do not show an abrupt  change in slope up to 
1400~ nor is a change in slope observed in the sys- 
tem CeO,-ZrO~ up to 1200~ as reported by Pal 'guev 
and V01chenkova (5). However, t ime- temperature  
dependent effects in the UO=-ZrO, system may  be a 
factor and should be considered. 

Considering the data as presented in Fig. 2, the 
tendency is very  strong to believe the conduction 
mode in the h igh- temperature  region, with its high 
activation energy, to be principally ionic. However, 
if the mode of conduction in the h igh- temperature  

In these equations AL, AH, AEL, and AEH are constants, 
k is the Boltzmann constant, and T is the absolute 
temperature.  For Eq. [3] the average value for AEL 
is found to be 0.26 ev, which is also the identical 
value found for UO~. This also corresponds to the ac- 
tivation energy for electronic conduction in UO~+~ 
(3), but there is no indication as to the possible 
contribution from the ionic mode. The pre-expo-  
nential term AL is found to be between 1 and 10 -1, 
in fair agreement with values determined from ref. 
(2). 

For Eq. [4] an average value for AEH is found to 
be 1.59 ev. While this corresponds to the activation 
energy for ionic conduction in calcia stabilized ZrO~, 
again we have no indication as to the possible con- 
tribution from the electronic mode. The pre-expo-  
nential term AH is found to show a wide scatter with 
values between 108 and 10 ~, and thus is higher than 
the value of about 10 ~ found for (CaO)o~(ZrO~) .... 

The peculiar behavior of the conductivity at 
1400~ in the 15 mole % UO~ region as shown in 
Fig. 3 cannot as yet be explained. Repeated measure-  
ments in this region indicate, however, that  the pro- 
nounced max imum-min imum at 15 and 17.5 mole % 
UO2, respectively, are real. It may  be possible that 
the variations at 1400~ are associated with phase 
changes, or ordering. Such a max imum-min imum 
in the conductivity is also shown in the systems CaO- 
ZrO~ and La~Os-ZrO~ as reported by Trombe and 
Foex (6, 7) and at the same 15 mole %. However, 
it cannot yet  be decided whether  the maximum at 
15 mole % UO, at 14O0~ in the UO=-ZrO= system is 
associated with the stabilization of the tetragonal 
phase, or with the appearance of the two phase re-  
gion at x = 0.2, or with an ordering phenomenon. 
The same fluctuations do not appear at 1800~ and 
this may indicate that  the upper consolute phase 
boundary  suggested by Wolten (8) has been ex- 
ceeded. 

In summary,  a method has been described for 
obtaining the a-c electrical conductivity to 2000~ 
in inert atmosphere for various ceramic oxides. The 
method gave good agreement with values obtained 
by other investigators for CaO stabilized ZrO=. 
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The  s y s t e m  (UO~)~(ZrO~)~_, (0.1 ~ x ~ 0.9) has  
been  f o u n d  to e x h i b i t  two  modes  of e l e c t r i c a l  con-  
duc t ion :  a l o w - t e m p e r a t u r e  r e g i o n  ( b e l o w  a b o u t  
1200~ w h i c h  obeys  a p p r o x i m a t e l y  t he  r e l a t i o n  

0.26 
o-~ = 5 x 10 -~ exp  - -  

kT 

and  a h i g h - t e m p e r a t u r e  r eg ion  (1200~176  
w h i c h  obeys  a p p r o x i m a t e l y  t he  r e l a t i o n  

1.59 
~ = (10~to 106 ) e x p - - - -  

kT 
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ABSTRACT 

The suboxide  of boron, B60, has been p repa red  as a pure  crys ta l l ine  
powder  and in dense solid masses. The existence of B~O was subs tan t ia ted  
f rom crys ta l lographic ,  chemical,  and dens i ty  data. In format ion  on x - r a y  
diffraction, chemical  formation,  oxida t ion  resistance,  and s tabi l i ty  is also de -  
scribed. B60 was found to have  a grea te r  d iamond p y r a m i d  hardness  than  boron 
carbide.  

S tud i e s  in th is  L a b o r a t o r y  on the  o x i d a t i o n  of 
bo ron  a n d  the  r eac t i ons  in  the  S i - B - O  s y s t e m  h a v e  
r e v e a l e d  the  ex i s t ence  of a c r y s t a l l i n e  s u b o x i d e  of 
bo ron  w h i c h  has  been  iden t i f i ed  as B60. 

A n u m b e r  of i nves t i ga t i ons  on t h e  B - O  s y s t e m  
have  been  on the  de t ec t i on  a n d  iden t i f i ca t ion  of v a -  
por  species.  I n g h r a m ,  Chupka ,  a n d  P o r t e r  (1)  r e -  
p o r t e d  t h a t  b e t w e e n  1300 ~ a n d  1500~ the  m a j o r  
gaseous  species  a b o v e  B~O~ + B was  B~O~c~,. A n -  
o the r  gaseous  spec ies  r e c e n t l y  r e p o r t e d  on b y  K a s -  
kan ,  Mackenz ie ,  and  M i l l i k a n  (2)  is BO=<~. A l t h o u g h  
the  condensed  s u b o x i d e s  of boron ,  B~O, B~O, B~O, 
B~O, and  BO, h a v e  been  m e n t i o n e d  b r ie f ly  in  t h e  
l i t e r a t u r e  on ly  t he  ex i s t ence  of BO has  been  e s t a b -  
l i shed.  W a r t i k  and  A p p l e  (3)  p r e p a r e d  BO<~> b y  d e -  
h y d r a t i o n  of B~(OHH)~ in vacuo, and  K a n d a  et al. 
(4)  p r e p a r e d  i t  b y  r e a c t i n g  B~O~ + B a t  1050~ in 
vacuo. This  sol id  a m o r p h o u s  s u b o x i d e  w a s  r e p o r t e d  
to decompose  at  450~ The  o t h e r  s u b o x i d e  of bo ron  
m e n t i o n e d  f r e q u e n t l y  in  the  l i t e r a t u r e  is B~O w h i c h  
was  r e p o r t e d  some f i f ty  y e a r s  ago b y  W e i n t r a u b  
(5) .  He  p r e p a r e d  the  s u b o x i d e  b y  the  r e d u c t i o n  of 
B~O~ w i t h  Mg. This  s u b o x i d e  was  f r e q u e n t l y  r e f e r r e d  
to as "Moissan ' s  b o r o n "  s ince  Moissan  p r e p a r e d  his  
bo ron  b y  the  Mg r e d u c t i o n  of B~O~. K a h l e n b e r g  (6)  
p r o d u c e d  e v i d e n c e  t h a t  t h e  B~O w a s  a m i x t u r e  of 
B~O and  B. C h e m i c a l  ana lys i s  of a s i m i l a r  m a t e r i a l  
b y  P a s t e r n a k  (7)  h a d  a compos i t ion  B~.60 w h i c h  he  
conc luded  to be  t he  c o m p o u n d  B~O. P a s t e r n a k  also 
d e t e r m i n e d  the  s t r u c t u r e  of B~O to be  o r t h o r h o m b i c  

w i t h  a = 8.21, b ~ 5.35, c ~ 5.13A, and  a d e n s i t y  of 
2.64 g / c m  ~. One  of t he  diff icul t ies  in  e s t a b l i sh ing  the  
co r rec t  compos i t i on  for  th is  ox ide  is t h a t  on ly  b o r o n  
was  d e t e r m i n e d  w i t h  t he  d i f fe rence  a s s u m e d  to be  
oxygen .  Thus  no c o n s i d e r a t i o n  was  g iven  to t he  pos -  
s ib le  so lu t ion  of Mg in t he  s u b o x i d e  or  t h e  p r e s e n c e  
of s m a l l  a m o u n t s  of MgB~ or  MgB~. In  a s t u d y  of the  
S i - B - O  s y s t e m  (8) i t  was  f o u n d  v e r y  diff icult  to p r e -  
p a r e  B60 f r ee  f r o m  SiB6 un less  t h e  compos i t ion ,  
t e m p e r a t u r e ,  and  p a r t i c l e  size of t he  r e a c t a n t s  w e r e  
a l l  con t ro l l ed .  A ser ies  of p a p e r s  b y  M i k h e e v a  and  
c o - w o r k e r s  (9)  e l a b o r a t e  on the  p r o b l e m  of p r o d u c -  
ing  b o r o n  b y  the  r e d u c t i o n  of  b o r o n  ox ide  and  show 
the  effect of v a r i o u s  m e t h o d s  of p r e p a r a t i o n  on the  
a m o u n t  of b o u n d  b o r o n  ( in  sub0x ides  or  b o r i d e ) .  

Formation 
W e  h a v e  o b s e r v e d  the  p r e s e n c e  of  B60 a f t e r  t h e  

o x i d a t i o n  of b o r o n  in  a i r  and  O~ a b o v e  l l 0 0 ~  (10) ,  
as a r e a c t i o n  p r o d u c t  b e t w e e n  B a n d  B~O~, and  as a 
r e a c t i o n  p r o d u c t  b e t w e e n  S i  a n d  B~O~. I t  was  d e -  
t e r m i n e d ,  b y  r e a c t i n g  m i x t u r e s  of B~O~ a n d  bo ron  
in ox id i z ing  a n d  i n e r t  a t m o s p h e r e s ,  t h a t  the  m a j o r  
r e a c t i o n  was  the  r e d u c t i o n  of l i qu id  B~O~ b y  B. The  
f o r m a t i o n  of B~O f r o m  B~O~ + B  ques t ions  t he  v a l i d -  
i t y  of  t h e  t h e r m o d y n a m i c  d a t a  on B~O~ of I n g h r a m  
et al. (1) .  H o w e v e r ,  t he  f r ee  e n e r g y  of  f o r m a t i o n  of 
B.~O~c~ f r o m  B20~ + C b y  W h i t e  et  al. (11) a n d  the  
r e d u c t i o n  of MgO b y  B, b y  S e a r c y  and  NIeyers  (12) 
w e r e  in m o d e r a t e l y  good  a g r e e m e n t  w i t h  I n g h r a m ' s  
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data  indica t ing  tha t  BeO was not a ma jo r  react ion 
product  under  the i r  exper imen ta l  conditions. 

In s tudying the possible effects of B~O~(g~ and other  
gaseous oxides of boron on the kinet ics  of the fo rma-  
t ion of B~O the fol lowing react ions may  be consid-  
ered:  

5B(.~ + B~O~.~ -> B~O + BO~c~ [i] 

6B(,, + B~O~.~-~ B.O + B~O~(g) [2] 

6B(.) + B20~(,,-~/360 + 2BO(~, [3] 

2B,,, + 2B~O~,,, "-> B~O + 30~,~, [4] 
5-I/3B(,~ + I/3B~O~(,,--> B~Oc,~ [5] 

Although no the rmodynamic  da ta  exis t  for  B,O, i t  
is possible by  considering the effect of the gaseous 
products  to select the reactions which would be more 
l ike ly  to occur. The rmodynamica l ly  BOcg~, BO~(,,, and 
O~c,, would be most difficult to form so tha t  the most 
favorable  react ions are  [2] and [5]. F rom exis t ing 
the rmodynamic  da ta  the calcula ted pressure  of 
B~O~(~, a t  1500~ in an iner t  a tmosphere  is 2 x 10 -~ 
a tm;  however ,  in a i r  at  1 a tm the pa r t i a l  pressure  
is 10 -~" atm. The indicat ion is, then, tha t  at  1500~ 
a much smal le r  amount  of B~O~(~, would be formed 
in air  than  in an iner t  a tmosphere.  Correspondingly,  
there  would be a grea te r  y ie ld  of B~O in He than  in 
air. This was found not to be the  case. Reactions 
be tween  B~O~ + B in flowing a tmospheres  of air  and 
he l ium produced  comparable  amounts  of B~O, thus 
ru l ing out react ion [2]. Reaction [5] was fu r the r  
subs tant ia ted  when a molecular  mix tu re  of B~Os 
and B corresponding to B~O was hea ted  at  1500~ 
for 1 hr  in 2 a tm of He. The reacted mate r i a l  con- 
ta ined  B~O and a smal l  amount  of unreac ted  B. The 
small  weight  loss (9 %) coupled wi th  the high con- 
centra t ion of B,O c lear ly  points out tha t  react ion 
[5] is the control l ing and major  react ion for the  
format ion  of B~O. 

Discussion 
The es tabl i shment  of the composit ion of the sub-  

oxide has been difficult due to ana ly t ica l  p roblems  
and the lack of pure  mater ia l .  These problems  
would be fu r the r  compounded if the suboxide was 
found to be mere ly  a solution of oxygen in boron. 
With  the  method of producing pure  B~O by the B 
reduct ion of B~O3, the  effects of the  format ion t em-  
pe ra tu re  of the  suboxide on the chemical  composi-  
t ion and la t t ice  pa rame te r s  were  studied. The la t t ice  
constants of the suboxide,  B,O, p r epa red  at  1200 ~ 
1300 ~ , 1400 ~ , 1500 ~ and pa r t i a l l y  decomposed at  
1850~ were  in i t ia l ly  determined,  based on P a s t e r -  
nak ' s  (7) ass ignment  of an or thorhombic  cell. The 
da ta  indica ted  a r a the r  poor fit and a grea te r  de -  
gree of inaccuracy  than  would be expected.  This has 
recent ly  been clarified by  La  Placa  and Post  (13) 
who have  found tha t  the  powder  pa t t e rn  da ta  of 
Pas t e rnak  could be indexed  more sa t is fac tor i ly  on 
the basis of a rhombohedra l  cell wi th  hexagonal  cell  
constants  a = 5.37 and c = 12.31A. They also appl ied  
the formula  B~30~ to the  suboxide which would r e -  
quire  a ca lcula ted densi ty  of 2.80 compared  to 
Pas t e rnak ' s  observed va lue  of 2.64 g / c m  e (7).  La  
Placa  and Post  indica ted  tha t  the  d iscrepancy  in 
these densit ies  could be expla ined  on the basis tha t  
a small  amount  of B~O~ was present .  However ,  the  

Table I. Chemical analyses of B~O compositions 

Source of B60* B, w / o  O, w / o  Si, w / o  Total  

B~O~ + 15 w/o  B, 1300~ 72 hr, 79.50 21.2 I00.7 
air 

B~O~ + 15w/oB,  1400~ 24 hr, 80.10 20.5 100.6 
argon 

B~O~ + 15 w/oB,  1400~ 24hr, 80.30 20.6 100.7 
argon 

(0.017%H, 0.018% N, <0.001% Si) 
Hot-pressed B60 (HP-21)** 79.43 20.0 99.4 
Hot-pressedB~O (HP-22)** 80.06 19.5 99.6 
Hot-pressedB~O (HP-23)** 79.85 19.9 99.8 
Hot-pressed B~O + 5 w/o Si** 2.32 
BfOa + Si, 1315 ~ 75 hr, air 79.1 5.28 
B~O~ + Si, 1370~ 4 hr, air 77.12 5.30 

Chemical  analyses  repor ted  by  P a u l  Close, Owens-I l l inois  GlaSs 
Co., Ai r  Force  Contrac t  No. A F  33(616)-7431. 

* The crucible  ma te r i a l s  for  B~O~ mel t s  w e r e  BN for  iner t  a tmos-  
pheres  and  Si-B-O re f r ac to ry  ma te r i a l  (8, 16) for  reactions carried 
out in  iner t  and  oxidiz ing a tmospheres .  

~'* Solid samples ,  others  a re  fine powders.  

presence of B~O3 would indicate  tha t  Pas te rnak ' s  
composit ion of B3.60 de te rmined  by  chemical  ana l -  
ysis would be low and thus favor  a composit ion B70. 

In the present  invest igat ion densi ty  measurements  
on the powdered  suboxide never  exceeded 2.62, and 
the highest  densi ty  of hot pressed B~O was 2.588 
g/cc. This hot pressed sample  contained less than  
3% free boron. Thus it is h igh ly  un l ike ly  tha t  the 
t rue  dens i ty  is 2.80 as calculated by  La Placa  and 
Post. Assuming two molecules per  uni t  cell and a 
composit ion B~O~ wi th  the hexagonal  cell constants  
de te rmined  for this  hot  pressed B~O sample  of a = 
5.395 and c = 12.342A, the calcula ted densi ty  was 
2.59. The poss ibi l i ty  of B~O~ s t ruc ture  wi th  unoccu- 
pied B sites in the lat t ice appears  un l ike ly  in tha t  
no dens i ty  above 2.64 g / c m  ~ was ever  observed and 
no significant changes in la t t ice pa ramete r s  and 
chemical  analyses  were  observed in this  study.  F rom 
the chemical  analyses  shown in Table I, it  can be 
seen tha t  the first three  entries,  which are  h i g h - p u r -  
i ty  powders ,  fal l  ve ry  close to the theore t ica l  boron 
content  for B~O of 80.23 w/o .  I t  can also be seen tha t  
the boron and oxygen content  totals  100.7% which 
indicates  good accuracy and the absence of subs tan-  
t ia l  impuri t ies .  The boron analysis  was accomplished 
by convent ional  methods fol lowing the fusion wi th  
sodium potass ium carbona te - sod ium n i t r a t e  m i x -  
ture  as descr ibed by  Close (14) and Bielstein (15). 
The accuracy is considered to be -- 0.15%. Boron 
values f rom three  different  labora tor ies  for  sample  
three  of Table  I were  80.30, 80.30, and 80.33, respec-  
t ively.  Oxygen content  was found by  the f luorinat ion 
method (14) and is considered to be accurate  wi th in  
•  I t  appears  tha t  ni trogen,  if present ,  is car -  
r ied along and repor ted  as oxygen. However ,  sam-  
ple three  of Table  I was found to contain only 
0.018% nitrogen,  and of course a h igher  n i t rogen 
concentrat ion would  be expected on the surfaces of 
the ho t -pressed  samples. No free boron was ob-  
served in the first three  samples  repor ted  in Table I, 
e i ther  by  x - r a y  diffraction or microscopic examina -  
t ion of the powders.  The presence of free crys ta l l ine  
boron as low as 3 w / o  could be detected in samples 
of B~O by x - r a y  diffraction techniques.  For  example,  
ho t -p ressed  samples  HP-21 and HP-22 contained 
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in the order of 3 w / o  free boron while no boron 
could be detected in HP-23. These observations were 
confirmed by metallographic examination of these 
samples. In the hot pressed samples containing 3% 
free boron, one would expect the total boron content 
to increase from 80.23 w /o  to 80.8 w/o.  From Table 
I it is seen that the boron content is somewhat low, 
as is the oxygen content and, consequently, the to- 
tal analyzed content. This indicates that approx-  
imately 1% impurity, other than boron and oxygen, 
has been introduced possibly during hot pressing, 
i.e., nitrogen from BN die, or during crushing for 
chemical analysis, i.e., iron from steel mortar.  There-  
fore, the composition B~O is the most reasonable one 
to assume. 

The interplanar spacings and relative diffraction 
intensities were determined on powder samples 
using a spectrogoniometer and are presented in 
Table II. Lattice parameter  data on B~O prepared at 
1200 ~ 1300 ~ 1400 ~ 1500~ and hot pressed B~O 
(small amount  of free boron present) indicated only 
slight changes such that the volume of the unit cell 
remained practically constant. In addition, chem- 
ical analyses of BoO prepared at various tempera-  
tures and presented in Table I indicate no significant 
changes in composition. Thus the solubility of ox- 
ygen and boron in this compound must  be small. 
Evidence of oxygen deficiency was noted when the 
reddish-brown B~O powder turned black upon heat-  
ing in a vacuum in a tungsten crucible or hot press- 
ing in BN dies to temperatures between 1850 ~ and 
1950~ The hot-pressing cycIe usually included 
heating to temperature within 15 min with 1-5 rain 
soak time at maximum temperature.  Chemical anal- 

Table I!. X-ray powder diffraction data for BoO 

Hexagonal, hkl  d, a_ Intensi ty,  I/Io 

101 4.378 10 
003 4.129 50 
012 3.740 17 
110 2.696 11 
104 2.580 100 
021 2.297 80 
113 2.261 5 
015 2.188 8 
024 1.861 7 
211 1.748 <2 
205 1.698 5 
107 1.651 7 
116 1.637 3 
300 1.555 <2 
018 1.464 23 
303 1.457 19 
125 1.436 26 
027 1.408 3 
009 1.386 <2 
220 1.347 17 
208 1.283 16 
223 1.278 20 
312 1.264 4 
217 1.247 10 
119 1.223 <2 
134 1.194 3 
401 1.161 5 
042 1.145 7 
01(11) 1.092 <2 
039 1.028 7 
21(10) 1.011 8 
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Fig. l. Decomposition of B60 in helium atmosphere after | fir 

ysis of B~O prepared by reacting Si -5 B~O, mixtures 
(Table I) indicated a solubility of Si or the presence 
of SiBe (which could not be removed by chemical 
t reatment) .  Since B~O prepared in this manner  did 
not conform to equilibrium conditions it would be 
expected that  SiB~ would be present. The possibility 
of Si solubility in B~O was tested by hot pressing 
a mixture of 5 w /o  Si and B~O. The resulting sample 
was a single phase by x - r a y  analysis, and chemical 
analysis indicated 2.32 w / o  Si. The extent of Si solu- 
bility and its effect on the structure and properties 
of BoO are current ly  being investigated. 

Propert ies 

The chemical and physical properties of B~O have 
not been completely established. The compound de- 
composes above 1760~ into crystalline boron and 
presumably oxygen. Figure 1 presents the weight 
loss, presumably oxygen, at temperatures  up to 
1750~ in helium. Decomposition temperature  was 
determined by heating pressed pellets of B~O pow- 
der in an inert atmosphere for 1-hr periods until  
free boron was detected. The compound is not at-  
tacked by HF, HC1, or dilute nitric acid. I t  can be 
oxidized by concentrated nitric acid if heated vigor-  
ously, and its oxidation resistance is slightly better 
than boron. However, it suffers from the same prob- 
lems as boron in that  the oxidation product  B~O~ is 
a glass whose viscosity and vapor pressure at high 
temperatures result in a nonprotective coating. The 
oxidation rates of rectangular  slabs (approximately 
0.5 x 1.5 x 0.2 cm) of dense boron and hot pressed 
B~O were comparable at 700 ~ 800 ~ 900~ The per 
cent boron of the samples oxidized was, in both 
cases, determined to be 2.2, 4.0, and 7.4%, respec- 
tively, on weight gain and the weight loss of B=O8 
from the oxidized sample when treated with a HF 
solution. The only physical proper ty  that  has been 
explored is its hardness which was found to be 
greater than all commercially available materials 
except diamond and Borazon. The average Vickers 
hardness (100-g load) of B~O was 3820 kg/mm" as 
compared to 3450 for B~C and 3100 for TiB, which 
were also tested. 

Manuscript received Nov. 29, 1961; revised manu- 
script received May 15, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Ionic Movement during the Growth of 
Anodic Oxide Films on Aluminum 

W. J. Bernard 
Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Anodic oxide films formed on aluminum in aqueous phosphate solutions 
resist hydration, whereas those formed in conventional borate solutions react 
readily with water. This property has been used to determine the mode of ion 
movement during the growth of duplex films. The results show that both cations 
and anions move through the films, but that the metal ion motion predominates. 

Dur ing the growth  of anodic films on a luminum, 
tanta lum,  zirconium, and s imi lar  meta ls  the current ,  
exclusive of electronic current ,  must  be t r anspor ted  
by meta l  ions, by  oxide ions (or other  anions in the 
fi lm),  or by  a combinat ion  of both. Al though it  has 
not yet  been definitely es tabl ished which of the three  
possibil i t ies is the correct  one, the bulk  of the work  
to date has favored the idea tha t  growth  is due 
almost  en t i r e ly  to cationic motion. Vermi lyea ' s  work  
with  t an t a lum (1) presents  a s trong a rgument  for 
the bel ief  tha t  the  meta l  ion is the mobile  species 
in the format ion  of films on that  metal .  In  his ex-  
per iments ,  anodic films were  formed successively 
on the same specimen in two electrolytes  which 
were  known to give films of different  chemical  
characteris t ics .  The spat ia l  re la t ionship  be tween the 
films, which were  assumed to remain  discrete,  was 
then deduced by  the i r  known difference in solubi l -  
i ty  in H F  solution. An object ion which m a y  be 
raised to this procedure  is that  smal l  differences in 
rates  of so lubi l i ty  of a pure  film and one present  in 
the composite film m a y  go unobserved.  Young (2) 
has a r r ived  at  the same conclusion as Vermi lyea  by  
establ ishing the re la t ionship  be tween the anodic 
film on t an ta lum and the res idual  l ayer  on the meta l  
(an ex t r eme ly  thin film of wha t  is p resumed  to be 
an oxyfluoride of t an t a lum)  created dur ing  the 
chemical  polishing of the  meta l  p r io r  to e lec t rochem- 
ical oxidation.  However ,  as was recognized, the  oxy-  

fluoride layer  is not  a ba r r i e r  l aye r  (in the sense of 
the anodic oxide film) and a l though it may  not 
impede  the passage of t an t a lum ions to the  e lect ro-  
ly te -oxyf luor ide  interface,  there  is no evidence tha t  
establishes the subsequent  motion of ions once the 
oxyfluoride l aye r  has been t raversed.  The work  of 
Bernard  and Randal l  (3) on a luminum is subject  to 
somewhat  the same criticism, even though in tha t  
case the exist ing film before anodizat ion consisted of 
an a i r - fo rmed  oxide having ba r r i e r  propert ies .  The 
exper iments  showed only tha t  the p re -ex i s t ing  oxide 
was covered by  an anodic film, not tha t  the  or iginal  
l ayer  re ta ined  its iden t i ty  throughout  the  course of 
oxidation.  In other  work  with  a luminum, Lewis and 
P lumb (4) used a mul t ip le  l ayer  method in which 
one of the layers  was tagged wi th  sulfur-35 and its 
posit ion identified by the ra te  of loss of rad ioac-  
t iv i ty  dur ing  a chemical  s t r ipping process. The re -  
sults were  in t e rp re t ed  to favor  the theory  of meta l  
ion mobil i ty ,  but  these results  are  obscured to some 
extent  because of the format ion of one of the films 
in an e lect rolyte  (di lute  sulfuric  acid) which nor -  
ma l ly  gives r ise to a porous film on a luminum. 

On the other  hand, the observat ions of F l in t  and 
Var ley  (5, 6) on the the rmal  and anodic oxidat ion 
of zirconium indicate  that ,  depending on the surface 
condit ion of the meta l  and appl ied  field strength,  
both cations and anions can demons t ra te  mobi l i ty  
dur ing  film growth.  Haas and Bradford  (7) have also 
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shown that in the formation of multiple layers of 
AI~O~ and TiO~ oxygen must be the mobile species 
at least during some part  of the anodic process. 

The work reported here supports the idea that  
cationic motion is the major  contributor to the 
growth of barrier  oxides, but  also indicates that  
there is a nonnegligible contribution from anion 
movement.  

Exper imenta l  

Films of different compositions may be laid down 
on aluminum by anodic oxidation in suitable elec- 
trolytes. Plumb (8) has shown that appreciable de- 
viation from stoichiometric a luminum oxide is ob- 
tained in films formed in aqueous solutions of po- 
tassium phosphate. The work of Hunter  et al. (9) 
with sodium phosphate solutions has been interpre-  
ted in the same way. Plumb has found that  films 
formed in a neutral  solution of dilute potassium 
phosphate contained phosphorous equivalent to 
about 8% A1PO, distributed uniformly throughout  
the film; we have since made measurements which 
are in essential agreement with this. On the other 
hand, nearly stoichiometric AI~O~ may  be formed 
in solutions of ammonium pentaborate in ethylene 
glycol (10). These two types of films have somewhat 
different chemical characteristics, among them being 
their relative resistance to hydration. The stoichio- 
metric oxide becomes hydrated readily in boiling 
water  (9, 11), whereas the phosphate-containing 
oxide resists attack. Hydration, if it occurs at all, 
does so at a very  slow rate (9). This proper ty  was 
utilized to observe the manner  of growth of the 
anodic films, since the degree to which a barrier ox- 
ide film has been attacked by water  may be de- 
termined by the change in the capacity of the film 
after reaction. The procedure for this has been de- 
scribed in an earlier paper (11). Thus, by  succes- 
sively forming films of different composition on the 
same specimen of a luminum and comparing the rate 
of hydrat ion of such composite films with the known 
reactions of the individual films, the position of the 
two oxide layers with respect to each other and to 
the underlying metal may be deduced, assuming 
that discrete layers persist under these conditions. 
If the individual layers lose their identity, then this 
also should be recognized through the hydrat ion 
data. 

Films were prepared in two different sequences: 
one set was formed in 0.1M NaH~PO~ solution, fol- 
lowed by formation in a 30% solution of ammonium 
pentaborate in ethylene glycol, and a second set was 
formed by reversing the order of electrolytes. Anodic 
oxidation was carried out at 25~ at an initial cur-  
rent density of 1.0 m a / c m  ~ and a final current  density 
of 0.1 m a / c m  ~. Specimens were scrupulously washed 
with distilled water  between formations in order to 
remove adsorbed electrolyte as much as possible. 
Electropolished a luminum of 99.986% puri ty  was 
used for all experiments. After  t reatment  with boil- 
ing water, capacitance of the specimens was meas- 
ured at 25~ The values of reciprocal capacitance 
are then used as a measure of the thickness of the 
unhydrated  oxide. The data may also be expressed 
in terms of the equivalent barr ier  voltage of the 
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Fig. 1. Reciprocal capacitance and barrier voltage vs. hydration 
time at 100 ~ for anodic oxide films: A, lOOv in borate electrolyte; 
B, 50v in phosphate electrolyte; C, 50v in borate electrolyte and 
then to lOOv in phosphate electrolyte; D, 50v in phosphate elec- 
trolyte and then to lOOv in borate electrolyte. 

films. Pert inent  experimental  details have been de- 
scribed earlier (11). 

Results and  Discussion 
In Fig. 1, curves A and B show the hydrat ion rate 

at 100 ~ of films formed to 100v in ammonium penta-  
borate solution and to 50v in NaH~PO, solution, 
respectively. Over the range of reaction time con- 
sidered here, the phosphate-containing film is 
completely unaffected by water  whereas the com- 
parat ively pure oxide film is converted entirely to 
a nonbarrier  hydrated oxide. The behavior of a 
film formed first in the borate solution to 50v and 
then in the phosphate solution to a final value of 
100v is shown in curve C. It is quite clear from this 
plot that  the outermost portion of the film must 
contain phosphate; this would suggest cation move-  
ment during film growth since the film has grown 
at the oxide-electrolyte interface. However, curve D 
shows that film growth cannot be at tr ibuted only to 
the mobility of cations. In this case the film was 
first formed in the phosphate solution and then in 
the borate solution. The rate of hydrat ion of this 
duplex film at first closely follows that  of the stoi- 
chiometric oxide, but  begins to show an appreciable 
deviation from that  rate at a remaining barrier  
voltage of about 70v. This reduction in rate can only 
be explained by the presence of phosphate ion in 
the outermost oxide layer. Furthermore,  the orig- 
inally formed layer is shown to be depleted of phos- 
phate by the fact that  hydrat ion of this portion of 
the film can now proceed at a measurable rate. I f  
the two layers had remained completely discrete, 
hydrat ion would have ceased entirely at a remain-  
ing barrier  voltage of 50v. However,  it should be 
noted that hydrat ion of the original phosphate-  
formed layer occurs at a far  slower rate than with 
normal  oxide layers, indicating that  the amount  of 
phosphate lost from this layer to the subsequently 
formed film probably is not very  great. 

The relative thickness of the two films has no 
effect on the results. For comparison, the curves in 
Fig. 2 show the behavior of films in which the nor-  
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Fig. 2. Reciprocal capacitance and barrier voltage vs. hydration 
time at 100 ~ for anodic oxide films: A, 100v in borate electrolyte; 
B, 10v in phosphate electrolyte; C, 90v in borate electrolyte and 
then to 100v in phosphate electrolyte; D, 10v in phosphate elec- 
trolyte and then to 100v in borate electrolyte. 

m a l  ox ide  was  n ine  t i m e s  as t h i c k  as t he  p h o s p h a t e -  
f o r m e d  l aye r .  In  th is  case, in c u r v e  D, t h e  c o m -  
pos i t ion  of t he  o u t e r m o s t  p o r t i o n  of t h e  f i lm is even  
m o r e  c l e a r l y  s h o w n  to be  t h a t  of  a p h o s p h a t e - f r e e  
oxide .  A n  a p p r e c i a b l e  f r ac t i on  of t he  f i lm m u s t  be  
p e n e t r a t e d  be fo re  t he  m i x e d  n a t u r e  of t he  u n d e r l y -  
ing  oxide ,  a n d  thus  t he  m o v e m e n t  of  anions,  is m a n i -  
fes ted .  

A l t h o u g h  these  e x p e r i m e n t s  show t h a t  bo th  ions  
m o v e  d u r i n g  fo rma t ion ,  t he  r e l a t i v e  mob i l i t i e s  u n -  
d e r  these  cond i t ions  canno t  be  d e t e r m i n e d .  H o w e v e r ,  
i t  is r e a s o n a b l e  to be l i e ve  t h a t  m e t a l  ion m o t i o n  p r e -  
domina t e s .  The  w o r k  of L e w i s  and  P l u m b  (4) to 
some  e x t e n t  s u b s t a n t i a t e s  th is  v i e w  s ince  an  e x a m -  
i na t i on  of t h e i r  d a t a  shows  t h a t  i t  c an  be  used  to  
d e m o n s t r a t e  a p a r t i a l  c o n t r i b u t i o n  of  an ion  m o v e -  
m e n t  to f i lm g rowth .  

Manuscr ip t  received Jan.  31, 1962; revised manuscr ip t  
rece ived  May 31, 1962. 

Any  discussion of this paper  wi l l  appea r  in a Discus-  
sion Section to be publ i shed  in  the  June  1963 JOURNAL. 
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Electrochemical Measurements at High Pressures 
A. Dist~che 

Laboratory o~ General Biology, University oi Liege, Liege, Belgium 

ABSTRACT 

pH measu remen t s  wi th  a glass e lect rode at  1000 kg  cm -~ give di rec t  evidence 
of the pressure  induced ionizat ion constant  shif t  and pe rmi t  ca lcula t ion of the 
cor responding  volume change for  the react ion HA-*  A-  + H § Ex t rapo la t ion  at  
zero ionic s t rength  and zero acid concentra t ion is used to de te rmine  log 
KI~/K1 for  formic acid, phosphor ic  acid, and phosphate  buffer  (step 1). Data  
concerning phosphate  buffer (step 2), acetic acid, acetate  buffer, carbonic acid, 
b icarbonate  buffer, sodium bicarbonate ,  sodium acetate,  and ammonia  are  given 
together  wi th  the  resul ts  of d i rec t  pH measurements  a t  grea t  ocean depth  
(2350m). Work  done in the same field but  based on conduct iv i ty  de te rmina t ions  
is briefly reviewed.  

The  field of a p p l i c a t i o n  of e l e c t r o c h e m i c a l  t e c h -  
n ique  in  h i g h - p r e s s u r e  c h e m i s t r y  is a lmos t  c o m -  
p l e t e l y  r e s t r i c t e d  to  e l e c t r o l y t i c  c o n d u c t a n c e  a n d  
g a l v a n i c  cel l  emf  m e a s u r e m e n t s ,  t he  f o r m e r  r e -  
ce iv ing  m u c h  m o r e  a t t en t ion .  

Conductance Measurements 
N e w  cel l  des ign  [ T e f l o n - P t  ( 1 ) ]  has  m a d e  i t  pos -  

s ib le  to o b t a i n  m o r e  a c c u r a t e  r e su l t s  ove r  a w i d e  
p r e s s u r e  r a n g e  (1-12,000 a t m )  in t he  l a s t  10 yea r s .  
The  s u b j e c t  has  been  f u l l y  r e v i e w e d  b y  H a m a n n  (2)  
and  c o - w o r k e r s  (3, 4) ,  El l i s  (5 ) ,  C l a r k  and  El l is  
(6) ,  and  is b r i e f ly  d e a l t  w i t h  here .  

The  r e su l t s  show t h a t  t he  l i m i t i n g  c o n d u c t a n c e  of 
s t r o n g l y  d i s soc ia t ed  sa l t s  f i rs t  i nc reases  s l i gh t ly  u p  
to 1000-2000 a tm,  b u t  dec reases  a t  h i g h e r  p re s su res .  
The  effect  is r e l a t e d  to v i scos i ty  a n d  d i e l ec t r i c  con-  
s t an t  changes  in  t he  so lvent .  HC1 and  K O H  b e h a v e  
d i f fe ren t ly ,  t h e i r  c o n d u c t a n c e  be ing  r e d u c e d  m u c h  
less b y  h igh  p re s su re s .  

In  con t ras t ,  t he  m o l a l  c o n d u c t a n c e  of w e a k  ac ids  
a n d  bases  i nc reases  s t e a d i l y  w i t h  p r e s s u r e .  This  is 
due  to e n h a n c e d  ion i za t i on  a n d  is bes t  d e m o n s t r a t e d  
b y  the  sh i f t  of t he  i on i za t i on  cons tan t s  ( K )  c o m -  
p u t e d  f r o m  c o n d u c t i v i t y  m e a s u r e m e n t s .  F o r m i c  acid,  
acet ic  acid,  p rop ion i c  acid,  c a rbon ic  acid,  benzoic  
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acid, o-, m-, p-nitrobenzoic, salicylic, and 3-5 di- 
methyl-4-nitrobenzoic acid, ammonia, mono-, di, tr i-  
methyl  amine (2-7) in water  have been thoroughly 
studied, and some results are reported in nonaque-  
ous solvents (2, 6). 

Log KJK1 varies almost l inearly with pressure 
between 0 and 3000 arm. In this range, at 25~ log 
Klo~/K1 lies between 0.1 and 0.25 for organic acids, 
is equal to 0.4 for carbonic acid, and amounts to 
0.45 for ammonia and amines. 

The basic ionization constant of ammonia at 45~ 
is increased from 1.9 10 -~ mole kg -1 at 1 atm to 1010 
x 10 -~ mole kg -1 at 12,000 ~tm (7). David and 
Hamann (3, 4) have measured the conductivity of 
water  and several liquids at shock pressures between 
33,000 and 127,000 atm. The ionic product of water  
increases by a factor as great as 10 TM at 127,000 atm. 
In these spectacular experiments, the pressures are 
produced by Schall 's method (8) of using an explo- 
sion to drive an intense shock wave into the water. 
The cell is made from polyethylene and has plat inum 
electrodes. 

Some polarographic measurements at high pres- 
sure have been made by Ewald and Lim (9) and by 
Hayashi and Kono (10); the results are consistent 
with the fact that  pressure shifts chemical equi- 
libria in the direction of the more ionic species. 

Galvanic  Cel l  e m f  Measurements  

The effect of pressure (p) on the emf (E) of a 
galvanic cell can be predicted from the classical re-  
lations 

( O~G 
= A v  [1] 

~,~ nF [2] 

where ~G represents the free energy, AV the volume 
change when n Faraday (F) are passed through 
the cell at constant molal concentration (m) and 
temperature  (T). 

( z~_~_pE ) 1 x 0.10133 
I f A V =  1 cm 8 , n =  1, = 

~.~ 96.500 

---- 1.05 10 ~ vol t /a tm or 1.016 10 ~ vol t /kg  cm~; 
0.10133 is the factor which converts cubic centi- 
meter-atmospheres into joules. 

Cohen and Piepenbroek (12) showed that AV can 
be considered independent of pressure for the cell 
Tl-amalgam-T1CNS, KCNS I KC1, T1C1-Tl-amalgam. 
Hainsworth, Rowley, and MacInnes (13) have given 
an integrated form of Eq. [2] for the cell Pt-~tt~ I 
HC1 0.1N I HgC1-Hg up to 1000 atm. pH values for 
some standard buffers are given by Le Peintre (15) 
at 150 atm between 20 ~ and 250~ using a sym- 
metrical Pt-H~ cell with liquid junction (quartz cell). 

In a paper published in 1959, Dist~che (14) 
showed that the symmetrical  glass electrode cell: 
Ag-AgC1 1 HC1 0.1N I glass I X, KC1 0.1M I AgC1-Ag, 
where X stands for various electrolytes, can be used 
for precise pH measurements up to 1500 atm. A 
similar cell has been tested for industrial use in the 
0-150 atm range by Le Peintre (15). The cell assem- 
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bly (whole glass) is reported to have been patented 
in 1957, and a few prel iminary results up to 150~ 
are given (Pb-amalgam is used for the inner elec- 
trode),  but glass corrosion very much reduces the 
reliability of the electrode at high temperature.  Mar- 
burger, Anderson, and Wigle (16) described a glass 
cell capable of withstanding pressure, where one of 
the junction electrodes is made of lead, apparently 
directly deposited on the active glass (U tube).  

A conventional glass electrode easily can be made 
to withstand 1500 kg cm -~ simply by applying the 
pressure to a layer of silicone oil, which acts as a 
liquid piston on the inner and outer solutions of the 
electrode (Fig. 1). 

Figure 2 represents a cross section through part  
of a cell designed for laboratory work, which has 
some advantages compared with the apparatus de- 
scribed in 1959 (14). The use of araldite (potting 
resin) for making highly insulated pressure resisting 
seals around the electrical connections has been 
avoided. Crevices appear in this type of seal after 
prolonged use. The electrical connections shown in 
Fig 2. is a variant  of that described by Poulter (17). 
Low-pressure leakage is avoided by the use of "O" 

Ag.AgCL 

i --~Siticone ~--~-~- fluid 

~.61ass electrode 

HCL 0.1N 
Fig. 1. Schematic drawing showing how a glass electrode can be 

made to withstand high pressure. From Dist~che (14). 

Ai 

Ac 

Fig. 2. Cross section through part of the glass electrode assembly 
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rings. The connector, which can be t aken  to pieces 
in a few minutes,  is easy to build,  and the insulat ing 
resistance is ex t r eme ly  high (>10 ' meg) .  

The glass electrode is b lown f rom a Corning 015 
glass tube and fits into a Perspex  mount ing block 
which occupies a volume as large  as possible com- 
pa red  to the volume filled wi th  silicone oil. This is to 
minimize hea t  t ransfe r  be tween the silicone and the 
solution. 

The Ag-AgC1 electrodes are  made f rom pure  si lver 
wire,  and the surface separa t ing  the two l iquid  
phases falls  on the AgC1 coating. S i lvered  Pt  wire,  
first sealed at  the ex t r emi ty  of a glass tube, is to be 
avoided. The glass seal seldom stands repea ted  p res -  
sure appl icat ion and short  circuits appear  at  the  
junct ion be tween the AgC1 coating and the glass 
stem. In fact, the  greates t  difficulty in these exper i -  
ments lies in the  Ag-AgC1 electrodes.  The sl ightest  
scratch or i r r egu la r i ty  in the coating makes  the  elec-  
t rodes behave  erra t ica l ly ,  and the defect  is g rea t ly  
emphasized at  high pressure.  Care also should be 
taken  to e l iminate  dust  deposits which genera l ly  
ga ther  at the l iquid interface.  Carefu l ly  made  elec-  
trodes genera l ly  s tand a week or more of intensive 
exper imenta l  work  before  showing some sign of ag-  
ing. An emf hysteresis  loop is observed when pressure  
is appl ied  and suppressed.  The Ag-AgC1 electrodes 
then have to be replaced  which means tha t  the whole 
cell must  be designed to be t aken  to pieces quickly  
and easily. Glass electrodes last  indefini tely and, 
when carefu ly  washed and wiped,  never  show any 
defects. 

The silicone oil has a viscosi ty of 1 cS at 25~ The 
use of a l iquid of low viscosity makes  filling easier  
and ai r  bubbles  escape quickly.  One d i sadvantage  is 
the  r a the r  high compressibi l i ty ,  which means  tha t  
posi t ive or negat ive  hea t  is genera ted  in the  silicone 
layer.  It can be shown that,  wi th  a p ressure  step of 
1000 kg cm -~ appl ied  in 40 sec, the rise of t e m p e r a -  
ture  is 3~ in the silicone fluid, and never  exceeds 
1 ~ in the solution. 

With  250 kg cm ~ increments  appl ied  every  5 or 10 
min, it  is es t imated  tha t  the total  t empe ra tu r e  r ise  
is less than  0.25~ when the final pressure  is reached.  
The effect can be minimized  fu r the r  by the use of a 
w a t e r - j a c k e t  at  constant  t empera tu re  around the 
pressure  bomb. 

The resul ts  obta ined wi th  pressure  resis t ing glass 
electrodes show tha t  the hydrogen  electrode constant  
(2.303 R T / F )  of the glass electrode is not affected 
by  pressure.  The a s y m m e t r y  potent ia l  measured  
with  0.1M HC1 or any  buffer solution on both sides 
of the membrane  var ies  sl ightly,  but  l inear ly  wi th  
pressure  in the inves t iga ted  range (0-1000 kg cm-"). 
The var ia t ion  genera l ly  does not exceed 1 mv and is 
carefu l ly  de te rmined  to correct  the pH measu re -  
ments. 

Weak Acids and Butlers 
The effect of pressure  on the dissociation constant  

(K) of a weak  acid and on the ac t iv i ty  coefficient 
(7,) of an ion species i is given by  

( O l n K ~  _ --AV ~ Olny,  ~ V , - - V  ~ ( 
op ~.,,~ R--T and ~ ~ , , ~ . , ,  -- RT 

[a] 
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where  AV ~ is the a lgebra ic  difference be tween  the 
pa r t i a l  molal  volumes of the products  and the reac-  
tants  of the chemical  equ i l ib r ium in the i r  s t anda rd  
states and VI the pa r t i a l  molal  volume of the ion 
species i. 

For  acetic acid, acetate  buffer, phosphate  buffer 
(step 2), carbonic acid, and b icarbonate  buffer, at  
concentrat ions where  H + is negl igible  compared  wi th  
the s toichiometr ic  acid or sal t  concentrations,  i t  is 
easy to show tha t  log KJK1 can be calculated f rom 
Eq. [4] and [5], val id  respect ive ly  for acids and 
buffers at 22~ 

E1 --  E~ = 0.0293 log K~/KI + 0.0293 log ~'~-17H+P [4] 
~/A-p 7H% 

E1 --  E, = 0.0585 log KJK1 + 0.0585 log ~,A-1 [5] 
,yA-p 

where  A- : acid anion, E~ and Ep the emf of the glass 
electrode assembly at pressure  1 and P. 

F igure  3 (14) shows a plot  of E~--E,  against  
pressure  from which AV~ corresponding to the  re -  
action HA-~ H + § A- at  1 arm in 0.1M KC1 ( re fe r -  
ence electrode HC1 0.1M) can be est imated.  The 
values are given in Table I (column 1) together  wi th  
~V~ (columns 3 and 4) obta ined from dens i ty  and 
conduct ivi ty  de te rmina t ions  (E~-- E ~  k~ ~-~ ---- 1 my, 
corresponds almost  exac t ly  to AV~ ,t=----1 cm ~ (see 
page 1085); E~o~k~ ~,-~ is obta ined f rom the slope of 
E~ - -  E~ = ~(P) at  1 a tm and genera l ly  coincides wi th  
the reading  at  1000 kg cm-~). 

Except  for carbonic acid • is a lways  lower  than  
aV~ Pa r t  of the difference lies in the cont r ibut ion  of 
the ac t iv i ty  coefficient t e rm in Eq. [4] and [5] 
(~% ~ ~,~). The da ta  necessary to calculate  log 7J7~ 
genera l ly  are not avai lable ,  but  the effect of this 
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Fig. 3. Variation of the glass electrode potential with pressure 
for various acid and buffer solutions in 0.1M KCI (reference half- 
cell: 0.1M HCI). Solid lines are calculated from the data of Owen 
and Brinkley (11). From Dist~che (14). 
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Table I. Volume change for ionization of some weak acids at 1 atm and 22~ 

--AV~ (0.1M KCI), --AV~ --AV~ --AV~ 
em~ mole-1 cm~ mole-~ cm a mole-~ cmS mole-Z 

Glass electrode Glass Density Conductivity 
Acids ref. 0.1M HClx~ electrode 

( ( ) = molarities) 

Acetic 8.2-9.3" 
(0.1-1.0) 

Formic  
Phosphor ic  (/<1) 
Carbonic  (KD 29.0-30.0 

(3.5.10-*) 
Buffe r s  

Aceta te  8.7-9.7* 
(HA 0.1-NaA 0.1) 

Phosphate  (K~) 
Phospha te  (K,)  22.0 

(NaH~ 0.03-Naj-I 0.01) 
20.3 
(NaH~ 0.0076-Na~t 0.076) 

Bicarbonate  22.7-20.7 
( N a i l  2.10-8-3.5.10 -* 
HA 2.10-*-3.5.10 -~) 

10.8-11.5" 12.5(~-11.5 ~z"> 12.2 ~ 
9.2 ~ 

8.8-9.1 8.0 ~> 8.8 r 
17.5 16.2 ~ 

29.0 <m 24.9 ~ 

10.3-10.8" 

14.6-15.2 
23.0 28.1(~** 

* The  lower  v a l u e s  a r e  r e a d  f r o m  the  c u r v e s  of F ig .  3 a n d  s i m i l a r  ones  a t  1000 k g  cm-~; t h e  h i g h e r  v a l u e s  a re  o b t a i n e d  f r o m  the  s lope  of  
t h e  c u r v e s  a t  1 a tm.  

** ~V z = --24.1 c m  s is  r e p o r t e d  f r o m  d i l a t o m e t r i c  e x p e r i m e n t s  b y  L i n d e r s t r o m - L a n g  a n d  J a c o b s e n  (22). 

f ac to r  is e x p e c t e d  to be  s m a l l  (18) .  I t  a lso  shou ld  be  
no t i ced  t h a t  w e  h a v e  a s s u m e d  so fa r  t h a t  t h e  p H  of 
t he  r e f e r e n c e  h a l f - c e l l  (0.1M HC1) "is no t  a f fec ted  b y  
p r e s s u r e  a n d  t h a t  t he  effects of p r e s s u r e  on the  
specific e l ec t rode  r eac t i ons  cance l  out.  AV~ c o r r e -  
sponds  in  fac t  to t he  t o t a l  v o l u m e  c h a n g e  in t he  ob -  
s e r v e d  cel l  a t  1000 kg  cm -~. 

W e  wi l l  n o w  d e s c r i b e  h o w  the  AV~ v a l u e s  l i s t ed  in 
co lumn  2 of  T a b l e  I h a v e  been  ob ta ined .  

W h e n  [H +] is no l o n g e r  neg l i g ib l e  c o m p a r e d  to 
t he  s t o i c h i o m e t r i c  concen t ra t ions ,  Kp a n d  K1 m u s t  be  
c a l c u l a t e d  us ing  t h e  c lass ica l  m e t h o d s  to  d e t e r m i n e  
d i s soc ia t ion  cons tan t s  f r o m  e l e c t r o m o t i v e  force  da ta .  

F o r  acids  ( fo rmic  acid,  p h o s p h o r i c  ac id  ( s t ep  1),  
E 1 -  E,  is t h e n  g iven  b y  

E~ - -  Ep = 0.0293 log ~ 0.0293 

( m H A  - -  mzt+)  p 

log + f ( ~ / ~ )  [6]  

where" ;f(~//L) s t a n d s  for  t he  a c t i v i t y  coeff icient  t e r m  
a n d  m for  t he  s t o i ch iome t r i c  ac id  and  H § c o n c e n t r a -  
t ions  on the  m o l a l  scale  [ m ~ = m , =  (M~/p~)~= 
(MJp~) e in d i l u t e d  so lu t ions ;  M~ is t he  c o r r e s p o n d i n g  
c o n c e n t r a t i o n  on the  m o l a r  scale,  p~ the  d e n s i t y  of 
w a t e r  a t  1 atrn;  t he  a p p r o x i m a t i o n  m~ = m~ ~ M1 has  
been  used  t h r o u g h o u t  th is  p a p e r ] .  

F i g u r e  4 shows  h o w  E ~ - - E ,  v a r i e s  w i t h  t he  con-  
c e n t r a t i o n  M~ of fo rmic  ac id  in  0.1M, 0.01M, and  
0.001M KC1, t h e  c o r r e s p o n d i n g  r e f e r e n c e  h a l f - c e l l s  
con t a in ing  0.1M, 0.01M, and  0.001M HC1. 

F i g u r e  4 also g ives  ApK'  = - - l og  k'~ ~- ~ / ~  ~- log 

k ' , -  ~//~p w h e r e  k ' =  m'~H§ - rn'H§ a n d  ~/p  is 
t he  u s u a l  e s t i m a t e  for  t he  a c t i v i t y  coefficient  t e rm.  
The  p r i m e s  ind ica t e  t he  u n c e r t a i n t y  i n t r o d u c e d  b y  
the  va lue s  of ~,H+ used  to ca l cu l a t e  re'H+. T h e y  c o r r e -  
spond  to t h e  m e a n  a c t i v i t y  coefficient  for  HC1 in KC1 

solut ions ,  used  b y  H a r n e d  and  O w e n  (20) in  t h e i r  
d e t e r m i n a t i o n s  of t he  d i s soc ia t ion  cons t an t  of fo rmic  
acid.  As  a first  a p p r o x i m a t i o n  i t  has  been  a s s u m e d  
t h a t  t he  a c t i v i t y  coefficients do no t  change  w i t h  p r e s -  
sure.  

Va lues  for  ApK'  in  0.001M KC1 a g r e e  f a i r l y  w e l l  
w i t h  t he  e x p e c t e d  one w h i c h  l ies  b e t w e e n  0.137 
[ • 1 7 6  c m  ~ ( 2 , 7 ) ]  and  0.150 [ ~ V ~  
cm ~ (7)  3. 

In  0.1M KC1, ApK' drops  u n e x p e c t e d l y  a t  l ow  ac id  
concen t ra t ions ,  w i t h  0.1M HC1 as r e fe rence .  I t  is ea sy  
to show t h a t  t h e  a n o m a l y  d i s a p p e a r s  w h e n  a s m a l l  
cons t an t  is a d d e d  to t he  o b s e r v e d  emf  shif ts ,  and  
t h e r e  exis t s  e x p e r i m e n t a l  ev idence  to g ive  a m e a n i n g  

0.15 

O.1G 

0.05. 

ApK' HCOOH 

" ~  A A 

Q 
o.~s 

Ref. XCI 
�9 HC! 0.00t 0.00! 

�9 . 0.01 00~ 
O " 0.! 0.1 
�9 H C I * K C !  0i  0.1 
d= . . . .  0.0! 0.01 

0:5 o.~5 11o ~-~ 

AmY 

�9 HC! 0.001 0.001 
2 �9 " 0.01 0.01 

�9 " 01 0 i  
O HCt§ 0.t 0.1 
v . . . .  0.01 0~01 

o o.i5 o:5 o~5 ~;o V-~ 
Fig. 4. Formic acid in KCI solutions. Top: ApK' = - -  log k'~ -{- 

~//~1 ~ log k'~ - -  ~v//~p (p = 1000 kg cm -~) as a function of the 
acid concentration. Bottom: observed emf shifts (~mv). (HCI 
KCI 0.1 and 0.001 is simplified for HCI 0.01M ~- KCI 0.09M and 
HCI 0.001M -f- KCI 0.009M). 
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to th is  cons t an t  i nc r emen t .  If  0.01M KC1 -t- 0.09M 
KC1 is used  as  r e f e r ence ,  t he  o b s e r v e d  A m v  v a l u e s  
for  fo rmic  ac id  in 0.1M KC1 a r e  a b o u t  0.8-0.9 m v  
g r e a t e r  t h a n  w i t h  0.1M HC1. S i m i l a r l y  a 0.6 m v  sh i f t  
is o b t a i n e d  w h e n  0.001M HC1 -F 0.009M KC1 is u sed  
i n s t e a d  of 0.01M HC1. A f u r t h e r  t en fo ld  d i l u t i on  of 
the  r e f e r e n c e  so lu t ion  ind ica t e s  t h a t  t he  d i f fe rences  
w i t h  0.001M HC1 a re  w i t h i n  the  e x p e r i m e n t a l  e r r o r s  
(-+0.1 m y ) ,  b u t  t he  emf  of t he  r e f e r e n c e  e l e c t r o d e  
shows t h e n  a s low l i n e a r  d r i f t  w h i c h  m a k e s  t he  
d e t e r m i n a t i o n  of t he  abso lu t e  pK v a l u e s  imposs ib le ,  
a l t h o u g h  p r e s s u r e  i n d u c e d  emf  changes  a r e  s t i l l  
m e a s u r a b l e .  

I t  is to be  e x p e c t e d  t h a t  w i t h  HC1 + KC1 as r e f -  
e rence  solut ion ,  the  effect of p r e s s u r e  on the  a c t i v i t y  
coefficient -/~§ a lmos t  or  c o m p l e t e l y  cancels  on bo th  
s ides  of t h e  glass  m e m b r a n e .  This  m i g h t  not  be  t he  
case w i t h  HC1 alone,  e x c e p t  a t  h igh  d i lu t ions ,  b u t  
t h e r e  r e m a i n s  the  d i f f icul ty  t h a t  t he  a c t i v i t y  coeffi- 
c ien t  in p u r e  HC1 so lu t ions  t h a n  a p p e a r s  to be  m o r e  
af fec ted  b y  p r e s s u r e  t h e n  w h e n  KC1 is p resen t .  The  
p H  of 0.1M HC1 w o u l d  h a v e  to d e c r e a s e  f r o m  1.09 to 
1.075 to e x p l a i n  the  o b s e r v e d  shift ,  if  ~/~§ in  p r e s e n c e  
of KC1 is supposed  to r e m a i n  cons tan t .  Such  a l a r g e  
change  is r a t h e r  u n e x p e c t e d  (18) .  A n o t h e r  e x p l a n a -  
t ion  is t h a t  t h e  a s y m m e t r y  p o t e n t i a l  of t h e  glass  e l ec -  
t r o d e  changes  w i t h  p r e s s u r e  w h e n  KC1 is a b s e n t  in 
one of t he  h a l f - c e l l s  w h i c h  m i g h t  i m p l y  t h a t  t he  
glass  m e m b r a n e  u n d e r  p r e s s u r e  w o u l d  become  
s l i g h t l y  sens i t i ve  to K ions  also. The  p h e n o m e n o n  
m i g h t  also t a k e  p lace  at  t he  Ag-AgC1  e l ec t rodes  or  
m o r e  l ike ly ,  r e p r e s e n t  t he  ne t  effect  of p r e s s u r e  on 
the  p r o t o d e  r e a c t i o n  (H~O+-~ H~O + p )  on bo th  s ides  
of the  glass  m e m b r a n e .  A c o m p l e t e  ana lys i s  of th is  
p r o b l e m  needs  m o r e  e x p e r i m e n t s  a n d  is b e y o n d  t h e  
scope of th is  pape r .  

F i g u r e  5 is a p lo t  of - - l og  k'  as a func t ion  of ~/~ 
to a t t e m p t  to e x t r a p o l a t e  t he  r e su l t s  bo th  a t  t~ = 0 
and  zero ac id  concen t r a t ion .  The  g e n e r a l  a spec t  of 
th is  d i a g r a m  is in  r e a s o n a b l e  a g r e e m e n t  w i t h  t he  r e -  
sul ts  of H a r n e d  and  O w e n  (20) r e g a r d i n g  the  ionic  
s t r e n g t h  and  m e d i u m  ( u n d i s s o c i a t e d  ac id)  effects.  

G r e a t  a c c u r a c y  is no t  c l a i m e d  fo r  the  abso lu t e  
v a l u e  of t he  d i s soc ia t ion  c o n s t a n t  (pK~ = 3.71 in -  
s t ead  of 3.75);  i t  can  be  seen  t h a t  a b e t t e r  v a l u e  
(3.74) is o b t a i n e d  w h e n  the  r e su l t s  in  0.1M KC1 

- log k' HCOOH 

3.70 
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3.Zo0 
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Fig. 5. Formic acid in KCI solutions. Extrapolation of -- log k'l  
and - -  log k'p at ~ = 0 and zero acid concentration (HCI -f- 
KCI 0.1 and 0.01 is simplified for HCI 0.01M @ KCI 0.09M and HCI 
0.001M ~ KCI 0.009M; - -  log k ' l >  - -  log k'~). 
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Fig. 6. Phosphoric acid (step 1) in KCI solutions. Top: ApK' = 

- -  log k'l -F "~/~/~ -]- log k'~ - -  ~ / / ~  (p = 1000 kg cm -~) as a 
function of the acid concentration ( \ / M ) .  Bottom: observed emf 
shifts (A my). 

and  0.01M KC1 a lone  a r e  cons ide red .  More  d a t a  a r e  
n e e d e d  in  0.01M and  0.001M KC1, b u t  those  a v a i l -  
ab le  a r e  suff icient  to d e t e r m i n e  ApK w i t h  some  ac -  
curacy .  The  l i n e a r  e x t r a p o l a t i o n  of - - l og  k'p f r o m  
t~ ~ 0.1 to t~ = 0.001 t h r o u g h  - - l og  k'p at  t~ = 0.01 
is seen  to be  poss ib le  on ly  w h e n  HC1 + KC1 is u sed  
in t he  r e f e r e n c e  h a l f - c e l l  i n s t e a d  of 0.1 and  0.01M 
HC1. The  d i a g r a m  shows  t h a t  t h e  a c t i v i t y  coefficient  

t e r m  (~/ t0  used  to ca l cu l a t e  ApK' in  Fig .  4 is an  

ove re s t ima t e .  The  c o r r e c t e d  va lue s  a re :  --0.66 ~/ta 

and  --0.52 ~/t~ a t  t~ = 0.1, in  a g r e e m e n t  w i t h  t he  
v a l u e  at  1 a t m  g iven  b y  H a r n e d  and  O w e n  (20) 
and  d e r i v e d  f r o m  the  e q u a t i o n  

- -~ /#1 / (1  + 1.175 ~ / ta )  H- 0.19ta = log  y~§ 

P r e s s u r e  m a i n l y  affects  t he  coefficient  of t he  t e r m  
in ta. 

The  mos t  p r o b a b l e  v a l u e  for  AV~ 8.8-9.1 cm 8, 
c o r r e s p o n d i n g  to  ApK = 0.150 - -  0.155 is in  good 
a g r e e m e n t  w i t h  t he  d e n s i t y  and  c o n d u c t i v i t y  d a t a  
(2, 7) .  The  c o n t r i b u t i o n  of t he  a c t i v i t y  coefficient 
change  is a b o u t  1.5 c m  ~ a t  t~ = 0.1. 

The  effect  of p r e s s u r e  on the  ion iza t ion  cons t an t  
of phospho r i c  ac id  ( s tep  1) has  also been  s tud ied .  

F i g u r e  6 shows  E1 - -  Ep as a func t ion  of  ~/M1 in 
0.1M and  0.001M KC1, us ing  0.1M and  0.001M HC1 
as r e fe rence .  As  for  f o rmic  acid,  a sh i f t  of a b o u t  0.9 
m v  is o b s e r v e d  w h e n  0.01M HC1 + 0.09M KC1 is 
used.  The  c o r r e s p o n d i n g  ApK' va lues  c a l c u l a t e d  in the  
s ame  w a y  as fo r  f o r m i c  ac id  a r e  s h o w n  in t he  u p p e r  
p a r t  of Fig.  6. A g a i n  ApK' drops  too m u c h  a t  h igh  
d i l u t i on  in  0.1M KC1 and  the  s ame  e x p l a n a t i o n  holds .  

The  c o n t r i b u t i o n  of  t he  second  t e r m  on t h e  r i g h t  
s ide  of Eq. [6]  is v e r y  i m p o r t a n t  in  t he  case  of  HsPO4 
and  m a k e s  t he  ~pK' v a l u e s  m u c h  m o r e  sens i t ive  to 
e x p e r i m e n t a l  e r rors .  ApK' e x t r a p o l a t e s  a r o u n d  0.300 
(AV~ ----- --17.5 c m  ~) in  0.001M KC1, w h i c h  is r a t h e r  
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Fig. 7. Phosphoric acid (step 1) and phosphate buffer (buffer 
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Fig. 8. Phosphate buffer (step 1) in KCI solutions. ApK' = 
- -  log k'~ -~ ~//~ -~- log k'~ - -  ~/~z~ (p ~ 1000 kg cm -~) and 

my observed (emf shifts) as a function of the buffer concentra- 
tion ( [HA]  -I- [A- ]  = M).  

too h igh  c o m p a r e d  to the  --16.2 cm ~ o b t a i n e d  b y  
S m i t h  (21) f r o m  d e n s i t y  m e a s u r e m e n t s .  

F i g u r e  7 g ives  - - l o g  k'~ and  - - l o g  k'~ = ](~//~) and  
m a y  be  e x t r a p o l a t e d  to # = 0 and  zero  ac id  concen -  
t r a t ion .  The  abso lu t e  v a l u e  of pK~ (2, 11) is in 
a g r e e m e n t  w i t h  t he  v a l u e  2.13 g i v e n  b y  Ba tes  (23) ; 
t he  mos t  p r o b a b l e  v a l u e  for  ApK is a g a i n  0.300, a n d  
the  c o n t r i b u t i o n  of t he  a c t i v i t y  t e r m  a t  p = 0.1 is 
e q u a l  to 1.03 cm ~ w h i c h  is s o m e w h a t  less t h a n  for  
fo rmic  acid.  

The  r e su l t s  g a t h e r e d  for  p h o s p h a t e  buf fe r  ( s t ep  
1) a r e  g iven  in ~ig .  7, 8, and  9. The  s tock  buf fe r  
so lu t ions  c o n t a i n e d  0.1M KH~PO,, 0.011M H~PO,, a n d  
KC1, and  w e r e  d i l u t e d  w i t h  c o r r e s p o n d i n g  KC1 so lu -  
t ions.  This  buf fe r  r a t i o  e x p l a i n s  w h y  the  m e d i u m  
effeet of u n d i s s o c i a t e d  H~PO~ is v e r y  m u c h  r educed ,  
c o m p a r e d  w i t h  p u r e  H~PO, solut ions .  The  e x t r a p o -  
l a t e d  v a l u e  of •  l ies  a r o u n d  0.260 (AV~ = --15.2 
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Fig. 9, Phosphate buffer (step 1) in KCI solutions. Extrapolation 
of pK' ~ pk' ~ ~ / ~ / ( 1  @ 1.96 ~/~,) at 1 and I000 kg cm -2 on 
the ~ scale (pK'~ ~ pK'~). 

cm ~) on bo th  Fig.  7 and  8. The  c o n t r i b u t i o n  of t h e  
a c t i v i t y  coefficient  t e r m  is ~ 0.7 c m  ~ a t  /~ = 0.1. 
F i g u r e  9 ind ica t e s  t ha t  the  r e su l t s  a r e  b e t t e r  r e p r e -  

s en t ed  on t h e / ~  scale,  pK'  = pk '  -t- _ is 
1 ~- 1.96~/~ 

t h e n  used  to e x t r a p o l a t e  a t  /~ = 0 (23) ,  a g a i n  as -  
s u m i n g  t h a t  p r e s s u r e  has  no  effect  on the  a c t i v i t y  
coefficients.  ApK seems  n o w  to b e  c loser  to 0.250 
(AV% ~-- --14.6 cm~), w h e r e a s  t he  abso lu t e  v a l u e  of 
pK~ is in  e x c e l l e n t  a g r e e m e n t  w i t h  t he  d a t a  of Bates .  

W e  h a v e  so f a r  no e x p l a n a t i o n  for  t h e  fac t  t h a t  
AV~ for  p h o s p h a t e  buf fe r  is a b o u t  2 or  3 cm ~ s m a l l e r  
t h a n  AV~ for  H~PO, alone.  I t  shou ld  be  no t i ced  h o w -  
e v e r  t h a t  e x t r a p o l a t i o n  at  n e a r l y  e q u a l  buf fe r  r a t io s  

on the  ~//~ scale  (F ig .  8) y i e ld s  v a l u e s  for  ApK b e -  
t w e e n  0.280 and  0.270 (--16.4 a n d - - 1 5 . 8  c m  ~) in 
m u c h  b e t t e r  a g r e e m e n t  w i t h  t he  d e n s i t y  d a t a  of  
S m i t h  (21) .  

P r e l i m i n a r y  r e su l t s  for  acet ic  ac id  in  0.001 KC1 
l e a d  to ~pK = 0.180 (AV% = --10.8 cm ~) ; for  ace t a t e  
buffer ,  ApK = 0.175 (AV% = --10.3 cm*). Some  u n -  
c e r t a i n t y  ar i ses  f r o m  the  s l igh t  c u r v a t u r e  of E1 - -  
E~ = f ( P )  w h i c h  is g e n e r a l l y  a b s e n t  in  t h e  o the r  
i n v e s t i g a t e d  media .  The  emf  va lue s  at  500 k g  c m  -~ 
g ive  for  AV% --11.5 and  --10.8 cm ~ for  t h e  ac id  and  
the  buffer ,  r e spec t i ve ly .  The  a g r e e m e n t  w i t h  t h e  
r e su l t s  o b t a i n e d  f r o m  c o n d u c t i v i t y  and  d e n s i t y  
m e a s u r e m e n t s  is s a t i s f a c t o r y  ( see  T a b l e  I ) .  

The  effect of t he  ionic  s t r e n g t h  on  ApK in  p h o s -  
p h a t e  buf fe r  ( s tep  2) seems  to be  qu i t e  smal l .  The  
i m p o r t a n c e  of t he  buf fe r  r a t i o  w i l l  h a v e  to be  i n -  
v e s t i g a t e d  ca re fu l l y ,  b u t  t he  o b s e r v e d  sh i f t s  in 
0.001M KC1 p o i n t  t o w a r d  ApK = 0.390 or  AV% = 
--23.0 cm ~, a v a l u e  w h i c h  is s t i l l  a b o u t  5 cm ~ too  
s m a l l  c o m p a r e d  to  t h e  one  o b t a i n e d  f r o m  d e n s i t y  
m e a s u r e m e n t s  (21) .  

W e  h a v e  no t  r e i n v e s t i g a t e d  (14) t he  effect  of 
p r e s s u r e  on H~CO~ and  b i c a r b o n a t e  bu f fe r  in  d i l u t e  
KC1 solut ions .  T a k i n g  in to  accoun t  t he  a p p a r e n t  r e f -  
e rence  cel l  sh i f t  (0.8-0.9 m v )  for  0.1M HC1 and  a 
r e a s o n a b l e  e s t i m a t e  of 0.5 m v  for  t h e  a c t i v i t y  co-  
eff icient  con t r ibu t ion ,  w o u l d  l e a d  to  AV% v a l u e s  for  
b i c a r b o n a t e  buf fe r  b e t w e e n  ~ 2 2 . 0  a n d - - 2 4 . 0  cm ~, 
no t  too fa r  f r o m  t h e  v a l u e  (--24.9 c m  81 p r o p o s e d  
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recent ly  by  Ellis (5) f rom conduct iv i ty  measu re -  
ments. These AV% values are however  much lower  
than  the figure given by  Owen and Br ink ley  (11) 
(29.0 cm ~) and are  in d i sagreement  wi th  the  p t t  
shift  observed in H~CO~ solutions, which lies be tween  
14.5 and 15.0 mv in 0.1M KC1 (reference 0.1M 
HC1) (AV~ = - -  30.6 and --31.8 cm ~, a f te r  correct ion 
for the reference shif t ) .  

The increase of the second dissociation constant  
of carbonic acid is not measurab le  wi th  a glass 
electrode wi thout  careful  invest igat ion of the  effect 
of pressure  on the a lka l ine  e r ror  at  pH ~ 9. The 
shift  can be computed however  f rom the emf change 
observed in NaHCO~ solutions, the pH of which is 
known to be given by  

pH = :/z pK~ q- ~/~. pK~ 

The observed value, with 0.1M HCI as reference, 

is 22.6 mv at 1000 kg cm -~ for a 0.1M solution in 
0.1M KCI. It is close to the 22.7 mv change obtained 
for bicarbonate buffer. This gives, after correction 
for the reference half-cell shift, a corresponding 
value of AV~ equal to --23.6 cm% The expected AV% 
is --27.8 cm ~ (11). 

I t  appears  f rom Table I, which summarizes  our 
findings, tha t  the observed pH shifts induced by  
pressure  in acetic acid, formic acid, phosphoric  acid 
(step 1), and perhaps  carbonic acid are  in reason-  
able agreement  wi th  the pK decrease or AV% values  
calculated f rom densi ty  and conduct iv i ty  data.  How-  
ever, the recorded emf changes in buffer solutions 
appear  to be sys temat ica l ly  too small  and the di f -  
ference is too great  to be accounted for in t e rms  of 
ac t iv i ty  coefficient contr ibut ions or reference cell 
shifts. On the other  hand, the exper iments  descr ibed 
in the next  section tend to show tha t  the behavior  
of the glass electrode under  pressure  is normal  in 
the a lkal ine  region, so that  the cause of the observed 
discrepancy wil l  have to be sought e lsewhere  (ionic 
association, hydra t ion ,  incomple te ly  dissociated 
salts, etc.) .  

Sodium Acetate, Ammonia  (Ionic Product of Water)  

The ionic product  of wa te r  K~ increases by  a fac-  
tor  of 2.36 at 1000 a tm according to the calculat ion 
of Owen and Br ink ley  (11). Severa l  exper iments  
can be carr ied  out wi th  a glass electrode to obtain 
exper imen ta l  da ta  about  this shift. The pH of a so- 
dium acetate  solut ion is known to be given by  

pH = ~/2 pKw q- ~ pKHA -k V2 log M 

The pK decrease observed f rom pH measure -  
ments  for acetic acid lies be tween 0.180 and 0.195 at  
1000 atm, the pKw shift  is expected to be 0.373. The 
observed pH change for Na-ace ta t e  should thus be 
equal  to 0.277-0.284 pH, or 16.2-16.6 mv at  21~ 
The exper imenta l  values in four  successive exper i -  
ments  wi th  0.1M HC1 as reference are:  16.0, 16.5, 
16.7, 17.2 my. The mean  va lue  corrected for the  r e f -  
erence shift  is 17.4 mv. The agreement  is accept-  
able despi te  the  fact tha t  the pH of Na-ace ta t e  so- 
lut ions is somewhat  unstable.  The solution should 
be p repa red  f rom acetic acid and CO2-free NaOH, 
and ve ry  careful ly  ad jus ted  at  the neut ra l iza t ion  
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point  (pH = 8.4). At  lower  pH values,  the observed 
shifts fal l  be tween tha t  for acetate  buffer and Na-  
acetate.  

The pH of ammonia  solutions is given by  

pH = pK~ -- 1/~ pK~H~oH q- ~fi log M 

The expected pH shif t  es t imated  f rom the  da ta  of 
Hamann  and co-workers  (24, 7) (log Kp/K1 = 
0.465) can be shown to be 0.140 pH or 8.2 inv. The 
observed values for a 10-~M solution in 0.1M KC1, 
wi th  O.IM HC1 as reference,  are  9.2 and 8.4 mv at  
pH 9.64. However ,  the glass e lectrode is known to 
present  an a lka l ine  er ror  above pH 9, and the effect 
of pressure  in this  region has not  been invest igated.  
Fur ther ,  A g - A g I  electrodes should be subs t i tu ted  to 
the Ag-AgC1 electrodes,  AgC1 being soluble in 
NH,OH. The agreement  is thus to be accepted wi th  
caution, a l though no change in the  a s y m m e t r y  po-  
ten t ia l  shift  could be detected before and af ter  20- 
min t r ea tmen t  in 10-'M NtLOH. 

Sea Water  

The effect of pressure  on the pH of sea wa te r  re -  
veals  a l inear  pH decrease which amounts  to 0.3 pH 
at 1000 kg cm -2 (14). 

The pressure  resis t ing glass e lectrode has been 
adapted  for deep sea invest igat ions,  and Dist~che 
and Dubuisson (25) have been  able to record  the  
pH of the  wa te r  of the Medi te r ranean  Sea f rom the 
French  Bathyscaphe  to 2.350m depth. 

The electrode cell is shown on Fig. 10 which is 
se l f -explana tory .  The cell assembly is a t tached to 

Fig. 10. Glass electrode assembly for deep sea investigations. From 
Dist~che and Dubuisson (25). 
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Fig. 11. pH changes recorded from the Bathyscaphe FNRS III 
between 0 and 2350m in the Mediterranean Sea. Curves 1, 2, 3 give 
E1 - -  Ep = f (P), E1 corresponding to the pH values at the surface 
(S~, S~, $3). Curve 4 gives E, - -  Ep = f (P) for sea water of con- 
stant composition. Curve 0 represents the simultaneous temperature 
record. From Dist~che and Dubuissan (25). 

the lower  end of a pressure  resist ing steel  cyl inder  
conta ining a d -c  amplif ier  wi th  cathode fol lower 
output,  dr iv ing  a pen recorder ,  on which the pH 
shifts are  observed as the distance be tween  two 
traces,  one of which represents  the zero dr i f t  of 
the appara tus .  The er ror  on ApH is cer ta in ly  less 
than  0.01 pH uni t  and ve ry  close to 0.005 pH unit.  

The curves on Fig. 11 were  obta ined dur ing  two 
dives. They represent  direct  manua l  measurements  
( la rge  dots) wi th  a precision poten t iometer  circuit  
and the da ta  t aken  f rom the recorded curves (smal l  
dots) .  Af te r  a small  increase near  the surface, the 
pH is seen to decrease exponent ia l ly  (~0.15 pH 
uni t)  f rom 0 to 400m. F rom 400m to 2350m, the b i -  
carbonate/COg ra t io  remains  constant  since the  ob-  
served pH change corresponds to the effect of p re s -  
sure on wa te r  of constant  composition. A sl ight  acid 
grad ien t  is found near  the bottom. The resul ts  ob-  
ta ined  f rom the surface to the  sea bot tom agree 
wi th  those recorded dur ing  the r e tu rn  to the  surface, 
and there  is a dist inct  corre la t ion be tween  the t em-  
pe ra tu re  curve and the pH curve. 

Conclusion 

The author  is fu l ly  aware  tha t  his invest igat ions 
on the behavior  of a glass electrode at  h igh pressure  
in var ious  e lectrolytes  cover only an ex t r eme ly  
smal l  por t ion of a ve ry  wide field. The impor tan t  
fact is that the reproduc ib i l i ty  and the precision of 
the pH measurements  wi th  a glass electrode are 
affected by  pressure  but  l i t t le  or not  at  all. This 
s ta tement  is not a proof  tha t  the e lectrode gives, 
under  al l  circumstances,  the value  of the  hydrogen  
ion act ivi ty,  but  considering as a whole the resul ts  
which have  been obtained so far,  makes  one feel 
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confident, since many  resul ts  agree wel l  wi th  wha t  is 
known from conductance and densi ty  data.  

Fu r t he r  ins t rumenta l  deve lopment  is possible. A 
b r igh t  gold e lect rode can be added  to the  glass elec-  
t rode cell for rH measurements  ~ and i t  is p lanned  
to t ry  glass electrodes sensi t ive to Na § and K § (26, 
27). 

The use of mul t ie lec t rode  cells, including a con- 
duct iv i ty  cell, would cer ta in ly  broaden  the field 
of e lectrochemical  invest igat ion at high pressures  
(proper t ies  of electrolytes ,  pro te in  chemistry,  k ine t -  
ics, oceanography,  and indus t r ia l  technology) .  
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The Performance of Hydrocarbons 
in Ion Exchange Membrane Fuel Cells 

L. W. Niedrach 
Research Laboratory, General Electric Co~npany, Schenectady, New York 

ABSTRACT 

Exp lo ra to ry  work  has been pe r fo rmed  on the  behav ior  of hydrocarbons  and 
carbon monoxide  in acidic ion-exchange  m e m b r a n e  fuel  cells hav ing  p l a t i num 
and pa l l ad ium b lack  electrodes.  Electr ical  output  was obta ined  f rom such cells 
when propane,  propylene ,  e thylene,  methane,  and carbon monoxide  were  used 
as fuels. In  all  cases qual i ta t ive  tests indica ted  at  least  pa r t i a l  oxida t ion  to CO~. 
Al l  of the  gases pe r fo rmed  be t te r  on p la t inum than pa l lad ium.  In  all  cases the 
per formance  improved  wi th  increas ing t empe ra tu r e  in the  range  27"-85~ 
None of the  fuels tes ted  pe r fo rmed  as wel l  as pu re  hydrogen  in the same cells. 

I n  t he  d e v e l o p m e n t  of t he  i o n - e x c h a n g e  m e m -  
b r a n e  fue l  cell ,  t he  g r e a t e s t  e m p h a s i s  to d a t e  has  
been  p l a c e d  on i ts  u t i l i z a t i o n  as  a h y d r o g e n - o x y g e n  
cell .  D e t a i l e d  accounts  of the  cons t ruc t ion ,  o p e r a -  
t ion,  and  p e r f o r m a n c e  of such  cel ls  o p e r a t i n g  on  
h y d r o g e n  h a v e  been  g iven  e l s e w h e r e  (1 -3 ) .  S o m e  
e x p l o r a t o r y  w o r k  on the  p e r f o r m a n c e  of h y d r o c a r -  
bons  has  n o w  been  done  us ing  t h e  p l a t i n u m  and  
p a l l a d i u m  b l a c k  e l ec t rodes  t ha t  have  been  r e g u l a r l y  
e m p l o y e d  in  t h e  s tud ies  w i t h  h y d r o g e n .  O n l y  ce l l s  
w i t h  ac idic  e l e c t r o l y t e s  w e r e  used.  W h i l e  i t  was  
r ecogn ized  t h a t  such ca t a ly s t s  h a d  l i t t l e  chance  of 
p r o v i n g  o p t i m u m  for  t h e  d e s i r e d  ox ida t ions ,  i t  
s eemed  l i k e l y  t h a t  t h e i r  p e r f o r m a n c e  w o u l d  be  i l -  
l u s t r a t i v e  of some  of t he  g e n e r a l  effects w h i c h  wi l l  
be e n c o u n t e r e d  d u r i n g  t h e  e l e c t ro ly t i c  o x i d a t i o n  of 
h y d r o c a r b o n s .  This  p a p e r  p r e s e n t s  t h e  r e su l t s  of 
the  e x p e r i m e n t a l  work .  

Exper imental  
A d i a g r a m  showing  t h e  cel l  cons t ruc t i on  a p p e a r s  

in  Fig .  1. The  h e a r t  of t h e  un i t  is t h e  m e m b r a n e -  
e l ec t rode  s t ruc tu re .  A r e i n f o r c e d  s u l f o n a t e d  p h e n o l  
f o r m a l d e h y d e  cas t ing  r e s in  in  i ts  ac id ic  f o r m  was  used  
for  t he  e l ec t ro ly t e .  T h i n  l a y e r s  of t h e  e l e c t r o d e  
m a t e r i a l s  ( p l a t i n u m  or  p a l l a d i u m  b l a c k )  w e r e  
b o n d e d  on the  su r f aces  of t he  m e m b r a n e  e l e c t r o -  
ly te .  These  l a y e r s  h a d  a t h i cknes s  of a b o u t  a m i l  
and  a c i r c u l a r  a r e a  of 11.4 cm ~. T h e  t h i cknes s  of  
the  e l e c t r o l y t e  was  a p p r o x i m a t e l y  0.06 cm. S ince  
the  c a t a l y s t  l a y e r s  a r e  r e l a t i v e l y  poor  e l ec t ron ic  
conduc tors ,  p l a t i n u m  gauzes  (80 m e s h )  w e r e  b u r i e d  
in  t he  e l e c t r o l y t e  su r f aces  to s e rve  as c u r r e n t  co l -  
lec tors .  Tabs  on the  gauzes  s e r v e d  as t e r m i n a l s  for  
t he  cells.  

The  m e m b r a n e - e l e c t r o d e  s t r u c t u r e  was  m o u n t e d  
in a L u c i t e  hous ing  h a v i n g  a d i a m e t e r  of 3 in. N e o -  
p r e n e  r u b b e r  ga ske t s  (1 /64  in. t h i ck )  w e r e  used  
for  a l l  seals.  S t a in l e s s  s tee l  b a c k i n g  p l a t e s  w e r e  

used  to p r e v e n t  w a r p i n g  of t h e  L u c i t e  d u r i n g  o p e r -  
a t ion  a t  e l e v a t e d  t e m p e r a t u r e s .  

E x p e r i m e n t s  a t  r o o m  t e m p e r a t u r e  w e r e  p e r -  
f o r m e d  w i t h  t he  cel ls  m o u n t e d  in  air .  F o r  o p e r a t i o n  
at  t e m p e r a t u r e s  a b o v e  r o o m  ambien t ,  t h e y  w e r e  
m o u n t e d  in a w a t e r  b a t h  c on t a in ing  d i s t i l l ed  w a t e r .  
The  gases  t h a t  w e r e  fed  to t he  cel ls  w e r e  t h e n  p r e -  
h e a t e d  a n d  s a t u r a t e d  w i t h  w a t e r  b y  pa s s ing  t h e m  
t h r o u g h  coils of copper  t u b i n g  fo l l owed  b y  glass  
s a t u r a t o r s  t h a t  w e r e  also i m m e r s e d  in  t h e  b a t h .  A 
schema t i c  d i a g r a m  of t he  a r r a n g e m e n t  is s h o w n  in 
Fig.  2. 

To f ac i l i t a t e  hand l ing ,  i n d i v i d u a l  cel l  a s sembl i e s  
we re  p r e p a r e d  as m o d u l e s  w h i c h  could  be  i n s e r t e d  

HYOROGEN EN 

Fig. 1. Cell structure 
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Fig. 2. Diagram showing arrangement for experiments at  elevated 
temperatures. 

t h rough  openings  in  the  l id used on the  wa t e r  bath .  
In  p r e p a r i n g  the  modules  a cell hous ing  was  fas t -  
ened  to a rod e x t e n d i n g  d o w n  f rom a Bake l i t e  
cover  wh ich  fitted a hole in  the  l id of the  w a t e r  
bath.  Leads f rom a t e r m i n a l  j ack  on the  cover  were  
connec ted  to the  cell t e rmina l s .  The  v e n t  l ines  f rom 
the  cell  were  led t h rough  holes in  the  cover. 

By  us ing  dis t i l led  wa t e r  in  the  t he rmos t a t  ba th  
the  leakage  pa th  across the  cell t e r m i n a l s  could be 
m a i n t a i n e d  at  r e a sonab l e  va lues  even  at  85~ 
Ac tua l  l eakage  res is tances  m e a s u r e d  wi th  the  aid 
of a d u m m y  cell hous ing  were  15,000 ohms at  55~ 
and  6000 ohms  at 85~ U n d e r  these  condi t ions  the  
effect of the  l eakage  c u r r e n t  was  neg l ig ib l e  w h e n  
the  cell was  opera t ing  u n d e r  load. Leakage  t h r o u g h  
the  bath ,  however ,  p r e v e n t e d  the  m e a s u r e m e n t  of 
t r u e  "open -c i r cu i t "  potent ia ls .  

P e r f o r m a n c e  m e a s u r e m e n t s  we re  m a d e  at  th ree  
t e m p e r a t u r e s :  27 ~ 55 ~ and  85~ At  each t e m p e r -  
a tu re  a re fe rence  po la r i za t ion  curve  was first ob-  
t a ined  w i th  the  cell ope ra t ing  on h y d r o g e n  and  
oxygen  in  order  to i n su re  tha t  the  un i t s  were  f unc -  
t ion ing  proper ly .  T h e n  successive r u n s  at a g iven  
t e m p e r a t u r e  were  made  w i t h  the  var ious  tes t  gases. 
I m m e d i a t e l y  af ter  chang ing  the  fuel  gas the  cells 
were  placed on 1 -ohm loads and  p e r m i t t e d  to oper -  
ate  w i th  a gas flow of a few mi l l i l i t e r s  per  m i n u t e  
un t i l  a s teady  s ta te  was  es tabl ished.  In  some cases 
this  took as long as 1 hr. This  p rocedure  was  e m -  
p loyed in  order  to r e m o v e  r e m a i n i n g  t races  of the  
prev ious  fuel  f rom the  ca ta lys t  sur face  as wel l  as 
f rom the  feed l ines and  sa tura tors .  D u r i n g  opera-  
t ion  a con t inuous  slow flow of gas was used. The  
exhaus t  gases were  b u b b l e d  t h r o u g h  Ba(OH)~ to 
test  for CO~. 

Elec t ro ly t ic  oxygen  was  used  as the  ox idan t  in  all  
cases. Elec t ro ly t ic  h y d r o g e n  was  also used. W i t h  
the  except ion  of the  n a t u r a l  gas, wh ich  was  ob-  
t a ined  f rom the  house l ine,  a l l  of the  r e m a i n i n g  
gases w e r e  Ma theson  C.P. grade.  Whi l e  al l  a re  r e -  
por ted  to be low in  hydrogen ,  the  t a n k  gases were  
checked mass  spec t rograph ica l ly  w i th  the  resu l t s  
shown in  Tab le  I. 

Table I. Amount of hydrogen in test gases 

Gas Vol. % Ha 

Propylene <0.00010 
Propane <0.00002 
Ethylene 0.033 
CO <0.015 
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Whi l e  the  gases w e r e  no t  ana lyzed  q u a n t i t a t i v e l y  
for ca rbon  dioxide,  qua l i t a t i ve  tests  we re  pe r -  
fo rmed  by  b u b b l i n g  t h r ough  Ba(OH)~ solut ions  
u n d e r  condi t ions  s i m u l a t i n g  those la te r  used d u r i n g  
cell operat ion.  No prec ip i ta tes  deve loped  f rom the  
t a n k  gases d u r i n g  per iods exceeding  those used in  
tes t ing  the  opera t ing  cells. Al l  gases we re  used 
w i t hou t  f u r t h e r  purif icat ion.  

Po la r i za t ion  curves  were  ob ta ined  by  m e a s u r i n g  
the c u r r e n t  wi th  a Sens i t ive  Research  I n s t r u m e n t  
C o m p a n y  m i l l i a m m e t e r  and  the  cell po ten t i a l  w i th  
a Rub icon  po ten t iomete r .  To aid in  fo l lowing  slow 
changes  in  the  vol tage  w i th  t ime,  a V a r i a n  recorder  
was connec ted  across the  cells d u r i n g  m e a s u r e -  
ments .  The  t ime  r e q u i r e d  to es tab l i sh  a s teady state  
va r i ed  f rom a few seconds to over  an  hour .  

N o r m a l l y  po ten t i a l s  were  fol lowed for a m i n i -  
m u m  of 10-15 m i n  before  f inal  m e a s u r e m e n t s  were  
t aken ;  however ,  i n  e x t r e me  cases over  an  hou r  was  
r equ i r ed  to reach  a s teady  state. Recordings  show-  
ing t ime  effects in  such e x t r e me  cases appea r  in  
Fig. 6 a nd  are discussed la ter .  In  no case w e r e  vo l t -  
age osci l la t ions  observed.  

The  r ep roduc ib i l i t y  of the  da ta  va r i ed  cons ide ra -  
b ly  among  the  fuels  and  was  somewha t  d e p e n d e n t  
on the  t e m p e r a t u r e  and  c u r r e n t  densi ty .  Wi th  the  
more  reac t ive  fuels,  po ten t ia l s  could ge ne r a l l y  be 
r ep roduced  to w i t h i n  15-20 m y  i n  the  c u r r e n t  
dens i ty  reg ion  u n d e r  2 m a / c m  ~. As c u r r e n t  dens i -  
ties increased,  l a rger  unc e r t a i n t i e s  were  i n c u r r e d  
so tha t  above  5 m a / c m  ~ they  were  of the  order  of 
100 my.  In  the  case of p r o p a n e  two regions  of oper -  
a t ion  were  f ound  wi th  the  t r a n s i t i o n  b e t w e e n  t h e m  
be ing  t e m p e r a t u r e  dependen t .  At  low c u r r e n t  dens -  
ities (no g rea te r  t h a n  1 m a / c m  ~) po ten t ia l s  could 
be reproduced  to w i t h i n  15-20 my;  however ,  condi -  
t ions  became  ve ry  u n s t a b l e  at  h igher  c u r r e n t  dens i -  
ties as discussed below.  

Results and Discussion 

Figu re  3 shows the  p e r f o r m a n c e  of a n u m b e r  of 
fuels  at  room t e m p e r a t u r e  in  a cell h a v i n g  p l a t i -  
n u m  electrodes.  The  curve  for the  h y d r o g e n  fuel  
serves as a reference.  I t  is to be  no ted  tha t  the  p e r -  

og 
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Fig. 3. Performance of several fuels in a membrane cell with 
platinum electrodes, sulfonated phenol formaldehyde resin; 0.018 
g/cm 2 Pt/eleetrode; room temperature; �9 H2; [ ]  CO; ~ C~H4; 
o CaH~; A natural gas. 
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f o r m a n c e  of t he  n a t u r a l  gas,  w h i c h  was  95% m e t h -  
ane,  was  t he  poores t  a m o n g  the  h y d r o c a r b o n s ,  as  is  
to be  expec t ed .  

In  th is  case  i t  is p o s s i b l e  t h a t  s m a l l  t r aces  of  su l -  
f u r - c o n t a i n i n g  i m p u r i t i e s  h a d  some inf luence  on i ts  
p e r f o r m a n c e .  S u b s e q u e n t  tes t s  w i t h  h y d r o g e n  a n d  
the  p u r e  h y d r o c a r b o n s ,  h o w e v e r ,  i n d i c a t e d  t h a t  i f  
such  w e r e  the  case  t he  effect was  no t  a p e r m a n e n t  
po i son ing  of t he  ca t a lys t .  

W h e n  a cel l  was  r u n  on a gas  t ha t  c o n t a i n e d  a 
c a r b o n  compound ,  a con t inuous  flow was  e m p l o y e d ,  
and  t h e  effluent  fue l  gas  was  b u b b l e d  t h r o u g h  a 
B a ( O H ) ~  solu t ion .  I n  a l l  cases  w h i t e  p r e c i p i t a t e s  of 
BaCO~ i n d i c a t e d  t h a t  a t  l eas t  p a r t i a l  o x i d a t i o n  to 
CO~ occur red .  No a t t e m p t s  w e r e  m a d e  to i d e n t i f y  
o t h e r  p r o d u c t s  of t he  ox ida t ions .  

A cel l  o p e r a t i n g  on e t h y l e n e ,  one  of t he  m o r e  r e -  
ac t ive  h y d r o c a r b o n s ,  was  used  to o b t a i n  m o r e  q u a n -  
t i t a t i v e  i n f o r m a t i o n  a b o u t  t he  e x t e n t  of  o x i d a t i o n  
at  r o o m  t e m p e r a t u r e .  F o r  th is  p u r p o s e  the  fue l  ce l l  
c h a m b e r  was  connec t ed  to a s m a l l  gas  bu re t ,  and  
the  cel l  was  o p e r a t e d  on the  fue l  w i t h i n  t he  sys t em.  
The  ne t  r a t e  of change  in  v o l u m e  of the  gas  phase  
was  t h e n  fo l l owed  at  s e v e r a l  c u r r e n t  dens i t ies .  The  
da ta ,  bo th  v o l u m e t r i c  a n d  a n a l y t i c a l ,  i n d i c a t e d  t h a t  
a m i n i m u m  of 50% of the  e t h y l e n e  was  ox id i zed  
c o m p l e t e l y  to CO~. 

P e r f o r m a n c e  d a t a  for  t he  h y d r o c a r b o n s  in  a cel l  
h a v i n g  p a l l a d i u m  e l ec t rodes  a r e  shown  in Fig.  4. 
In  gene ra l ,  t h e  p e r f o r m a n c e  p a r a l l e l e d ,  b u t  was  i n -  
f e r io r  to, t h a t  of t he  cel l  h a v i n g  p l a t i n u m  e lec t rodes .  
In  pa r t ,  a t  leas t ,  t he  p o o r e r  p e r f o r m a n c e  m a y  h a v e  
r e s u l t e d  f r o m  a s o m e w h a t  l o w e r  su r f ace  a r e a  (12 
m V g  vs.  36 m V g  for  P t  as d e t e r m i n e d  b y  k r y p t o n  
a d s o r p t i o n ) .  

Da t a  w e r e  also o b t a i n e d  for  a n u m b e r  of gases  
a t  e l e v a t e d  t e m p e r a t u r e s ,  55 ~ and  85~ F o r  i l l u s -  
t r a t i o n  the  d a t a  o b t a i n e d  w i t h  cel ls  h a v i n g  p l a t i -  
n u m  e l ec t rodes  a r e  s h o w n  in Fig .  5 ( fo r  p r o p a n e ) ,  
Fig .  7 ( fo r  p r o p y l e n e ) ,  and  Fig.  8 ( for  CO) .  J u s t  
as a t  r o o m  t e m p e r a t u r e ,  t h e  c o r r e s p o n d i n g  d a t a  
(no t  s h o w n )  for  cel ls  w i t h  p a l l a d i u m  e l ec t rodes  
p a r a l l e l e d ,  b u t  w e r e  i n f e r i o r  to, t hose  for  t he  cel ls  
h a v i n g  p l a t i n u m  e lec t rodes .  

The  d a t a  in Fig.  5 for  t he  cel l  o p e r a t i n g  on p r o -  
p a n e  show t h e  t y p i c a l  i m p r o v e m e n t  in  p e r f o r m a n c e  

LC ~ 
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Fig. 4. Performance of several Fuels in a membrane cell with 
palladium electrodes, sulfonated phenol Formaldehyde resin, 0.0088 
g/cm ~ Pd/electrode; room temperature; �9 H2; [ ]  CO; 0 C~H4; 
o C~He;/~ natural gas. 

w i t h  t e m p e r a t u r e  a s soc ia t ed  w i t h  an  a c t i v a t e d  p r o -  
cess. On each  c u r v e  the  po in t s  a r e  n u m b e r e d  to i n -  
d i ca t e  the  o r d e r  in w h i c h  t h e y  w e r e  t aken .  F r o m  
the  c lu s t e r i ng  of po in t s  3, 5, a n d  7 a t  55 ~ a n d  85~ 
i t  is seen  t h a t  r e a s o n a b l e  r e p r o d u c i b i l i t y  is o b t a i n e d  
i n d e p e n d e n t  of w h e t h e r  a p o i n t  is a p p r o a c h e d  f r o m  
a p r e v i o u s  o p e r a t i n g  p o i n t  on a h i g h e r  or  l o w e r  
load.  

Up to c u r r e n t s  of t h e  o r d e r  of 1 m a / c m  ~ the  
cu rves  a r e  concave  u p w a r d  as is n o r m a l  for  a c t i -  
v a t e d  e l e c t r o d e  processes .  A t  c u r r e n t s  g r e a t e r  t h a n  
1 m a / c m  ~ the  p o l a r i z a t i o n  cu rves  b e c o m e  concave  
d o w n w a r d ,  a n d  i n d i c a t i o n s  of  an  a p p r o a c h  to  a 
l i m i t i n g  c u r r e n t  a r e  ev iden t .  This  t y p e  of b e h a v i o r  
is i n d i c a t i v e  of  c o n c e n t r a t i o n  p o l a r i z a t i o n  a n d  could  
be  a s soc ia t ed  w i t h  d i f fus ion control .  I t  cou ld  also 
b e  a s soc ia t ed  w i t h  s low a d s o r p t i o n  or  d e s o r p t i o n  
k ine t ics ,  if, as is l i ke ly ,  a d s o r p t i o n  of the  h y d r o -  
c a r b o n  on t h e  e l e c t r o d e  is a p r e r e q u i s i t e  to  reac t ion .  
Because  the  effect  occurs  at  r e l a t i v e l y  l ow c u r r e n t  
dens i t i es ,  i t  a p p e a r s  m o r e  l i k e l y  to  be  a s soc ia t ed  
w i t h  s low s o r p t i o n  k ine t ics .  

E v e n t u a l l y  s t i l l  a n o t h e r  effect  becomes  a p p a r e n t  
w h e n  on h i g h e r  loads  bo th  t he  c u r r e n t  and  p o t e n t i a l  
fal l .  This  is mos t  c l e a r l y  s h o w n  b y  p o i n t  11 a t  85~ 
W h e n  a s t e a d y  s t a t e  is a t t a i n e d  the  c u r r e n t  and  
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Fig. 5. Performance of propane at several temperatures, sul- 
fonoted phenol formaldehyde resin; 0.018 g/cm ~ Pt/electrode; 
o 27~ ~ 55~ []  85~ 
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Fig. 6. Change in potential of a propane cell with time, sul- 
fonated phenol formaldehyde resin; 0.018 g/cm ~ Pt/electrade; 
85~ a, 20-]0 ohm load; b, ]0-100 ohm load. 
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Fig. 7. Performance of propylene at two temperatures, sul- 
fonated phenol formaldehyde resin; 0.018 g/am ~ Pt/electrode; 
A 55~ [ ]  85~ 
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Fig. 8. Performonce of carbon monoxide at two temperatures, 
sulfonated phenol formoldehyde resin; 0.0]8 g/era 2 Pt/electrode; 
o 27~ �9 27~ ( a second cell); [ ]  85~ 

vo l t age  r e l a t i o n s h i p  shows  a m a r k e d  t r a n s i t i o n  in 
t h e  p e r f o r m a n c e .  The  changes  in  p o t e n t i a l  w i t h  
t i m e  as t he  cel l  a p p r o a c h e d  a s t e a d y  s t a t e  on po in t  
11 a r e  s h o w n  b y  t h e  p o t e n t i a l - t i m e  p lo t  in Fig .  6. 

F r o m  p r e v i o u s  e x p e r i e n c e  w i t h  t he  i o n - e x c h a n g e  
m e m b r a n e  fue l  ce l l  i t  is k n o w n  t h a t  t h e  o b s e r v e d  
b e h a v i o r  is no t  a s soc ia t ed  w i t h  t he  o x y g e n  e lec -  
t rode .  Th i s  means ,  then ,  t h a t  t he  p o t e n t i a l  of the  
fue l  e l e c t r o d e  f ina l ly  r eaches  a v a l u e  a p p r o x i m a t i n g  
t ha t  of t h e  o x y g e n  e l e c t r o d e  so t h a t  t he  n e t  v o l t a ge  
across  t h e  cel l  is c lose  to  zero.  I t  is t h e r e f o r e  f e l t  
t ha t  t h e  b r e a k  in  t he  c u r r e n t - t i m e  c u r v e  of Fig .  6 
is a s soc ia t ed  w i t h  t he  f o r m a t i o n  of an  a d s o r b e d  
o x y g e n  ( o x i d e )  l a y e r  on the  p l a t i n u m  e l ec t rode  
and  t h a t  t h e  g r a d u a l  c h a n g e  in  p e r f o r m a n c e  on 
p o i n t  11 r e p r e s e n t s  a sh i f t  in  t he  k ine t i c s  f r o m  those  
on a c l ean  m e t a l  e l e c t r o d e  to those  on an  ox ide  f i lm 
e lec t rode .  I t  is l i k e l y  t h a t  th i s  t r a n s i t i o n  w o u l d  
h a v e  b e e n  o b s e r v e d  on po in t s  p r i o r  to  11 h a d  suffi- 
c ien t  t i m e  b e e n  a l lowed .  H o w e v e r ,  i t  is  a lso c lea r  
tha t ,  b e l o w  some c r i t i ca l  load,  o p e r a t i o n  is s t ab le  
u n d e r  cond i t ions  t h a t  r e su l t  in  m o d e r a t e  cel l  p o -  
t en t ia l s ,  cf. po in t s  3, 5, 7 in  Fig .  5 and  c u r v e  b in 
Fig .  6 w h i c h  shows  the  change  in p o t e n t i a l  w i t h  
t i m e  w h e n  the  cel l  w a s  sh i f t ed  f r o m  a 1 0 - o h m  l o a d  
to 100 ohms.  In  th i s  case  t he  p r o l o n g e d  p a u s e  in  the  
p o t e n t i a l  c o r r e s p o n d s  to t he  d e s t r u c t i o n  of t he  ox ide  
f i lm on the  e lec t rode .  

Th is  b e h a v i o r  is b y  no m e a n s  u n i q u e  and  has  
b e e n  o b s e r v e d  in t he  e l ec t ro ly s i s  of such subs t ances  
as fo rmic  ac id  (4 ) ,  m e t h y l  a lcohol  (5, 6) and  f o r -  
m a l d e h y d e  (7 ) .  In  a l l  t h e s e  cases  t he  p o t e n t i a l s  a t  

w h i c h  t h e  c h a n g e  in  p e r f o r m a n c e  has  o c c u r r e d  has  
also been  cons i s t en t  w i t h  t he  f o r m a t i o n  of an  ox ide  
f i lm on the  m e t a l  s u r f a c e  a n d  has  r e s u l t e d  in th is  
e x p l a n a t i o n  h a v i n g  been  i n v o k e d  in t he  pas t .  

As  a l r e a d y  noted ,  i t  s eems  l i k e l y  t h a t  a d s o r p t i o n  
of p r o p a n e  on t h e  e l e c t r o d e  su r f ace  is  a p r e r e q u i s i t e  
for  r eac t ion .  I t  is also p r o b a b l e  t h a t  th i s  a d s o r p t i o n  
s t ep  r e su l t s  in  t h e  d e h y d r o g e n a t i o n  of t he  p r o p a n e  
to p r o p y l e n e  or  b e y o n d  as a p r e l i m i n a r y  s tep  in t h e  
r e a c t i o n  chain .  F o r  th is  r ea son  i t  was  fe l t  of i n t e r -  
es t  to t es t  the  b e h a v i o r  of p r o p y l e n e  in t h e  cell .  
P e r f o r m a n c e  d a t a  a r e  s h o w n  in  Fig .  7. 

I t  is to be  n o t e d  t ha t  a t  c u r r e n t  dens i t i e s  less  
t h a n  1 m a / c m  ~ the  cel ls  o p e r a t i n g  on p r o p a n e  seem 
to be  s l i g h t l y  b e t t e r  t h a n  those  o p e r a t i n g  on p r o -  
py l ene .  W h i l e  t he  d a t a  a r e  not  a d e q u a t e  to a s su re  
t h a t  th i s  is a r e a l  d i f ference ,  i t  is q u i t e  poss ib l e  t h a t  
t he  h y d r o g e n  t h a t  w o u l d  be  sp l i t  f r o m  the  p r o p a n e  
could  accoun t  for  th is  effect.  

The  absence  of t he  l i m i t i n g  c u r r e n t  f r o m  t h e  
p o l a r i z a t i o n  cu rves  for  p r o p y l e n e  is of in te res t .  A n  
i m p l i c a t i o n  is t h a t  t h e  s o r p t i o n  k ine t i c s  a r e  m o r e  
f a v o r a b l e  in  t he  case  of t he  u n s a t u r a t e d  molecu le .  
P r e l i m i n a r y  a d s o r p t i o n  m e a s u r e m e n t s  w i t h  e t h a n e  
and  e t h y l e n e  us ing  r e l a t e d  cel l  s t r u c t u r e s  t e n d  to 
conf i rm t h a t  i t  is a c t u a l l y  t h e  r a t e  of a d s o r p t i o n  of 
a s a t u r a t e d  h y d r o c a r b o n  t h a t  is l imi t ing .  I t  was  
f o u n d  t h a t  t he  u n s a t u r a t e d  m o l e c u l e  a d s o r b e d  at  a 
m u c h  g r e a t e r  r a t e  on c l ean  e l e c t r o d e  su r f aces  t h a n  
t h e  c o r r e s p o n d i n g  s a t u r a t e d  species  (8) .  

A n o t h e r  po in t  of i n t e r e s t  in connec t ion  w i t h  t h e  
p r o p y l e n e  is t h e  a b s e n c e  of t he  t r a n s i t i o n  in  p e r -  
f o r m a n c e  to t h a t  on an  ox ide  su r f a c e  d u r i n g  o p e r a -  
t i on  on h igh  loads.  W h i l e  p r o b a b l y  r e l a t i n g  to  a 
h i g h e r  r a t e  of adso rp t ion ,  i t  a lso a p p e a r s  to be  r e -  
l a t e d  d i r e c t l y  to t he  r a t e  of r e d u c t i o n  of ox ide  f i lms 
on p l a t i n u m  b y  the  v a r i o u s  ma te r i a l s .  In  s e p a r a t e  
tes t s  i t  was  f o u n d  t ha t  p r o p a n e  r eac t s  w i t h  such a 
f i lm e x t r e m e l y  s l owly  and,  w h e n  an  ox id i zed  e l ec -  
t r o d e  is e x p o s e d  to p r o p a n e ,  t h e  t i m e  r e q u i r e d  for  
t h e  p o t e n t i a l  to r e a c h  t h a t  of a fue l  e l ec t rode  is of 
the  o r d e r  of  an  hour .  In  a d d i t i o n  a p r o l o n g e d  b r e a k  
is o b s e r v e d  in t he  t r a n s i t i o n  cu rve  a t  a p o t e n t i a l  of 
a b o u t  0.1v v s .  t he  o x y g e n  e lec t rode .  The  same  r e -  
duc t ion  w i t h  p r o p y l e n e  is r a p i d  (a  f ew  m i n u t e s )  
and,  for  compar i son ,  t he  r e a c t i o n  w i t h  h y d r o g e n  oc-  
curs  in seconds.  W i t h  the  p r o p y l e n e ,  t he re fo re ,  the  
d i r ec t  r e d u c t i o n  of t h e  o x i d e  f i lm b y  the  fue l  gas  is 
suff ic ient ly  r a p i d  t h a t  t he  f i lm is no t  e n c o u n t e r e d  
u n d e r  the  u s u a l  o p e r a t i n g  condi t ions .  

T h e  b e h a v i o r  of c a r b o n  m o n o x i d e  at  two  t e m -  
p e r a t u r e s  is s h o w n  in Fig.  8. I t s  p e r f o r m a n c e  is 
ana logous  to t h a t  of p r o p y l e n e .  A g a i n  no  i n d i c a t i o n  
of a l i m i t i n g  c u r r e n t  is ev iden t .  In  th i s  case, of 
course ,  the  n u m b e r  of p r o d u c t s  is m u c h  m o r e  l i m -  
i t ed  t h a n  in  t h e  case  of t he  h i g h e r  m o l e c u l a r  w e i g h t  
h y d r o c a r b o n s  and  t h e  p roduc t ,  CO~, is no t  t i g h t l y  
adso rbed .  F u r t h e r m o r e  CO, l i ke  p r o p y l e n e ,  r eac t s  
r a p i d l y  w i t h  su r f ace  ox ides  on the  p l a t i n u m  e lec -  
t rode .  

Summary and Conclusions 

The  i o n - e x c h a n g e  m e m b r a n e  fue l  cel l  e m p l o y i n g  
p l a t i n u m  and  p a l l a d i u m  b l a c k  e l ec t rodes  has  been  
s h o w n  to be  o p e r a b l e  on  h y d r o c a r b o n s  a n d  c a r b o n  
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monoxide. Performance of the cells with these fuels 
is inferior to that  obtained with hydrogen as the 
fuel. The performance of the cells with the present 
electrode materials is probably illustrative of the 
general type of effects which will be encountered 
during the electrolytic oxidation of hydrocarbons. 
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Electrical Double Layer Capacities of Iron 
During Forced Cathodic Decay of Passivity 

G. M. Schmid and Norman Hackerman 
Department of Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

A study of the behavior of the differential capacity of the electrical double 
layer of high-purity, zone-refined iron in 0.1N Na~SO4, pH 2.3-6.5 has been made 
during forced cathodic decay of passivity using a fast single pulse technique. 
The capacity-time curve shows a maximum >22 ~f/cm 2 (but <35 #f/cm ~) at 
the end of the Flade plateau. This is explained on the basis of a desorption step 
of an as yet undefined charged particle. The capacity at O3 evolution potentials 
is 6-8 #f/cm ~, compatible with an oxide film; at H~ evolution potentials it is 19 
t~f/cm ~, independent of pit  in both cases. The charge involved in the Flade 
plateau is 550-850 ~coul/cm 2 with an average 680 #coul/cm ~. 

The exact causes for the electrochemical passivity 
of metals, and especially that of iron, are still 
largely in dispute. One school of thought  suggests 
that  the responsible agent is a stoichiometric, three-  
dimensional oxide film (1), or a sandwich type film 
consisting of different oxides (2). Oxide films with 
a defect structure, n - type  at the metal-film and p-  
type at the film-electrolyte junction, have also 
been proposed (3). A second school assumes the 
sorption of oxygen or some oxygen-containing spe- 
cies as the reason for passivity (4). Ample experi-  
mental  evidence for both points of view can be 
found. A postulate reconciling both standpoints has 
been proposed by one of us (5). It suggests that  the 
immediate cause of passivity is the rapid sorption 
of a monolayer  of some oxygen-containing species. 
In time this monolayer  grows into a three-dimen-  
sional oxide film, self-limiting in thickness and 
responsible for "longlived" passivity. The sorbed 
monolayer  accounts for the rapid potential changes 
associated with passivity. 

The usefulness of measurements of the differen- 
tial capacity of the electrical double layer  (edl) in 
the s tudy of adsorption on metal-solution interfaces 
has been demonstrated (6). On solid electrodes in 
the region of their nearly ideal polarizability em- 
pirical calibration of edl capacity vs. amount ad- 
sorbed seems to be possible in some cases (7). The 

potential region in which the adsorption, or de- 
sorption, occurs is characterized by a maximum in 
the capacity-potential  curve. For nonideally polar- 
izable electrodes the difficulties in obtaining "true" 
edl capacities free of the influence of faradaic pro- 
cesses have been solved recently with the aid of 
h igh-f requency bridge techniques (8) and short 
risetime single pulses (9). These techniques have 
made possible a study of the behavior of the edl of 
iron during forced cathodic decay of passivity, 
especially during the course of the Flade plateau. 

Experimental 
The electrodes consisted of zone-refined, high- 

pur i ty  iron containing < 10 ppm C, 28 ppm 02, 
2 ppm N~ ( i0) .  This was kindly provided by Bat-  
telle Memorial Institute as a billet. The electrodes 
were cut into cylinders topped by a hemisphere, 
approximately 0.3 cm ~ in projected area, thoroughly 
electropolished and base mounted on Pyrex  glass 
using Teflon washers. Pre t rea tment  consisted of 
polishing with No. 4/0 emery paper, etching with 
concentrated HC1, and degreasing with acetone. It 
was estimated that  the roughness factor was about 
two. The electrolytes were made up with thrice 
recrystallized Na~SO, and conductivity water ob- 
tained from a Barnstead conductivity still (~  2 • 
10 -~ ohm -1 cm-1), to 0.1N. The pH was adjusted with 
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H~SO, to values  be tween  2.3 and 6.5. The e lect ro-  
lytes  were  p re -e lec t ro lyzed  for 48 hr  at 80 ma be-  
tween  Pt  electrodes.  The convent ional  type  a l l -  
P y r e x  cell  had  a wa te r  j acke t  and was the rmo-  
s tated at  5 ~ Grade  A hel ium was bubbled  through 
the e lect rolyte  at  all  t imes. Immedia t e ly  af ter  im-  
mersion the electrodes were  ei ther  ca thodical ly  
protec ted  with  5 m a / c m  ~ or were  made passive. 

Different ial  capacit ies were  measured  wi th  a 
single pulse method descr ibed in detai l  e lsewhere  
(9).  The method  consists of calculat ing the capaci ty  
from the ini t ia l  slope of the po t en t i a l - t ime  curve 
produced by the pulse under  the assumption that  
the slope of the  po t en t i a l - t ime  function jus t  before 
onset of the pulse is zero. This is not t rue  here. The 
slope before onset of the pulse ( ~  0.01 v / sec)  can 
however  be neglected as compared  to the slope p ro -  
duced by  the pulse ( ~  5 v / sec ) ,  wi th  the exception 
of the steep t ransi t ion f rom O~ evolut ion potent ia ls  
to the F lade  p la teau  and f rom the F lade  p la teau  to H~ 
evolut ion potent ials ,  of about  1 sec dura t ion  each. The 
electr ical  circuit  used in  the  exper iments  is shown in 
Fig. 1. The test  e lectrode was pass ivated  f rom a neg-  
at ive potent ia l  corresponding to a polar iz ing current  
of 5 m a / c m  ~ cathodic wi th  a strong (-~ 200 m a / c m  ~) 
anodic pulse f rom an aux i l i a ry  ba t te ry .  The elec- 
t rode was then kept  pass ive  wi th  a constant  anodic 
current  of 80-160 t~a/cm ~ d rawn  from the pulse 
genera tor  (9) th rough  a large  a rea  p la t in ized Pt  
wire  gauze. The potent ia l  of the  test  e lectrode was 
measured  wi th  respect  to a sa tu ra ted  calomel elec-  
t rode (SCE) through a Haber  Luggin  capi l la ry  by 
feeding the output  of this  cell  through a t y p e - L  
preampl i f ier  into the lower  beam of a Tek t ron ix  
type  555 oscilloscope used on single sweep push 
but ton  t r iggered  operation.  

In addi t ion to the  s teady anodic current  the  pulse 
genera tor  de l ivered  cathodic pulses at  the  regula r  
ra te  of 1 pulse every  3.5 sec. Pulse r i se t ime was 0.1 
t~sec, dura t ion  100 t~sec, height  0.211 ma. The po ten-  
t ia l  changes of the  test  e lectrode caused by  these 
pulses were  d isp layed using a t ype -D  preampl i f ier  
and the upper  beam of the  oscilloscope, t r iggered  
by  the pulse itself. The gate  output  of the  lower  
beam was also fed into test  e lectrode and polar izing 
electrode.  The scope del ivers  + 30v to the gate  as 
long as the  beam is in motion. This resul ts  in a 
cathodic cur ren t  at  the test  e lectrode which is 
super imposed on the anodic s t eady - s t a t e  cur ren t  
de l ivered  by  the pulse genera tor  and with  a sui t-  

I 
90V.  

PULSE 

GATE OUT~-'~ O S C ~  
P I , OSC _1_ 

CELL 

Fig. 1. Experimental arrangement, circuit diagram: TE, test 
electrode; PE polarizing electrode; SCE saturated calomel electrode. 

I 
9 
8 

- / 

. . . . . . . . . .  J "  i 

Fig. 2. Oscilloscope tracing: LB, lower beam displaying cell po- 
tential,  ] v/cm, 5 sec/cm, .55 /~a/cm ~ cathodic; 1-9, upper beam 
displaying variations in cell potential due to the pulse, 2 mv/cm, 
10 ~sec/cm, 0.211 ma pulse current. Traces are numbered in their 
sequence and correspond to points on the lower beam 3.5 sac 
apart starting at A. 

able series resis tor  gives an o v e r - a l l  cathodic decay 
cur ren t  of 30-100 # a / c m  ~. With  this circuit,  manu-  
a l ly  s tar t ing the  lower  beam s imul taneous ly  in i t i -  
ates cathodic decay of passivi ty.  A l imi ted  number  
of pulses d i sp layed  by  the  upper  beam, and occur-  
r ing dur ing  this decay, could be identified by  chang-  
ing the  ver t ica l  and hor izonta l  control  set t ings be-  
tween pulses. F igure  2 shows a schematic  of the  
type  of photographs  obtained wi th  a Dumont  Po la -  
roid Oscilloscope camera.  These a l lowed calculat ion 
of capac i ty - t ime  curves, which should not be con- 
fused with  the  more  fami l ia r  capac i ty -po ten t i a l  
curves. The accuracy of the capaci ty  measurement  
was l imi ted  by the nonl inear i ty  of the oscilloscope 
smplif iers  to 3%. 

Results 

The first capaci ty  va lue  on the capac i ty - t ime  
curves  (Fig.  3) represents  the  capaci ty  of the pas -  
sive electrode. This va lue  is es tabl ished short ly  
af ter  the  e lect rode is pass iva ted  and is independent  
of the t ime dur ing  which the electrode is kept  pas -  
sive up to 24 hr. I t  is also independent  of the  ap-  
p l ied  anodic cur ren t  densi ty  (80-160 ~a/cm~), the  
pH be tween  2.3 and 6.5, and the poten t ia l  be tween  
+ 0.9 and + 1.1v v s .  SCE. I t  is reasonably  r ep ro -  
ducible,  va ry ing  be tween  6.0 and 8.0 t d / c m  ~. 

Af te r  the  ini t ia l  low value,  the capaci ty  rises to 
a m a x i m um  dur ing  the course of the F lade  plateau,  

~ 2 0 "  
E 

o -o.5 
~' o 

+ 1 0  

S 

J 
f 

' ~, 2" ' ~' ,'o ,s o 
TIME, SaC. 

Fig. 3. Capacity-time (upper) and potential-time (lower) curves; 
65 #a/cm ~ cathodic, pH = 4.5. The time-potential plateau at 
about ~0.3v vs. SCE is the Flade plateau; the other plateau at 
--0.3v is hydrogen evolution. 
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culminat ing  r ight  a t  the b reakdown  of pass iv i ty  
wi th in  the l imi t  of t iming er ror  of +-- 1 sec. Wi th  the  
method used in this invest igat ion,  the values  of the  
max imum could not be de te rmined  precisely.  The 
value  is > 22/xf/cm" in all  cases, sometimes as high 
as 35 ~f /cm ~. 

Af t e r  the pass iv i ty  has broken down and H, 
evolut ion potent ia ls  have been reached,  the capac-  
i ty  r ap id ly  assumes a constant  va lue  of 19 ~f /cm ". 
This is independent  of pH in the inves t iga ted  region 
of the cathodic current  (30-100 ~a /cm ") and of the 
potent ia l  be tween --0.3 and --0.5v vs .  SCE, wi thin  
the l imi t  of expe r imen ta l  error.  

The amount  of charge  involved in the  F lade  
p la teau  var ied  f rom 550 to 850 ~coul /cm ~ wi th  an 
average  va lue  of 680 ~coul /cm ~. Within  these l imits  
no influence could be detected of the t ime dur ing 
which the electrode was kep t  passive pr ior  to decay 
(up to 24 h r ) ,  of the magni tude  of the cathodic 
decay current ,  or of the pH between 2.3 and 6.5. 

Discussion 
Various a t tempts  have  been made to measure  the 

s t eady-s t a t e  different ial  capaci ty  of the edl on iron. 
Al t e rna t ing  current  methods with  frequencies up to 
10 kcps were  used by  Engell  and I lschner  (11) and 
by P razak  and co-workers  (12);  low-f requency  
measurements  were  repor ted  by  Franke ,  Knorr ,  
and Bre i te r  (13). I t  has a l r eady  been pointed out 
(9, 14) tha t  the  use of these methods entai ls  the  
danger  of measur ing  some pa r t  of the faradaic  
capaci ty  together  wi th  the " t rue"  edl capacity.  Cor-  
respondingly,  the repor ted  values  are r a the r  high 
and show f requency dependence,  as would be ex-  
pected if faradaic  phenomena  are involved. The 
dynamic  method used by Sukhot in  and Kar ta shova  
(15) and the square wave  method as used by  Popa t  
and Hackerman  (16) seem to suffer f rom the same 
faults.  The " s t eady- s t a t e"  values repor ted  here, 6-8 
~f /cm 2 for O~ evolut ion potent ia ls  and 19 ~f /cm ~ for  
H, evolut ion potentials ,  agree well  wi th  da ta  ob-  
ta ined  in this l abo ra to ry  wi th  a potent ios ta t ic  tech-  
nique using a square  wave  signal  and a method of 
calculat ion s imilar  to the  one used in this  pape r  
( t 7 ) .  

Low capaci ty  values,  especial ly on the oxygen 
evolut ion side, have  f requent ly  been associated 
with  the presence of oxide films (18). This in te r -  
p re ta t ion  is cer ta in ly  correct  in some cases. How-  
ever, one should al low from the definition of the  
different ial  capacity,  

C ~ ~ q / ~ E  

tha t  small  capaci ty  values indicate  p r imar i ly  tha t  
the surface in question is in a quiescent  state, tha t  
is, in a s tate and a po ten t ia l  region where  l i t t le  
va r ia t ion  of charge  wi th  potent ia l  occurs, a region 
where  adsorpt ion  and desorpt ion  processes a re  ab-  
sent. Correspondingly,  h igh-capac i ty  values indi -  
cate an "act ive"  surface, one which is in a potent ia l  
region where  adsorpt ion processes do take place. 

In these exper iments  the capaci ty  shows a rapid  
r ise immedia te ly  af te r  the  cathodic decay current  
is switched on. Whereas  the presence of w e l l - d e -  

fined th ree -d imens iona l  oxide films at ac tual  oxy-  
gen evolution potent ia ls  cannot be  ru led  out, the be -  
havior  of the capac i ty - t ime  curve does not suppor t  
the presence of an oxide film at  the F lade  pla teau,  
but  r a the r  the occurrence of a desorpt ion (or ad-  
sorpt ion)  process. As would be expected,  the iron 
surface is most "act ive" at the point  where  the  pas -  
s ivi ty  b reakdown ac tua l ly  occurs. 

As can be seen f rom Fig. 3, it  is not possible in 
this case to re la te  capaci ty  values  d i rec t ly  wi th  the  
amount  of coverage on the electrode as was done 
on Pt  (7).  The constant  cathodic current  should 
lead to a l inear  decrease of coverage with  time. 
Moreover  there  is a possibi l i ty  of chemical  dissolu-  
t ion of the film, as is suggested by  the poor repro-  
ducibi l i ty  of the amount  of charge  associated wi th  
this coverage. Evidence to the  same effect was also 
obtained by Bonhoeffer (19). 

Both neu t ra l  and charged par t ic les  are expected  
to exhib i t  a m a x i m u m  in the capac i ty -po ten t i a l  
curve when the capaci ty  is measured  by a low or 
in te rmedia te  f requency a-c  technique.  In the  case 
of adsorpt ion of neu t ra l  molecules one measures  an 
adsorpt ion capaci ty  in the sense of Bockris  (20), 
the magni tude  of which is caused by  the accom- 
panying  charge t ransfe r  into the adsorbed layer.  
High- f requency  measurements  show tha t  the  peaks  
caused by  neu t ra l  substances d isappear  wi th  in-  
creasing f requency (8).  What  remains  is a step in 
the  capaci ty  function which can be expla ined  by 
the difference in the geometr ica l  and dielectr ic  
proper t ies  of the edl  before and af ter  the  adsorpt ion 
step. No sudden changes in the charge of the meta l  
wi th  poten t ia l  occur. High- f requency  da ta  on the 
adsorpt ion of charged par t ic les  a re  not ava i lab le  at  
present  (21). I t  would be expected tha t  the  peaks  
do not d i sappear  in this case since the charge of the 
adsorpt ion layer  causes an increase in charge  on the 
meta l  side and with  it an increase in capaci ty  in the 
poten t ia l  region of adsorption.  

The single pulse technique as used in this paper  
is equivalent  to a-c  measurements  at high f requen-  
cies ( >  500 kcps) .  This leads to the conclusion tha t  
the  h igh-capac i ty  region the electrode exhibi ts  
when going th rough  the F lade  p la teau  is caused by 
the desorpt ion of charged part icles.  Obviously  ca- 
pac i ty  da ta  alone do not a l low firm conclusions as 
to the na tu re  of these part icles.  We may  be dealing 
wi th  OH- or HO~- ions, c rea ted  by  the reduct ive  
action of the cathodic current .  

The nondependence  of the capaci ty  values  on the 
pH is not  surpr is ing if i t  is kep t  in mind  tha t  the 
da ta  repor ted  here  are  "dynamic"  r a the r  than  
s t eady- s t a t e  values  and should be influenced p r i -  
mar i ly  by the s t ruc ture  of the surface and not by  
the proper t ies  of the electrolyte.  

Summary 
The different ial  capaci ty  of h igh-pur i ty ,  zone- 

refined iron has been measured  dur ing cathodic de-  
cay of pass iv i ty  wi th  a single pulse technique  in 
0.1N Na~SO, solutions of pH 2.3-6.5 (wi th  H~SO~). 

The capac i ty - t ime  function dur ing  this decay ex-  
hibits  a m a x i m u m  at the  end of the F lade  plateau.  
It is shown tha t  h igh-capac i ty  values  when meas-  
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u r e d  w i t h  a fas t  s ingle  pu l se  m e t h o d  co inc ide  w i t h  
t he  su r f ace  be ing  in  an  " a c t i v e "  s t a t e  and  t h a t  a d -  
so rp t ion  a n d  d e s o r p t i o n  p h e n o m e n a  of c h a r g e d  
r a t h e r  t h a n  n e u t r a l  p a r t i c l e s  a r e  invo lved .  I t  is 
conc luded  t h a t  t h e  d e s o r p t i o n  of  an  unde f ined  
c h a r g e d  p a r t i c l e  is p a r t  of t h e  r e a c t i o n  sequence  
occu r r i ng  d u r i n g  t h e  r e g i m e  of  t h e  F l a d e  p l a t e a u .  

The  c a p a c i t y  d u r i n g  O~, e v o l u t i o n  (80-160 ~ a / c m  ~) 
was  f o u n d  to be  6-8 ~ f / c m  ~, d u r i n g  Ha e v o l u t i o n  
(30-100 # a / c m  ~) 19 /~f/cm ~. No d e p e n d e n c e  on p H  
in t h e  i n v e s t i g a t e d  r eg ion  could  be  de tec t ed .  The  
c h a r g e  i n v o l v e d  in  t he  F l a d e  p l a t e a u  was  c a l c u l a t e d  
to be  550-850 ~ c o u l / c m  ~ w i t h  an a v e r a g e  v a l u e  of 
680 ~ c o u l / c m  ~. 
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Anodic Oxidation of Methanol on Platinum 
Interpretation of Potentiostatic Current-Potential Curves in Acidic Solution 

S. Gilman and M. W. Breiter 
Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

The shape of per iodic  potent ios ta t ic  cu r ren t -po ten t i a l  curves  at  low sweep 
ra te  in 1N HC10, at  different  methanol  concentra t ions  is discussed on the basis 
of the  methanol  and oxygen  coverage of the  surface. At  the foot of the first 
oxida t ion  wave  the cur ren t  is due solely to the  oxida t ion  of adsorbed methanol  
molecules  for 0.3 ~ 0~ ~ 0.9. Adsorp t ion  and the subsequent  discharge step are  
r a t e -de t e rmin ing .  For  e~ ~ 0.3 methanol  ox ida t ion  occurs at  a l a rger  rate.  Two 
possible  in te rp re ta t ions  are  suggested.  The decrease  of the  cu r ren t  a f te r  the  
first peak  is a t t r i bu ted  to the  b locking act ion of adsorbed  oxygen  atoms. The 
shape of anodic cu r ren t -po ten t i a l  curves which  were  t aken  wi th  single sweeps 
of different  sweep ra te  in 1N HC10~ ~- 1M CH_~OH is in t e rp re t ed  on the basis of 
a concept  of two pa r t i a l  cur rents  of methanol  oxidat ion.  

The  c h a r a c t e r i s t i c  shape  of c u r r e n t - p o t e n t i a l  
cu rves  a n d  t h e  r e su l t s  of t h e  a n a l y s i s  of r e a c t i o n  
p r o d u c t s  h a v e  been  w i d e l y  r e p o r t e d  as ev idence  for  
t heo r i e s  of t he  o x i d a t i o n  m e c h a n i s m  of fue ls  such 
as CH~O, CHOOH,  CH8OH, etc.,  in a l k a l i n e  and  
ac id ic  so lu t ions  (1 -13 ) .  P o t e n t i o s t a t i c  c u r r e n t - p o -  
t e n t i a l  cu rves  show c u r r e n t  p e a k s  w h i c h  d iv ide ,  t he  
w h o l e  o x i d a t i o n  r a n g e  in to  t w o  or  m o r e  pa r t s .  Tl~e 
o c c u r r e n c e  and  the  p o t e n t i a l  of t h e  p e a k s  d e p e n d  
on  m a n y  p a r a m e t e r s  ( n a t u r e  a n d  c o n c e n t r a t i o n  of 

t he  fue l  and  of the  e l e c t ro ly t e ,  p r e t r e a t m e n t  of t he  
e lec t rode ,  t e m p e r a t u r e ,  e l e c t r o d e  m a t e r i a l ) .  

As  t h e  k n o w l e d g e  of  t he  a d s o r p t i o n  of fue l  and  
o x y g e n  in t h e  p o t e n t i a l  r a n g e  of fue l  o x i d a t i o n  has  
been  i n a d e q u a t e ,  t he  i n t e r p r e t a t i o n  of  the  shapes  
of t he  c u r r e n t - p o t e n t i a l  cu rves  and,  even  to a 
g r e a t e r  ex ten t ,  t h e  t heo r i e s  of  t he  o x i d a t i o n  m e c h -  
a n i s m  h a v e  r e m a i n e d  of a m o r e  or  less  s p e c u l a t i v e  
na tu r e .  Resu l t s  on the  a d s o r p t i o n  of m e t h a n o l  and  
o x y g e n  u n d e r  t he  cond i t ions  of q u a s i s t a t i o n a r y  
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p o t e n t i o s t a t i c  c u r r e n t - p o t e n t i a l  cu rves  w e r e  r e -  
p o r t e d  in  t he  f irst  p a p e r  of th is  ser ies  (14) .  A n  
i n t e r p r e t a t i o n  of t he  c u r r e n t - p o t e n t i a l  c u r v e  of 
m e t h a n o l  o x i d a t i o n  a t  low s w e e p  r a t e  w h i c h  is 
b a s e d  on the  r e su l t s  of t h e  first  p a p e r  a n d  a d d i -  
t i ona l  i n v e s t i g a t i o n s  is a t t e m p t e d  in th i s  pape r .  The  
shape  of p o t e n t i o s t a t i c  c u r r e n t - p o t e n t i a l  cu rves  
w h i c h  w e r e  o b t a i n e d  w i t h  s ingle  p o t e n t i a l  sweeps  
of d i f f e ren t  s w e e p  r a t e  is d iscussed.  T h e  a p p r o a c h  
is sugges t i ve  for  f u r t h e r  s tud ies  w h i c h  could  l e a d  to 
t he  c o m p l e t e  e l u c i d a t i o n  of t he  r e a c t i o n  m e c h a n i s m .  

Exper imental  

A l l  m e a s u r e m e n t s  w e r e  m a d e  a t  30~ us ing  the  
e q u i p m e n t  and  chemica l s  p r e v i o u s l y  d e s c r i b e d  (14) .  
A l l  r e c o r d e d  p o t e n t i a l s  a r e  r e f e r r e d  to a h y d r o g e n  
e l e c t r o d e  in  t h e  s a m e  so lu t ion  as t he  t es t  e l ec t rode .  
T h e  t e c h n i q u e  b y  W i l l  and  K n o r r  (15)  was  used  for  
t h e  m e a s u r e m e n t  of t h e  I - U  curves .  

Per iodic  potent io~tat ic  I - U  curves  at  low speed  
in  u n s t i r r e d  so l u t i o n s . - - T h e  anod ic  and  the  ca thod ic  
p a r t  of a p o t e n t i o s t a t i c  I - U  c u r v e  on smooth  p l a t i -  
n u m  in 1N HC10,  ~ 1M CI-I~O.H a t  30~ a re  s h o w n  
in Fig .  l a  a n d  lb .  The  s w e e p  r a t e  was  30 m v / s e c .  
The  I - U  c u r v e  is f a i r l y  r e p r o d u c i b l e  in u n s t i r r e d  
so lu t ions  w h i c h  a r e  s a t u r a t e d  w i t h  argon.  I t  was  
o b t a i n e d  a f t e r  a f e w  cycles  h a d  b e e n  p e r f o r m e d  in 
t he  qu ie t  solut ion.  T h e  c o v e r a g e  (14) w i t h  m e t h -  
ano l  (#M) a n d  o x y g e n  (eo) is p l o t t e d  as a func t ion  
of p o t e n t i a l  b e l o w  the  I - U  curve .  A n  o x y g e n  m o n o -  
l a y e r  was  a t t r i b u t e d  (16) to Qo = 2sQ~ w h e r e  sQ~ 
is the  n u m b e r  of cou lombs  p e r  s q u a r e  c e n t i m e t e r  
for  t he  f o r m a t i o n  of a m o n o l a y e r  of h y d r o g e n  a t o m s  
on t h e  s a m e  e l e c t r o d e  in  1N HC10~ a t  30~ 

T h e  I - U  c u r v e  d u r i n g  t h e  anodic  and  ca thod ic  
cyc le  has  the  c h a r a c t e r i s t i c  f o r m  d e s c r i b e d  in e a r l i e r  
w o r k  (1 -13 ) .  H i g h  r e s o l u t i o n  a t  s m a l l  sweep  r a t e s  
shows  the  ex i s t ence  of a p r e w a v e  a t  t h e  foot  of t h e  
first  wave .  The  p e a k  of t he  f irst  w a v e  a p p e a r s  a t  
~ 0 . 9 v  in  1N HC10,  ~- 1M CI-I~OH at  30~ The  p e a k  
is sh i f t ed  t o w a r d  less pos i t i ve  po t en t i a l s  w i t h  d e -  
c r ea s ing  m e t h a n o l  concen t r a t i on .  The  first  w a v e  is 
n a r r o w  in 1N I-IC10, ~ 1M CH~OH. The  c u r r e n t  
dec reases  r a p i d l y  w i t h  i n c r e a s i n g  p o t e n t i a l  on the  
r i g h t  s ide  of t he  peak .  The  first  w a v e  becomes  
b r o a d e r  w i t h  d e c r e a s i n g  m e t h a n o l  concen t r a t ion .  A 
c u r r e n t  m i n i m u m  is r e a c h e d  p r a c t i c a l l y  i n d e p e n d -  
en t  of t h e  m e t h a n o l  c o n c e n t r a t i o n  at  abou t  ~ l . l v .  
Then  a second,  r e l a t i v e l y  b r o a d  w a v e  w i t h  a p e a k  
c u r r e n t  a t  abou t  1.4v is obse rved .  The  loca t ion  of 
t he  second  p e a k  is less def ined  t h a n  t h a t  of t he  first  
one. The  c u r r e n t  dec reases  on ly  s l i g h t l y  w i t h  p o -  
t e n t i a l  a f t e r  t he  p e a k  a t  -b 1.4v b e c a u s e  O~ evo lu t i on  
and  m e t h a n o l  o x i d a t i o n  on top  of t he  o x y g e n  l a y e r  
(7)  i nc rea se  r a p i d l y  w i t h  p o t e n t i a l  a b o v e  ~ l . S v .  
D u r i n g  the  ca thod ic  sweep  the  c u r r e n t  is s m a l l  b e -  
t w e e n  -I-1.4 a n d  ~ 0 . 9 v  in  1N HC10,  ~ 1M CH.~OH. 
O x y g e n  evo lu t i on  and  m e t h a n o l  o x i d a t i o n  on the  
su r f ace  cove red  w i t h  an  o x y g e n  m o n o l a y e r  do no t  
occur  a t  a s ign i f ican t  r a t e  in th is  p o t e n t i a l  r ange .  
I f  t h e  m e t h a n o l  b u l k  c o n c e n t r a t i o n  oC~ is s m a l l e r  
t h a n  0,01M, a s m a l l  ca thod ic  w a v e  a p p e a r s  b e t w e e n  
+0 .9  and  -b0.8v. The  ca thod ic  w a v e  is due  to  t h e  
r e d u c t i o n  of t he  o x y g e n  coverage .  I t  is too s m a l l  to 
be  r e c o g n i z a b l e  a t  l a r g e r  m e t h a n o l  c o n c e n t r a t i o n s  
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Fig. 1. Anodic (a) and cathodic (b) part of an I-U curve in un- 
stirred IN HCIO4 ~ IM CH.~OH at 30~ The methanol coverage 
(e~) and the oxygen coverage (eo) are plotted as functions of po- 
tential below the I-U curves. 

( see  Fig.  l b ) .  The  c u r r e n t  be c ome s  anod ic  a g a i n  
a f t e r  t h e  ca thod ic  wave ,  r e a c h e s  a ' p e a k ,  and  f ina l ly  
dec reases  w i t h  de c r e a s ing  p o t e n t i a l  to a v e r y  sma l l  
va lue .  

The  c o m p a r i s o n  of the  I - U  cu rve  w i t h  t h e  #~-U 
c u r v e  in  Fig.  l a  shows  t h a t  p a r t  of t he  m e t h a n o l  
o x i d a t i o n  in  1N HC10,  -t- 1M CH~OH b e l o w  ~-0.9v 
and  p r a c t i c a l l y  a l l  o x i d a t i o n  b e t w e e n  +0 .9  and  
W l . 3v  t a k e s  p l ace  on a su r f a c e  w h o s e  c o v e r a g e  
w i t h  a d s o r b e d  m e t h a n o l  or  a d s o r b e d  i n t e r m e d i a t e s  
is v e r y  smal l .  The  c o v e r a g e  is too s m a l l  ( # ~  0.1) 
to  b e  d e t e c t e d  w i t h  c e r t a i n t y  b y  t h e  t e c hn iques  
used  here .  A s i m i l a r  s t a t e m e n t  ho lds  for  t he  con-  
c e n t r a t i o n  r a n g e  0.001M ~ oC~ --~ 1M. I t  is a s s u m e d  
tha t  t he  dec rea se  of  m e t h a n o l  c o v e r a g e  w i t h  p o t e n -  
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t i a l  is no t  due  to a r e p l a c e m e n t  of a d s o r b e d  m e t h -  
ano l  mo lecu l e s  b y  w a t e r  molecu les .  S u c h  a d i s -  
p l a c e m e n t  is f o r m u l a t e d  in  t he  theo r i e s  of t he  e l ec -  
t r o c a p i l l a r y  c u r v e  on m e r c u r y  (17, 18).  The  as -  
s u m p t i o n  is conf i rmed  b y  t h e  r e s u l t  of the  p r e v i o u s  
p a p e r  (14) t h a t  ~, is i n d e p e n d e n t  of  p o t e n t i a l  d u r -  
ing  the  anod ic  s w e e p  b e t w e e n  +0 .1  and  +0 .6  at  
b u l k  c o n c e n t r a t i o n s  0.001M ~ oC, --~ 1M. If  a d e -  
so rp t ion  due  to an  e l ec t ro s t a t i c  effect w o u l d  occur,  
8~ could  no t  be  p o t e n t i a l - i n d e p e n d e n t  in  such a 
b r o a d  p o t e n t i a l  r a n g e  at  m o d e r a t e  a n d  s m a l l  c o v e r -  
age. T h e r e f o r e  i t  is conc luded  t h a t  t he  d e p l e t i o n  of 
t he  m e t h a n o l  c o v e r a g e  d u r i n g  t h e  anodic  sweep  is 
so le ly  caused  b y  t h e  o x i d a t i o n  process .  

T h e  c u r r e n t  d e c r e a s e  a f t e r  t h e  p e a k  a t  + 0 . 9 v  
m a y  r e s u l t  f r o m  the  b lock ing  ac t ion  of a d s o r b e d  
o x y g e n  or  i n t e r m e d i a t e s .  I n i t i a l l y  i t  can  on ly  be  a 
b lock ing  of ac t ive  cen te r s  b e c a u s e  t h e  o x y g e n  
c o v e r a g e  and  t h e  c o v e r a g e  w i t h  i n t e r m e d i a t e s  a r e  
s m a l l  in  t he  i m m e d i a t e  v i c i n i t y  of t he  peak .  F i g u r e  
l a  shows  t h a t  t he  c u r r e n t  dec reases  w h i l e  t he  o x y -  
gen  c o v e r a g e  inc reases  s t e a d i l y  in  t h e  s ame  p o t e n -  
t i a l  r ange .  T h e r e f o r e  t he  c u r r e n t  dec rea se  a f t e r  t he  
first  p e a k  is a t t r i b u t e d  to o x y g e n  b lock ing .  This  
conc lus ion  is conf i rmed  b y  the  shape  of  I-U curves  
of f o r m a l d e h y d e  a n d  fo rmic  ac id  o x i d a t i o n  (1, 3, 5, 
8, 11, 12).  A c u r r e n t  d e c r e a s e  is a l w a y s  o b s e r v e d  
in a p o t e n t i a l  r a n g e  w h e r e  the  f o r m a t i o n  of t he  
o x y g e n  l a y e r  s t a r t s  in the  absence  of fue l  (19) .  
Mi i l l e r  and  c o - w o r k e r s  (1 -5)  h a v e  a l r e a d y  con-  
c luded  t h a t  t he  c u r r e n t  d e c r e a s e  a f t e r  t h e  first  p e a k  
is caused  b y  the  su r f ace  o x i d a t i o n  of p l a t i n u m .  The  
fac t  t h a t  t he se  i n v e s t i g a t o r s  d id  no t  obse rve  a s h a r p  
d r o p - o f f  in  c u r r e n t  a n d  a second  m a x i m u m  a b o v e  
0.9v (as  r e c o r d e d  in  Fig .  l a )  m a y  be  s i m p l y  e x -  
p l a i n e d  on the  bas i s  of t h e  l a r g e  i n t e r n a l  r e s i s t ance  
of t h e i r  s l i d e - w i r e  dev ice  to a p p l y  a p o t e n t i a l  p o -  
t e n t i o s t a t i c a l l y .  R e c e n t l y  G i n e r  (20) and  L i n g a n e  
(21) s t ud i ed  s i m i l a r  p a s s i v i t y  p h e n o m e n a  d u r i n g  
the  o x i d a t i o n  of oxa l i c  ac id  on p l a t i n u m .  B lock ing  
m e c h a n i s m s  of s m a l l  a m o u n t s  of a d s o r b e d  o x y g e n  
w e r e  d i scussed  in  d e t a i l  b y  E r s h l e r  (22) in a p a p e r  
on t h e  p a s s i v i t y  of p l a t i n u m .  

I t  fo l lows  f r o m  Fig.  l b  t h a t  m e t h a n o l  o x i d a t i o n  
and  o x y g e n  evo lu t i on  a r e  s t r o n g l y  h i n d e r e d  d u r i n g  
the  ca thod ic  s w e e p  b e t w e e n  +1.3  and  + 0 . 9 v  
w h e r e  t he  su r f ace  is cove red  w i t h  p r a c t i c a l l y  a 
m o n o l a y e r  of o x y g e n  a toms.  The  anodic  c u r r e n t  of 
m e t h a n o l  o x i d a t i o n  in 1N HC10~ + 1M CH~OH 
r ises  w i t h  d e c r e a s i n g  p o t e n t i a l  b e t w e e n  +0.9  and  
+ 0 . 7 5 v  w h e r e  mos t  of t he  o x y g e n  l a y e r  is r e d u c e d  
ca thod ica l ly .  M e t h a n o l  is ox id i zed  at  a h i g h e r  r a t e  
b e t w e e n  +0.75  and  + 0 . 6 v  d u r i n g  the  ca thod ic  
s w e e p  t h a n  d u r i n g  t h e  anod ic  sweep .  The  m e t h a n o l  
c o v e r a g e  is l a r g e r  a n d  the  o x y g e n  c o v e r a g e  is s m a l -  
l e r  a t  t h e  s ame  p o t e n t i a l  b e t w e e n  +0.6  and  + 0 . 9 v  
d u r i n g  t h e  anodic  t h a n  d u r i n g  t h e  ca thod ic  sweep.  
A s im i l a r  s t a t e m e n t  ho lds  for  0.001M ~ oC, --~ 1M. 
This  sugges t s  t h a t  m e t h a n o l  is ox id i zed  on the  f ree  
su r f ace  a t  a l a r g e r  ra te .  A n o t h e r  i n t e r p r e t a t i o n  
(11) a t t r i b u t e s  t he  c u r r e n t  p e a k  to a l a r g e  o x i d a -  
t ion  r a t e  on  a f r e s h  su r f ace  a c t i v a t e d  b y  the  p r e -  
ced ing  cove r ing  w i t h  oxygen .  A n  a c t i v a t i o n  of th is  
t y p e  is l i k e l y  to occur.  H o w e v e r ,  th is  i n t e r p r e t a t i o n  
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Fig. 2. Semilogarithmic plot of I/~M vs. U in the region of the 
prewave of t-U curves at different methanol concentrations in 
IN HCIO4 at 30~ 

canno t  e x p l a i n  t he  h i g h e r  o x i d a t i o n  r a t e  of  fo rmic  
ac id  (23) d u r i n g  t h e  ca thod ic  sweep  w h e n  the  p o -  
t e n t i a l  is r e v e r s e d  at  a v a l u e  b e t w e e n  +0.7  and  
+ 0 . 8 v  w h e r e  the  o x y g e n  c o v e r a g e  is v e r y  smal l .  

I t  was  t h o u g h t  t ha t  t he  p r e w a v e  d u r i n g  the  a n o -  
dic sweep  could  be  d u e  to t he  o x i d a t i o n  of a d s o r b e d  
m e t h a n o l  mo lecu l e s  a lone.  This  a s s u m p t i o n  was  
t e s t ed  for  t h r e e  b u l k  c o n c e n t r a t i o n s  (see  Fig .  2) in 
t he  fo l l owing  way .  I f  t h e  r a t e - d e t e r m i n i n g  s tep  
a f t e r  t h e  a d s o r p t i o n  is a d i s c h a r g e  r e a c t i o n  w h i c h  
i nvo lves  t h e  a d s o r b e d  mo lecu l e s  only ,  t hen  

( ~nFU 
[1] 

Here ,  I de s igna t e s  t he  ne t  c u r r e n t  d e n s i t y ;  /1 is t he  
c u r r e n t  d e n s i t y  due  to t he  o x i d a t i o n  of a d s o r b e d  
molecu les ;  kl is t he  r a t e  cons t an t  of t he  d i s cha rge  
s tep;  n is t h e  n u m b e r  of e l ec t rons  i n v o l v e d  in t he  
d i s c h a r g e  s tep;  and  ~ is t h e  t r a n s f e r  coefficient.  In  
Fig.  2 I /8~ is p l o t t e d  on a l o g a r i t h m i c  scale  vs. U 
for  0.01M CI-LOH, 0.1M CH~OH, and  1M CH~OH. 
The  r e s p e c t i v e  ~ - v a l u e s  w e r e  r e p o r t e d  in the  p r e -  
v ious  p a p e r  (14) .  E q u a t i o n  [1]  is a p p l i c a b l e  for  
0.3 ~ 8~ < 0.9 at  oC,~ ~ 1M. F o r / ~  < 0.3 the  c u r r e n t  
r i ses  m o r e  r a p i d l y  w i t h  p o t e n t i a l  t h a n  fo l lows  f rom 
Eq. [1] .  F o r  /~ ~ 0.9 d e v i a t i o n s  in  the  oppos i t e  
d i r ec t i on  a r e  obse rved .  A s im i l a r  s t a t e m e n t  ho lds  
for  oC~ = 0.1M. T h e  po in t s  of t h e  m e a s u r e m e n t s  a t  
,C~, = 0.01M deviate slightly at small current. Equa- 
tion [i] is in fair agreement with the experiments 
for 0.3--~6~--~0.9. The agreement can be called 
"fair" if it is considered that the same term "fair" 
applies to the reproducibility of the I-U curves. 

The validity of Eq. [i] in the said #M-range has 
another implication. During the sweep 

d~M 
= ,L- i, [2] 

dt 
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m cou lomb  
H e r e  FF ~ 0.3 and  I~ is t h e  r a t e  of a d -  

c m  ~ 

sorpt ion .  I~ d e p e n d s  on oCt, 8~ a n d  U. E q u a t i o n  [1]  
can  o n l y  be  fu l f i l l ed  i f  

F r  ~ < < / 1 ~ I  [a ]  

dS~ I 
I t  was  f o u n d  t h a t  F r  ~ <~-~ ho lds  a t  v = 30 

m v / s e c  in  t h e  9~ - r ange  w h e r e  Eq. [1]  is a p -  
p l i cab le .  The  c o v e r a g e  8~ is d e t e r m i n e d  b y  the  d i f -  
f e r ence  b e t w e e n  I~ and  /1. The  d e c r e a s e  of 8~ w i t h  
i nc r ea s ing  p o t e n t i a l  imp l i e s  t h a t  L is s l i g h t l y  l a r g e r  
t h a n  I~ at  low speed.  A d s o r p t i o n  and  a s u b s e q u e n t  
d i s c h a r g e  s tep  a r e  bo th  r a t e  d e t e r m i n i n g  in t he  r e -  
g ion  of the  p r e w a v e .  

The  d e v i a t i o n  f r o m  Eq. [1]  b e l o w  8~ ~ 0.3 can  
be  i n t e r p r e t e d  in two  d i f fe ren t  w a y s  w h i c h  do no t  
differ  m u c h  f o r m a l l y .  B e l o w  t~ ~ 0.3 m e t h a n o l  
mo lecu l e s  m a y  be  ox id i zed  w i t h o u t  p r e v i o u s  a d -  
so rp t ion  w i t h  the  ra te ,  L. The  ne t  cu r r en t ,  I, is equa l  
to /1 + L, and  ~I~ ~ I~ for  t?~ ~ 0.3. This  s t a t e m e n t  
ho lds  for  t he  v i c i n i t y  of t he  first  w a v e  w h e r e  t he  
p a r t i a l  c u r r e n t s  due  to t he  o x y g e n  l a y e r  fo rma t ion ,  
a n d  to m e t h a n o l  o x i d a t i o n  and  o x y g e n  evo lu t i on  on 
the  o x y g e n  cove red  su r f ace  a r e  neg l ig ib l e .  I t  is a s -  
s u m e d  w i t h  t he  second  i n t e r p r e t a t i o n  t ha t  t he  r a t e  
cons t an t  k~ and  the  r a t e  of a d s o r p t i o n  i nc rea se  w i t h  
dec r ea s ing  t~ for  t~ < 0.3. M e t h a n o l  a d s o r p t i o n  and  
o x i d a t i o n  occur  on the  v e r y  ac t ive  s i tes  of t he  
h e t e r o g e n e o u s  p l a t i n u m  surface .  T h e n  ,L de s igna t e s  
the  p a r t i a l  c u r r e n t  of m e t h a n o l  o x i d a t i o n  on these  
sites.  The  ac t ive  s i tes  a r e  m a d e  a v a i l a b l e  b y  ox id i z -  
ing  off the  mo lecu l e s  w h i c h  a r e  a d s o r b e d  in the  
h y d r o g e n  r eg ion  d u r i n g  the  ca thod ic  and  subse -  
q u e n t  anod ic  sweep.  

The  r a t e  cons tan t ,  k~, r e f e r r e d  to t h e  h y d r o g e n  
e l ec t rode  as r e f e r e n c e  e lec t rode ,  and  the  a n - v a l u e  
w e r e  d e t e r m i n e d  f r o m  Fig.  2. I t  was  f o u n d  

log  k~ = - - 8 . 1 ,  ~n = 0.67 

H e r e  t he  r a t e  c o n s t a n t  is g i v e n  in  t h e  un i t s  m a / c m  ~. 
The  e x p e r i m e n t a l  a n - v a l u e  sugges t s  a o n e - e l e c t r o n  
t r a n s f e r  ( n  = 1) .  The  d i s c h a r g e  s t ep  is a f irst  o r d e r  
r e a c t i o n  w i t h  r e s p e c t  to  t h e  a d s o r b e d  m e t h a n o l  
molecules .  This  imp l i e s  t h a t  the  f irst  d i s c h a r g e  s tep  
in  t he  o v e r - a l l  r e a c t i o n  is t he  s lowes t  d i s cha rge  
step.  I f  i t  w e r e  a s u b s e q u e n t  d i s c h a r g e  s tep  and  if 
t he  e q u i l i b r i u m  of one or  m o r e  of t he  s u b s e q u e n t  
d i s c h a r g e  s teps  w e r e  e s t ab l i shed ,  an  shou ld  be 
g r e a t e r  t h a n  1. A n o t h e r  poss ib le  i n t e r p r e t a t i o n  is 
t h a t  a l l  t he  d i s c h a r g e  s t eps  a r e  h i n d e r e d  to n e a r l y  
t he  s ame  ex ten t .  H o w e v e r ,  th is  i n t e r p r e t a t i o n  is d i s -  
c a r d e d  because  of t h e  low p r o b a b i l i t y  of t h e  as -  
s u m p t i o n  on the  s a m e  h i n d r a n c e  of a l l  t h e  d i s c h a r g e  
steps.  I t  shou ld  be  n o t e d  t h a t  r a t e  cons tan t s  and  
t r a n s f e r  coefficients c a l c u l a t e d  w i t h o u t  c o n s i d e r a -  
t ion  of the  change  of 9M at  t he  foot  of t he  first  w a v e  
a re  incor rec t .  

Thus  far ,  t h e  shapes  of t h e  first  w a v e  d u r i n g  t h e  
anod ic  s w e e p  and  of t he  w a v e  d u r i n g  the  ca thod ic  
sweep  of l o w - s p e e d  p e r i o d i c  I - U - c u r v e s  h a v e  been  
d i scussed  in de ta i l .  A s i m i l a r  d i scuss ion  w o u l d  be  

81 - 

1.0 1.5 
U(V)  

Fig. 3. I-U curve in unstirred (curve a) and stirred (curve b) IN 
HCIO~ + IM CHsOH at 30~ 

d e s i r a b l e  for  t h e  second  wave .  H o w e v e r ,  t he  a n a l y -  
sis of t he  e x p e r i m e n t a l  r e su l t s  d id  no t  l e ad  to a 
conc lus ion  w h i c h  differs  e s s e n t i a l l y  f r o m  t h a t  of  
M(i l le r  and  c o - w o r k e r s  (1 -5 )  on  the  o r ig in  of t he  
second  wave .  Mfi l le r  and  c o - w o r k e r s  sugges t ed  t h a t  
a n o t h e r  m e c h a n i s m  becomes  i n c r e a s i n g l y  effect ive  
a t  h i g h e r  po ten t i a l s .  I t  canno t  y e t  be  de c ide d  if  t he  
d i f fe rence  in  the  two  m e c h a n i s m s  is of  t he  specific 
t y p e  p o s t u l a t e d  b y  Mfi l le r  a n d  c o - w o r k e r s .  More  
w o r k  is r e q u i r e d .  

Periodic potentiostatic I-U-curves at low speed 
wi th  argon-stirring.--Curve b in Fig.  3 r e p r e s e n t s  
an  / - U - c u r v e  w i t h  v = 30 m v / s e c  in 1N HC10~ + 
1M CH~OH at  30~ w h e n  t h e  so lu t ion  was  s t i r r e d  
i n t e n s i v e l y  w i t h  a rgon .  C u r v e  a is t h e / - U - c u r v e  in  
t he  u n s t i r r e d  so lu t ion  w h i c h  h a d  been  s a t u r a t e d  w i t h  
a r g o n  before .  I t  t a k e s  a b o u t  five cyc les  b e f o r e  c u r v e  
a is o b t a i n e d  a f t e r  i n t e r r u p t i o n  of the  s t i r r ing .  The  
r e p r o d u c i b i l i t y  of c u r v e  b is no t  good, as t he  shape  
of c u r v e  b changes  s l i g h t l y  w i t h  t ime .  

S t i r r i n g  r educes  t he  c u r r e n t  a t  t he  s ame  p o t e n t i a l  
U a b o v e  the  r eg ion  of t h e  anodic  p r e w a v e  d u r i n g  
the  anod ic  sweep  and  in t h e  r eg ion  of  the  o x i d a t i o n  
w a v e  d u r i n g  the  ca thod ic  sweep.  The  fo l l owing  in -  
t e r p r e t a t i o n  is sugges t ed  for  t he  s t i r r i n g  effect.  
S t a b l e  i n t e r m e d i a t e s  (CH20, C H O O H )  of m e t h a n o l  
o x i d a t i o n  do no t  ex i s t  in  a h igh  c o n c e n t r a t i o n  on 
t h e  su r f ace  b e t w e e n  +0 .9  and  + l . S v  d u r i n g  the  
anod ic  sweep.  A f t e r  t h e y  h a v e  been  fo rmed ,  t h e y  
can  e i t h e r  be  o x i d i z e d  or  d i f fuse  in to  t h e  b u l k  of 
t h e  e l ec t ro ly t e .  A h igh  s t i r r i n g  r a t e  f avo r s  d i f fus ion 
w h i l e  a l ow  s t i r r i n g  r a t e  is f a v o r a b l e  for  ox ida t ion .  
This  i n t e r p r e t a t i o n  has  to be  c ons ide r e d  a t e n t a t i v e  
one. The  r e l a t i v e  d e c r e a s e  o f  t h e  c u r r e n t  w i t h  s t i r -  
r i ng  at  U ~ + l . 0 v  a p p e a r s  r a t h e r  l a r g e  and  canno t  
be  e x p l a i n e d  on t h e  bas is  of t he  p r e c e d i n g  i n t e r p r e -  
t a t i o n  alone.  I t  i nd i ca t e s  t he  p r e s e n c e  of a second 
h i n d e r i n g  effect. I t  a p p e a r e d  conce ivab l e  t h a t  t he  
second  h i n d e r i n g  effect  m i g h t  be  caused  b y  a d i f fe r -  
ence  in  t he  t~o-U-curves for  t he  s t i r r e d  and  u n s t i r r e d  
solut ion .  H o w e v e r ,  no d i f f e rence  could  be  d e t e c t e d  
in t he  e x p e r i m e n t a l  ~o -U-cu rves  u n d e r  t h e  two  
condi t ions .  

Single I-U curves at dif]erent sweep rates in 
stirred solutions.--The anod ic  p a r t s  of p o t e n t i o -  
s t a t i c  I-U curves  a t  v a r i a b l e  v o l t a g e  speed  a re  
s h o w n  in Fig.  4 for  1N HC10,  ( d o t t e d  c u rve s )  and  
1N HC10,  + 1M CH~OH (so l id  c u rve s )  a t  30~ 
The  I-U cu rves  w e r e  m e a s u r e d  b y  a p p l y i n g  a s ingle  
t r i a n g u l a r  v o l t a g e  sweep.  The  p r e t r e a t m e n t  con-  
s i s ted  of a s ingle  t r i a n g u l a r  s w e e p  e x t e n d i n g  f r o m  
0.4 to 2.0v a n d  r e t u r n i n g  to 0.4v. This  s e r v e d  to 
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Fig. 4. Anodic parts of I-U curves, measured with a single sweep 
of different sweep rate which started from the open circuit po- 
tential: curve a, ~ ~ 800 v/sec; curve b, ~ ~ 70 v/sec; curve 
c, ~ ~ 7 v/sec; curve d, ~ ~ 0.7 v/sec; curve e, ~ ~ 0.07 v/sec. 

clean the  electrode surface of adsorbed  mater ia ls .  
Af te r  10 msec at 0.4v, the  e lect rode was  o p e n - c i r -  
cui ted and  m e t h a n o l  a l lowed to adsorb for 1 m i n  
wi th  a rgon  flowing. A t r i a n g u l a r  sweep was  t hen  
appl ied  and  the I-U curve  recorded.  These condi -  
t ions  a p p r o x i m a t e  those used in  d e t e r m i n i n g  the  
m e t h a n o l  adsorp t ion  i so the rm (14).  

The  I-U curves  in  Fig. 4 can be unde r s tood  on 
the  basis  of the  concept  developed in  the p reced ing  
sections. The  c u r r e n t  dens i ty  I~ of m e t h a n o l  ox i -  
da t ion  is 

d6~ 

The curves  d and  e at low speed have  the  charac -  
ter is t ic  shape discussed in  the p reced ing  sections. 
T h e y  coincide w i th  the  I -U  curves  in  1N HC10, at 
a po ten t i a l  U < +2 .0v  in  the  reg ion  of O3 evolut ion .  
The scale is such tha t  the  anodic  c u r r e n t  due  to the  
fo rma t ion  of the  oxygen  coverage in  1N HC10, be -  
tween  40 .8  and  + l . 5 v  is r a r e ly  recognizable .  The  
heights  of the first and  second peaks  increase  wi th  
the  vol tage  speed (curves  e, d, c) .  The first peak  
appears  at  more  pos i t ive  po ten t ia l s  w i th  inc reas ing  
vol tage  speed, whi le  the  second peak  r e m a i n s  at 
n e a r l y  the same potent ia l .  Curves  d, e, and  c show 
a n a r r o w i n g  of the  po ten t i a l  r ange  of the  first wave.  
Above  v = 7 v / s ec  the  first w a v e  beg ins  to b r o a d e n  
u n t i l  on ly  one peak  is observed  at 800 v / sec  ( cu rve  
a) .  These observa t ions  can be i n t e r p r e t e d  as fol-  
lows. Me thano l  molecules  which  diffuse to the  su r -  
face and  a re  oxidized the re  on the  free surface w i th  
the  r a t e  Is r ep r e sen t  the  m a i n  c o n t r i b u t i o n  to the  
first peak  c u r r e n t  in  the  curves  e, d, and  c. The  t e r m  

d•M . 
F F ~ - -  m Eq. [4] beg ins  to con t r i bu t e  more  and  

dt 

more  w i t h  inc reas ing  vo l tage  speed above ~ ~ 7 v /  
sec (curves  a and  b ) .  F i n a l l y  the  c u r r e n t  I~ resul t s  
m a i n l y  f rom the  ox ida t ion  of the  in i t i a l ly  adsorbed  
molecules  (14).  The  po ten t i a l  of r eve r sa l  has to be 
made  more  posi t ive  w i th  inc reas ing  vol tage  speed 
so t ha t  the  I-U curves  in  the  e lec t ro ly te  w i th  and  
w i thou t  m e t h a n o l  coincide. The  c u r r e n t  which  is 
due  to the  fo rma t ion  of the  oxygen  l aye r  becomes  
l a rger  w i th  inc reas ing  vol tage  speed and  con t r ibu tes  
cons ide rab ly  to the  ne t  c u r r e n t  (curves  a, b, and  c). 

The above resul t s  m a k e  the  fo rm of the  I,---~/~ 

E 

I 0 20 30 
V~ (v ,n %ec.) 

Fig. 5. Peak current density, Is, of the first anodic wave as a 

function of the square root of the sweep rate of the single sweep. 

curve  in  Fig. 5 u n d e r s t a n d a b l e .  The re  Is des ignates  
the  c u r r e n t  dens i ty  at the  first peak  of the  I-U 
curves.  K ine t i c  da ta  are of ten deduc ted  f rom ./, - -  

~/~" curves.  F igu re  5 shows a n o n l i n e a r  dependence  

b e t w e e n  I,  a nd  ~ /~-which  appears  l i nea r  b e t w e e n  
1 v / sec  and  100 v/sec.  In  ge ne r a l  a l inear  depend -  
ence  is charac ter i s t ic  for a r evers ib le  (24) or i r r e -  
vers ib le  (25) e lect rode process wi th  diffusion con-  
trol.  However ,  this i n t e r p r e t a t i o n  does no t  apply  
he re  as the  fo l lowing cons idera t ion  shows. I, is 
sma l l e r  for an  i r r eve r s ib l e  process w i th  diffusion 
cont ro l  t h a n  for a r evers ib le  one (25).  It  is for an  
i r r eve r s ib le  process (25) 

Ip 3.01 10~n ' - ~J~ r~l/~ vl:~ = ~,~~ ,-, oC [5] 

Here, n des ignates  the  n u m b e r  of e lec t rons  invo lved  
in  the  ne t  process;  a is the  t r ans f e r  coefficient of the 
d ischarge  step; n~ is the n u m b e r  of e lect rons  i n -  
vo lved  in  the  d ischarge  step; D is the  diffusion co- 
efficient; oc is the  b u l k  concen t r a t i on  of the  reac t ing  
species; and  v is the  sweep rate .  By t ak ing  an~ -~ 
0.5 (close to the  e x p e r i m e n t a l  a n - v a l u e  of Eq. [ 1 ] ) ,  
D ---- 10 -~ cm~/sec and  n---- 2 ( a s suming  tha t  the  
m e t h a n o l  ox ida t ion  only  goes to the  first s table  i n -  
t e r m e d i a t e  CH:O) the / , - v a l u e s  in  Tab le  I are  ob-  
t a ined  f rom Eq. [5] as the  lowest  es t imate  for I,  
at oC~ = 1 M. The  computed  / : v a l u e s  in  Tab le  I 
are  cons ide rab ly  l a rger  t h a n  the  observed  ones. 

I t  is conc luded  tha t  the  first c u r r e n t  peak  is 
caused at  v < 10 v / sec  by  a b locking act ion of ad-  
sorbed oxygen  on the  ox ida t ion  m e c h a n i s m  wi th  
the  pa r t i a l  c u r r e n t  dens i ty  L. The  pa r t i a l  c u r r e n t  
due  to the  surface  ox ida t ion  and  tha t  due  to the  
ox ida t ion  of adsorbed  m e t h a n o l  c o n t r i b u t e  consid-  
e r ab ly  to Is above v = 10 v /sec .  At  v > 200 v / s ec  I 

d8~ dOo 
is p rac t i ca l ly  equa l  to - - F F  dt + Fr d---T wi th  

Fro ~ 0.65 m c o u l o m b / c m  ~. The  ox ida t ion  of the  
adsorbed  molecules  occurs  at such posi t ive  p o t e n -  
t ia ls  tha t  Is is no t  observed  a n y  longer ,  owing  to 
the  cons iderab le  o x y g e n  coverage  in  the  respec t ive  

Table I,/p-values from Eq. [5] and from Fig. 4 

v v / s e c  0 .07  0 .70  7 70  8 0 0  

Ip . . . .  p A /cm 2 0.116 0.35 1.16 3.5 11.8 
Is. ,xp A /cm 2 0.014 0.019 0.08 0.18 1.27 
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Table II. Comparison of measured and computed/r-values 

o c ~  M 1 0.1 0.01 0 . 0 0 1  

Ip . . . .  p m a / c m  ~ 76 7.6 0.76 0.076 
Ip..xp m a / c m  ~ 8.3 2.7 0.75 0.20 

p o t e n t i a l  r a n g e  ( c o m p a r e  cu rves  a and  c in  Fig .  4) .  
The  s a m e  conc lus ions  ho ld  for  u n s t i r r e d  so lu -  

t ions.  The  p e a k  c u r r e n t  was  d e t e r m i n e d  as a f u n c -  
t ion  of t he  c o n c e n t r a t i o n  a t  a sweep  r a t e  of 0.03 v /  
sec in  1N HC10~ (see  T a b l e  I I ) .  T a b l e  II  shows  
c l e a r l y  t ha t  t h e  r e q u i r e d  l i n e a r  d e p e n d e n c e  b e t w e e n  
I . . . . .  and  oC~ (see  Eq. [ 5 ] )  is no t  obse rved .  I ,  d e -  
creases with oC~ in a way which is indicative for the 
presence of the postulated adsorption step. The shift- 
ing of the peak potential to less positive values at 
lower methanol concentration is correlated to the 
depletion of the adsorbed methanol at less positive 
potentials during the anodic sweep at the smaller 
bulk concentrations of methanol [see Fig. 6 of the 
preceding paper (14) ]. 

Manuscript received Jan. 15, 1962; revised manuscript 
received June 28, 1962. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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Techn ca]l Notes O 
Sodium Borohydride, An Interesting Anodic Fuel (1) 

Maurice E. Indig and Richard 1'4.5nyder 

Delco-Remy Division, General Motors Corporation, Anderson, Indiana 

S o d i u m  b o r o h y d r i d e  has  long  been  cons ide red  
as a p o t e n t i a l  source  of l i m i t e d  a m o u n t s  of h y d r o -  
gen,  based  on the  w o r k  of S c h l e s i n g e r  (2)  and  co-  
worke r s .  In  an  aqueous  so lu t ion  s o d i u m  b o r o h y d r i d e  
is a p o w e r f u l  r e d u c i n g  agent .  Reac t ions  w i t h  m e t a l  
ions  can  r e s u l t  in p r e c i p i t a t i o n  of a m e t a l  (3 ) ,  p r e -  
c i p i t a t i on  of a m e t a l  b o r i d e  (4 ) ,  f o r m a t i o n  of a v o l a -  
t i le  m e t a l  h y d r i d e  (5) ,  or  r e d u c t i o n  of t he  o x i d a -  
t ion s t a t e  of a m e t a l  ion  (4) .  

The  s t a n d a r d  e l ec t rode  p o t e n t i a l  of t he  r e a c t i o n  
B H j  + 8 OH- -> BO~- + 6 H~O + 8e has  been  c a l c u -  
l a t e d  as 1.23v b y  P e c s o k  (6)  a n d  1.24v b y  S t o c k -  
m a y e r  (7)  and  c o - w o r k e r s .  P e c s o k  also i n d i c a t e d  
t ha t  t he  o x i d a t i o n  of s o d i u m  b o r o h y d r i d e  was  h i g h l y  
i r r eve r s i b l e .  

The  p o s s i b i l i t y  of us ing  s o d i u m  b o r o h y d r i d e  as  an  
anodic  fue l  a p p e a r e d  a t t r a c t i v e  due  to i ts  e x t r e m e l y  

low e q u i v a l e n t  w e i g h t  of 4.73g, the  fac t  t h a t  con-  
c e n t r a t e d  so lu t ions  of N a B H ,  in  a h i g h l y  bas ic  
m e d i u m  can  be  qu i t e  s tab le ,  a n d  the  f a v o r a b l e  e lec -  
t r o c h e m i c a l  p o t e n t i a l  of t he  o x i d a t i o n  of t he  b o r o -  
h y d r i d e  ion. 

Experimental Procedure 
A ser ies  of l a b o r a t o r y  e x p e r i m e n t s  w e r e  c o n d u c t e d  

to c h a r a c t e r i z e  t he  p r o p e r t i e s  of t he  s o d i u m  b o r o -  
h y d r i d e  e lec t rode .  W e i g h e d  a m o u n t s  of N a B H ,  w e r e  
d i s so lved  in  30% K O H  solut ions .  F o u r  m i l l i -  
l i t e r  a l iquo ts  c on t a in ing  0.12g of N a B H ,  w e r e  
i n t r o d u c e d  in to  Luc i t e  ce l l  con ta ine rs .  The  cel ls  
cons i s ted  of a s i n t e r e ~  n i c k e l  a n o d e  of 80% poros i ty ,  
an  a u x i l i a r y  ca thode  of s i l ve r  sheet ,  a n d  a m e r c u r y -  
m e r c u r i c  ox ide  r e f e r e n c e  e l e c t r o d e  l o c a t e d  adja-  
cent to the  anode .  The  c o n c e n t r a t i o n  of p o t a s s i u m  
and,  l a t e r ,  s o d i u m  h y d r o x i d e  w e r e  t he  s ame  in re f -  
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e rence  e l ec t rodes  as in t he  b u l k  so lu t ion .  The  r e f -  
e rence  e l ec t rodes  w e r e  d r a w n  down,  and  an  asbes tos  
w i c k  was  sea l ed  in to  t he  fine t ip.  The  a p p a r e n t  a r e a s  
of anode  and  ca thode  w e r e  6.45 cm ". C u r r e n t  was  
s u p p l i e d  to t h e  cel l  b y  an  e x t e r n a l  d - c  p o w e r  s u p -  
p ly .  P o t e n t i a l  m e a s u r e m e n t s  w e r e  o b t a i n e d  b e t w e e n  
the  n i cke l  anode  a n d  r e f e r e n c e  e l e c t r o d e  w i t h  the  
a id  of a p o t e n t i o m e t e r .  Cou lombic  efficiencies w e r e  
o b t a i n e d  in t he  cons t an t  c u r r e n t  d i s c h a r g e  b y  c o m -  
pa r i son  of t he  t o t a l  cou lombs  pas sed  a n d  t h e  t h e o -  
r e t i c a l  c a p a c i t y  of t he  NaBH,,  b a s e d  on the  t h e o r e t i -  
cal  e igh t  e l ec t ron  ox ida t ion .  

I n  l a t e r  e x p e r i m e n t s  a c o m m e r c i a l  12% so lu t ion  
of N a B H ,  in  40% s o d i u m  h y d r o x i d e  was  used  as t h e  
source  of b o r o h y d r i d e  ion. A t  21~ these  so lu t ions  
h a d  a decompos i t i on  r a t e  of 0.000005% p e r  d a y  (8) .  
In  these  e x p e r i m e n t s  a 60-cyc le  i n t e r r u p t e r  (9)  was  
used  in  o r d e r  to d e t e r m i n e  p o l a r i z a t i o n  va lue s  w i t h -  
ou t  r e s i d u a l  IR losses.  I t  shou ld  be  m e n t i o n e d  t h a t  
a n y  a c t i v a t i o n  p o l a r i z a t i o n  t h a t  h a d  a d e c a y  t i m e  
f a s t e r  t h a n  1/120 of a second  w o u l d  no t  be  m e a s -  
u r e d  w i t h  t he  i n t e r r u p t e r .  A s c h e m a t i c  of t he  cel l  
and  d i s c h a r g e  c i r cu i t  a r e  s h o w n  in Fig .  1. 

Results and Discussion 

The  r e su l t s  of  the  p o l a r i z a t i o n  s tud ies  of the  so-  
d i u m  b o r o h y d r i d e  e l ec t rodes  at  t h r e e  d i f fe ren t  t e m -  
p e r a t u r e s  a r e  s h o w n  in Fig.  2. The  cu rves  r e p r e s e n t  
d a t a  o b t a i n e d  in t he  cons t an t  d i r ec t  c u r r e n t  d i s -  
cha rges  and  d a t a  o b t a i n e d  w i t h  t he  c u r r e n t  i n t e r -  
r u p t e r  t echn ique .  

One of the  m a j o r  p r o b l e m s  e n c o u n t e r e d  in  t h e  d i s -  
cha rges  w a s  t h e  f o r m a t i o n  of l a r g e  a m o u n t s  of h y -  
d r o g e n  gas. A l t h o u g h  the  s o d i u m  b o r o h y d r i d e  so lu -  
t ions  w e r e  qu i t e  s t ab le  on s torage ,  in  con tac t  w i t h  
t he  po rous  n i cke l  e lec t rodes ,  t he  so lu t ions  gassed  
s lowly .  The  gass ing  r a t e  i n c r e a s e d  w i t h  t h e  e l ec -  
t roch.emical  ox ida t ion ,  a n d  a t  a r a t e  of  775 m a / c m  ~ 
m u c h  h y d r o g e n  was  evo lved .  This  i n d i c a t e d  t h a t  
h y d r o g e n  was  f o r m e d  as a p r o d u c t  of t he  e l e c t r o -  
c h e m i c a l  ox ida t ion .  This  was  f u r t h e r  s u b s t a n t i a t e d  
b y  the  cou lombic  eff iciency s tudies .  The  cou lombic  
efficiencies in  s e p a r a t e  d i s cha rges  v a r i e d  b e t w e e n  
43 and  49% of a poss ib le  e i g h t - e l e c t r o n  change.  A t  
low c u r r e n t  dens i t ies ,  100 m a / c m  ~ and  be low,  t h e  
l a t t e r  f igure  w a s  a p p r o a c h e d  a n d  the  efficiencies 
d r o p p e d  as t h e  c u r r e n t  d e n s i t y  inc reased .  Thus ,  a p -  
p a r e n t l y  a f o u r - e l e c t r o n  o x i d a t i o n  could  be  a p -  
p roached .  The  decompos i t i on  of NaBH~ u n d e r  o p e n -  
c i rcu i t  cond i t ion  was  due  to a s i m p l e  h y d r o l y s i s  
reac t ion ,  B H j  + 2H20 -~ BO~- + 4H~. This  r e a c t i o n  
is a c c e l e r a t e d  b y  s i n t e r e d  n i cke l  and  o the r  t y p e s  of 
low o v e r v o l t a g e  m e t a l s  (2 ) .  

The  a v e r a g e  m e a s u r e d  o p e n - c i r c u i t  p o t e n t i a l  of 
t he  b o r o h y d r i d e  e l e c t r o d e  was  1.15v vs. t he  m e r -  
c u r y - m e r c u r i c  ox ide  r e f e r e n c e  e lec t rode .  I t  was  pos -  
s ib le  to r a i s e  t he  o p e n - c i r c u i t  a n d  o p e r a t i n g  p o t e n -  
t i a l  b y  0.075v w i t h  the  use  of p l a t i n u m  m e t a l  c a t -  
a lys ts ,  b u t  th is  caused  s eve re  gass ing .  

A l t h o u g h  t h e  o b s e r v e d  p o t e n t i a l  of the  n i c k e l -  
b o r o h y d r i d e  e l e c t r o d e  was  a l m o s t  0.2v b e l o w  the  
c a l c u l a t e d  r e v e r s i b l e  b o r o h y d r i d e  o x i d a t i o n  p o t e n -  
t ia l ,  i t  c e r t a i n l y  could  no t  be  m i s t a k e n  for  t he  l o w e r  
h y d r o g e n  p o t e n t i a l  in  a bas ic  m e d i u m ,  w h i c h  is 
0.926v vs. t he  m e r c u r y - m e r c u r i c  ox ide  r e f e r e n c e  

S O D I U M  B O R O H Y D R I D E  
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e lec t rode .  F u r t h e r  ev idence  of t he  f ac t  t h a t  h y d r o -  
gen  was  no t  c o n t r i b u t i n g  to t he  e l e c t r o c h e m i c a l  p e r -  
f o r m a n c e  was  n o t e d  in  a b l a n k  run .  A s i n t e r e d  n i cke l  
e lec t rode ,  w i t h  h y d r o g e n  as a fuel ,  gave  an  o p e n -  
c i r cu i t  p o t e n t i a l  of 0.63v vs. a m e r c u r i c  ox ide  r e f -  
e rence  e lec t rode .  On a p p l i c a t i o n  of a s m a l l  l oad  the  
e l ec t rode  r a p i d l y  p o l a r i z e d  to the  o x y g e n  evo lu t ion  
po t en t i a l ,  t hus  i n d i c a t i n g  t h a t  t he  e l e c t r o d e  h a d  no  
a c t i v i t y  for  h y d r o g e n .  

The  p o s s i b i l i t y  of a ch i ev ing  a r e v e r s i b l e  sod ium 
b o r o h y d r i d e  e l e c t r o d e  w i t h  an  e i g h t - e l e c t r o n  o x i d a -  
t ion  a p p e a r e d  u n l i k e l y .  One  m i g h t  h a v e  to se t t l e  fo r  
a r e a c t i o n  i n v o l v i n g  a f o u r - e l e c t r o n  change  and  a 
l o w e r  po ten t i a l .  This  r e a c t i o n  m a y  be  g iven  as 

B H j  + 4 OH- --> BO2- + 2H~ + 2H~O +4e .  

Manuscr ip t  received Ju ly  2, 1962. 

A n y  discussion of this  paper  wil l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1963 Jo~Jm~AT.. 
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Anomalous Impurity Diffusion in Epitaxial 
Silicon near the Substrate 

D. Kahng, C. O. Thomas, and R. C. Manz 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

I n g h a m  and  M c D a d e  (1)  h a v e  r e p o r t e d  in ep i -  
t a x i a l  g e r m a n i u m  g r o w n  b y  the  c losed  t u b e  m e t h o d  
(2)  an  i n t e r f a c i a l  r eg ion  (up  to  100~ th i ck )  w h i c h  
con t a ined  a r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n  of i m -  
pe r fec t ions .  F i g u r e  1 is a compos i t e  p h o t o g r a p h  
w h i c h  i l l u s t r a t e s  a s imi la r ,  b u t  t h inne r ,  i n t e r f a c i a l  
r eg ion  in e p i t a x i a l  s i l icon g r o w n  on a h e a v i l y  d o p e d  
s u b s t r a t e  b y  the  h y d r o g e n  r e d u c t i o n  of s i l icon t e t r a -  
ch lo r ide  in  an  open  t u b e  flow s y s t e m  (3) a t  1105~ 
The  i n t e r f a c e  was  l oca t ed  b y  b e v e l i n g  and  s ta in ing .  
A f t e r  th is  t he  b e v e l  was  po l i shed  a g a i n  and  e t ched  
w i t h  a s i lve r  e tch  (4)  w h i c h  r e v e a l e d  the  "gross  
i m p e r f e c t i o n s "  a t  t he  i n t e r r a c i a l  reg ion .  I t  w a s  
f o u n d  t h a t  such  gross  i m p e r f e c t i o n s  w e r e  no t  r e -  
v e a l e d  w h e n  a CP e tch  was  used.  W h e n  an  e p i t a x i a l  
f i lm was  g r o w n  on a l i g h t l y  d o p e d  (10-20 o h m - c m )  
s u b s t r a t e  n e i t h e r  t he  s i lve r  e tch  no r  t he  CP  e tch  
r e v e a l e d  gross  i m p e r f e c t i o n s  at  the  i n t e r r a c i a l  r e -  
gion.  W e  h a v e  found  t h a t  in t he  i n t e r r a c i a l  r eg ion  
i m m e d i a t e l y  a b o v e  a h e a v i l y  d o p e d  subs t r a t e ,  w h e r e  
t he  r eg ion  of gross  i m p e r f e c t i o n s  is loca ted ,  t he  
i m p u r i t y  d i f fus ion  r a t e  also is a n o m a l o u s l y  high,  
w h i l e  in  the  r e m a i n d e r  of t he  f i lm the  n o r m a l  d i f -  
fus ion  r a t e  f o u n d  in b u l k  s i l icon obta ins .  

F i g u r e  2 shows  i m p u r i t y  c o n c e n t r a t i o n  prof i les  
as m e a s u r e d  b y  a d i f f e r en t i a l  v o l t a g e - c a p a c i t a n c e  
m e t h o d  in a n  e p i t a x i a l  s i l icon f i lm g r o w n  at  1060~ 
on an  a r sen ic  d o p e d  subs t r a t e .  T h e  m e a s u r e m e n t  
m e t h o d  is d e s c r i b e d  e l s e w h e r e  (5) .  Note  t ha t  t he  
absc i ssa  is t he  d i s t ance  f r o m  the  s u b s t r a t e  r a t h e r  
t h a n  f rom the  sur face .  C u r v e  1 is for  a f i lm w h i c h  
has  been  s u b j e c t e d  to t he  n o r m a l  f i lm g r o w t h  cycle  
(3)  f o l l o w e d  b y  a d iode  f a b r i c a t i o n  s tep  cons i s t ing  
of  an  o x i d a t i o n  at  l l 0 0 ~  for  30 min ,  in  o r d e r  to 
p r o v i d e  an  o x i d e  d i f fus ion  mask ,  and  a b o r o n  d i f -  
fus ion  a t  900~ for  70 min.  O n e - h a l f  of t he  s a m p l e  
s l ice  was  used  for  c u r v e  1. The  o the r  ha l f  s l ice 
was  hea t  t r e a t e d  a t  1200~ in a i r  for  45 min  a f t e r  
f i lm g r o w t h  b u t  be fo re  d iode  f ab r i ca t i on .  C u r v e  2 

is t he  prof i le  m e a s u r e d  on  the  second  ha l f  s l ice a f t e r  
t he  h e a t  t r e a t m e n t  a t  1200~ and  t h e  d iode  f a b r i c a -  
t ion.  

F o r  the  f i lm g r o w n  a t  1060~ the  i n c r e m e n t a l  

a r sen ic  d i f fus ion  d i s t ance  (4 )  of a b o u t  2~ (a t  t he  

101~ l eve l )  is a t t r i b u t e d  to t he  hea t  t r e a t m e n t  a t  
1200~ s ince  aI1 t h e  o the r  h e a t  t r e a t m e n t s  w e r e  t h e  

s a m e  for  t he  two  ha l f  slices.  F o r  f i lms g r o w n  at  
1105~ the  i n c r e m e n t a l  a r sen ic  d i f fus ion  d i s t a n c e  

Fig. 1. Cross section of epitaxial silicon film on heavily doped 
(As) substrate. Interface located by staining. Gross imperfections 
developed by silver etch. This is a composite photograph. 
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Fig. 2. Impurity profiles for n-type epitaxial silicon film grown on 
0.00.5 ohm-cm (As doped) silicon substrate. Saturator contained pur- 
ified silicon tetrachloride at --40~ Film grown at 1060~ for 4 
rain. A ~ incremental diffusion distance produced by 1200~ heat 
treatment for 45 rain after film growth. 
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was  f o u n d  to be  a b o u t  1/~ a t  t he  10 ~ l eve l  us ing  the  
s ame  p o s t - g r o w t h  h e a t  t r e a t m e n t  as  above .  

A n  ef fec t ive  d i f fus ion  r a t e  a t  t he  hea t  t r e a t m e n t  
t e m p e r a t u r e ,  in  th i s  case  1200~ w a s  e s t i m a t e d  as  
fol lows.  S ince  t h e  d iode  f a b r i c a t i o n  i nvo lves  m u c h  
m o r e  h e a t  t r e a t m e n t  t h a n  does  t he  f i lm g r o w t h  one 
m a y  a s s u m e  t h a t  t he  i m p u r i t y  d i s t r i b u t i o n  n e a r  t he  
i n t e r f ace  a f t e r  the  d iode  f a b r i c a t i o n  has  t he  f o r m  

1107 

No X 
N~ = Er fc  - - - _ _  [1]  

2 2~ /K 

w h e r e  N~ is t h e  i m p u r i t y  c o n c e n t r a t i o n  at  a d i s -  
t ance  x f r o m  the  in t e r face ,  No is t he  s u b s t r a t e  dop ing  
leve l ,  a n d  K is a cons tan t .  E q u a t i o n  [1]  is a s t r a i g h t -  
f o r w a r d  consequence  of F i c k ' s  l a w  w h e r e  a con-  
c e n t r a t i o n  and  pos i t i on  in sens i t i ve  d i f fus ion  cons t an t  
is a s sumed .  As  for  c u r v e  2, t he  d i s t r i b u t i o n  can  be  
w r i t t e n  as  

No x 
N,  = Er fc  [2]  

2 2~ /K + Dt  

w h e r e  D is t he  d i f fus ion  cons t an t  a t  t h e  m a j o r  h e a t  
t r e a t m e n t  t e m p e r a t u r e ,  i.e., 1200~ a n d  t is t he  
d u r a t i o n  of the  m a j o r  hea t  t r e a t m e n t .  I t  is seen  
t h a t  t he  i n i t i a l  cond i t i on  p r i o r  to th is  m a j o r  hea t  
t r e a t m e n t  is s i m p l y  N~, g iven  in  Eq. [1] .  In  ac -  
t ua l i t y ,  t he  m a j o r  hea t  t r e a t m e n t  was  p e r f o r m e d  
p r i o r  to t he  d iode  f a b r i c a t i o n  p a r t  w h i c h  bo th  ha lve s  
u n d e r w e n t .  The  o r d e r  of hea t  t r e a t m e n t s  shou ld  be  
i n t e r c h a n g e a b l e  s ince  s imp le  s u p e r p o s i t i o n  is e x -  
p e c t e d  so fa r  as t h e  f inal  i m p u r i t y  d i s t r i b u t i o n  is 
concerned ,  a s ide  f r o m  poss ib le  a n n e a l i n g  effects 
w h i c h  w e  ignore  for  s impl i c i ty .  

W e  can  n o w  c o m p u t e  t he  ef fec t ive  d i f fus ion  con-  
s t an t  as fol lows.  Le t  xl  and  x~ d e n o t e  for  the  first  
a n d  for  t h e  second  ha l f - s l i ce ,  r e s p e c t i v e l y ,  t he  d i s -  
t ances  f r o m  the  s t a i n e d  i n t e r f ace  a t  w h i c h  t h e  i m -  
p u r i t y  c o n c e n t r a t i o n  is a g iven  va lue .  Then  

-- V Dt x~ 1 + -  [3]  
xl  K 

S ince  No is k n o w n  a n d  xl  is m e a s u r a b l e  f r o m  c u r v e  1, 
K can  be  ca l cu la t ed .  Use of th is  K a n d  x~ f r o m  c u r v e  
2 enab le s  one to ca l cu l a t e  t he  ef fec t ive  d i f fus ion con-  
s t an t  D f r o m  Eq. [3] .  

W h e n  t h e  d a t a  in  F ig .  2 w e r e  a n a l y z e d  as o u t l i n e d  
above ,  t he  ef fec t ive  d i f fus ion  cons t an t  was  f o u n d  to 
be  l a r g e r  b y  a f ac to r  of five t h a n  the  p u b l i s h e d  b u l k  
d i f fus ion cons t an t  (6) .  S ince  x~ and  x~ a r e  m e a s u r e d  
f r o m  the  s t a i n e d  in t e r face ,  t he  a c t u a l  i n t e r f a c e  w h e r e  
t h e  c o n c e n t r a t i o n  is No/2 m a y  no t  be  co inc iden t  w i t h  
the  s ta in .  W h e n  an  a l l o w a n c e  of --0.5/~ was  m a d e  for  
th i s  a m b i g u i t y ,  the  c a l c u l a t i o n  s t i l l  y i e l d e d  a v a l u e  
of 3-8 for  t he  r a t i o  of t he  ef fec t ive  d i f fus ion  cons t an t  
to t he  p u b l i s h e d  b u l k  va lue .  

The  ef fec t ive  d i f fus ion  cons t an t  e s t i m a t e d  in  t he  
m a n n e r  d e s c r i b e d  a b o v e  s h o w e d  a d e p e n d e n c e  on the  
f i lm g r o w t h  t e m p e r a t u r e s .  H i g h e r  f i lm g r o w t h  t e m -  
p e r a t u r e s  in g e n e r a l  p r o d u c e d  f i lms whose  i n t e r f a c i a !  
ef fec t ive  d i f fus ion r a t e  is in b e t t e r  a g r e e m e n t  w i t h  
t h e  b u l k  va lue .  As  the  f i lm g r o w t h  t e m p e r a t u r e  is 
l owered ,  t he  a g r e e m e n t  becomes  w o r s e  and  t h e  r a t i o  

Fig. 3. Relative diffusion depths of boron (15 min at 1200~ in 
epitaxial silicon and in substrates. Film resistivity ,~ 2 ohm-cm 
(n-type). Substrate resistivity 0.005 ohm-cm (n-type). Film thick- 
ness 25~. A ~ 3.25~, B ~ 3.25/~, C ~ 2.5~. 

of the  effect ive  d i f fus ion  cons t an t  to t he  b u l k  v a l u e  
r eaches  a v a l u e  as h igh  as n ine .  This  sugges t s  t h a t  
the  f i lm s t r u c t u r e  n e a r  t he  i n t e r f a c e  has  a d i r ec t  
b e a r i n g  on the  d i f fus ion  ra te .  I f  c o n c e n t r a t i o n  d e -  
p e n d e n t  d i f fus ion  r a t e s  a r e  r e s p o n s i b l e  for  t he  ob -  
s e r v e d  a n o m a l y ,  t he  f i lm g r o w t h  t e m p e r a t u r e s  
shou ld  h a v e  no  s ign i f ican t  inf luence  on the  m e a s u r e d  
ef fec t ive  d i f fus ion  cons tan t .  

As  i l l u s t r a t e d  in  Fig.  1, t he  e p i t a x i a l  f i lm a w a y  
f r o m  the  i n t e r f a c e  shows  no  gross  imper fec t ions .  
The re fo re ,  a n o r m a l  d i f fus ion  of i m p u r i t y  in to  th is  
r eg ion  is expec t ed .  The  di f fus ion of b o r o n  in to  t he  
m a i n  b o d y  of t he  f i lm and  in to  t h e  s u b s t r a t e  has  been  
s t u d i e d  b y  m e a n s  of a doub le  b e v e l  t e c h n i q u e  as i l -  
l u s t r a t e d  in  Fig.  3. A n  n - t y p e  f i lm was  g r o w n  a t  
1060~ on an  n+- type  subs t r a t e .  A f t e r  t he  f i lm was  
g r o w n  the  sl ice was  b e v e l e d  a n d  po l i shed  a long  one 
edge  a t  a 5 ~ a n g l e  to the  sur face .  I t  w a s  t h e n  g iven  
a sha l l ow  b o r o n  di f fus ion (1200~ fo r  15 ra in )  a n d  
b e v e l e d  and  p o l i s h e d  a t  5 ~ a g a i n  as shown.  The  in -  
t e r s ec t i on  of the  two  beve l s  was  s t a i n e d  a n d  p h o t o -  
g r a p h e d .  The  j u n c t i o n  d e p t h s  in  t he  f i lm f r o m  i ts  
u p p e r  su r f ace  ( A )  and  f r o m  t h e  f irst  b e v e l  su r f ace  
(B)  a r e  bo th  3.25/~ as d e t e r m i n e d  b y  i n t e r f e r o m e t r y .  
The  a p p a r e n t  v i sua l  d i f fe rence  is an  a r t i f a c t  of bo th  
t he  p h o t o g r a p h i c  a n d  l a p p i n g  angles .  T h e  j u n c t i o n  
d e p t h  in  t he  s u b s t r a t e  ( C ) ,  a l so  m e a s u r e d  b y  i n t e r -  
f e r o m e t r y ,  is 2.5~. These  j u n c t i o n  d e p t h s  a r e  cons i s t -  
en t  w i t h  t he  d i f fus ion  c o n s t a n t  for  b o r o n  in  n o r m a l  
b u l k  s i l icon w h e n  a l l o w a n c e  is m a d e  fo r  t he  b a c k -  
g r o u n d  donor  c o n c e n t r a t i o n  in  t he  f i lm and  in t he  
subs t r a t e .  

One  m i g h t  e x p e c t  an  e x c u r s i o n  in  j u n c t i o n  d e p t h  
to occur  n e a r  t h e  s u b s t r a t e  f i lm in te r face .  H o w e v e r  
t he  t h i ckness  of t he  r eg ion  in  w h i c h  the  l a r g e r  d i f -  
fus ion  r a t e  ex i s t s  is of t he  s a m e  o r d e r  of t he  m a g -  
n i t u d e  as t he  d i f fus ion  d e p t h  in  t he  s a m p l e  of Fig .  3. 
In  add i t ion ,  ou t -d i f fu s ion  of t he  b a c k g r o u n d  d o p a n t  
f rom t h e  s u b s t r a t e  t ends  to m i n i m i z e  such  an  e x -  
curs ion .  In  a s i m i l a r  e x p e r i m e n t  in  w h i c h  t h e  d i f fu-  
s ion d e p t h  w a s  s m a l l e r  t h a n  t h e  i n t e r f a c i a l  r e g i o n  
t h i cknes s  (--2/~), t he  su r f ace  i r r e g u l a r i t i e s  ( s t r a in ,  
l a p p i n g  d a m a g e ,  e tc . )  r e s u l t e d  in an  i r r e g u l a r  j u n c -  
t ion  f ron t  o b s c u r i n g  the  e x p e c t e d  e x c u r s i o n  n e a r  the  
in te r face .  
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Summary 
The interfacial region for epitaxial silicon films 

grown on heavily doped substrates appears to have 
unusual and undesirable characteristics as exhibited 
by characteristic etch patterns and anomalously high 
diffusion rates. For very thin films this interracial 
region may occupy the major portion of the total film 
thickness and so cause serious problems in device 
fabrication in such very thin films on highly doped 
substrates. The diffusion rate of impurities in the 
main body of the film, however, is consistent with 
the rate in normal bulk material. 
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X-Ray Studies of Twinned GaAs Blades 
Grown from the Vapor Phase 

Roch R. Monchamp, Will iam J. McAleer, and Peter I. Pollak 
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Division o] Merck & Company, Inc., Rahway, New Jersey 

In a recent paper (1) McAleer et at. reported on 
the preparat ion of GaAs bladelike crystals f rom the 
vapor phase. This paper reports on the x - r ay  studies 
of these crystals. Using the rotating crystal tech- 
nique, the major  growth axis was determined to be 

[211] and the major faces were shown to be (111) 

and (111) by microscopic examination of etched sur- 
faces and x - r ay  reflection studies. The same general 
crystallographic characteristics have been observed 
in silicon ribbons grown from the vapor (2) and 
are also found in Ge and Si dendrites grown from 
supercooled melts (3). The similarities of the GaAs 
blades to the Si and Ge dendrites, which have been 
demonstrated to grow via a twin mechanism, sug- 
gest that  blades may also contain a coherent twin 
plane. In both the Ge and Si dendrites {111} twin 
planes were observed by fracture and etch tech- 
niques (3). Although twin planes were indicated 
also in the GaAs blades by these techniques, more 
positive evidence for the existence of such structures 
was sought from x - r a y  examination. 

For a twinned crystal belonging to the diamond 
class geometric considerations require that  the crys-  
tallographic axes of one section of the twin, when 
continued across the twin plane, are transformed 
into a new set of axes having rational indices (4). 

I ~.-,.I~.o~ 1.7 I 

J '~" [ " ] ~ , ' ] ~ ' ~  ['"] J._~ 
I ~ J 

Fig. 1. Transformation of crystallographic directions across a 
single twin plane. 

m 

For twinning in the (111) plane, the [111] direction 

is t ransformed into a [511] direction after passing 
through the twin plane, the [011] is t ransformed 

into the [411] and the [100] into the [122]. Figure 
1 illustrates the relationship for a single twin plane 

and the [111] and [511] case. 
When a twinned crystal  of the type depicted in 

Fig. 1 is rotated about the [111] axis or the [511] 

axis, layer lines characteristic of both [111] and 

[511] are observed in a rotation photograph and 
identical patterns are produced (see Fig. 2c). On 
the other hand, when an untwinned crystal is ro- 

tated about the [-111] and the [511-] axes, clearly 
distinguishable layer line patterns are obtained 
(Fig. 2a and 2b). Comparing only the layer  lines 

produced on rotating a single crystal about its [511] 
axis (Fig. 2b) and those produced by twinned crys- 

tals when rotated about [511-] and [111] axes, one 
finds that the layer line structures are indistinguish- 

able. This results from the fact that  the [511] rota-  

tion yields many more layer lines than the [111] 
rotation and the 3rd, 6th, and 9th lines produced by 

[511] rotation are coincident with the []-11] layer 
lines. Thus, on the basis of layer  line structure, ro-  

tation about the [511] axis does not distinguish be- 
tween twinned and untwinned crystals. 

If it were possible to mount  the crystal to clearly 

rotate about the [111] axis, a single rotation photo-  
graph would distinguish between a single crystal 
and a twinned one. If  the crystal is untwinned, it 
will produce the pat tern shown in Fig. 2a, if twinned, 
a pat tern as in Fig. 2c. 
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Fig. 2. Reproduction of x-ray film showing layer line structures 
for (a) (top) [111] rotation of a single crystal; (b) (center) [511] 
rotation of a single crystal; and (c) (bottom) [511] and [111] 
rotation of a (111 ) twinned crystal. 

The  specific se lec t ion  of t he  I-i-11] ax i s  is poss ib le  
if t he  p rec i se  o r i e n t a t i o n  of t he  c r y s t a l  is e s t ab l i shed .  
This  s tep  can  be  avo ided ,  h o w e v e r ,  b y  t a k i n g  two  
p h o t o g r a p h s  r o t a t i n g  a b o u t  opposed  axis  ( see  Fig .  
2a)  bo th  70 ~ 32" f r o m  t h e  [111] axis ,  t hus  i n s u r i n g  

t h a t  t he  [111] axis  has  been  e x a m i n e d .  W h e n  th is  
was  done  w i t h  the  G a A s  b lades ,  bo th  p h o t o g r a p h s  
w e r e  iden t i ca l ,  showing  t h a t  the  b l a d e  is t w i n n e d .  

A n  a l t e r n a t e  a p p r o a c h  in d i s t i n g u i s h i n g  b e t w e e n  

t w i n n e d  and  u n t w i n n e d  c rys t a l s  r o t a t e d  abou t  [511] 
axis  r e s ides  in  the  i n d e x i n g  of the  i n d i v i d u a l  spots  
of t he  p h o t o g r a p h s  (5) .  F o r  i n s t ance  a s ingle  c r y s -  

t a l  r o t a t e d  a b o u t  t he  [511] w o u l d  not  show a n y  r e -  
f lect ion on the  zero  l a y e r  l ine  due  to a {422}, w h e r e a s  

i / [ " ' ] "  
, . .  . . . . . . . . . .  <F" - -  M / / A  

['"l [~"l~ / ~[~"1 ,I, 
I 

Fig. 3. Transformation of crystallographic directions across two 
twin planes. 

a t w i n n e d  c r y s t a l  has  th is  re f lec t ion  due  to t he  p r e s -  

ence of the  [111] axis .  
The  s ame  x - r a y  t e c h n i q u e  was  also a p p l i e d  to 

s i l icon and  g e r m a n i u m  d e n d r i t e s  g r o w n  f r o m  the  
mel t .  F o r  g e r m a n i u m  d e n d r i t e s  i den t i ca l  x - r a y  p h o -  
t o g r a p h s  w e r e  o b t a i n e d  w h e n  the  c r y s t a l  was  r o -  

t a t e d  abou t  bo th  t he  [111] and  the  [511],  which ,  in  
a c c o rda nc e  w i t h  t he  g e o m e t r i c  r e q u i r e m e n t s  g iven  
above ,  d e m o n s t r a t e d  the  ex i s t ence  of a t w i n  p lane .  
In  t he  case  of a s i l icon dend r i t e ,  r o t a t i ons  a b o u t  

[111] a n d  [511] p r o d u c e d  l a y e r  l ine  p h o t o g r a p h s  
c o r r e s p o n d i n g  to the  r o t a t i o n  axis ,  e.g., Fig.  2a and  
2b. S ince  the  p r e s e n c e  of t w i n s  in th is  c r y s t a l  has  
been  d e m o n s t r a t e d  b y  o the r  means ,  i t  m u s t  be  con-  
c luded  t h a t  th is  x - r a y  m e t h o d  can  fa i l  u n d e r  t w o -  
cond i t ions :  (a )  if a v e r y  n a r r o w  B sec t ion  is p r e s -  
ent ,  as in  Fig.  3, ref lec t ions  f r o m  th is  r e g i o n  w o u l d  
no t  be  d e t e c t e d  (a  l i m i t i n g  v a l u e  of ~ 5 %  of t he  
c r y s t a l  w o u l d  be  e x p e c t e d ) ,  or  (b)  the  o v e r l y i n g  
sec t ion  is of such a t h i cknes s  as to p r e v e n t  p e n e t r a -  
t ion  of t he  x - r a y  b e a m  to t he  twins .  

Cons ide r ing  the  l i m i t a t i o n  c i ted  a b o v e  for  t he  
case of t he  s i l icon dendr i t e ,  i t  is c l ea r  t h a t  a l l  a v a i l -  
ab le  t e chn iques  m u s t  be  e m p l o y e d  in e x a m i n i n g  a 
c r y s t a l  for  t he  p r e s e n c e  of t w i n  s t ruc tu re s .  The  a n -  
c i l l a r y  p r o b l e m  of d e t e r m i n i n g  the  n u m b e r  of t w i n s  
in these  c rys t a l s  is not  a m e n a b l e  to so lu t ion  b y  th is  
t echn ique .  This  a spec t  of t he  w o r k  m a y  bes t  be  
h a n d l e d  b y  f r a c t u r e  and  e tch  t e c hn ique s  d e s c r i b e d  
b y  F a u s t  e t  al. (3) .  
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The Preparation of Single Crystals of Some 
Rare Earth "l'ellurides 

P. mr() 

Research and Advanced Development Division, Avco Corporation, Wilmington, Massachusetts 

We repor t  the first p repara t ion  of single crysta ls  
of some ra re  ear th  te l lur ides  which were  made by  
the vapor  t ranspor t  method descr ibed by Sch~fer 
and his co-workers  (1).  Data have been repor ted  
(2, 3) on the proper t ies  of severa l  ra re  ea r th  t e l -  
lur ides in polycrys ta l l ine  form; however,  po lyc rys -  
ta l l ine  mater ia l s  are  unsat is fac tory  for the p roper  
electr ical  and s t ruc tura l  character iza t ion of these 
semiconductors.  

The react ions be tween  the ra re  ear th  meta ls  and 
te l lu r ium gave rise to MTe, M~Te~, M~Te~, MTe~, and 
MTe, of which the La, Ce, Pr,  and Nd compounds 
have been s tudied in our laborator ies  so far. This 
note is concerned with  the growth of single crysta ls  
of the sesqui-  and di - te l lur ides .  M~Te~ was syn the-  
sized f rom the elements  in degassed, evacuated  
quartz  tubes at  800~ The crude product  contained 
a t e l lu r ium rich phase near  the surface and a meta l  
r ich phase in the inter ior ,  and it was not  sui table  
for the p repara t ion  of single crystals  wi thout  fu r -  
ther  t rea tment .  Sa t i s fac tory  resul ts  were  obta ined  
with  sesqui te l lur ides  which had been mel ted  in 
graphi te  crucibles at t empera tu res  up to 1800~ in 
evacuated  quar tz  tubes by means of induct ion hea t -  
ing. The single crystals  were  p repa red  in a b i -  
t he rmal  furnace  in an evacuated  quar tz  tube con- 
ta ining iodine and sesqui te l lur ide  in weight  rat ios  
be tween  0.09 and 0.37. The MTe.~ crystals  appeared  
wi thin  1-2 days  in the middle  of the tube at  t em-  
pera tu res  be tween 700 ~ and 830~ and the M~Te~ 

crystals  formed near  the M~Te~ source at  approx-  
imate ly  900~ The cooler end of the tube was main-  
ta ined  at app rox ima te ly  650~ and a deposit  which 
formed at tha t  end was p robab ly  the meta l  iodide. 
The MTe~ crysta ls  grew to var ious  sizes up to 4 x 
2 x 1 mm and were  sui table  for electr ical  measure -  

ments, whereas  the M~Te, crystals  were  too smal l  
for any  measurements  other than  x - r a y  diffraction. 
Transfer  periods of two weeks were  requi red  for 
the growth  of large,  regular ,  single crystals .  

The crystals  were  s table in air, except  for the for-  
mat ion of a ba re ly  not iceable  ta rn ish  in a few weeks. 
The tarnish  could be removed  by  a chemical  pol ish-  
ing solution consisting of bromine,  acetic acid, and 
ethanol. The M~Te~ compounds possessed a body-  
centered cubic s t ructure,  and the MTe~ compounds 
were  te t ragonal .  Some of the compounds in the MTe~ 
series exhib i ted  two reversa ls  in thei r  Hal l  effect 
and a s t rongly  anisotropic thermoelect r ic  effect. 

Manuscript received June 15, 1962. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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The Rapid Determination of the Conductivity 
Type of Materials at 4~ 

R. C. Bourke ~ 

Battelle Memorial Institute, Columbus, Ohio 

In a specimen of a semiconductor  there  may  be a 
"crossover" in conduct ivi ty  type  at  some t e m p e r a -  
ture  depending on the mate r ia l  pa ramete r s  and on 
the acceptor  and donor concentrations.  Hence, the 
t rue  extr ins ic  conduct ivi ty  type,  i.e., the  p redomi -  
nance of donors or acceptors, may  not be de t e rmin -  
able by  thermoelect r ic  probing or other means at 
o rd inary  tempera tures ,  but  may  requi re  inves t iga-  
t ion at  l iqu id -he l ium tempera ture ,  especial ly in the 
case of l o w - b a n d - g a p  materials .  Convent ional  me th -  
ods for making  quant i t a t ive  cryogenic measurements  
of the Seebeck and Hall  coefficients are complex and 
t ime consuming. Therefore,  a s imple probing method 

1Present address: Allison Division, General Motors Corporation, 
Indianapolis, Indiana. 

has been devised for the rap id  de te rmina t ion  of the 
sign of the Seebeck coefficient at  l i qu id -he l ium t em-  
pera ture .  Very  smal l  specimens of a r b i t r a r y  geom- 
e t ry  may  be used, and soldering or welding of leads 
to the specimen is not necessary. 

Several modifications of the system have been de- 
vised; Figure 1 shows the one that has been found 
the most useful. The sample is held in the bottom of 
an open-ended 8-mm Pyrex guide tube by a slight 
constriction in the end of the tube. A small-diameter 
copper wire is wrapped around the bottom end of the 
specimen and a large-diameter copper wire is placed 
in contact with the upper end. When the sample is 
cooled by immersion of the end of the tube in liquid 
helium, the large-diameter wire becomes a "hot" 

1110 
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I, I ,/8-rnm Pyrex ltli0 
1 i l l l  ~ eworfHeliUmlask 

/ II I I L quid-helium 

~0 to 32- oege ,~-4os23 
copper wire 

Fig. 1. Details of liquid-hellum hot-probe technique 

probe because of its grea ter  heat  capaci ty  and higher  
ra te  of hea t  conduction f rom the a tmosphere  above. 
As the tube is immersed,  the sma l l -wi re  probe and 
the sample  a t ta in  the t empera tu re  of l iquid hel ium 
in a short  t ime, whereas  the la rge  probe remains  at 
a h igher  t empe ra tu r e  for a r e la t ive ly  long per iod of 
time. Thus, a changeover  in conduct ivi ty  type,  in-  
dicated by  a reversa l  in the di rect ion of the ga l -  
vanometer  deflection, can easi ly be detected before 

the t empera tu re  difference be tween  the two probes 
approaches zero. The de te rmina t ion  can be repea ted  
by rais ing the l a rge -d i ame te r  wire  above the surface 
of the l iquid he l ium and al lowing it to w a r m  slightly.  
The probe is then lowered quickly  unt i l  contact  is 
made  with  the specimen which is stil l  immersed  in 
the helium. Ice or frozen air  on the surface of the 
specimen can p reven t  good contact  be tween  the hot 
probe and the sample and, thus, cause er ra t ic  gal-  
vanometer  deflections. Therefore,  the tube  must  be 
thoroughly  flushed with hel ium pr ior  to immers ion 
This is convenient ly  done by forcing most of the 
escaping he l ium to flow up through the guide tube 
by the inser t ion of packing  mate r i a l  be tween  the 
neck of the Dewar  flask and the outside of the guide 
tube. 

The method indicates only the sign of the Seebeck 
coefficient of a specimen and is not quant i ta t ive .  
However,  it is quite useful  when, for example,  a 
series of doping exper iments  are being made in an 
a t t empt  to change the conduct ivi ty  type of the ma te -  
r ia l  being studied. When it has been found tha t  the 
desired change has been produced,  more  deta i led  
measurements  can be made. The technique has been 
used successfully on cer ta in  specimens of Ag~Se and 
AgaTe which undergo conduc t iv i ty - type  changes at  
low tempera tures .  

Manuscript received June 20, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 

Impurity Incorporation into CdSe and Equilibria in the 
System CdSe-CdCI2 

A. Reisman and M. Berkenblit 

Thomas J. Watson Research Center, International Business Machines, Yorktown Heights, New YoTk 

Because of its high mel t ing point,  1239 ~ (1),  and 
high dissociation pressure,  approx ima te ly  100 mm 
Hg at  1000 ~ (2) ,  and because of res t r ic t ion of con- 
ta iner  and subst ra te  mater ia l s  to silica or AI~O~, 
CdSe is most convenient ly  s intered into po lyc rys ta l -  
l ine layers  or grown as single crystals  from fluxes 
such as CdCL. Since the selenide has a lways  been 
observed to exhibi t  n - t y p e  conductivi ty,  undoubt -  
edly contr ibuted  to by  a high excess selenium va-  
cancy count (1),  one normal ly  compensates the ma-  
te r ia l  by  addi t ion of acceptors,  such as Cu, to the 
flux. The effectiveness of such doping wil l  be a func-  
t ion of the degree of selenide solution a t ta ined  at a 
given t empera tu re  and flux concentrat ion,  as wel l  
as the d is t r ibut ion  of the impur i ty  be tween the flux 
and semiconductor.  The present  repor t  describes 
equi l ibr ia  in the sys tem CdSe-CdCL and discusses 
the gross manner  in which Cu and Ag, another  

common act ivator ,  are incorpora ted  into the lat t ice 
using the chlorides of each as dopant  sources. 

The DTA technique has been descr ibed e lsewhere  
as have the x - r a y  techniques used for phase identif i-  
cation (3, 4). 

Results and Discussion 
Equilibria in the system CdSe-CdCL. - -  Studies 

were  conducted in both closed and open sample  
holders  since each type  of a r r angemen t  has cer tain 
prac t ica l  advantages.  Thus, s intered layer  p r e p a r a -  
t ion is most easi ly accomplished in open systems 
while  single crys ta l  growth may  be conducted in 
e i ther  type  of a r rangement .  Above 500 ~ however,  
the vapor  pressures  of CdSe and CdCL, the la t te r  
par t icu la r ly ,  become appreciable,  and consequent ly  
an open sys tem cannot be considered to conform to 
the  reduced phase rule  since composition changes 
would be occurr ing in the condensed phases as a 
function of time. To p reven t  oxidat ion of CdSe in 
the open system, exper iments  were  conducted in an 
N~ atmosphere.  

Table  I presents  the resul ts  of the rmal  studies for 
the closed sys tem exper iments ,  and Fig. 1 depicts the 
proposed equi l ib r ium d iagram in unbroken  lines. 
The resul ts  of open sys tem exper iments  are also 
presented  in Fig. 1 by  the dashed lines. In  the low-  
t empera tu re  regions, the resul ts  of both inves t iga-  
tions are essent ia l ly  the same, the eutectic composi-  
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Table I. Thermal data for system CdSe-CdCI2 under its 
equilibrium vapor pressure 

L i q u i d u s  E u t e c t i e  
M o l e  % CdC 1 2  t e m p e r a t u r e  t e m p e r a t u r e  ~ 

0 1239 520 
5 1210 520 

I0 1165 522 
15 1127 522 
20 1088 522 
25 1054 521 
30 1006 521 
35 976 521 
40 928 519 
45 882 522 
50 832 522 
55 791 524 
60 732 523 
65 663 521 
70 612 521 
75 549 523 
80 - -  521 
85 538 521 
90 546 521 
95 558 521 

100 565 

a E u t e c t i c  t e m p e r a t u r e s  w e r e  d e f i n e d  i n  h e a t i n g  a n a l y s e s .  

t ion  be ing  d e t e c t e d  a t  a b o u t  77.5 mo le  % CdCl~ in 
bo th  s tudies .  As  h i g h e r  t e m p e r a t u r e s  b e c o m e  neces -  
sary ,  t he  open  s y s t e m  curve ,  as expec t ed ,  becomes  
d i sp l aced  to  t he  C d S e - r i c h  s ide of t he  sys tem.  Thus,  
t he  70 mo le  % of CdCL s t a r t i n g  s a m p l e  in  t he  c losed 
s y s t e m  e x h i b i t e d  a l i qu idus  at  612 ~ w h i l e  t he  open  
s y s t e m  v a l u e  was  644 ~ A t  40 mo le  % CdCL, t he  r e -  
spec t ive  v a l u e s  w e r e  928 and  963 ~ . W h i l e  i t  is ev i -  
den t  t h a t  t he  open s y s t e m  v a l u e  w i l l  d e p e n d  on the  
s a m p l e  su r f ace  area ,  t he  d a t a  o b t a i n e d  in  c losed 
s y s t e m  e x p e r i m e n t s  shou ld  not,  w i t h i n  t he  l imi t s  of 
e r r o r  i n v o l v e d  in m e a s u r i n g  l i qu idus  t e m p e r a t u r e s ,  
2-3 ~ s ince  l i qu idus  v a l u e s  wi l l  be  a func t ion  of the  
s a m p l e  c o n t a i n e r  v o l u m e  only .  The  l a t t e r ,  w i t h  r e -  
spec t  to v a p o r - a v a i l a b l e  space,  was  k e p t  smal l ,  abou t  
equa l  to t he  v o l u m e  of t he  condensed  phase ,  so t ha t  

5 8 0  - 

1239 \ / /  
1200 ~ 5,40 \ z ~ 

II00 20 

, I I I I 
IOOO 0 75 80 SS 90 9 5  

�9 ~ 900 ~ _ ~  

800 C d S e *  Liq. 

. 700 

:'- 600 
565 

500 I DETAIL"A" 
Cd Se + Cd CI 2 400 

300 DATA IN CLOSED SYSTEM 
. . . .  DATA IN OPEN SYSTEM 

20O 

I00 

~ ,~ ;o " .o' ' o . "  "o 'o 9",oo 
CdSe MOLE % Cd Cl 2 Cd CI 2 

Fig. 1. Phase diagram for the system CdSe-CdCI2 in open and 
closed systems. 

compos i t i on  v a r i a t i o n  due  to t he  p r e s e n c e  of v a p o r  
m i g h t  be  ignored .  I t  is e v i d e n t  t h a t  Fig.  1 r e p r e s e n t s  
a p r o j e c t i o n  on the  T - X  p l a n e  r a t h e r  t h a n  a cons t an t  
p r e s s u r e  p l a n e  in  a T - P - X  set  of coord ina tes .  S ince  
t h e  p r e s s u r e s  d e v e l o p e d  in  t h e  s ea l ed  sy s t e ms  a r e  no t  
v e r y  g rea t ,  h o w e v e r ,  Fig .  1 is p r o b a b l y  e q u i v a l e n t  
w i t h i n  e x p e r i m e n t a l  l imi t s  to T - P - X  r e p r e s e n t a -  
t ions  a t  1 a tm.  A d d i t i o n a l  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  to e s t ab l i sh  an  u p p e r  l i m i t  on t h e  so lub i l i t y  
of CdCL in CdSe.  Q ua n t i t i e s  of CdCL to g ive  0.5-2.5 
mole  % of th is  m a t e r i a l  w e r e  f i red in  0.5 mo le  % 
s teps  w i t h  CdSe  and  e x a m i n e d  w i t h  x - r a y s .  The  
CdCL p a t t e r n  w a s  d e t e c t e d  in  t he  0.5 mo le  % s a m p l e  
p l a c ing  the  so lub i l i t y  l i m i t  b e l o w  th is  va lue .  

Reactions of CdSe  with CuCL and A g C 1 . - - A n h y -  
d rous  CuCL, 0.1, 1.0, 5.0, and  20 mo le  %, was  m i x e d  
w i t h  CdSe,  and  the  s a m p l e s  w e r e  t r e a t e d  a t  550 ~ and  
900 ~ in  e v a c u a t e d  q u a r t z  c on t a ine r s  for  v a r y i n g  
l e ng th s  of t ime .  The  s a m p l e s  w e r e  t hen  e i the r  
q u e n c h e d  or  cooled  s lowly .  I n  a l l  cases,  e x c e p t  one,  
i d e n t i c a l  r e su l t s  w e r e  ob ta ined .  The  s a m p l e s  con-  
t a i n i n g  0.1 mo le  % CuCL y i e l d e d  on ly  t he  C d S e  
d i f f rac t ion  p a t t e r n  w h i l e  a l l  t he  o the r s  e x h i b i t e d  the  
p a t t e r n  of CdSe,  CuSe,  and  CdCI~. S a m p l e s  w e r e  t hen  
p r e p a r e d  con ta in ing  CuCL, CdSe,  and  CdCL in  w h i c h  
the  compos i t ions  w e r e  CdCL r e l a t i v e  to CdSe,  20 
mo le  %, CuCL r e l a t i v e  to  CdSe  1 and  5 mo le  %. 
These  w e r e  h e a t  t r e a t e d  in  open  c on t a ine r s  u n d e r  an  
a t m o s p h e r e  of N~ a t  600 ~ and  700 ~ for  30 m i n  and  
quenched .  X - r a y  e x a m i n a t i o n  a g a i n  i n d i c a t e d  the  
p r e s e n c e  of CuSe  in a d d i t i o n  to CdSe  and  CdCL. 

The  a b o v e  d a t a  i n d i c a t e  tha t ,  r a t h e r  t h a n  i nco r -  
p o r a t i o n  of coppe r  v i a  t he  m e c h a n i s m  

2CuCL ~ 2CuC1 zr C L ( v )  [ l a ]  

(1 - -  x )  CuC1 + x CdSe  --> Cd=Cul_~Se=Cll_~ [ l b ]  

t he  r e a c t i o n  p roceeds  v i a  

CuCI~ + CdSe  ~ CdCI~ ~ CuSe  [2]  

fo l l owed  b y  a p a r t i a l  so lu t ion  of CuSe  in CdSe.  The  
e x t e n t  of so lu t ion  is p r e s u m a b l y  less  t h a n  1 mo le  % 
on the  bas is  of t he  x - r a y  da ta ,  a n d  the  r e a c t i o n  a p -  
p e a r s  to go to comple t ion .  

W h i l e  t he  f a i l u r e  to  d e t e c t  CurSe or  CuC1, i r r e -  
spec t i ve  of f i r ing t e m p e r a t u r e  or  cool ing  cycle ,  is no t  
p roo f  t h a t  c o p p e r  is i n i t i a l l y  i n c o r p o r a t e d  in  t he  l a t -  
t ice  as  a b i v a l e n t  ion, i t  is an  i nd i c a t i on  t h a t  such is 
the  case. One  would ,  of course ,  e x p e c t  t h a t  w i t h i n  t he  
l a t t i ce  an  e q u i l i b r i u m  b e t w e e n  Cu § a n d  Cu §247 w o u l d  
obta in .  

E x p e r i m e n t s  s im i l a r  to those  e m p l o y e d  in s t u d y i n g  
the  r eac t ions  of CuCL w i t h  CdSe  w e r e  c o n d u c t e d  
w i t h  AgC1 and  CdSe.  As  w i t h  CuCI~, a r e a c t i o n  
r a t h e r  t h a n  a s imp le  so lu t ion  occur red ,  a n d  Ag~Se 
and  CdCL w e r e  p r o d u c t s  of t he  r e a c t i o n  acco rd ing  to 

2AgC1 + C d S e - *  Ag~Se + CdCL [3] 

The  s i lve r  s e l en ide  is t h e n  i n c o r p o r a t e d  in to  t he  se le -  
n ide  l a t t i c e  w i t h  t he  f o r m a t i o n  of one s e l e n i u m  
v a c a n c y  for  each  two  a d d e d  s i l ve r  a toms.  I t  a p p e a r s  
t h e r e f o r e  t ha t  w h e n  the  m o l a r  q u a n t i t y  of  AgC1 is 
less t h a n  t h a t  of CdSe,  t h e  s y s t e m  A g C I - C d S e  is no t  
an  e q u i l i b r i u m  one u n d e r  n o r m a l  a m b i e n t  or  v a c -  
u u m  condi t ions ,  be ing  m o r e  p r o p e r l y  d e s i g n a t e d  b y  
the  t e r n a r y  r e p r e s e n t a t i o n  Ag~Se-CdSe-CdCL.  W h e n  
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the molar quanti ty of AgC1 exceeds that of CdSe, a 
binary representation is again invalid, a proper 
designation being Ag2Se-AgC1-CdCL. Similarly, the 
system CuCL-CdSe is more properly designated by 
either CuSe-CdSe-CdCL or CuSe-CuCL-CdCL. 

Reactions of CdSe wi th  silica, silica-based mate-  
rials and ALO,.--In attempts at growing single crys- 
tals of CdSe at its melting point in silica containers 
evacuated with a mechanical pump, the interior of 
the containers had severely corroded during the ex- 
periments, in some instances sufficiently to cause 
fragmentat ion of the containers. When the initial 
pressure was reduced to the 10 - ' m m  region, the con- 
tainer corrosion was greatly reduced. This was evi- 
denced primari ly by decreased wetting of the silica 
surface in contact with the melt. In the 10-~-10 -~ mm 
range wett ing effects disappeared, the selenide 
separating cleanly from the silica when the con- 
tainers were broken open after cooling. These ex- 
periments indicated that  the apparent  reactivity of 
CdSe with silica is not due to the compound itself 
but  rather  to the presence of CdO. To resolve this 
question, distilled Cd, Se, CdSe, and CdO were each 
heated in silica. Only the latter gave visual evidence 
of reaction, so much so that in each attempt frag-  
mentation of the containers resulted. 

The product of the reaction of the CdO with SiO.~ 
gives a very distinct powder pat tern which, however, 
is not listed in the A.S.T.M. card index. In all prob-  
ability, the pat tern is representative of a mixture of 
two compounds having compositions nominally rep- 
resented by xCdO-ySiO~ in the system CdO-SiO~. 
These results are of some practical concern since, in 
addition to indicating cautions to be observed in 
h igh- temperature  handling of CdSe, they indicate a 
means of obtaining sintered layer adhesion to smooth 
silica and silica-based substrates. In the preparation 
of photoconductive polycrystalline sintered layers on 
such substrates, two processes must be considered. 
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(i) interparticle adhesion and (it) sintered layer-  
substrate adhesion. Since cadmium oxide-silica 
based glues would be expected to exhibit high melt-  
ing points, they should, on forming, tend to solidify 
immediately because of the high SiO~ concentration 
and not contaminate the sintered layer to any de- 
gree. CdSe sintered layers using CdCL fluxes were 
prepared on soft glass substrates in the absence of 
O.~ and these failed to adhere although sintering of 
the selenide itself did occur. When prepared in a 1% 
O~ atmosphere just above the eutectic temperature 
in the system CdSe-CdCI~, 522 ~ the layers did ad- 
here. By treating in higher concentrations of O~, a 
quanti ty of the interlayer between the substrates 
and sintered layers was formed sufficient to allow 
x - r ay  and spectroscopic analysis. These x - r a y  pat-  
terns were distinct, but could not be identified. Spec- 
troscopic analyses showed the normal  constituents of 
the glass employed plus Cd. 

Neither CdO nor CdSe was found to exhibit any 
detectable attack on recrystallized ALO~ even in the 
presence of CdCL flux. Sintered layer adhesion to the 
latter when serving as a substrate is therefore me- 
chanical. In fact, if the particle size of a sintering 
CdSe layer is permitted to became too large, the 
layer flakes off the substrate. 

Manuscript received July 24, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Co   n cadon @ 
A Dislocation Etch for Lead Selenide Crystals 

Marriner K. Norr 
United States Naval Ordnance Laboratory, White Oak, Silver Spring, Maryland 

The etch recently published for PbSe by Coates 
et al. (1) can be modified to give sharp, square, py-  
ramidal dislocation etch pits at room temperature.  
This modified etch was found to be an improvement  
over the one published by Brebrick and Scanlon (2), 
because their etch required a temperature of 60~ 
and its pitting action was quite slow. 

The modified etch was prepared by dissolving 10g 
of KOH in 10 ml of distilled water  and then adding 
1.0 ml of glycerol. After the solution had cooled to 
room temperature,  0.5 ml of 30% H~O~ was added. 

Reagent grade chemicals were used throughout.  
Fresh cleavage-surfaces of PbSe were etched in the 
solution for 2 rain at 25 ~ after which they were 
rinsed with water  and carefully dried on lens paper. 
It is recommended that  the surfaces to be etched 
should be freshly cleaved because they are very 
susceptible to mechanical damage and chemical con- 
tamination. 

The etch produces results (see Fig. 1) qualita- 
t ively very similar to those obtained by Gilman and 
Johnston (3) (using their "A" etch) on LiF and by 
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Fig. 1. Dislocation etch pits on a PbSe cleavage surface 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1962 

Hous ton  and  N o r r  (4)  on PbTe .  Sha rp ,  square ,  p y -  
r a m i d a l  p i t s  w e r e  f o r m e d  on bo th  n -  a n d  p - t y p e  m a -  
te r ia l .  The  p i t s  w e r e  2-6~ across ,  a n d  t h e i r  edges  
w e r e  p a r a l l e l  to t he  < 1 0 0 >  d i rec t ions  of the  c rys ta l .  
T h e y  w e r e  o b t a i n e d  a long  s m a l l - a n g l e  g r a i n  b o u n d -  
ar ies ,  a long  the  t r aces  of ac t ive  s l ip p lanes ,  a n d  a t  
po in t s  d i s t r i b u t e d  r a n d o m l y  ove r  t he  sur face .  The  
edges  of c l e a v a g e  s teps  w e r e  a t t a cked .  W h e n  p r e -  
v ious ly  e t ched  m a t e r i a l  was  l i g h t l y  d e f o r m e d  and  
e t ched  aga in ,  n e w  p i t s  w e r e  p r o d u c e d  w h i c h  a p -  
p e a r e d  to be  due  to d i s loca t ions  i n t r o d u c e d  b y  the  
de fo rma t ion .  W h e n  the  two  su r faces  f o r m e d  b y  the  

c l eavage  of a c r y s t a l  w e r e  e tched ,  t h e i r  p i t  p a t t e r n s  
w e r e  a p p r o x i m a t e  m i r r o r  images  of each  o ther ,  e x -  
cept  in  a r e a s  w h i c h  showed  t r ace s  of ac t ive  s l ip  
p lanes .  

The  P b S e  c rys t a l s  u sed  a b o v e  w e r e  g r o w n  b y  the  
B r i d g m a n - S t o c k b a r g e r  t e c h n i q u e  in s i l ica  c ruc ib les .  
The  bes t  m a t e r i a l  h a d  p i t  dens i t i e s  ( e x c l u d i n g  p i t s  
a long  s u b g r a i n  b o u n d a r i e s )  of 1 x 10~/cm ~. The  ang le  
of t i l t  b e t w e e n  a d j o i n i n g  subgra ins ,  as e s t i m a t e d  
f rom the  n u m b e r  of p i t s  p e r  un i t  l e n g t h  a long  the  
b o u n d a r y ,  was  of t he  o r d e r  of 1-5 m i n u t e s  of arc.  The  
s u b g r a i n s  a v e r a g e d  a b o u t  0.1 m m  across.  

A c k n o w l e d g m e n t  

The  a u t h o r  wishes  to exp re s s  t h a n k s  to Dr.  B l a n d  
B. Hous ton ,  Jr . ,  for  h e l p f u l  advice ,  for  s u p p l y i n g  
the  P b S e  c rys ta l s ,  and  p a r t i c u l a r l y  for  t he  p h o t o -  
g r a p h  s h o w n  in Fig.  1. 

Manuscr ip t  rece ived  Ju ly  16, 1962. 

Any  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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Chemical and Electrical Characteristics of the Alkali Carbonate 
High-Temperature Fuel Cell 

Y. L. Sandier 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

When hydrogen  is used as a fuel in an a lka l i  c a rbona t e - type  fuel  cell 
opera t ing  at  about  580~ carbon monoxide  and methane  are  being evolved by 
formed by  secondary  react ions wi th  the products  H~O and CO~, the  l a t t e r  f rom 
decomposi t ion of CO~ =. The react ions  and resul t ing  emf 's  under  condit ions of 
equi l ib r ium are  discussed. Wi th  na tu ra l  gas, the  re forming  reac t ion  wi th  wa te r  
was  car r ied  out  in a separa te  reac tor  in contact  wi th  the  c e l l  A t  the  t e m p e r a -  
tures  used, the conversion to hydrogen  on a n i cke l - a lumina  re fo rming  ca ta-  
lys t  can be b rought  to near  complet ion before  the  gas m ix tu r e  enters  the  cell. 
The expe r imen ta l  cell, a modified vers ion of the  cell  of Broers  and Kete laa r ,  is 
l eak -p roof  and gives h igher  outputs  than here tofore  obta ined  (up to 230 m a / c m  ~ 
at  0.6v wi th  hydrogen  at  20% reac t ion) .  

This  p a p e r  dea l s  w i t h  a h i g h - t e m p e r a t u r e  fue l  
cel l  t h a t  e m p l o y s  a fu sed  m i x t u r e  of a l k a l i  c a r b o n -  
a tes  as e l e c t r o l y t e  and  is o p e r a t e d  n e a r  600~ The  
r eac t i ons  t a k i n g  p l a c e  at  the  fue l  e l ec t rode  of t he  
cell ,  a n d  t h e  effect of t he se  r e a c t i o n s  on the  e l ec t r i ca l  
cha rac te r i s t i c s ,  a r e  d iscussed.  Some  p e r f o r m a n c e  
d a t a  a r e  also g iven.  

Experimental 
The  e x p e r i m e n t a l  cel l  is s h o w n  in Fig.  1. I t  r e -  

s emb le s  t he  cell  u sed  b y  B r o e r s  (1, 2) in his  e a r l i e r  
work .  I t  was ,  h o w e v e r ,  d e v e l o p e d  to be  p r a c t i c a I l y  
l e a k - p r o o f  and  to g ive  s u b s t a n t i a l l y  h i g h e r  ou tpu t s  
t h a n  h e r e t o f o r e  ob ta ined .  The  e l e c t r o l y t e  consis ts  of 
a m e l t  of a l k a l i  c a r b o n a t e s  con t a ined  in  a po rous  
m a g n e s i a  disk.  The  fue l  e l ec t rode  is a n i cke l  mesh  
f i l led w i t h  n i cke l  pa r t i c l e s ,  and  a s i lve r  mesh  f i l led 
w i t h  s i l ve r  p a r t i c l e s  se rves  as  t he  o x y g e n  e lec t rode .  
The  p e r f o r a t e d  p l a t e s  in t he  gas  in le t  caps  s e rve  to 
a d m i t  t h e  gases  to t he  e l ec t rodes  and  to p re s s  t he  
e l ec t rodes  f i rmly  aga in s t  t h e  e l e c t r o l y t e  disk.  A 
s t rong  c los ing  p r e s s u r e  was  used  to l e a k p r o o f  the  
cel ls  a n d  to m i n i m i z e  the  e l e c t r o d e - e l e c t r o l y t e  r e -  

Fuel 

t 1 

t 
0 2 and CO 2 

Fig. I. BJown-up view of the cell. (a) electrolyte disk, (b) elec- 
trode, (c) gasket, (d) perforated plate. 

s is tance.  A n  e l e c t r o d e  a r e a  of 11 cm ~ was  used  in  a l l  
e x p e r i m e n t s  p r e s e n t e d  in th i s  p a p e r .  

The  r eac t ions  w e r e  m o n i t o r e d  b y  m a s s - s p e c t r o -  
m e t r i c  ana lys i s .  T h e y  w e r e  i n v e s t i g a t e d  u n d e r  
r ea l i s t i c  flow condi t ions ;  th i s  is e s sen t i a l  because ,  a t  
the  h igh  flow r a t e s  t h a t  m u s t  be  e m p l o y e d  in l e a k i n g  
cells ,  t h e  s e c o n d a r y  r eac t i ons  d i scussed  in  th is  p a p e r  
m a y  no t  t a k e  p l ace  to a n y  a p p r e c i a b l e  ex ten t .  A 
r e l a t i v e l y  low t e m p e r a t u r e  of  a b o u t  580~ was  
chosen  be c a use  t he  l i fe  and  o u t p u t  of t h e  c a r b o n a t e  
t y p e  of fue l  cel l  a r e  l im i t e d  b y  r a t e  p rocesses  such  as  
the  e v a p o r a t i o n  of e l ec t ro ly t e ,  co r ros ion  reac t ions ,  
and  g r a i n  g r o w t h  of t h e  e l e c t r o d e  pa r t i c l e s .  I t  w i l l  be  
seen  tha t ,  d e sp i t e  t he  low t e m p e r a t u r e ,  s u b s t a n t i a l  
ou tpu t s  can be  ob ta ined .  

W h e n  h y d r o c a r b o n s  a r e  used ,  t he  e l e c t r o d e  has  a 
t w o f o l d  t a sk :  t he  first  is a c a t a l y t i c  one, via., to p r o -  
duce  the  e l e c t r o c h e m i c a l l y  r e a c t i v e  species.  In  t he  
chosen  t e m p e r a t u r e  range ,  th i s  is e s s e n t i a l l y  h y d r o -  
gen.  The  second  t a s k  is t he  e l e c t r o c h e m i c a l  ox ida t i on  
of the  h y d r o g e n .  In  the  fo l lowing  p a r a g r a p h s ,  t he  
o p e r a t i o n  of t h e  cel l  w i t h  h y d r o g e n  w i l l  f irst  be  d i s -  
cussed  in g r e a t e r  de ta i l .  W h e n  h y d r o c a r b o n s  a r e  
used,  t he  e l e c t r o c h e m i c a l  cel l  func t ions  in e s s e n t i a l l y  
the  s ame  m a n n e r .  

Electrode Reactions with Hydrogen as Fuel 
Pr i m ary  r eac t ions . - -The  p r i m a r y  r eac t i ons  t a k i n g  

p l a c e  at  t he  e l ec t rodes  of a c a r b o n a t e  cel l  a r e  

A n o d e :  Hs + CO3 = ---- HsO -~ COs ~ 2e [1]  

COg is t hus  l i b e r a t e d  at  t h e  anode ;  i t  m u s t  be  r e -  
p l aced  b y  a d d i n g  COs to the  o x y g e n  at  t he  ca thode .  

C a t h o d e :  �89  ~- CO~ + 2e ---- CO3 = [2]  

The  emf  of a p u r e  h y d r o g e n - o x y g e n  cell ,  as, for  
e x a m p l e ,  r e a l i z e d  w h e n  a sol id  o x y g e n  ion  c o n d u c t o r  
(3)  is used,  is g iven  b y  t h e  N e r n s t  r e l a t i o n  

E = E ~ -- ( R T / 2 F )  In (p~op~C'po~ ~1~) [3 ]  

I t  is a s s u m e d  t h a t  a l l  concen t r a t i ons  a r e  u n i f o r m  
t h r o u g h o u t  t he  gas  phase .  W h e n  st~ r t i ng  w i t h  p u r e  
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h y d r o g e n ,  t he  d e g r e e  of e l e c t r o c h e m i c a l  o x i d a t i o n  of 
t he  fue l  is:  x = p H ~ o / ( p ~ o  + p h i ) .  Then ,  w i t h  po~ ---- 1 
arm, Eq. [3]  becomes  

E = E ~ - -  ( R T / 2 F )  In [ x / ( 1 -  x ) ]  [4]  

In  t he  c a r b o n a t e  cell ,  COs is in  e l e c t r o c h e m i c a l  
e q u i l i b r i u m  at  bo th  a n o d e  a n d  ca thode  (1, 4) .  W e  
a s sume  for  t he  p r e s e n t  t h a t  t he  p r i m a r y  r e a c t i o n  
[ 1 ] is t he  on ly  r e a c t i o n  t a k i n g  p l ace  at  t he  fue l  e l ec -  
t rode .  Then  

E ---- E ~ - -  ( R T / 2 F )  In  

[ (PH~oPHElpco~),.od~ (Po~-V~Peo~ -1) ..... d~] [5]  

A c o r r e s p o n d i n g  exp re s s ion  for  t he  emf  as a f u n c -  
t ion  of t he  f r a c t i o n  x of h y d r o g e n  c o n s u m e d  in t he  
cel l  is e a s i l y  d e r i v e d  f r o m  [5]  and  the  fo l lowing  
t h r e e  cond i t ions  a t  t he  anode  

(a )  p~o = pco~ (one  m o l e  of CO~ is f o r m e d  f r o m  
the  e l e c t r o l y t e  w i t h  each  mo le  

of H~ r e a c t e d )  

( b )  x = pH~o/ (pH~ + primo) 

(c)  pH~ + pH~o + pco~ = 1 a t m  

This  l eads  to  

E ---- E ~ - -  ( R T / 2 F )  in  ( C x ~ / ( 1  - -  x~)) ,  

w i t h  C = (po~-'~p~o~ -~) . . . . .  d~ [6]  

U s u a l l y  t h e  cel ls  w e r e  r u n  w i t h  a r a t i o  O~: CO~ a t  
t h e  ca thode  of 1:2 and  at  1 a t m  t o t a l  p r e s su re .  This  
g ives  a v a l u e  of  C ---- 2.6. 

S e c o n d a r y  r e a c t i o n s . - - A c t u a l l y ,  w h e n  an  ac t ive  
e l e c t r o d e  is used,  t he  s i tua t ion  is c o m p l i c a t e d  b y  
s e c o n d a r y  r e a c t i o n s  t a k i n g  p lace  at  t he  fue l  e l e c t r o d e  
b e t w e e n  h y d r o g e n  a n d  the  r e a c t i o n  p roduc t s ,  w a t e r  
and  c a r b o n  d i o x i d e  ( t he  l a t t e r  b e i n g  f o r m e d  b y  d e -  
compos i t ion  of t he  c a r b o n a t e  ion) .  C a r b o n  m o n o x i d e  
and  m e t h a n e  a r e  fo rmed .  This  a p p e a r s  to h a v e  r e -  
m a i n e d  u n n o t i c e d  u n t i l  now.  

T h e  fo l lowing  t y p i c a l  ana lys i s  was  o b t a i n e d  w i t h  
a cel l  r u n  w i t h  d r y  h y d r o g e n  a t  580~ The  flow r a t e  
was  25 cc ( S T P ) / m i n  and  a c u r r e n t  of 700 m a  was  
d r a w n .  A s s u m i n g  a c u r r e n t  eff iciency of 100 %, abou t  
20% of t h e  h y d r o g e n  m u s t  h a v e  b e e n  e l e c t r o c h e m i -  
ca l ly  ox id ized .  The  ana lys i s  g iven  in Tab le  I shows 
t ha t  bo th  CO and  CH, a r e  f o r m e d  at  580~ 

The  c h e m i c a l  r eac t ions  to be  cons ide red  a re  

H~ + COs = CO + H~O [Ta] 

( the  r e v e r s e  w a t e r - g a s  sh i f t  r e a c t i o n )  

4H= + CO.~ = CH, + 2H_~O [7b]  

( t he  r e v e r s e  m e t h a n e  r e f o r m i n g  r e a c t i o n )  

The  equa t i ons  do no t  n e c e s s a r i l y  r e p r e s e n t  t he  
ac tua l  course  of t he  r eac t ions ;  in  p r inc ip l e ,  two  m o r e  
r eac t i ons  of th is  t y p e  can  be  w r i t t e n  which ,  h o w e v e r ,  
a r e  no t  i n d e p e n d e n t .  On ly  two  of these  four  e q u a -  
t ions  t o g e t h e r  w i th  t h r e e  mass  b a l a n c e  equa t ions  
for  t he  n u m b e r  of oxygen ,  h y d r o g e n ,  and  ca rbon  
a toms  be fo re  and  a f t e r  t h e  reac t ion ,  d e t e r m i n e  the  
e q u i l i b r i u m  a m o u n t s  of  t h e  gases  H~, H_.O, CO_~, CO, 
and  CH,. 

Table I. Composition of gases emerging from hydrogen cell 

CO~ CO H 2 0 *  H2 CH~ 

18.8% 4.8% (7.2%) 66.8% 2.4% 

* G a s  c o m p o s i t i o n s  w e r e  d e t e r m i n e d  b y  m a s s  s p e c t r o m e t e r .  L a t e r  
t e s t s  s h o w e d  t h a t  t h e  H 2 0  v a l u e s  t h u s  o b t a i n e d  w e r e  c o n s i s t e n t l y  
t o o  low.  T i n s  e x p l a i n s  t h a t  t h e  a n a l y s e s  g a v e  s o m e w h a t  i n a c c u r a t e  
m a t e r i a l  b a l a n c e s .  L a c k  of  e q u i l i b r i u m  w i t h  t h e  e l e c t r o l y t e  a n d  car -  
b o n y l  f o r m a t i o n  ( b y  r e a c t i o n  o f  CO w i t h  t h e  s t a i n l e s s  s t e e l  g a s  e x i t  
t u b e )  m a y  also  h a v e  c o n t r i b u t e d  to  th i s .  T h e  p r e s e n t  d a t a  m u s t  b e  
considered p r e l i m i n a r y ,  a n d  d i s c u s s i o n  of  t h e  a n a l y t i c a l  r e s u l t s  is 
t h e r e f o r e  g i v e n  in  a q u a l i t a t i v e  f a s h i o n .  

No c a r b o n  was  f o u n d  in t he  cel ls  a f t e r  cool ing the  
cel ls  to r o o m  t e m p e r a t u r e  in  an  i n e r t  gas. A f t e r  r e -  
m o v a l  of t he  ca rbona te s ,  t he  e l ec t rodes  w e r e  r e a c t e d  
w i t h  oxygen .  No CO or  CO2 was  f o u n d  in excess  of 
t he  a m o u n t  p r e s e n t  in t he  s t a r t i n g  m a t e r i a l .  

I t  can  also be  shown  f r o m  t h e r m o d y n a m i c  da t a  
t ha t  no c a r b o n  can be  f o r m e d  u n d e r  e q u i l i b r i u m  
condi t ions .  A t  low e l e c t r o c h e m i c a l  fue l  conve r s ion  
the  h y d r o g e n  p r e v e n t s  c a r b o n  f o r m a t i o n ;  ins tead ,  
CH, is fo rmed .  A t  h i g h e r  conver s ions  the  w a t e r  
f o r m e d  p r e v e n t s  c a r b o n  depos i t ion .  

A t  h igh  e l e c t r o c h e m i c a l  conve r s ions  at  580~ the  
concen t r a t i ons  of CH, a r e  v e r y  smal l ;  th is  is bes t  
seen b y  cons ide r ing  the  mass  ac t ion  l a w  for  Eq. [7b] .  
W h e n  the  c o n c e n t r a t i o n  of H~O is l a r g e  and  at  the  
same  t i m e  the  c o n c e n t r a t i o n  of H2 is smal l ,  t hen  the  
c o n c e n t r a t i o n  of CH, m u s t  be  v e r y  smal l .  Also,  on 
ra i s ing  t h e  t e m p e r a t u r e ,  the  m e t h a n e  r a p i d l y  v a n -  
ishes f r o m  the  p r o d u c t s ;  r e a c t i o n  [7b ]  is h i g h l y  exo -  
t h e r m a l  and,  t he re fo re ,  t he  e q u i l i b r i u m  cons t an t  
m u s t  r a p i d l y  dec rease  w i t h  t e m p e r a t u r e .  On the  
o the r  hand ,  on  l o w e r i n g  the  t e m p e r a t u r e ,  t he  m e t h -  
ane  c o n c e n t r a t i o n  r a p i d l y  i nc reases  and  th is  a c t u a l l y  
m a y  set  t he  l o w e r  t e m p e r a t u r e  l i m i t  a t  w h i c h  the  
cel l  can  be  r u n  ef fec t ive ly .  

The  f o r m a t i o n  of CO ( r e a c t i o n  [ 7 a ] )  is e n d o -  
t h e r m a l ;  t he  a m o u n t  of CO is t hus  s m a l l e r  a t  l ower  
t e m p e r a t u r e s .  

F i g u r e  2 shows  the  c a l c u l a t e d  emf  as a func t ion  of 
the  d e g r e e  of fue l  conve r s ion  in the  cel l  a t  580~ for  
the  t h r e e  d i f fe ren t  cases:  c u r v e  1, the  p u r e  h y d r o -  
gen cell ,  in a c c o rda nc e  w i t h  Eq. [3]  or  [4] ;  c u r v e  2, 
for  t he  c a r b o n a t e  cel l  in absence  of s e c o n d a r y  r e -  
ac t ions ,  in a c c o rda nc e  w i t h  Eq. [5]  or [6 ] ;  and  
c u r v e  3, for  t he  s ame  cel l  w h e n  a c o m p l e t e  chemica l  
e q u i l i b r i u m  is e s t a b l i s h e d  a t  t he  fue l  e lec t rode .  This  
cu rve  is shown  on ly  at  h i g h e r  conver s ions  w h e r e  
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Fig. 2. EMF vs .  degree of electrochemical oxidation of hydrogen 
for: 1, solid oxide cell; 2, carbonate cell, in absence of secondary 
reactions; 3, carbonate cell, equilibrium established. 
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only the  wa te r -ga s  shift  react ion has to be taken  
into account. 

The equi l ib r ium curve 3 was ca lcula ted  f rom the 
same Eq. [5] which was used for the nonequi l ib r ium 
curve 2, but  using calcula ted equi l ibr ium values for 
the pa r t i a l  pressures  of H~, H~O, and CO~ at the 
anode. 1 The difference in emf be tween curves 2 and 
3 is seen to be small .  

Results with Hydrocarbon Fuels 

When a hydrocarbon  l ike  propane  is used, the gas 
undergoes  cracking reactions.  The hydrogen  formed 
reacts e lect rochemical ly;  the wa te r  thus formed 
again reacts  wi th  the fuel  and in te rmedia tes  to give 
more hydrogen.  Essential ly,  the function of the hy -  
drocarbon fuel  in the present  cell  is to provide  hy -  
drogen to the  e lectrochemical  system. 

In order  to increase the ra te  of cata lyt ic  reactions 
a separa te  ca ta lys t  can be used. This was found to be 
of pa r t i cu la r  advantage  when a re la t ive ly  unreac t ive  
fuel  l ike  na tu ra l  gas was used. Outputs  wi th  this im-  
por tan t  fuel  as publ ished have thus far  been r a the r  
low, and higher  t empera tu res  (~-,700~ have gen- 
e ra l ly  been employed (2, 4, 5). 

In the case of na tu ra l  gas, the reforming react ion 
with wate r  was carr ied  out ups t ream from the cell. 
An efficient cata lys t  made  it possible to run  the re-  
action at  a t empera tu re  low enough to obtain a fa i r ly  
complete  conversion into hydrogen  before the gas 
came in contact  wi th  the e lectrochemical  system. 

One may  dist inguish be tween two different  re -  
forming react ions wi th  wate r  

CH, § 1H-"O = CO + 3H~ [8a] 
and 

CH~ -j- 2H.oO = CO_. + 4H-" [8b] 

Around  700~ or above, Eq. [8a] is the main  
equat ion to be considered. However,  at  the low t em-  
pera tures  used in the present  work  (--~580~ Eq. 
[8b] is the main reaction. This has the advantage  
tha t  more hydrogen  is produced.  If an even lower 
t empera tu re  is chosen, the equi l ib r ium wil l  shift  to 
the left  and the react ion wil l  be incomplete.  The de-  
gree of complet ion of the react ion also depends on 
the excess of wate r  used in the enter ing gas mixture .  
In Table II, ana ly t ica l  resul ts  are given of gases 
emerging f rom the cata lyt ic  reac tor  containing a 
n icke l -a lumina  catalyst .  Different concentrat ions of 
s team were  used in the CH4-steam mix tu re  enter ing 
the reactor.  The wa te r  concentrat ion is again uncer -  
tain (cf. footnote to Table I ) ,  but  the expected t rend 
is c lear ly  visible:  the higher  the wa te r  concentrat ion,  
the lower is the CH, concentrat ion;  at high wa te r  
concentrat ions p rac t i ca l ly  no methane  and l i t t le  CO 
are found. 

The s tandard  emf 's  for the  d i rec t  oxida t ion  of 
methane  and for the oxidat ion of hydrogen happen 
to be the same at  the chosen t empera tu re ,  viz., 1.04v. 
Then even under  revers ib le  conditions (str ict ly,  only 
when all  gases are at  one a tmosphere  pa r t i a l  p res -  
sure) ,  no addi t ional  heat  supply  is requi red  for the 

ALKALI CARBONATE FUEL CELL 

Table II. Composition of gas mixtures emerging from 
reforming reactor at 580~ 
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Mole % 
CO~ C O  ~ ~ CH~ 

14.32 4.90 (0.43) 77.81 2.54 
13.98 4.91 (0.54) 78.61 1.95 
13.82 3.54 (1.20) 80.73 0.70 
15.79 2.44 (6.25) 75.34 0.19 
8.73 1.21 (50.19) 39.86 0.02 

reforming react ion:  the hea t  requ i red  is jus t  equal  
to the heat  suppl ied by the e lectrochemical  oxidat ion 
of the hydrogen,  as a consequence of the theore t ica l  
inefficiency (1) of the  l a t t e r  react ion (TAS----11 
kca l /mole  of H~).~ 

Since methane  is the most s table  hydrocarbon,  the 
l o w - t e m p e r a t u r e  reforming method can obviously 
also be appl ied  to other hydrocarbons .  The same 
equi l ibr ia  wil l  occur and the same products  wil l  be 
formed,  viz., only H~, H~O, CO~, CH,, and CO. Since 
the reforming react ion involves a l a rger  free energy 
change for the h igher  hydrocarbons,  the react ion is 
p rac t ica l ly  complete.  The na tu ra l  gas used in the 
exper iments  contained 6 % higher  hydrocarbons  and 
these complete ly  d isappeared  whi le  passing through 
the reforming reactor,  before enter ing the cell. Thus, 
in all the react ions discussed, including the react ion 
of pure  hydrogen  in the carbonate  cell, the same 
five species are formed.  Only the ra t ios  of C : H : O  
are different  and consequent ly  the re la t ive  concen- 
t ra t ions  will  be different. 

Cell Performance 

In Fig. 3, t e rmina l  vo l t age -cu r ren t  character is t ics  
are shown for re formed na tu ra l  gas at two different  
flow rates,  and, for comparison,  a curve taken with  
undi lu ted  hydrogen.  The percentage  conversion is 
indicated for the end points. The upper  na tu ra l  gas 

2 I t  c a n  b e  s h o w n  t h a t  t h i s  is  a c o n s e q u e n c e  o f  t h e  g i v e n  c o n d i -  
t i o n s  a n d  t h e  f a c t  t h a t  t h e  o x i d a t i o n  o f  m e t h a n e  i n v o l v e s  no e n t r o p y  
c h a n g e .  

makm 2 
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Fig.  3. T e r m i n a l  v o l t o g e  vs.  c u r r e n t  w i t h  h y d r o g e n ,  o n d  w i t h  re -  
formed natural gas at two different flow rates, o, Increasing cur- 
rents, A,  decreasing currents; 1�89 in. effective r hydrogen and 
natural gas (CH~). 

I f  x is t h e  d e g r e e  of e l e c t r o c h e m i c a l  o x i d a t i o n  a n d  y t h e  d e g r e e  of c h e m i c a l  r e a c t i o n  in  a c c o r d a n c e  
with the equation Hs + COs = H20 + CO, the partial pressures are 

( 1 - - x - - y ) / ( i + X ) ;  (x--y) / ( l+x);  (x+y) / ( l+x);y / ( l+x) . (Tota lpressure=latm,}  
{ x + y ~ y  

T h e n  K = = 0.35 a t  580~ T h i s  g i v e s  y a n d  t h e  p a r t i a l  p r e s s u r e s  f o r  a n y  x .  
( 1 - - x - - y )  ( x - - 9 )  
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Fig. 4. Terminal voltage V, voltage -~ iK drop and theoretical 
emf as a function of current with hydrogen as fuel. % Increasing 
current; A ,  decreasing current; fuel, H~; 580~ 

c u r v e  g ives  a c u r r e n t  d e n s i t y  of 130 m a / c m  ~ a t  0.6v. 
The  po in t s  w e r e  t a k e n  a t  2 - m i n  i n t e r v a l s  for  i n -  
c r eas ing  a n d  dec r ea s ing  cu r ren t .  The  CH, cu rves  l ie  
b e l o w  the  H~-curve  because  the  h y d r o g e n  o b t a i n e d  
b y  r e f o r m i n g  is d i lu ted .  S i m i l a r l y ,  t h e  CH4-curve  
o b t a i n e d  a t  t h e  l o w e r  flow r a t e  g ives  t he  s t r o n g e r  
dec l ine  of v o l t a g e  w i t h  c u r r e n t  because  of  t he  l a r g e r  
change  of fue l  compos i t i on  w i t h  cu r ren t .  I t  is seen  
tha t ,  d e sp i t e  t he  r e l a t i v e l y  low t e m p e r a t u r e  chosen  
and  the  low r e a c t i v i t y  of the  fuel ,  a c o n s i d e r a b l e  
o u t p u t  can  be  o b t a i n e d  b y  use of t he  low t e m p e r a -  
t u r e  r e f o r m i n g  reac t ion .  

Cel l  l i f e  w a s  l i m i t e d  to abou t  one week .  This  is 
p r o b a b l y  a consequence  of poor  r e t e n t i o n  of the  
c a r b o n a t e  m e l t  b y  the  r e l a t i v e l y  coarse  MgO disk.  
Use of such  d i sks  was  n e c e s s a r y  b e c a u s e  of t he  h igh  
c l a m p i n g  p r e s s u r e  e m p l o y e d  to l e a k p r o o f  t he  cells.  
C h a r a c t e r i s t i c a l l y ,  t he  v o l t a g e  dec l i ned  5-10% p e r  
d a y  d u r i n g  the  first  d a y s  w h e n  r u n  a t  25 ma/cm-". 
S i m i l a r  o u t p u t s  have  been  o b t a i n e d  w i t h  m a n y  cells.  
The  ohmic  cel l  res i s tance ,  m e a s u r e d  at  1000 cps, ac -  
c oun t ed  for  80% of t he  v o l t a g e  d rop  if  a l l o w a n c e  was  
m a d e  for  t he  change  in t he  t h e o r e t i c a l  emf  w i t h  i n -  
c r eas ing  d e g r e e  of fue l  convers ion .  

E v e n  h i g h e r  ou tpu t s  w e r e  o b t a i n e d  w i t h  one cell .  
To i m p r o v e  t h e  e l e c t r o d e - e l e c t r o l y t e  contac t ,  t h e  
MgO d i sk  in th is  case  was  m a c h i n e d  flat a f t e r  s o a k -  
ing  i t  w i th  t h e  me l t  in vacuo.  The  v o l t a g e - c u r r e n t  

c u r v e  for  th is  cell ,  o p e r a t e d  w i t h  h y d r o g e n ,  is shown 
in Fig .  4, c u r v e  V. A c u r r e n t  d e n s i t y  of  230 m a / c m  ~ 
was  o b t a i n e d  a t  0.6v a t  a gas  f low r a t e  g iv ing  a 20% 
r e a c t e d  m i x t u r e  a t  th is  point .  The  a - c  cel l  r e s i s t ance ,  
R, a g a i n  accoun ted  for  80% of t h e  v o l t a g e  d rop  as 
s h o w n  in t he  s a m e  figure.  (The  t h e o r e t i c a l  emf  c u r v e  
was  c a l c u l a t e d  f r o m  Eq. [6] ,  ne g l e c t i ng  the  m i n o r  
dec reases  in emf  caused  b y  s e c o n d a r y  r eac t ions . )  

The  o u t p u t  o b t a i n e d  is c lose  to  t he  m a x i m u m  
a c h i e v a b l e  w i t h  th i s  t y p e  of cel l  for  t he  chosen  
g e o m e t r y :  t he  r e s i s t i v i t y  of  t he  m e l t  b y  i tse l f ,  con -  
s i s t ing  of 30 w t %  Li~CO~, 30% K~CO~, a n d  40% 
Na~CO~, was  1.1 o h m  cm (+_20%) a t  580~ A s s u m -  
ing t h a t  t h e r e  was  no con tac t  r es i s t ance ,  t h e  r e s i s t -  
ance  of  t he  e l e c t r o l y t e  d i sk  of 0.41 cm th ickness ,  l l  
cm ~ e l ec t rode  a r e a  and  45% p o r o s i t y  w o u l d  be  e x -  
pec t ed  to be  1.1 (0 .41/11)  (1 /0 .45)  q, w h e r e  q is the  
" t o r t u o s i t y  f ac to r "  (6)  of t he  disk.  C o m p a r i n g  th is  
w i t h  t h e  m e a s u r e d  a - c  r e s i s t ance  of t he  cel l  of 0.18 
ohm, one finds q ---- 2.0 (--+20%). This  f ac to r  accounts  
for  b l i n d  a l l eys  in t h e  s i n t e r e d  MgO d i sk  as w e l l  as 
fo r  t he  t o r t u o s i t y  of  t h e  conduc t ion  p a t h  and  is c lose 
to t he  a t t a i n a b l e  m i n i m u m  v a l u e  (6) .  The  e l e c t r o d e -  
e l e c t r o l y t e  con tac t  r es i s t ance ,  u s u a l l y  a s s u m e d  to 
l imi t  t he  p e r f o r m a n c e  of th i s  t y p e  of cel l  (1 ) ,  m u s t  
h a v e  b e e n  qu i t e  smal l .  
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The Silver-Silver Oxide Electrode 
II. Anodization at 0 ~ and 25~ in Alkaline Solutions 
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ABSTRACT 

Si lver  e lec t rodes  were  s tudied  in 20% KOH at 25~ and in 35% or 50% 
KOH at  0~ The capaci ty  decreased when  an e lect rode was cycled in 20% 
KOH at  25 ~ ma in ly  due to loss of active ma te r i a l  dur ing  cu r ren t  flow. In  35% 
KOH at 0 ~ the  e lec t rode  capaci ty  was close to tha t  at  25 ~ the capaci ty  decreased 
wi th  increas ing charge  cur ren t  s imi lar  to resul ts  at 25 ~ a l though polar izat ion 
had increased,  and the charge-d i scharge  efficiency was 100% at low currents  
bu t  less when  using h igh  currents .  In  50% KOH at 0 ~ the capaci ty  was much 
less than  at 25 ~ the  charge  acceptance was r e l a t ive ly  poor, under  cer ta in  con- 
di t ions a s i lver  pe roxy  compound m a y  form, and the e lect rode d ischarged even 
less read i ly  than  i t  charged.  

A l t h o u g h  s i l v e r - z i n c  s t o r age  b a t t e r i e s  can  d i s -  
c h a r g e  r e a d i l y  a t  h igh  cu r r en t s ,  e x p e r i e n c e  has  
shown  t h a t  r e c h a r g i n g  the  A g  e l ec t rode  is m o r e  
difficult .  A 12 to  24 h r  r a t e  of c h a r g e  is u s u a l l y  r e c -  
o m m e n d e d  b y  the  m a n u f a c t u r e r s  of  c o m m e r c i a l  
A g - Z n  ba t t e r i e s ,  b u t  a m o r e  r a p i d  c h a r g e  is h i g h l y  
d e s i r a b l e  and  in  some cases  e s sen t i a l  f r o m  the  
use r ' s  p o i n t  of v iew.  

The  anod ic  o x i d a t i o n  of A g  e l ec t rodes  is be ing  
e x a m i n e d  to f ind a m e t h o d  of i m p r o v i n g  t h e i r  cha rge  
cha rac te r i s t i c s .  Resu l t s  have  been  r e p o r t e d  us ing  
35% and  50% K O H  at  25~ (1) .  The  w o r k  was  e x -  
t e n d e d  to 20% K O H  and  t o  0~ as a p a r t  of t he  s t u d y  
of t h e  c h a r g e a b i l i t y  of t h e  A g  e l e c t r o d e  u n d e r  v a r i -  
ous cha rge  cu r ren t s ,  e l e c t r o l y t e  concen t r a t i ons ,  and  
t e m p e r a t u r e s .  

Experimental  Procedure 
The  A g  e l ec t rodes  w e r e  m a d e  b y  cu t t i ng  A g  p la t e s  

t a k e n  f r o m  an u n u s e d  c o m m e r c i a l  A g - Z n  s to rage  
b a t t e r y .  The  tes t  e l ec t rodes  w e r e  s l i gh t ly  l a r g e r  t h a n  
those  used  p r e v i o u s l y  (1) .  T h e y  a v e r a g e d  30.5 x 63.5 
x 0.8 m m  and  w e i g h e d  8.3-8.4g i nc lud ing  the  gr id .  
The  g r id  w e i g h t  was  r e l a t i v e l y  minor ,  a b o u t  0.6g. 
The  c a p a c i t y  t h e o r e t i c a l l y  poss ib le  was  a b o u t  3.9 
a m p - h r  if a l l  of  t he  A g  could  be  fu l ly  u t i l i zed ,  b u t  
t he  a v e r a g e  a c t u a l l y  m e a s u r e d  w a s  2.8 a m p - h r  in 
the  p e r i o d  of p e a k  capac i ty .  The  e x p e r i m e n t a l  se tup  
was  s i m i l a r  to t ha t  p r e v i o u s l y  r e p o r t e d ,  us ing  the  
s ame  cel l  a s s e m b l y  and  con t ro l  e q u i p m e n t  (1) .  A g  
e l ec t rodes  s e r v e d  as  bo th  pos i t ive  and  n e g a t i v e  e l ec -  
t rodes .  In  o r d e r  to s low the  t r a n s f e r  of ac t ive  m a -  
t e r i a l  f r om an e l e c t r o d e  to t he  b u l k  of t he  solut ion,  
the  e l ec t rodes  w e r e  w r a p p e d  w i t h  s eve ra l  l a y e r s  of 
s e p a r a t o r  m a t e r i a l  of a t y p e  n o r m a l l y  used  in c o m -  
m e r c i a l  A g - Z n  ba t t e r i e s .  P o t e n t i a l s  w e r e  m e a s u r e d  
w i t h  a Ag,  A g , O / O H -  r e f e r e n c e  e lec t rode .  

Results 
The  A g  e l ec t rodes  w e r e  cyc led  in 35% K O H  for  

t he  first  8 to 16 cycles  to ensu re  e l ec t rodes  of no rma l ,  
r e p r o d u c i b l e  capac i ty .  The  c a p a c i t y  i n c r e a s e d  d u r -  
ing t h e  in i t i a l  cycles.  The  K O H  c o n c e n t r a t i o n  was  

60r CHARGE 2 0 %  

'~ 4 8 12 16 20 24 
U- 

3 5 %  DISCHARGE =A=~20 
20C 

~OC - -  20% 50% 

0 Ar 

-lOG 

-2OC 

-~.OC 
4 8 12 16 20 24 

TIME (HR) 

Fig. 1. Typical 100-ma constant current charges and discharges 
of silver electrodes in 20%, 35% and 50% KOH at 25=C. Poten- 
tials are given with respect to a Ag/Ag20 reference electrode. 

t hen  c h a n g e d  for  t he  e l ec t rodes  t ha t  w e r e  s t ud i ed  in 
20% or  50% KOH.  

20% K O H  at 25~ c a p a c i t y  of  e l ec t rodes  
cyc l ing  in 20% K O H  d e c r e a s e d  r a p i d l y ,  a f if th be ing  
los t  in t he  first  5-10 cycles.  T y p i c a l  r e su l t s  a f t e r  t he  
e l ec t rodes  had  been  cyc led  5-20 t i m e s  a r e  shown  in 
Fig.  1. C h a r g e  and  d i s c h a r g e  po t e n t i a l s  u s u a l l y  w e r e  
c loser  to the  e q u i l i b r i u m  v a l u e s  in 20% K O H  t h a n  
t h e y  w e r e  in  35% or  50% K O H  w h e n  us ing  a cha rge  
or  d i s c h a r g e  l a s t i ng  t h e  s a m e  l e n g t h  of t ime.  A f t e r  
50 cycles  t he  c a p a c i t y  in 20% K O H  h a d  d r o p p e d  to 
n e a r  60% of i ts  o r i g i n a l  va lue .  A t t e m p t s  w e r e  t hen  
m a d e  to i m p r o v e  capac i ty .  A n  e l ec t rode  was  c h a r g e d  
12.5 h r  a t  100 m a  end ing  at  t he  gass ing  po t en t i a l .  
A f t e r  a s t and  of 5 h r  t h e  e l e c t r o d e  a c c e p t e d  a f u r t h e r  
2.5 h r  of c h a r g i n g  b e f o r e  the  p o t e n t i a l  m a d e  the  
s h a r p  r i se  to gass ing.  T h e n  s t ands  of 15 and  5 h r  
a l l o w e d  a t o t a l  of  0.2 h r  of  a d d i t i o n a l  c h a r g i n g  b e -  
l ow  gass ing  po ten t i a l s .  This  i m p r o v e d  the  c a p a c i t y  of 
t h e  n e x t  d i s c h a r g e  to 75% of t h e  o r ig ina l  v a l u e  
a l t hough  t h e r e  was  l i t t l e  p e r m a n e n t  i m p r o v e m e n t  
f r o m  this  t r e a t m e n t .  The  dec l ine  in c a p a c i t y  w h e n  
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using 20% KOH contrasted with the results re-  
ported earlier using more concentrated KOH at 25 o C. 
The capacity of Ag electrodes had increased gradu-  
ally with cycling in 35% KOH and although there 
was a decrease in 50% it was gradual (1). 

One Ag electrode lost 0.6 amp-hr  after 58 cycles in 
20% KOH. Its weight loss was 1.00g which is equiv- 
alent to 0.50 amp-hr.  Another  electrode lost 0.3 
amp-hr  after 30 cycles in 20% KOI-I and had a 
weight loss of 0.65g which is equivalent to 0.32 
amp-hr.  The rate of loss was reproducible for both 
electrodes and was on the order of Y2 % of the origi- 
nal capacity per cycle. This active material  loss ac- 
counted for most if not all of the capacity decrease. 
The capacity loss of a Ag electrode cycling in 20% 
KOH is included in Fig. 2. The slight rise in capacity 
after cycle 60 was the result of charges followed by 
stands and additional charges. The capacity was quite 
low compared to the original capacity in 35% KOH. 
For clarity Fig. 2 shows only one electrode in the early 
cycles, but all electrodes were similar during the 
initial cycling. Although the capacity varied from 
cycle to cycle the average capacity of each electrode 
was within 5% of 2.1 amp-hr  in the early cycles 
using 35% KOH at 25~ 

The charge efficiency of the Ag electrodes was be- 
low 100% in 20% KOH, in contrast to the results 
reported for 35% and 50% KOH at 25 ~ (1). There 
were 34 cycles at I00 ma in 20% KOH in which the 
charge was stopped before gas evolution (Fig. 3). 
The straight line fitted to these points in Fig. 3 by 
the method of least squares shows the tendency for 
the loss to increase with longer charges in 20% 
KOH. The scatter of these points can be attributed in 
part  to variation in the length of time between one 
discharge and the following charge. 

35% KOH at 0~ Ag electrode gave good 
results at 0~ in 35% KOH. Initially the capacity 
averaged about 10% greater than it had been at 
25~ The capacity increased for over 100 cycles 
(Fig. 2). This was similar to the results reported at 
25~ (1). At cycle 168, after the electrode had cycled 

5.2 ~ h O  M 
2.8 IOO MA 50 MA 

2.4 

A 

L ~ leO MA MP J ~ . / ~  

~-00 
w 

~ -00 z 

December 1962 

~' 2.0 

c} 1.2 

IOO MA 0 8 -  . ~ . . _  

400"~MA 0.4-- 
MA MA 800 MA 

O I I I I I I I I 
O 20 40 60 80 IOO 120 140 160 180 

CYCLE 

Fig.  2. Changes in electrode capacity with cycling under various 
conditions. All discharges were at 100 mo to --300 my. Only dis- 
charges that followed a charge to gas evolution ore shown. A ,  
25 ~ 20% KOH; e, 0 ~ 35% KOH; o, 25 ~ 35% KOH; I I ,  
0 ~ 50% KOH; i-I, 25 ~ 50% KOH. 
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I 
2.0 24 

Fig. 3. Loss or gain of capacity for cycles that did not reach 
gassing. All discharges were at 100 ma. % 100 ma, 20% KOH, 
25~ A, 100 ma, 35% KOH, 0~ e, 3200 ma, 35% KOH, 0~ 

156 times at 0 ~ it was cycled at 25 ~ again. Capacity 
was then slightly higher than it had been in the early 
cycles at 25 ~ (Fig. 2). The electrode weight loss at 
cycle 170 equaled 0.30 amp-hr .  

The charge efficiency was 100% at low currents 
using 35% KOH at 0~ Efficiency decreased as the 
electrode became more completely charged using 
a high current, with very  short charges apparently 
giving over 100% efficiency (Fig. 3). 

The electrode was charged at currents from 50 ma 
to 3200 ma (56 hr to % hr rates) at 0~ (Fig. 4). The 
arrows on the charge curves, denoting the capacity 
of the following 100-ma discharge, indicate that 
once gassing began there was little additional charge 
acceptance at the lower currents. At 3200 ma, much 
of the active material  not having been oxidized be- 
fore gassing began, there was up to 50% charge 
acceptance after gas evolution had commenced. The 
capacity using a 3200 ma charge could be increased 
to 1.9 or 2.0 amp-hr  by halting the charge for 1/4 to 1 
hr after gas evolution had commenced and then 
charging to gas again. The potential peak between 
the first and second charge plateaus disappeared as 
the current was increased to the 2 or 1 hr rate. There 
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Fig. 4. Results  of  typical  cons tant - current  chorges  in 35% KOH 
at 0~ Arrows on the charge curves indicate the length of the 
following lO0-ma discharge. Numbers indicate the charge rate. 
Potentials are given with respect to o Ag/Ag20 electrode. 
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Table I. Effect of charge current on the upper potential plateau 
of 100 ma discharges in 35% KOH at 0~ 

Rat io  os u p p e r  discharge plateau 
length to total discharge length 

C h a r g e  
current, Number of  S t a n d a r d  d e v i -  

m a  m e a s u r e m e n t s  M e a n  a t ion  o f  m e a n  

50 3 0.050 0.006 
100 14 0.118 0.004 
200 7 0.325 0.005 
400 5 0.339 0.013 
800 3 0.335 0.005 

1600 7 0.278 0.007 
3200 14 0.203 0.007 

was a different  peak  near  the end of the charge at  the  
h igher  rates.  

Discharges fol lowing l o w - r a t e  charges had re l a -  
t ive ly  short  p la teaus  at  the AgO/Ag~O potential .  The 
longest  p la teau  was ob ta ined  using 200 ma  ( the 
12-hr charge r a t e ) .  For  c la r i ty  Fig. 4 does not in-  
clude discharges for every  charge rate.  Table  I gives 
the  change in length  of the  upper  discharge potent ia l  
when vary ing  charge current  and indicates  the high 
reproduc ib i l i ty  of the measurements  under  the  given 
exper imen ta l  conditions. Al l  charges were  to gas 
evolution. For  these measurements  the end of the 
upper  p la teau  was taken  to be at  the end of the sharp 
drop in potent ial ,  which was at  about  --50 my. 

The decrease in discharge capaci ty  when using 
higher  charge currents  was s imi lar  to the logar i th -  
mic re la t ionship  previous ly  r epor ted  (1).  F igure  5 
includes the  resul ts  at  25 ~ corrected for the small  
differences in e lectrode capacity.  

50% KOH at 0~ e lec t ro ly te  is r e fe r red  to 
in this p a p e r  as being 50% KOH, but  a f te r  the t em-  
pe ra tu re  was lowered to 0~ some crysta ls  p re -  
c ipi ta ted and the ac tual  concentra t ion did not  exceed 
49.2% at equ i l ib r ium (2).  The resul ts  at 0 ~ were  
quite different  f rom those obta ined at 25~ in 50% 
KOH. The low t empera tu r e  gave only a qua r t e r  of 
the no rma l  capaci ty  with 100 ma charge current .  
High charge  currents  did not reduce the capaci ty  
sharp ly  (Fig. 2) and the ra te  of decrease was less 
at  0 ~ than  at  25~ (Fig. 5). A comparison of the 
potent ia ls  at  25 ~ and 0 ~ reveals  the increased po-  
lar iza t ion at the lower  t empera tu re  (Fig. 6). 

The lower  potent ia l  p la teau  was unusua l ly  short  
dur ing discharges at  0 ~ in 50% KOH. The open-c i r -  
cuit  potent ia l  rose to above 0 mv af ter  the discharge,  
indicat ing tha t  the electrode had not d ischarged 
fully.  The electrode gave a second discharge of ap-  
prec iable  length af ter  s tanding on open circuit  (Fig. 
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Fig. 7. Effect of stand periods on lO0-ma discharges in .$0% 
KOH at O~ following 50-ma charges;  ~ ,  full  charge;  . . . .  , 

95% charge. 

7). Note in panel  VII  of Fig. 7 that  the e lectrode 
sustained a discharge even af ter  three  previous  dis-  
charges and a re la t ive ly  short  stand, and in panel  
VIII  the s tand potent ia l  st i l l  rose. Longer  s tands 
gave longer discharges.  The re la t ionship  was ap-  
p rox ima te ly  l inear  for up to one day  of stand. One 
set of these discharges fol lowed a nea r ly  complete  
charge tha t  went  an es t imated  95% of the  way  to 
gas evolution. The capaci ty  of the discharge shown in 
panel  I of Fig. 7 was 92% of this so-ca l led  95% 
charge, and the to ta l  discharge by  panel  V was 
120%. Af te r  the  Ag elect rode was given a series of 
discharges and stands the length of the fol lowing 
charge was much longer than  the normal  0 ~ charge 
(af ter  one continuous discharge to --300 my)  a l -  
though stil l  much shorter  than  the usual  25 ~ charge. 

Charge efficiency var ied  wi th  the  amount  of 
charge at 0 ~ in 50% KOH, wi th  resul ts  resembl ing 
the curve for 3200 ma shown in Fig. 3 a l though the 
points were  scat tered more widely.  The efficiency 
was above 100% for short  charges since the  act ive 
ma te r i a l  not reduced in the previous cycle could be 
uti l ized. The excess of discharge capaci ty  over  
charge capaci ty  g radua l ly  decreased to zero dur ing 
a series of consecutive cycles in which gassing was 
not reached.  

The effect of increasing charge cur ren t  at  0 ~ in 
50% KOH is shown in Fig. 8. The Ag electrode was 
discharged twice before these charges, wi th  a s tand 
per iod of 6-20 hr  be tween  discharges,  to ensure tha t  
the e lect rode was most ly  discharged.  A border l ine  
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Fig. 8. Constant current charges in 50% KOH at O~ Potentials 
are given with respect to a Ag/Ag~O electrode. 

condit ion was reached at  200 ma, and occasionally 
the electrode charged at  both  plateaus,  but  at other  
t imes the  potent ia l  rose to a high gassing potent ia l  
ins tead of the  e lectrode charging at  the second p la -  
teau of charge. At  400 ma the potent ia l  usual ly  rose 
to gassing. An open-c i rcui t  per iod at this point  
changed conditions so tha t  charging could proceed. 
Charges fol lowing these s tands are shown for 200 
and 400 ma (Fig.  8). When there  was no s tand the 
charging poten t ia l  r emained  high (a l though g radu-  
al ly decl ining)  and the fol lowing discharge capaci ty  
was wel l  below the normal  for a given ra te  unless 
there  had been a long overcharge.  

The open-c i rcui t  potent ia ls  for these s tands 
showed several  p la teaus  (Fig. 9). The potent ia l  r e -  
por ted  for Ag~O~ is shown despite its quest ionable  
value. There  were  three  open-c i rcui t  plateaus,  the 
first at  0.41-0.42v, the  second at 0.26-0.27v, and 
finally the potent ia ls  approached zero. The length of 
the first p la teau  depended  on the final charge po ten-  
t ia l  (Fig. 10). When the electrode was d ischarged 
wi thout  a s tand per iod the  electrode sustained a few 
minutes  of discharge at  this highest  plateau.  These 
measurements  were  made  in the first 96 cycles (6 
months of cell l i fe) .  The cell  was put  into use again 
af ter  it was one year  old (cycle 97, Fig. 2). Capaci ty  
had  not changed, but  the  potent ia l  seldom rose to 
gassing at  the  beginning of the second plateau.  Af te r  
r ewrapp ing  the electrode with  a new separator ,  
charges at 400 ma rose to gassing at  the second p la -  
teau more often. Cycles 165 to 168 at 25 ~ indicated a 
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Fig. 9. Constant current charges in 50% KOH at  O~ and the 
subsequent open-circuit potentials. 
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Fig. 10. Relationship between the final charge potential and the 
length of time the subsequent open-circuit potential takes to reach 
390 my in 50% KOH at O~ Potentials are given with respect to 
a Ag /Ag20  electrode. 

sl ight  gain in capaci ty  compared  to cycles 17 to 22 
(Fig. 2). The loss in weight  of this electrode was 
equal  to 0.31 a m p - h r  af ter  cycle 168. 

Ag electrodes were  put  in a U- tube  containing 
50% KOH at 0 ~ When an electrode was at the  high 
gassing potent ia l  a t t empts  were  made to detect  O~ in 
the evolved gas. F i l t e r  paper  test  str ips wet  wi th  
MnSO4 or T1OH solutions were  exposed to the gas 
but  did not indicate 03. Since the  fine gas bubbles  rise 
ve ry  s lowly it seemed possible tha t  any O3 present  
may  have decomposed before  reaching the surface. 
Another  Ag electrode in 50% KOH at 0 ~ was a r -  
ranged  so that  air  swept  through the e lec t ro ly te  and 
carr ied  the evolved gas into a buffered 5 % K I  solu-  
tion. I t  is c la imed in a tmospher ic  pol lut ion work  that  
0.06 ppm O~ can be detected wi th  this indicator,  but  
none was detected in the anodic gas. 

Discuss ion  

The s l ight ly  decreased polar izat ion tha t  resul ted  
f rom using 20% KOH was desirable,  but  this was 
more than  offset by  the decrease in capaci ty  wi th  cy-  
cling. Capaci ty  was improved  by  permi t t ing  the 
charged Ag electrode to s tand on open circuit  for  sev-  
era l  hours  and then recharging.  AgO had t ime to react  
wi th  remain ing  metal l ic  Ag dur ing  this open-c i rcui t  
period.  Therefore  the p la te  charged more deeply  
af ter  a stand. The addi t ional  capaci ty  was removed  
read i ly  in the fol lowing discharge,  indicat ing tha t  
the difficulty was in the oxidat ion por t ion of the 
cycle and not in the reduction.  The charging poten-  
t ia l  dur ing  the first hour was lower  af ter  a s tand 
than it was dur ing the second p la teau  before  the 
stand. This raises the question of why  the potent ia l  of 
the upper  charge p la t eau  is no rma l ly  so high above 
the equi l ib r ium potential .  The answer  is p robab ly  
connected with  the mechanism of the charge reac-  
t ion at this plateau.  I t  is hoped tha t  work  now being 
carr ied  out at  this Labora to ry  wil l  shed l ight  on this 
problem. 

It  was somewhat  surpr is ing  tha t  the loss in weight  
corre la ted  so closely wi th  the loss in capaci ty  in 20% 
KOH since only a l i t t le  over  half  of the theoret ica l  
capaci ty  was obta ined  when the electrode was first 
put  into 20% KOH, and the loss of the or ig inal  sur-  
face ma te r i a l  should expose more  usable  mater ia l .  
I f  the electrode stil l  oxidized to the same depth  the 
surface area  must  have decreased as the act ive ma-  
te r ia l  left  the electrode. F rom Fig. 3 the loss was 
0.008(0) a m p - h r  for the average  charge of 10.9 
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a m p - h r .  (This  a v e r a g e  i n c l u d e d  23 cha rges  t h a t  
r e a c h e d  gass ing . )  I f  th is  r a t e  of loss r e m a i n e d  con-  
s tan t ,  in  58 cycles  t he  t o t a l  loss w o u l d  be  0.46 
a m p - h r .  Th is  was  c lose  to t h e  v a l u e  0.50 a m p - h r  
c a l c u l a t e d  f r o m  the  w e i g h t  loss. Thus  the  ineff ic iency 
was  d u e  to loss of ox id i zed  s i lve r  f r o m  the  e lec t rode ,  
and  no t  due  to  gass ing.  I t  was  conc luded  t ha t  mos t  or  
a l l  of t h e  loss of s i lve r  o c c u r r e d  d u r i n g  cycl ing,  mos t  
l i k e l y  d u r i n g  the  charge ,  w i t h  l i t t l e  or  no loss d u r i n g  
o p e n - c i r c u i t  per iods .  T h e  d i f fe rence  b e t w e e n  these  r e -  
sul ts  and  those  in  35% a n d  50% K O H  at  25~ m a y  be  
an  effect  of t he  s e p a r a t o r  b e c o m i n g  m o r e  po rous  and  
a l l o w i n g  ac t ive  m a t e r i a l  to dif fuse  a w a y  f r o m  the  
e lec t rode .  A s  i n d i c a t e d  b y  f igures  g iven  ea r l i e r ,  t he  
w e i g h t  loss  p e r  cyc le  was  5-6 t i m e s  as g r e a t  in  20% 
K O H  as in  35% or  50% KOH.  The  c a p a c i t y  i nc rea se  
w h e n  cyc l ing  in  35% or  50% K O H  ( p r e s u m a b l y  due  
to f o r m i n g  the  p l a t e s  m o r e  d e e p l y )  m o r e  t h a n  m a d e  
up  for  t he  ac t ive  m a t e r i a l  loss e q u i v a l e n t  to on ly  
0.3 a m p - h r .  

The  ineff ic iency in  35% K O H  at  0 ~ was  a t t r i b u t e d  
to s low gas  e v o l u t i o n  d u r i n g  h igh  r a t e  cha rges  (Fig .  
3) a l t h o u g h  no a t t e m p t s  w e r e  m a d e  to m e a s u r e  gas. 
A b o u t  an  e i g h t h  of the  c h a r g i n g  c u r r e n t  was  los t  
a f t e r  t he  p o t e n t i a l  r e a c h e d  1.03v a t  3200 m a  (Fig .  3 
and  4) .  Eff iciency was  100% at  low cu r ren t s .  A n  
a d d i t i o n a l  0.005-0.010 a m p - h r  was  o b t a i n e d  w h e n  a 
d i s c h a r g e d  e l ec t rode  was  d i s c h a r g e d  a second  t ime  
a f t e r  s t a n d i n g  for  one  day .  Th is  r e s i d u a l  c a p a c i t y  
was  p r o b a b l y  the  cause  of t he  a p p a r e n t  eff iciency 
be ing  s l i gh t ly  ove r  100% for  v e r y  sho r t  cha rges  at  
3200 ma.  

The  sho r t  d i s c h a r g e  p l a t e a u s  a t  t he  u p p e r  p o t e n -  
t i a l  w h i c h  w e r e  o b s e r v e d  fo l l owing  l o w - r a t e  cha rges  
at  0 ~ i.e., at  the  26 a n d  54 h r  r a t e s  in  Fig .  4, can  be  
a t t r i b u t e d  to the  r e a c t i o n  of  A g  w i t h  A g O  to fo rm 
Ag~O. This  r e a c t i o n  is k n o w n  to d e c r e a s e  t he  u p p e r  
d i s c h a r g e  p l a t e a u  w h e n  c h a r g e d  A g  e l ec t rodes  a r e  
a l l o w e d  to s t and  on open  c i rcui t .  A l t h o u g h  the  t ime  
r e q u i r e d  for  t he  cha rge  was  long,  t ime  a lone  was  
insuff ic ient  to accoun t  for  a l l  of t he  l a r g e  dec rease  
in l e n g t h  of the  u p p e r  d i s c h a r g e  p l a t e a u .  Even  if 
the  e l ec t rode  had  been  c o n v e r t e d  c o m p l e t e l y  in to  
Ag~O the  m a x i m u m  d i scha rge  at  t he  l o w e r  p l a t e a u  
w o u l d  on ly  have  been  one ha l f  of the  t h e o r e t i c a l  
c a p a c i t y  or  1.95 a m p - h r .  A f t e r  a 50 m a  c h a r g e  71% 
of t he  t h e o r e t i c a l  c a p a c i t y  was  o b t a i n e d  (Fig .  4) .  
T h e r e f o r e  a m i n i m u m  of 21% of t he  t h e o r e t i c a l  
c a p a c i t y  m u s t  have  been  o b t a i n e d  f r o m  s i lve r  ox i -  
d ized  h i g h e r  t h a n  Ag~O. A s s u m i n g  t h a t  th is  ox ide  
was  AgO,  a m i n i m u m  of 42% of t he  e l ec t rode  m u s t  
have  been  ox id i zed  to AgO us ing  50 m a  a l t h o u g h  
less t h a n  3% of t he  t h e o r e t i c a l l y  poss ib le  AgO ca -  
p a c i t y  was  ob ta ined .  Due  to t h e  r e a c t i o n  of A g  w i t h  
AgO the  e l ec t rode  su r f ace  p r o b a b l y  was  not  cov-  
e r ed  c o m p l e t e l y  w i t h  A g O  to a v e r y  g r e a t  d e p t h  
w h e n  the  e l ec t rode  was  c h a r g e d  a t  a low c u r r e n t  
a t  0 ~ Ag20 cove red  the  su r f ace  a f t e r  a r e l a t i v e l y  
sho r t  d i s c h a r g e  and  t h e n  the  p o t e n t i a l  r e a c h e d  the  
l o w e r  p l a t e a u ,  a l t h o u g h  t h e r e  was  c o n s i d e r a b l e  
AgO r e m a i n i n g  in  t he  e lec t rode .  

T h e r e  was  a p o t e n t i a l  p e a k  n e a r  t he  end  of t he  
h igh  r a t e  cha rges  at  0~ us ing  35% K O H  (Fig .  4) .  
AgO had  been  fo rming ,  and  b y  the  t i m e  th is  l a t e  

p e a k  was  r e a c h e d  i ts  f o r m a t i o n  was  h i n d e r e d  
g r e a t l y .  T h e r e  was  a l a ck  of one or  m o r e  r e a c t a n t s  
due  to t he  s low di f fus ion  a t  th is  t e m p e r a t u r e  and  
the  n e e d  for  r a p i d  d i f fus ion  at  t h e  h igh  c u r r e n t  
dens i ty ,  t h e r e f o r e  p a s s i v a t i o n  i n c r e a s e d  a n d  the  
p o t e n t i a l  rose.  A poss ib le  e x p l a n a t i o n  of t he  d rop  in  
p o t e n t i a l  a t  the  end  of t he  c h a r g e  is t h a t  g iven  b y  
C a h a n  et al. (3)  for  t he  dec rea se  in  r e s i s t ance  
m e a s u r e d  j u s t  as gass ing  began .  T h e y  b e l i e v e d  th is  
was  no t  r u p t u r e  of a film, bu t  p r o p o s e d  t ha t  f u r t h e r  
i n c o r p o r a t i o n  of o x y g e n  in t h e  AgO fi lm h a d  t a k e n  
place ,  p r o d u c i n g  an  u n s t a b l e  f i lm of an  ox ide  h i g h e r  
t h a n  AgO h a v i n g  a l o w e r  res i s tance .  

T h e r e  m a y  be  a connec t ion  b e t w e e n  th is  p e a k  
and  t h e  p o t e n t i a l s  t h a t  w e r e  r e c o r d e d  in  50% K O H  
at  0~ (Fig .  8) .  The  l o w e r  two  o p e n - c i r c u i t  p l a -  
t eaus  c o r r e s p o n d e d  to t he  w e l l - k n o w n  oxides  of 
s i lve r  (F ig .  9) .  I t  is poss ib le  t h a t  t he  u p p e r  p l a t e a u  
c o r r e s p o n d e d  to a h i g h e r  ox ide  of Ag,  b u t  the  e x i s t -  
ence  of t r i v a l e n t  Ag~O3 or  o t h e r  h i g h e r  ox ides  of A g  
has  no t  been  p r o v e n  (4 -6 ) .  M a n y  of t he  claimS for  
i t  cou ld  be  e x p l a i n e d  b y  the  p re sence  of a p e r o x y  
l inkage .  Note  t h a t  t he  A g ~ O J A g O  p o t e n t i a l  m e a s -  
u r e m e n t s  c i t ed  in  the  l i t e r a t u r e  use  t he  va lue s  of 
L u t h e r  a n d  P o k o r n y  (7)  w h i c h  w e r e  o b t a i n e d  w i t h  
s i lve r  p e r o x y s u l f a t e  and  s i lve r  p e r o x y n i t r a t e  and  
not  a c t u a l l y  w i t h  Ag~Oa. 

The  o p e n - c i r c u i t  p l a t e a u  at  t he  AgO/Ag~O p o t e n -  
t i a l  l a s t ed  l onge r  a f t e r  a l ong  c h a r g e  at  200 m a  
t h a n  a f t e r  a sho r t  charge ,  a l t h o u g h  the  u p p e r  
p l a t e a u  l e n g t h  was  the  s ame  (Fig .  9) .  This  first  
p l a t e a u  could  be  s h o r t e n e d  b y  i n t e r r u p t i n g  the  
cha rge  w h i l e  the  p o t e n t i a l  was  s t i l l  r i s ing .  The  
l e n g t h  of the  first  p l a t e a u  d id  not  d e p e n d  on the  
a m o u n t  of c h a r g e  g iven  the  e l ec t rode  a t  a h igh  p o -  
t en t i a l ,  i.e., over  600 m v  a t  200 ma,  b u t  i t  v a r i e d  in -  
s t e a d  w i t h  the  f inal  cha rge  p o t e n t i a l  (Fig .  10).  The  
po in t s  a t  400 m a  w e r e  too f ew  and  s c a t t e r e d  to d e -  
t e r m i n e  w h e t h e r  a c u r v e d  l ine  shou ld  be  d r a w n  
t h r o u g h  t h e m  a l t h o u g h  t h e y  gave  t h e  s ame  t r e n d  
as t h a t  shown  for  200 m a  (Fig .  10).  I t  was  no t  s u r -  
p r i s ing  t ha t  the  po t e n t i a l s  w e r e  h i g h e r  a t  400 m a  
s ince  t he  IR d rop  was  h ighe r .  

I t  was  m e n t i o n e d  e a r l i e r  t h a t  t he  e l ec t rodes  
c h a r g e d  p o o r l y  a f t e r  the  p o t e n t i a l  rose  to t he  h igh  
va lues .  Cond i t ions  c h a n g e d  d u r i n g  a s h o r t  s t a n d  so 
t h a t  t he  e l ec t rode  accep t ed  a cha rge  again .  V e r y  
shor t  s t ands  in w h i c h  the  p o t e n t i a l  d id  no t  fa l l  b e -  
low a b o u t  0.35v d id  not  a id  f u r t h e r  cha rg ing ,  no r  
d id  long s t ands  in  w h i c h  the  p o t e n t i a l  f e l l  to we l l  
b e l o w  the  A g O / A g , O  va lue .  The  c h a r g e  p o t e n t i a l  
u s u a l l y  rose  a g a i n  to h igh  va lue s  in these  cases. The  
on ly  benef ic ia l  s t ands  w e r e  those  end ing  n e a r  t he  
AgO/Ag~O po ten t i a l .  

The  p r e s e n c e  of a c e r t a i n  a m o u n t  of AgO was  
n e c e s s a r y  for  good cha rge  a c c e p t a nc e  a b o v e  the  
Ag/Ag_oO p o t e n t i a l  p l a t eau .  This  was  i n d i c a t e d  b y  
the  d i f fe r ing  r e su l t s  w h e n  the  s t a n d  e n d e d  a b o v e  or  
b e l o w  the  AgO/Ag~O p l a t eau .  E i t h e r  A g O  was  r e n -  
d e r e d  i nac t i ve  at  the  b e g i n n i n g  of t he se  s t ands  or  
t he  n e c e s s a r y  A g O  was  no t  p r e s e n t  u n t i l  some o t h e r  
c o m p o u n d  decomposed .  A t  r o o m  t e m p e r a t u r e  t he  
p o t e n t i a l  p e a k  was  r e a c h e d  w h e n  the  e l e c t r o d e  s u r -  
face  was  cove red  w i t h  Ag~O a n d  ohmic  r e s i s t ance  
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t h e n  r e a c h e d  i ts  m a x i m u m  (3) .  By  us ing  h igh  c u r -  
r en t s  a t  a low t e m p e r a t u r e  t he  g r a d i e n t s  in t he  con-  
c e n t r a t e d  e l e c t r o l y t e  w e r e  g r e a t e r  t h a n  w h e n  us ing  
l o w e r  c h a r g e  c u r r e n t s  a t  r o o m  t e m p e r a t u r e .  The  
c o m b i n a t i o n  of these  f ac to r s  r e s u l t e d  in an  u n u s u -  
a l l y  h igh  e l ec t rode  p o t e n t i a l  a n d  m a y  have  a l l o w e d  
some i n t e r m e d i a t e  m a t e r i a l  h a v i n g  the  p e r o x y  
l i n k a g e  such  as  O~- or  HO~- to f o r m  in l a r g e r  t h a n  
n o r m a l  amoun t s ,  in  a d d i t i o n  to O~ the  f inal  p roduc t .  
The  f a i l u r e  to d e t e c t  a n y  O3 in t he  evo lved  gas  does  
no t  p r o v e  t h a t  O8 was  n e v e r  p r e s e n t  s ince  i t  w o u l d  
be  in  con tac t  w i t h  Ag~O and  Ag~O c a t a l y t i c a l l y  d e -  
composes  08. A n y  O3 r e m a i n i n g  could  decompose  
wh i l e  pas s ing  t h r o u g h  the  a l k a l i n e  e l ec t ro ly t e ,  
s ince  aqueous  a l k a l i  decomposes  08. The  p o t e n t i a l s  
m e a s u r e d ,  h o w e v e r ,  w e r e  low for  t he  f o r m a t i o n  of 
03. 

T h e r e  is ev idence  t h a t  O= fo rms  t h r o u g h  a p e r o x -  
ide  m e c h a n i s m  in a l k a l i n e  so lu t ion  i n s t e a d  of d i -  
r e c t l y  acco rd ing  to 4 OH- ---- O~ § 2H~O -~ 4e-. 
O x y g e n  was  r e p o r t e d  to e s t ab l i sh  a r e v e r s i b l e  e q u i -  
l i b r i u m  w i t h  HO~- ion  in  a l k a l i  (8) .  I t  is l i k e l y  t h a t  
OH- goes f irst  to 02- a n d  th is  to HO~ ~, a l t h o u g h  pos -  
s ib ly  OH- goes d i r e c t l y  to HO~- a t  h igh  c u r r e n t  
dens i t ies .  The  low t e m p e r a t u r e  u sed  w o u l d  t e n d  to  
s t ab i l i ze  for  a l onge r  t i m e  a n y  O~- or  HO_~- t h a t  
fo rmed ,  a n d  these  m a y  r e a c t  w i t h  the  Ag~O in s t e a d  
of p r o d u c i n g  O3. 

J i r s a  and  J e l i n e k  (9)  r e p o r t e d  t h a t  A g  or  Ag~O 
ox id i zed  w i t h  a m i x t u r e  of 03 ~ O~ gave  a com-  
p o u n d  t h a t  in  K O H  s h o w e d  the  p o t e n t i a l  r e p o r t e d  
for  Ag~O~ ( r e a l l y  the  p o t e n t i a l  of s i lve r  p e r o x y  
c o m p o u n d s )  be fo re  th is  c o m p o u n d  d e c o m p o s e d  in to  
AgO. AgO d id  no t  r e a c t  w i t h  O~, cas t ing  some d o u b t  
on t h e i r  r e p o r t  t h a t  O8 was  p r o d u c i n g  t r i v a l e n t  Ag.  
S c h w a b  and  H a r t m a n n  (10) r e p o r t e d  t h a t  A g  w i t h  
a m i x t u r e  of O8 ~- O~ f o r m e d  two  c o m p o u n d s :  AgO 
and  a c o m p o u n d  t h a t  gave  a t y p i c a l  s i lve r  p e r o x y  
x - r a y  d i f f r ac t ion  p a t t e r n .  I t  is p o s t u l a t e d  t h a t  th is  
t y p e  of r e a c t i o n  w i t h  a subs t ance  h a v i n g  the  p e r o x y  
l i n k a g e  f o r m e d  a s i l ve r  p e r o x y  c o m p o u n d  w h e n  the  
h igh  c h a r g i n g  po t en t i a l s  w e r e  o b s e r v e d  to 0 ~ in 
50% KOH,  and  t h a t  t he  s i lve r  p e r o x y  c o m p o u n d  
gave  the  i n i t i a l  h igh  o p e n - c i r c u i t  p o t e n t i a l  p l a t e a u  
(Fig .  9) .  The  r e a c t i o n  m a y  be  ana logous  to t he  fo r -  
m a t i o n  of  s i l ve r  p e r o x y s u l f a t e  w h e n  A g  is anod ized  
in H3SO, (5, 11).  The  decompos i t i on  of the  s i lve r  
p e r o x y  c o m p o u n d  p r o d u c e d  AgO d u r i n g  the  in i t i a l  
p a r t  of the  o p e n - c i r c u i t  per iod .  W i t h  a l onge r  o p e n -  
c i r cu i t  p e r i o d  th i s  A g O  r e a c t e d  w i t h  A g  to g ive  
h i g h l y  r e s i s t i ve  Ag~O, and  aga in  cha rg ing  di f f icul ty  
could  occur.  

The  f inal  p o t e n t i a l s  a t  t he  end  of t he  h i g h - r a t e  
cha rges  f o l l o w i n g  the  benef ic ia l  s t ands  w e r e  l o w e r  
t h a n  those  r e a c h e d  be fo re  the  s t ands  (Fig .  8) s ince 
t he  f inal  r e s i s t ance  was  less due  to t he  AgO presen t .  
A n  open  c i r cu i t  a t  th is  p o i n t  gave  on ly  a v e r y  b r i e f  
p e r i o d  of h igh  p o t e n t i a l  be fo re  t he  p o t e n t i a l  d r o p -  
ped  to t he  AgO/Ag~O p l a t eau .  

H igh  p o t e n t i a l s  a t  t he  b e g i n n i n g  of the  second  
p l a t e a u  o c c u r r e d  less  o f t en  l a te  in t he  l i fe  of the  
cel l  be fo re  t he  e l ec t rode  was  r e w r a p p e d .  By  th is  
t ime  the  s e p a r a t o r  was  no t  as ef fec t ive  and  d i f fu-  
s ion t h r o u g h  i t  was  eas ier .  A f t e r  r e w r a p p i n g  w i th  

a n e w  s e p a r a t o r  h igh  p o t e n t i a l s  o c c u r r e d  m o r e  f r e -  
quen t ly .  Then  the  cel l  was  cyc led  w i t h o u t  a n y  
s e p a r a t o r  and  the  h igh  p o t e n t i a l s  o c c u r r e d  less  
of ten.  This  i n d i c a t e d  t h a t  the  p r e s e n c e  of t he  s e p a -  
r a t o r  was  no t  e s sen t i a l  a l t h o u g h  it  was  a f ac to r  in 
t he  h igh  po ten t i a l s .  

The  d i s cha rges  in  50% K O H  at  0~ w e r e  u n u s u a l  
in t h a t  t he  Ag~O/Ag p l a t e a u  was  a b o u t  t he  s ame  
l e n g t h  as the  u p p e r  p l a t e a u  i n s t e a d  of be ing  two  or  
t h r e e  t imes  as long (Fig .  6) .  This  was  not  an  effect 
of t e m p e r a t u r e  a lone  s ince i t  was  not  n o t e d  in  35% 
KOH.  The  h igh  o p e n - c i r c u i t  p o t e n t i a l s  a f t e r  a d i s -  
cha rge  i n d i c a t e d  t h a t  a l l  of t he  AgO h a d  not  been  
r e d u c e d  (Fig .  7).  A n o t h e r  i nd i c a t i on  of th is  was  
o b t a i n e d  by  i n t e r r u p t i n g  a d i s cha rge  a f t e r  i t  was  
90% comple te .  The  p o t e n t i a l  t hen  rose  to t he  A g O /  
Ag.~O p l a t e a u  a f t e r  1~/~ days  of s tand .  This  i n d i c a t e d  
t ha t  a s i zeab le  q u a n t i t y  of AgO m u s t  have  r e -  
ma ine d ,  s ince  t he  AgO d e c r e a s e d  d u r i n g  a s t a n d  as 
it  r e a c t e d  w i t h  Ag.  The  r e su l t s  sugges t  t h a t  t he  r e -  
ac t ion  r a t e  was  af fec ted  b y  the  c o n c e n t r a t i o n  of the  
e l e c t r o l y t e  and  b y  t e m p e r a t u r e .  The  O-- d i f fused 
f r o m  w i t h i n  t he  e l ec t rode  to i ts  su r f ace  w h e r e  i t  
c o m b i n e d  w i t h  H20 to g ive  OH- I n c r e a s i n g  the  
K O H  c o n c e n t r a t i o n  d e c r e a s e d  H30 a n d  i n c r e a s e d  
OH-, bo th  changes  m a k i n g  the  r eac t i on  w i t h  O-- 
m o r e  difficult .  The  low t e m p e r a t u r e  s l owed  the  
r e a c t i o n  and  the  flow of ions, the  c o m p l e t e  f o r m a -  
t ion of A g  on the  e l ec t rode  su r f a c e  was  i n h i b i t e d  
as t he  O-- c o n c e n t r a t i o n  bu i l t  up,  and  the  e l ec t rode  
p o t e n t i a l  fe l l  be fo re  the  d i s c h a r g e  was  comple te .  
A f t e r  a h igh  r a t e  cha rge  at  0~ in  50% K O H  a sec-  
ond d i s cha rge  of a p p r e c i a b l e  l e n g t h  could  be  ob-  
t a i n e d  fo l l owing  a s h o r t e r  s t a n d  t h a n  a f t e r  a low 
r a t e  charge ,  s ince  t he  e l ec t rode  had  not  f o r m e d  as 
deep ly .  The  e l ec t rode  c h a r g e d  m o r e  r e a d i l y  t h a n  i t  
d i s c h a r g e d  u n d e r  these  cond i t ions  s ince t h e r e  was  
no s h o r t a g e  of OH- ions to s u p p l y  the  n e e d e d  o x y -  
gen  d u r i n g  the  charge .  

M a n y  p r o b l e m s  w e r e  p o i n t e d  out  in  t he  w o r k  
d e s c r i b e d  above.  A f u r t h e r  s t u d y  w i t h  e x p e r i m e n t s  
de s igned  to c l a r i f y  t hese  p r o b l e m s  is n e c e s s a r y  for  
a fu l l  and  def in i te  e x p l a n a t i o n .  

Manuscr ip t  rece ived  May 16, 1962; revised manu-  
script  received Ju ly  20, 1962. This paper  was p repa red  
for  de l ive ry  before  the  Boston Meeting, Sept.  16-20, 
1962. 

Any  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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The Use and Behavior of Aluminum Anodes in Alkaline 
Primary Batteries 

Solomon Z a r o m b  ~ 

Scientific Laboratory, Philco Corporation, Blue Bell, Pennsylvania 

ABSTRACT 

The two- to threefold reduct ion in over-al l  theoretical reactant  weight  
(and usual ly  also volume) which results from replacing Zn by A1 in alkal ine 

pr imary  batteries could best be preserved in practice with a 3M KOH "self- 
regenerat ing" electrolyte in large (>1 kw) Al-a i r  (or --O,) power sources, 
whereas small Al-a i r  (or --O~ or --AGO) reserve cells should funct ion best with 
a consumable 10M KOH solution. Special a t tent ion is given to the use of A1 in  
Al-a i r  cells with porous C or, preferably, porous Ni air cathodes. Anode 
polarization and current  efficiency data are presented for both the sel f - regen-  
erat ing and the consumable electrolytes with and without  several effective 
corrosion inhibitors consisting of a lky ld imethy lbenzy lammonium salts and /or  
Hg with or without  ZnO. It is concluded that  opt imum bat tery  performance 
would result  from the use of some of these inhibitors,  as well  as from e l imina-  
tion of sulfides and other corrosion accelerators, use of highly pure A1 or 
specially resistant  A1-Mg, A1-Zn, or A1-Hg alloys, effective heat removal,  opera-  
t ion at high current  densities (preferably --~10 ma /cm ' ) ,  and anode-electrolyte 
separation dur ing periods of inaction. 

In  spite of the  h igh ly  a t t r ac t ive  anode charac -  
ter is t ics  of A1, all  p rev ious  a t t empts  (1-8)  to ut i l ize  
it in  prac t ica l  ba t te r ies  fa i led (9-11)  e i ther  be -  
cause of the  fo rma t ion  of pass iva t ing ,  res is t ive  ox-  
ide layers  in  those e lect rolytes  in  which  A1 oxides 
are not  r ead i ly  soluble  (1-6, 12) or because  of h igh  
ra tes  of corrosion in  those e lect rolytes  in  which  the  
oxide layers  are dissolved, e.g., in  concen t ra t ed  
a lka l i  solut ions  (7, 8). Never theless ,  the  au thor  was  
in te res ted  in  the poss ibi l i ty  of us ing  A1 anodes  
u n d e r  condi t ions  w h e r e i n  the corrosive a lka l ine  
e lec t ro ly te  wou ld  be  in  contact  wi th  the  me ta l  d u r -  
ing c u r r e n t  d ra in  only.  

T h a n k s  to encourag ing  in i t i a l  e x p e r i m e n t a l  r e -  
sults  sugges t ing  the  poss ib i l i ty  of ach iev ing  ou tpu t s  
of 1.0-1.Sv at  c u r r e n t  densi t ies  of up to 50 ma /cm"  
(cf. Fig. 3 and  the r e l e v a n t  t ex t )  and  c u r r e n t  effi- 

Present  address:  The  Mart in-Marie t ta  Corporation, Balt imore,  
Maryland.  

ciencies ot 60-100% at c u r r e n t  densi t ies  of 3.5-140 
m a / c m  ~, a sys temat ic  s tudy  was  in i t i a t ed  t oward  
incorpora t ing  A1 anodes in  prac t ica l  a lka l ine  p r i -  
m a r y  bat ter ies .  

In  order  to su rvey  and  define the most  p romis ing  
appl ica t ions  of At  anodes,  a compar i son  was  m a d e  
of the theore t ica l  r eac t an t  r e q u i r e m e n t s  in  th ree  
types  of a lka l ine  p r i m a r y  bat ter ies .  Tab le  I shows 
that ,  in  all  th ree  types, a r educ t ion  by  a factor  of 
2-3 in  the  m i n i m u m  reac t an t  we igh t  ( and  u sua l l y  
also vo lume)  is theore t i ca l ly  ach ievab le  by  s u b -  
s t i tu t ing  A1 for Zn. Wi th  an ac tua l  ou tpu t  vo l tage  
of 1.3v, b a t t e r y  type  1 can thus  y ie ld  4 k w - h r / k g  
A1. Since the  O~ is ob t a inab l e  f rom air  and  H20 is 
u sua l l y  p len t i fu l ,  the ove r - a l l  cost of por t ab le  elec- 
t r i c i ty  would  a m o u n t  to $0 .15-0 .20 /kw-hr  for a b a t -  
t e ry  opera t ing  at an o p t i m u m  ach ievab le  c u r r e n t  
efficiency of 80-100%. This  m i gh t  conce ivab ly  be 

Table 1. Comparative theoretical reactant requirements per Faraday of electricity for 
alkaline primary batteries with Zn or AI Anodes 

Bat tery  
Type  
No. Over-al l  react ion 

Min imum theoret ical  

Total  Wt,  Vol,  
Vol -  Wt ,  VoI, g cc 

W e i g h t ,  ume ,  g cc W i t h o u t  
R e q u i r e d  r e a c t a n t s  g ce W i t h o u t  02 O~ and  H~D 

1 1/3 A1 9- 1/4 O~ 9- 1/2 H~O 
1/3 A1 (OH)8 

2 1/3 A1 9- 1/4 O2 -b 1/3 OH- 
-> 1/3 AlOe- 9- 1/6 H:O 

3 1/3 A1 q- 1/2 AgO 9- 1/3 OH- 
1/3 A102- -{- 1/2 Ag 9- 1/6 H~O 

4 1/2 Zn 9- 1/4 02 Jr 1/2 H:O 
--> 1/2 Z n ( O H ) :  

5 1 /2Zn  9- 1/4 O~ 9- OH- 
--> 1/2 ZnO:= -J- 1/2 H~O 

6 1/2 Zn 9- 1/2 AgO 9- OH- 
1/2 ZnO2= -k 1/2 Ag 9- 1/2 H~O 

9.0g AI Jr 9.0g H20 9- 8.0g O~ 26.0 

9.0g A1 d- 33.3 cc 10M KOH 9- 8.0g O2 63.6 

9.0g A1 9- 61.9g AgO 9- 33.3 cc 10M KOH 117 .5  44.9 

32.7g Zn 9- 9.0g H~O 9- 8.0g O~ 49.7 

32.7g Zn 9- 100 cc 10M KOH -J- 8.0g O: 180.7 

32.7g Zn 9- 61.9g AgO 9- 100 cc 1OM KOH 234.6 112.8 

1125 

18.0 12.3 9.0 3.3 

55.2 36.6 27.7 13.1 

41.7 13.5 32.7 4.5 

172.7 104.5 88.8 32.1 
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reduced further  by recovering the AI(OH)~ product, 
worth about half the cost of the A1. Par t ly  in view 
of this promising price estimate, and in view of 
the high theoretical energy to weight and volume 
ratios, bat tery  types 1 and 2 were selected specif- 
ically for the present studies. 

T h e  A l u m i n u m - O x y g e n  O r - A i r  Cell  

Basic Components and Reactions 
The following bat tery reactions are to be con- 

sidered 

Anode: 

Cathode: 

( A I + 4 O H - ~ A I ( O H ) , - + 3 e - )  X 4  E ~  [1] ~ 

( O ~ + 2 H ~ O + 4 e - - - , 4 O H - )  •  E o = - - 0 . 4 0 v  [2] ~ 

Over-a l l :  4A1 + 30~ -I- 4OH- + H,O-~ 4 A I ( O H ) (  E ~ = - -  2.75v [ 3 r  

Electrolyte  regenerat ion:  (AI (OH)( - -*  AI(OH)~ q- OH-) X 4 [4] 

Net  over -a l l  react ion [3] q- [4] :  4A1 -b 30 ,  q- 6H~O--* 4AI(OH)~ [5] 

The corrosion process can be considered as the 
sum of reaction [ 1] and 

2H~O q- 2e---> 2OH- q- Hs E ~ ~-~ 0.83v [6] ~ 

both occurring at the A1 electrode, yielding the 
over-all  corrosion reaction 

2A1 q- 6H~O q- 2OH--~ 2AI(OH),-  q- 3H~ E ~ : - - l . 5 v  
[7] ~ 

Thus, the performance of Al-air  cells is con- 
tingent on: (a) a suitable means of supplying 
the reactants and removing the product of reaction 
[5] or [3];  (b) the occurrence of reactions [1] and 
[2] and possibly also [4] at sufficiently high rates; 
and (c) the inhibition of reaction [7]. 

Although the present paper is concerned mainly 
with the chemical aspects (b) and (c), especially 
with the study of electrolyte and anode behavior, 
a brief prel iminary discussion of the cathode and 
over-al l  bat tery design features is presented first. 

Air  Electrodes 

At the time of writing, the best commercially 
available carbon-air  cathodes (Eveready type CG- 
500, manufactured by the National Carbon Com- 
pany)  could deliver current densities of up to 15 
ma /cm ~ with reasonably low polarization, but they 
would be too bulky for practical Al-ai r  cells. How- 
ever, the author obtained air cathodes by impreg- 
nating 0.06 cm thick 60-80% porous sintered Ni 
sheets first with C and Ag and finally with a Teflon 
emulsion. With a proper impregnation and heat 
t reatment  procedure, the Teflon prevents leakage 
of the electrolyte through the pores, while allowing 
atmospheric O~ to diffuse readily from the ambient 
atmosphere toward the cathode-electrolyte inter-  
face. These porous Ni cathodes have current density- 
polarization characteristics comparable to those of 
the above-mentioned Eveready type CG-500 car- 
bon-air  electrode (cf. Fig. 1), but with the ad- 
vantage of a tremendous reduction in thickness and 
weight. The maximum Ni-air electrode sizes that 

2 The listed E ~ values correspond to m a x i m u m  theoret ical  energy 
conversion, and not to actual ly observed open-circui t  voltages. 
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Fig. I. Polarization curve for a typical 0.06 cm thick sintered 
Ni air-cathode prepared in January-February 1961. The ordinate 
V is given relative to the Hg-HgO half-cell. 

could be conveniently made with the initially avail- 
able laboratory facilities were 5 cm x 5 cm. Hence, 
for most experiments it was found expedient to 
use the type CG-500 carbon cathodes, sometimes in 
modified form (as in Fig. 8). 

It is worth noting that the electrode sheets serve 
also as container walls, as shown in Fig. 8. This 
arrangement  may be adapted to a collapsible ac- 
cordion-like cell design, which could eliminate the 
air gaps during periods of inaction and thereby (i) 
reduce the inactive, portable volume of Al-air  (and 
possibly also Zn-air)  batteries to a minimum and 
(it) prevent  corrosion of A1 and slow deterioration 
of electrolyte by evaporation and CO~ pick-up on 
shelf. 

Optimum Electrolyte Concentrations for Min imum 
Volume and Weight  Requirements 

Self-regenerating electrolyte (type 1 of Table ~). 
- - F o r  a bat tery  to maintain its characteristics over 
prolonged periods of operation and /or  storage, the 
electrolyte composition must remain constant or 
at least confined within satisfactory concentration 
ranges. Electrolyte composition may be affected by 
the following factors: (a) absorption of atmospheric 
carbon dioxide; hence direct contact between the 
electrolyte and atmospheric air should be prevented 
by using a properly sealed system; (b) loss of water  
by evaporation, corrosion reaction, and over-all  bat-  
tery reaction [5];  this loss must be compensated 
for by replenishing the water  at various intervals; 
(c) comparative rates of reactions [3] and [4]. Un- 
der conditions of prolonged heavy current  drain, 
marked changes would occur in the concentration 
of hydroxide ions if the rate of the regeneration re- 
action [4] were slower than that of the bat tery 
reaction [3]. However, the experiments reported in 
a concurrent paper (13) show that, with 2-3M KOH 
concentrations, reaction [4] occurs soon and fast 
enough to permit  a continuous heavy current  drain 
far in excess of the maximum charge theoretically 
achievable without electrolyte regeneration. 

The optimum alkali concentrations for the oc- 
currence of reaction [4] are ~3M [cf. ref. (13) and 
references quoted therein],  whereas those yielding 
high anode current densities are ~3M [cf. Fig. (2) ]. 
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Hence, the most sui table  a lkal i  concentra t ion for 
type 1 ba t te r ies  should be approx ima te ly  3M. 

Electrolyte in reserve cells ( type 2 of Table 1 ) . -  
According to the best ava i lab le  phase equi l ibr ium 
data  (14) the m a x i m u m  obta inable  solubil i t ies  of 
AI(OH)~ in a lka l i  solutions are --~7.5M in 12.9M 
NaOH and --~SM in 10.5M KOH. However,  the po la r -  

ization da ta  of Fig. 2-4 suggest tha t  the 10.5M KOH 
solution is preferable ,  y ie ld ing sat isfactory current  
densit ies and vol tage outputs  for up to 7 moles 
AI(OH)~ per  l i te r  o f  10.5M KOH (cf. Table  I I ) .  
This corresponds to a min imum actual  reac tan t  r e -  
qu i rement  of only 3.5 g / w - h r  or 2.2 cc /w-h r .  

Corrosio~ Inhibiting Addi t ives  

The control  of A1 corrosion in caustic solutions is 
discussed extens ive ly  in a concurrent  paper  (15) 
which lists a number  of corrosion inhibitors.  Of the 
most effective ones, those showing no excessive an-  
ode polar izat ion in p re l imina ry  tests were  used for 
fur ther  studies. These include approx ima te ly  0.5M 
ZnO wi th  su r f ace -ama lgama ted  A1 anodes a n d / o r  

"Hyamine"  ( a lky ld ime thy lbenzy l  ammonium salt)  
surfactants  (suppl ied by the Rohm and Haas Com- 
pany,  Ph i l ade lph ia ) .  

Anode Polarization and Current  E~iciencies 

Dilute alkali solutions ( type / ) . - - A l l  anode po- 
lar izat ion measurements  were  per formed  wi th  small  
A1 str ips placed be tween two l a rge - a r ea  air  ca th-  
odes. F igure  2 shows the cu r ren t -vo l t age  charac-  
ter is t ics  of smooth ama lgamated  A1 anodes in solu- 
tions sa tura ted  with  ZnO and containing in addi t ion 
0.5M AI(OH)~ and 3 to 5M KOH or NaOH. The 
current  efficiency as function of cur rent  densi ty  is 
shown in Fig. 1 of ref. (15). 

USE OF AI A N O D E S  IN P R I M A R Y  B A T T E R I E S  
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Fig. 2. Room temperature current-voltage characteristics of 
smooth amalgamated AI anodes in 3.0-5.0M alkali solutions satu- 
rated with ZnO and containing 0.5M AI(OH)~. The anodes, with 
dimensions of 2.9 x 1.7 x 0.01 cm, were contained in a Patterson 
L-1400 parchment paper bag, dipping in Hg contacts along the 
shortest (bottom) edge, and suspended between two large area 
carbon-air cathodes (Eveready type CG-500, manufactured by The 
National Carbon Co.). (a) AI grade 1145, 3.0-5.0M KOH; (b) AI 
grade 1145, 3.0-5.0M NaOH; (c) AI grade 25, 3.0-5.0M KOH; (d) 
AI grade 2S, 3.0-5.0M NaOH. 
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Fig. 3. Room temperature oxidation potential of surface-amal- 
gamated AI anodes relative to the Hg-HgO reference electrode as o 
function of anode current density. Electrolyte composition: 10M 
KOH saturated with ZnO. 
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Fig. 4. Room temperature polarization curves for surface-amal- 
gamated AI grade 2S (~--- 99.0% AI) anodes in concentrated alkali 
solutions containing dissolved AI2Os (the ordinates V are anode 
oxidation potentials relative to an Hg-HgO reference electrode). 

In Fig. 2 (b) ,  (c) ,  and (d) there  is no apprec iable  
decrease in a l lowable  current  densi ty  as the OH- 
concentrat ion is reduced f rom 5M to 3M, and even in 
Fig. 2 (a ) ,  where  such a decrease occurs, cur rent  
densit ies of 15 m a / c m  ~ produced addi t ional  polar iza-  
t ion of not more than 0.3v for the lowest  OH- ion 
concentration.  The observed differences be tween 
NaOH and KOH solutions and be tween  the two 
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di f fe ren t  g r ades  of A1 [ g r a d e  1145 con ta in ing  
--~99.45% A1, ~--0.55% (St  § Fe ) ,  --~0.20% Mn and  
--~0.09% o the r  impur i t i e s ,  and  g r a d e  2S c o n t a i n -  
ing  -----99.0% A1, --~1.0% (St  + F e ) ,  --~0.20% Cu, 
--~0.05% Mn, --~0.1% Zn, and  ~ 0 . 1 5 %  (Be + o the r  
i m p u r i t i e s ) ]  a r e  i n t e r e s t i n g  and  d e s e r v e  f u r t h e r  
s tudy .  

I t  is also w o r t h  no t ing  t h a t  no a p p r e c i a b l e  i n -  
c rease  in  t he  p o l a r i z a t i o n  of the  u n a m a l g a m a t e d  
h i g h - p u r i t y  (~--99.99%) A1 anodes  o c c u r r e d  on su -  
p e r s a t u r a t i o n  of t he  3M K O H  so lu t ion  w i t h  A1 (OH)  
in t he  e l e c t r o l y t e  r e g e n e r a t i o n  e x p e r i m e n t s  d e -  
s c r ibed  in  ref .  (13) .  

Concentrated alkali solutions (type 2).--The p o -  
l a r i z a t i o n  c u r v e  of s u r f a c e - a m a l g a m a t e d  A1 g r a d e  
1145 anodes  in Z n O - s a t u r a t e d  101V[ K O H  so lu t ion  
is s h o w n  in Fig .  3. S i m i l a r  cu rves  w e r e  o b t a i n e d  
w i t h  10M so lu t ions  of bo th  t e c h n i c a l  and  c h e m -  
i ca l ly  p u r e  K O H  g rades  con ta in ing  an excess  of 
ZnO or  of Zn0.3CaO, and  also w i t h  10M N a O H  so-  
lu t ions  w i t h  or  w i t h o u t  t he  same  add i t ives .  A l l  such 
cu rves  o v e r l a p p e d  w i t h i n  a b a n d  of --0.1v. On the  
o the r  hand ,  i n t e g r a t i o n  of the  c o m p l e t e  d i s cha rge  
cu rves  of t he  we ighed ,  s u r f a c e - a m a l g a m a t e d  A1 
g r a d e  1145 or  2S anodes  showed  a v e r a g e  c u r r e n t  
efficiencies --~60% for  t he  fo l lowing  c u r r e n t  d e n s i t y  
r anges  in  t he  i n d i c a t e d  e l ec t ro ly t e s :  10M or  s a t u -  
r a t e d  N a O H  solut ions ,  30-65 ma/cm~;  so lu t ions  s a t u -  
r a t e d  w i t h  bo th  ZnO and  NaOH,  5-30 ma/cm~;  10M 
solu t ions  of N a O H  or  K O H  ( c h e m i c a l l y  p u r e  or 
t e c h n i c a l  g r a d e s )  s a t u r a t e d  w i t h  ZnO or  Zn 0.3CaO, 
3.5-140 m a / c m  ~. Thus  a d d i t i o n  of ZnO def in i t e ly  
he lps  i nh ib i t  the  co r ros ion  of s u r f a c e - a m a l g a m a t e d  
A1 ove r  a v e r y  w ide  c u r r e n t  d e n s i t y  r a n g e  w i t h o u t  
s ign i f i can t ly  af fec t ing  po la r i za t ion .  

W i t h o u t  t he  ZnO add i t ive ,  the  c u r r e n t  d e n s i t y -  
vo l t age  cha rac t e r i s t i c s  of  A1 anodes  in c o n c e n t r a t e d  
N a O H  and  K O H  so lu t ions  con ta in ing  v a r i o u s  con-  
c e n t r a t i o n s  of d i s so lved  A I ( O H ) ,  ( p r e p a r e d  by  
u t i l i z ing  t h e  cor ros ion  r e a c t i o n  [7 ] )  a r e  shown  in 
Fig.  4 to 6. The  d a t a  in  Fig .  4 a r e  for  s u r f a c e - a m a l -  
g a m a t e d  A1 ( g r a d e  2S) ,  w h i l e  those  in Fig.  5 and  6 
a r e  for  h i g h - p u r i t y  A1 ( g r a d e  1199 con ta in ing  at  
l eas t  99.99% A1) no t  e x p o s e d  to Hg. The  pu re r ,  u n -  
a m a l g a m a t e d  A1 anodes  obv ious ly  have  the  b e t t e r  
p o l a r i z a t i o n  cha rac te r i s t i c s .  The  K O H  e l e c t r o l y t e  
is de f in i t e ly  m o r e  s a t i s f a c t o r y  t h a n  the  NaOH,  in 
sp i te  of t he  h i g h e r  so lub i l i t y  of A1 (OH)~ in concen -  
t r a t e d  N a O H  solut ion.  The  s ca t t e r  of e x p e r i m e n t a l  
po in t s  in Fig.  5 and  6 a p p e a r s  m a i n l y  due  to acc i -  
d e n t a l  impur i t i e s .  F r o m  the  u p p e r  cu rves  in  Fig.  
6 (a )  t h r o u g h  (d )  one ob ta ins  T a b l e  II  in w h i c h  is 
shown  the  v a r i a t i o n  in o u t p u t  v o l t a g e  on c o n t i n u e d  
d i s so lu t ion  of A1 (OH)~ at  a c o n s t a n t  c u r r e n t  d e n s i t y  
of 10 m a / c m  ~. 

Ef]ect o~ "'Hyamine'" inhibitors.--Upon a d d i t i o n  of 
0.1M " H y a m i n e  3500" the  cor ros ion  r a t e  of su r -  
f a c e - a m a l g a m a t e d  A1 was  r e d u c e d  suff ic ient ly  to 
y i e l d  an  a lmos t  s a t i s f a c t o r y  ce l l  p e r f o r m a n c e  a t  
t e m p e r a t u r e s  of 50 ~ and  70~ [Fig .  7 ( a ) ] .  H o w e v e r ,  
a n o d e  p o l a r i z a t i o n  was  b a r e l y  a c c e p t a b l e  at  these  
t e m p e r a t u r e s  [Fig .  7 (b)  ] and,  a t  r o o m  t e m p e r a t u r e ,  
p r o v e d  too h igh  to y i e l d  use fu l  c u r r e n t  dens i t i e s  
even  w i t h  t he  K O H  c o n c e n t r a t i o n  i nc r ea sed  to 10M. 
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Fig. 5. Room temperature polarization curves for high purity ( ~  
99.99%) AI anodes in 12.7M NaOH solutions with various amounts 
of dissolved AleO~. The anode strips were clamped with rubber 
gaskets between two large-area Ni-alr cathodes. 
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Fig. 6. Room temperature polarization curves for high purity ( ~  
99.99%) AI anodes in 10.5M KOH solutions with various amounts 
of dissolved AI~O3. 

Table II. Variation in output voltage at a current density of 
10 ma/cm 2 on continued dissolution of aluminum hydroxide 

A n o d e  o x i d a t i o n  p o t e n t i a l  
M o l e s  o f  A I  ( O H ) 8  p e r  l i t e r  ( v o l t s )  r e l a t i v e  t o  t h e  

o f  1 0 . 5 M  K O H  H g - H g O  h a l f - c e l l  

0 1.66 
2.3 1.51 
4.5 1.45 
6.7 1.26 

S i m i l a r  r e su l t s  w e r e  o b t a i n e d  w i t h  t h e  o t h e r  H y -  
a m i n e  i nh ib i t o r s  l i s t ed  in  ref .  (15).  

In  e x p e r i m e n t a l  cel ls  w i t h  u n a m a l g a m a t e d  h i g h -  
p u r i t y  ( > 9 9 . 9 9 % )  A1 anodes  in 10M K O H  (Fig .  8) ,  
a d d i t i o n  of  abou t  0.1M " H y a m i n e  3500" or  " H y a m i n e  
IO-X" r e d u c e d  the  m a x i m u m  r a t e  of H~ e v o l u t i o n  
by  a f ac to r  of 3 at  a c u r r e n t  d e n s i t y  of 4 to 5 m a / c m  ~ 
(Fig .  9) .  The  co r ros ion  c u r r e n t  in  t he  p r e s e n c e  of 
the  i nh ib i t o r s  r e a c h e d  m a x i m u m  s t e a d y  va lue s  of 
7-12 m a / c m  = a f t e r  30-50 min  ( c o r r e s p o n d i n g  to a 
s t e a d y  t e m p e r a t u r e  of 40~176  a t  c u r r e n t  d e n -  
s i t ies  of bo th  4-5 m a / c m  ~ and  18-19 m a / c m  ~, w i t h  
t he  effect of t h e  a d d i t i v e s  be ing  mos t  p r o n o u n c e d  
a t  t h e  l o w e r  c u r r e n t  dens i ty .  On the  o t h e r  hand ,  t he  
H y a m i n e s  showed  no a d v e r s e  effect on the  p o l a r i z a -  
t ion  of  the  u n a m a l g a m a t e d  anodes ,  the  ou tpu t s  be ing  
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Fig. 7. Current efficiency and oxidation potential (relative to the 
Hg-HgO reference electrode) as a function of anode current density 
for surface-amalgamated AI grade 1145 anodes in a ZnO-saturated 
solution of 2.7M KOH plus 0.5M AI(OH)3 plus 0.15M Hyamine 
3500 inhibitor at 50 ~ and 70~ The experimental procedure was 
similar to that used for Fig. 2. (a) Current efficiency; (b) oxidation 
potential. 

~ ~ 

1.5v for the lower and 1.1v for the higher  cur rent  
densit ies in all  three  cases. 

Conclusions 

Both the cu r ren t -vo l t age  character is t ics  and the 
ra te  of corrosion of the A1 anodes va ry  wi th  t em-  
pera ture ,  anode composition, and e lec t ro ly te  compo- 
sition. Fur the rmore ,  the corrosion ra te  in a lkal ine  
solutions decreases wi th  increasing current  density.  
For  a constant  anode potential ,  pa ra l l e l  decreases 
in current  densit ies and corrosion ra tes  have usual ly  
been observed wi th  decreasing tempera ture ,  de-  
creasing concentrat ion of hydrox ide  ions (or other 
corrosion acce lera tors ) ,  and increasing effectiveness 
of corrosion inhibitors.  Only a few inhibi tors  such 
as Hg plus ZnO but  no Hyamines  or a Hyamine  but  
no Hg would  reduce corrosion wi thout  ser iously de-  
creasing the current  densi ty  or increasing the anode 
polarizat ion.  With  ama lgamated  A1 anodes it may  
prove possible to develop re la t ive ly  long- las t ing  
ba t te r ies  wi th  medium or even low and in te rmi t t en t  
cur rent  d ra in  by  tak ing  proper  precaut ions  to e l im-  
inate  ha rmfu l  corrosion accelerators2 At  the pres -  
ent time, however,  a lka l ine  A1 ba t te r ies  appear  most 
promising for appl icat ions requi r ing  a high energy 
capaci ty  per  uni t  weight  a n d / o r  volume and a 
medium or high power  density.  For  such appl ica-  
tions corrosion may  be kept  under  adequate  con- 
t ro l  by:  (a)  a Hyamine  inhibi tor ;  (b)  precaut ions  to 
avoid obvious corrosion accelerators  such as sul-  
fides; (c) use of h ighly  pure  (>99.99%) A1 or a spe- 

3 S u c h  a m a ] g a m a t e d  a n o d e s  w i l l ,  o f  course ,  r e q u i r e  p r e c a u t i o n s  t o  
p r e v e n t  direc t  contac t  w i t h  air,  s u c h  a s  p e r m a n e n t  i m m e r s i o n  i n  the  
e l e c t r o l y t e  (or  i n  o i l  d u r i n g  i n a c t i v e  p e r i o d s )  o r  u s e  o f  a n  a i r - t i g h t  
e n c l o s u r e .  

Fig. 8. Experimental AI-air test cell (schematic drawing). Elec- 
trolyte volume: 34-38 ml; electrolyte thickness: 0.3 cm. 
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Fig. 9. Effect of Hyamine additives on the anode corrosion rate 
m the cell of Fig. 8. 

cial ly res is tant  A1-Hg, AI -Zn  or A1-Mg alloy; (d)  an 
a r r angemen t  ~or effective heat  r emova l  by  air  con- 
vection (exposure  of the back side of the anode to 
air)  and /o r  e lect rolyte  circulat ion;  and (e) p re fe r -  
ably  operat ion at high current  densit ies and an a r -  
rangement  for not exposing or for separa t ing  the 
anode(s )  f rom the e lec t ro ly te  during apprec iable  
periods of inaction. 

For  small  bat ter ies ,  a 10.5M KOH solution (wi th  
or wi thout  0.1M Hyamine  inhibi tor )  appears  most 
suitable,  wi th  the e lect rolyte  being replaced af ter  
A1 dissolution to a concentra t ion of 6-7 g-moles  
AI(OH)~ per  l i ter  of 10.5M KOH. On the other  hand, 
for l a rger  power  supplies (of >1 kw)  a 3M KOH 
solution wi th  aux i l i a ry  c i rculat ing and A1 (OH)~ re -  
moving equipment  should offer the highest  energy 
to weight  and to volume ratios. 
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Any discussion of this paper will appear in a Discus- 
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N o t e  a d d e d  in  proof :  A l - a i r  b a t t e r y  p a c k s  b a s e d  o n  t h e  r e s u l t s  o f  
F i g .  1 a n d  6 a n d  T a b l e  I I  w e r e  r e c e n t l y  c o m p l e t e d  a n d  d e s c r i b e d  
b y  R .  A .  F o u s t ,  J r .  [cf .  A b s t r a c t  N o .  49 ,  Thi s  Journa l ,  109,  198C 
(1962)  a n d  i n  E x t e n d e d  A b s t r a c t s  o f  t h e  B a t t e r y  D i v i s i o n ,  B o s t o n  

M e e t i n g ,  E C S ] .  
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Dissolution of Brass in Sulfuric Acid Solutions 
I. 85/15 Brass 

J. Bumbulis 1 and W.  F. Graydon 

Department ol Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario 

ABSTRACT 

The dissolution of 85/15 brass from rotat ing cylindrical  samples by aerated 
dilute sulfuric acid solutions was investigated over the range of 15~176 The 
reaction was found to proceed in  three successive steps, dezincification of the 
brass surface, dissolution of redeposited copper and etching of the brass surface, 
and dissolution of the etched, dezincified surface. The dissolution rates of the 
last two steps were determined by the rate of dissolution of copper, zinc being 
dissolved as fast as it was uncovered by the dissolved copper. 

The mechanism of dissolution of copper from 85/15 brass was found to be 
similar to that of pure copper, controlled by the rate of oxidation of cuprous 
ions to cupric. Rate equations are given for the apparent  dissolution rate of 
copper at each stage. Hydrogen peroxide was a reaction product. 

Corrosion of meta l s  and  alloys is of grea t  i m -  
por tance  to i ndus t ry ,  and  a la rge  a m o u n t  of work  
has been  devoted  to this  subject .  The  m a i n  effort 
has been  devoted  to the  compar i son  of the res is t -  
ance of va r ious  ma te r i a l s  to cor roding  agents.  There  
are  r e l a t i ve ly  few studies  of the k ine t ics  and  mech-  
an i sm  of d issolu t ion  of pu re  metals ,  and  even  fewer  
of the effect of a l loy ing  on d isso lu t ion  rate.  

The s tudy  of the k inet ics  and  m e c h a n i s m  of the  
d issolu t ion  of copper in  su l fur ic  acid (1) p r o m p t e d  
a s imi la r  s t udy  us ing  Q-brass, to eva lua t e  the  effect 
of zinc on the  d isso lu t ion  of the  base metal .  A n  a l -  
loy of 85% copper  and  15% zinc was  selected, to 
p rov ide  an  apprec iab le  a m o u n t  of zinc, whi le  st i l l  
m a i n t a i n i n g  a s ingle  me t a l  phase. 

Experimental 
The appa ra tu s  and  e x p e r i m e n t a l  p rocedure  used 

were  the  same as for the  s tudy  of d issolu t ion  of 
copper r epor ted  ear l ier .  A cy l indr ica l  brass  speci-  
m e n  three  qua r t e r s  of an  inch in  l eng th  and  d i a m e -  
te r  was m o u n t e d  on a ve r t i ca l  shaf t  and  ro ta ted  in  
se ra t ed  d i lu te  su l fu r ic  acid solut ions.  

The  brass  samples  we re  cut  f rom ba r  stock sup-  
p l ied  by  A n a c o n d a  A m e r i c a n  Brass Limited .  Two 
samples  were  cut  f rom each of th ree  di f ferent  bars.  
The  ana lyses  of the  bars  are shown in  Tab le  I. 
Dupl ica te  e x p e r i m e n t s  wi th  samples  f rom each ba r  
did no t  show a s ignif icant  difference in  the  reac t ion  
rates.  Therefore ,  no d i s t inc t ion  was  made  b e t w e e n  
samples  f rom dif ferent  bars.  

Presen t  address :  Research  Depa r tmen t ,  Impe r i a l  Oil L imi ted ,  
Sarnia ,  Ontar io,  Canad a .  

Table I. Analysis of 85/15 brass 

B a r  No. 1 2 3 

Cu, wt % 85.36 84.55 85.26 
Pb, wt % 0.005 0.005 ~0.005 
Sn, wt % 0.04 0.00 0.01 
Fe, wt % 0.01 0.02 0.02 
Zn, wt %* 14.58 15.42 14.72 

* By difference.  

All  r eagen t s  used were  of " A n a l a R "  grade.  
Wa t e r  was  red is t i l led  in  an  all  glass appara tus .  Air  
was t a k e n  f rom a compressed air  l ine,  filtered, 
dried,  and  sa tu ra t ed  wi th  w a t e r  at the  ope ra t ing  
t empera tu re .  

The  reac t ion  was  fol lowed by  m e a s u r i n g  po la ro-  
g raph ica l ly  the  concen t ra t ions  of copper  and  zinc 
at r e gu l a r  in te rva ls .  A m a n u a l  po la rog raph  was 
used, wi th  a d ropp ing  m e r c u r y  e lec t rode  and  a sa t -  
u r a t e d  calomel  hal f -cel l .  The  copper  concen t r a t i on  
was measu red  a t - - 0 . 5 v  and  zinc at  - -1 .3v aga ins t  
the ca lomel  electrode.  H y d r o g e n  peroxide,  p r e sen t  
in  the  solut ion,  compl ica ted  the  zinc m e a s u r e m e n t ,  
s ince its h a l f - w a v e  po ten t i a l  is v e r y  close to tha t  
of zinc. To me a su r e  the  quan t i t i e s  of zinc a nd  hy -  
d rogen  peroxides,  dup l ica te  samples  of the  solut ion 
were  taken .  One of these was  evapora ted  to d r y -  
ness and  redissolved in  water .  The diffusion c u r r e n t  
at --1.3v for the evapora ted  sample  gave the zinc 
concen t ra t ion ,  whi le  the difference in  the  diffusion 
c u r r e n t  at --1.3v b e t w e e n  the  two samples  gave the  
h y d r o g e n  perox ide  concen t ra t ion .  Dupl ica te  m e a s -  
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Fig. 1. Typical experimental results. The numbers at the top of 
the figure refer to temperature, acid strength and volume, composi- 
tion of gas phase, sample rotational speed and surface area. 

u r e m e n t s  of the  copper  concen t r a t i on  on each s am-  
ple were  obta ined.  

A cons tan t  l iqu id  vo lume  was m a i n t a i n e d  d u r i n g  
the e x p e r i m e n t  by  rep lac ing  the samples  t a k e n  wi th  
an  e q u i v a l e n t  vo lume  of the  s t a r t i ng  solut ion.  The 
m e a s u r e d  concen t ra t ions  were  corrected for this  
d i lu t ion,  which  u s u a l l y  was v e r y  small .  At  the  end  
of the r u n  the brass  sample  was  dr ied  and  weighed.  
The weigh t  loss was in  good a g r e e m e n t  wi th  the  
a m o u n t  of me t a l  in  solut ion.  

Results 

The resul t s  are p resen ted  m a i n l y  in  t e rms  of dis-  
so lut ion of copper. The  zinc da ta  are less accura te  
due to the  low concen t r a t i on  of zinc in  the  metal .  

Reaction Rate Order 

The d isso lu t ion  of 85/15 brass  in  su l fur ic  acid 
proceeded in  th ree  dis t inct ,  successive stages. For  
the d isso lu t ion  of copper,  these stages can be best  
r ep re sen t ed  by  a ze ro -order  react ion,  fol lowed by  
two h a l f - o r d e r  react ions  wi th  respect  to cupr ic  ion 
concen t r a t i on  in  solut ion.  F i g u r e  1 shows the  th ree  
stages for a typ ica l  run .  The  reac t ion  ra tes  for these  
stages can be r ep re sen t ed  by  the  fo l lowing  e q u a -  
t ions:  

d [Cu § 
Stage 1: 1 = k~ [1] 

dt 

d [Cu +§ 
Stage  2: 2 = k~ [Cu++] ~/~ [2] 

dt 
d [Cu ++] 

Stage  3: 3 = k~ [Cu+§ ~j~ [3] 
dt 

where  k~ < k~. 

The order  of the  reac t ion  ra te  wi th  respect  to 
copper  ions could no t  be  conf i rmed by  ex t e nd i ng  
the  t ime  of reac t ion  because  of the  severa l  succes-  
sive stages. Therefore ,  it  was  checked by  the  addi -  
t ion  of va r ious  concen t ra t ions  of cupr ic  a n d / o r  zinc 
ions to the  s t a r t ing  solut ion.  The resul t s  should 
give a set of pa ra l l e l  s t ra igh t  l ines,  w h e n  p lo t t ing  
the  copper  ion concen t r a t i on  aga ins t  t ime  for a zero 
order  react ion,  or on a plot  of the  square  root  of the  

B.O o--  5x10 -5  M Zn ++ ADDED 
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Fig. 2. Addition of copper ions, stage 2 
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Fig. 3. Effect of copper and zinc ions 

cop?er ion concentration against time for a half- 
order reaction. A typical set of results, for stage 2 
at 25~ is shown in Fig. 2, and results are summa- 

rized in Fig. 3. 
~Ihe data in Fig. 1 could be interpreted as show- 

ing only two half-order reaction rates, because the 
change in cupric ion concentration during stage 1 
gave a straight line both for a zero-order and a 
half-order reaction. However, addition of cupric 
ions to the starting solution gave straight lines on 

a zero-order plot, curves for half-order, indicating 

a zero-order reaction. 
here was no sharp transition from one stage to 

the next, and the duration of stage I and 2 varied 
with the experimental conditions. The transition 
from one stage to another could be correlated with 
the amount of copper dissolved from the brass and 
appeared to be associated with changes in the brass 
surface. The change from stage 1 to stage 2 oc- 
curred when approximately 0.25 mg/cm ~ of copper 
had been dissolved, and stage 3 set in after disso- 
lution of approximately 1.07 mg/cm 2 of copper. A 

brown coating was formed on the surface during 
stage i. The brown layer dissolved in stage 2, leav- 
ing a greenish, crystalline surface in stage 3. 

It was found that the addition of zinc ions had 

no effect on the rate of dissolution of copper for 
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Fig. 4. Effect of acid strength 

0 .8  

all  stages. The add i t ion  of copper  ions showed 
stages 2 and  3 to be of the  ha l f -o rde r  i n  copper  ion 
concen t ra t ion .  Whi le  stage 1 was best  r ep re sen t ed  
by  a ze ro -o rde r  reac t ion  at al l  copper concen t r a -  
t ions added,  the ra te  cons tan t  inc reased  wi th  i n -  
creas ing copper  ion concen t ra t ion ,  i nd i ca t ing  tha t  
at least  two dif ferent  react ions  were  occur r ing  d u r -  
ing stage 1. 

Ef]ect of Experimental  Variables 

Changes  of the  speed of ro ta t ion  in  the  range  300- 
3500 r p m  had  no no t iceab le  effect on the ra te  of 
reac t ion  of a n y  stage. There fore  diffusion of r e -  
agents  or p roducts  did no t  cont ro l  the reac t ion  u n -  
der  the  condi t ions  inves t iga ted .  

The su l fur ic  acid concen t r a t i on  had  no effect on 
the  reac t ion  ra tes  as long as it was above 0.1N. 
The  reac t ion  ra te  decreased at lower  acid concen-  
t r a t ions  (Fig. 4).  The acid concen t r a t i on  was m a i n -  
t a ined  above 0.1N for all  exper iments .  

The a m o u n t  of copper  dissolved in  a g iven  t ime  
should be d i rec t ly  p ropor t iona l  to the  surface  area  
of the  me ta l  sample.  Also, w h e n  the  ra te  of disso- 
lu t ion  is expressed  in  t e rms  of the me ta l  ion con-  
cen t r a t i on  in  solut ion,  r a t h e r  t h a n  the  a m o u n t  of 
me ta l  dissolved, it should  be i nve r se ly  p ropor t iona l  
to the  v o l u m e  of the solut ion,  as shown  by the  r e l a -  
t ion:  

dc 1 dn 
- -  - -  [ 4 ]  
dt v dt 

where  n is moles of me t a l  dissolved. C o m b i n i n g  
these two effects, the m e a s u r e d  reac t ion  ra te  should 
be p ropor t ioned  to A / V .  It  was  found  tha t  wi th  
changes  in  the  me t a l  surface  area  f rom 3.8 to 14.8 
cm ~, and  in  so lu t ion  v o l u m e  f rom 250 to 750 ml  the  
reac t ion  ra tes  of stages 1 and  2 were  d i rec t ly  p ro -  
por t iona l  to A / V  up to 25 cm:/1, b u t  there  was 
some dev ia t ion  at h ighe r  va lues  ( smal l  so lut ion 
vo lumes ) .  

The reac t ion  ra tes  of all  th ree  stages were  p ro -  
por t ioned  to the  square  root  of the  oxygen  pa r t i a l  
pressure .  

Plots  of log k aga ins t  the  inverse  of the  absolu te  
t e m p e r a t u r e  ( A r r h e n i u s '  plots)  gave an  ac t iva t ion  
e n e r g y  of a p p r o x i m a t e l y  ll ,0O0 c a l / m o l e  for stages 
1 and  2. L imi t ed  data  for stage 3 ind ica ted  an  act i -  
va t i on  e n e r g y  of 7000-8000 ca l /mole .  The  r e l a t ive ly  

h igh va lues  ob ta ined  suppor t  the  conclus ion  tha t  
diffusion effects do not  inf luence  the  reac t ion  rate.  

The presence  of h y d r o g e n  peroxide  as one of the 
reac t ion  products  was detec ted  po la rographica l ly ,  
and  conf i rmed by  the p h e n o l p h t h a l e i n  me thod  of 
Schales (2) .  Add i t ion  of h y d r o g e n  peroxide  to the 
s t a r t ing  solut ion ind ica ted  tha t  the  reac t ion  ra te  of 
stage 1 was  d i rec t ly  p ropor t iona l  to the h y d r o g e n  
peroxide  concen t ra t ion .  Li t t le  change  was  observed 
in  the  ra te  of stage 3. The add i t ion  of hyd rogen  
peroxide  shor tened  stage 2 so tha t  the  concen t r a -  
t ion  da ta  ind ica ted  a direct  t r ans i t i on  f rom stage 1 
to stage 3; however ,  v i sua l  obse rva t ion  of the  sam-  
ple showed stage 2 to be p resen t  briefly. The con-  
cen t r a t i on  of hyd rogen  peroxide  in  the  so lu t ion  ap-  
peared  to have  a l imi t ing  va lue  of a p p r o x i m a t e l y  
150-200 • 10 -~ moles/1. Higher  h y d r o g e n  peroxide  
concen t ra t ions  decomposed to this  l imi t ing  value.  
The exis tence  of a l imi t ing  concen t ra t ion  would  
exp la in  the lack of effect of hyd rogen  peroxide  on 
stage 3, since essen t ia l ly  cons tan t  concen t r a t i on  is 
reached  by  the onset  of stage 3 regardless  of the i n -  
i t ia l  concent ra t ion .  

The  t r ans i t i on  b e t w e e n  stages appeared  to be re -  
la ted  to the a m o u n t  of me ta l  dissolved,  accom- 
pan ied  by  not iceable  changes  in  the  appea rance  of 
the  me ta l  surface.  It  was pos tu la ted  tha t  the  t r a n -  
s i t ion f rom stage 1 to stage 2 was caused by  changes  
in  the  composi t ion  of the  me ta l  surface,  because  
there  was a change  in  the  order  of react ion.  Stages 
2 and  3 had  the same order  of react ion,  b u t  different  
va lues  of the ra te  constant .  This  change  could be 
due to an  increase  in  the  surface area. Since disso- 
l u t i on  was  not  diffusion cont ro l led  the  m e a s u r e d  
reac t ion  ra te  should  be p ropor t iona l  to the  t rue  
surface  area, and  changes  in  the surface  roughness  
would  give a different  va lue  of the  m e a s u r e d  ra te  
constant .  To test  the  la t te r  assumpt ion ,  samples  
tha t  had  reached  stage 3 were  washed  careful ly ,  to 
r emove  all t races  of the  cor roding  solut ion,  and  
placed in  fresh solut ion.  In  eve ry  case, a stage 3 
reac t ion  ra te  was ob ta ined  f rom the  start .  As a 
check, f resh ly  pol ished samples  were  e tched for 15 
and  30 m i n  in  an  acid solut ion con ta in ing  0.035M 
H:O~, w h e n  v i sua l  appea rance  of the  sample  r e sem-  
b led  s tage 3. The same reac t ion  ra te  was ob ta ined  
by  both  t r ea tmen t s ,  i nd i ca t ing  tha t  the n a t u r e  of 
the  surface,  and  not  the  h i s to ry  of the  sample,  de-  
t e r m i n e  the  onset  of s tage 3. The  increase  in  the  
surface  area mus t  have  been  the same, regardless  
of the  t r ea tmen t .  

Correlating Equations 

The resul t s  of these e x p e r i m e n t s  can be s u m m a -  
rized by  the  fo l lowing genera l  equa t ions  

Stage 1: 

d [Cu ++] 

dt 

Stage 2: 

d [Cu ++] 

dt 

11400 A 

- -  1 . 9 3  • 1 0  ~ e : ' r  [ P o 2 ] ~ ' ~  - -  [ 5 ]  
V 

10700 A 
-- 5.94 • 103 e R~ [Cu++]l/~ [po2]~/~ 

V 
[6] 
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T e m p e r a t u r e ,  ~ 
O x y g e n  p a r t i a l  p r e s su re ,  

a t m  0.21-1.00 0.21-1.00 
S a m p l e  su r f ace  area ,  

cm" 3.8-14.8 10.7-14.8 
So lu t i on  vo lume ,  l i t e r s  0.25-0.75 0.50-0.75 
Ac id  c o n c e n t r a t i o n  0.2-0.6N 0.2-0.6N 

The  s t a n d a r d  d e v i a t i o n  of t he  cons t an t  in  Eq. [5]  
was  0.19 X 10'-' ( 9 . 8 % ) ,  c a l c u l a t e d  f r o m  d a t a  of 26 
i n d i v i d u a l  e x p e r i m e n t s ,  and  for  Eq. [6]  0.28 • l0  s 
( 4 . 7 % ) ,  d e t e r m i n e d  f r o m  21 e x p e r i m e n t s .  These  
equa t ions  do no t  i nc lude  the  effect of H,Of. E q u a t i o n  
[5]  is v a l i d  u n t i l  a p p r o x i m a t e l y  0.25 m g / c m  ~ of 
coppe r  is d i s so lved ,  w h i l e  Eq. [6]  app l i e s  for  t h e  

STAGE 3 

Fig. 5. Zinc content of dissolved brass 

r a n g e  of 0.25-1.07 m g / c m "  of coppe r  d i sso lu t ion .  A n  
e q u a t i o n  s i m i l a r  to Eq. [6]  shou ld  r e p r e s e n t  s t age  
3, b u t  enough  d a t a  w e r e  no t  ob ta ined ,  to p e r m i t  an  
a c c u r a t e  e v a l u a t i o n  of t he  cons t an t  t e rm.  

A c o m p a r i s o n  of the  r e l a t i v e  a m o u n t s  of coppe r  
and  zinc in solu t ion ,  shown  in Fig.  5, r e v e a l e d  t h a t  
a t  t he  s t a r t  of the  e x p e r i m e n t  t h e r e  was  dez inc i f i -  
cat ion.  The  r a t i o  of t o t a l  zinc to t o t a l  coppe r  in 
so lu t ion  a p p r o a c h e d  t h a t  in t he  m e t a l  as t he  r e a c -  
t ion  p rog res sed .  The re fo re ,  as f a r  as t he  b u l k  of t he  
m e t a l  is concerned ,  t h e r e  was  l i t t l e  dezinci f ica t ion.  

Discussion 
Disso lu t ion  of 85/15 b ra s s  in su l fu r i c  ac id  is v e r y  

s i m i l a r  to  t he  d i s so lu t ion  of p u r e  copper  r e p o r t e d  
b y  L u  and  G r a y d o n  (1) .  The  m a i n  d i f fe rence  is t he  
ex i s t ence  of an  in i t i a l  s tage  of r e l a t i v e l y  s low cop-  
p e r  d i s so lu t ion  for  brass ,  caused  b y  the  dez inc i f i -  
ca t ion  of t he  b ra s s  sur face ,  w h i c h  can no t  ex i s t  for  
p u r e  copper .  Bo th  coppe r  and  85/15 b ra s s  show an  
i nc rea se  in  the  r e a c t i o n  ra te ,  caused  b y  changes  in 
the  su r f ace  r o u g h n e s s  or  su r f ace  a r e a  ( t r a n s i t i o n  
f r o m  s tage  2 to s t age  3) ,  w i t h o u t  an  a p p a r e n t  
change  in t he  r e a c t i o n  mechan i sm .  

T h e r e  is d i s a g r e e m e n t  in  t he  l i t e r a t u r e  on the  
p r o d u c t i o n  of h y d r o g e n  pe rox ide .  T r a u b e  (3)  and  
B e n g o u g h  (4)  r e p o r t e d  the  p re sence  of h y d r o g e n  
p e r o x i d e  and  p r o p o s e d  r e a c t i o n  m e c h a n i s m s  to in -  
c lude  i ts  p roduc t i on .  T h e r e  is e v i d e n c e  t h a t  h y d r o -  
gen  p e r o x i d e  is d e c o m p o s e d  b y  the  p re sence  of 
m e t a l  ions, p a r t i c u l a r l y  copper ,  in so lu t ion  (5 -8 ) .  
This  w o u l d  e x p l a i n  w h y  some i nves t i ga to r s  could  
no t  f ind h y d r o g e n  p e r o x i d e  in m e a s u r a b l e  q u a n t i -  
t ies.  A f a i r l y  r a p i d  h y d r o g e n  p e r o x i d e  d e c o m p o s i -  
t ion  is i n d i c a t e d  b y  the  p r e s e n t  s tudy .  The  h y d r o -  
gen  p e r o x i d e  c o n c e n t r a t i o n  in  so lu t ion  has  no t  e x -  
ceeded  a v a l u e  of 0.002M. So lu t i ons  to w h i c h  l a r g e r  
concen t r a t i ons  w e r e  a d d e d  showed  a loss of h y d r o -  
gen  pe rox ide .  

The  s t a n d a r d  e l e c t r o d e  p o t e n t i a l  for  the  r e a c t i o n  
C u ~ C u  § + 2e- is + 0 . 3 4 v  r e l a t i v e  to t he  r e a c t i o n  
H ~ H  § + e-, and  coppe r  shou ld  no t  d i s so lve  in a i r -  
f r ee  ac id  solut ions .  I n  t he  p r e s e n c e  of a i r  copper  
can  d i s so lve  acco rd ing  to t he  fo l l owing  m e c h a n i s m :  

Cu-> Cu +§ + 2e- a n o d e  

O~ + 2H § + 2e--* H20~ cathode 

Cu -50~ -5 2H + ~ Cu ++ + H~O~ over-all 
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The  s u b s c r i p t  i r e fe r s  to concen t r a t i ons  at  t he  
m e t a l - s o l u t i o n  in t e r face .  The  s low s tep  accounts  
for  the  d e p e n d e n c e  of t he  d i s so lu t ion  r a t e  on the  
s q u a r e  roo t  of the  o x y g e n  p a r t i a l  p r e s su re ,  on the  
h y d r o g e n  ion c o n c e n t r a t i o n  at  low ac id  s t r eng th ,  
and,  t o g e t h e r  w i t h  the  a s s u m e d  c u p r i c - c u p r o u s  ion 
e q u i l i b r i u m ,  i t  a lso accounts  for  the  d e p e n d e n c e  on 
the  s q u a r e  roo t  of the  cup r i c  ion concen t ra t ion .  

The  a d d i t i o n  of c o p p e r  ions  to t he  s t a r t i n g  so lu -  
t ion  s h o w e d  t h a t  the  r e a c t i o n  r a t e  o r d e r  of s t age  1 
was  s o m e w h a t  h i g h e r  t h a n  zero  order ,  a l t h o u g h  t h e  
l a t t e r  was  t he  bes t  r e p r e s e n t a t i o n .  S ince  the  n e x t  
s t age  is of t he  h a l f - o r d e r  in  coppe r  ion c o n c e n t r a -  
t ions,  i t  was  t h o u g h t  t h a t  t he  m e a s u r e d  r e a c t i o n  
r a t e  m i g h t  be  t he  sum of a z e r o - o r d e r  r e a c t i o n  for  
s t age  1, and  the  h a l f - o r d e r  r e a c t i o n  of s t age  2, an  
a t t e m p t  w a s  m a d e  to r e l a t e  the  e x p e r i m e n t a l  d a t a  
f rom s tage  1 b y  the  e q u a t i o n  

d[Cu ++] 

dt 
1 = k '  + k"  [Cu++] ~/~ [7] 

Cu + O,i + 2H+i-+ Cu ++ + H20= 

The ca thode  r e a c t i o n  is the  same  as p r o p o s e d  b y  
C h u r c h i l l  (9 ) ,  and  accounts  for  t he  f o r m a t i o n  of 
h y d r o g e n  p e r o x i d e  as w e l l  as d e p o l a r i z a t i o n  b y  
oxygen .  

Lu  and  G r a y d o n  (1) p r o p o s e d  a m e c h a n i s m  for  
the  d i s so lu t ion  of copper ,  w h i c h  accoun ted  for  t he  
h a l f - o r d e r  r a t e  b y  the  fo l l owing  a s s u m p t i o n s :  

1. The  cupr i c  ion c o n c e n t r a t i o n  in t he  b u l k  of t he  
so lu t ion  is e s s e n t i a l l y  t he  s ame  as at  t he  c o p p e r -  
so lu t ion  in t e r face .  

2. The  c up rous  ion, cupr i c  ion e q u i l i b r i u m  Cu + 
Cu ++ ~ 2 Cu § is e s t a b l i s h e d  a t  t h e  in te r face .  

3. The  r a t e  of d i s so lu t ion  of coppe r  is a s s u m e d  
to be  c o n t r o l l e d  b y  t h e  r e m o v a l  of c u p r o u s  ions  
f r o m  the  i n t e r f a c e  b y  a r e a c t i o n  w h i c h  is first  o r d e r  
w i t h  r e spec t  to c up rous  ion. 

Us ing  the  s ame  a s s u m p t i o n s  t h e  fo l lowing  set  of 
equa t ions  r e p r e s e n t  a poss ib le  m e c h a n i s m  for the  
d i s so lu t ion  of copper  f r o m  brass :  

O~(gas)  .~ O~(solut ion)  ~ O~ i e q u i l i b r i u m  

Cu + Cu *+ ~- 2 Cu + equilibrium 

2 Cu + + O~i + 2H+i -~ 2 Cu ++ + H~O~ slow 
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I t  was  f o u n d  t ha t  t he  e x p e r i m e n t a l  d a t a  cou ld  be  
r e p r e s e n t e d  r e a s o n a b l y  we l l  b y  the  above  e x p r e s -  
sion. H o w e v e r ,  the  va lue s  of k" r e q u i r e d  to p r o d u c e  
th is  a g r e e m e n t  w e r e  c o n s i d e r a b l y  s m a l l e r  t h a n  the  
r a t e  cons tan t s  of s t age  2 for  the  s a m e  e x p e r i m e n t a l  
condi t ions .  

A n o t h e r  r e a c t i o n  af fec t ing  the  c o n c e n t r a t i o n  of 
c o p p e r  ions  shou ld  also be  cons idered .  S tud ie s  b y  
C e n t n e r s z w e r  (10, 11) a n d  K i n g  (12) i nd ica t e  t h a t  
so lu t ion  of zinc in  copper  s u l f a t e - s u l f u r i c  ac id  
so lu t ions  is of t he  first  o r d e r  in coppe r  ion concen -  
t r a t ion .  The  r e a c t i o n  has  been  s h o w n  to p r o c e e d  b y  
the  d i s p l a c e m e n t  of coppe r  ions f rom so lu t ion  (13) .  
Thus,  Eq. [7]  shou ld  be  modi f ied  to i nc lude  t h e  
dec rease  in  cupr ic  ion  c o n c e n t r a t i o n  due  to d i s -  
p l a c e m e n t  b y  zinc 

d[Cu++] 1 ~ k'  -b k"  [Cu++] 1/~- d[Zn§ displ .  [8]  
dt dt 

The  e x p e r i m e n t a l  d a t a  do no t  p e r m i t  an  e v a l u a t i o n  
of the  o r d e r  of t he  d i s p l a c e m e n t  r e a c t i o n  w i t h  r e -  
spec t  to  cupr i c  ion concen t r a t i on .  If  a cupr i c  ion 
c o n c e n t r a t i o n  g r a d i e n t  ex is t s  a t  the .  b r a s s  sur face ,  
i t  w o u l d  be f i r s t - o r d e r  in cupr i c  ion concen t ra t ion .  
The  ex i s t ence  of a d i s p l a c e m e n t  r e a c t i o n  is s u p -  
p o r t e d  b y  the  f o r m a t i o n  of a b r o w n  su r face  l a y e r  
d u r i n g  s t age  1. 

L i t t l e  can  be  sa id  a b o u t  t he  m e c h a n i s m  of d i s -  
so lu t ion  of zinc. C o m p a r i s o n  of t he  quan t i t i e s  of 
copper  and  zinc in so lu t ion  (Fig.  5) i n d i c a t e d  d e -  
z inci f ica t ion  of the  b ra s s  su r f ace  d u r i n g  the  i n i t i a l  
s tage.  As  the  r e a c t i o n  p rog re s sed ,  t he  r a t io  of zinc 
to copper  in  so lu t ion  a p p r o a c h e d  t h a t  in the  b u l k  
me ta l ,  i n d i c a t i n g  d i s so lu t ion  of a copper  su r f ace  
fo l l owed  b y  d i s so lu t ion  of b ra s s  as a uni t .  

The  z inc  d a t a  f r o m  s tage  1 showed  c o n s i d e r a b l e  
sca t t e r ,  and  d id  no t  p e r m i t  an  e v a l u a t i o n  of t he  
d i s so lu t ion  m e c h a n i s m .  In  s t age  3, w h e r e  m o r e  r e -  
l i ab le  z inc  d a t a  w e r e  a v a i l a b l  e , t he  changes  in zinc 
c o n c e n t r a t i o n  could  be  p r e d i c t e d  f r o m  changes  in 
t he  copper  concen t r a t ion .  This  ag rees  w i t h  t he  as-  
s u m p t i o n  t h a t  in  s t age  3 t he  b ra s s  d i s so lves  as a 
uni t ,  c o n t r o l l e d  b y  the  r a t e  of d i s so lu t ion  of copper .  

A d d i t i o n  of zinc ions to t he  s t a r t i n g  so lu t ion  
s h o w e d  no effect  on the  r a t e  of copper  d i s so lu t ion  
in  a l l  s tages .  

Summary 
The  d i s so lu t ion  of 85/15 b ra s s  in su l fu r i c  ac id  

p roceeds  t h r o u g h  t h r e e  success ive  s tages .  T h e r e  is 
an  i n i t i a l  p e r i o d  of su r f ace  dez inc i f ica t ion  a c c o m -  
p a n i e d  b y  some  coppe r  r edepos i t i on .  This  is fo l -  
l o w e d  b y  the  d i s so lu t ion  of coppe r  b y  a m e c h a n i s m  
s i m i l a r  to t h a t  of p u r e  copper .  D u r i n g  the  l a t e r  
s tages ,  zinc is d i s so lved  f r o m  the  b ra s s  su r f ace  as  
fas t  as i t  is u n c o v e r e d  b y  the  d i s so lu t ion  of copper .  
The  coppe r  d i s so lu t ion  p roceeds  in  two  s tages ,  d e -  
p e n d i n g  on the  a r e a  of su r f a c e  e xpose d  to solu t ion .  
The  r a t e  con t ro l l i ng  s tep  is b e l i e v e d  to be  t h e  ox i -  
d a t i o n  of c up rous  ions to cupr i c  ions at  t he  m e t a l  
sur face .  H y d r o g e n  p e r o x i d e  is f o u n d  in t h e  co r -  
r o d i n g  solut ion .  
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ABSTRACT 

Oxygen  layers  on p la t inum are  dissolved at open circui t  in e lect rolytes  
conta ining chlor ide  ions. The  dissolut ion of layers  formed at 1.4 and 1.6v in 1N 
H,SO4 was inves t iga ted  in two solutions wi th  different  concentrat ions  of chlo- 
r ide  ions at  25 ~ and 85~ and i t  is shown tha t  the dissolut ion occurs by  the 
fol lowing mechanism.  The e lect rode is the  seat  of s imul taneous  cathodic and 
anodic reactions,  in which the sum of the pa r t i a l  cur ren ts  of anodic p l a t inum 
dissolution on the free surface is equal  to the  cathodic par t ia l  cur ren t  of the 
oxygen  reduct ion.  

The  ro le  of o x y g e n  on anod ized  p l a t i n u m  has  r e -  
ce ived  m u c h  a t t e n t i o n  in  the  pas t .  O x y g e n  a t  p l a t -  
i n u m  e l ec t rodes  was  a l t e r n a t e l y  b e l i e v e d  to be  an  
ox ide  f i lm (1 -7 ) ,  or  an  a d s o r b e d  fi lm of o x y g e n  
(8 -17 ) .  The  o x i d e - f i l m  h y p o t h e s i s  has  g a i n e d  g r e a t e r  
c r e d e n c e  even  for  o x y g e n  l a y e r s  f o r m e d  at  p o t e n -  
t i a l s  b e l o w  o x y g e n  evo lu t i on  in  r e c e n t  yea r s .  W e  
a re  r e - o p e n i n g  th is  ques t ion ,  h o w e v e r ,  b e c a u s e  t he  
p r e s e n t  p o t e n t i o s t a t i c  and  p o t e n t i o m e t r i c  m e a s u r e -  
m e n t s  on the  d i s so lu t ion  of o x y g e n  l a y e r s  f r o m  
p l a t i n u m  in ch lo r ide  solu t ions ,  as w e l l  as t he  e a r l i e r  
e x p e r i m e n t s  of A n s o n  and  L i n g a n e  (5) ,  a r e  sa t i s -  
f a c t o r i l y  e x p l a i n e d  b y  a m e c h a n i s m  t h a t  m a y  in -  
v o l v e  a d s o r p t i o n  of o x y g e n  Mone. I t  is p o s t u l a t e d  
t h a t  a t  t h e  p l a t i n u m  e lec t rode ,  a f t e r  anod iza t ion ,  
s i m u l t a n e o u s  r e d u c t i o n  and  o x i d a t i o n  processes  oc-  
cur.  

G e n e r a l l y ,  t he  anod ic  f o r m a t i o n  of o x y g e n  l a y e r s  
on p l a t i n u m  is r e t a r d e d  in  e l e c t r o l y t e s  con t a in ing  
ch lo r ide  ions  (9, 12, 18).  O b r u c h e v a  (12) o b s e r v e d  
t h a t  t he  o x y g e n  b r a n c h  of ca thod ic  c h a r g i n g  cu rves  
on  smoo th  p l a t i n u m  w a s  l a r g e r  a f t e r  t he  s a m e  a n -  
odic p o l a r i z a t i o n  in su l fu r i c  ac id  t h a n  in  a m i x t u r e  
of H~SO, a n d  HC1. A n s o n  and  L i n g a n e  (5)  s t ud i e d  
the  d i s so lu t ion  of o x y g e n  l a y e r s  on smoo th  p l a t i n u m  
at  open  c i r cu i t  in a g e n t l y  bo i l ing  so lu t ion  of  0.2N 
HC1 -~ 0.1M NaC1 b y  d e t e r m i n i n g  p h o t o m e t r i c a l l y  
the  c o n c e n t r a t i o n  of t he  ions P tCL  = and  PtCL= a f t e r  
t he  o x y g e n  l a y e r  h a d  been  f o r m e d  e i t he r  a n o d i c a l l y  
in  1N H~SO4 or  b y  c h e m i c a l  ox ida t ion .  T h e y  f o u n d  
t h a t  t he  c h e m i c a l  a n a l y s e s  of the  d i s so lved  p l a t i n u m  
c o r r e s p o n d e d  q u a n t i t a t i v e l y  w i t h  t he  e l e c t r o m e t r i -  
c a l l y  m e a s u r e d  cha rges  for  t h e  ca thod ic  r e m o v a l  
of t he  o x y g e n  l a y e r  f r o m  the  p l a t i n u m .  F r o m  th is  
q u a n t i t a t i v e  a g r e e m e n t  i t  was  conc luded  t h a t  the  
o x y g e n  l a y e r  consis ts  of P r o  and  PtO_~. Bu t  t he  d i s -  
so lu t ion  of t he  o x y g e n  l a y e r  m a y  occur  acco rd ing  
to t he  f o l l o w i n g  m e c h a n i s m  

11 
P t  - -  O + 2H + + 2e----> P t  + H.~O [1] 

I8 
P t  -]- 4C1---> PtCL= + 2e- [2]  

Is 
P t  + 6C1----> P tCL = + 4e- [3]  

w i t h  t h e  cond i t i on  t h a t  ILl = IL + L1- The  o x y g e n  
l a y e r  is f o r m a l l y  d e n o t e d  b y  P t -  O above.  Reac t ions  
[1]  to [3]  a r e  t h e m s e l v e s  ne t  reac t ion .  The  ca thod ic  

r e a c t i o n  [1]  t a k e s  p lace  on the  o x y g e n  l aye r ,  t he  
anod ic  r eac t i ons  [2]  and  [3]  on the  f r ee  p l a t i n u m  
surface .  If  the  m e c h a n i s m  is cor rec t ,  t h e n  the  f o r m a -  
t ion  of P t C 1 j  and  P t C 1 j  d u r i n g  d i s so lu t ion  is no t  
e v i d e n c e  for  t h e  p r e s e n c e  of P r o  a n d  PtOf. This  
w o u l d  fo l low on ly  for  a p u r e l y  c h e m i c a l  p rocess  
w i t h o u t  c h a r g e  t r a n s f e r  across  t he  p l a t i n u m - s o l u t i o n  
in t e r face .  

The  d e s c r i b e d  m e c h a n i s m  can  be  ver i f i ed  b y  o b -  
s e rv ing  the  d i s so lu t ion  of t he  o x y g e n  l a y e r  in  a 
s t r i p p i n g  so lu t ion  at  open c i r cu i t  u n d e r  t he  e x p e r i -  
m e n t a l  cond i t ions  of A n s o n  and  L i n g a n e  (5)  and  by  
t a k i n g  ca thod ic  c h a r g i n g  cu rves  to d e t e r m i n e  the  
a m o u n t  of o x y g e n  in cou lombs  p e r  s q u a r e  cen t i -  
m e t e r  on the  su r f ace  a f t e r  d i f fe ren t  t imes  of d i s so lu -  
t ion.  This  t e c h n i q u e  was  used  b y  one of us (M.W.B.)  
in a s im i l a r  p r o b l e m  c onc e rn ing  the  r e d u c t i o n  of t he  
o x y g e n  l a y e r  on p l a t i n u m  b y  m o l e c u l a r  h y d r o g e n  
(19) .  Di s so lu t ion  shou ld  on ly  t a k e  p l ace  in t he  p o -  
t e n t i a l  r a n g e  of  t he  ca thod ic  r e a c t i o n  [1]  in  t he  case 
of t h e  sugges t ed  me c ha n i sm .  The  su r f ace  a r e a  f ree  
of oxygen will have another effect on the dissolution 
rate in case of the above mechanism as in a chemical 
dissolution process. Processes of the type described 
by Eq. [I] to [3] are of importance in a recent gen- 
eral theory of passivity advanced by Schwabe (20). 

Experimental 
The  fo l lowing  t echn ique ,  u sed  to s t u d y  the  d i s -  

so lu t ion  process  w i t h  t ime ,  i nvo lves  t he  anod ic  f o r -  
m a t i o n  of an  o x y g e n  l a y e r  on p l a t i n u m  in 1N H.SO, 
in one cell ,  w a s h i n g  the  e l ec t rode  in d o u b l e - d i s t i l l e d  
wa te r ,  and  t r a n s f e r r i n g  i t  to a n o t h e r  cel l  w i t h  an  
e l e c t r o l y t e  c on t a in ing  C1- ions  (5 ) .  The  s t r i p p i n g  
so lu t ion  was  the  s ame  as t h a t  of A n s o n  and  L i n -  
gane.  A p e r i o d i c  v o l t a g e  of t r i a n g u l a r  shape  was  
p o t e n t i o s t a t i c a l l y  a p p l i e d  to t he  p l a t i n u m  e l ec t rode  
in  1N H.~SO4 a t  25 ~ w i t h  h e l i u m - s t i r r i n g  in  a vesse l  
of c o n v e n t i o n a l  des ign.  The  e l ec t rode  p o t e n t i a l  was  
c h a n g e d  at  30 m v / s e c  b e t w e e n  0.05v and  1.62v, t he  
p o t e n t i a l  U b e i n g  r e f e r r e d  to a h y d r o g e n  e l ec t rode  
in t h e  s ame  solut ion.  W h e n  the  p o t e n t i a l  r e a c h e d  a 
su i t ab l e  v a l u e  in t he  o x y g e n  r eg ion  (-t-1.4v and  1.6v, 
r e s p e c t i v e l y ) ,  t he  c i rcu i t  was  i n t e r r u p t e d  m a n u a l l y .  
The  e lec t rode ,  n o w  cove red  w i t h  an  o x y g e n  l a y e r  
( 4 , 1 6 ) ,  was  t a k e n  ou t  of t he  vessel ,  w a s h e d  in 
d o u b l e - d i s t i l l e d  w a t e r ,  and  t r a n s f e r r e d  w i t h i n  a f ew  
seconds  to a second  vesse l  con t a in ing  the  s t r i p p i n g  
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solut ion which  was  s t i r red  w i th  pur i f ied a rgon  to 
r emove  mo lecu l a r  oxygen.  Li t t le  oxygen  is ga ined  
or lost in  this  t ransfer .  It  is not  lost because  the  ra te  
of se l f -decompos i t ion  of the oxygen  l ayer  on p l a t i -  
n u m  is ve ry  smal l  in  su l fur ic  acid or other  solut ions  
(8, 15). Nor  is oxygen  ga ined  because  the  adsorp t ion  
of molecu la r  oxygen  does no t  even  occur at a meas -  
u r ab l e  ra te  on a free p l a t i n u m  surface  i m m e r s e d  in  
an  aqueous  so lu t ion  at open circui t  and  room t e m -  
p e r a t u r e  (8, 15). Since the  me thod  involves  the  
s tudy  of the fo l lowing cathodic charg ing  curves  a 
smal l  change  in  the concen t r a t i on  of oxygen  wou ld  
no t  in te r fe re  w i th  the s u b s e q u e n t  conclusions.  On 
immer s ion  the  electrode was  qu ick ly  connec ted  to 
the c i rcui t  of the second cells and  the po ten t i a l  de-  
cay was m e a s u r e d  wi th  an  e lec t romete r  (Ke i th l ey  
610A- inpu t  res i s tance  ~ 10 ̀4 ohms) .  W h e n  the  po-  
t en t i a l  had reached  a g iven  va lue  d u r i n g  the open-  
c i rcui t  decay a cathodic cha rg ing  curve  was  t a k e n  
b y  swi tch ing  on a c u r r e n t  of 10 m a / c m  ~ wi th  a m e r -  
cu ry  re lay  (Wes te rn  Electr ic  275C) and  reg i s t e r ing  
the p o t e n t i a l - t i m e  curves  osc i l lographical ly  (Tek-  
t ron ix  502). The  me thod  of connec t ing  the oscil lo- 
scope wi th  the electrode by  m e a n s  of the  re lay  was 
used to avoid cu r r en t  be ing  d r a w n  by  the i npu t  r e -  
s is tance of 106 ohms of the  oscilloscope. In  the second 
cell the  po ten t i a l  was m e a s u r e d  aga ins t  a ca lomel  
e lectrode in  the  s t r ipp ing  solut ion,  bu t  all  po ten t i a l s  
are  repor ted  below aga ins t  a r e fe rence  h y d r o g e n  
e lect rode at 25 ~ and  85~ respect ive ly ,  in  the s t r ip -  
p ing  solut ion.  The vol tage  b e t w e e n  the  ca lomel  and  
hyd rogen  electrode was  m e a s u r e d  at  25 ~ and  85~ 
respect ively .  Af t e r  the cha rg ing  curve  was  obta ined,  
the e lect rode was  washed  t ho rough ly  and  t r a n s -  
fe r red  to the 1N H.~SO, solut ion.  In  the  cell wi th  1N 
H~SO, at least  one potent ios ta t ic  cycle was passed 
before  r epea t ing  the above  procedure .  At  the  end  of 
a series of charg ing  curves  at least  th ree  of the  in i -  
t ial  curves  were  checked for reproduc ib i l i ty ,  which  
was found  to be w i t h i n  10% of the  a m o u n t  of oxy-  
gen Qo in m c o u l / c m  2. 

Results 

The dissolu t ion  of oxygen  layers  fo rmed  at 1.4 and  
1.6v in  1N H~SO~ at 25 ~ was s tudied  u n d e r  condi -  

k25 

{ O 0 ~ d  d - -  

~0.75 

0.50 - -  [ [ { 
,oo 2co 3oo ,(~e~1o, ~: 
I000 Z000 3000 

Fig. 1. Potential decay at open circuit in 0.2N HCI -I- 0.1M NoCI 
during the dissolution of oxygen layers on smooth platinum. Curve a, 
layer formed at ~1,6v,  dissolved at -F25~ curve b, layer formed 
at H-1.4v, dissolved at -F25~ curve c, layer formed at -+-1.6v, 
dissolved at -l-85~ curve d, layer formed at -F1.4v, dissolved at 
q-85~ 
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Fig. 2. Cathodic charging curves taken after different times of 
dissolution of an oxygen layer, formed at -{-1.6v, in 0.2N HCI -{- 
0 . IM NaCI at 85~ Curve a, taken after 3.8 sec; curve b, taken 
after 52 sec; curve c, taken after 106 sec; curve d, taken after 
195 sec. 
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Fig. 3. Amount of oxygen on the surface as a function of time 
during dissolution in 0.2N HCI -]- 0.]M NaCI under different condi- 
tions. 

tions comparable to those of Anson and Lingane (5) 
at 25 ~ and 85 ~ in 0.2N HC1 -F 0.1M NaC1 (denoted 
below as the "dilute" chloride solution). To in- 
vestigate the influence of the chloride ion concen- 
tration the same experiments were carried out in 
0.2N HC1 + 2.8 NaC1 ( "concen t r a t ed"  chlor ide  solu-  
t ion) .  

For  conven ience  the  e x p e r i m e n t a l  resu l t s  are a r -  
r anged  g raph ica l ly  in  Fig. 1 to 5, which  wi th  
the i r  legends,  and  wi th  re fe rence  to the above dis-  
cussion of e x p e r i m e n t a l  procedure ,  are l a rge ly  self-  
exp lana to ry .  F igu re  1 i l lus t ra tes  the  po ten t i a l  decay 
of p l a t i n u m  electrodes,  covered w i th  oxygen,  at open 
circui t  in  the d i lu te  chlor ide solut ion.  F i g u r e  2 shows 
cathodic charg ing  curves  for one of the  p l a t i n u m  
electrodes  of Fig. 1. F igures  3 and  4 give the  a m o u n t  
of oxygen  on the  surface  af ter  d i f ferent  t imes  of 
d isso lu t ion  at 25 ~ and  85 ~ , in  the  d i lu te  and  concen-  
t r a t ed  chlor ide solutions,  for l ayers  fo rmed  at  1.4 
and  1.6v, respect ively .  F ina l ly ,  the potent ios ta t ic  
c u r r e n t - v o l t a g e  curves  of Fig. 5 show some of the  
i n d i v i d u a l  e lec t rochemica l  steps occur r ing  in  the 
d issolu t ion  process. 

Potential decay of plat inum electrodes covered 
wi th  oxygen . - -The  po ten t i a l  decay is ve ry  slow at 
room t empera tu r e .  Af te r  6.5 h r  the  po ten t i a l  reached  
a va lue  of 0.95v in  the  case of curve  a of Fig. 1. Ob-  
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Fig. 4. Amount of oxygen on the surface as a function of time 
during dissolution in 0.2N HCI -t- 2.8M NaCI under different condi- 
tions. 
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Fig. 5. Potentiostatic current potential curves in 0.2N HCI -I- 
0.1M NaCI. Initial oxygen layer formed at -I-1.6v for 2 min in 
1N H~SO4. Curve A, 0.03v/sec, 25~ curve B, 0.30 v/sec, 2S~ 
curve C, 0.03 v/sec, 85~ curve D, 0.30 v/sec, 85~ Sweep a, 
initial reduction; sweep b, anodie wave; sweep c, second reduction 
wave. 

vious ly  the  d issolu t ion  of the oxygen  l ayer  is slow. 
At  85 ~ the po ten t i a l  decays more  r ap id ly  and  tends  
towards  a t i m e - i n d e p e n d e n t  va lue  at about  0.75v. As 
m a y  be expected,  the  final va lue  of the  po ten t i a l  is 
reached more  qu ick ly  for the  oxygen  layers  formed 
at 1.4v. Also the  in i t i a l  po ten t i a l  decay is l a rger  at 
25 ~ t h a n  at  85 ~ . 

Cathodic charging curves.--Figure 2 shows four  
cha rg ing  curves  which  were  s ta r t ed  at  d i f ferent  
po ten t ia l s  of cu rve  c of Fig. 1. The  app rox ima t e  de-  
t e r m i n a t i o n  of the t r ans i t i on  t ime  7o for a cathodic 
r educ t ion  of the  oxygen  l aye r  is d e m o n s t r a t e d  for 
curve  a. A correc t ion  of the va lue  of 70 for the  charg-  
ing of the double  l ayer  was no t  appl ied  since this  
e r ror  is smal le r  t h a n  10%. Wi th  inc reas ing  t ime of 
d i sso lu t ion  vo becomes smal ler ,  and  the  curves  are  
shi f ted  to less posi t ive  potent ia ls .  Some of the  o x y -  
gen, h a v i n g  a h igher  heat  of adsorp t ion  (17) t h a n  
tha t  o r ig ina l ly  be ing  dissolved, r equ i res  a h igher  
overvol tage.  It  was found,  s imi l a r ly  to Anson  and  
Lingane ,  tha t  about  10-15% of the  oxygen  l ayer  did 
not  dissolve w i t h i n  a r easonab le  e x p e r i m e n t a l  t ime  
(cf. Fig. 1). Genera l ly ,  the  d isso lu t ion  t imes  were  
shor ter  u n d e r  e q u i v a l e n t  condi t ions  t h a n  those ob-  
served by  A n s o n  and  Lingane .  This difference m a y  
be a t t r i b u t e d  to the  use of wi re  electrodes of r e l a -  
t ive ly  smal l  a p p a r e n t  surface  area (0.5 cm~), which  

are k n o w n  to be more  act ive t h a n  l a rger  foil elec- 
trodes. F igu re  2 refers  to m e a s u r e m e n t s  at 85 ~ . 
S i mi l a r  curves  are  ob ta ined  at  25 ~ b u t  the  decrease  
of 7o w i th  d issolu t ion  t ime  is cons ide rab ly  smal le r  as 
expected  on the  basis  of the  resul t s  of Fig. 1. 

Dissolution of oxygen layer.--The dissolu t ion  of 
oxygen  layers  in  the d i lu te  and  concen t r a t ed  chlor ide 
solut ions  is shown  respec t ive ly  in  Fig.  3 and  4. The  
oxygen  layer  which  sti l l  exists  af ter  the  d issolu t ion  
t ime  t is r ep re sen t ed  by  Qo, the  n u m b e r  of mi l l i -  
coulombs per  square  cen t ime te r  r e q u i r e d  for its 
cathodic reduct ion .  A t  85 ~ the  d issolu t ion  proceeds at  
a r easonab le  ra te  u n t i l  the  last  pa r t  is r eached  w h e n  
the s lower dissolving oxygen  comes off. This  occurs 
abou t  th ree  t imes  fas ter  in  the  concen t ra t ed  t h a n  in  
the  d i lu te  chlor ide solut ion.  

Current-voltage curves.--The example  of po t en -  
t iostat ic  m e a s u r e m e n t s  chosen for Fig. 5 is a p l a t i -  
n u m  electrode wi th  an  oxygen  l ayer  fo rmed  at 1.6v 
in  1N H2SO,. Af t e r  the  t r ans fe r  the cathodic sweep a 
was  appl ied  first, fo l lowed by  an  anodic  sweep b, and  
f inal ly  ano the r  cathodic sweep c. The four  curves  
were  t a ke n  at two dif ferent  vol tage  ra tes  (0.3 and  
0.03 v / c m )  at the  two d i f fe rent  t empera tu re s .  D u r -  
ing sweep a the  o r ig ina l ly  p resen t  oxygen  l ayer  is 
r educed  (dot ted  l ines ) .  At  low speed this  r educ t ion  
takes  place b e t w e e n  1.1 and  0.6v. In  the  h y d r o g e n  
region,  b e t w e e n  0 and  +0.3v ,  the I - U - c u r v e s  of 
sweeps a a nd  c coincide. D u r i n g  the  anodic  sweep b a 
smal l  wave  is observed  b e t w e e n  0.6 and  0.9v. This  is 
p r o b a b l y  due  to reac t ions  [2] and  [3], which  occur 
on an  electrode not  yet  comple te ly  pass iva ted  (18, 
21). D u r i n g  sweep b evo lu t ion  of ch lo r ine  (18, 22) 
takes  place for U > 1.4v, as wel l  as reac t ions  [2] and  
[3],  which  become inc reas ing ly  i nh ib i t ed  by  the  
g rowing  oxygen  l ayer  (21).  F i n a l l y  sweep c shows 
the r educ t ion  of the oxygen  l ayer  fo rmed  d u r i n g  
sweep b. The po ten t i a l  r a nge  for this  r educ t ion  is be -  
t w e e n  1.1 and  0.6v, n a r r o w e r  at 85 ~ t h a n  at  25 ~ At  
85 o the c u r r e n t  has a t e n d e n c y  to become anodic be -  
t w e e n  0.6 and  0.Sv d u r i n g  the  cathodic sweep c as a 
resu l t  of anodic  react ions  [2] and  [3] se t t ing in  
w h e n  the oxygen  layer  has been  pa r t l y  removed.  

Discussion 

The above e xpe r i me n t s  were  pe r f o r me d  to see 
w h e t h e r  one can charac ter ize  the  oxygen  layers  
fo rmed  on p l a t i n u m  electrodes.  A m e c h a n i s m  is 
g iven  to show the  "e lec t rochemica l"  n a t u r e  of the  
d issolu t ion  process. This  is suppor ted  by  two p r i nc i -  
pal  observat ions .  First ,  d issolu t ion  takes  place be -  
t w e e n  1.0 and  0.7v, and  second, the ra te  of d issolu-  
t ion  does not  have  an  order  to be expected f rom a 
p u r e l y  chemical  reac t ion  wi thou t  charge t r ans fe r  at 
the electrode interface.  The  p re sen t  m e c h a n i s m  
should  app ly  to the  d issolu t ion  of oxygen  layers  
fo rmed  by  mode ra t e  ox ida t ion  processes at p l a t i n u m ,  
e i ther  anod ica l ly  wi th  vol tages at or be low 1.6v, or in  
ox ida t ive  solut ions.  These were  also the condi t ions  
used by  A nson  and  L i n g a n e ;  hence  the i r  obse rva -  
t ions are consonan t  wi th  the  p resen t  mechan i sm.  

The  e xpe r i me n t s  on the d issolu t ion  of the oxygen  
l ayer  in  the d i lu te  chlor ide  solut ion at 85 ~ (Fig. 1 
and  3) show c lea r ly  tha t  the  process takes  place be -  
t w e e n  1.0 a nd  0.Tv. This  is the  po ten t i a l  r a n g e  in  
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which  the  oxygen  l ayer  fo rmed  in  1N H~SO, is r e -  
duced d u r i n g  the  cathodic sweep at low vol tage  
speeds (Fig. 5, b ranches  a and  c). At  room t e m p e r a -  
t u r e  the  same  conclus ion  holds for tha t  pa r t  of the  
oxygen  l ayer  which  is dissolved w i t h i n  the  s tud ied  
t ime  in te rva l .  

The p resen t  e x p e r i m e n t s  show tha t  the  order  of 
the  d isso lu t ion  reac t ion  canno t  be  one or h igher  as 
would  be expected  for a chemica l  react ion.  Compa r -  
ing two p l a t i n u m  electrodes covered by  oxygen  to a 
di f ferent  ex tent ,  it can be seen f rom Fig. 3 tha t  about  
0.6 m c o u l / c m  '~ are r emoved  at 85 ~ w i t h i n  the  s tudied  
t ime  for the  oxygen  l ayer  fo rmed  at  1.6v and  about  
0.2 m c o u l / c m  '~ for tha t  fo rmed  at 1.4v. The  first ha l f  
of 0.6 m c o u l / c m  ~ is dissolved in  abou t  80 sec, half  of 
0.2 m c o u l / c m  2 in  abou t  17 sec. The  fact  tha t  d i sso lu-  
t ion  is more  rap id  if Qo-values are sma l l e r  can  be 
unde r s tood  on the basis  of the suggested mechan i sm.  
A la rger  pa r t  of the  surface  is free of oxygen  and  is 
ava i l ab le  for reac t ions  [2] and  [3] in  the  case of 
smal l  Qo-values,  w h e n  as in  the  p resen t  case, the  
Qo-value of the  oxygen  l ayer  fo rmed  at  1.6v cor-  
responds  to no more  t h a n  a m o n o l a y e r  (13).  The  
same conclus ion  follows f rom Fig. 4. 

Rega rd ing  the  inf luence of t e m p e r a t u r e  and  the  
concen t r a t i on  of chlor ide  ions it is difficult to give a 
q u a n t i t a t i v e  i n t e r p r e t a t i o n  of the  d issolu t ion  ra tes  
because  reac t ions  [2] and  [3] are inh ib i t ed  by  the 
oxygen  l ayer  (18, 21). Bu t  qua l i t a t i ve ly  the  increase  
in  d isso lu t ion  ra tes  can  be observed  by  a comparison 
of Fig. 3 and  4. 

In  conclusion,  the  p r e sen t  m e a s u r e m e n t s  s u b s t a n -  
t ia te  a d issolu t ion  m e c h a n i s m  of oxygen  layers  in 
which  the cathodic r educ t ion  of oxygen  and  anodic  
d issolu t ion  of p l a t i n u m  occur s i m u l t a n e o u s l y  at the 
same electrode.  The  e x p e r i m e n t a l  resul t s  and  the 
proposed m e c h a n i s m  are  consonan t  wi th  a concept  of 
adsorbed oxygen  on the  P t  surface,  bu t  do not  ex-  
c lude  the  poss ib i l i ty  of oxide format ion .  Converse ly ,  
if such a m e c h a n i s m  is val id,  chemica l  ev idence  of 
reac t ion  products  is no t  sufficient proof tha t  an  oxide 

film exists. Oxide films and  adsorbed  oxygen  layers  
on o ther  meta l s  t h a n  p l a t i n u m  should  also be ap -  
proached wi th  the  same cau t ion  and  should be ex-  
a m i n e d  for the poss ib i l i ty  of comply ing  wi th  a s imi-  
lar  mechan i sm.  

Manuscript  received May 2, 1962; revised manuscr ip t  
received Ju ly  10, 1962. This paper was prepared for 
del ivery before the Boston Meeting, Sept. 16-20, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1963 JOURNAL. 
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ABSTRACT 

The structure of the oxide films formed an a luminum after exposure to 
h igh- tempera ture  pure water over the temperature  range 150-350~ has been 
examined after periods of exposure varying  from 1 min  to 7 hr. The technique 
used to prepare samples for examinat ion  shows up the different s t ructural  
zones in the oxide by in tensi fying the contrast  in refractive index between 
them. It was observed that  the n u m b e r  of dist inguishable zones increased as 
exposure conditions became more extreme and that  the t ime for appearance 
of more than  two zones was m i n i m u m  with the least corrosion resistant  ma-  
terial and max imum with the most corrosion resistant  material .  Columnar  
structures joining the outer crystal l ine layer to the metal  surface at the site 
of second phase particles prot ruding through the metal  interface were also 
observed. These columns also appeared to be connected to the third layer 
when  such a layer  was present. 

The s t ruc tu re  of oxide films fo rmed  on a l u m i n u m  
af ter  exposure  to h i g h - t e m p e r a t u r e  wa t e r  has been  
inves t iga ted  by  a n u m b e r  of p rev ious  worke r s  (1-7) .  
This p rev ious  work  consis ted of e lec t ron mic ro -  
scopic e x a m i n a t i o n  of the  topology of the  i n n e r  
m e t a l - o x i d e  in te r face  and  the  outer  o x i d e - w a t e r  
in te r face  of the  film, as wel l  as examina t ion ,  in  
s i lhouet te ,  of crysta ls  p r o t r u d i n g  f rom the  surface.  
I n  add i t ion  cons iderab le  work  was  also done  on 
the  opt ical  microscopy of cross sect ioned spec imens  
bea r i ng  oxide films. As a resu l t  of this  past  work  
it  has been  es tab l i shed  tha t :  (i) the  oxide film is 
m u l t i l a y e r e d  wi th  two and  poss ib ly  more  zones of 
differ ing s t ruc tu re  in  the  film; (i i)  tha t  the  outer  
zone is c rys t a l l ine  wi th  the c rys ta l l ine  m a t e r i a l  
be ing  gene ra l l y  Boehmi te  bu t  u n d e r  ce r t a in  con-  
di t ions  m a y  also i nc lude  diaspore  needles ;  (i i i)  t ha t  
the i n n e r  surface  ( o x i d e - m e t a l  in te r face)  is a m o r -  
phous.  

No deta i led  s tudy  on the  deve lopmen t  of s t ruc -  
t u r e  in  the  oxide fi lm wi th  t ime  at  va r ious  t e m p e r a -  
tu re  has been  pub l i shed  a l though  Biefer  (2) and  
H a r t  and  R u t h e r  (3) have  g iven  some va lues  on 
the  va r i a t i on  of the  th ickness  of the  ou te r  c rys ta l -  
l ine  l aye r  and  r e m a i n d e r  of the  oxide w i t h  t ime.  
The w o r k  repor ted  here  was there fore  u n d e r t a k e n  
to p rov ide  more  de ta i led  i n f o r m a t i o n  on how the 
var ious  zones and  s t ruc tu res  develop in  the  oxide 
film fo rmed  on a l u m i n u m  exposed to h i g h - t e m p e r a -  
t u r e  water .  Commerc i a l  2S A l u m i n u m  and  two 
special  al loys con t a in ing  i ron  and  n icke l  were  used 
in  the  w o r k  described,  and  spec imens  were  ex-  
posed for eight  d i f ferent  t imes  at  five di f ferent  
t empera tu re s .  

Experimental 
Cyl indr i ca l  samples  of a l u m i n u m  3/8 in. in  d i a m -  

e ter  and  5/16 in. long were  m a c h i n e d  f rom ex-  
t r u d e d  1/2 in. d i ame te r  rod and  then  one end  was 

pol ished down  to 0.25# d iamond.  Po l i sh ing  was 
done in  a special  j ig  ho ld ing  14 samples.  Fo l lowing  
this p r e p a r a t i o n  the  spec imens  were  degreased in  
ref luxed t r i ch lo roe thy lene  for 2 hr  a nd  t h e n  a n -  
nea led  in  a rgon  in  the  test  autoclaves  for 2 hr  at  
340~ The spec imens  were  t hen  b r o u g h t  to tes t  
t e m p e r a t u r e  in  argon,  and  w a t e r  at  the  test  t e m p e r a -  
t u r e  was added  to the  system. The  appa ra tu s  and  
p rocedure  have  b e e n  descr ibed more  fu l ly  in  an  
ear l ie r  pape r  (8) .  The n o m i n a l  composi t ion  of the  
alloys is g iven  in  Tab le  I. 

Af te r  exposure  the  samples  were  coated wi th  a 
t h in  film of v a c u u m - e v a p o r a t e d  a l u m i n u m  to de-  
marca t e  the b o u n d a r y  b e t w e e n  oxide and  m o u n t i n g  
med ium.  They  were  t hen  m o u n t e d  in  d ia l ly l  p h t h a -  
la te  plast ic  a nd  cross sect ioned by  g r i n d i n g  on a 
po l i sh ing  wheel .  The  cross sections were  t h e n  
pol ished down  to 0.25~ d i a m o n d  wi th  kerosene  as 
a l u b r i c a n t  fo l lowed by  pol i sh ing  down  to 0.1~ us ing  
" G a m a l "  and  water .  This  phase  of spec imen  p re -  
p a r a t i o n  was  repor ted  in  de ta i l  ear l ie r  (9, 10). The 
spec imens  p r e p a r e d  this w a y  showed no deta i l  of 
oxide s t ruc ture ,  bu t  did show exce l len t  de ta i l  at  
the oxide me ta l  in te r face  and  the i n f o r m a t i o n  ob-  
t a ined  has also b e e n  repor ted  (9) .  

A f u r t h e r  s tage of sample  p r e p a r a t i o n  revea led  
deta i l  in  the  oxide itself, and  the resul t s  of this  
f u r t h e r  e x a m i n a t i o n  of the  oxide films form the  sub -  
ject  of the p resen t  paper.  The pol ished samples  p re -  
pared  as above  were  t h e n  m o u n t e d  in  ba tches  of six 

Table I. Composition of the alloys 

Alloy % l~i % Fe % Si 

10155 0.5 0.5 0.2 
10157 2.0 0.5 0.2 

2S 
Commercial 0.4% for 
a luminum typical mater ial  

1139 
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Fig. i. 10155 alloy after 7 hr of exposure at 350~ Four layers 
are evident. Magnification 4000X. 

in  a special  j ig in  a bel l  j a r  so tha t  al l  samples  had 
the same ver t ica l  inc idence  to the source, and  a th in  
film of a l u m i n u m  was evapora ted  over  the pol ished 
face of the cross section. The th ickness  of this film 
was of the  order  of 400A, and  it  showed about  50% 
t ransmiss ion .  This t h i n  film increases  the cont ras t  
be tween  zones in  the  oxide film tha t  have  di f ferent  
indices of re f rac t ion  w h e n  v iewed  by  reflected l ight  
in  the  microscope. The first film of a l u m i n u m  de-  
posi ted on the  spec imen  before  m o u n t i n g  acts as 
sharp  demarca t ion  of the b o u n d a r y  b e t w e e n  oxide 
and  m o u n t i n g  plastic.  The spec imens  coated in  this 
way  were  e x a m i n e d  at 1000X. 

Results 

E x a m i n a t i o n  of cross sections showed tha t  on 
all  al loys the  n u m b e r  of d i scern ib le  zones in  the  
oxide film increases  wi th  t ime. For  10155 at the  most  
ex t r eme  exposure  condi t ion,  350~ and  7 hr  of ex-  
posure,  four  d is t inc t  zones could be d i s t ingu ished  
below the  d e m a r c a t i n g  a l u m i n u m  b o u n d a r y :  the  
outer  c rys ta l l ine  layer ,  a second layer  nex t  to this 
one, a t h i rd  layer  fo l lowing the  second, and  a th in  
b a n d  n e x t  to the  me ta l  surface.  These can be seen 
in  Fig. 1. The b r igh t  meta l l ic  flecks seen p r o t r u d i n g  
in to  the  oxide are u n a t t a c k e d  second phase p a r -  
ticles. Af t e r  2 hr  of exposure  at 350~ only  two 
zones are  def in i te ly  present ,  and  the th i rd  l aye r  is 
seen only  as a t h i n  d i scon t inuous  l ine,  whi le  at 
shor ter  t imes  the  n u m b e r  of layers  decreases to two. 
Af te r  7 hr  and  wi th  decreas ing  t e m p e r a t u r e  a s imi-  
lar  t r e n d  is observed,  and  the n u m b e r  of layers  ob-  
served decreases.  Thus  at 300~ af ter  7 hr  of ex-  
posure  the  th i rd  l ayer  is v e r y  thin ,  and  no four th  
l ayer  is observed.  

Wi th  10157 no more  t h a n  two dis t inc t  zones were  
d i s t ingu i shab le  af ter  the exposure  t imes  s tudied,  

Fig. 2. 2S aluminum after 7 hr exposure at 300~ Three layers 
can be seen distinctly and a very thin discontinuous fourth layer. A 
columnar structure joining the third layer to the outer layer can 
also be seen. Magnification 4000X. 

Fig. 3 .2S aluminum after 7 hr of exposure at 250~ Magnifica- 
tion 4000X. 

while  wi th  2S four  layers  were  observed  at  more  
e x t r e me  condit ions.  F igures  2 and  3 are  photographs  
showing  the layers  obse rvab le  in  2S. The  n u m b e r  
of layers  d i scern ib le  in  the  oxide films of the  alloys 
s tud ied  is t a b u l a t e d  in  Tab le  II. It  mus t  be  em-  
phasized tha t  the n u m b e r s  in  the  tab le  should  be ac- 
cepted as ind ica t ing  genera l  t r ends  a nd  should  no t  
be t a k e n  as comple te ly  unequ ivoca l .  This  is due 
to the fact tha t  the appea rance  of the  film is con-  
d i t ioned  to a degree by  the  th ickness  of the  
a l u m i n u m  layer  deposi ted over  the  specimens,  and  
cont ras t  m a y  not  be grea t  enough  in  some cases 
to indica te  an  add i t iona l  l aye r  w h e n  it  is v e r y  thin .  

Cer t a in  s t r u c t u r a l  fea tures  were  also observed in  
the oxide cross sections. These were  c o l u m n a r  s t ruc -  
tu res  be t w e e n  the  ou te r  l ayer  and  the me t a l  surface.  
The "co lumns"  appeared  to be connec ted  to the  th i rd  
layer  w h e n  one could be d is t inguished.  They  ap -  
peared  to occur at places w he r e  second phase  p a r -  
t icles were  p r o t r u d i n g  t h r ough  the  me t a l  oxide 
in te r face  e i ther  at the r e gu l a r  me ta l  surface  or in  
pits. Examples  of these co lumns  are  shown  in  Fig. 2, 
3, 4, and  5. It  canno t  be s ta ted u n e q u i v o c a l l y  w he the r  

Table II. Number of discernible zones in the oxide film after 
exposure at the following times and temperatures 

Temp, 1 5 I0 15 30 60 120 420 
~ Min Min Min Min Min Min Min Min 

2S Alloy 
150 1 1 1 1 2 2 2 2 
200 1 1 1 1 2 2 2 2 
250 1 1 1 1 2 2 2 2 
300 1 1 1 2 2 - -  3 4 
350 3 3 3 3 3 3 3 4 

10155 Alloy 
150 1 1 I 1 i 1 2 2 
200 1 1 1 1 1 2 2 2 
250 1 1 i 1 2 2 2 3 
300 1 1 1 2 2 2 2 3 
350 1 2 2 2 2 2 2* 4 

10157 Alloy 
150 1 1 1 1 1 I 1 1 
200 1 I 1 1 2 2 2 2 
250 1 1 I 1 2 2 2 2 
300 1 I 1 1 2 2 2 2** 
350 1 2 2 2 2 2 2 2 

* Third layer present discontinuously. 
** Some evidence for a discontinuous third layer o b s e r v e d .  
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Fig. 4. 2S after 30 min of exposure at 300~ showing columnar 
structures terminating at the bottom of pits and at protruding sec- 
ond phase particles. Magnification 4000X. 

Fig. 5. 10155 alloy after 60 rain of exposure at 350~ showing 
columnar structures terminating at protruding second phase par- 
ticles. Magnification 4000X. 

these  co lumns  g r o w  up  f r o m  t h e  m e t a l  or  d o w n  
f r o m  the  c r y s t a l l i n e  l aye r .  The  g e n e r a l  conf igu ra t ion  
of t he  co lumns ,  t h i c k  on  top,  t h in  on t h e  bo t tom,  
t h e i r  p r e s e n c e  even  in v e r y  t h i n  films, t h e i r  l a c k  of 
p e n e t r a t i o n  b e y o n d  the  t h i r d  l a y e r  a t  t imes ,  i n d i -  
ca tes  t h e y  g r o w  d o w n  f rom the  c r y s t a l l i n e  l aye r .  
T h e i r  a p p e a r a n c e  a t  t he  s i te  of second  p h a s e  p a r -  
t ic les  a t  t he  su r f ace  or  in  p i t s  cou ld  i nd i ca t e  ev idence  
e i t h e r  of d o w n w a r d  or  u p w a r d  g rowth .  In  Fig.  2 and  
3 t he  co lumns  c e r t a i n l y  w o u l d  s eem to be  t he  r e s u l t  
of d o w n w a r d  g rowth ,  b u t  F ig .  4 shows  s e v e r a l  t y p e s  
of such  co lumns  i n c l u d i n g  some  v e r y  s m a l l  t h r e a d -  
l i ke  ones  connec t ing  second  p h a s e  p a r t i c l e s  a t  t he  
m e t a l  i n t e r f a c e  w i t h  t h e  c r y s t a l l i n e  l a y e r  t h a t  cou ld  
have  g r o w n  f rom the  b o t t o m  up.  

The  p e r c e n t a g e  of t o t a l  f i lm th i cknes s  of t he  
c r y s t a l l i n e  zone a n d  o the r  zones was  also d e t e r m i n e d  
b y  m e a s u r i n g  p r o j e c t e d  i m a g e s  of t he  p h o t o g r a p h e d  
cross  sect ions.  O v e r  t he  r a n g e  of  t imes  and  t e m p e r a -  
t u r e s  cove red  in  our  w o r k  t h e  c r y s t a l l i n e  l a y e r  on 
10157 c o n s t i t u t e d  48% of t he  t o t a l  f i lm th i cknes s  
w i th  t he  s m a l l e s t  v a l u e  m e a s u r e d  be ing  37% and  
the  l a rge s t  61%. F o r  10155 t h e  a v e r a g e  was  48% 
w i t h  t he  s m a l l e s t  v a l u e  m e a s u r e d  32% a n d  the  
l a r g e s t  66%. F o r  2S the  a v e r a g e  was  44% w i t h  t he  
m i n i m u m  be ing  22% a n d  the  m a x i m u m  62%. The  
low m i n i m u m  for  2S o c c u r r e d  a t  350~ A t  th i s  
t e m p e r a t u r e  t he  f i lm on 2S a p p e a r e d  to be  d i f f e r en t  
t h a n  t h a t  on the  o t h e r  a l loys .  The  low va lues  m e a -  
s u r e d  w h e n  d e t e r m i n i n g  the  a v e r a g e  s h o w e d  no 
def in i te  p a t t e r n  of  e i t h e r  i nc r ea s ing  o r  d e c r e a s i n g  
th i ckness  of t he  c r y s t a l l i n e  l a y e r  w i t h  t ime .  W i t h  

O X I D E  F I L M S  1141 

10155 and  10157 m o r e  of t he  l a r g e r  va lue s  o c c u r r e d  
a t  s h o r t e r  e x p o s u r e  t i m e s  t h a n  l o n g e r  ones,  b u t  
w i t h  2S the  r e v e r s e  was  t r u e  a n d  m o r e  of t he  l o w e r  
v a l u e s  o c c u r r e d  a t  e a r l i e r  t imes .  

The  second  l a y e r  c o n s t i t u t e d  41% of t he  t o t a l  
t h i cknes s  of  t h e  ox ide  f i lm on 10155 w h e n  t h r e e  
zones w e r e  v i s ib le  a n d  35% w h e n  fou r  were .  The  
t h i r d  l a y e r  i n c r e a s e d  f r o m  8% of t o t a l  f i lm t h i c k -  
ness w h e n  on ly  t h r e e  l a y e r s  cou ld  be  d e t e c t e d  to 
20% w h e n  four  w e r e  de t ec t ed .  

W i t h  2S the  second  l a y e r  a v e r a g e d  36% of t he  
t o t a l  w i t h  a low of 16% a n d  a h igh  of 61%. The  
t h i r d  l a y e r  m a d e  up  22% on the  a v e r a g e  w i t h  a l ow  
of 8% and  a h igh  of 35%. 

Discussion of Results 
The  e x a m i n a t i o n  of t he  s t r u c t u r a l  zones in ox ide  

fi lms f o r m e d  on a l u m i n u m  exposed  to h i g h - t e m p e r a -  
t u r e  w a t e r  shows  t ha t  t he  co r ros ion  f i lm on the  
a l loys  e x a m i n e d  differs.  W i t h  10157 on ly  two  d i s -  
t inc t  zones cou ld  be  d i s c e r n e d  a t  t he  mos t  e x t r e m e  
cond i t ions  of e x p o s u r e  t i m e  and  t e m p e r a t u r e  used.  
W i t h  10155 as m a n y  as fou r  zones  w e r e  o b s e r v e d  a t  
the  mos t  e x t r e m e  condi t ion ,  w h i l e  w i t h  2S the  m a x i -  
m u m  n u m b e r  of zones o b s e r v e d  was  four ,  and  t h r e e  
zones w e r e  o b s e r v e d  a f t e r  as s h o r t  an  e x p o s u r e  t i m e  
of 1 m i n  a t  350~ c o m p a r e d  w i t h  2 h r  a t  300~ 
S ince  o the r  w o r k  has  s h o w n  t h a t  10157 has  b e t t e r  
co r ros ion  r e s i s t ance  t h a n  the  o t h e r  m a t e r i a l s  t es ted ,  
the  r e su l t s  i n d i c a t e  t h a t  t he  d e l a y  in  f o r m a t i o n  of 
such  s t r u c t u r a l  zones m a y  be  t i ed  up  w i t h  t he  p r o -  
t ec t i ve  p r o p e r t i e s  of t he  ox ide  film. F u r t h e r  ev idence  
for  th is  is t he  fac t  t h a t  t he  w o r s t  m a t e r i a l ,  2S, shows  
t h e  t h i r d  zone a f t e r  e x t r e m e l y  s h o r t  e x p o s u r e s  a t  
350~ 

A l l  t he  f i lms e x a m i n e d  s h o w e d  c o l u m n a r  s t r u c -  
tu res  b e t w e e n  the  c r y s t a l l i n e  o u t e r  l a y e r  and  the  
m e t a l  su r f ace  or  a v i s ib le  t h i r d  l aye r .  The  co lumns  
t e n d e d  to occur  a t  t h e  p r o t r u d i n g  second  p h a s e  p a r -  
t ic les  w h e n  these  w e r e  in  p i t s  or  a t  t he  m o r e  r e g u l a r  
m e t a l - o x i d e  in t e r face .  The  ev idence  ind ica tes ,  a l -  
t h o u g h  no t  u n e q u i v o c a l l y ,  t h a t  t h e y  g r o w  down  
f rom t h e  c r y s t a l l i n e  l aye r .  Because  the  v i s ib le  t h i r d  
l a y e r  a p p e a r s  to  s p r e a d  l a t e r a l l y  f rom such co lumns ,  
Fig .  2, and  a p p e a r s  to  be  s e p a r a t e  and  d i s t i nc t  f r o m  
the  m e t a l  sur face ,  F i g  1 and  2, th is  l a y e r  cou ld  a lso  
be  a c r y s t a l l i n e  l a y e r  n u c l e a t i n g  f r o m  the  co lumn  
p a r a l l e l  and  close to t he  m e t a l  sur face .  

Va lues  of p e r c e n t a g e  of c r y s t a l l i n e  ox ide  to t o t a l  
f i lm th i ckness  a g r e e  w i t h  p r e v i o u s l y  r e p o r t e d  ones.  
B ie fe r ' s  (2)  d a t a  show a l e v e l l i n g  off in  t he  r a t e  
of i nc rea se  of t h i ckness  of t he  c r y s t a l l i n e  l a y e r  w i t h  
t i m e  a f t e r  a b o u t  one w e e k ' s  e x p o s u r e  w i t h  10157 
and  two  w e e k ' s  e x p o s u r e  w i t h  10155. A t  t he  b e n d  
in B ie fe r ' s  cu rves  of l a y e r  t h i cknes s  a g a i n s t  t i m e  the  
va lues  a r e  40% for  bo th  10155 and  10157. O v e r  the  
p e r i o d  t h r e e  w e e k s  to 30 w e e k s  (1, 2) t he  v a l u e s  
g iven  for  bo th  a l loys  d e c r e a s e d  g r a d u a l l y  to a b o u t  
25%. H a r t  a n d  R u t h e r ' s  (3)  va lue s  a v e r a g e d  33% 
over  t he  p e r i o d  24 h r  to  32 days  w h e r e  g e n e r a l  a t -  
t a c k  o c c u r r e d  and  50% w h e n  local  a t t a c k  occur red .  
These  va lue s  a l l  i nd i ca t e  t h a t  w i t h  t i m e s  of e x -  
posu re s  l a r g e r  t h a n  ours,  t he  ou te r  c r y s t a l l i n e  l a y e r  
fo rms  a s m a l l e r  p r o p o r t i o n  of t o t a l  f i lm th ickness .  
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M e a s u r e m e n t s  of Biefer ' s  (1) cross sect ions a f te r  
62 days exposure  at  350~ show tha t  the  t h i rd  l ayer  
on 10155 cons t i tu ted  17% of to ta l  film th ickness  
whi le  t ha t  on 10157 cons t i tu ted  13%. A l t h o u g h  the  
difference is j u s t  s ignif icant  it  adds f u r t h e r  suppor t  
to our  f inding of the  absence  of a n y  d is t inc t  th i rd  
zone on 10157 d u r i n g  the  exposure  t imes  i nves t i ga -  
ted by  us as i t  ind ica tes  the  s lower  g rowth  of such 
a l ayer  on 10157. 

Conclusions 
The e x a m i n a t i o n  of c ross-sec t ioned a l u m i n u m  

oxide corrosion film shows tha t  the  n u m b e r  of s t ruc -  
t u r a l  zones observed  in  the  oxide is leas t  for  the 
most  r e s i s t an t  ma te r i a l ,  and  t ha t  i n  the  leas t  r e -  
s i s tan t  m a t e r i a l  a t h i rd  l aye r  appears  af ter  ve ry  
shor t  exposure  t imes  a t  350~ The  l i n k i n g  of the  
th i rd  zone to the  c rys ta l l ine  ou te r  l aye r  b y  c o l u m n a r  
s t ruc tu res  t h r o u g h  the  oxide suggests  tha t  this  l ayer  
m a y  also be  crys ta l l ine .  If  this  is the  case, it  could 
exp la in  spa l l ing  and  c rack ing  tha t  occurs af ter  
longer  exposu re  t imes.  
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The Mechanism of the Niobium Reaction 
with Water Vapor and with Oxygen 

P.E. Blackburn 1 

Chemistry Department, Research Laboratory, Westinghouse Electr{c Corporation, P ~ b u r g ~  Pennsylvania 

ABSTRACT 

The low- tempera ture  oxidation of n iobium in water  vapor and in  oxygen 
occurs by diffusion of oxygen into the metal  and formation of NbO and NbO~ on 
the surface. NbO, forms a porous scale on NbO, growing l inear ly  from the 
oxide-oxide interface. Solution of oxygen in  the metal  and the growth of NbO 
on n iobium are believed to be diffusion controlled. The so-called breakaway 
oxidation occurring between 400 ~ and 500~ in  oxygen and be tween  750 ~ and 
950~ in water  vapor is shown to be caused by nucleat ion and growth of 
Nb~O~ on NbO.. 

The ox ida t ion  of n i o b i u m  has been  the  sub jec t  of 
a cons iderab le  a m o u n t  of research  over  the  last  20 
years.  N i o b i u m  is a r e l a t i ve ly  a b u n d a n t  re f rac tory ,  
and  in  add i t ion  to its h igh me l t i ng  po in t  and  low 
vapor  pressure ,  it has good duc t i l i ty  and  a low 
n e u t r o n  cross section. A ma jo r  d e t e r r e n t  to its use 
at h igh t empera tu re s ,  however ,  is its low ox ida t ion  
res i s tance  above  400~ The poor  ox ida t ion  res is t -  
ance  man i fe s t s  i tself  b e t w e e n  400 ~ and  500~ 
where  the  in i t i a l ly  pro tec t ive  film is s u p p l a n t e d  by  
a scale wh ich  offers no ba r r i e r  to rap id  ox ida t ion  
(1) .  The t r a n s i t i o n  f rom a p ro tec t ive  film to the  
nonpro t ec t i ve  scale is r a t h e r  ab rup t ,  r e su l t i ng  in  a 
p r o m p t  increase  in  the  ox ida t ion  ra te  at  an  oxygen  
p ickup  of a r o u n d  50-80 # g / c m i  This  change  has 
been  t e r m e d  b r e a k a w a y  oxidat ion.  Seve ra l  i nves t i -  
gators  have  proposed a m e c h a n i s m  for the  change.  

1 P r e s e n t  add re s s :  A r t h u r  D. L i t t l e ,  Inc. ,  A c o r n  Park, Cambridge, 
Massachusetts. 

Cathcar t ,  Campbel l ,  and  S mi t h  (2) on the  basis  
of a mic ro topograph ic  s tudy,  propose tha t  the  t r a n -  
s i t ion to a h igh l inea r  ra te  is due to mechan i ca l  
stress in  the  film. These  stresses lead to occur rence  
of cracks and  bl is ters  in  the  film and  s u b s e q u e n t  
b r e a k d o w n  of protect ion.  These au thors  suggest  
tha t  the  l i nea r  ox ida t ion  resul t s  f rom con t inua l  
hea l ing  a n d  c rack ing  of the  film. 

A repor t  pub l i she d  by  the  au tho r  (3) i n  March  
1959 on the  reac t ion  b e t w e e n  w a t e r  va po r  and  
n i o b i u m  proposed a ne w  m e c h a n i s m  for the  so- 
cal led b r e a k a w a y  oxidat ion.  I t  was  suggested tha t  
this  p h e n o m e n o n  could be re la ted  to t h e  nuc l ea t i on  
and  g rowth  of Nb205 on NbO2. Hur len ,  Kjr  
Markal i ,  a nd  N o r m a n  (4) in  the i r  s tudy  of the  r e -  
act ion of oxygen  wi th  n i o b i u m  i n d e p e n d e n t l y  p ro -  
posed nuc l ea t i on  a nd  g rowth  of Nb~O5 as the  cause 
of b r e a k a w a y  oxidat ion.  
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T h e r e  is some d i s a g r e e m e n t  ove r  t he  o x i d a t i o n  
m e c h a n i s m  occu r r i ng  be fo re  t he  t r a n s i t i o n  to  a h i g h  
l i n e a r  ra te .  G u l b r a n s e n  and  A n d r e w  (1) ,  I n o y e  
(5 ) ,  C a t h c a r t  et al. (2 ) ,  a n d  Br idges  a n d  F a s s e l l  
(6)  a l l  f o u n d  p r o t e c t i v e  o x i d a t i o n  (i.e., p a r a b o l i c  
r a t e s ) ,  w h i l e  Klopp ,  S imms ,  a n d  Ja f fee  (7)  f o u n d  
the  l o w - t e m p e r a t u r e  o x i d a t i o n  to be  l inea r .  K l o p p  
et al. m a k e  no m e n t i o n  of the  t r ans i t i on .  

A n  e x c e l l e n t  r e v i e w  of t h e  n i o b i u m  o x i d a t i o n  
r e s e a r c h  t h r o u g h  1958 is con t a ined  in  the  H u r l e n  
et al. r e p o r t  (4) .  I t  is i n t e r e s t i n g  to no te  t h a t  on ly  
Phe lps ,  G u l b r a n s e n ,  and  H i c k m a n  (8)  w e r e  ab le  
de f in i t e ly  to i d e n t i f y  NbO as one of the  l o w - t e m -  
p e r a t u r e  p r o d u c t s  of ox ida t ion .  This  c o m p o u n d  was  
f o u n d  on a s p e c i m e n  ox id i zed  at  400~ for  5 min  
in  0.1 a t m  O~. These  cond i t ions  a r e  such  t h a t  t h e  
m e a s u r e m e n t  w a s  m a d e  w e l l  b e f o r e  t h e  t r a n s i t i o n  
to the  h igh  l i n e a r  ra te .  The  s t r i p p e d  f i lm s h o w e d  
Nb~O5 e l ec t ron  d i f f r ac t ion  l ines ,  b u t  H u r l e n  et al. 
(4)  s t a t e  t h a t  t he  s t r i p p i n g  process  cou ld  h a v e  p r o -  
d u c e d  the  p e n t o x i d e .  

In  a l l  of t he  s tud ies  r e v i e w e d  b y  Hur l en ,  w i t h  t he  
a b o v e  e x c e p t i o n  and  one s t u d y  a t  300~ b y  B r a u e r  
and  Mi i l l e r  (9) ,  t he  ox ide  scale  f o r m e d  b e l o w  the  
t r a n s i t i o n  p o i n t  was  no t  success fu l ly  ident i f ied .  

K l o p p  et aL (7)  f o u n d  some ev idence  for  NbO 
above  500~ 

In  t he  H u r l e n  et  al. (4)  s tud ies  w h i c h  cove red  
the  t e m p e r a t u r e  r a n g e  of 100~176 a n d  10 -~ to  
760 m m  of oxygen ,  n e i t h e r  NbO,  NbO~, no r  Nb.oO~ 
w e r e  f o u n d  b e l o w  the  t r a n s i t i o n  poin t ,  a l t h o u g h  in 
some cases  two  oxides ,  d e s i g n a t e d  NbO~ a n d  NbO~, 
w e r e  de t ec t ed .  H u r l e n  sugges t s  t h a t  t h e  i n i t i a l  r e -  
ac t ion  is e n t i r e l y  due  to  so lu t ion  of o x y g e n  in the  
meta l .  A t  p r e s s u r e s  of 1 m m  or  less,  t h e r e  w e r e  
some in s t ances  w h e r e  NbO a n d  NbO.o w e r e  f o u n d  
in a d d i t i o n  to Nb~O~. 

The  p h a s e  d e s i g n a t e d  NbO~ was  f o u n d  e a r l i e r  b y  
B r a u e r  a n d  Mi i l l e r  (9)  on n i o b i u m  p o w d e r s  ox i -  
d ized  in a i r  a t  330~ These  a u t h o r s  sugges t ed  the  
f o r m u l a  Nb~O for  th is  phase .  NbOy was  no t  i d e n t i -  
fied b y  H u r l e n  excep t  to i nd i ca t e  t h a t  t h e r e  w e r e  
two  s t r o n g  s p e c t r a l  l ines  w h i c h  cou ld  no t  be  i d e n -  
t i f ied as b e l o n g i n g  to p r e v i o u s l y  r e p o r t e d  phases .  

H u r l e n  et al. have  s h o w n  tha t  t he  n u c l e a t i o n  and  
g r o w t h  of Nb~O~ can  be  r e l a t e d  to  t h e  t r a n s i t i o n  to  
" b r e a k a w a y "  ox ida t ion .  S ince  t h e r e  was  no x - r a y  
ev idence  for  NbO and  NbO~ be fo re  the  t r a n s i t i o n  
t h e y  s p e c u l a t e d  t h a t  t he  nuc le i  w e r e  f o r m e d  in 
NbO~ or  in t h e  o x y g e n  s a t u r a t e d  me ta l .  

A r e p o r t  b y  Kofs t ad ,  K j r  M a r k a l i ,  and  
N o r m a n  (10) covers  the  o x i d a t i o n  b e t w e e n  500 ~ 
a n d  1200~ and  at  o x y g e n  p r e s s u r e s  f r o m  10-' to 
760 mm.  The i r  w o r k  concerns  o x i d a t i o n  a b o v e  the  
t r a n s i t i o n  poin t .  

B r e w e r ' s  s u r v e y  of t h e r m o d y n a m i c s  of ox ides  
(11) ind ica t e s  t h a t  the  s t ab le  ox ides  of n i o b i u m  
a re  NbO,  NbO~, a n d  Nb~O~. I n  t e r m s  of c r y s t a l  
s t ruc tu re ,  N b O  possesses  a de f ec t i ve  N a C l - t y p e  
l a t t i c e  (12) ,  NbO~ has  a r u t i l e  s t r u c t u r e  (13, 14),  
and  Nb.oO~ occurs  in  t h r e e  forms.  B r a u e r  (13) r e -  
p o r t s  t h a t  t he  p e n t o x i d e  exis t s  b e t w e e n  500 ~ and  
900~ as a n  p s e u d o h e x a g o n a l  phase ,  7, b e t w e e n  
1000 ~ a n d  l l 0 0 ~  as an  u n k n o w n  phase ,  fl, and  

a b o v e  1100~ as a monoc l in i c  phase ,  ~. R e c e n t l y  
Ho l t zbe rg ,  Re i sman ,  B e r r y ,  a n d  B e r k e n b l i t  (15) 
i n v e s t i g a t e d  the  p o l y m o r p h i s m  o f  h i g h - p u r i t y  Nb.oO.~. 
T h e y  f o u n d  t h r e e  fo rms :  ( i )  a m o r p h o u s  to  435 ~ 
( i i )  ~, to 830 ~ and  ( i i i )  a above  830~ The  ~ phase ,  
a t w o - d i m e n s i o n a l  a r r a y ,  is B r a u e r ' s  ~, a n d  • phases  
w h i c h  H o l t z b e r g  et  al. show to be a s ing le  phase .  
T h e y  f o u n d  the  a phase  to be  monocl in ic .  B r e w e r  
(11) also r e p o r t s  t ha t  Nb_~O~ has  an  o x y g e n  so lu -  
b i l i t y  r a n g e  of NbO~.~_~.~. S e y b o l t ' s  d a t a  (16) i n d i -  
ca te  an  o x y g e n  s o l u b i l i t y  f r o m  5.5 a t o m  p e r  cen t  
( a / o )  in  n i o b i u m  at  1100~ to 1.4 a / o  a t  775~ 

T h e r e  h a v e  no t  been  a n y  s tud ies  i n v o l v i n g  the  
o x i d a t i o n  of n i o b i u m  in p u r e  w a t e r  vapor .  H o w -  
ever ,  I n o y e  (5)  f o u n d  t h a t  w a t e r  v a p o r  m i x e d  w i t h  
a i r  a p p e a r e d  to a c c e l e r a t e  t he  r a t e  of r e a c t i o n  at  
t e m p e r a t u r e s  b e l o w  400~ 

The  p u r p o s e  of th is  s t u d y  is to d e t e r m i n e  the  
s t a b i l i t y  of Nb~Os, t he  r a t e  of r e a c t i o n  of n i o b i u m  
wi th  w a t e r  vapor ,  and  the  m e c h a n i s m  of r e a c t i o n  
of n i o b i u m  w i t h  o x y g e n  and  w i t h  w a t e r  vapor .  

Experimental Procedure 
Apparatus . - -The a p p a r a t u s  for  t he  t h e r m o d y -  

n a m i c  and  k ine t i c  e x p e r i m e n t s  consis ts  of an  a l l  
q u a r t z  m i c r o b a l a n c e  sea l ed  in to  a P y r e x  glass  sys -  
tem.  Us ing  th is  ba lance ,  w e i g h t  changes  could  be  
r e a d  to -- 2.2 x 10-Tg. A l p e r t  (17) v a l v e s  and  a l l -  
m e t a l  d i a p h r a g m  v a l v e s  w e r e  u s e d  to  p e r m i t  t h e  
s y s t e m  to be  b a k e d  out  a t  300~ P r e s s u r e s  w e r e  
m e a s u r e d  w i t h  a m e r c u r y  m a n o m e t e r  i so l a t ed  f rom 
the  s y s t e m  b y  a nu l l  m a n o m e t e r  (18) ,  w h i l e  v a c -  
u u m s  w e r e  m e a s u r e d  w i t h  a B a y a r d - A l p e r t  (19)  
gauge .  A t  r o o m  t e m p e r a t u r e ,  v a c u u m s  of a b o u t  
1 x 10 -~ m m  w e r e  ob ta ined ,  b u t  a t  h igh  t e m p e r a -  
t u r e s  v a c u u m s  w e r e  on the  o r d e r  of 1 x 10 -~ mm.  

Thermodynamic  equilibrium method . - -The  C O /  
COs e q u i l i b r i u m  ove r  t he  Nb~O~-NbO.o t w o - p h a s e  
r e g i o n  was  m e a s u r e d  b y  s u s p e n d i n g  a p l a t i n u m  
c ruc ib l e  c on t a in ing  n i o b i u m  ox ide  w i t h  a c o m p o s i -  
t ion  of Nb~O,.~ f r o m  one a r m  of t he  m i c r o b a l a n c e  
into  a m u l l i t e  f u r n a c e  tube .  The  s y s t e m  was  e v a c u -  
ated.  The  t e m p e r a t u r e  of t he  f u r n a c e  was  r e g u l a t e d  
at  a c o n s t a n t  va lue .  A m e a s u r e d  p r e s s u r e  of s p e c t r o -  
scop ica l ly  a n a l y z e d  CO c o n t a i n i n g  0.25% CO~ was  
t h e n  a d m i t t e d  to  t h e  f u r n a c e  sect ion,  t h e  v o l u m e  
of w h i c h  h a d  been  e s t a b l i s h e d  p r e v i o u s l y .  The  
w e i g h t  of o x y g e n  lost  f r o m  the  n i o b i u m  ox ide  as 
a r e s u l t  of r e d u c t i o n  b y  CO gas  was  m e a s u r e d  w i t h  
t he  m i c r o b a l a n c e .  T h e  e x p e r i m e n t  was  con t inued  
un t i l  t h e r e  was  no f u r t h e r  c h a n g e  in w e i g h t  ( a b o u t  
24 h r ) .  The  a m o u n t  of CO~ f o r m e d  was  c a l c u l a t e d  
f rom the  o x y g e n  w e i g h t  loss of t he  n i o b i u m  oxide .  

Kinetic ~ e t h o d . - - T h e  r a t e  of r e a c t i o n  of n i o b i u m  
w i t h  w a t e r  v a p o r  was  m e a s u r e d  b y  s u s p e n d i n g  a 
s p e c i m e n  f r o m  one  a r m  of t he  m i c r o b a l a n c e  into  
t he  e v a c u a t e d  f u r n a c e  tube .  The  t e m p e r a t u r e  of 
t he  f u r n a c e  t ube  w a s  r a i s ed  a n d  he ld  cons t an t  to 
__ 0.5~ w h i l e  t he  r e s t  of t he  s y s t e m  was  h e a t e d  to 
p r e v e n t  c o n d e n s a t i o n  of w a t e r  vapor .  W a t e r  v a p o r  
was  g e n e r a t e d  into  a s t o r a ge  bu lb  f r o m  a c o n t a i n e r  
of d i s t i l l ed  w a t e r  w h i c h  h a d  been  t h o r o u g h l y  d e -  
gassed.  These  t w o  c o m p o n e n t s  w e r e  j o i n e d  to  each  
o t h e r  and  to t he  r e s t  of t he  s y s t e m  w i t h  m e t a l  
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va lves  and  K o v a r - t o - g l a s s  seals.  W a t e r  v a p o r  was  
a d m i t t e d  to t he  f u r n a c e  sec t ion  and  w e i g h t  change  
as a func t ion  of t i m e  was  obse rved .  

X-ray di~raction method.--Monochromatic fil-  
t e r e d  n i c k e l  r a d i a t i o n  f r o m  a fine focus  x - r a y  t u b e  
was  used  w i t h  a G u i n i e r  camera .  Di f f rac t ion  p a t -  
t e rns  of p o w d e r  s c r a p e d  f rom ox id i zed  n i o b i u m  
spec imens  b y  s a p p h i r e  a n d  c a r b i d e  tools  w e r e  m a d e  
a t  r o o m  t e m p e r a t u r e .  

Samples.--The Nb=O, was  p r e p a r e d  b y  ox id iz ing  
2 mi l  shee t  m a n u f a c t u r e d  f r o m  p o w d e r  m e l t e d  b y  
e l ec t ron  b o m b a r d m e n t .  O x i d a t i o n  was  c a r r i e d  out  
a t  1200~ u n t i l  t h e r e  was  no f u r t h e r  w e i g h t  gain.  
The  compos i t i on  of t he  fu l ly  ox id i zed  s a m p l e  was  
a s s u m e d  to be  s t o i ch iome t r i c  NbgO0. I ts  r e s i s t i v i t y  
was  f o u n d  to be  a b o u t  3 x 10' o h m - c m  at  r o o m  t e m -  
p e r a t u r e .  

The  a b o v e  ox ide  was  r e d u c e d  w i t h  h y d r o g e n  and  
f r o m  t h e  w e i g h t  change  a compos i t i on  of N b g O _  
was  ca lcu la ted .  This  m a t e r i a l ,  a s s u m e d  to be  in t he  
t w o - p h a s e  r eg ion  Nb=O,.,-NbOg, was  used  in  t he  
CO/COs e q u i l i b r i u m  s tudy .  

N i o b i u m  m o n o x i d e  and  d iox ide  w e r e  p r e p a r e d  
b y  m i x i n g  the  m e t a l  and  Nb20, in t he  co r rec t  r a t ios  
a n d  a rc  m e l t i n g  t h e m  in an a t m o s p h e r e  of p u r e  
argon.  The  m o n o x i d e  was  s i l ve r  a n d  m e t a l l i c  in  a p -  
pea rance .  This  m a t e r i a l  had  a d i a m o n d  p y r a m i d  
h a r d n e s s  of 830. I ts  e l e c t r i c a l  c o n d u c t i v i t y  was  v e r y  
high,  w i t h  a r o o m  t e m p e r a t u r e  r e s i s t ance  of 5 x 10-' 
o h m - c m .  C h e m i c a l  ana lys i s  i n d i c a t e d  a compos i t i on  
of NbOLoo,. The  d iox ide  was  a b l a c k  p o l y c r y s t a l l i n e  
s i n t e r e d  po rous  sol id  whose  r e s i s t i v i t y  was  abou t  
4000 o h m - c m .  The  compos i t i on  of s e v e r a l  s a m p l e s  
v a r i e d  f r o m  NbO2.o~ to NbO2.o~. 

Two d i f f e ren t  t y p e s  of n i o b i u m  shee t  w e r e  used  
for  t he  k ine t i c  s tudy .  The  first,  e m p l o y e d  in t he  
200 ~ a n d  225~ m e a s u r e m e n t s ,  was  t he  e l ec t ron  
b o m b a r d e d  m e t a l  m e n t i o n e d  above .  I t  h a d  the  fo l -  
l owing  i m p u r i t i e s  as d e t e r m i n e d  b y  spec t roscopic  
ana lys i s :  A1, 0.04; Fe,  0.015; Si, 0.01; Ta,  0.1-0.2; 
V, 0.05; Na,  0.01; and  K,  0.01. The  second  spec imen ,  
u sed  for  t he  r e m a i n i n g  s tudies ,  was  p r e p a r e d  f r o m  
F a n s t e e l  h i g h - p u r i t y  v a c u u m  s i n t e r e d  N b  shee t  
w h i c h  con t a ined  t h e  fo l lowing  i m p u r i t i e s :  C, 0.016; 
Ta, 0.14; Fe ,  0.008; Zr ,  0.65; Ti, 0.013; N, 0.028; and  
O, 0.11. Two  t y p e s  of su r f ace  p r e p a r a t i o n  w e r e  
used :  ( i )  a b r a d i n g  w i t h  po l i sh ing  p a p e r  u n d e r  
ke rosene ,  ( i i )  a b r a d i n g  w i t h  a b l a s t  of AI~O~ p o w -  
de r  f o r ced  t h r o u g h  a nozzle  u n d e r  p re s su re .  

Results 
Thermodynar~ic equilibrium.--Three e x p e r i -  

men ts ,  p e r f o r m e d  a t  927 ~ 977 ~ and  1027~ w e r e  
c a r r i e d  out  w i t h  one CO cha rge  a d m i t t e d  a t  r o o m  
t e m p e r a t u r e  be fo re  t he  s a m p l e  was  hea ted .  This  
m e t h o d  r e q u i r e d  a co r r ec t i on  for  t he  a l t e r e d  ba l a nc e  
r e a d i n g  caused  b y  t e m p e r a t u r e  i n d u c e d  v a r i a t i o n s  
in convec t ion  cu r ren t s .  The  convec t ion  coefficient  
was  e q u i v a l e n t  to 1.1 x 10 -~ g / C  ~ at  a p r e s s u r e  of 
5.9 mm.  

In  t w o  e x p e r i m e n t s  m a d e  a t  1077 ~ and  1227~ 
the  CO cha rge  was  a d d e d  a f t e r  t he  s a m p l e  was  at  
t e m p e r a t u r e .  H e r e  the  effect of convec t ion  c u r r e n t s  
on the  r e a d i n g s  was  e l i m i n a t e d  b y  e x t r a p o l a t i n g  the  
w e i g h t  vs. t i m e  c u r v e  to zero  t ime .  

F a c t o r s  l i m i t i n g  a c c u r a c y  of the  e x p e r i m e n t s  
w e r e  t h e r m a l  d i f fus ion  of t he  l o w e r  m o l e c u l a r  
w e i g h t  gas  to t he  f u r n a c e  t u b e  and  r e a c t i o n  of CO 
w i t h  t he  m u l l i t e  f u r n a c e  tube .  The  f o r m e r  effect 
was  b e l i e v e d  to be  smal l .  The  l a t t e r  c i r c u m s t a n c e  
o c c u r r e d  on ly  d u r i n g  the  1227 ~ m e a s u r e m e n t ,  w h e n  
the  w e i g h t  change  of t he  s a m p l e  w i t h  t i m e  r e a c h e d  
zero  a n d  t hen  r e v e r s e d .  The  r e v e r s a l  m a y  h a v e  oc-  
c u r r e d  in  t he  fo l lowing  m a n n e r :  ( i )  the  s a m p l e  
loses w e i g h t  b y  r e a c t i o n  w i t h  CO, i.e., 

Nb20,.g + 4 /5CO ---- 2NBO2 + 4/5CO2 [1]  

( i i )  A second  r e a c t i o n  is a s s u m e d  to occur  s i m u l -  
t a n e o u s l y  w i t h  t he  first  

CO + SiO~(s) ( in  m u l l i t e )  = COg + S i O ( g )  [2]  

The  excess  COs p r o d u c e d  t h e n  r eac t s  w i t h  NbO.~ 
r e v e r s i n g  Eq. [1] .  A l t h o u g h  the  c a l c u l a t e d  p r e s s u r e  
of S i O ( g )  is v e r y  low (10 .... a t m  at  1227~ SiO 
m a y  condense  in  cooler  p a r t s  of t he  a p p a r a t u s  a l -  
l owing  m o r e  COs to be  p r o d u c e d .  Thus  the  t o t a l  
a m o u n t  of COs f o r m e d  m a y  no t  be  e n t i r e l y  ac -  
c oun t e d  for  b y  r e a c t i o n  [2] .  This  effect  cou ld  also 
be caused  b y  di f fus ion of o x y g e n  t h r o u g h  the  m u l -  
l i t e  tube .  I t  is e s t i m a t e d  f r o m  the  w e i g h t  ga in  a f t e r  
e q u i l i b r i u m  was  r eached ,  t h a t  15% of t he  t o t a l  CO._. 
p r o d u c e d  at  1227~ was  due  to one of these  effects. 
This  is e q u i v a l e n t  to 0.36 k c a l  of t he  f ree  e n e r g y  
change .  The  1227 ~ m e a s u r e m e n t  was  c o r r e c t e d  for  
th is  effect. 

T a b l e  I s u m m a r i z e s  t h e  d a t a  and  g ives  t he  ca l -  
c u l a t e d  f ree  e n e r g y  of f o r m a t i o n  of Nb~O,.g f rom 
NbO2. The  compos i t i on  of t he  f o r m e r  is t he  l o w e r  
l i m i t  of  t he  o x y g e n  s o l u b i l i t y  in  t he  NbgO~_~ phase .  

A l ea s t  squa re s  fit to t he  f ree  ene rg i e s  of f o r m a -  
t ion  in  Tab le  I g ives  for  

2NbO2 + 2/50~ = Nb~O~.g [3]  

hH~=o = - - 5 6 . 6  k c a l / m o l e  of t h e  ox ide  and  AS,,~0 = 
--13.8 e . u . / m o l e  of t he  oxide .  B r e w e r  (11) ca l cu -  
l a t e d  the  h e a t  of so lu t ion  of o x y g e n  in Nb..O,., for  
t he  r e a c t i o n  

Nb20,.~ - F  1/100~ = NbgO~ [4]  

to be  AH~ --  --15.3 k c a l / m o l e  of oxide.  The  l a t t e r  
v a l u e  m a y  be  c o m b i n e d  w i t h  t he  h e a t  of r e a c t i o n  
[3]  to g ive  t he  h e a t  of f o r m a t i o n  of Nb~O, f r o m  
NbOg, AH,~o = --71.9 k c a l / m o l e  of oxide .  In  t he  
absence  of e n t r o p y  d a t a  for  t h e  sol id  so lu t ion  r e -  
gion,  t he  e n t r o p y  for  r e a c t i o n  [3]  is m u l t i p l i e d  b y  
5 /4  to g ive  t he  e n t r o p y  of f o r m a t i o n  of Nb~O,. f r o m  

Table I. Free energy of formation of Nb-~04.8 from NbO~ 

- -  A F I "  - -  AF2 b - -  AF3 c 
I n i t i a l  0 2  w t  k c a l /  k c a l /  k c a l /  

T e m p ,  C O  press. ,  loss, P C O ~ / P C O  m o l e  0 .8  m o l e  m o l e  o f  
* K  m m  ~ g  x 103 N b g O ~ . s  o f  C O g  N b ~ 4 . s  

1200 5.85 293 4.11 6.08 34.01 40.09 
1250 5.85 314 4.41 6.21 33.18 39.39 
1300 5.85 327 4.59 6.37 32.35 38.72 
1350 11.4 631 5.41 6.26 31.53 37.79 
1500 6.7 489 5.55 6.92 29.07 35.99 

AFt: 2NbO2 + 4/5CO2 = Nb20~.s + 4/5CO. 
AF2: 4/5CO + 2/503 = 4/5COs from Coughlin (20). 

o AFs: 2NbO2 + 2/503 ---- Nb204.s. 
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Table II. Thermodynamic values for formation of Nb~05 from ,oc 
NBO~ at 1300~ 

Coughlin's 
T h i s  r e s e a r c h  t a b l e s  (20) 

--hH kcal /mole of oxide 
--~S e.u./mole of oxide 
--AFro kcal/mole of oxide 

71.9 71.9 
17.2 17.2 
49.5 49.5 

NbO~, AS = --17.2 e .u . /mole  of Nb,O,. Table II  
compares the  author ' s  t he rmodynamic  values for 
format ion  of Nb~O, f rom NbO= at 1300~ with 
those f rom Coughlin 's  tables  (20). The agreement  is 
excellent.  

F rom Coughlin 's  tables  the h y d r o g e n - w a t e r  
vapor  ra t io  m a y  be calculated for the react ion 

2NbO~ + H=O (g) = Nb,O, + H~ [5] 

At  225 ~ and 1125~ this ra t io  is 10 '~ and 10 ~~, re -  
spectively.  As long as less than  90% of the wa te r  
is consumed in these reactions,  t he rmodynamica l ly  
there  is no reason why  Nb,O, would not be a s table 
product  of the react ion of wa te r  and niobium at 
t empera tu res  up to 1125~ 

Kinet ics  oS N i o b i u m - W a t e r  Vapor  React ion 

There are three  ra te  equations which appear  to 
be fol lowed in this  s tudy  

W = k~t [6] 

W" = k~t [7] 

W ' = k~t [8] 

where  W is the weight  gained by  the sample in 
time, t, and k~, k~, and k8 are, respect ively,  the 
l inear,  parabolic ,  and cubic ra te  constants. To find 
which equat ion applies,  the logar i thm of the weight  
gain may  be plot ted  against  the logar i thm of the 
t ime. 

The l inear  ra te  is obeyed by  react ions which are 
control led by  processes occurr ing at one of the in te r -  
faces. Parabol ic  react ions have been shown by Wag-  
ner  (21) to app ly  to an oxidat ion  mechanism gov- 
e rned  by  the ra te  of diffusion of e i ther  or both  the 
oxygen anion or the meta l  cation through the oxide 
film. I t  is conceivable tha t  a process control led by  
gaseous effusion of the  react ing gas through a grow-  
ing porous oxide layer  could also resul t  in parabol ic  
oxidation,  assuming tha t  the pore d iameters  remained  
re la t ive ly  constant  and only the i r  length  increased 
with  time. A decrease in the area  of the in terface  at 
which the react ion takes  place would also yie ld  a 
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Fig. 1. Niobium oxidized in 5 cm H~O vapor, weight gain vs. 
time. 
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Fig. 2. Niobium oxidized in 5 cm H.~O vapor, weight gain vs. 
time. 
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Fig. 3. Niobium oxidized in 5 cm H~O vapor, weight gain vs. 

time. 

curve of decreasing slope. Hence a curve of this  type  
alone is not incont rover t ib le  evidence for a diffusion 
control led reaction.  

The cubic ra te  has been observed empir ical ly ,  but  
except  for the case of thin films, has not  been ex-  
p la ined  theoret ical ly .  Hur len  (22) suggests that  it 
may  be a t rans i t ion  region be tween inverse logar i th -  
mic and parabol ic  oxidation.  

F igures  1, 2, and 3 show the weight  gain vs. t ime 
for the react ion of n iobium in 5 cm of wa te r  vapor.  
F igure  4 gives the logar i thm of the weight  gain vs. 
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Fig. 4. Niobium oxidized in 5 cm H~O vapor, log weight gain 
vs. log time. 
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the  l oga r i t hm of the  t ime  for all  the r u n s  f rom 200 ~ 
to 1100~ ( the  750 ~ and  850 ~ curves  are no t  i nc luded  
for the  sake of c l a r i ty ) .  The slopes of the  curves  ob-  
t a ined  b e t w e e n  250~176 are close to 0.5, whi le  the  
m e a s u r e m e n t s  b e t w e e n  200o-225 ~ and  400~176 
have  slopes of abou t  0.33. Above  750~ the  log- log  
curves  do no t  fit e i ther  category.  

N iob ium samples  for 250~176 r u n s  were  p re -  
pa red  by  abras ion  w i th  a b las t  of AI=O, powder .  The 
r e m a i n i n g  expe r imen t s  were  made  on samples  p r e -  
pa red  b y  pol i sh ing  spec imen  t h r o u g h  4 /0  e m e r y  
paper  u n d e r  kerosene.  

The effect of surface  t r e a t m e n t  on reac t ion  ra te  is 
c lear ly  d e m o n s t r a t e d  in  Fig. 5, which  compares  two 
samples  w i th  di f ferent  surface  p repara t ions ,  each re -  
acted at 200~ The m a n u a l l y  pol ished me ta l  reacts  
cubica l ly  over  the  fu l l  test  t ime,  whereas  the  b las t  
c leaned sample  fai led to oxidize for the  first 40 m i n  
of the run .  This behav io r  was  uphe ld  by  a second 
b l a s t - a b r a d e d  specimen,  also m e a s u r e d  at 200~ 

W h e n  the  m e a s u r e m e n t s  are  p lo t ted  by  sur face  
t r e a t m e n t  of the  sample ,  curves  i nd i ca t ing  two 
kine t ic  ra tes  emerge.  The slope for the pol ished sam-  
ples is 0.33 for the  t e m p e r a t u r e  r ange  200~176 
For  the  a b r a d e d  me ta l  a slope of 0.5 was  found  up  to 
350~ bu t  f rom this  t e m p e r a t u r e  to 750~ the  s a m -  
ples fo l lowed cubic curves .  

The  uppe r  l imi t  for app l ica t ion  of the  cubic ra te  
occurs at  an  app rox ima te  weight  ga in  of 400 ~ g / c m ~ 
in  5 cm of wa t e r  vapor  as shown  in  Fig. 6. This  
we igh t  ga in  is f rom 6 to 8 t imes  as m u c h  as tha t  ob-  
served for the  pro tec t ive  phase of oxygen  reac t ing  
wi th  n iob ium.  In  some of the  m e a s u r e m e n t s  shown 
in  Fig. 3 an acce lera t ion  in  the reac t ion  ra te  m a y  be 
observed  a f te r  an  oxygen  we igh t  ga in  b e t w e e n  500 
and  800 ~ g / c m l  This is be l ieved  to cor respond to the 
so-cal led  b r e a k a w a y  ox ida t ion  of n i o b i u m  found  be -  
t w e e n  400 ~ and  500~ However ,  in  the  wa t e r  vapor  
exper imen t s ,  the  t e m p e r a t u r e  r ange  for accelera ted  
ac t iv i ty  is b e t w e e n  750 ~ and  950~ The ra te  of r e -  
act ion of n i o b i u m  wi th  5 cm of wa t e r  vapor  is w i t h i n  
a factor  of two of the  ox ida t ion  ra te  in  0.1 a t m  oxy-  
gen up  to 400~ (i.e.,  the  p ro tec t ive  oxide scale 
r ange )  (1) .  

The spec imens  va r i ed  in  color af ter  ox ida t ion  f rom 
dul l  g ray  to da rk  b lue  or black.  The i n t e n s i t y  of the 
color inc reased  w i th  oxygen  pickup.  

The re  was  no  ev idence  in  these  s tudies  for spa l l ing  
of the  oxide film, a fac tor  wh ich  has  been  observed  in  
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Fig. 5. Effect of surface treatment; niobium oxidized at 200~ 
in 5 cm H:O vapor, log weight gain vs. log time. e, abraded through 
4/0  polishing paper, annealed ~at 300~ % abraded with AI~O~ 
blast, no anneal. 
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Fig. 6. Cubic plot, niobium oxidized in 5 cm H~O vapor, weight 
gain vs. t l /~;  600~ ~ samples abraded through 4/0  polishing 
paper, 500 ~ sample abraded with AI=O~ blast. 

other  s tudies  (1, 4, 7) of the  n i o b i u m - o x y g e n  reac -  
t ions. 

An  A r r h e n i u s  plot  of the cubic ra te  cons tan t  (Eq. 
[8],  i.e., for the  reac t ion  occur r ing  before the t r a n s i -  
t ion  to  b r e a k a w a y  oxidat ion ,  vs.  the rec iprocal  of the  
t e m p e r a t u r e  is p re sen ted  in  Fig. 7. I t  is ev iden t  tha t  
a change  in  the  reac t ion  m e c h a n i s m  occurs above 
750~ w he r e  a decrease in  the  ra te  cons tan t  m a n i -  
fests itself. 

S ince  the  p r e t r a n s i t i o n  we igh t  ga in  curves  r e p r e -  
sent  the sum of at least  th ree  s imu l t aneous  processes, 
i.e., oxygen  so lu t ion  in  the  me t a l  and  fo rma t ion  of 
NbO a n d  NbO~, no hea t  of ac t iva t ion  can  be ass igned 
to the ox ida t ion  of n iob ium.  

In  add i t ion  to s tudies  on the  ra te  of ox ida t ion  of 
the me ta l  in  w a t e r  vapor ,  k ine t i c  m e a s u r e m e n t s  we re  
made  of the  reac t ion  of wa te r  vapor  wi th  two of the 
n i o b i u m  oxides. Both samples  were  hea ted  in  a smal l  
p l a t i n u m  crucib le  in  5 cm of w a t e r  vapor .  The NbO 
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Fig. 7. Oxidation of niobium in 5 cm H20, logarithm of cubic rate 
constant vs. 1/T. ~ ,  not cubic; Ao  abraded through 4/0 polish- 
ing paper; [ ]  abraded with AI203 blast. 
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Table III. Lattice parameters of oxides and metal reacted with 5 cm of water vapor 

Lattice parameters 
Nb NbO NbO~ 

Oxidation Wt gain, a a a c N b o O s #  
Temp, ~ t i m e ,  m t n  ~,g/cm2 i n  Angstroms phase 

450-S* 40 80 3.320 • 6 ND$ 13.75 _ 7 6.00 ___ 3 ND 
550-S 6 120 3.326 _ 7 4.235 _ 3 13.72 • 2 6.00 • 1 Trace  
700-W 280 1080 3.321 _ 1 4.219 ___ 2 13.72 ___ 2 5.99 _ 1 
850-S 330 860 3.315 • 4 4.226 • 1 13.74 • 2 6.00 _ 1 N D  
950-W 70 1030 3.309 • 1 4.216 • 1 13.72 • 1 5.99 ___ 1 N D  

1100-S 20 2330 ND ND Trace? 

* S,  s a m p l e  s u r f a c e ,  W,  w h o l e  sample. 
$ N D ,  not detected. 

,y is the low-temperature phase and a t h e  high-temperature 

was oxidized at 500~ for 2 days. Ox ida t ion  for the  
first 3 hr  was  l inear ,  w i th  a r a t e  of 4.2 x 10 -0 g / c m V  
sec. The  ra te  s lowly  decreased w i th  t ime  to 1.3 x 10 -0 
g /cmVsec  af ter  50 hr. 

The porous  NbOo sample  was  hea ted  for 18 hr  at  
500~ in  5 cm of w a t e r  vapor  w i t h  no a p p a r e n t  
change  in  weight .  The  t e m p e r a t u r e  was  t h e n  ra ised  
to 900 ~ whe re  the  sample  r ead i l y  oxidized. D u r i n g  
the 4 0 - m i n  m e a s u r e m e n t  the  reac t ion  ra te  was  a m -  
plified by  a factor  of 4. Since the  sample  was  exposed 
to wa t e r  vapor  whi le  be ing  hea ted  f rom 500 ~ to 
900~ the increase  in  r a t e  w i th  t ime  was m e a s u r e d  
a f te r  some reac t ion  had  a l r eady  t a k e n  place. This  
ox ida t ion  behav io r  appears  to be  a nuc l ea t i on  and  
growth  process in  the  fo rma t ion  of the pen tox ide  
from the  dioxide. By compar ing  the  900 ~ curve  wi th  
m e a s u r e m e n t s  of NbO~ in  air  (see be low) ,  an  i n d u c -  
t ion  per iod  of abou t  100 rain could be es t imated.  This  
m a y  be compared  to 25 ra in  at  950 ~ and  200 ra in  at  
850~ for the  onset  of the  h igh l i nea r  ra te  in  the  oxi-  
da t ion  of the  metal .  This  ra te  appears  to be caused by  
the n u c l e a t i o n  and  g rowth  of Nb~O~ on NbO~ in  w a t e r  
vapor.  

The a m o u n t  of h y d r o g e n  p roduced  in  the w a t e r  
v a p o r - n i o b i u m  reac t ions  was  n e v e r  g rea te r  t h a n  
1.4% of the  to ta l  p ressure  wel l  be low the t h e r m o d y -  
namic  l imi t  for  r educ t ion  of Nb~O5 to NbO~ at l l 0 0 ~  
The p re s su re  of h y d r o g e n  produced  in  all  cases was  
so smal l  compared  to the  e q u i l i b r i u m  pressure  over  a 
s a tu ra t ed  so lu t ion  of h y d r o g e n  in  n i o b i u m  tha t  the  
n i o b i u m  should  have  dissolved less t h a n  1.6 a /o  of 
h y d r o g e n  (220 p p m )  d u r i n g  the  w a t e r  vapor  reac-  
t ion. The  m a x i m u m  capaci ty  for h y d r o g e n  occurred 
in  the  200~ m e a s u r e m e n t s .  The  so lubi l i ty  of h y d r o -  
gen as a f unc t i on  of h y d r o g e n  p ressure  was  ca lcu-  
la ted  f rom Katz  and  G u l b r a n s e n ' s  da ta  (23).  Ka tz ' s  
da ta  we re  ex t r apo la t ed  be low the  m i n i m u m  concen-  
t r a t i on  of 3 a/o.  I t  is possible  t ha t  so lu t ion  of h y d r o -  
gen in  the  me t a l  m a y  have  been  m u c h  less t h a n  tha t  
calculated,  s ince h y d r o g e n  m a y  not  be  able  to diffuse 
t h rough  an  oxide layer .  The presence  of h y d r o g e n  
gas is no t  be l i eved  to have  a n y  effect on the  ox ida-  
t ion  mechan i sm.  The  a m o u n t  of h y d r o g e n  gas p re sen t  
was  fa r  too smal l  to p r e v e n t  the  fo rma t ion  of Nb~O.~ 
u n d e r  a n y  of the condi t ions  p re sen t ed  in  this  s tudy.  

X-Ray  Diffraction Spectra of Oxides 
Formed on Niobium 

Some of the  samples  were  scraped wi th  carb ide  
and sapph i re  tools to r e m o v e  the  oxide film. The  e x -  
t r eme  ha rdness  of NbO (830 D P H )  requ i res  d i a m e n -  
t ine  tools to assure  its r emova l .  Other  samples  we re  

phase .  

comple te ly  g r o u n d  for use as x - r a y  samples.  The re  
was no t  enough  oxide to m a k e  an  x - r a y  m e a s u r e -  
m e n t  on spec imens  oxidized be low 450~ These  
samples  reac ted  wi th  less t h a n  a to ta l  of 400 ~g of 
oxygen.  

Tab le  I I I  gives the  resul t s  of the  x - r a y  m e a s u r e -  
ments .  Except  for  the  450 ~ m e a s u r e m e n t ,  w he re  on ly  
dioxide was observed,  both  monox ide  and  dioxide 
were  found  on samples  up  to 950~ Since no l ines 
were  found  for n i o b i u m  in  the  1100 ~ sample  the  ab -  
sence of the  two lower  oxides m a y  have  been  caused 
by  fa i lu re  to r emove  the  oxide l aye r  to a sufficient 
depth.  The  lack  of NbO l ines  at  450 ~ m a y  be due  to 
e i ther  smal l  c rys ta l  size or low concen t ra t ion .  The 
lack of pen tox ide  spect ra  at 850 ~ and  950~ m a y  
perhaps  be due  to i n a d e q u a t e  x - r a y  exposure  t ime  or 
sample  size. 

The  la t t ice  p a r a m e t e r s  g iven  here  are compared  to 
l i t e r a t u r e  va lues  in  Tab le  IV. 

Seybol t ' s  da ta  (16) for oxygen  dissolved in  n io -  
b i u m  gives a room t e m p e r a t u r e  n i o b i u m  lat t ice  pa -  
r a m e t e r  of 3.3125A for n i o b i u m  sa tu ra t ed  w i th  4.6 
a / o  oxygen  at  1000~ The room t e m p e r a t u r e  pa -  
r a m e t e r s  m e a s u r e d  here  ind ica te  tha t  the  sa tu ra t ed  
m e t a l  m a y  e x p a n d  at  leas t  to as m u c h  at  3.320A af te r  
oxidiz ing b e t w e e n  500 ~ and  700~ This  va l ue  m a y  
be compared  to tha t  of H u r l e n  who found  a m a x i -  
m u m  va lue  of 3.342A for a sample  oxidized at  350~ 
It  appears  t ha t  n i o b i u m  can take  up  more  t h a n  4.6 
a /o  oxygen  at  lower  t empera tu re s .  

Wi th  the  except ion  of H u r l e n ' s  (4) low oxygen  
p ressure  resul ts ,  the  x - r a y  data  for the  samples  d i f -  
fer  f rom ear l ie r  w o r k  on the  o x y g e n - n i o b i u m  reac -  
t ions  in  tha t  all  th ree  oxide phases  were  found  at 
h ighe r  t empera tu re s .  Most of the  pub l i shed  resul t s  
have  ind ica ted  on ly  Nb..O~ as the  p roduc t  of ox ida-  
t ion. I t  w ou l d  be v e r y  des i rab le  to k n o w  w h a t  phases  
are p re sen t  on the  samples  oxidized be low 450~ 

Contact Resistance of Oxides and Oxidized Niobium 

H u r l e n  (4) has suggested  tha t  ne i t he r  of the  two 
oxides, NbO and  NbO2, forms  before  the  pen tox ide  

Table IV. Lattice parameters for niobium and its oxides 

N b  N b O  NbO~ 
A u t h o r  a a a c 

i n  Angstroms 

Edwards 
e t  al (24) 3.3004 

Brauer  (13) 4.210 
Magneli  (14) 13.71 5.985 
This research 3 .301•  4 . 2 1 1 _ 4  13 .70_2  5 . 9 9 _ 2  
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Table V. Contact resistance of oxides and oxidized niobium 

Contact~ 
Wt gain, resistance, 

Temp,  "C /Lg/crnS ohm/eraS 

200 
200 
200 
225 
250 
300 
350 
350 ~ 
500 
600 

A b r a d e d  N b  
Blast abraded Nb 

NbO ~ 
NbO~ ~ 

Nb20, ~ 

2 0.13 
3 0.2 
3 0.2 
2 0.2 
6 0.2 

12 0.2 
40 0.3 
50 0.3 

140 0.5 
100 1.2 

0.015 
0.002 
0.0024 
4 X 10 s 
3 X 10 s 

Two surfaces,  each  1 cmS. 
b Sample  oxidized in 0.1 arm Oi, all others in 5 cm H~O. 
o 1 c m  thick,  total  resistance.  

in oxygen  pressures  g rea te r  t han  0.1 m m  and  tha t  
oxygen  dissolves in  the  me ta l  in i t i a l ly  w i thou t  f o r m-  
ing an  oxide film. 

In  order  to test  this  hypothesis ,  the  contact  res is-  
t ance  of the  th ree  oxides and  the  oxidized samples  
was  measured .  These da ta  are g iven  in  Table  V. The 
va lues  are for two contacts  of 1 cm ~ each. I n d i u m  foil 
was  used to improve  the  e lect r ical  contact.  

The contact  res i s tance  in  all  cases is at least  10 
t imes  g rea te r  t h a n  tha t  for e i ther  the  me ta l  or NbO. 
This is ev idence  tha t  even  the  samples  oxidized at 
200~ have  some oxide present ,  e i ther  NbO_~ or 
Nb~O~. The da rk  g ray  to b lack  color of the oxide 
films suppor t  this  f inding,  ind ica t ing  tha t  the oxide 
is p r o b a b l y  NbO2 or nons to ich iomet r i c  Nb~O~. 

Oxidation of NbO and NbO~ in Air 

In  order  to prove  the assumed ana logy  be t w e e n  
the ox ida t ion  of n i o b i u m  in  wa t e r  vapor  and  in oxy-  
gen, the k ine t ics  of NbO and  NbO~ ox ida t ion  in  air  
were  s tudied.  The resul ts  of the NbO~ oxida t ion  be -  
t w e e n  400 ~ and  500 ~ are shown  in  Fig. 8 where  the  
o x y g e n - n i o b i u m  ra t io  is p lo t ted  aga ins t  the  logar -  
i t h m  of the  t ime.  The  surface  a rea  of the  sample  was  
no t  k n o w n ,  p roh ib i t i ng  the  ca lcu la t ion  of a q u a n t i t a -  
t ive  ra te  of react ion.  These  curves  do demons t r a t e  
tha t  NbO~ oxidizes in  a m a n n e r  wh ich  is charac te r i s -  
tic of a nuc l ea t i on  a n d  g rowth  cont ro l led  react ion.  
The  i nduc t i on  per iods  agree f avo rab ly  wi th  the t ime  
elapsed before  the onset  of the h igh l inea r  ox ida t ion  
of n i o b i u m  ( b r e a k a w a y  ox ida t ion)  observed by  
o ther  authors .  

F igu re  9 shows the  ox ida t ion  of NbO in  air  be-  
tween  350 ~ and  450~ These curves  show tha t  NbO 
oxidizes l i n e a r l y  and  tha t  NbO~ is p re sen t  before  the  
pen tox ide  is formed.  

Discussion 

The t h e r m o d y n a m i c  s tudy  on the  NbO~-Nb~O,.~ 
phases  ind ica te  t ha t  the  Nb20~ is s table  in  w a t e r  

vapor ,  so t ha t  its fa i lu re  to form in  wa te r  vapor  at  
low t e m p e r a t u r e s  canno t  be a t t r i b u t e d  to this factor.  
There  is exce l len t  a g r e e m e n t  b e t w e e n  the da ta  ob-  
t a ined  here  and  the  tab les  ca lcu la ted  by  Coughl in .  

Z. 5 I I I [ I I I I I I i i I 

2.4 

Z. 3 500~ 
4T5~ 

o 424Oc 

Z. 2 

4 ~ 0 "  " ~"oY'f 'O~" ' 100 r I ' }000 2000 

Time in  Minutes 

Fig. 8. Oxidation of NbO2.o~ in air 
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Fig. 9. Oxidation of NbO in I atm of air. 
% NbO ~- O3 ~ Nb20~ -f- NbO2; e, NbO ~- Y2 03 -~ NbO~. 

The use of a v a c u u m  ba lance  for d e t e r m i n i n g  the 
CO/COs ra t io  in  a stat ic sys tem has the  a d v a n t a g e  
tha t  the  e q u i l i b r i u m  po in t  m a y  be prec ise ly  defined. 

The sugges t ion  by  ear l ie r  au thors  tha t  the  b r e a k -  
down  of pro tec t ive  ox ida t ion  is due to a phys ica l  
m e c h a n i s m  i nvo l v i ng  stresses and  s t ra ins  in  w h a t  was  
assumed to be a p ro tec t ive  film of Nb~O5 is i ncom-  
pa t ib le  wi th  f indings  in  this  s tudy.  Firs t ,  it has been  
shown tha t  a p ro tec t ive  oxide film can grow in  water  
vapor  to a th ickness  a lmost  10 t imes  tha t  of a film 
g rown  in  oxygen.  Thus  fa i lu re  canno t  be re la ted  to a 
phys ica l  b reakdown .  Second, there  is good ev idence  
tha t  Nb20~ is no t  p resen t  before  the b r e a k d o w n  oc- 
curs;  ra ther ,  the b r e a k d o w n  can be d i rec t ly  corre-  
l a ted  w i th  the  appea rance  of Nb~O0. I t  seems possible 
that  the  cracks a nd  b l i s te rs  observed  by  Cathcar t  
et aL (2) are due  to the  fo rma t ion  of a nonpro t ec t i ve  
film of Nb~O~ g rowing  in to  the  u n d e r l y i n g  films of 
NbO and  NbO.~. 

The in t e r f e rence  colors observed  on p r e t r a n s i t i o n  
samples  oxidized in  oxygen  and  in  wa te r  vapor  m u s t  
be caused by  NbO~. Opt ical  p roper t ies  for NbO and  
NbO.~ have  not  been  found  in  the  l i t e ra ture .  How-  
ever,  w i t h  r ega rd  to the  former ,  it  seems v e r y  l ike ly  
tha t  it wi l l  behave  in  a fash ion  s imi la r  to metals ,  
s ince its e lectr ical  conduc t iv i ty  is w i t h i n  an  order  of 
m a g n i t u d e  of severa l  metals .  Because of the i r  h igh 
conduc t iv i ty ,  meta l s  are k n o w n  to be p rac t ica l ly  
opaque  (25).  

I t  appears  tha t  i n t e r f e r ence  colors observed  on 
oxidized n i o b i u m  m u s t  be due to NbO~ or Nb~O,. 
Since it  has b e e n  shown  tha t  Nb.~O5 forms on ly  af ter  
t e m p e r a t u r e  d e p e n d e n t  i nduc t i on  periods,  the  i n t e r -  
fe rence  colors observed before  the  n u c l e a t i o n  and  
growth  of Nb20~ m u s t  be due to NbO2. H u r l e n  has 
a t t r i b u t e d  the  i n t e r f e r ence  colors on his samples  to 
an  oxide of unspecif ied composi t ion,  NbOx. This  
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phase  has a cubic la t t ice  p a r a m e t e r  s l ight ly  grea te r  
t h a n  n i o b i u m  (NbOx, ao = 3.384; Nb, ao = 3.300) a nd  
is r e fe r red  to by  H u r l e n  as a suboxide  of n iob ium.  I t  
is p r e s u m a b l y  more  me ta l  r ich t h a n  NbO. Its  e lec t r i -  
cal conduc t iv i ty  and  meta l l i c  cha rac te r  should  
there fore  be  even  g rea t e r  t h a n  NbO. Hence,  it wou ld  
appear  to be  less l ike ly  to cause in t e r f e rence  colors 
t h a n  NbO, and  the re  is good reason  to doub t  tha t  NbO 
could fo rm the  t r a n s p a r e n t  films necessa ry  for the 
occur rence  of i n t e r f e r ence  colors. 

H u r l e n  (4) has observed  tha t  n i o b i u m  oxidizes 
in i t i a l ly  at  a l i nea r  rate ,  con t r a ry  to severa l  o ther  
s tudies  in  which  a parabol ic  ra te  has been  repor ted.  
He bel ieves  t ha t  this  l i nea r  r a t e  corresponds  to so lu-  
t ion  of oxygen  in  the  me ta l  w i thou t  the  fo rma t ion  of 
an  oxide film. Both G u l b r a n s e n ' s  work  in  oxygen  
and  the  p re sen t  w o r k  in  wa t e r  vapor  give in i t i a l ly  
h igher  ra tes  t h a n  found  by  Hur len .  A possible exp la -  
na t i on  for the  difference in  the shape of the curves  
and  ra tes  m a y  be found  in  the  surface  p r e p a r a t i o n  of 
the var ious  samples.  In  this s tudy  it  was found  tha t  
the in i t i a l  l o w - t e m p e r a t u r e  ra te  was e i ther  parabol ic  
or cubic depend ing  on w h e t h e r  the sample  was  
ab raded  wi th  a b las t  of ALO~ or pol ished wi th  e me r y  
paper .  At  200~ a more  p ro found  effect was found:  
the  b las t  ab r aded  sample  fai led to oxidize for the  
first 40 min .  Hur l en ,  on the  other  hand ,  did no t  ob-  
serve a n y  differences b e t w e e n  samples  pol ished wi th  
a l u m i n a  and  e lect ropol ished specimens.  

The  absence  of diffract ion spect ra  for NbO and  
NbO~ at lower  t e m p e r a t u r e s  in  H u r l e n ' s  s tudy  is not  
u n a m b i g u o u s  ev idence  tha t  these  phases  are  no t  
present .  The  a m o u n t  of oxide which  can be detec ted  
by  x - r a y  dif f ract ion depends  on a n u m b e r  of factors,  
among  which  are (i) c rys t a l l i n i t y  and  crys ta l l i te  
size, (it) c rys ta l  s t ruc ture ,  ( i i i )  a tomic n u m b e r  of 
e l ements  presen t ,  and  ( iv)  sens i t iv i ty  of the  me a s -  
u r i n g  i n s t r u m e n t .  U n d e r  the most  f avorab le  condi -  
t ions  Cu~O oxide films as t h in  as 100A have  been  
detec ted  by  x - r a y  d i f f rac tometer  (26).  Some studies  
by  B lackbu rn ,  Weissbar t ,  and  G u l b r a n s e n  (27) on 
the  ox ida t ion  of UO= ind ica ted  tha t  an  oxide l aye r  of 
cubic U~O~ less t h a n  600~ th ick  could no t  be  
detec ted  in  a p o w d e r  camera  us ing  a fine focus x - r a y  
beam.  Tay lo r  (28) has e s t ima ted  t ha t  an  oxide film 
as m u c h  as 10~A th ick  m a y  be needed  for effective 
de tec t ion  w i th  a d i f f ractometer .  Thus,  the  m i n i m u m  
level  for de tec t ion  canno t  be s ta ted  categorical ly.  I t  
c e r t a in ly  is finite, and  fa i lu re  to detect  x - r a y  spectra 
canno t  be  t a k e n  as ev idence  for comple te  absence  of 
an  oxide film. 

The  difference in  the  ox ida t ion  behav io r  of n io -  
b i u m  in  w a t e r  vapor  and  oxygen  is p e r t i n e n t  to this  
p roblem.  I t  has been  shown  tha t  the  pro tec t ive  l aye r  
g rown  in  w a t e r  vapor  is as m u c h  as 10 t imes  th icker  
t h a n  t ha t  g rown  in  oxygen.  This  of course gives bo th  
more  oxide m a t e r i a l  to ana lyze  and  l a rge r  crystals .  
These factors  m a y  account  for the  de tec t ion  of the  
lower  oxides in  this  s tudy  whe re  t hey  were  no t  

found  in  mos t  cases before.  E v e n  though  the  color 
and  the  res i s t iv i ty  of samples  reac ted  w i th  less t h a n  

80 ~g of H~O ind ica ted  the  presence  of an  oxide film, 
the  a m o u n t  was i n a d e q u a t e  for ana lys i s  in  the  p re s -  

en t  s tudy.  

C o n t r a r y  to w h a t  migh t  be expected,  the p r e t r a n -  
s i t ion ra tes  (i.e., before  b r e a k a w a y  ox ida t ion)  are 
no t  a func t ion  of the pa r t i a l  oxygen  pressure  in  equ i -  
l i b r i u m  wi th  w a t e r  vapor  a n d  the  h y d r o g e n  p ro -  
duced  by  the  react ion.  Ins tead ,  the  wa te r  vapor  ra tes  
at  5 cm pressure  appea r  to be s imi la r  to ox ida t ion  
ra tes  of n i o b i u m  in  5 cm of oxygen.  For  example ,  
af ter  100 m i n  at  350~ G u l b r a n s e n ' s  sample  ga ined  
45 # g / c m  ~ in  7.6 cm of oxygen;  H u r l e n ' s  sample  
ga ined  16 ~ g / c m  ~ in  10 cm of oxygen;  the  sample  in  
this  s tudy  ga ined  35 # g / c m  ~ in  5 cm of w a t e r  vapor .  
U n f o r t u n a t e l y ,  da ta  were  no t  ob ta ined  over  a r ange  
of w a t e r  vapor  pressures ,  and  it  is the re fore  not  pos-  
sible to compare  ra tes  at  o ther  pressures .  

The  oxida t ion  of NbO to NbO~ m a y  go at a some-  
w h a t  faster  ra te  in  oxygen  t h a n  in  w a t e r  vapor .  In  1 
arm of air  or abou t  15 cm of oxygen  the  ra te  at 472~ 
was a r o u n d  3 x 10 -~ g / c m  ~ compared  to 4 x 10 -9 g /  
cm 2 for 5 cm of w a t e r  vapor  at  500~ On the  o ther  
hand ,  t he re  is a ve ry  s ignif icant  difference b e t w e e n  
the  nuc l ea t i on  and  g rowth  of Nb205 or NbO2 in  oxy-  
gen and  w a t e r  vapor .  Whereas  detec t ion of this  r e -  
act ion begins  at  400~ in  15 cm of oxygen,  af ter  100 
m i n  a t e m p e r a t u r e  of 900~ is r equ i r ed  w i th  5 cm 
of w a t e r  vapor  for a s imi la r  i nduc t i on  period.  

The da ta  f rom this  resea rch  ind ica te  tha t  the 
m e c h a n i s m  of the  l o w - t e m p e r a t u r e  ox ida t ion  of 
n i o b i u m  is v e r y  s imi la r  in  bo th  oxygen  and  wa t e r  
vapor .  Before the  t r a n s i t i o n  to a h igh l inea r  ra te  or 
to b r e a k a w a y  oxidat ion,  the  reac t ion  invo lves  solu-  
t ion  of oxygen  in  the  me ta l  and  f o r ma t i on  of NbO 
a nd  NbO~ on the  surface.  Since NbO~ grows at a 
l i nea r  ra te  which  is less t h a n  the  tota l  ox ida t ion  rate,  
it  mus t  g row at the  NbO-NbO~ in te r face  offering no 
b a r r i e r  to the  p e n e t r a t i o n  of gaseous oxygen  or 
w a t e r  to the  NbO surface.  If this  were  no t  the  case, 
of course, the  ove r - a l l  ra te  wou ld  be cont ro l led  by  
the  ra te  of f o r ma t i on  of NbO~. The cubic or parabol ic  
ra te  which  accounts  for the  b u l k  of the l o w - t e m p e r -  
a tu re  ox ida t ion  invo lves  so lu t ion  of oxygen  by  diffu-  
sion in  the  me t a l  a nd  poss ib ly  diffusion cont ro l led  
f o r ma t i on  of NbO s imul t aneous ly .  F r o m  the ava i l a -  
ble  data  it is no t  possible to te l l  m u c h  abou t  the  
m e c h a n i s m  for N bO  f o r m a t i o n  since it cannot  be 
separa ted  f rom the  so lu t ion  of oxygen  in  the  metal .  
One  me thod  which  has  no t  been  t r ied  to d e t e r m i n e  
the  me thod  of NbO fo rma t ion  wou ld  be the  use of 
o x y g e n - s a t u r a t e d  n i o b i u m  as k ine t ic  specimens.  If 
these are oxidized be low the  t e m p e r a t u r e  at which  
the  pen tox ide  forms,  bo th  NbO and  NbO~ would  ap-  
pear .  S u b t r a c t i n g  the  ra te  of convers ion  of NbO to 
NbO~ f rom the  to ta l  cu rve  w ou l d  leave  the  curve  for 
NbO format ion .  

The m e c h a n i s m  for  the  b r e a k a w a y  ox ida t ion  in  
bo th  w a t e r  vapor  and  oxygen  is the  n u c l e a t i o n  and  
g rowth  of Nb~O~ on NbO... By  contact  res i s tance  
m e a s u r e m e n t s ,  by  ox ida t ion  of NbO and  NbO~, and  
by  x - r a y  da ta  it has been  shown  tha t  NbO~ is p res -  
en t  before  the  Nb~O, phase  appears .  The  ox ida t ion  of 
NbO~ to Nb,O, has been  show n  to occur by  nuc l ea t i on  
a nd  g rowth  w he r e  the  i n d u c t i o n  per iod  agrees f avo r -  
ab ly  w i th  the  t ime  elapsed before  b r e a k a w a y  ox ida-  
t ion  of the  me t a l  begins.  The  p r inc ipa l  difference be -  
t w e e n  the  w a t e r  vapor  and  oxygen  reac t ion  wi th  
n i o b i u m  is the  m u c h  s tower n u c l e a t i o n  and  g rowth  
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r a t e  of Nb~O~ in w a t e r  vapor .  The  r e s u l t  is t h a t  p r o -  
t ec t i ve  o x i d a t i o n  p roceeds  for  a l onge r  t ime  at  h i g h e r  
t e m p e r a t u r e s  in w a t e r  vapor .  

Conclusions 
N i o b i u m  reac t s  in w a t e r  v a p o r  at  l ow  t e m p e r a -  

tures  f o r m i n g  NbO and  NbO~ as w e l l  as d i s so lv ing  
o x y g e n  in t he  meta l .  T h a t  NbO and  NbO.o f o r m  in 
o x y g e n  be fo re  Nb~O, m a y  be  i n f e r r e d  f rom ( i )  con-  
t ac t  r e s i s t ance  m e a s u r e m e n t s  on an o x y g e n  r e a c t e d  
sample ,  ( i i )  i n t e r f e r e n c e  colors  a r i s ing  mos t  l i k e l y  
f rom an  NbO~ film, ( i i i )  p r e t r a n s i t i o n  f i lms o b s e r v e d  
m i c r o s c o p i c a l l y  b y  C a t h c a r t  et al (2) ,  ( iv )  i n d u c t i o n  
pe r iods  for  Nb.~O, f o r m a t i o n  on NbO2 in good a g r e e -  
m e n t  w i t h  the  t i m e  e l apsed  be fo re  b r e a k a w a y  o x i d a -  
t ion  of t h e  me ta l ,  a n d  (v )  o v e r - a l l  k ine t i c s  qu i t e  
s i m i l a r  in b o t h  o x y g e n  and  w a t e r  vapor .  The  NbO_o 
g rows  as a po rous  f i lm on NbO. The  so lu t ion  of o x y -  
gen  occurs  b y  a d i f fus ion  process .  The  m e c h a n i s m  of 
NbO g r o w t h  has  no t  been  e s t a b l i s h e d  a l t h o u g h  it  is 
su spec t ed  t h a t  i t  m a y  also g r o w  b y  diffusion.  

At  h i g h e r  t e m p e r a t u r e s  and  a f t e r  dec r ea s ing  in-  
duc t ion  per iods ,  b r e a k a w a y  o x i d a t i o n  occurs  b y  the  
n u c l e a t i o n  and  g r o w t h  of Nb~O.~ on NbO.~. The  o v e r -  
a l l  r a t e  becomes  l i n e a r  a f t e r  the  p e n t o x i d e  has  
g r o w n  p a r t  w a y  t h r o u g h  the  p r o t e c t i v e  N b O  laye r .  
The  r a t e  is con t ro l l ed  b y  conve r s ion  of N b O  or  NbO. 
to Nb~O0. S ince  the  r a t e  of g r o w t h  for  Nb20~ is g r e a t e r  
t h a n  t h a t  for  NbO~, t he  l a t t e r  phase  shou ld  e v e n t u -  
a l l y  be  c o m p l e t e l y  consumed .  
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ABSTRACT 

Methods for  producing  spu t te red  t an ta lum-f i lm capaci tors  are  described.  
The b r eakdown  vol tage  of such capaci tors  is shown to depend  on the  type  of 
me ta l  used for  the  countere lec t rode  and on the countere lec t rode  area. This 
dependency  is exp la ined  as being due to microfissures (in the  oxide) ,  which  
some meta ls  a re  more  l ike ly  to enter  than  others. Elect ron micrographs  of 
these fissures a re  shown. The origin of the microfissures is thought  to be la t t ice  
mismatch  be tween  oxide and meta l  in those regions where  the  or iginal  t an t a -  
lum was not  sufficiently smooth. I t  is suggested tha t  anodizing these films in hot  
solut ions wil l  es tabl ish  a t he rma l  mismatch  be tween  meta l  and oxide, which  
wil l  pa r t l y  compensate  for  the  la t t ice  mismatch.  

As  is w e l l - k n o w n  in t he  i n d u s t r y ,  and  as f irst  
shown  b y  B e r r y  a n d  S l o a n  (1)  in  1959, e x c e l l e n t  
c apac i t o r s  can  be  m a d e  b y  t h e  anod iza t i on  of s p u t -  
t e r e d  (or  e v a p o r a t e d )  t a n t a l u m  films. These  uni t s ,  
u n l i k e  capac i t o r s  m a d e  of s i n t e r e d  or  b u l k  t a n t a l u m ,  
e xh ib i t  b r e a k d o w n  c h a r a c t e r i s t i c s  t h a t  a r e  l a r g e l y  
i n d e p e n d e n t  of t h e  s ign  of t he  a p p l i e d  vo l tage .  The  
c o u n t e r e l e c t r o d e s  a r e  a p p l i e d  b y  v a c u u m  e v a p o r a -  
t ion,  b u t  v e r y  f e w  m e t a l s  h a v e  p r o v e d  su i t ab l e  in th is  
connect ion .  In  fact ,  on ly  gold  h a s  b e e n  r e g a r d e d  as 
r e a l l y  s a t i s f ac to ry ,  a l t h o u g h  good r e su l t s  h a v e  oc-  
c a s i o n a l l y  been  r e p o r t e d  w i t h  o t h e r  me ta l s ,  such  as 
a l u m i n u m .  I t  has  also been  w i d e l y  o b s e r v e d  t h a t  
s p u t t e r e d  c o u n t e r e l e c t r o d e s  g e n e r a l l y  y i e l d  l o w e r  
p e r f o r m a n c e  t h a n  do e v a p o r a t e d  coun t e r e l ec t rode s .  

Experimental 
The  t a n t a l u m  films used  in these  i n v e s t i g a t i o n s  

w e r e  a l l  depos i t ed  b y  ca thod ic  spu t t e r i ng .  F i l m s  
w e r e  d e p o s i t e d  in  an  a r g o n  g low  d i s c h a r g e  (3000v 
at  1 m a / c m  ~) a t  a p r e s s u r e  of 60~ onto  mic ro sc ope  
s l ides  a t  t h e  r a t e  of a b o u t  10 A / s e c ,  g e n e r a l l y  for  
abou t  15 rain,  r e s u l t i n g  in shee t  r e s i s t i v i t i e s  of a b o u t  
4 o h m s / s q u a r e .  

F i l m s  w e r e  u s u a l l y  a n o d i z e d  to a f o r m a t i o n  v o l t -  
age  of 100v. A n u m b e r  of anod iz ing  ba ths ,  a l l  a q u e -  
ous, w e r e  used  in  t he  e a r l y  s t ages  of t he  i n v e s t i g a -  
t ion,  b u t  no s y s t e m a t i c  d i f fe rences  w e r e  f o u n d  
a m o n g  the  r e s u l t i n g  ox ide  films. F o r  conven ience ,  
t he re fo re ,  a s t a n d a r d  b a t h  cons i s t ing  of  a 1% NafSO, 
aqueous  so lu t ion  was  l a t e r  adop ted .  In  gene ra l ,  a n -  
od iza t ion  w a s  c a r r i e d  out  a t  r o o m  t e m p e r a t u r e ,  a g a i n  
for  conven ience .  H o w e v e r ,  s e v e r a l  anod iza t i ons  in 
hot  so lu t ion  w e r e  also p e r f o r m e d ,  p r i m a r i l y  to s e e  

if t he  t a n t a l u m - o x i d e  f i lm w o u l d  r ec rys t a l l i z e .  No 
such r e c r y s t a l l i z a t i o n  was  obse rved .  

Nature of the counterelectrode.--As m e n t i o n e d  
ea r l i e r ,  c o u n t e r e l e c t r o d e s  of e v a p o r a t e d  go ld  g e n -  
e r a l l y  g ive  b e t t e r  r e su l t s  t h a n  e l ec t rodes  of o t h e r  
m e t a l s  such  as n icke l ,  copper ,  c h r o m i u m ,  etc.,  w h i c h  
w o u l d  n o r m a l l y  be  p r e f e r r e d  b e c a u s e  of t h e i r  b e t -  
t e r  adhes ion ,  bo th  to t he  ox ide  i t se l f  and  to t he  glass  

subs t r a t e .  This  i n v e s t i g a t i o n  shows  t h a t  th is  su -  
p e r i o r i t y  of  go ld  is due  to t he  s t r u c t u r e  of  go ld  f i lms 
r a t h e r  t h a n  to such  th ings  as m e t a l - t o - o x i d e  w o r k  
func t ion ,  p r e f e r e n t i a l  a l l o y i n g  w i t h  i m p u r i t i e s  in  
t he  oxide ,  etc.  

L a n g m u i r  (2)  showed  t h a t  a toms  f r o m  a m e t a l  
v a p o r  condens ing  on to  a s u b s t r a t e  do not ,  in g e n -  
e ra l ,  r e m a i n  at  t h e  e x a c t  loca t ion  at  w h i c h  t h e y  l and ;  
ins tead ,  t h e y  m o v e  ove r  t he  su r f ace  w i t h  a f ini te  
m o b i l i t y  w h i c h  is a func t ion  of, a m o n g  o t h e r  th ings ,  
t he  s u b s t r a t e  t e m p e r a t u r e .  These  mob i l e  m e t a l  a toms  
h a v e  a l i m i t e d  l i f e t i m e  on the  s u b s t r a t e  surface ,  
a f t e r  w h i c h  t h e y  wi l l  r e t u r n  to the  v a p o r  phase .  If,  
h o w e v e r ,  a m e t a l  a t o m  mee t s  up  w i t h  a n o t h e r  of 
i ts  o w n  species  d u r i n g  i ts  b r i e f  l i f e t ime  on the  su r -  
face,  t he  a t o m - p a i r  t h a t  is f o r m e d  has  bo th  a v e r y  
much  g r e a t e r  p r o b a b i l i t y  of r e m a i n i n g  on the  sub -  
s t r a t e  and  a m u c h  l o w e r  su r f ace  mob i l i t y .  Thus ,  
un less  the  depos i t i on  r a t e  is v e r y  h igh  a n d / o r  t he  
s u b s t r a t e  t e m p e r a t u r e  v e r y  low, t h e  f i lm wi l l  no t  
g r o w  as  a con t inuous  shee t  b u t  as a ser ies  of  d i s -  
c re te  g lobu le s  ( n u c l e a t e d  b y  the  o r ig ina l  a t o m -  
p a i r s  j u s t  m e n t i o n e d )  w h i c h  e v e n t u a l l y  touch,  a f t e r  
w h i c h  the  f i lm g r o w s  " n o r m a l l y . "  F i l m s  of th i s  sort ,  
t he re fo re ,  a r e  in  t r u e  con tac t  w i t h  t he  su r f ace  in  
on ly  a v e r y  l i m i t e d  n u m b e r  of p laces .  On m a n y  s u b -  
s t ra tes ,  go ld  f i lms a r e  k n o w n  to be  an  e x t r e m e  case 
of this .  

This  t e n d e n c y  t o w a r d  the  f o r m a t i o n  of an  a g g l o m -  
e r a t e d  f i lm is u s u a l l y  d e t e r m i n e d  b y  two  fac tors ,  t he  
f r ee  e n e r g y  of f o r m a t i o n  of t he  m e t a l  ox ide  and  the  
m e l t i n g  p o i n t  of  t he  me ta l .  The  l a r g e r  t he  f o r m e r  
and  t h e  h i g h e r  t h e  l a t t e r ,  t he  m o r e  con t inuous  wi l l  
be  t he  f i lm d e p o s i t e d  u n d e r  a g iven  set  of condi t ions .  

I f  t h e  anod ic  ox ide  f i lm con ta ins  a n u m b e r  of 
r e l a t i v e l y  w i d e l y  spaced  c r acks  or  microf i ssures ,  
t h e  p r o b a b i l i t y  of  a go ld  f i lm p e n e t r a t i n g  one  or  
m o r e  of  t he se  f issures  w i l l  b e  a g re~ t  d e a l  less  t h a n  
the  p r o b a b i l i t y  of p e n e t r a t i o n  b y  a h i g h - m e l t i n g -  
p o i n t  m e t a l  h a v i n g  a l a r g e  f r ee  e n e r g y  of ox ide  fo r -  
ma t ion ,  such  as c h r o m i u m  or  t a n t a l u m .  This  b e -  
hav io r ,  w h i c h  is s o m e w h a t  ana logous  to t he  p h e -  

1151 



1152 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  December  1962 

FISSURES 
IN OXIDE , II II II II II~176 

/ / / / / / / / / / / / / / / / / / / /METAL 
NON- REPLICATING METAL 

METAL ENTERS FissuREs  ox,oE 
/ / / / / / / / / / / / / 7 / / / / / / M E T A L  

REPLICkTING METAL 
Fig. 1. Tendency for high-mobility (non replicating) metal to stay 

out of microfissures. 

Table I. Breakdown voltages of anodized tantalum film capacitors 
�9 for various counterelectrode materials 

P e r  cent  f o r m a t i o n  v o l t a g e  
S m a l l  e l e c t rodes ,  L a r g e  e l ec trodes ,  

M e t a l  a r e a ,  1 • 10 -~ c m  2 a r e a ,  200 x 10 -e era 2 

Gold 95-98 80-90 
Cadmium 95-98 60-65 
Lead  80-95 45-55 
Zinc 75-90 40-50 
Tin 70-75 55-60 
Si lver  75-85 <0.1 
Nickel  70-85 ~0.1 
Copper  80-90 ~0.1 
Chromium 60-75 ~0.1 
A l u m i n u m  50-70 d0.1 
Tanta lum,  sput te red  0-I5 ( 0 . i  
Gold, spu t te red  70-80 <0.1 

n o m e n o n  of l i qu ids  k e e p i n g  out  of t he  c a p i l l a r i e s  
of a p o r o u s  m a t e r i a l  t h a t  t h e y  do no t  we t ,  is i l l u s -  
t r a t e d  d i a g r a m a t i c a l l y  in  Fig .  1. 

If  th is  no t ion  is cor rec t ,  w e  w o u l d  expec t  to f ind 
t h a t  o t h e r  m e t a l s  t h a t  t e n d  to a g g l o m e r a t e  w h e n  
depos i t ed  w o u l d  also m a k e  good coun te r e l ec t rodes .  
Note  t h a t  th is  t e n d e n c y  to a g g l o m e r a t e  also m a k e s  
for  poor  adhes ion ,  so t h a t  one w o u l d  no t  n o r m a l l y  
have  occas ion  to i n v e s t i g a t e  these  m e t a l s  as pos -  
s ib le  coun t e r e l ec t rodes .  

In  add i t ion ,  if (as  p o s t u l a t e d )  occu r r ence  of t he se  
c racks  is r e l a t i v e l y  r a re ,  t he  p r o b a b i l i t y  of a n y  p a r -  
t i c u l a r  m e t a l  p e n e t r a t i n g  a c r a c k  shou ld  be  a f u n c -  
t ion  of t he  c o u n t e r e l e c t r o d e  area .  

Results 

Two c r i t e r i a  h a v e  been  used  for  t he  e v a l u a t i o n  
of va r i ous  m e t a l s  as coun t e r e l ec t rodes .  The  first  is 
the  b r e a k d o w n  vol tage ,  e x p r e s s e d  as a p e r c e n t a g e  
of the  f o r m i n g  v o l t a g e  and  m e a s u r e d  in the  anodic  
d i r ec t ion  ( t a n t a l u m  e l e c t r o d e  p o s i t i v e ) .  W e  def ine 
b r e a k d o w n  as occu r r ing  w h e n  the  l e a k a g e  c u r -  
r e n t  t h r o u g h  the  c a p a c i t o r  exceeds  1 m a / c m  ~. The  
second c r i t e r i o n  t h a t  w e  have  used  is the  y i e l d  of  
capac i to rs .  F o r  th is  pu rpose ,  the  l e a k a g e  c u r r e n t  
is m e a s u r e d  a t  5 % of t h e  f o r m i n g  vo l tage ,  and  un i t s  
showing  l e a k a g e  c u r r e n t s  in excess  of 10 m a / c m  ~ 
a re  def ined as " shor t s . "  In  p rac t i ce ,  l e a k a g e  c u r -  
r en t s  w e r e  f o u n d  to be  e i t h e r  v e r y  h igh  o r  in t he  
v i c i n i t y  of 10 -8 a m p / c m  ~. 

T a b l e  I shows  the  r a n g e  of  b r e a k d o w n  vo l t ages  
o b s e r v e d  for  a n u m b e r  of c o u n t e r e l e c t r o d e  m a t e -  
r i a l s  on t a n t a l u m  ox ide  f i lms f o r m e d  to 100v. Occa-  
s iona l  sho r t s  occur red ,  a n d  t h e s e  h a v e  no t  been  
inc luded .  Resu l t s  a r e  g iven  for  l a r g e -  and  s m a l l -  
a r e a  e lec t rodes .  A t  l eas t  100 capac i t o r s  w e r e  m a d e  
of each  me ta l .  

The  b r e a k d o w n  in t he  ca thod ic  d i r ec t ion  ( t a n t a -  
l u m  e l e c t r o d e  n e g a t i v e )  was  no t  s y s t e m a t i c a l l y  
m e a s u r e d ,  b u t  was  p e r i o d i c a l l y  s p o t - c h e c k e d .  I t  was  
cons i s t en t ly  f o u n d  to b e  b e t w e e n  60 and  80% of 
the  anod ic  b r e a k d o w n  vo l tage .  

S e v e r a l  i n t e r e s t i n g  fac t s  m a y  be  seen  in  T a b l e  I. 
P e r h a p s  t he  mos t  n o t i c e a b l e  a r e  t h e  m u c h  h i g h e r  
b r e a k d o w n  v o l t a g e s  m e a s u r e d  for  t h e  s m a l l - a r e a  
t h a n  for  t he  l a r g e - a r e a  c o u n t e r e l e c t r o d e s  in t he  case 
of l o w - m o b i l i t y  m e t a l s  such as copper ,  c h r o m i u m ,  

etc.,  c o n t r a s t e d  w i t h  t h e  m o r e  n e a r l y  equa l  vo l t ages  
m e a s u r e d  for  each  e l e c t r o d e  a r e a  in t he  case  of  
h i g h - m o b i l i t y  m e t a l s  such  as gold,  c a d m i u m ,  t in,  
etc. Gold ,  in p a r t i c u l a r ,  has  b r e a k d o w n  vo l t ages  
t h a t  a r e  p r a c t i c a l l y  i n d e p e n d e n t  of e l ec t rode  area .  
A l t h o u g h  no t  shown  in the  t ab le ,  on one occasion 
a c a d m i u m  un i t  was  o b s e r v e d  to h a v e  a b r e a k d o w n  
v o l t a g e  of  102% of  t h e  f o r m i n g  vol tage .  This  is p o s -  
s ib le  as  a consequence  of our  def in i t ion  of b r e a k -  
down; ,  viz., t he  v o l t a g e  at  w h i c h  the  l e a k a g e  c u r -  
r e n t  is 10 -8 a m p / c m  ~. A t  t he  t e r m i n a t i o n  of a n o d i z a -  
t ion,  t he  r e s i d u a l  c u r r e n t  is in  the  v i c i n i t y  of 2 to 
3 x 10 -8 amp/cm~;  h e n c e  s u b s e q u e n t  a p p l i c a t i o n  of 
h i g h e r  c u r r e n t  d e n s i t y  at  t he  s ame  t e m p e r a t u r e  r e -  
su l t s  in a g r e a t e r  v o l t a g e  d rop  across  t he  d ie lec t r ic .  

The  two  sets  of e l ec t rodes  d e p o s i t e d  b y  m e a n s  of 
s p u t t e r i n g  also h a v e  the  poo re s t  cha rac te r i s t i c s .  Two 
fac to r s  a r e  b e l i e v e d  to be  r e s p o n s i b l e  for  this .  F i r s t ,  
o t h e r  t h ings  b e i n g  equa l ,  s p u t t e r e d  th in  f i lms a r e  
k n o w n  to be  c o n s i d e r a b l y  m o r e  con t inuous  t h a n  
e v a p o r a t e d  ones. Th is  was  shown  b y  D i t c h b u r n  (3)  
and  is ev idenced ,  for  e x a m p l e ,  b y  the  b e t t e r  a d -  
hes ion  to glass  of spu t t e r e d ,  as opposed  to e v a p -  
o ra ted ,  f i lms of  c o p p e r  or  gold.  The  o t h e r  f ac to r  b e -  
l i eved  r e s p o n s i b l e  fo r  t he  low q u a l i t y  of s p u t t e r e d  
c o u n t e r e l e c t r o d e s  is t he  v e r y  r a p i d  h e a t i n g  of t he  
s u b s t r a t e  t h a t  occurs  d u r i n g  spu t t e r ing .  As  w e  sha l l  
see p r e s e n t l y ,  th i s  w o u l d  t e n d  to i nc rea se  bo th  t he  
s ize  a n d  n u m b e r  of  t h e  microf i ssures .  

T a b l e  I I  shows  t h e  e v a l u a t i o n  of v a r i o u s  m e t a l s  
as c o u n t e r e l e c t r o d e s  us ing  the  c r i t e r i on  of p e r c e n t -  

Table II. Yield of anodized tantalum film capacitors for various 
counterelectrode materials 

P e r  c e n t  y i e l d  of c a p a c i t o r s  (100v) 
E l e c t r o d e  a r e a ,  15 X 10-~ cm2; c a p a c i t o r  " g o o d "  

i f  l e a k a g e  a t  5v  ( + )  ~ 1 . 5  X 10--4 a m p  

M e t a l  % Y i e l d  

Gold 99 
Cadmium 99 
Lead  99 
Zinc 99 
Tin 55 
Si lver  73 
Nickel  20 
Copper  15 
Chromium 95 
A l u m i n u m  97 
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Fig. 3. Effect of anodizing irregular tantalum surface (voltages 
shown are only approximate). 

Fig. 2. Microfissure in tantalum oxide film (formed to lOOv) 

age  y ie ld .  A n  e l e c t r o d e  a r e a  i n t e r m e d i a t e  in  size 
b e t w e e n  the  two  e x t r e m e s  used  in T a b l e  I was  d e -  
l i b e r a t e l y  chosen.  

I t  is a p p a r e n t  f r o m  the  d a t a  g iven  in Tab le  II  
t h a t  e l ec t rodes  of  th is  size a r e  s t i l l  too s m a l l  to 
d i s c r i m i n a t e  e f fec t ive ly  b e t w e e n  mos t  c o u n t e r e l e c -  
t r o d e  ma te r i a l s .  H o w e v e r ,  in  two  cases,  n i cke l  and  
copper ,  a s ign i f i can t ly  l ow y i e l d  was  ob ta ined ,  i n -  
d i ca t i ng  t h a t  t he se  m e t a l s  a r e  p a r t i c u l a r l y  u n s u i t -  
ab le  for  coun t e r e l ec t rodes .  

Direct Evidence for the Microfissures 

A s s u m i n g  t h a t  a t  l e a s t  t he  w i d e s t  a n d  deepes t  
of  t h e  microf i s sures  shou ld  be  d e t e c t a b l e  b y  e lec -  
t r o n  mic roscopy ,  w e  m a y  e s t i m a t e  f r o m  the  d a t a  in  
T a b l e  I I  t h a t  t he  l a r g e s t  microf i ssures ,  t h a t  is, those  
t h a t  r e p r e s e n t  a c o m p l e t e  b r e a k  in the  oxide ,  are,  
on the  ave rage ,  200-300 mi l s  apa r t .  The  p r o b a b i l i t y  
of f inding  one in  a r a n d o m  e x a m i n a t i o n  of t he  o x -  
i de  su r f ace  is t h e r e f o r e  qu i t e  s l ight .  H o w e v e r ,  b y  
r e s t r i c t i n g  the  e l ec t ron  mic roscope  sea rch  to a s m a l l  
r eg ion  w i t h i n  w h i c h  one or  m o r e  f issures a r e  de f -  
i n i t e l y  k n o w n  to be  p resen t ,  th is  p r o b a b i l i t y  m a y  be  
g r e a t l y  inc reased .  This  was  accompl i shed  by  e x a m -  
in ing  the  ox ide  u n d e r n e a t h  a s m a l l  gold  do t  w h i c h  
e l ec t r i ca l  m e a s u r e m e n t s  had  shown  to be  a c o m -  
p l e t e  shor t ,  i t se l f  a v e r y  r a r e  event .  A t y p i c a l  e lec -  
t r on  m i c r o g r a p h  o b t a i n e d  in th is  m a n n e r  is shown 
in Fig.  2. 

Origin of the Microfissures 
A m e c h a n i s m  for  the  f o r m a t i o n  of f issures,  such 

as t he  one shown  in Fig.  2, has  been  p r o p o s e d  b y  
Young  (4) .  I t  w i l l  be  r e c a l l e d  t h a t  t he  r a t i o  of t he  
m o l a r  v o l u m e s  of  t a n t a l u m  p e n t o x i d e  to  t a n t a l u m  
is 2.3. D u r i n g  n o r m a l  g r o w t h  of t he  ox ide  f i lm on a 
p l a n e  sur face ,  th is  " l a t t i c e  m i s m a t c h "  does  not  p r o -  
duce  a n y  s t r a i n  s ince  t he  f i lm is not  c o n s t r a i n e d  
d u r i n g  i ts  g r o w t h ;  i.e., t he  r a t i o  of the  t o t a l  t h i c k -  
ness  of ox ide  to the  d e p t h  of t he  ox ide  b e l o w  the  
m e t a l  su r f ace  w i l l  a u t o m a t i c a l l y  a d j u s t  i t se l f  to 2.3. 
If, h o w e v e r ,  the  su r face  of t he  t a n t a l u m ,  p r i o r  to 
anod iza t ion ,  is no t  p e r f e c t l y  smooth ,  s t r a in  due  to 
l a t t i ce  m i s m a t c h  w i l l  occur  as t he  ox ide  fo rms  at  
a su r f ace  i r r e g u l a r i t y  (see Fig.  3) .  As  the  ox ide  
g r o w s  in th i ckness ,  t he  h i g h e r  f ields a t  the  i r r e g u -  
l a r i t y  cause  the  ox ide  to fo rm m o r e  r a p i d l y  t h e r e  so 
t h a t  a smoo th  ox ide  su r face  is e v e n t u a l l y  fo rmed .  

Fig. 4. Smoothing effect of anodization. Left to right, unanodized, 
as-sputtered film; oxide film formed to 30v; oxide film formed to 
lOOv. 

Thus,  in t h e  v i c in i t y  of t he  o r ig ina l  i r r e g u l a r i t y ,  
m o r e  m a t e r i a l  t h a n  was  o r i g i n a l l y  t h e r e  wi l l  have  
been  fo rced  in to  a g iven  vo lume ,  and  the  ox ide  in 
t h a t  v i c i n i t y  wi l l  be  u n d e r  t ens i l e  s t ress .  Th is  s t ress  
can  be  r e l i e v e d  b y  c rack ing .  This  smoo th ing  effect 
on an  a c t u a l  ox ide  su r f ace  is i l l u s t r a t e d  in Fig.  4. 
F r o m  le f t  to r i g h t  w e  see an  u n a n o d i z e d  t a n t a l u m -  
f i lm surface ,  an  ox ide  su r f ace  f o r m e d  to 30v, and  
one f o r m e d  to 100v. 

One i n t e r e s t i n g  consequence  of th is  t h e o r y  of 
f issure  f o r m a t i o n  is t h a t  v e r y  t h i n  ox ide  f i lms shou ld  
be  f ree  of c racks  s ince  suff icient  s t r a i n  w i l l  not  have  
d e v e l o p e d  in  t h e  ox ide  to g e n e r a t e  them.  E x p e r i -  
m e n t s  conf i rmed  t h a t  th is  was  i ndeed  the  case;  the  
b r e a k d o w n  v o l t a g e s  of f i lms f o r m e d  (a t  r o o m  t e m -  
p e r a t u r e )  to 15v or  less w e r e  no l onge r  a func t ion  
of  t he  e l e c t r o d e  a r e a  or  of t he  t e n d e n c y  of t he  m e t a l  
to  a g g l o m e r a t e .  

W e  b e l i e v e  t h a t  t he  r o u g h n e s s  of t he  m e t a l  f i lm 
canno t  be  c o m p l e t e l y  e l i m i n a t e d  s i m p l y  b y  us ing  a 
suff ic ient ly  s m o o t h  subs t r a t e .  This  is i l l u s t r a t e d  in 
Fig.  5, in w h i c h  the  su r f ace  of t he  t a n t a l u m  fi lm 
is c o m p a r e d  w i t h  t h a t  of t he  c lean  subs t r a t e .  Of 
course ,  if t he  s u b s t r a t e  su r f ace  is i t se l f  r o u g h  to b e -  
g in  wi th ,  w e  w o u l d  e x p e c t  t he  n u m b e r  of microf i s -  
su res  s u b s e q u e n t l y  occu r r i ng  in  t he  ox ide  f i lm to 
be  p r o p o r t i o n a t e l y  g rea t e r .  The  consequences  of 
this ,  viz., poor  q u a l i t y  capac i to r s  on r o u g h  s u b -  
s t ra tes ,  a r e  w e l l - k n o w n .  

In  conclus ion,  w e  w o u l d  l ike  to i nd ica t e  one 
m e t h o d  for  r e d u c i n g  the  inc idence  of t h e  microf i s -  
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Fig. 5. Comparison of original substrate surface (left) and sur- 
face of tantalum film deposited on substrate (right). 

sures.  In  t he  v i c i n i t y  of r o o m  t e m p e r a t u r e ,  the  l i n e a r  
coefficients of t h e r m a l  e x p a n s i o n  of t a n t a l u m  and  
t a n t a l u m  p e n t o x i d e  are,  r e spec t i ve ly ,  64.6 x 10-~/~ 
and  5.5 x 10- ' /~  If, t he re fo re ,  t he  anod ic  ox ide  
fi lm is f o r m e d  in a ho t  so lu t ion  and  t h e n  a l l o w e d  
to r e t u r n  to r o o m  t e m p e r a t u r e ,  i t  w i l l  be  u n d e r  c o m -  
p r e s s i v e  s t ress ,  t hus  r e l i e v i n g  the  t ens i l e  s t ress  in 
t he  oxide .  The  use  of so lu t ions  a t  105~ as d e s c r i b e d  
bY B e r r y  (1 ) ,  is an  e x a m p l e  of this .  S i m i l a r l y ,  R u s -  
ce t t a  et al. (5)  h a v e  s h o w n  t h a t  anod iz ing  in  ho t  
so lu t ion  o f t e n  l eads  to s u p e r i o r  ox ide  films. Even  
h i g h e r  anod iz ing  t e m p e r a t u r e s  can  be  and  have  been  
ach i eved  t h r o u g h  use  of p r e s s u r e  bombs .  I t  shou ld  
also be  n o t e d  t h a t  f i lms f o r m e d  at  r o o m  t e m p e r a t u r e  
w i l l  h a v e  t h e i r  t ens i l e  s t resses  i n c r e a s e d  s t i l l  f u r -  
t h e r  if  s u b s e q u e n t l y  hea ted .  This  has  a l r e a d y  been  
m e n t i o n e d  as  one of t he  r easons  w h y  s p u t t e r e d  

c o u n t e r e l e c t r o d e s  a r e  g e n e r a l l y  i n f e r io r  to e v a p -  
o r a t e d  ones.  

Summary 
I t  has  been  s h o w n  t h a t  gross  l e a k a g e  c u r r e n t s  in 

s p u t t e r e d  t a n t a l u m - f i l m  capac i t o r s  a r e  due  to t he  
p e n e t r a t i o n  of mic rof i s su res  or  c racks  in  t he  ox ide  
f i lm b y  t h e  c o u n t e r e l e c t r o d e  m a t e r i a l .  Some  meta l s ,  
such as gold,  c a d m i u m ,  etc., w h i c h  do no t  fo l low 
the  con tours  (on an  a tomic  sca le)  of t he  su r f ace  on 
w h i c h  t h e y  depos i t ,  a r e  m u c h  less  l i k e l y  to en t e r  
these  microf i s sures  a n d  c o n s e q u e n t l y  m a k e  b e t t e r  
coun t e r e l ec t rodes .  The  o r ig in  of the  microf i s sures  
is b e l i e v e d  to be  t h e  m i c r o r o u g h n e s s  of t he  a s - s p u t -  
t e r e d  ( u n a n o d i z e d )  t a n t a l u m  film; th is  l eads  to t e n -  
s i le  s t resses  in  and  e v e n t u a l l y  c r a c k i n g  of t he  o x -  
ide  film. By  anod iz ing  in  ho t  solut ions ,  i t  is pos -  
s ib le  to c r e a t e  c o m p r e s s i v e  s t r e s ses  w h i c h  w i l l  
p a r t l y  c o m p e n s a t e  for  this .  
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ABSTRACT 

ZnS powder ,  i r r ad ia t ed  in a high dens i ty  the rmal  neu t ron  flux, was p a r t l y  
conver ted  to radioac t ive  Zn-65, Zn-69, and S-35. These radioisotopes  decay to 
Cu-65, Ga-69, and C1-35, respect ively .  One week  af ter  r emova l  f rom the 
nuc lear  reac tor  the  sample  was fired at  900~ to anneal  out  rad ia t ion  damage  
occurr ing in the reactor .  The br ightness  and spect ra l  d i s t r ibu t ion  under  3650A 
exci ta t ion  and the diffuse reflectance spec t ra  of the  annea led  sample  were  
moni to red  dur ing  a per iod  of 600 days.  The pr inc ipa l  resul ts  a re  in te rp re ted  in 
te rms of an increas ing concentra t ion of uncompensa ted  copper  centers  p ro -  
duced by  the decay of Zn-65. 

The  c o m m o n  m e t h o d  of p r e p a r i n g  zinc sulf ide 
p h o s p h o r s  is to m i x  zinc sulf ide w i t h  the  n e c e s s a r y  
a m o u n t  of a c t i v a t o r s  and  coac t i va to r s  and  to  fire 
t h e  m i x t u r e  a t  t e m p e r a t u r e s  a b o v e  a p p r o x i m a t e l y  
800~ W h e n  e q u i m o l a r  a m o u n t s  of a c t i va to r s  and  
c o a c t i v a t o r s  a r e  a d d e d  one expec t s  a f u l l y  c o m -  

1Presen t  address: Research Laboratory ,  Genera l  Electric Com- 
pany,  Schenectady, N. Y. 

SPresent address: Argonne National Laboratories,  Lamont ,  Ill. 

p e n s a t e d  m a t e r i a l ,  i.e., one w h i c h  con ta ins  no u n -  
p a i r e d  e lec t rons .  B o w e r s  and  M e l a m e d  (1)  showed,  
h o w e v e r ,  t h a t  even  w h e n  a c t i v a t o r s  a lone  (Cu)  or  
coac t i va to r s  a lone  (C1) a r e  a d d e d  to zinc sulf ide,  t he  
m a t e r i a l  comes  ou t  of t he  f i r ing fu l ly  compensa t ed .  
E v i d e n t l y  i t  is e n e r g e t i c a l l y  f a v o r a b l e  at  t he  f i r ing 
t e m p e r a t u r e  to p r o d u c e  p h y s i c a l  " s e l f - a c t i v a t o r "  or  
" s e l f - c o a c t i v a t o r "  species  in  t he  f o r m  of vacanc i e s  
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or in ters t i t ia l s  which compensate  the added chem- 
ical  coact ivators  and act ivators .  For  this reason 
there  exists  ve ry  l i t t le  informat ion about  the opt ical  
proper t ies  of uncompensa ted  zinc sulfide. ~ 

The object ive  of the  presen t  work  was to p repa re  
uncompensa ted  copper -ac t iva ted  zinc sulfide by in-  
t roducing the ac t iva tor  th rough  the decay of a r a -  
dioact ive isotope of zinc, Zn*-65, which becomes 
Cu-65, and to s tudy  the optical  proper t ies  of the 
ma te r i a l  as a function of the concentra t ion of the 
newly  formed Cu-65. This method of int roducing 
copper was also found useful  in another  connection. 
In a series of publ icat ions  P rene r  and Wil l iams 
(7-9) have  advanced a theory  which contends tha t  
a definite spacial  re la t ionship  must  exist  be tween 
act ivators  and coact ivators  in zinc sulfide phosphors 
in order  for them to funct ion as efficient r ecombina-  
t ion centers.  According to this theory,  only ac t iva tor  
a toms wi th  a coact ivator  a tom at a second, third ,  etc., 
to app rox ima te ly  10th or 15th neares t  neighbor  po-  
sit ion are act ive in luminescence recombinat ion.  
F i r s t  neares t  neighbors  are excluded because too 
grea t  an over lapping  of wave  functions causes the 
ac t iva tor  and coact ivator  levels to recede to wi th in  
a few hundred ths  of an electron volt  f rom the va l -  
ence and conduct ion bands,  respect ively.  Too dis-  
t an t  neighbors  are  excluded because of insufficient 
over lap  of wave  functions which resul ts  in a low 
t rans i t ion  probabi l i ty .  

In phosphors  p r epa red  by  conventional  techniques,  
the d is t r ibut ion  of distances be tween act ivators  and 
coact ivators  is de te rmined  by the balance  be tween 
the i r  mu tua l  coulombic a t t rac t ion  and the t he r m a l  
randomizing effect. A t  a r e la t ive ly  high firing t em-  
pera ture ,  say 1200~ the the rmal  agi ta t ion is p rob-  
ab ly  s t rong enough to keep s ingly charged ac t iva tors  
and coact ivators  r andomly  dis t r ibuted.  As the phos-  
phor  is cooled to room t empera tu r e  the  act ivators  
and coact ivators  s ta r t  associating due to thei r  mu-  
tua l  a t t ract ion.  The degree  of complet ion which this 
process wi l l  a t t a in  depends on how effectively the 
necessary diffusion processes can take  place. As a 
result ,  the  phosphor  wi l l  contain act ivators  and co- 
act ivators  in a wide va r i e ty  of associations. I t  is 
therefore  difficult to ve r i fy  the concepts of t h e  ion 
association theory  by  working  with  convent ional  
phosphors.  The degree of association can be con- 
t ro l led  to a cer ta in  ex ten t  by  vary ing  the concentra-  
t ion of ac t ivators  and  coact ivators  and by  using 
the rmal  t r ea tments  l ike  anneal ing and quenching. 
A more effective way  to obtain at  least  one ex t reme  
type  of association, namely  a r andom distr ibut ion,  
is to in t roduce ei ther  the ac t iva tor  or the  coact ivator  
through the process of rad ioac t ive  decay of one of 
the base la t t ice  components.  

Such a method was used for the first t ime by  
P rene r  and Wil l iams (8).  They i r r ad ia t ed  a sample  
of zinc oxide wi th  a flux of neutrons  which produced 
about  50 ppm'  of Zn*-65. They subsequent ly  con- 
ver ted  the  zinc oxide to zinc sulfide by  firing in hy -  
drogen sulfide mixed  wi th  some hydrogen  chloride. 

6 S ince  t h i s  e x p e r i m e n t  w a s  s t a r t e d  a n u m b e r  of  p u b l i c a t i o n s  h a v e  
a p p e a r e d  in  l i t e r a t u r e  describing optical p r o p e r t i e s  of  m a t e r i a l s  
w h i c h  p r o b a b l y  con t a in  u n c o a c t i v a t e d  copper  (2-7).  

T h r o u g h o u t  t h i s  p a p e r  p p m  (par t s  pe r  m i l l i o n )  w i l l  s i g n i f y  a t o m  
f r a c t i o n  • 10e. 

O P T I C A L  M E A S U R E M E N T S  ON ZnS:  Cu, 1155 

During the  ensuing two years ,  as the  Zn*-65 was de-  
caying to Cu-65, they  moni tored  the g r e e n - t o -b lue  
luminescence emission rat io  of the i r  sample  and 
found tha t  i t  s tayed  constant  wi th in  app rox ima te ly  
10%. F r o m  this  they  concluded tha t  the newly  
formed copper,  appear ing  at  r andom sites wi th  re -  
spect to the  chlor ine coactivators,  did not  produce 
luminescence centers.  

In the p resen t  work  copper was in t roduced  into 
zinc sulfide also through the radioact ive  decay of 
Zn*-65. The p repa ra t ion  of the sample and the op- 
t ica l  measurements  were,  however ,  different  f rom 
those car r ied  out by  P rene r  and Will iams.  I t  wi l l  
be evident  f rom the discussion below tha t  this  made  
i t  possible to obtain new informat ion  bear ing  on 
the problem of ion association and the posit ion of 
the  level  in t roduced by subst i tu t ional  copper into 
zinc sulfide. 

Experimental 
A 0.12g sample  of luminescence grade  zinc sul-  

fide was fired at  900~ in purified hydrogen  sul-  
fide. I t  contained N2 ppm copper,  ---2 ppm combined 
iron, cobalt,  and  nickel,  and a very  smal l  concen- 
t ra t ion  of halogens. I t  showed prac t ica l ly  no lumi -  
nescence response under  3650A exci ta t ion  at room 
tempera ture .  The sample was placed in a spec-  
t roscopical ly  pure  g raph i te  crucible  which was in-  
ser ted into a quartz  tube. Hydrogen  sulfide was 
passed through the quartz  tube  for 1 hr  at  1000~ 
and the tube  was sealed off whi le  hot. The sealed 
sample was then  i r r ad ia t ed  for 15 days at  the Idaho 
Fal ls  Mater ia ls  Test ing Reactor.  About  four  days  
af ter  removal  f rom the pile, the sample was re -  
fired for 3 hr  at  900~ removed  from the graphi te  
crucible,  and placed in a brass  sample container  
provided  with  a "nonbrowning  ' '5 quar tz  window. 
The sample  container  could be a t tached to a slide 
which fit into a t r ack  fas tened to the spec t rometer  
used for optical  measurements .  The sample was 
removed  f rom the brass  container  326 days  af ter  
the  firing and d iv ided  be tween  two quar tz  capi l -  
laries. One was used for the anneal ing  exper iments  
to be descr ibed later ,  and the o ther  was used for 
the  cont inuat ion of the luminescence response versus 
t ime measurements .  

Optical  measurements  were  pe r fo rmed  with  a 
P e r k i n - E l m e r  Model 99 Spect rophotometer .  As the 
exper imen t  was or ig inal ly  conceived, it  was de-  
s ired to measure  the rat io  of the luminescence emis-  
sion in the green to tha t  in the blue band as a func-  
t ion of time. To obviate  measur ing  the complete  
spec t rum each t ime, most luminescence in tens i ty  
measurements  were  made  only at  two energies:  in 
the  b lue  at  2.82 ev and in the  green at 2.44 ev. The 
actual  peak  intensi t ies  of the resolved bands  were  
ca lcula ted  f rom these data  by  a formula  der ived  
f rom compar ing  complete  resolved 6 emission spec- 
t r a  measured  in i t ia l ly  and at 235 days wi th  s imul-  
taneous ly  taken  in tens i ty  measurements  at  2.82 ev 
and 2.44 ev. Complete  spectra  were  also obta ined 
at  378, 413, and 604 days. 

5 SupDHed b y  W. A.  Gra/~ of  G l a s s  T e c h n o l o g y  L a b o r a t o r y ,  G e n -  
e r a l  E lec t r i c  L a m p  G l a s s  D e p a r t m e n t ,  C l e v e l a n d ,  Ohio,  t h i s  q u a r t z  
was  d e s i g n e d  to show m i n i m a l  d i s c o l o r a t i o n  u n d e r  h i g h  e n e r g y  
i r r a d i a t i o n .  

e See  sec t ion :  F l u o r e s c e n c e  Spec t ra .  
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In  o r d e r  to a s su re  a p p r o x i m a t e l y  cons t an t  e x c i t a -  
t ion  i n t e n s i t y  t he  u l t r a v i o l e t  source  ( an  AH4 m e r -  
c u r y  l a m p  m o u n t e d  in  a mic roscope  i l l u m i n a t o r  
hous ing ,  w i t h  a 7-37 Corn ing  f i l te r )  was  c a l i b r a t e d  
b e f o r e  each  run .  This  was  a c c o m p l i s h e d  b y  p r e c i s e l y  
r e p r o d u c i n g  t h e  se t t ings  of t he  p h o t o m u l t i p l i e r  v o l t -  
age,  s p e c t r o m e t e r  s l i ts  and  w a v e l e n g t h  (3650A) ,  
a n d  amp l i f i e r  gain.  The  i n t e n s i t y  of t he  source  was  
t h e n  a d j u s t e d  so as a l w a y s  to  o b t a i n  t he  s ame  r e -  
co rde r  def lec t ion  w h e n  the  3650A was  d i f fuse ly  r e -  
f lected f r o m  a p l a c q u e  of p o w d e r e d  m a g n e s i u m  ca r -  
b o n a t e  m o u n t e d  on the  s ame  s l ide  as the  r a d i o a c t i v e  
sample .  To afford  a f u r t h e r  check,  t he  b r i g h t n e s s  of 
a s t a n d a r d  g r e e n  ZnS :Cu ,A1  p h o s p h o r  he ld  in  a 
b r a s s  c o n t a i n e r  i d e n t i c a l  w i t h  t h e  one  ho ld ing  the  
r a d i o a c t i v e  s a m p l e  w a s  m e a s u r e d  b e f o r e  each  r e a d -  
ing  of t he  r e s p o n s e  of  t h e  r a d i o a c t i v e  sample .  Due  
to  t hese  p r e c a u t i o n s  i t  is b e l i e v e d  t h a t  t h e  g reen  
l u m i n e s c e n c e  in t ens i t i e s  o b t a i n e d  d u r i n g  the  f irst  
326 d a y s  a r e  p rec i se  to  -+1%. T h e  r e p r o d u c t i o n  of 
these  cond i t ions  was  c o n s i d e r a b l y  m o r e  diff icult  a f -  
t e r  t he  s a m p l e  was  t r a n s f e r r e d  to t he  q u a r t z  c a p i l -  
l a ry .  T h e r e f o r e  t h e  a c c u r a c y  of the  m e a s u r e m e n t s  
a t  t imes  l o n g e r  t h a n  326 d a y s  w a s  a p p r o x i m a t e l y  
-----5%. T h e  3650A exc i t a t i on  i n t e n s i t y  d u r i n g  al l  
l u m i n e s c e n c e  m e a s u r e m e n t s  was  of the  o r d e r  of 
5 x 10 ~ p h o t o n s / c m  s sec. 

Diffuse  r e f l ec tance  s p e c t r a  w e r e  o b t a i n e d  by  d i -  
v i d i n g  the  r e f l ec t ance  of t he  s a m p l e  b y  the  re f lec t -  
ance  o f  t he  s t a n d a r d  a t  each  s p e c t r a l  ene rgy .  M a g -  
n e s i u m  o x i d e  was  u sed  as s t a n d a r d  in  t he  v i s i b l e  
and  ZnS:  Cu,A1 p h o s p h o r  in  t he  i n f r a r ed .  

Nuclear Reactions 

W h e n  a c o m p o u n d  such as zinc sulf ide is p l a c e d  in  
a n u c l e a r  r e a c t o r  a n d  i r r a d i a t e d  w i t h  s low and  fas t  
neu t rons ,  g a m m a  rays ,  etc., c e r t a i n  r eac t i ons  t a k e  
place ,  i n t r o d u c i n g  s e v e r a l  t y p e s  of defects .  As  n o t e d  
above ,  t h e  s a m p l e  of zinc sulf ide p o w d e r  was  r e -  
f i red  a f t e r  n e u t r o n  i r r a d i a t i o n ,  for  3 h r  a t  900~ 
As  S m i t h  and  T u r k e v i c h  (10) w e r e  ab le  to r e p a i r  
n e u t r o n  d a m a g e  to z inc  sulf ide b y  h e a t i n g  for  on ly  
a f ew  m i n u t e s  a t  900~ i t  can  be  sa fe ly  a s s u m e d  
tha t  a l l  t he  a n n e a l a b l e  damage ,  e.g., d i sp l aced  a toms,  
ex i s t i ng  in t he  p r e s e n t  s a m p l e  a f t e r  i r r a d i a t i o n ,  was  
r e p a i r e d  b y  th i s  annea l i ng .  T h e  o n l y  n u c l e a r  r e -  
ac t ions  to be  cons ide r ed  t h e r e f o r e  a r e  those  w h i c h  
occur  or  c o n t r i b u t e  to effects in t he  p e r i o d  s ince  the  
fir ing.  

Of t h e  pos t f i r ing  defects ,  those  of m a j o r  i n t e r e s t  
a r e  i m p u r i t y  a t o m s  and  d i s p l a c e d  a toms.  The  c r e a -  
t ion  of  i m p u r i t y  a toms  as a r e su l t  of r a d i o a c t i v e  
d e c a y  of such  nuc l ides  as Zn*-65,  S*-35,  etc., is t he  
bas is  of t h e  w h o l e  e x p e r i m e n t .  D i s p l a c e d  a toms  a re  
p r o d u c e d  w h e n  a nuc l eus  e jec t s  mass  a n d / o r  e l ec -  
t r o m a g n e t i c  r a d i a t i o n  and  the  reco i l  e n e r g y  is suffi- 
c ien t  to cause  p e r m a n e n t  d i sp l acemen t .  Thus  a v e r y  
p e r t i n e n t  ques t i on  is w h e t h e r ,  fo r  e x a m p l e ,  t h e  i m -  
p u r i t y  d a u g h t e r  a tom,  Cu-65,  ends  u p  in  an  i n t e r -  
s t i t i a l  or  in  a s u b s t i t u t i o n a l  pos i t ion .  Th is  p r o b l e m  
wi l l  b e  d i s cus sed  l a t e r .  T h e  iden t i t i e s ,  t h e  a b u n d -  
ance,  a n d  the  d e c a y  r a t e s  of t h e  p r o d u c e d  i so topes  
wi l l  be  d e t a i l e d  be low.  

The  zinc sulf ide s a m p l e  used  in  th is  s t u d y  was  
i r r a d i a t e d  for  15 days  in a pos i t ion  w h e r e  t he  t h e r -  

Table I. Neutron reactions with zinc sulfide 

T a r g e t ,  P r o d u c t  
% a b u n d a n c e  n u c l i d e  Half-life D a u g h t e r  

/---> Zn*-65 245 days  Cu-65 

Zn-64 (49%) \___~ Cu*-64 12.8hours Ni-64 
Zn-68 (19%) -----> Zn*-69 14 hours  Ga-69 

S-32 (95%) > P*-32 14.3 days  S-32 
S-33 (0.8%) > P*-33 24.4days  S-83 
S-34 (4.2%) > S*-35 87.1days  C1-35 

m a l  n e u t r o n  f lux was  1.3 x 101' (--+20%) n e u t r o n s  
pe r  c m  ~ sec a s soc ia t ed  w i t h  a fas t  n e u t r o n  f lux of 
a b o u t  1.5 x 10 TM n e u t r o n s / c m  ~ sec. A f t e r  c a p t u r i n g  
a n e u t r o n  the  t a r g e t  nuc leus  f o r m s  a d i f fe ren t  a tomic  
spec ies  w h i c h  in  t u r n  t r a n s f o r m s  to n e w  p r o d u c t s  
b y  r a d i o a c t i v e  decay .  T h e  r a t e s  of  f o r m a t i o n  of 
t he se  n e w  p r o d u c t s  and  the  r e s u l t a n t  c o n c e n t r a t i o n  
of n e w  e l e m e n t s  can  be c a l c u l a t e d  f r o m  t h e  w e l l -  
k n o w n  l aws  of  r a d i o a c t i v e  decay .  Th is  w a s  done  for  
t he  p r e s e n t  s a m p l e  of zinc sulf ide w h i c h  was  
composed  of s e v e r a l  i so topes  of zinc and  su l fu r  each  
w i th  k n o w n  r e l a t i v e  abundances .  Each  of these  i so-  
topes  can  abso rb  n e u t r o n s  to a c e r t a i n  degree ,  w i t h  
r e s o n a n c e  a b s o r p t i o n  occu r r i ng  for  n e u t r o n s  of a 
p a r t i c u l a r  ene rgy .  The  mos t  i m p o r t a n t  n u c l e a r  r e -  
ac t ions  f r o m  t h e  p o i n t  of v i e w  of t he  d e s c r i b e d  e x -  
p e r i m e n t  a r e  those  i n v o l v i n g  the  t r a n s m u t a t i o n s  
l i s t ed  in  T a b l e  I. 

Of t h e  r ad io i so topes  l i s ted  in T a b l e  I, Cu~-64,  
P~-32,  and  P~-33  a re  p r e s e n t  in suff ic ient ly  low con-  
cen t r a t i ons ,  ~0 .6  p p m ,  H I  ppm,  and  ~0.01  p p m ,  r e -  
spec t ive ly ,  to be  neg lec ted .  T h e  fa te  of t he  r e m a i n i n g  
rad io i so topes ,  Zn~-65 ,  Zn~-69,  and  S~-35,  is s u m -  
m a r i z e d  in  t he  c h a r t  in Fig.  1, w h i c h  also i l l u s t r a t e s  
t he  c o m p l e t e  course  of t he  e x p e r i m e n t .  

As  shown,  t he  i r r a d i a t i o n  p r o d u c e d  a p p r o x i m a t e l y  
49 p p m  Zn~-65,  37 p p m  Zn~-69,  and  2 p p m  S*-35.  
W h i l e  in  t he  r e a c t o r  a n d  on the  w a y  f r o m  the  r e a c t o r  
to th i s  l a b o r a t o r y  a l l  t he  37 p p m  of Zn*-69  h a d  d e -  
c a y e d  to Ga-69 ,  and  2 p p m  of  Zn*-65  h a d  d e c a y e d  to 
Cu-65.  In  t h e  ensu ing  f i r ing p rocess  t he  2 p p m  of 
Cu-65 p r e s u m a b l y  was  c o a c t i v a t e d  b y  an  e q u i v a l e n t  
a m o u n t  of G a - 6 9  and  f o r m e d  2 p p m  of " o r d i n a r y "  
g reen  c o p p e r  centers .  The  r e m a i n i n g  35 p p m  of 
G a - 6 9  f o r m e d  s e l f - a c t i v a t e d  b lue  cen te r s  (VznGa- . . 
Ga+), ~ in  a c o n c e n t r a t i o n  c o r r e s p o n d i n g  to i ts  ( u n -  
k n o w n )  e q u i l i b r i u m  so lub i l i t y  a t  or  n e a r  the  f i r ing 
t e m p e r a t u r e ,  t h e  excess  d i f fus ing  out  of t he  zinc su l -  
fide la t t ice .  

The  las t  b o x  in  t he  c h a r t  shows  the  census  a f t e r  a 
6 0 0 - d a y  d e c a y  per iod .  P r a c t i c a l l y  a l l  S~-35 had  
t hen  d e c a y e d  to C1-35, and  39 a d d i t i o n a l  p p m  of 
Zn~-65  h a d  d e c a y e d  to Cu-65.  S ince  ch lo r ine  acts  as 
a donor  in zinc sulfide,  and  coppe r  as an accep tor ,  2 
p p m  of the  c o p p e r  f o r m e d  in th is  p e r i o d  w i l l  accep t  
e l ec t rons  f r o m  the  2 p p m  of n e w l y  f o r m e d  chlor ine ,  
l e a v ing  37 p p m  of coppe r  accep to r  s t a t es  e m p t y .  The  
effect  of t he se  t r a n s m u t a t i o n s  on the  op t i ca l  p r o p -  
e r t i e s  of  t h e  s a m p l e  wi l l  be  d e s c r i b e d  be low.  

Fluorescence Spectra 
The  room t e m p e r a t u r e  emiss ion  s p e c t r a  of t he  

s a m p l e  u n d e r  3650A e xc i t a t i on  s h o r t l y  a f t e r  t he  
T h e  s e l f - a c t i v a t e d  b l u e  c e n t e r  w i l l  b e  r e p r e s e n t e d  b y  t h e  m o d e l  

p r o p o s e d  b y  P r e n e r  a n d  Weft  (11 ) ,  i .e . ,  ( V z n G a ) -  . . Ga+. T h i s  
m o d e l  i n d i c a t e s  t h a t  t h e  a c t i v a t o r  i s  a z inc  v a c a n c y  in  c lose  a s soc i -  
a t i o n  w i t h  a g a l l i u m ,  a n d  t h e  c o a c t i v a t o r  is  a n o t h e r  g a l l i u m  t w o  or  
m o r e  l a t t i c e  d i s t a n c e s  apar t .  
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Fig. 1. Sequence of operations in preparing radioactivated zinc sulfide (the radioactive species appear in the left-hand side of the divided 
boxes). 

900~ anneal ing and at  378 days  are  shown in Fig. 2 
and 3, respect ively.  These spectra,  p lo t ted  as energy 
emit ted  per  uni t  photon energy interval ,  were  re -  
solved into three  app rox ima te ly  Gaussian subbands  
peaking  at  2.72 ev, 2.36 ev, and about  2.06 ev. The 
first two bands  are identified as the  "se l f -ac t iva ted"  
blue band, due to zinc vacancies promoted  by  gal-  
l ium, and the "copper  green" band. The ye l low band 
is p robab ly  ident ica l  wi th  the  one descr ibed by  
Apple  and Wil l iams (12) as due to copper -ga l l ium 
associated pairs.  

The g r een - to -b lue  ratio, expressed in terms of 
photons corresponding to the resolved green and 
blue bands,  is p lo t ted  in Fig. 4. The rat io  increased 
by a factor of two in the  first 180 days  and thereaf te r  
decreased asympto t ica l ly  to about 60% of the ini t ia l  
value.  The figure also shows the t rend  of behavior  
of the  g r een - to -ye l l ow  and y e l l o w - t o - b l u e  photon 
emission ratios. The dashed par t s  of the  curves is an 
in terpola t ion  be tween  the ini t ia l  and the 235 day  
points. 

The dependence of the rat io  of emission in the 
green to that  in the blue on in tens i ty  of 3650A ex-  
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Fig. 2. Initml fluorescent emission spectrum under 3650A 
excitation. 

citat ion was measured  in i t ia l ly  and at  182 days. The 
resul ts  are shown in Fig. 5. I t  can be seen that  in i -  
t ia l ly  the g r een - to -b lue  ra t io  of the  radioact ive  
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Fig. 3. Fluorescent emission spectrum under 3650A excitation at 
378 days. 
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Fig. 4. Green/blue, green/yellow, and yellow/blue photon emission 
ratios as a function of time. 
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o 12 After 182 Days 
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EXCITATION INTENSITY (Arbitrary Unrts) 

Fig. 5. Green/blue emission ratios of neutron-irradiated ZnS as 
a function of excitation intensity. 
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Fig. 6. Brightness of green fluorescence as a function of time 
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Fig. 7. Diffuse reflectance of the radioactivated sample and the 
the control sample. 

sample showed a fa i r ly  strong dependence  on the ex-  
ci tat ion intensi ty;  at 182 days, however ,  the green-  
to -b lue  rat io  was almost  independent  of the exci ta -  
t ion intensi ty.  

The green luminescence br ightness  of the sample 
increased s l ight ly  in i t ia l ly  and the rea f t e r  decreased 
exponent ia l ly  wi thout  limit.  F igure  6 shows a semi-  
log plot  of the re la t ive  in tens i ty  at  2.44 ev as a func-  
t ion of time. 

Diffuse Reflectance and Infrared Fluorescence 

The diffuse reflectance spect rum of the sample was 
measured  at 305 days. In Fig. 7 the spec t rum of the 

sample is shown along wi th  tha t  of a control  sample  
containing about  the same concentrat ion of im-  
pur i t ies  as the radioact ive  sample did ini t ia l ly .  Two 
absorpt ion bands are present ,  a broad  one extending  
f rom about  1.2 ev to the zinc sulfide fundamen ta l  
absorpt ion edge and a na r row one peaking  at  0.95 
ev. Diffuse reflectance readings  at  3.13 ev and 3.42 ev 
were  taken  at  16 days, and at  3.42 ev at  182 days. 
These readings  in conjunct ion wi th  the complete 
diffuse reflectance spectra  of the control  and of the 
radioact ive  sample at 305 days  show tha t  the 
s t rength  of the absorpt ion band  extending f rom 1.2 
ev to the fundamen ta l  absorpt ion  edge increased 
with  increasing concentrat ion of Cu-65. 

I t  was possible to detect  in f ra red  fluorescence in 
the sample  by  exci t ing with  vis ible  or near  in f ra red  
light. The fluorescence appeared  to peak  in the en-  
ergy range  found by  Browne (2) in zinc sulfide 
which had been fired in sulfur  vapor  and which 
p re sumab ly  contained uncoact ivated copper, and by  
Hals ted  et al. (4) and Pot te r  and Aven (5) for 
ZnS: Cu fired in sulfur  vapor  to p romote  incorpora-  
t ion of copper wi thout  coactivation.  

Annealing Experiments 

I t  was suspected tha t  pa r t  of the Cu-65 produced  
by  decay of Zn*-65 might  be ejected into in ters t i t ia l  
sites because of the 10-16 ev recoil  energy  of the  
nuclear  reaction.  Two exper iments  designed to give 
evidence of displaced copper were  carr ied  out. In  the 
first exper iment  (per formed at  326 days)  pa r t  of 
the sample was placed in a quartz  tube, and annealed  
at  200~ The fluorescence in the blue and green 
(2.82 ev and 2.44 ev) was measured  af ter  each hea t -  
ing period. The intensi ty  in both the blue and green 
bands increased wi th  annealing,  but  the blue showed 
a grea te r  increase, which led to a decrease in the  
g r een - to -b lue  ratio.  A s imilar  anneal ing exper imen t  
was done on the same sample  at 413 days. Again  both 
the green and the blue luminescence in tens i ty  in-  
creased af ter  anneal ing  and the g r e e n - t o - b l ue  rat io  
decreased.  In a series of control  exper iments  it  was 
found that  copper could diffuse into a Z n S : G a  pow-  
der  phosphor (i.e., one containing zinc vacancies)  
in 5 hr  at 200~ and change the luminescence r e -  
sponse f rom blue to green. A t  this t empera tu re ,  the  
copper p robab ly  diffuses by  an in te rs t i t i a l  mech-  
anism. There was no change, however,  in the lumi -  
nescence response of a g reen -emi t t i ng  ZnS:Cu ,Ga  
phosphor  (which p re sumab ly  had al l  copper  and 
ga l l ium in subs t i tu t ional  sites) when it was annealed  
at 200~ for the same per iod of time. 

In the second exper iment ,  a sample of neu t ron-  
i r r ad ia t ed  zinc sulfide was obta ined f rom Dr. J. S. 
P rener  which had decayed for about  4 years.  The 
diffuse reflectance spec t rum of this sample  was 
measured  before and af ter  a 5-hr  anneal ing  at 
200~ The spec t rum was qua l i t a t ive ly  s imi lar  to 
that  obta ined on the present  sample  (see Fig. 1) and 
showed no significant change af ter  annealing.  

Discussion 
The purpose  of this work  was (i) to p repa re  and 

measure  cer ta in  optical  proper t ies  of zinc sulfide 
containing "uncoact iva ted"  subs t i tu t ional  copper; 
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and  ( i i )  to o b t a i n  ev idence  on the  ques t ion  of 
w h e t h e r  coppe r  g reen  cen te r s  m u s t  h a v e  coac t i va to r s  
a s soc ia t ed  w i t h  t h e m  in o r d e r  to be  l u m i n e s c e n c e -  
act ive .  The  f irst  p u r p o s e  was  l a r g e l y  accompl i shed .  
The  ev idence  o b t a i n e d  f r o m  t h e  e x p e r i m e n t ,  h o w -  
ever ,  does  no t  a l l ow an  u n a m b i g u o u s  a n s w e r  to t he  
ques t ion  in  t he  second  purpose .  

F o r  t he  f irst  pu rpose ,  i t  was  n e c e s s a r y  to show t h a t  
mos t  of t he  Cu-65 p r o d u c e d  b y  d e c a y  of Zn~-65  r e -  
m a i n e d  in s u b s t i t u t i o n a l  s i tes  and  t h a t  t he  p r o p e r t i e s  
m e a s u r e d  w e r e  due  to th i s  m a j o r i t y  of t he  copper ,  
a n d  no t  to t h e  m i n o r i t y  w h i c h  was  e j e c t e d  in to  
m e t a s t a b l e  sites.  

Zn~-65  has  a r a t h e r  c o m p l e x  d e c a y  s cheme  as 
s h o w n  in Fig .  8. F o r t y - s e v e n  p e r  cen t  of t he  d i s i n t e -  
g r a t i o n s  occur  b y  p u r e  e l e c t r o n  c a p t u r e  w h e r e  t he  
c o m p l e t e  excess  e n e r g y  is r e m o v e d  b y  t h e  e j ec t ion  
of a neu t r ino .  The  reco i l  e n e r g y  m a y  be  c o m p u t e d  to 
a good a p p r o x i m a t i o n  b y  t r e a t i n g  the  n e u t r i n o  as  a 
p h o t o n  (13) .  Thus  the  reco i l  e n e r g y  is g iven  b y  

E~ ~ E ~ / 2 M c  ~ = 15 ev  

S i m i l a r l y ,  for  t he  51.3 % of t he  d i s i n t e g r a t i o n s  g iv ing  
r i se  to t he  1.1 M e v  g a m m a  ray ,  t he  i m p o r t a n t  r eco i l  
e n e r g y  is a p p r o x i m a t e l y  10 ev. 

To e v a l u a t e  the  reco i l  e n e r g y  for  t he  p o s i t r o n  
emiss ion  the  r e l a t i v i s t i c  r e l a t i o n  shou ld  be  used  (14) .  

E~ = E ( E  -t- 2mc~) / 2 M c  ~ 

F o r  E ~ 0.325 Mev th is  y i e ld s  on ly  a b o u t  3.5 ev. 

W h e t h e r  a n y  of t he se  reco i l  e n e r g y  va lue s  a r e  
sufficient to cause  d i s p l a c e m e n t  wi l l  d e p e n d  on  the  
t h r e s h o l d  e n e r g y  for  such  a process ,  E~. This  p a r a m -  
e t e r  has  been  s t u d i e d  t h e o r e t i c a l l y  and  e x p e r i -  
m e n t a l l y  for  a n u m b e r  of m a t e r i a l s  (15) .  U n f o r t u -  
na t e ly ,  t h e r e  a r e  f ew  specific r e f e r e n c e s  to zinc su l -  
fide, and  so one can on ly  m a k e  a r e a s o n a b l e  e s t i m a t e  
based  on m a t e r i a l s  of s im i l a r  s t ruc tu re .  Se i tz  and  
K o e h l e r  (16) d e r i v e d  the  v a l u e  of E~----25 ev  for  
t i g h t l y  b o u n d  sol ids  on t h e o r e t i c a l  g rounds .  This  
v a l u e  is  b o r n e  ou t  in  t h e  case  of g e r m a n i u m  as mos t  
of t h e  e x p e r i m e n t s  y i e l d e d  d i s p l a c e m e n t  ene rg ie s  of 
abou t  30 ev  (17, 18) a l t h o u g h  spec ia l  t y p e s  of d i s -  
p l a c e m e n t s  r e q u i r i n g  l o w e r  ene rg ie s  could  be  p r o -  
d u c e d  w i t h  a s m a l l  p r o b a b i l i t y  (19, 20) .  K o h n  (21) 
c a l c u l a t e d  a v a l u e  for  g e r m a n i u m  of E~ = 10 ev, b u t  

sugges t s  t h a t  t he  i n t e r s t i t i a l s  a r i s ing  th is  w a y  w o u l d  
be  v e r y  u n s t a b l e  a n d  w o u l d  r e c o m b i n e  s p o n t a n e -  
ously.  This  t y p e  of r e c o m b i n a t i o n  p r o b a b l y  accounts  
for  t he  a n n e a l i n g  w h i c h  is s t a t ed  to occur  at  r oom 
t e m p e r a t u r e  (22) .  

I t  is a d m i t t e d l y  diff icult  to e x t r a p o l a t e  f r o m  g e r -  
m a n i u m  to zinc sulfide.  T h e r e  is a clue,  i o r t u n a t e l y ,  
in  a r e p o r t  b y  C z y z a k  e t  al. (23) on a r a d i a t i o n  
d a m a g e  s t u d y  of s ing le  c r y s t a l s  of zinc sulf ide,  c a d -  
m i u m  sulfide,  g e r m a n i u m ,  and  si l icon.  T h e y  used  a 
2 Mev  e l e c t r o n  b e a m  of a b o u t  1 ~a a n d  could  obse rve  
no s igni f icant  d a m a g e  in  e i t he r  c a d m i u m  or  zinc s u l -  
fide w h e r e a s  t he  g e r m a n i u m  and  s i l icon c rys t a l s  
w e r e  b a d l y  d a m a g e d .  The  a v e r a g e  e n e r g y  t r a n s -  
f e r r e d  to a zinc or  g e r m a n i u m  a t o m  s t r u c k  b y  a 2 
Mev  e l e c t r o n  is of t h e  o r d e r  of 100 ev, and  thus  one 
w o u l d  e x p e c t  t h a t  t h e  g e r m a n i u m  w o u l d  be  d a m -  
aged.  On the  o the r  hand ,  t h e  i m p l i c a t i o n  f r o m  these  
d a t a  is t h a t  t h e  t h r e s h o l d  e n e r g y  for  d i s p l a c e m e n t  of 
zinc in  zinc sulf ide is g r e a t e r  t h a n  100 ev, and  t h e r e -  
fo re  n e i t h e r  t he  e m i t t e d  g a m m a - r a y  no r  t he  n e u t r i n o  
shou ld  d i sp l ace  the  nuc leus  b y  recoi l .  E x p e r i m e n t s  
h a v e  b e e n  c a r r i e d  ou t  in  th is  l a b o r a t o r y  in  w h i c h  
zinc sulf ide s ingle  c rys t a l s  h a v e  been  i r r a d i a t e d  w i t h  
b e t a - r a y s  of a m a x i m u m  e n e r g y  of 2 Mev  w i t h  no 
s igni f icant  changes  in  the  t r a n s m i s s i o n  s p e c t r u m .  

T h e r e  is one p iece  of i n f o r m a t i o n  w h i c h  seems  to 
be  in  d i s a g r e e m e n t  w i t h  these  obse rva t ions .  T h e  
U n i t e d  S t a t e s  R a d i u m  C o r p o r a t i o n  r e p o r t s  (24) ,  
w i t h o u t  ampl i f i ca t ion ,  t h a t  c a d m i u m  sulf ide  is d a m -  
aged  b y  e l ec t rons  of e n e r g y  g r e a t e r  t h a n  0.23 Mev.  
As  no de ta i l s  a r e  a v a i l a b l e  one m u s t  e x p l a i n  t he  
d i s c r e p a n c y  b y  a s s u m i n g  e i t he r  t h a t  t h e  U.S.R.C.  
m e t h o d  of o b s e r v i n g  r a d i a t i o n  d a m a g e  was  m u c h  
m o r e  sens i t ive  or  t h a t  t he  m u c h  g r e a t e r  specific 
i on iza t ion  of 0.23 Mev  e l ec t rons  c o m p a r e d  to t he  
m o r e  p e n e t r a t i n g  2 Mev  e l ec t rons  can  accoun t  for  t he  
d i f fe rence  in  r e su l t s .  The  p o s s i b i l i t y  of d i s p l a c e m e n t  
b y  e l ec t ron ic  e x c i t a t i o n  can  be  e l i m i n a t e d  in t he  
case  of the  emiss ion  of a g a m m a  r a y  or  a n e u t r i n o  
because  t he  l a t t e r  a r e  no t  c h a r g e d  pa r t i c l e s .  The  
t h r e s h o l d  e n e r g y  in c a d m i u m  sulf ide  c o r r e s p o n d i n g  
to 0.23 Mev  e l ec t rons  is a b o u t  19 ev. Thus  i f  one as -  
sumes  t h a t  su l fu r  d i s p l a c e m e n t  w o u l d  show up as 
r a d i a t i o n  d a m a g e  and  e x t r a p o l a t e s  to zinc sulf ide  ( b y  
cons ide r ing  E~ to be  r o u g h l y  p r o p o r t i o n a l  to t he  
h e a t  of f o r m a t i o n )  one a r r i v e s  at  a v a l u e  for  d i s -  
p l a c e m e n t  of su l fu r  in  zinc sulf ide  of a b o u t  27 ev. 
Th is  is s t i l l  g r e a t e r  t h a n  the  m a x i m u m  recoi l  e n -  
e r g y  for  a n y  d i s i n t e g r a t i o n  of Zn~-65.  

On the  bas is  of t he  ev idence  a v a i l a b l e  at  p resen t ,  
t he re fo re ,  i t  is l i k e l y  t h a t  t h e  m a j o r i t y  of t he  coppe r  
a toms  r e s u l t i n g  f r o m  d e c a y  of Zn~-65  in ZnS  wi l l  r e -  
m a i n  in  s u b s t i t u t i o n a l  pos i t ions .  

A s im i l a r  conc lus ion  can be  r e a c h e d  b y  a n a l y z i n g  
the  changes  in  op t i ca l  p r o p e r t i e s  of the  p r e s e n t  as 
we l l  as the  P r e n e r - W i l l i a m s  s a m p l e  d u r i n g  a n n e a l -  
ing. The  change  in  the  g r e e n - t o - b l u e  r a t i o  of t he  
r a d i o a c t i v e  s a m p l e  d u r i n g  a n n e a l i n g  at  200~ is 
de f in i t e ly  sugges t ive  of r e a r r a n g e m e n t s  i n v o l v i n g  
i n t e r s t i t i a l  m i g r a t i o n ,  as th is  t e m p e r a t u r e  is too low 
for  a p p r e c i a b l e  s u b s t i t u t i o n a l  or  v a c a n c y  diffusion.  
The  conclus ion  is s u p p o r t e d  b y  the  con t ro l  e x p e r i -  
m e n t s  m e n t i o n e d  ea r l i e r .  The  900~ f i r ing a f t e r  n e u -  
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t ron  i r r a d i a t i o n  shou ld  h a v e  s t ab i l i z ed  t h e  p h o s p h o r  
s t r u c t u r e  w i t h  r e spec t  to i m p e r f e c t i o n s  t h e n  p re sen t ,  
so t h a t ' i n i t i a l l y  t he  s a m p l e  shou ld  no t  h a v e  con-  
t a i n e d  a n y  m e t a s t a b l e  in t e r s t i t i a l s .  The re fo re ,  i t  fo l -  
lows  t h a t  t he  i n t e r s t i t i a l s  m u s t  h a v e  been  f o r m e d  
d u r i n g  the  ensu ing  r a d i o a c t i v e  d e c a y  of Zn*-65 .  As  
this  i so tope  is a p a r t  of the  zinc sulf ide base  la t t i ce ,  
t h e  Cu-65 f o r m e d  f r o m  i t  m u s t  a lso  be  s u b s t i t u t i o n a l ,  
un less  i t  is e j e c t ed  b y  recoi l .  Hence  one is f o r ced  to 
conc lude  t h a t  a t  l e a s t  a p a r t  of t h e  Zn*-65  was  
e j ec t ed  f r o m  i ts  s u b s t i t u t i o n a l  pos i t ion  w h i l e  d e c a y -  
ing  to Cu-65. I t  is l i k e l y  t ha t  t h e  i n t e r s t i t i a l  coppe r  
ex is t s  as Cul+, t he  c o m p e n s a t i n g  n e g a t i v e  c h a r g e  re -  
s id ing  on the  l a t t i ce  pos i t i on  f r o m  w h i c h  i t  was  
e jec ted .  Such  Cu, + w o u l d  be  c o u l o m b i c a l l y  attracted 
to a n y  n e g a t i v e  cha rge s  p r e s e n t  in  t he  c rys ta l .  B e -  
s ides  t h e  l a t t i ce  pos i t i on  f r o m  w h i c h  the  Cu~ + was  
e jec ted ,  such  n e g a t i v e  cha rges  a r e  l oca t ed  on i n i t i a l l y  
p r e s e n t  c o a c t i v a t e d  ( s u b s t i t u t i o n a l )  c o p p e r  cen te r s  
and  on g a l l i u m - c o a c t i v a t e d  zinc vacanc ie s  ( c r e a t e d  
d u r i n g  the  f i r ing) .  I t  is imposs ib l e  to b e  c e r t a i n  to 
w h i c h  of t he se  s i tes  t he  Cu, + was  m i g r a t i n g .  Because  
of th is  u n c e r t a i n t y  and  because  of t he  c o m p l i c a t e d  
n a t u r e  of  t h e  e q u i l i b r i u m  invo lved ,  t he  b l u e - t o -  
g r e e n  r a t i o  changes  canno t  be  used  for  a q u a n t i t a t i v e  
e s t i m a t e  of t he  f r a c t i o n  of e j e c t ed  copper .  

H o w e v e r ,  one  can  o b t a i n  a r o u g h  e s t i m a t e  of the  
m a x i m u m  f r ac t i on  of e j e c t ed  Cu-65  f r o m  the  a n -  
ne a l i ng  e x p e r i m e n t  p e r f o r m e d  on  the  P r e n e r - W i l -  
l i ams  sample .  I t  w i l l  be  r e c a l l e d  tha t ,  w i t h i n  e x p e r i -  
m e n t a l  e r ro r ,  no change  in  t he  s t r e n g t h  of t h e  a b -  
so rp t ion  b a n d s  was  de tec t ed .  The  p r o b a b l e  e r r o r  in  
th is  m e a s u r e m e n t  was  0-3 %. Us ing  the  a p p r o x i m a t e  
e x p r e s s i o n  n o t ( l - - R ) ~ / R  for  t he  r e l a t i o n  b e t w e e n  
t he  diffuse r e f l ec tance  R a n d  the  n u m b e r  of a b s o r b -  
ing  cen te r s  n, g ives  0 to 0.23 as t he  f r ac t i on  of  
e j e c t ed  Cu-65  w h i c h  could  go u n d e t e c t e d  d u e  to  e x -  
p e r i m e n t a l  u n c e r t a i n t y .  I t  shou ld  be  n o t e d  t h a t  
w h a t e v e r  t he  t r ue  v a l u e  for  t he  f r ac t i on  of e j e c t e d  
copper ,  i t  is c l ea r  f rom the  cons t ancy  of dif fuse  r e -  
f lec tance  t h a t  the  coppe r  r e m a i n i n g  in s u b s t i t u t i o n a l  
s i tes  was  r e s p o n s i b l e  for  the  o b s e r v e d  abso rp t ion .  

DifJuse Reflectance Spectrum 

The  s igni f icant  conc lus ion  of  t he  p r e c e d i n g  sec-  
t ion  was  t h a t  the  a p p e a r a n c e  of u n c o a c t i v a t e d  s u b -  
s t i t u t i o n a l  c o p p e r  a t  t h e  Zn s i tes  was  a c c o m p a n i e d  b y  
the  a p p e a r a n c e  of a b s o r p t i o n  b a n d s  in t he  d i f fuse  r e -  
f lec tance  s p e c t r u m .  T h e  s a m e  a b s o r p t i o n  b a n d s  h a v e  
also been  f o u n d  in c o n v e n t i o n a l l y  p r e p a r e d  zinc and  
c a d m i u m  sulf ide b y  m a n y  w o r k e r s  (25-29)  as  s t i m u -  
l a t i on  or  q u e n c h i n g  b a n d s  in  m e a s u r e m e n t s  of f luo-  
r e scence  or  p h o t o c o n d u c t i v i t y .  In  t hese  cases,  s i m u l -  
t aneous  or  p r e v i o u s  e x c i t a t i o n  w i t h  l i gh t  of e n e r g y  
n e a r  t h a t  n e c e s s a r y  to exc i t e  across  t he  b a n d  gap  was  
necessa ry .  These  b a n d s  h a v e  also been  f o u n d  in 
ZnS:  Cu r e l a t i v e l y  f r ee  of c o a c t i v a t o r  in  i n f r a r e d  e x -  
c i t a t i on  (2)  and  in  p h o t o c o n d u c t i o n  (3)  w i t h o u t  
s i m u l t a n e o u s  or  p r e v i o u s  exc i t a t i on  of h i g h e r  e n -  
e rgy .  Some  of these  w o r k e r s  a s c r i b e d  these  b a n d s  to 
e l e c t r o n  t r a n s i t i o n s  to t h e  conduc t ion  b a n d  (25, 29) 
and  some to hole  t r a n s i t i o n s  to t he  v a l e n c e  b a n d  (2, 
3, 26-28) .  In  t h e  p r e s e n t  work ,  t h e  l a t t e r  e x p l a n a t i o n  
is s t r o n g l y  suppo r t ed .  
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Fig. 9. Energy level diagram for copper in zinc sulfide 

In  t he  first  p lace ,  be c a use  t he  s a m e  b a n d s  are 
f o u n d  in c o n v e n t i o n a l l y  p r e p a r e d  ZnS:  Cu and  in t h e  
r a d i o a c t i v a t e d  ZnS:  Cu, i t  can  be  conc luded  t h a t  t he  
copper  is the  s a m e  e n v i r o n m e n t  in  bo th  cases.  S ince  
in  th is  w o r k  i t  has  been  shown  tha t  t he  coppe r  r e -  
spons ib le  for  the  a b s o r p t i o n  b a n d s  in  r a d i o a c t i v a t e d  
Z n S : C u  is subs t i t u t i ona l ,  c o p p e r  m u s t  also be  a t  
s u b s t i t u t i o n a l  s i tes  in  c o n v e n t i o n a l l y  p r e p a r e d  
ZnS:  Cu. 

The  t r a n s i t i o n s  r e s p o n s i b l e  for  t he  a b s o r p t i o n  
b a n d s  a r e  i n d i c a t e d  in Fig .  9. A c c o r d i n g  to  th is  
model ,  in t h e  r a d i o a c t i v a t e d  sample ,  t he  a b s o r p t i o n  
in t he  b r o a d  b a n d  c o r r e s p o n d s  to  exc i t i ng  an  e l e c t r o n  
f r o m  the  v a l e n c e  b a n d  in to  an  e m p t y  l eve l  a b o u t  1.2 
ev s a b o v e  the  va l e nc e  band .  The  0.95 ev b a n d  is 
a s c r i b e d  to e x c i t a t i o n  of an  e l ec t ron  f r o m  a s t a t e  
abou t  0.25 ev  f r o m  the  top  of t he  v a l e n c e  b a n d  into  
the  e m p t y  level .  This  a s s i g n m e n t  is b a s e d  on the  ob -  
s e r v a t i o n  t ha t  i n f r a r e d  q u e n c h i n g  o r  s t i m u l a t i o n  
in  f u l l y  c o a c t i v a t e d  p h o s p h o r s  t a k e s  p l ace  a t  r o o m  
t e m p e r a t u r e  b y  a b s o r p t i o n  of l i g h t  in  th is  band .  A t  
l o w e r  t e m p e r a t u r e s ,  w h e r e  t he  ho le  i on iza t ion  f rom 
the  l o w e r  l eve l  in to  the  va l e nc e  b a n d  is neg l ig ib le ,  
on ly  a b s o r p t i o n  in t he  b r o a d  b a n d  is e f fec t ive  (27) .  

In  c o n v e n t i o n a l l y  p r e p a r e d ,  c o a c t i v a t e d  phosphor s ,  
fou r  mode l s  a r e  poss ib le  to account  for  t he  b r o a d  
s t i m u l a t i o n  or  quench ing  b a n d :  a d i s c r e t e  l eve l  
a b o u t  1.2 ev  a b o v e  t h e  v a l e n c e  b a n d  o r  1.2 ev  b e l o w  
the  conduc t ion  band ,  w i t h  or  w i t h o u t  an  e l ec t ron  in  
it. The  mode l s  i n v o l v i n g  an  e m p t y  l eve l  n e a r  t he  
v a l e n c e  b a n d  or  a f i l led l e v e l  n e a r  t h e  conduc t ion  
b a n d  can  be  r u l e d  out  because ,  for  these  models ,  a b -  
so rp t ion  w o u l d  be  o b s e r v e d  in  t he  b r o a d  b a n d  w i t h -  
out  s i m u l t a n e o u s  shor t  w a v e l e n g t h  exc i t a t ion .  The  
choice b e t w e e n  t h e  r e m a i n i n g  two  m o d e l s  is m a d e  on 
the  fo l lowing  bas is :  I f  the  m o d e l  w i t h  a f i l led  l eve l  
n e a r  t he  v a l e n c e  b a n d  is co r r ec t  for  f u l l y  c o a c t i v a t e d  
Z n S : C u ,  t h e n  in r a d i o a c t i v a t e d  ( u n c o a c t i v a t e d )  
Z n S : C u ,  w i t h  one  less e l ec t ron  a v a i l a b l e  for  each  
copper ,  t he  l eve l  w o u l d  be  e m p t y ,  and  the  o b s e r v e d  
a b s o r p t i o n  is r e a d i l y  unde r s tood .  I f  t he  m o d e l  w i t h  
an e m p t y  l eve l  n e a r  the  conduc t ion  b a n d  ( for  f u l l y  
c o a c t i v a t e d  Z n S : C u )  is cor rec t ,  i t  is diff icult  to 
u n d e r s t a n d  how in t he  r a d i o a c t i v a t e d  ZnS:  Cu, w i t h  
one less e l ec t ron  for  each  copper ,  th is  l eve l  cou ld  
h a v e  been  f i l led b y  an  e lec t ron .  Thus  the  l oca t i on  of 

s 1.2 e v  is the  a p p r o x i m a t e  m i n i m u m  e n e r g y  for  th i s  t rans i t ion  at  
r o o m  t e m p e r a t u r e .  Thi s  f igure  is  u sed  because  the  a b s o r p t i o n  b a n d  
d o e s  n o t  s h o w  a c lear  m a x i m u m .  Q u e n c h i n g  and  s t i m u l a t i o n  sp e c tr a  
s h o w  a m a x i m u m  at a b o u t  1.65 ev .  
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the level  about  1.2 ev f rom the top of the valence 
band can be made wi thout  any other suppor t ing 
evidence, such as electr ical  measurements  demon-  
s t ra t ing hole conduction (5, 30). 

Kinetics of Luminescence 

The second purpose of this work,  to obtain evi-  
dence on the question of whe ther  copper green cen- 
ters  must  have associated coact ivators  in order  to be 
luminescence-act ive,  was not fulfil led unambigu-  
ously. The exper imenta l  resul ts  per ta in ing  to this  
aspect are that :  (i) the over -a l l  brightness,  af ter  a 
brief  rise, decayed exponent ia l ly  wi thout  l imit ,  (i i)  
the g r een - to -b lue  and p robab ly  g reen- to -ye l low 
rat io  went  through a m a x i m u m  and then tended 
asymptot ica l ly  to a value  below the ini t ia l  values,  
and (iii)  the g reen - to -b lue  ratio,  in i t ia l ly  sensi t ive 
to exci ta t ion intensity,  became independent  of it  
later.  

The first resul t  can be pa r t i a l ly  expla ined  by (a) 
the increasing absorpt ion of 3650A exci t ing l ight  and 
fluorescence emission in the broad  absorpt ion band  
due to uncompensated  copper and (b) possible 
k i l ler  center  format ion associated with  migra t ion  of 
ejected copper. 

Result  (ii i)  can be unders tood as a change f rom 
the kinetics of a compensated phosphor  to a p - t y p e  
phosphor.  The ini t ia l  dependence of g r e e n - t o - b l u e  
rat io  on exci ta t ion in tens i ty  is predic ted  by the 
SchSn-Klasens  (31, 32) model  for compensated 
phosphors. As the concentrat ion of uncompensated  
copper increases, the ra te  of the rmal  ionization of 
holes f rom copper centers  increases and eventua l ly  
exceeds the exci ta t ion intensity.  The d is t r ibut ion  of 
holes be tween  green and blue centers  (and therefore  
the g r een - to -b lue  ra t io)  is then de te rmined  by 
the rmal  equi l ib r ium and is independent  of exci ta t ion 
intensity.  

It should be possible to expla in  resul t  (i i)  by  set-  
t ing up a number  of models for the s t eady-s t a t e  
kinetics of luminescence.  Unfor tunate ly ,  any rea l -  
istic model  would have to be ra the r  complicated be-  
cause of the  presence of three  emit t ing states  and 
p robab ly  a k i l le r  state. Also the 3650/k exci t ing l ight  
can be absorbed s t rongly  at both filled and unfilled 
Cu centers. 

An a t t empt  was made to fit the observed data  on 
b lue - t o -g r een  rat io  wi th  two models  which con- 
s idered only blue and green emi t t ing  states and a 
single t rapping  level. In the first model,  it was as-  
sumed that  all  subst i tu t ional  Cu centers  were  active 
in luminescence recombinat ion;  in the second, tha t  
only Cu centers  wi th  coact ivator  centers  wi th in  a 
cer ta in  dis tance were  active. I t  tu rned  out tha t  
nei ther  model  could be made to fit the da ta  wi th  r ea -  
sonable assumptions for  the kinet ic  constants,  but  
the second model  looked more promis ing than  the 
first. I t  is fel t  tha t  this s l ight ly  be t t e r  agreement  of 
the exper imenta l  da ta  wi th  the associated center  
model  is not  sufficiently c lea r -cu t  to be regarded  as 
evidence in favor  of one model  or the other. In the 
opinion of the authors,  fu r the r  work  on kinet ic  
models is not  justified by the present  exper imenta l  
data. 

Comparison to the Prener-Wil l iams Experiment  

It was ment ioned in the preceding tex t  tha t  P rene r  
and Wil l iams (8) had pe r fo rmed  an exper iment  
which also involved the decay of Zn*-65 to Cu-65 in 
zinc sulfide. They employed a different  p repa ra t ive  
technique,  and thei r  resul ts  were  different  in some 
respects. The g r e e n - t o - b l ue  rat io  vs. t ime re la t ion-  
ship of thei r  sample  exhib i ted  no ini t ia l  strong in-  
crease and no subsequent  drop. The fluorescent spec- 
t rum af ter  app rox ima te ly  four years  of decay was 
very  near ly  ident ical  wi th  the ini t ia l  spectrum. The 
luminescence b r igh tness - t ime  re la t ionship  of the 
sample  was not measured,  which makes  it impossible 
to compare  this fea ture  of the two exper iments .  How- 
ever, diffuse reflectance measurements  on the P r e n e r -  
Wil l iams sample  (which they  k ind ly  made  avai lab le  
to us) revealed  the presence of the same absorpt ion 
bands as found in our sample. 

Visual inspection under  u l t rav io le t  l ight  of the 
P rene r -Wi l l i ams  sample showed br igh t  green pa r -  
ticles scat tered throughout  a nonluminous back-  
ground ( the  sample  was thoroughly  mixed  in the 
course of t ransfe r  from the or ig ina l  container  to the 
quartz  tube used for examinat ion) .  A rough par t ic le  
count under  the microscope indicated tha t  the green 
par t ic les  comprised about  2-3% of the total.  On the 
basis of this observat ion  it is suggested tha t  the 
P rene r -Wi l l i ams  sample was not homogeneous, but  
consisted of two different  k inds  of mater ia ls .  The 
bulk,  which af ter  four years  of decay became prac-  
t ica l ly  nonluminescent ,  corresponds closely to this 
l abora to ry ' s  sample. The l a t t e r  exhib i ted  an ap-  
p rox ima te ly  tenfold decrease in br ightness  in one 
year.  Based on the logar i thmic  re la t ionship  be tween 
br ightness  and time, four  years  of decay  should then 
have reduced the br ightness  of the P rene r -Wi l l i ams  
sample  to app rox ima te ly  10-' of the init ial ,  ac- 
counting for the expe r imen ta l ly  observed prac t ica l ly  
nonluminescent  appearance  of the bu lk  of thei r  
sample. By the same reasoning,  since the loss of 
br ightness  was in te rp re ted  at least  pa r t l y  on the 
basis of the appearance  of empty  copper levels near  
the valence band,  this  pa r t  of the  sample ought to 
have exhibi ted  more p rominen t  in f ra red  absorpt ion 
bands than this l abora to ry ' s  sample, as it  in fact did. 
The smal ler  pa r t  of the P r e ne r - Wi l l i a m s  sample 
had different  propert ies .  Its br ightness  had not de-  
cayed, and its most recent ly  measured  spect ra l  r e -  
sponse corresponded to the ini t ia l  spectra l  response 
of the whole sample. 

This is not the place to speculate  as to wha t  the 
cause of the he te rogenei ty  of the sample could be. 
The above a rguments  do, however ,  present  one way  
to expla in  the different behavior  of the P r e n e r -  
Wil l iams and this l abora to ry ' s  sample. The smal l  
por t ion of the  s t rongly luminescent  green par t ic les  
can account for the constancy of the g r e e n - t o -b lue  
rat io of the whole sample between,  say, the end of 
the first yea r  of decay (i.e., when the br ightness  of 
the  bulk  was down by a factor  of 10) and now. Not 
knowing the re la t ive  br ightness  of the  two compo- 
nents of the sample,  it is ha rd  to say whe the r  this  
also could account for the constancy of the green-  
to -b lue  rat io  dur ing the first yea r  of decay. I t  is 
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conce ivab le  t ha t  t he  p re sence  of a s m a l l  a m o u n t  of 
a b r i g h t  componen t ,  w h i c h  s t a y e d  cons t an t  in  i ts  
spec t r a l  d i s t r i bu t ion ,  w o u l d  p a r t l y  m a s k  the  changes  
occu r r ing  in  a less b r i g h t  b u t  m o r e  a b u n d a n t  c o m -  
ponent .  In  fact ,  a c loser  look  at  Fig.  2 on page  343 
of the  quo t ed  r e f e r e n c e  (8)  w i l l  r e v e a l  t ha t  th is  
cu rve  m a y  have  a w e a k  m a x i m u m  s o m e w h e r e  b e -  
t w e e n  the  20th and  50th d a y  of decay .  

Manuscr ip t  rece ived  March  16, 1962; revised m a n u -  
script  received Ju ly  17, 1962. This paper  was p repa red  
for de l ive ry  before  the New York  Meeting, Apr i l  27- 
May 1, 1958. 

Any  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the June  1963 JOURNAL. 
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Red-Emitting (Zn,Cd)(S, Se) Electroluminescent Phosphors 
F. C. Palilla and D. H. Baird 

General Telephone & Electronics Laboratories, Inc., Bayside, New York 

ABSTRACT 

Red elect roluminescence at  60 cps has been obta ined wi th  copper-ac t iva ted ,  
b romine  co-act ivated,  Znl ~Cd~S~_~Sey systems at  field s t rengths  as low as 50 
v /mi l .  Emission color depends  on the Cd a n d / o r  Se contents.  E lec t ro lumines-  
cence sensi t iv i ty  depends  on crys ta l  s t ructure.  The rat io  of host  la t t ice  com- 
ponents,  together  wi th  the condit ions of firing, e tabl ishes  the  c rys ta l lographic  
na tu re  of the  mat r ix .  The resul ts  suggest  a s imi la r i ty  to the s t ruc tura l  fea tures  
associated wi th  op t imum electroluminescence in ZnS. Detai ls  of phosphor  p r e p -  
ara t ion and per fo rmance  are discussed. 

In  r e c e n t  years ,  c o n s i d e r a b l e  p r o g r e s s  has  been  
m a d e  in  the  p r e p a r a t i o n  of p h o s p h o r  sys t ems  s u i t a -  
b le  for  use  in e l e c t r o l u m i n e s c e n t  l i gh t ing  sources.  
Syn thes i s  t e chn iques  a r e  a v a i l a b l e  for  g r e e n - ,  b l u e - ,  
and  y e l l o w - e m i t t i n g  e l e c t r o l u m i n e s c e n t  p h o s p h o r s  
of good qua l i t y ,  and  a p p r o p r i a t e  m i x t u r e s  of these  
p h o s p h o r s  y i e l d  w h i t e  emiss ion  at  p r a c t i c a l l y  use fu l  
levels .  C o m p a r a b l e  p e r f o r m a n c e  has  not  y e t  been  
a c h i e v e d  w i t h  r e d - e m i t t i n g  e l e c t r o l u m i n e s c e n t  p h o s -  
pho r  sys tems .  The  i nves t i ga t i ons  d e s c r i b e d  in th is  
p a p e r  fo rm  p a r t  of an  effort  d i r e c t e d  t o w a r d  t h a t  
end.  

I n v e s t i g a t i o n s  in t h e  syn thes i s  of e l e c t r o l u m i n e s -  
cent  p h o s p h o r s  h a v e  been  mos t  e x t e n s i v e  and  suc-  
cessful  for  m a t e r i a l s  b a s e d  on zinc sulf ide as the  hos t  
and  a c t i v a t e d  w i th  copper .  E x p e r i e n c e  in th is  l a b o r a -  

t o r y  and  e l s e w h e r e  (1 -3 )  has  i n d i c a t e d  t h a t  o p t i -  
m u m  e l e c t r o l u m i n e s c e n c e  in ZnS  is o b t a i n e d  w h e n  
the  c r y s t a l l i t e s  ex i s t  as a c o m p l e x  s t r u c t u r e  cons i s t -  
ing  of f a u l t e d  h e x a g o n a l  a n d / o r  cub ic  modi f ica t ions .  
I t  is p r o b a b l e  t ha t  t he  p e c u l i a r  exce l l ence  of ZnS  as 
hos t  in  e l e c t r o l u m i n e s c e n t  p h o s p h o r s  is due  in  p a r t  
to i ts  s u s c e p t i b i l i t y  to f o r m i n g  such  c o m p l e x  s t r u c -  
tu res .  In  s eek ing  a hos t  m a t e r i a l  for  effect ive  r e d -  
e m i t t i n g  e l e c t r o l u m i n e s c e n t  phosphors ,  w e  t h e r e f o r e  
fe l t  i t  d e s i r a b l e  to se lec t  sy s t e ms  c h e m i c a l l y  and  
s t r u c t u r a l l y  r e l a t e d  to  ZnS,  b u t  w i t h  s u i t a b l e  l a t t i ce  
subs t i t u t i ons  to sh i f t  t he  emiss ion  to l onge r  w a v e -  
lengths .  Two b i n a r y  sys t ems  a re  we l l  k n o w n  w h i c h  
p r o d u c e  th is  d e s i r e d  sh i f t  in emiss ion :  Z n S - C d S  and  
Z n S - Z n S e .  In  n e i t h e r  case, h o w e v e r ,  is the  de s i r ed  
d e g r e e  of s t r u c t u r a l  s i m i l a r i t y  to  ZnS m a i n t a i n e d  in  
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Znl_xCd x St. Y Sey SYSTEMS 

\ / 

ZnS O CdS 
( CUBIC, I"- (HEXAGONAL) X= (;d HEXAGONAL) Zn~'Cd 

Fig. 1. Composition diagram for the Znl-~Cd~Sl_vSe~ system 

the composition ranges which yie ld  red emission. 
Subst i tu t ion of cadmium for zinc in ZnS r ap id ly  s ta -  
bilizes the hexagonal  modification and, at  the  same 
time, the e lect roluminescent  sensi t ivi ty  obta inable  by  
synthesis methods employed to date  diminishes (4).  
Thus, wi th  sufficient Cd subst i tut ion to give red 
emission, l i t t le  if any, e lect roluminescent  sensi t iv i ty  
remains.  Subst i tu t ion  of selenium for sulfur  s tab i l -  
izes the cubic modification (5).  The e lec t ro lumines-  
cent sensi t ivi ty  also falls, pa r t i cu l a r ly  at  the low 
frequencies of exci ta t ion which are the most impor t -  
ant for prac t ica l  applications.  

The s t ruc tura l  character is t ics  of the b ina ry  sys-  
tems descr ibed above suggest that,  in the more gen- 
eral  fami ly  of mater ia ls ,  (Zn ,Cd) (S ,Se ) ,  composi-  
tions exist  that  are  character ized by  the desired 
long-wave leng th  emission, and which are also close 
to a region of t rans i t ion  be tween  stable hexagonal  
and stable cubic s tructures.  Such mater ia l s  might  be 
expected to show some of the s t ruc tura l  features  
character is t ic  of ZnS. The approach to the de l inea-  
t ion of this composit ional  region and the inves t iga-  
t ion of the  luminescent  proper t ies  of mater ia l s  wi th -  
in it  is convenient ly  descr ibed in terms of the d ia-  
g ram of Fig. 1. Here composition is p lo t ted  as a 
function of x and y, where  x represents  the fract ion 
of Cd subst i tut ion for Zn, and y the Se subst i tut ion 
for S. On this  d iagram,  depar tures  in any direct ion 
f rom ZnS (x = y = 0) may  be expected to produce 
increases in the wave length  of emission. Composi-  
t ions near  the lower  r ight  corner  may  be expected to 
be hexagonal  in s t ructure,  those near  the upper  lef t  
cubic. In order  to define the region of s t ruc tura l  
t rans i t ion  and also to de te rmine  the dependence of 
emission color on composition in the centra l  pa r t  of 
the diagram,  prepara t ions  were  made in i t ia l ly  of 
compositions along the diagonals,  i.e., in the b ina ry  
systems ZnS-CdSe  and ZnSe-CdS.  These served to 
focus a t tent ion on the circled region as being of 
p r i m a r y  interes t  in te rms both of emission color and 
s t ruc tura l  characteris t ics .  Synthesis  was then carr ied  
out of composit ions along the line OP, a l ine possibly 
represent ing  a division be tween  cubic s t ructures  on 
the left  and hexagonal  mater ia l s  on the right.  These 
syntheses resul ted  in the  best  r ed - emi t t i ng  e lec t ro-  
luminescent  phosphors obtained. I t  should be noted 
tha t  Wachte l  (6) has obtained red e lec t ro lumines-  
cence by  a route  essent ia l ly  s imi lar  in pr inciple ,  

namely  the incorporat ion of HgS in sui table  (Zn, 
Cd)S  compositions in order  to br ing the product  
f rom the range  of hexagonal  to tha t  of cubic s tab i l -  
ity. In  this  case the  high vola t i l i ty  of HgS necessi-  
tates special  techniques of phosphor  prepara t ion .  
Lasof, Shrader ,  and Leverenz (7),  as pa r t  of an in-  
vest igat ion of the photo-  and cathodoluminescence 
of (Zn ,Cd) (S ,Se )  phosphors,  also de te rmined  the 
s t ructures  of a number  of composit ions of this  family,  
most of them p redominan t ly  compris ing ZnS. Their  
p repara t ions  were  car r ied  out at  t empera tu res  below 
900~ where  the cubic phase of ZnS is stable,  while  
ours were  carr ied  out at  1000~ and above where  
the hexagonal  phase is s table so tha t  the resul ts  are 
not d i rec t ly  comparable .  

Experimental 
Evaluation procedures.--A 1xlx0.006 in. de-  

mountable  cell was used wi th  one brass  and one 
t r anspa ren t  conductive glass electrode. A phosphor  
volume fract ion of 0.32 was used wi th  castor oil 
as the dielectr ic  medium. 

The phosphor emit tance  was de te rmined  in te rms 
of the surface br ightness  of the demountab le  cell 
measured  with  a 1P21 pho tomul t ip l i e r  corrected to 
yie ld  the eye response with  a Wr a t t e n  106 filter and 
ca l ibra ted  against  a regula ted  br ightness  source. 

I t  should be noted tha t  because of problems in-  
herent  in the pho tomet ry  in the red  region of the 
spect rum (detector  response and approx ima te  cor-  
rect ion to eye response with  the Wra t t en  106 f i l ter) ,  
the emit tance values presented  here in  should be 
considered on a re la t ive,  r a the r  than  on an absolute,  
basis. 

The spectra l  energy dis t r ibut ion  was measured  
with  a Genera l  Electr ic Automat ic  Recording Spec-  
t rorad iometer ,  modified according to Hardy  & K i r k -  
patr ick,  for increased sens i t iv i ty  (8).  

Phosphor preparation.--The synthesis  of all  
phosphors descr ibed in the succeeding sections in-  
volves blending the mix tu re  of host mater ia l s  wi th  
0.06-0.2% Cu as CuSO~, and wi th  5-20% NH4Br. 
Within  these ranges no significant changes in emi t -  
tance were  observed.  The luminescent  grade ZnSe 
and CdSe used were  obta ined f rom Merck and the 
ZnS and CdS from Sylvan ia  Electr ic  Products ,  Inc. 
F rom 40 to 60g of the blend,  contained in a quar tz  
boat, is then fired in a l igh t ly  plugged quartz  tube 
at  1000~176 for a per iod of f rom 20 to 60 min. 
A se l f -genera ted  a tmosphere  is the reby  established.  
The tube is next  removed  from the furnace  for cool- 
ing. Af te r  washing wi th  hot  solutions of 50% HAc, 
H~O, 5% KCN and H~O, the  final product  is dr ied  
at  160~ and sieved through a 400-mesh sieve. 

Results 
Binary system Z n S - C d S e . - - I n  the case of the 

ZnS-CdSe  system, increasing the amount  of CdSe 
f rom 0 to 100% resul ts  in a progress ive  shift  of 
the photoluminescence color under  3650A exci ta -  
tion f rom b lue -g reen  to ye l low to red and finally 
to no emission in the  vis ible  region. The e lec t ro-  
luminescence color goes through a s imi lar  t r ans i -  
t ion and the photoconduct ive sens i t iv i ty  increases. 
In all cases, the host composit ion was fired wi th  
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Table I. Summary of results 

P h o t o l u m i n e s c e n c e  Elee tro luminescence ,  
Mole % Body under  3650A 60-6000 cps,  
CdSe color excitat ion 30-100 v /mi l  

Table III. SummaTy of results 

0 White Blue-green Blue-green 
25 Yellow Yellow Yellow 
50 Red Deep red Red (weak) 
75 Black None None 

100 Black None None 

0,1% Cu (as CuSO4) and 10% NI-LBr at 1000~ for 
40 min. The resul ts  are summar ized  in Table  I. The 
crys ta l  s t ruc ture  of these composit ions is hexagonal  
in every  case and the hexagonal  la t t ice  pa r ame te r  
ao increases l inea r ly  wi th  increase in CdSe content  
in accordance wi th  Vegard ' s  law. 

Binary System Z n S e - C d S . - - I n  the case of the 
ZnSe-CdS system, increasing the amount  of CdS 
from 0 to 100% resul ts  in a t rans i t ion  of emit ted  
color under  3650A exci ta t ion f rom orange- red ,  to 
red, and finally to no emission in the visible region. 
Again  the e lectroluminescence color goes th rough  
a s imi lar  t rans i t ion  and the photoconduct ive sensi-  
t iv i ty  increases.  The p repa ra t ive  procedure  here  
was the same as wi th  the previous  b ina ry  system. 
The resul ts  are summar ized  in Table  II. These re -  
sults indicate  the composit ional  region of in teres t  
to be near  25 mole % CdS, both since it is the 
region of phase t rans i t ion  and since is corresponds 
to the desired red emission color. To define the 
composit ional  range  of in teres t  more closely, ad-  
di t ional  syntheses were  made of phosphors of this 
b ina ry  sys tem in the range of 0 to 25 mole % CdS. 
In these syntheses,  the host composit ion was fired 
with  0.1% Cu as CuSO4 and 10% NH,Br at 1200~ 
for 20 min, condit ions which ear l ier  exper ience in-  
dicated gave the most sa t is factory  results  wi th  
ZnSe itself. The resul ts  of these exper iments  are 
summar ized  in Table III. 

I t  wil l  be noted tha t  the  region of s tabi l i ty  of the  
hexagonal  s t ruc ture  appears  to be l a rge r  at the 
h igher  firing t empera tu re  used in these exper i -  
ments :  the  product  wi th  25 mole % CdS contains 
only the hexagonal  phase in this case, whereas  the 
ear l ie r  product  of this composition, fired at 1000~ 
contains both cubic and hexagonal  phases. In the 
1200 ~ prepara t ions ,  the region of phase t rans i t ion  
occurs at  15 mole % CdS. There  is c lear ly  indicated 
a max imum in e lect roluminescent  br ightness  near  
this composition. Increasing the content  of CdS 
shifts the peak  of the spectral  energy dis t r ibut ion  

Electro-  
l u m i n e s c e n t  P e a k  of  

Mole  % br ightness  (f t -L) ,  spectral  energy 
CdS Structure  400 cps,  600v distribution,  A 

0 Cubic 0.03 6350 
5 Cubic 0.07 6550 

10 Cubic 0.07 6700 
15 Hexagonal- 0.12 6900 

cubic 
25 Hexagonal 0.01 7000 

to progress ive ly  longer wavelengths ,  f rom 6350A 
for 0 mole % CdS to more than 7000A for 25 mole 
% CdS. Since luminosi ty  decreases wi th  wave-  
length  in this  range,  it  is c lear  tha t  up to 15 mole 
% CdS, the emit ted  power  is increasing wi th  CdS 
content  more r ap id ly  than is the brightness.  In the 
case of the product  containing 25 mole % CdS, a 
subs tant ia l  pa r t  of the emission, p robab ly  most of 
it, lies beyond 7000A, the l imit  of detect ion of the 
spec t rorad iometer  used. For  this reason, no meas-  
u rement  is ava i lab le  of the power  emit ted  by  this 
phosphor and hence the quest ion of whe ther  there  
is a m a x i m um  in emi t ted  power  in the v ic in i ty  of 
the phase t rans i t ion  is not resolved. Thus the pres-  
ent resul ts  are in accord with  the hypothesis  con- 
cerning the des i rab i l i ty  of mixed s t ructures  in tha t  
they  show substant ia l  increase in e lec t ro tumines-  
cent sensi t iv i ty  as the composit ion of the host l a t -  
tice is changed f rom the region of high s tab i l i ty  of 
the cubic phase to the region of phase t ransi t ion.  
However,  they  do not serve to show whether  or not 
a corresponding decrease takes  place as the compo- 
sition is changed to a region of high s tab i l i ty  of the 
hexagonal  phase. F rom the point  of v iew of obta in-  
ing improved  red e lect roluminescent  phosphors  in 
the ZnSe-CdS system, they  indicate  tha t  the region 
of the phase t rans i t ion  is most promising,  al though 
this may  be coincidenta l ly  due to the fact tha t  the 
emission of hexagonal  mater ia l s  in this system is 
p r imar i l y  in the infrared.  

Ternary system Z n S e - Z n S - C d S e . - - F r o m  the  re -  
sults in terms of brightness,  emission color, and 
s t ructure  obtained wi th  the b ina ry  system ZnSe-  
CdS above, the composit ion range  represen ted  by 
the circled area  of Fig. 1 was selected for fu r the r  
s tudy in order  to obtain fu r the r  improvement .  
Syntheses  were  car r ied  out of the composit ions a 
through f along the line OP which was taken  as a 
first approx imat ion  to the line separa t ing  the 

Table II. Summary of results 

Mole  % 
CdS Body color 

Photo -  
l u m i n e s c e n c e  
under  3650A 

exc i ta t ion  

Electro-  
luminescence ,  

66-6000 eps, 
30-100 v/mil Struc ture  

0 
25 

50 

75 
I00 

Yellow 
Orange-red 

Red 

Red-brown 
Brown 

Orange-red 
Deep red 

Deep red 

Deep red 
Deep red 

(faint) 

Orange-red 
Deep red 

Deep red 
(weak) 

None 
None 

Cubic 
Cubic with some 

hexagonal 
Hexagonal 

Hexagonal 
Hexagonal 
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Table IV. Compositions and structural characteristics 

Sam-  Solid-solution 
ple ZnSe ZnS CdSe s t ruc ture  Lat t ice constant,  A 

a 0.825 0 0.175 
b 0.760 0.080 0.160 
c 0.700 0.150 0.150 
d 0.610 0.260 0.130 

e 0.515 0.375 0.110 

f 0.450 0.453 0.097 

Cubic 5.742 (Cubic) 
Cubic 5.716 (Cubic) 
Cubic 5.690 (Cubic) 
Cubic with 5.658 (Cubic) 

some hex- 4.826 (Hex. ao) 
agonal 

Hexagonal-  5.611 (Cubic) 
cubic 4.772 (Hex. ao) 

Hexagonal 4.656 (Hex. a~) 

Fig. 2. Ternary composition diagram for ZnS, ZnSe, CdSe 

Fig. 3. Spectral energy distributions of phosphors in Fig. 1 and 2 

regions of cubic and hexagonal  s tabi l i ty.  These 
compositions al l  fal l  in the t e rna ry  system ZnSe-  
ZnS-CdSe  and are shown in Fig. 2 on the conven-  
t ional  t r i angu la r  coordinate  composit ion d iagram of 
this system. Also l is ted are the wave lengths  of peak  
emission of the  phosphors  which wil l  be discussed 
fu r the r  below. The enclosed area  corresponds to 
the circle of Fig. 1. The samples were  all  p repa red  
by firing at 1200~ for 20 min the appropr ia te  
blends of ZnSe, ZnS, and CdSe wi th  0.06% Cu as 
CuSO~ and 10% NH4Br. 

The spect ra l  energy dis t r ibut ions  of these phos-  
phors under  6000 cps e lect roluminescent  exci ta t ion 
are shown in Fig. 3. The curves have not been nor -  
malized and therefore  indicate  the re la t ive  emi t ted  
energies of the phosphors.  As we progress from 
sample f to a, there  is a shift  in peak  emission of 
a red band  f rom 6200 to above 7000A wi th  decreas -  
ing ZnS content. In the same sequence, there  is the 
g radua l  d i sappearance  of a ye l low-orange  band, 
which peaks  at about 5770A, but  which does not 
shift  i ts  peak  posit ion apprec iab ly  wi th  var ia t ion  
of composition. This is analogous to the shifts ob- 

served with  increasing ZnSe in the Zn(S ,  Se) sys-  
tem where  there  is observed a decrease in in tens i ty  
of a short  wave leng th  band  and a s imul taneous  
shift  in emission peak  of a long wave length  band. 
In Table IV are l isted the composit ions and the 
s t ruc tura l  character is t ics  of this series. 

There is observed a s t ruc tu ra l  shif t  f rom the 
cubic modification in the low ZnS samples (a, b, 
and c) to the hexagonal  modification in the highest  
ZnS sample (f) wi th  concomitant  decrease in la t -  
tice constants  of both the  cubic and hexagonal  
sol id-solut ion structures.  This implies  tha t  the l ine 
represent ing the t rans i t ion  be tween  mate r ia l s  of 
cubic and hexagonal  s tructures,  under  these condi-  
t ions of prepara t ion ,  passes through the lower  por -  
t ion of the circled area  as possibly indicated by the 
line LM in Fig. 1. It is p robab le ,  however,  tha t  the 
ent i re  series lies in a composit ional  region in which 
the energy difference be tween  the two s t ructures  
is r e l a t ive ly  small. This factor  is p robab ly  respon-  
sible for the re la t ive ly  high level  of br ightness  dis-  
p layed  by the phosphors of this series in tha t  it i s  
conducive to the format ion  of mixed and faul ted  
s t ructures  in spite of the apparen t  existence of only 
single phases in some of these mater ials .  

On the basis of emission colors of the phosphors 
of this series, composit ion d was selected for in-  
vest igat ion of the effects on e lect roluminescent  
br ightness  of va ry ing  the t empe ra tu r e  and t ime of 
firing. The resul ts  are given in Table  V. These data  
are presented  here for i l lus t ra t ive  purposes only, 
wi thout  impl icat ion as to the opt imized conditions 
for other compositions. It is probable  that ,  wi th  the 
complex mix tures  involved in such a system, opt i -  
mized the rmal  conditions may  be different  for dif-  
ferent  compositions. 

In Fig. 4 and 5, the b r igh tness - f requency  and 
br igh tness -vo l tage  character is t ics  of a phosphor  of 
composit ion d, p repa red  by  firing for 20 min at 
1200~ are compared  wi th  those of a ZnSe phos-  

Table V. Results 

ZnSeo.~o, ZnSo.~o, CdSeo.~o:Cu, Br  
Brightness fit-L) 

Fir ing Fir ing 
t emper -  t ime,  60 cps,  6000 cps, 

a ture ,  *C min  600v  600v 

1200 20 0.16 10.0 
1200 60 0.07 6.1 
1100 20 0.07 5.3 
1100 40 0.08 5.7 
1100 60 0.10 8.4 
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phor  for which the p repa ra t ive  conditions were  
identical.  Emission of the former  peaks  at 6850A 
while tha t  of the la t te r  peaks  at 6350A. The most 
s t r ik ing fea ture  of these figures is the super ior i ty  
they  show in the br ightness  of the t e rna ry  phosphor  
over tha t  of the selenide phosphor.  F igure  4 shows 
this to be pa r t i cu la r ly  the  case at low frequencies.  
At  60 cps the  br ightness  of the selenide phosphor  
is too low for measurement ,  but  ex t rapola t ion  from 
higher  frequencies indicates  the factor of super ior i ty  
of the t e rna ry  phosphor  to be at least  two orders  

of magnitude.  F igure  5 shows tha t  both systems 
display the same br igh tness -vo l tage  re la t ionship  
commonly observed for e lect roluminescent  phos-  
phors. 

Summary and Conclusions 
In seeking improved  r ed -emi t t i ng  e lec t ro lumi-  

nescent  phosphors,  invest igat ion has been carr ied  
out of the system (Zn,Cd) (S ,Se) :Cu ,Br .  Increases 
in the content  of ei ther  Cd or Se serve to shift  the 
emission from the b lue -g reen  of ZnS to longer 
wavelengths .  In addit ion,  Cd serves to stabil ize the 
hexagonal  modification, Se the cubic. By sui tably  
balancing these two subst i tuents ,  it has been shown 
to be possible to produce a series of e lec t ro lumines-  
cent phosphors wi th  emission peaks ranging  from 
the ye l low to near  infrared,  each close to a region 
of t rans i t ion  be tween the hexagonal  and cubic 
modifications. These are thus to some extent  the 
s t ruc tura l  analogues of e lect roluminescent  ZnS i t -  
self. Detai led evaluat ion  of the br ightness  charac-  
terist ics of a r ed -emi t t i ng  member  of this series 
shows it to represent  a large  improvement  over 
those d isp layed by  ZnSe :Cu ,Br  e lect roluminescent  
phosphors.  This tends  to confirm ear l ie r  specula-  
t ion concerning the significance of mixed s t ructures  
in achieving h igh- leve l  e lectroluminescence in ZnS. 
It suggests tha t  more deta i led  invest igat ions  of the 
present  system of phosphors wi l l  lead to a be t te r  
unders tand ing  of the role of such structures.  
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Large-Area"Jet" Electrolytic Polishing of Ge and Si 
G. R. Booker and R. Stickier 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Germanium and silicon specimens have been electrolytically polished by 
scanning the surface of the specimen in a systematic manner with a narrow 
diameter jet  of electrolyte. A comprehensive examination showed that  the 
surfaces of p- type  Ge specimens polished in this manner are smooth, flat, and 
strain-free. Brief examinations indicated that the method is probably also 
satisfactory for polishing n- type Ge and p- type Si specimens. 

Highly  polished, flat, s t r a in - f ree  semiconductor  
surfaces, pa r t i cu l a r ly  Ge and Si, are f requent ly  re-  
quired for semiconductor  device fabr ica t ion  pu r -  
poses. For  example,  such surfaces would be va lu -  
able for ep i tax ia l  l aye r  and shal low diffused de-  
vices. However,  such surfaces are difficult to p re -  
pare.  A procedure  f requent ly  adopted is first to 
polish the specimen mechanica l ly  to obtain a h ighly  
polished, flat surface, and then to polish the speci-  
men chemical ly  to remove the s t ra ined surface 
layers  formed dur ing  the mechanical  polishing. 
However ,  the removal  of the s t ra ined  surface layers  
by  chemical  pol ishing usual ly  causes a significant 
de ter iora t ion  in the high polish a n d / o r  flatness of 
the  surface (see l a t e r ) .  

An a l te rna t ive  procedure  is mechanical  polishing 
fol lowed by  electrolyt ic  polishing, the la t te r  being 
per formed  by  e i ther  a 'ba th '  method, the ro ta t ing 
disk method (1, 2), or a " je t"  method (3-5) .  Bath 
methods are not en t i re ly  sat isfactory and are not 
often used. 

In the ro ta t ing disk method, recent ly  in t roduced 
by  Sul l ivan and his colleagues (1, 2), a flat disk is 
ro ta ted  close to the  surface of the specimen to be 
polished, the reby  in tens ive ly  s t i r r ing an e lect rolyte  
in t roduced be tween the two surfaces. High points 
on the specimen surface are p re fe ren t i a l ly  removed,  
and the resul t ing  surface is h ighly  polished and 
s t ra in- f ree .  The surface is s l ight ly  convex owing to 
different  s t i r r ing ra tes  at  different  distances from 
the center  of rotat ion,  the  devia t ion  f rom flatness 
over  an area  25x25 m m  being 2.5#. The surface 
roughness is 25A. The method loses some of its 
s impl ic i ty  when appl ied to n - t y p e  specimens. This 
is because with  such specimens it is necessary to 
produce holes at the surface being electropolished,  
and the s tandard  procedure  for doing this (to shine 
strong i l lumina t ion  d i rec t ly  onto the surface)  is 
complicated by the closeness of the ro ta t ing disk. 
Sul l ivan et al. (1, 2) overcome the difficulty by 
shining l ight  through the disk, var ious  procedures  
being devised for mak ing  the disk both t r ansparen t  
and conducting. Polishing rates  for p - t y p e  Ge 
specimens are  0.3 to 33~/min, and for n - t y p e  Ge, 
p - t y p e  Si, and n - t y p e  Si specimens are of the order  
of 1.5~/min. 

In the je t  method (3-5) a nozzle sprays a na r row 
circular  je t  of e lect rolyte  onto the specimen, and 

polishing occurs over the area  of impingement .  Ex-  
t r emely  fast pol ishing ra tes  (100-500~/min) can 
be obtained,  and the resul t ing  surfaces are  h ighly  
polished and s t ra in-f ree .  However ,  the surfaces are  
not flat, a c i rcular  depression being formed on the 
surface opposite the jet.  

The possibi l i ty  of scanning a je t  across the sur -  
face of a specimen so tha t  the pol ished surface is 
also flat does not appear  to have  been invest igated 
for semiconductor  mater ia ls .  The method is, how-  
ever,  used for metals.  Thus, F a r m e r  and Glaysher  
(6) used a scanning je t  method to polish cy l indr i -  
cal iron tensi le  specimens in order  to obtain smooth 
s t r a in - f ree  surfaces, whi le  Nut t ing  and Kel ly  (7) 
used a scanning je t  method to th in  meta l  specimens 
as a p re l imina ry  stage in the product ion of meta l  
foils app rox ima te ly  1000A thick for t ransmiss ion 
electron microscope studies. For  both of these ap-  
pl icat ions the complete surface of the specimen was 
scanned in a sys temat ic  manner  by  combining a 
rapid  scan in one direct ion wi th  a slow scan in a 
pe rpend icu la r  direction. 

The ra te  of removal  of ma te r i a l  ( g / m i n )  for a 
scanning je t  is s imilar  to the ra te  of removal  of 
ma te r i a l  ( g / m i n )  for a s ta t ionary  jet.  However ,  the  
average polishing ra te  (~ /min)  for a scanning je t  
is ve ry  much less than the polishing ra te  (~ /min)  
for a s ta t ionary  jet.  This is because wi th  a scanning 
je t  the mate r ia l  is removed  from a much l a rge r  
area.  If a je t  wi th  a cross-sect ional  a rea  As and a 
s ta t ionary  polishing ra te  (~ /min)  R~ is scanned 
over  an area  Am, then the average  scanning pol ish-  
ing ra te  (~ /min)  Rm is given app rox ima te ly  by  
Rm = (As~Am) Rs. For a je t  2 mm in d iamete r  and 
an area  of scan 25x25mm the reduct ion factor  
Am/A~ is app rox ima te ly  200 times. This gives for 
semiconductor  specimens polishing rates  in the 
range  0.5-2.5 ~/min,  i.e., ra tes  stil l  adequate  for 

most of the l ike ly  semiconductor  applications.  
Moreover,  the appara tus  used for the e lectropol ish-  
ing can be made ful ly  automat ic  so tha t  it can be 
run  for several  hours if necessary with  l i t t le  or no 

attention.  
In order  to inves t iga te  the possibi l i ty  of app ly -  

ing the scanning je t  method to semiconductor  speci-- 
mens we have used a scanning je t  appara tus  or igi-  
na l ly  constructed for polishing meta l  specimens. The 
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Fig. 1. Diagrammatic illustration of the apparatus used for large- 
area jet electropolishing. 

p r e s e n t  p a p e r  desc r ibes  some r e su l t s  o b t a i n e d  for  
p - t y p e  Ge, n - t y p e  Ge, and  p - t y p e  Si  spec imens .  

Electropolishing Method 
A sl ice a p p r o x i m a t e l y  25x25x l  m m  t h i c k  was  cu t  

f r o m  the  s e m i c o n d u c t o r  m a t e r i a l ,  and  the  two  m a i n  
faces  w e r e  g r o u n d  flat. One of t he  faces  was  t hen  
m e c h a n i c a l l y  po l i shed  w i t h  p r o g r e s s i v e l y  f iner  
ab ras ives ,  t he  f inal  a b r a s i v e  be ing  0.25/~ d i amond .  
The  r e s u l t i n g  s p e c i m e n  was  p l a c e d  on a flat  p las t i c  
p l a t e  w i t h  t he  m e c h a n i c a l l y  po l i shed  side u p p e r -  
most ;  l a c q u e r  was  a p p l i e d  a r o u n d  the  edges  of the  
spec imen  and  a l l o w e d  to d ry .  In  th is  m a n n e r  t he  
spec imen  was  he ld  in pos i t i on  and  e l e c t r o l y t e  was  
p r e v e n t e d  f r o m  r e a c h i n g  the  b a c k  sur face .  The  
s p e c i m e n  was  m o u n t e d  v e r t i c a l l y  oppos i t e  a p l a s t i c  
nozzle  a t t a c h e d  to a h o r i z o n t a l  m e t a l  ( p l a t i n u m )  
t u b e  (Fig .  l a ) .  The  nozzle  c o n t a i n e d  a ho le  2 m m  
in d i a m e t e r ,  and  the  d i s t ance  b e t w e e n  the  end  of 
t he  nozzle  a n d  the  s p e c i m e n  su r f ace  was  3 mm.  The  
s p e c i m e n  was  the  anode,  t he  m e t a l  t u b e  was  the  
ca thode ,  and  the  a n o d e  to ca thode  d i s t ance  was  15 
mm.  The  e l ec t r i ca l  l e a d  for  t he  anode  passed  
t h r o u g h  a hole  in t h e  p l a s t i c  p l a t e  and  was  so lde red  
to t he  b a c k  su r f ace  of t he  spec imen .  This  su r f ace  
p r e v i o u s l y  h a d  been  c o m p l e t e l y  coa ted  w i t h  so lde r  
so t ha t  d u r i n g  the  s u b s e q u e n t  e l e c t r o p o l i s h i n g  t h e r e  
w o u l d  be  no v a r i a t i o n  in t he  e l e c t r i c a l  po l i sh ing  
cond i t ions  f rom a po in t  to po in t  on the  f ron t  s u r -  
face  of the  spec imen .  H o w e v e r ,  o the r  less p e r m a -  
n e n t  m e t h o d s  for  m a k i n g  the  e l e c t r i c a l  con tac t  
w o u l d  also no doub t  h a v e  been  sa t i s f ac to ry .  

The  nozzle  m o v e d  h o r i z o n t a l l y  b a c k w a r d s  and  
f o r w a r d s  a t  a u n i f o r m  r a t e  across  the  spec imen ,  

Fig. 2. Single-crystal Czochralski-grown p-type Ge at progressive 
stages during mechanical polishing. Micrographs show typical ran- 
dom areas. 

whi l e  t he  s p e c i m e n  h a d  a s im i l a r  bu t  s l ower  m o v e -  
m e n t  in t he  v e r t i c a l  d i r ec t i on  (Fig .  l a  and  b ) .  The  
s c a n n i n g  speeds  w e r e :  hor i zon ta l ,  25 m m / s e c ;  v e r -  
t ical ,  0.083 m m / s e c .  The  j e t  t hus  s c a n n e d  the  spec i -  
m e n  h o r i z o n t a l l y  300 t imes  d u r i n g  the  course  of one 
v e r t i c a l  scan. The  a m p l i t u d e s  of the  scans  w e r e  
bo th  25 m m  so t h a t  a s p e c i m e n  su r f ace  up  to 25x25 
m m  could  be  pol i shed .  The  s cann ing  m o v e m e n t s  
w e r e  o b t a i n e d  w i t h  the  a id  of two  s y n c h r o n o u s  
e lec t r i c  motors ,  g e a r - w h e e l s ,  and  two  eccen t r i c  
cams.  

The  e l e c t r o l y t e  a f t e r  i m p i n g i n g  on the  s p e c i m e n  
was  co l lec ted  and  p u m p e d  up  to  a r e se rvo i r ,  f r o m  
w h e n c e  i t  r e t u r n e d  to t h e  nozzle  v i a  a g r a v i t y  feed.  
The  p r e s s u r e  head  was  60 cm a n d  the  j e t  h a d  a flow 
r a t e  of 0.4 l i t e r s / m i n  a n d  a flow speed  of 200 c m /  
sec. The  to t a l  a m o u n t  of e l e c t r o l y t e  c i r c u l a t e d  was  
2 l i t e r s  so t h a t  po l i sh ing  cou ld  be  c o n t i n u e d  for  
long pe r i ods  w i t h o u t  s igni f icant  d e t e r i o r a t i o n  or 
h e a t i n g  of the  e l ec t ro ly t e .  

Mechanical  and Chemical Polishing 
Before  de sc r i b ing  the  e l e c t r o p o l i s h i n g  r e su l t s  

some o b s e r v a t i o n s  on the  m e c h a n i c a l  po l i sh ing  and  
s u b s e q u e n t  c h e m i c a l  po l i sh ing  of Ge and  S i  spec i -  
mens  a r e  g iven.  These  o b s e r v a t i o n s  e n a b l e  the  
e l e c t r o p o l i s h i n g  r e su l t s  to be  m o r e  c l e a r l y  fo l lowed .  

A s i n g l e - c r y s t a l  p - t y p e  Ge s p e c i m e n  was  m e -  
c h a n i c a l l y  po l i shed ,  t h e  f inal  a b r a s i v e  b e i n g  0.25/~ 
d i a m o n d ,  and  e x a m i n e d  at  p r o g r e s s i v e  s tages  w i t h  
t h e  op t i ca l  and  i n t e r f e r e n c e  mic roscopes  (Fig .  2).  
De ta i l s  of the  po l i sh ing  p r o c e d u r e  a r e  g iven  in 
T a b l e  I. As  t h e  po l i sh ing  p r o c e e d e d  the  a b r a s i v e  

Table I. Mechanical polishing procedure 

Particle 
Stage Abrasive size,/~ Lubricant Method 

1 No. 600 SiC paper  25 Wate r  Rota t ing wheel  

2 Diamond powder  6 Kerosene  Rotat ing wheel,  
in s lu r ry  cloth pad  

3 Diamond powder  1 Kerosene  Rotat ing wheel,  
in s lu r ry  cloth pad  

4 Diamond powder  0.25 Kerosene  Rota t ing wheel,  
in s lu r ry  cloth pad  
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Fig. 3. Mechanically polished single-crystal Czochralski-grown 
p-type Ge at progressive stages during subsequent chemical polish- 
ing with CP4. Micrographs show typical random areas. 

m a r k s  b e c a m e  less p ronounced .  A f t e r  t he  0.25~ 
d i a m o n d  po l i sh  the  s p e c i m e n  possessed  a h i g h l y  
po l i shed ,  v e r y  flat  sur face .  

This  m e c h a n i c a l l y  po l i shed  s p e c i m e n  was  t hen  
c h e m i c a l l y  p o l i s h e d  w i t h  a modi f i ed  CP4 so lu t ion  1 
and  s i m i l a r l y  e x a m i n e d  (Fig .  3) .  A f t e r  a po l i sh ing  
t ime  of 5 sec a dense  a r r a y  of s h a r p l y  def ined 
" s c r a t c h  m a r k s "  was  obse rved .  A f t e r  15 sec t h e  
s c ra t ch  m a r k s  w e r e  sha l l ower ,  a n d  a f t e r  30 sec s t i l l  
sha l l ower .  A f t e r  60 sec the  t r e n d  con t inued ,  b u t  a 
n u m b e r  of c l ea r  a r e a s  w e r e  n o w  vis ib le .  A f t e r  90 
sec a l l  t he  fine s c ra t ch  m a r k s  w e r e  e l i m i n a t e d ,  
b r o a d  sc ra t ch  m a r k s  on ly  r e m a i n i n g .  A f t e r  150 sec 
on ly  a f ew  b r o a d  sc ra t ch  m a r k s  w e r e  s t i l l  p resen t .  
Moreove r ,  d u r i n g  the  c h e m i c a l  po l i sh ing  the  s u r -  
face  p r o g r e s s i v e l y  los t  i t s  f la tness  and  b e c a m e  w a v y  
on a coarse  scale.  The  w a v i n e s s  was  s l igh t  a f t e r  a 
po l i sh ing  t ime  of 5 sec, was  p r o n o u n c e d  a f t e r  30 
sec, and  v e r y  p r o n o u n c e d  a f t e r  90 and  150 sec. The  
to t a l  t h i cknes s  of t he  spec imen  r e m o v e d  d u r i n g  the  
c h e m i c a l  po l i sh ing  w a s  a p p r o x i m a t e l y  60~, c o r r e -  
s p o n d i n g  to an a v e r a g e  c h e m i c a l  po l i sh ing  r a t e  of 
24# /min .  

A s i n g l e - c r y s t a l  p - t y p e  Si  spec imen  was  t hen  
p r e p a r e d  and  e x a m i n e d  in t he  s ame  m a n n e r .  The  
c h e m i c a l  po l i sh ing  p r o v e d  to  be  s im i l a r  to  t h a t  of 
t he  p - t y p e  Ge  spec imen .  In  p a r t i c u l a r ,  s c r a t c h  m a r k s  
w e r e  r a p i d l y  r e v e a l e d  and  t hen  s l o w l y  r e m o v e d ,  
and  the  su r f ace  b e c a m e  p r o g r e s s i v e l y  w a v y .  H o w -  
ever ,  t he  s c ra t ch  m a r k s  w e r e  m u c h  less  p r o n o u n c e d  
on the  Si  s p e c i m e n  t h a n  on t h e  Ge spec imen .  

1200 m l H N O s  : 120 m l  H F  : 120 m l  CHsCOOH : 1.6g G e  : 1.2 m l  
l i q u i d  Br2. The  addit ion of  G e  to  CP4 introduces  reaction p r o d u c t s  
w h i c h  i m p r o v e  t h e  r e l i a b i l i t y  o f  the  e tch  by  reduc ing  the  induct ion  
period to essent ia l ly  zero (8}.  T h e  act ion of  CP4  on  Si is r e l i ab le  
w i t h o u t  the  addit ion of  Si (8).  
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These  o b s e r v a t i o n s  a r e  i n t e r p r e t e d  (8)  as fo l -  
lows.  W h e n  Ge and  Si  spec imens  a r e  m e c h a n i c a l l y  
po l i shed  in the  m a n n e r  desc r ibed ,  a ' d a m a g e d  l a y e r '  
e x t e n d i n g  no m o r e  t h a n  a f ew  m i c r o n s  b e l o w  t h e  
su r f ace  is f o r m e d ?  C h e m i c a l  po l i sh ing  w i t h  CP4 for  
a p p r o x i m a t e l y  5 sec r e m o v e s  th is  l aye r .  The  sc ra t ch  
m a r k s  then  c o v e r i n g  the  su r f ace  r e s u l t  f r o m  n o n -  
u n i f o r m  c h e m i c a l  p o l i s h i n g  occu r r i ng  w h i l e  t he  
d a m a g e d  l a y e r  is be ing  r e m o v e d .  This  n o n u n i f o r m  
po l i sh ing  a r i ses  because  of loca l  d i f fe rences  in  
chemica l  po l i sh ing  r a t e s  due  to loca l  d i f fe rences  in 
d a m a g e .  A f t e r  t he  d a m a g e d  l a y e r  has  b e e n  r e -  
moved ,  f u r t h e r  c h e m i c a l  po l i sh ing  g r a d u a l l y  
smooths  ove r  the  s c r a t ch  m a r k s  bu t  does  no t  e l i m i -  
n a t e  t h e m  un t i l  m u c h  l a te r .  D u r i n g  the  c h e m i c a l  
po l i sh ing  the  su r face  becomes  p r o g r e s s i v e l y  w a v y  
on a coarse scale. This waviness is characteristic of 
the chemical polishing process and is not related 
to the damaged layer. The scratch marks are more 
pronounced on Ge than Si specimens because the 
damaged layer extends further below the surface 
of Ge than Si specimens. 

Electropolishing 
p-Type G e . - - S i n g l e - c r y s t a l  p - t y p e  Ge spec imens  

w e r e  e l e c t r o p o l i s h e d  us ing  an  e l e c t r o l y t e  of c o m -  
pos i t ion  0.1N HfSO~ p lus  a f ew  m l  of H F  ( 4 8 % )  
p e r  l i te r .  The  e l ec t r i ca l  po l i sh ing  cond i t ions  w e r e  
not  c r i t ica l ,  150v and  200 m a  ~ be ing  typ ica l .  The  
e l e c t r o p o l i s h i n g  was  s i m i l a r  to the  c h e m i c a l  po l i sh -  
ing in t ha t  s c r a t ch  m a r k s  w e r e  r e v e a l e d  and  l a t e r  
e l i m i n a t e d  (Fig .  4) .  H o w e v e r ,  t he  e l e c t r o p o l i s h i n g  
d i f fe red  in t ha t  t he  i n i t i a l l y  flat  cond i t i on  of t he  
su r f ace  was  not  s ign i f i can t ly  a l t e r ed .  The  po l i sh ing  
t imes  w e r e  l o n g e r  t h a n  the  c o r r e s p o n d i n g  t imes  for  
the  c h e m i c a l  po l i sh ing ,  the  f inal  e l e c t r o p o l i s h e d  
su r f ace  be ing  o b t a i n e d  a f t e r  120 min.  The  t o t a l  
t h i cknes s  of t he  s p e c i m e n  r e m o v e d  w a s  a g a i n  a p -  
p r o x i m a t e l y  60~, c o r r e s p o n d i n g  to an  a v e r a g e  e lec -  
t r o p o l i s h i n g  r a t e  of 0 .5~/min.  

The  f inal  e l e c t r o p o l i s h e d  su r f ace  possessed  a h i g h -  
q u a l i t y  m i r r o r - l i k e  finish. Op t i c a l  m i c r o g r a p h s  at  
1000X d i d  not  r e v e a l  a n y  s t r u c t u r e  (F ig .  5a ) ,  w h i l e  
e l ec t ron  m i c r o g r a p h s  at  20,000X of s h a d o w - c a s t  
r ep l i ca s  i n d i c a t e d  on ly  a s l igh t  g r a n u l a r  s t r u c t u r e  
(F ig  5b) .  The  su r f ace  r o u g h n e s s  was  e s t i m a t e d  
f r o m  the  e l ec t ron  m i c r o g r a p h s  to be  a p p r o x i m a t e l y  
25A. Tht i s  v a l u e  was  s u b s e q u e n t l y  conf i rmed  b y  
m u l t i p l e - b e a m  i n t e r f e r e n c e  mic roscopy .  The  f la t -  
ness  of t h e  f inal  e l e c t r o p o l i s h e d  su r f ace  ove r  an  
a r e a  25x25 m m  w a s  in  g e n e r a l  e q u i v a l e n t  to  a p -  
p r o x i m a t e l y  1 to 2 i n t e r f e r e n c e  f r inges ,  i.e., a p -  
p r o x i m a t e l y  0.5~. 

A p - t y p e  Ge s p e c i m e n  possess ing  n u m e r o u s  gross  
c r y s t a l l o g r a p h i c  impe r f ec t i ons ,  e.g., t w i n  p l anes  
and  i r r e g u l a r  b o u n d a r i e s ,  was  e l e c t r o p o l i s h e d  as 

2 I t  is emphas ized  that  the  d a m a g e  assoc ia ted  w i t h  t h e  f inal  me -  
c h a n i c a l l y  pol ished spec imens  arose  f r o m  the  f ina l  0.25~ d i a m o n d  
pol i sh ing  t r e a t m e n t .  No d a m a g e  r e m a i n e d  f r o m  the  p r e v i o u s  coarser  
a b r a s i v e  treatments .  This  w a s  establ ished as fo l lows .  S i m i l a r  spec i -  
m e n s  w e r e  cut ,  l apped ,  c h e m i c a l l y  p o l i s h e d  to  r e m o v e  a l l  t he  d a m -  
age,  a n d  m e c h a n i c a l l y  p o l i s h e d  w i t h  0.25~t d i a m o n d .  W h e n  these  
spec imens  were  c h e m i c a l l y  p o l i s h e d  w i t h  the  modi f i ed  CP4 so lu t ion ,  
t he  r e su l t s  o b t a i n e d  w e r e  p r ec i s e ly  t he  s ame  as those  s h o w n  in  
F ig .  3. 

3 A c u r r e n t  of  200 m a  co r r e sponds  to  a c u r r e n t  d e n s i t y  of a p p r o x i -  
m a t e l y  6 a m p / c m  2 w h e n  r e f e r r e d  to  t he  c ross - sec t iona l  a rea  of t h e  
2 ram d i a m e t e r  jet  used, The  c u r r e n t  d e n s i t y  a t  t he  su r face  of t h e  
s p e c i m e n  is  s o m e w h a t  l o w e r  because  o f  t he  s p r e a d i n g  of  t h e  e lec-  
t r o l y t e  on i m p i n g e m e n t .  
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Fig. 4. Mechanically polished single-crystal Czochralski-grown 
p-type Ge at progressive stages during subsequent electrolytic 
polishing. Micrographs show typical random areas. 

Fig. 6. Final electropolished surface of p-type Ge specimen similar 
to that of Fig. 4. but containing gross crystallographic imperfections. 

Fig. 5. Final electropolished surface of p-type Ge specimen of 
Fig. 4. a, (top) Optical micrograph; b, (bottom) electron micro- 
graph of a shadow-cast replica. The shadow-casting angle was 
cot -z 2. 

above. Examina t ion  of the final e lectropol ished 
surface wi th  the optical  microscope showed that  
the imperfect ions  were  de l inea ted  in an ex t r eme ly  
sharp manner  (Fig. 6) (wi thout  etching the sur -  
face) ,  while  the r ema inde r  of the surface was s t ruc-  
tureless.  The surface devia ted  s l ight ly  f rom flatness 
in the  areas of the imperfect ions and was flat in the 
areas away  from the imperfect ions.  

n-Type G e . - - W h e n  s ing le -c rys ta l  n - t y p e  Ge 
specimens were  electropolished as above, the sur -  
face of the specimens became covered wi th  a whi te  
film. However ,  if the electropol ishing was pe r -  
formed whi le  the surface was s t rongly  i l luminated,  
e.g., by focusing the l ight  beam f rom a high in ten-  
s i ty lamp onto the surface, polishing occurred over 
the area  i l luminated.  Moreover,  if the small  c i rcu-  
lar  area of the je t  only was i l lumina ted  then, owing 
to the ver t ica l  movement  of the specimen, a na r row 
ver t ica l  s t r ip  was polished. The electr ical  polishing 

conditions were  somewhat  crit ical,  90v and 100 ma 
being typical.  Al though polishing was effected in 
this manner ,  the polished surfaces were  not a lways  
of the high qual i ty  of the p - t y p e  Ge specimens. 
However,  h ighly  polished surfaces could usual ly  be 
obtained if, before electropolishing,  the specimens 
were  chemical ly  polished for 5 sec wi th  CP4. 

p-Type S t . - - S i n g l e - c r y s t a l  p - t y p e  Si specimens 
were  electropol ished in a s imi lar  manner  to the 
p - t y p e  Ge specimens but  using an e lec t ro ly te  of 
composit ion 0.2N HF. The electr ical  polishing con- 
dit ions were  not cri t ical  and h ighly  polished sur -  
faces were  obtained.  

Discussion 

The l a r ge - a r e a  je t  e lectropol ishing method has 
been appl ied  to p - t y p e  Ge, n - t y p e  Ge, and p - t y p e  
Si specimens:  all  three  types  of specimen were  
sa t is factor i ly  polished. A comprehensive  inves t iga-  ~ 
t ion of p - t y p e  Ge specimens showed tha t  the 
method is capable  of producing a final e lect ro-  
pol ished surface which possesses a surface rough-  
ness of approx ima te ly  25A, is flat to approx ima te ly  
0.5~ over  an area  25x25 ram, and is s t ra in - f ree . '  

In order  to obtain such h igh -qua l i t y  e lect ro-  
polished surfaces, the specimens were  in i t ia l ly  me-  
chanical ly  polished, the final abras ive  being 0.25~ 
diamond. This was necessary because the e lect ro-  
polishing method only s lowly p re fe ren t i a l ly  re -  
moves high points f rom i r regu la r  surfaces. More-  
over, the electropol ishing was cont inued apprec i -  
ab ly  beyond the stage at which the damaged  layer  
ar is ing from the mechanical  polishing was removed,  
at  least  in the case of Ge. 

For  p - t y p e  Ge specimens 25x25 m m  the e lect ro-  
pol ishing ra te  was 0.5/z/min and the e lect ropol ish-  
ing t ime was 120 rain. Al though the polishing t ime 
was re la t ive ly  long, the appara tus  requ i red  l i t t le  
or no a t tent ion  dur ing this period,  except  occasional 
observat ion of the specimen surface to see how the 
polishing was proceeding.  Moreover,  a reduct ion in 
the polishing t ime by  a factor of 2 or 3 could p rob-  

B y  " s t r a i n - f r e e "  is m e a n t  t h a t  no s t r a i n s  are  p r e s e n t  in  the  su r -  
face  of  t he  s p e c i m e n  due  to  t he  su r face  p r e p a r a t i o n  m e t h o d .  Stra ins  
in  t he  su r face  a r i s i n g  f r o m  s t r a ins  p r e v i o u s l y  p r e s e n t  i n  t he  b u l k  
m a t e r i a l  m a y ,  p r e s u m a b l y ,  exis t .  
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a b l y  h a v e  been  o b t a i n e d  b y  i n c r e a s i n g  the  j e t  flow 
speed.  

The  m e t h o d  is d i r e c t l y  a p p l i c a b l e  to n - t y p e  
spec imens  b e c a u s e  the  su r f ace  of t he  spec imen  can  
r e a d i l y  be  i l l u m i n a t e d  d u r i n g  e l ec t ropo l i sh ing .  F o r  
n - t y p e  Ge spec imens  e l e c t r o p o l i s h i n g  occu r r ed  as 
long  as the  l i gh t  i n t e n s i t y  e x c e e d e d  a ce r t a in  m i n i -  
m u m  va lue .  H o w e v e r ,  a h i g h l y  p o l i s h e d  su r f ace  was  
of ten  o b t a i n e d  on ly  if, a f t e r  m e c h a n i c a l  po l i sh ing ,  
t he  s p e c i m e n  was  c h e m i c a l l y  p o l i s h e d  for  5 sec 
w i t h  CP4 and  t hen  e l ec t ropo l i shed .  The  r eason  for  
th i s  b e h a v i o r  is no t  de f in i t e ly  known .  I t  is t h o u g h t  
to be  in  some  w a y  a s soc ia t ed  w i t h  loca l  v a r i a t i o n s  
in t he  l i f e t imes  of t he  i n d u c e d  e l e c t r o n - h o l e  p a i r s  
due  to loca l  v a r i a t i o n s  of s t r a in  w i t h i n  the  d a m a g e d  
l aye r .  The  d i f f icul ty  m i g h t  not  h a v e  a r i s en  if  h i g h e r  
i n t e n s i t y  i l l u m i n a t i o n  h a d  been  used  d u r i n g  the  
e l ec t ropo l i sh ing .  

W h e n  the  m e t h o d  is a p p l i e d  to n - t y p e  spec imens ,  
i t  w o u l d  be  a d v a n t a g e o u s  if t he  j e t  r e m a i n e d  s t a -  
t i ona ry ,  and  the  two  scann ing  m o v e m e n t s  w e r e  a p -  
p l i ed  to t he  spec imen .  I t  is t hen  on ly  n e c e s s a r y  to 
i l l u m i n a t e  t he  a r e a  of t he  je t ,  i.e., an a r e a  a few 
m i l l i m e t e r s  in d i a m e t e r ,  in  o r d e r  to e l ec t ropo l i sh  
t he  c o m p l e t e  a r e a  of t he  spec imen ,  and  s e v e r a l  a d -  
v a n t a g e s  resu l t .  F i r s t ,  b y  us ing  a s u i t a b l e  op t i ca l  
s y s t e m  to focus the  i l l umina t i on ,  sufficient  i n t e n s i t y  
can  b e  o b t a i n e d  f r o m  a s t a n d a r d  l igh t  source.  Sec -  
ond,  a n y  n o n u n i f o r m i t y  in  the  i n t e n s i t y  of t he  l i gh t  
ove r  the  a r e a  i l l u m i n a t e d ,  a poss ib le  source  of n o n -  
u n i f o r m  pol i sh ing ,  is a u t o m a t i c a l l y  c o m p e n s a t e d  
b y  the  two  scann ing  m o v e m e n t s .  Th i rd ,  h e a t i n g  of 
t h e  spec imen ,  and  hence  the  e l ec t ro ly t e ,  b y  t h e  
l i gh t  b e a m  is min imized .  Consequen t ly ,  a n y  v a r i a -  
t ions  in  t he  e l ec t r i ca l  po l i sh ing  cond i t ions  r e s u l t -  
ing  f r o m  an  i nc rea se  in  t h e  t e m p e r a t u r e  of t he  
e l e c t r o l y t e  a r e  a l so  min imized .  F o u r t h ,  b y  s u i t a b l e  
m o d u l a t i o n  of the  i n t e n s i t y  of t he  l igh t  beam,  
se l ec t ed  a r e a s  of t he  s p e c i m e n  su r f ace  can  be  
po l i shed ,  i.e., specific g e o m e t r i c  a r e a s  can  be  i so-  

la ted .  H o w e v e r ,  t he  r e s o l u t i o n  w h i c h  could  be  ob -  
t a i n e d  in  th is  w a y  has  no t  b e e n  a sce r t a ined .  The  
s ame  r e su l t  could,  of course ,  be  o b t a i n e d  b y  p l ac ing  
the  l i gh t  on the  s a m e  s u p p o r t  as the  je t .  H o w e v e r ,  
k is s i m p l e r  p r a c t i c a l l y  to a p p l y  b o t h  s cann ing  
m o v e m e n t s  to t he  spec imen .  

Summary and Conclusions 
A scann ing  j e t  e l e c t ro ly t i c  po l i sh ing  m e t h o d  has  

been  a p p l i e d  to Ge and  Si  spec imens .  A c o m p r e h e n -  
s ive  e x a m i n a t i o n  s h o w e d  t h a t  the  su r f aces  of p - t y p e  
Ge spec imens  p o l i s h e d  in th is  m a n n e r  w e r e  smooth ,  
flat, and  s t r a i n - f r e e .  Br i e f  e x a m i n a t i o n s  i n d i c a t e d  
t ha t  t he  m e t h o d  is p r o b a b l y  a lso  s a t i s f a c t o r y  for  
po l i sh ing  n - t y p e  Ge and  p - t y p e  Si  spec imens .  
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ABSTRACT 

The re la t ionship  of silicon ep i tax ia l  growth,  fol lowing SiCL decomposi t ion 
in hydrogen,  to classical heterogeneous  reac t ion  theory  is discussed. The ex -  
pected behav ior  of mass t rans fe r  control  which  shifts to a surface effect ra te  
control  is found to fit the observat ions.  No conclusion is made  whe the r  the  su r -  
face ra te  control  is, say, due to reac t ion  ra te  or adsorp t ion  rate ,  but  the  resul ts  
appear  to favor  the adsorpt ion  ra te  of SiCh. Expe r imen ta l l y  a compet ing etching 
reac t ion  is f o u n d  which  appears  to expla in  SiHCI~ and (SiCl~)n product ion.  
The diffusion of a r eac tan t  away  f rom the surface appears  to p l ay  the  role  of 
reducing  the deposi t ion react ion rate,  and at  high ha l ide  concentrat ions  m a y  be 
responsible  for  the  e tching reac t ion  predomina t ing .  The var ia t ion  of the  surface 
morpho logy  wi th  subs t ra te  t empe ra tu r e  appears  to be expla inab le  f rom the 
kinetics.  The low t e m p e r a t u r e  morphologies  of etched and deposi ted slices 
were  found to be similar .  

e p i t a x i a l  g r o w t h  of s i l icon on s i l l -  and  g r o w t h  r a t e s  of s ingle  c r y s t a l  s i l icon fi lms 
f o r m e d  b y  SIC14 decompos i t i on  in h y d r o g e n .  A b y -  
p r o d u c t  of t he  i n v e s t i g a t i o n  was  t h e  r e a c t i o n  k i -  
ne t ics  da ta .  S ince  the  i n v e s t i g a t i o n  was  m a i n l y  e x -  
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Fig. 1. Deposition apparatus 

plora tory ,  no a t t emp t  was  made  to use a special  
k ine t ic  reac tor  design. D u r i n g  the course of the  
work  an  e t ch ing  reac t ion  was  found  to be a pa r t  of 
the decomposi t ion  process, a fact which  led to com-  
pl icat ions  in  the  c rys ta l  g rowth  s tudy.  

Exper imenta l  

The e x p e r i m e n t a l  a r r a n g e m e n t  was s imi la r  to 

tha t  used ear l ie r  by  T h e u e r e r  (3) and  is shown  in  
Fig. 1. E i ther  hydrogen ,  he l ium,  or a rgon  was a r -  
r a n g e d  to b u b b l e  t h rough  cooled SIC1, whose t e m -  
p e r a t u r e  was  mon i to r ed  d i rec t ly  w i th  a t h e r m o -  
couple. Before a r u n  was made,  the  bypass  va lve  
was opened u n t i l  the  SIC14 t e m p e r a t u r e  reached  
s teady state  at the  des i red t e m p e r a t u r e  wi th  the  
gas flowing, and  at  which  t ime the  vapor  was 
swi tched  to b low over  the  slice. 

A l t h o u g h  the  ac tua l  concen t r a t i on  wi l l  depar t  
f rom tha t  ca lcu la ted  us ing  the vapor  p ressure  be-  
cause of the change  in  res idence  t ime  of the  gas 
wi th  flow ra te  and  possibly  drople t  e n t r a i n m e n t ,  
these factors are u n i m p o r t a n t  at the  flow rates  of 
in te res t  and  for concen t ra t ions  up to at least  8%. 
This resu l t  was es tab l i shed  f rom the  close agree -  
m e n t  which  was ob ta ined  b e t w e e n  g rowth  ra tes  
us ing  the b u b b l e r  and  average  ra tes  us ing  an  evap-  
ora tor  in  which  the  above  i t e m s  were  no t  a factor.  
In  the evapora tor ,  ha l ide  was  me te r ed  onto hea ted  
qua r t z  chips and  s u b s e q u e n t l y  the  vapor  was  p icked 
up by  the hydrogen .  The b u b b l e r  was used in  
p re fe rence  to the  evapora to r  because  of be t t e r  re -  
p roduc ib i l i t y  of resul t s  at low concent ra t ions .  The 
flow me te r  was ca l ib ra ted  for h y d r o g e n  flow rate.  
The slices were  gene ra l l y  of (111) o r i en ta t ion  and  
were  p laced  in  the  cen te r  of a qua r t z  ca r r i e r  p la te  
which  in  t u r n  res ted  on a g raph i t e  heater .  The slice 
t e m p e r a t u r e  was m e a s u r e d  pyromet r i ca l ly ,  and  an  
emiss iv i ty  cor rec t ion  was  applied.  Deposi t  t h i ck -  
nesses were  m e a s u r e d  by  m e a s u r i n g  the  slice th ick-  
ness before  and  af ter  deposi t ion (5) .  Ques t iona -  
ble  resul t s  were  checked by  in t e r f e rome t ry .  The 
ha l ide  concen t r a t i on  was  ca lcula ted  f rom its vapor  
pressure.  I t  is to be no ted  tha t  the  SiCL concen-  
t r a t i on  va r i ed  wi th  pos i t ion  a long the 4 in. hot zone 
and  is some 40% less at the  reac tor  exit  t h a n  at the  
in le t  for a 6% hal ide  concen t r a t i on  at  1250~ and  
10 l i t e r s / m i n .  Also reac t ion  p roduc t  concen t ra t ions  
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Fig. 2. Vertical reactor geometry 
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Fig. 3. Slice thickness variation for a slice deposited in the 
vertical reactor for a flow of 2 liters/min and halide concentration 
of 2%.  Numbers are thickness in mils. 

bui l t  up  a long the  reac t ion  zone as d e t e r m i n e d  f rom 
qui te  rough  gas c h r oma t og r a ph  resul ts .  At  h igh 
flow rates  or low t e m p e r a t u r e s  this  p e r t u r b a t i o n  
should  have  l i t t le  effect on the  resul ts ,  whe reas  
u n d e r  other  condi t ions  it  m a y  give r ise to mis l ead -  
ing resul ts .  

Two reactor  a r r a n g e m e n t s  were  used. E i ther  the  
gas was  b l ow n  across the  slice as in  Fig. 1 (hor i -  
zonta l  reac tor )  or it  was b l o w n  d o w n  on the  slice 
as in  Fig. 2 (ver t ica l  r eac to r ) .  The same 50 m m  
d iame te r  quar tz  enve lope  was  used in  bo th  cases. 
In  the  la t ter ,  a 4 - c m  d iame te r  be l l  hous ing  d i rec ted  
the gas down  on the slice over  a 1% cm d iame te r  
baffle. The baffle was  pos i t ioned  for the best  flow 
p a t t e r n  by  b lowing  smoke across it. Slice th ickness  
va r i a t i on  for the  hor izon ta l  reac tor  was  on ly  abou t  
10% f ron t  to back  at a 2% concen t r a t i on  and  10 
l i t e r s / m i n  flow, whereas  u n d e r  s imi la r  condi t ions  
it was m u c h  g rea te r  for  the  ver t ica l  reactor .  A 
resul t  f rom one ver t ica l  reac tor  r u n  is shown in  
Fig. 3. The  n u m b e r s  on the  slice are  fi lm th ickness  
in  mils. It  is t hough t  f rom this  resu l t  tha t  m e a s u r e -  
men t s  made  nea r  the cen te r  would  be m e a n i n g f u l  
w i t h i n  • 20%, and  the  da ta  seem to bea r  this  out. 

F low pa t t e rn s  in  the  reactors  were  observed  by  
b lowing  air  t h r o u g h  a l igh ted  cigar i n  the  feed 
line.  Qui te  la rge  convec t ion  cu r ren t s  we re  observed 
above the hot regions.  In  both cases a s t a g n a n t  l aye r  
formed along the  bo t tom of the  t u b e  a nd  below the  
hea te r  strip.  Convec t ion  cu r ren t s  a r o u n d  the  s t r ip  
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w e r e  f o u n d  no t  to affect  t he  h o r i z o n t a l  r e a c t o r  r e -  
sul ts ,  s ince  t he  s l ice  was  f a r  enough  a w a y  f r o m  the  
h e a t e r  edge.  I t  is t h o u g h t  t h a t  a s i m i l a r  s i t ua t ion  
he ld  for  t he  v e r t i c a l  r eac to r .  

Results 
The  o b s e r v e d  m o r p h o l o g i e s  fo r  (111) o r i e n t e d  

sl ices a r e  ( i )  w h i s k e r  g r o w t h  a r o u n d  900~ ( i t )  
t r i a n g l e  g r o w t h  950~176 ( i i i )  r i p p l e d  g r o w t h  
1150~ up.  A t  SiC1,/H2 concen t r a t i ons  of > 6% 
a n d  a r o u n d  1250~ loca l i zed  d i m p l i n g  occurs.  

F i g u r e s  s im i l a r  to e tch  f igures  w e r e  o b s e r v e d  for  
the  o t h e r  o r i en t a t i ons  for  s tep  ( i t ) .  No s y s t e m a t i c  
m e a s u r e m e n t s  of g r o w t h  r a t e  vs. o r i e n t a t i o n  w e r e  
made ,  b u t  (110) o r i e n t e d  sl ices g r e w  f a s t e r  t h a n  
(111) w h e n  the  depos i t i on  cond i t ions  w e r e  such 
t h a t  t h e r e  was  an  o r i e n t a t i o n  d e p e n d e n c e  of g rowth .  

D u r i n g  t h e  course  of t he  e x p e r i m e n t s  t he  b e -  
h a v i o r  of SIC14 in  h e l i u m  and  a r g o n  was  i n v e s t i -  
ga ted .  I t  was  f o u n d  in e v e r y  case  t h a t  m a t e r i a l  was  
r e m o v e d ,  and  t h e r e  was  no ev idence  of depos i t i on  
(on  the  q u a r t z  s u p p o r t  boa t  for  e x a m p l e ) .  In  a d -  
d i t i on  l a r g e  a m o u n t s  of the  ye l low,  w a x y  p o l y m e r  e 
w e r e  fo rmed .  Q u a l i t a t i v e l y  m o r e  of i t  a p p e a r e d  to 
be  f o r m e d  d u r i n g  e t ch ing  t h a n  was  o b s e r v e d  to  be  
f o r m e d  d u r i n g  s i m i l a r  depos i t i on  runs .  The  e t c h -  
ing  r a t e s  for  h e l i u m  flows of r o u g h l y  8 l i t e r s / m i n  
a r e  also s h o w n  in Fig .  4, 5, and  8. The  m o r p h o l o g y  
of a s l ice  e t ched  a t  1050~ is s h o w n  in Fig .  9. F i g -  
u r e  10 is a m i c r o g r a p h  of a s l ice depos i t ed  u n d e r  
cond i t ions  s i m i l a r  to those  for  t he  sl ice of Fig .  9. 
As  m e n t i o n e d  ea r l i e r ,  t he  concen t r a t i ons  in  Fig .  5 
and  8 a b o v e  8% a re  e x p e c t e d  to be  on ly  r e l a t i v e  
because  of d e p a r t u r e s  f rom h a l i d e  s a t u r a t i o n  of 
t he  gas. 

Discussion 

A l t h o u g h  t h e r e  is some c o n t r o v e r s y  as to w h e t h e r  
the  SIC14 decomposes  on the  s i l icon su r f ace  or  j u s t  
n e a r  it, 3 i t  w i l l  be  c o n v e n i e n t  to d iscuss  t h e  r e su l t s  
in  t e r m s  of h e t e r o g e n e o u s  r e a c t i o n  t h e o r y  (8) .  A 
c lass ica l  h e t e r o g e n e o u s  r eac t i on  is supposed  to fo l -  
low the  s teps :  

1. Mass  t r a n s f e r  of t he  r e a c t a n t  to the  sur face .  
2. A d s o r p t i o n  onto t he  surface .  
3. The  r e a c t i o n  or  ser ies  of r eac t i ons  w h i c h  t a k e  

p l a c e  on  t h e  sur face .  
4. D e s o r p t i o n  of p r o d u c t  molecu les .  
5. Mass  t r a n s f e r  of t he  p r o d u c t  mo lecu le s  to t he  

m a i n  gas  s t r eam,  a n d  for  a g r o w i n g  c rys ta l .  
6. A d d i t i o n  of a t o m s  to g r o w t h  s teps . '  

I f  one of t he  above  s teps  is m u c h  s lower  t h a n  the  
o thers ,  i t  w i l l  con t ro l  t he  g r o w t h  ra te .  In  add i t ion ,  

E a r l y  w a x  samples t a k e n  f r o m  a s i m i l a r  process  h e r e  we re  i d e n -  
t i f i ed  as the p o l y m e r  (SIC12)n H2, n ~-- 10, w h e n  f o r m e d  u n d e r  depo-  
s i t i on  c o n d i t i o n s  (6).  

3 K u r o v  (7) supposes  f r o m  the  morpho logY c h a n g e  w i t h  d i s t a n c e  
i n  a GeC]4 r e a c t i o n  t u b e  a n d  a r g u m e n t s  b a s e d  o n  t h e  h e a t i n g  t i m e s  
of  Ha t h a t  t he  g e r m a n i u m  reac t s  i n  t he  gas  a n d  is ca r r i ed  as supe r -  
cooled l i q u i d  d rop le t s .  O t h e r s  ( u n p u b l i s h e d )  h a v e  supposed  t h a t  
s i m i l a r  a r g u m e n t s  a p p l y  to  SIC14 de c ompos i t i on .  H o w e v e r ,  K u r o v  
does no t  e x a m i n e  t h e  effect  of  c o n c e n t r a t i o n  c ha nge s  w i t h  d i s t ance  
on  t he  morphologY,  or  t h e  d i f fe rences  i n  t h e  h e a t i n g  t i m e  of  S i C h ,  
w i t h  i t s  d i f f e r en t  m a s s  a n d  v i scos i ty ,  ove r  t h a t  of  He. I n  a d d i t i o n ,  h e  
s u p p o s e s  t h e  s u p e r s a t u r a t i o n  o f  g e r m a n i u m  is  a r o u n d  104. S i m i l a r  
" s u p e r s a t u r a t i o n s "  w o u l d  o b t a i n  d u r i n g  SIC14 d e c o m p o s i t i o n  in  t he  
gas  p h a s e  a n d  one  w o n d e r s  h o w  w h i s k e r s  cou ld  g r o w  u n d e r  t h e s e  
c i r cums tances .  

4 S o m e  i n v e s t i g a t o r s  h a v e  c o n s i d e r e d  t h e  p o s s i b i l i t y  t h a t  fo r  a 
s i m i l a r  r e a c t i o n  t h a t  t h e  r e a c t i o n  a n d  g r o w t h  t a k e  p lace  a t  t he  s a m e  
s i te ,  i .e . ,  s t e p s  3 a n d  6 w o u l d  b e  c o m b i n e d .  S e e  fo r  e x a m p l e  re f -  
e rence  (9).  
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t he  mass  t r a n s f e r  s t ep  w i l l  be  in f luenced  b y  the  gas  
flow r a t e  y e t  be  r e l a t i v e l y  t e m p e r a t u r e  i n d e p e n d -  
en t  (10) .  The  su r f a c e  c o n t r o l l e d  s t eps  2, 3, 4, or  
6, a r e  e x p e c t e d  to be  qu i t e  t e m p e r a t u r e  d e p e n d e n t  
and  flow r a t e  i n d e p e n d e n t .  The  950~176 r e -  
g ion  ( h e r e a f t e r  r e f e r r e d  to as r eg ion  I)  of Fig.  4 
is seen  to be  qu i t e  t e m p e r a t u r e  d e p e n d e n t  b u t  r e l a -  
t i v e l y  flow r a t e  i n d e p e n d e n t .  The  s lope  is abou t  t he  
s ame  as r e p o r t e d  b y  T h e u e r e r  for  a d i f fe ren t  r e a c -  
to r  (3 ) .  The  su r faces  o b s e r v e d  for  s l ices depos i t ed  
in th is  r eg ion  a re  qu i t e  r o u g h  and  u n e v e n ;  a p p a r -  
e n t l y  th is  is d u e  to  su r f a c e  r a t e  c on t ro l  a n d  the  
r e s u l t i n g  i n d e p e n d e n c e  of the  va r i ous  reg ions  on 
the  sur face .  Tha t  i t  is no t  due  to m e a n  f ree  p a t h  
effects of s i l icon m a y  be  seen  b y  r e f e r e n c e  to Fig.  
9 and  10. S ince  the  m o r p h o l o g y  is t he  s ame  in bo th  
cases,  i t  m u s t  a r i se  f rom loca l i zed  e tch ing .  

The  e t ch ing  r a t e  in  he l ium,  for  a flow r a t e  of 
a b o u t  8 l i t e r s / r a in , "  is m u c h  s lower ,  b u t  i t  has  t he  
s ame  slope. This  r e s u l t  sugges t s  t ha t  t h e  e t ch ing  
r a t e  is g o v e r n e d  b y  the  s a m e  m e c h a n i s m  as is t h e  
g rowth ,  e i t he r  as a c o m p e t i n g  r eac t i on  or  as t h a t  
and  a g r o w t h  i n i t i a t i ng  reac t ion .  These  poss ib i l i t i e s  
w o u l d  ru l e  out  a h y d r o g e n  p rocess  as a l i m i t i n g  
fac tor ,  b u t  r a t h e r  w o u l d  sugges t  a SIC1, process .  I t  
is h y p o t h e s i z e d  t h a t  t he  e t ch ing  r e a c t i o n  is 

SiCL + Si-~ 2 SiCl~ 

based on the (SiCIe)~ polymer observed and on the 
SiHC13 which is observed to be formed in the 
growth plus etching reaction as follows 

SiCL + 2H2-> Si + 4HCI (major growth reaction) 

SiCle + HCI-> SiHCl~ 

One would expect orientation independent growth 
in the mass transfer control region, but orientation 

5 E s t i m a t e d  f r o m  a n  i n d i c a t e d  f low ra te  of 17 l i t e r s  (H2)/ra in .  Note  
f r o m  Fig .  4 t h a t  t h i s  f low r a t e  is  s t i l l  w e l l  i n to  t h e  su r f ace  r e a c t i o n  
r a t e - c o n t r o i l e d  r eg ion ,  p r o v i d e d  t h a t  S i C h  d i f f u s i o n  i n  h e l i u m  is 
s i m i l a r  to t h a t  i n  h y d r o g e n .  U n p u b l i s h e d  r e s u l t s  of  o t h e r s  for  
g r o w t h  ra tes  i n  I-Ie-H2 and  A-He m i x t u r e  i n d i c a t e  t h a t  i t  is. 
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d e p e n d e n c e  in  r eg ion  I. No s y s t e m a t i c  o b s e r v a t i o n s  
of th is  p o i n t  h a v e  been  made ,  b u t  p o l y c r y s t a l l i n e  
s u b s t r a t e s  w h i c h  w e r e  i n a d v e r t e n t l y  r u n  in  e a r l y  
tes t s  w e r e  r e in spec t ed .  M a r k e d  r a t e  d i f fe rences  for  
s l ices depos i t ed  u n d e r  r eg ion  I cond i t ions  w e r e  
found,  b u t  l i t t l e  if  a n y  d i f fe rence  was  f o u n d  for  t he  
reg ions  of mass  t r a n s f e r  control .  The  m a r k e d  t e m -  
p e r a t u r e  a n d  o r i e n t a t i o n  d e p e n d e n c e  a n d  the  s i m i -  
l a r i t y  of t he  e t ch ing  a n d  the  g r o w t h  r a t e  a c t i va t i on  
ene rg ie s  m a k e  i t  no t  u n r e a s o n a b l e  to sugges t  t h a t  
SIC1, a d s o r p t i o n  is the  r a t e - c o n t r o l l i n g  step.  These  
a r g u m e n t s  w o u l d  not,  of  course,  r u l e  ou t  a s t ep  
w i t h  s i m i l a r  f e a t u r e s  such  as SIC1, b o n d i n g  a t  a 
g r o w t h  s tep.  

A t  t he  h i g h e r  t e m p e r a t u r e  ( r eg ion  I I ) ,  t he  r a t e  
is seen  to be  mass  t r a n s f e r  con t ro l l ed .  The  l o w e r  
c u r v e  of Fig .  4, t a k e n  for  flow r a t e s  of 2 l i t e r s / m i n ,  
is seen  to sh i f t  g r a d u a l l y  f r o m  s u r f a c e  r a t e  to m a s s  
t r a n s f e r  r a t e  c o n t r o l .  Note  t h a t  if  t he  two  h igh  t e m -  
p e r a t u r e  e t ch ing  r a t e  po in t s  of  Fig .  4 a r e  r e l i a -  
b le  (a lso  see  foo tno te  5) t he  g r o w t h  is no t  SiCL 
mass  t r a n s f e r  r a t e  l i m i t e d  b u t  sugges t s  t ha t  r e a c -  
t ion  p r o d u c t  mass  t r a n s f e r  l imi t s  t he  ra te .  Also  the  
p r e d o m i n a n c e  of t he  e t ch ing  c u r v e  l eads  to a g r e a t e r  
t h a n  e x p e c t e d  t e m p e r a t u r e  d e p e n d e n c e  for  t he  r e -  
g ion  II  depos i t i on  ra te .  A m i r r o r  su r f ace  was  ob -  
t a i n e d  h e r e  and  is a p p a r e n t l y  due  to mass  t r a n s f e r  
con t ro l  of t he  g r o w t h  ra te .  

In  Fig .  5 is s h o w n  the  c o n c e n t r a t i o n  d e p e n d e n c e  
of the  e t ch ing  and  g r o w t h  ra tes .  The  g r o w t h  c u r v e  
has  the  s ame  g e n e r a l  shape  as p r e v i o u s l y  o b s e r v e d  
e l s e w h e r e  (3) .  The  e t ch ing  c u r v e  a p p e a r s  to l eve l  
out  a l t h o u g h  the  d a t a  is s k e t c h y  and  sugges t s  e i t he r  
an  a d s o r p t i o n  i s o t h e r m  or  a f r a c t i o n a l  o r d e r  r e a c -  
t ion.  The  e t ch ing  b e h a v i o r  for  low c o n c e n t r a t i o n s  
is no t  k n o w n  in de ta i l .  I t  seems  n e a r l y  ce r t a in  t h a t  
t he  e tch ing  is a c o m p e t i n g  r e a c t i o n  s ince  loca l ized  
d i m p l i n g  of s l ices  is o b s e r v e d  a t  1250~ and  a t  con-  
c e n t r a t i o n s  g r e a t e r  t h a n  6%.  Also  in a n o t h e r  e x -  
p e r i m e n t ,  for  a r oom t e m p e r a t u r e  S iCL-H,  source,  
e t ch ing  and  depos i t i on  on a th in ,  ho t  s i l icon f i lm d e -  
pos i t ed  on a q u a r t z  w i n d o w  w e r e  o b s e r v e d  m i c r o -  
s cop ica l ly  to occur  a d j a c e n t  to one ano the r .  

In  Fig.  6 is shown  the  t e m p e r a t u r e  d e p e n d e n c e  
of g r o w t h  r a t e  for  t h e  v e r t i c a l  r e a c t o r  and  two  
concen t ra t ions .  The  g r o w t h  r a t e  is seen  to h a v e  the  
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Fig. 7. Vertical reactor: flow rate dependence of the deposition 
rate for a 1250~ slice temperature. The data points shown for the 
highest and lowest halide concentrations were taken before the 
thermocouple was installed. The spread shows the importance of 
temperature control of the halide source. 

same  f o r m  at  low t e m p e r a t u r e s  as for  the  ho r i zon t a l  
reac tor .  The  h i g h e r  r a t e  t h a n  o b s e r v e d  b y  T h e u e r e r  
(3)  is a t t r i b u t e d  to r e a c t o r  g e o m e t r y  di f ferences .  
The  f ac t  t h a t  a c o n s t a n c y  of r a t e  is o b s e r v e d  for  
the  h i g h e r  t e m p e r a t u r e s  h e r e  b u t  no t  in  ref .  3 is 
a t t r i b u t e d  to a h i g h - t e m p e r a t u r e  r a t e - l i m i t i n g  
m e c h a n i s m  w h i c h  was  no t  r e a c h e d  for  t he  l o w e r  
ra tes .  I n t e r e s t i n g l y  enough  t h e  h igh  t e m p e r a t u r e  
r a t e  m e c h a n i s m  is f low r a t e  i n d e p e n d e n t  (Fig .  7) 
and  sugges t s  t h a t  a low a c t i v a t i o n  ene rgy ,  su r face  
r a t e  con t ro l l i ng  m e c h a n i s m  is ope ra t i ng .  

The  h ighe s t  and  lowes t  r a t e s  of Fig .  7 w e r e  r u n  
b e f o r e  a t h e r m o c o u p l e  w a s  i n s t a l l e d  to  a id  t e m -  
p e r a t u r e  con t ro l  of t he  source,  and  the  v a r i a b i l i t y  
seen  e mpha s i z e s  the  i m p o r t a n c e  of source  t e m p e r -  
a t u r e  control .  T h e r e  is also an  i nd i c a t i on  of a sh i f t  
to mass  t r a n s f e r  con t ro l  a t  t h e  h i g h e r  c o n c e n t r a -  
t ion.  

F i g u r e  8 shows  the  c o n c e n t r a t i o n  d e p e n d e n c e  of 
e t ch ing  and  g r o w t h  r a t e  for  t he  v e r t i c a l  r e a c t o r  a n d  
1250~ sl ice  t e m p e r a t u r e .  The  c u rve ' s  b e h a v i o r  is 
s im i l a r  to  t h a t  of t he  h o r i z o n t a l  r eac to r .  A l t h o u g h  
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the  g r o w t h  is cons t an t  above  a b o u t  20% out  to 
above  30% as p o i n t e d  out  ea r l i e r ,  t h e r e  is some sus -  
p ic ion  a t t a c h e d  to t he  c o n c e n t r a t i o n s  s ince  t h e y  
w e r e  m e a s u r e d  i n d i r e c t l y .  I t  w o u l d  be  p r e f e r a b l e  
to r e p e a t  t he  e x p e r i m e n t  a n d  m e a s u r e  t h e m  d i r e c t l y  
n e a r  t he  r e a c t i o n  po in t .  E t ch ing  r a t e s  w e r e  no t  
m e a s u r e d  at  h igh  h a l i d e  c o n c e n t r a t i o n s  for  t he  
v e r t i c a l  r e a c t o r  because  abou t  t h a t  t i m e  the  w o r k  
was  sh i f t ed  to a s t u d y  of  s l ice  po l i sh ing  b y  SiCL 
e tching .  Po l i sh ing  was  found  to be  feas ib le .  One  is 
t e m p t e d  to  a n a l y z e  t h e  r e a c t i o n  b y  c o m b i n i n g  the  
g r o w t h  p lus  e t ch ing  and  the  e t ch ing  r a t e  cu rves  to 
ob t a in  a g r o w t h  r a t e  curve ,  b u t  t h e  d a t a  does  no t  
w a r r a n t  it. Also  i t  w o u l d  be  use fu l  to f u l l y  i d e n t i f y  
the  r e a c t a n t s  and  p r o d u c t s  in o r d e r  to cont inue .  

F i g u r e s  9 and  10 w e r e  t a k e n  for  s l ices e t ched  and  
depos i t ed  u n d e r  s i m i l a r  condi t ions .  F i g u r e  9 is an  
e t ched  slice. F i g u r e  10 is of a depos i t ed  sl ice which ,  
of course ,  was  bo th  d e p o s i t e d  and  e t ched  d u r i n g  the  
course  of t he  depos i t ion .  A l t h o u g h  e t ch ing  and  
g r o w t h  a r e  t h e  s a m e  to t h e  f irst  o rde r ,  t he  c o m p l i -  
ca t ion  i n t r o d u c e d  b y  the  e t ch ing  reac t ion ,  w h i c h  
o p e r a t e s  d u r i n g  g rowth ,  m a k e s  t he  i n t e r p r e t a t i o n  
of m o r p h o l o g i e s  and  g r o w t h  r a t e s  difficult .  

To s u m m a r i z e ,  SIC1, d e c o m p o s i t i o n  a n d  e t ch ing  
have  been  o b s e r v e d  in  h o r i z o n t a l  a n d  v e r t i c a l  r e a c -  
tors.  The  r eac t i ons  in bo th  t he  h o r i z o n t a l  and  v e r t i -  
cal  r eac to r s  seem to be  su r f ace  r e a c t i o n  r a t e  con-  
t r o l l e d  at  low t e m p e r a t u r e s .  Reason ing  f r o m  h igh  
ac t i va t i on  ene rgy ,  o r i e n t a t i o n  dependence ,  f l a t t en -  

Fig. 9. Etched slice: slice was etched in 2% SiCI, -I- He at 
1050~ and 0.6 liter/min in the vertical reactor. 

Fig. 10. Deposited slice. Slice was deposited from SiCI, -k H~ 
under the same conditions a s  the slice af Fig. 9. 

ing  of r a t e s  w i t h  concen t r a t i on ,  and  s i m i l a r i t y  of 
g r o w t h  and  e t ch ing  r a t e  s lopes,  i t  is s u g g e s t e d  t h a t  
SIC1, a d s o r p t i o n  r a t e  con t ro l s  he re .  The  h o r i z o n t a l  
g r o w t h  r a t e  was  f o u n d  to sh i f t  to mass  t r a n s f e r  
con t ro l  a t  t h e  h i g h e r  t e m p e r a t u r e s  w h i l e  t he  e t c h -  
ing  r a t e  d id  not.  I t  is s u g g e s t e d  t ha t  r e a c t i o n  p r o d -  
uc t  mass  t r a n s f e r  g o v e r n s  t h e  g r o w t h  r a t e  here .  
The  v e r t i c a l  r e a c t o r  b e h a v e d  s o m e w h a t  d i f f e r en t l y  
a t  these  t e m p e r a t u r e s .  A n  e t ch ing  r e a c t i o n  of SIC1, 
on Si  was  o b s e r v e d  wh ich  c o m p l i c a t e d  the  s tudy .  
W h e r e  i t  was  s t u d i e d  i t  a p p e a r e d  to a l w a y s  be  s u r -  
face  r e a c t i o n  r a t e  d e p e n d e n t  a n d  p o s s i b l y  i nvo lves  
t he  s a m e  r a t e  l i m i t i n g  m e c h a n i s m  as  low t e m p e r a -  
t u r e  g rowth ,  i.e., SIC1, adso rp t ion .  The  m o r p h o l o -  
gies a p p e a r  to be  e x p l a i n a b l e  f r o m  t h e  k ine t ics .  A 
sugges t ed  n e x t  s t ep  is to i d e n t i f y  a l l  of t h e  r e a c -  
t an t s  and  p roduc t s .  
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ABSTRACT 

High-puri ty  aluminum nitride refractory ware has been produced for use as 
containers in the synthesis of semiconductor gallium arsenide. Use of these 
containers essentially eliminates contamination of the GaAs with silicon, as is 
usually encountered when the synthesis is carried out in quartz. The principal 
problem encountered in the use of this material  is wetting by the molten gallium 
and GaAs, which results in sticking of the solidified ingot. This problem is cir- 
cumvented if synthesis is carried out in crucibles from which the charge is 
subsequently drawn by Czochralski techniques. Room temperature mobilities 
of 7000-8000 cm~/volt-sec have been reported in GaAs synthesized in these 
crucibles. 

Progress  in ga l l ium arsenide  semiconductor  
technology has been disappoint ing in some areas,  
and a number  of the desi rable  character is t ics  tha t  
were  ea r ly  predic ted  for this  ma te r i a l  have  not  
been ful ly  realized. In  general ,  e lectron mobili t ies,  
a l though f requent ly  obta inable  at  sufficiently high 
levels for some applicat ions,  could not  be obtained 
consis tent ly and corre la ted  poor ly  wi th  known im-  
pur i ty  levels. Minor i ty  car r ie r  l i fe t ime has been 
several  orders  of magni tude  below tha t  de te rmined  
by rad ia t ive  recombinat ion.  Whereas  this  has had 
other  t en ta t ive  explanat ions,  it  has also been sus- 
pected of or ig inat ing wi th  unident if ied impuri t ies .  

Gal l ium arsenide synthesis  is genera l ly  carr ied  
out in quar tz  systems; cer ta in ly  in quar tz  outer  
envelopes and, wi th  few exceptions,  in quar tz  boats  
or crucibles. Silicon almost  i nva r i ab ly  occurs in 
GaAs and, since it is absent  in gal l ium and p robab ly  
very  low or absent  in arsenic, its pickup from the 
synthesis  system is assumed. 

Cochran and Fos ter  (1) descr ibed  the na tu re  of 
the a t tack  of ga l l ium and GaAs on quar tz  and dem-  
ons t ra ted  tha t  silicon pickup is not  only possible 
but  unavoidable  in the  usual  synthesis.  That  work  
could not  t rea t  the possible contaminat ion by  ox-  
ygen because of the  absence of informat ion on the 
solubi l i ty  of the oxygen species, Ga~O and SiO, in 
ga l l ium and GaAs,  but  the possibi l i ty  of oxygen 
pickup cannot  be excluded.  

Few a l t e rna t ive  container  mate r ia l s  can be con- 
sidered. A re f rac to ry  ma te r i a l  consisting of ele-  
ments  f rom Groups I I I  and V of the per iodic  table  
would, of course, be ideal  for  ga l l ium arsenide  syn-  
thesis. Boron n i t r ide  ware  was an obvious ear ly  
choice because  of its commercia l  avai labi l i ty .  How- 
ever, it  was found to suffer f rom problems a t t r i bu t -  
able to the b inder  used in fabr ica t ion  and to chalk-  
ing and dust ing of the surface when the b inder  was 
la rge ly  removed.  

A luminum ni t r ide,  A1N, also a I I I -V  compound, 
emerges as a promising container  ma te r i a l  since it 
can be fabr ica ted  into r e f r ac to ry  ware  wi thout  ob-  
jec t ionable  b inder  mater ia l .  Its su i tab i l i ty  for this 
purpose  was demons t ra ted  by  Blum, Weiser,  and 

Ainslie,  who repor ted  obtaining room t empera tu re  
electron mobil i t ies  f rom 7000 to 8000 cmVvol t -sec  
consis tent ly in GaAs synthesized in and d r a w n  f rom 
A1N crucibles (2).  The present  r epor t  describes the  
proper t ies  of this  new mater ia l ,  pa r t i cu l a r ly  as re -  
la ted to ga l l ium arsenide synthesis.  

Preparation of Ware 
A method of p repara t ion  of A1N s intered bodies 

was descr ibed by  Long and Fos ter  (3).  Modifica- 
tions of tha t  p repa ra t ion  to resul t  in a more pure  
product  were  made. These modifications were  in 
the na tu re  of use of h igher  pu r i t y  s tar t ing mater ia ls ,  
be t te r  cleanliness th roughout  all  operations,  selec- 
tion of gr inding media  to minimize contaminat ion,  
use of d iamond machin ing  tools, etc., and wil l  not  
be descr ibed in detail .  

Both crucibles and boats  have  been eva lua ted  in 
GaAs synthesis.  The crucibles are  38 m m  OD by 
30 mm high and 33 mm OD by 26 mm high, wi th  
capacit ies of 25 and 16 ml, respect ively.  Both have 
2 mm wal l  and bot tom and a ve ry  s l ight  t aper  on 
the side walls.  The boat  is 100 m m  inside length  by  
25 mm inside width,  hemicyl indr ica l  in shape, wi th  
2 mm wall.  The capaci ty  of the boat  is about  40 mI. 

Art ic les  wi th  th inner  wal ls  could be produced,  
but  the loss of pieces due to b reakage  dur ing fabr i -  
cation would be appreciable .  Other  shapes could be 
produced as long as sui table  d ra f t  could be p ro -  
v ided for remova l  f rom the mandre l s  on which the 
pieces are formed,  and no r e - e n t r y  surfaces are  re -  
quired.  

Properties of AIN 
Severa l  proper t ies  de te rmined  in ref. (3) have  

implicat ions in the  synthesis  of GaAs. Being elec-  
t r i ca l ly  insulat ing,  the ma te r i a l  cannot be used as 
its own susceptor in heat ing by  RF induction.  Ei ther  
a graphi te  susceptor must  be employed  or it  is nec-  
essary to induce d i rec t ly  in the gal l ium or GaAs. 

The coefficient of expansion of 5.7 x 10-~/~ is 
ident ical  to tha t  repor ted  by  Welker  and Weiss for 
GaAs (4).  I t  is possible, therefore,  to freeze GaAs 
in a crucible  and remel t  i t  wi thout  cracking the 
crucible,  al though, if coupling is d i rec t ly  to the 
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gallium arsenide, heating must be carried out with 
great care to avoid setting up steep temperature 
gradients. 

The A1N ware that  has been evaluated in GaAs 
synthesis is blue in color. Completely pure, single 
crystal A1N is water  white. The blue color results 
from very carefully controlled addition of a trace 
of a luminum oxycarbide, AI~OC, to the crystal. AI~OC 
is also water  white, but  its solution in A1N is blue. 
The nature of the color is not known. It is obviously 
a color center situation since the color can be radia-  
tion bleached. The oxycarbide is isomorphous with 
A1N (5) and is in complete solid solution. This ad- 
dition affects the nature of crystal growth during 
sintering, and a strong, impervious body results 
that  cannot be obtained in pure A1N itself. 1 

It is interesting to speculate on the effect of con- 
tamination by Al~OC on the GaAs crystal. Although 
an oversimplification, ALOC can be regarded as 
resulting from two nitrogen atoms in the A1N lat- 
tice being replaced by one oxygen (--2 charge) and 
one carbon (--4 charge).  The average charge is 
thus --3. The average radius (carbon ~ 2.6A and 
oxygen---- 1.4A) is just that  of nitrogen (2.0A) in 
A1N, and the substitution occurs with very little 
parameter  shift. The oxygen and carbon thus are 
an internally compensated pair that  should con- 
tribute neither carriers nor scattering centers to the 
crystal. This view is supported by the insensitivity of 
the electrical conductivity of A1N single crystals 
to their AI~OC content. 

Conceivably this favorable situation might exist 
as well in GaAs that  picks up traces of oxygen and 
carbon in equal atomic amounts from the AL~OC 
in the refractory. 

Chemical Stability 
Aluminum nitride is completely stable in con- 

tact with graphite to very  high temperatures,  and 
outer graphite susceptor crucibles have been em- 
ployed. It is also stable in contact with tungsten and 
molybdenum up to about 1800~ but the use of 
these materials in GaAs synthesis systems presents 
other problems. 

Highly sintered A1N is very  stable in almost all 
chemical environments at room temperature.  It is 
insoluble in acids and bases and shows no evidence 
of hydrolysis in water  over extended times. Never-  
theless, since there is always some inherent porosity 
in a sintered body, cleaning in aqueous media should 
be strictly avoided if the article is intended for use 
in semiconductor synthesis. 

Sintered a luminum nitride begins to react with 
chlorine at about 600~176 to form nitrogen and 
aluminum chloride. This t reatment  should not con- 
taminate the A1N since aluminum chloride is vola- 
tile. A chalkiness develops on the surface during 
this treatment,  however, that  could interfere with 
crystal pulling, and in general, such cleaning treat-  
ments should be avoided. 

It is possible to clean small amounts of GaAs from 
a crucible by first pumping off the arsenic at 1000 ~ 
l l00~ then removing the gallium as GaCI~ in a 
stream of chlorine at about 300~ Obviously this 

: P a t e n t  a p p l i e d  fo r .  
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will be a laborious operation if considerable quan- 
tities of gallium arsenide must  be removed. 

Thermal Stability 
The usefulness of a luminum nitride ware in GaAs 

synthesis is contingent on a high stability at the 
synthesis temperature.  Previous thermodynamic 
data for A1N have differed widely. For example, 
Neugebauer and Margrave (6), in a survey of the 
literature, found values for the heat of formation 
ranging from --55 t o - - 8 0  kcal/mole.  The uncer-  
tainty of this value reflected similar uncertainties 
in other thermodynamic data for A1N. 

The heat of formation was redetermined recently 
by Neugebauer and Margrave (6), and by Mah et al. 
(7), using opposite approaches. The former used 
the nitridation of a luminum powder to obtain 
--76.47 -+ 0.20 kcal/mole,  and the latter used com- 
bustion calorimetry to obtain --75.6 -- 0.4 kcal/mole,  
using aluminum nitride supplied by the authors. 
Mah et al. also obtained heat content and entropy 
functions, using the same material. 

The calculated equilibrium nitrogen partial pres- 
sures for the reaction 

AIN(o> ~ AI<~) + 1/2 N~<g) 

are shown in Table I for the temperature  range 
1000~176 These are equilibrium values which 
will not be achieved in practice because of kinetic 
effects. In particular, gas-producing reactions at a 
surface proceed slowly if there is no intermediate 
liquid phase because of the difficulty in t ransport-  
ing heat to or from the reaction site (8). Margrave 
(9) studied the decomposition in vacuum of massive, 
sintered A1N, supplied by the authors, in the tem- 
perature range 1450~176 and found the rates 
to be only 2.5 x 104 of the thermodynamical ly  cal- 
culated values. Thus, at 1500~ the observed ni- 
trogen partial  pressure would be about 2.5 x 10 -7 mm 
instead of the equilibrium value of 1 x 10 -' ram. 
Moreover, vaporization should be even fur ther  sup- 
pressed in an atmosphere of arsenic. 

Purity of Sintered AIN 
Very pure single crystals of AIN have been pro- 

duced, usually as accidental growths in h igh- tem-  
perature furnaces in which A1N was being em- 
ployed. In high-pressure bomb reactions between 
aluminum and nitrogen gas, A1N can be prepared 
whose pur i ty  is presumably determined entirely by 
the pur i ty  of the reactants. Experience has shown, 
however,  that  the puri ty of the final sintered shape 
is determined more by procedures used in grinding, 
milling, shaping, and sintering than by the puri ty of 
the starting materials. 

Table I. Calculated equilibrium nitrogen partial pressures from 
decomposition of AIN 

AIN(e) "-> Al(g) + 2/2N~(g) 

T, ~  N2 p r e s s u r e ,  m m  

1000 5 • 10 -~ 
1200 2 • 104 
1400 1 • 104 
1500 1 • 10-' 
1600 9 • 104 
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S i n t e r e d  w a r e  t h a t  has  been  e v a l u a t e d  in  G a A s  
syn thes i s  shows  t h e  fo l lowing  " t y p i c a l "  s p e c t r o -  
g r a p h i c  ana lys i s  

Si  0.005-0.03 % 
Mg 0.001-0.005 
Cu  0.001 
Ti  0.001 
F e  0.001 
G a  0.001 
A l l  o the r s  <0 .01  

P r e p a r a t i o n  of a s a m p l e  for  ana lys i s  is m a d e  diff icult  
b y  t h e  e x t r e m e l y  ha rd ,  a b r a s i v e  n a t u r e  of t he  m a -  
t e r i a l ,  and  absence  of s u i t a b l e  s t a n d a r d s  in an  A1N 
m a t r i x  l imi t s  the  s e n s i t i v i t y  of d e t e c t i o n  of m a n y  
e lements .  Consequen t l y ,  t he  ana lys i s  is on ly  s e m i -  
q u a n t i t a t i v e  and  se rves  p r i n c i p a l l y  to i nd i ca t e  the  
h igh  p u r i t y  of th is  p roduc t .  The  s i l icon f igure  is 
p r o b a b l y  r e a l  as i t  is k n o w n  t h a t  t h e r e  is some s i l -  
icon p i c k u p  d u r i n g  a g r i n d i n g  ope ra t ion .  

I t  is s igni f icant  t h a t  because  of the  e x t r e m e l y  h igh  
t e m p e r a t u r e  e m p l o y e d  for  s i n t e r i ng  (2200~ m a n y  
i m p u r i t i e s  w i l l  be  vo la t i l i zed ,  and  the  r e s t  m u s t  c e r -  
t a i n l y  be  in sol id  so lu t ion  in  t he  c rys t a l .  I t  is u n -  
l i k e l y  t h a t  t h e y  cou ld  be  s e l e c t i v e l y  e x t r a c t e d  b y  
t h e  G a A s  w i t h o u t  a c o r r e s p o n d i n g  p i c k u p  of a l u -  
m i n u m .  Thus ,  for  e v e r y  p p m  of a l u m i n u m  p i c k u p  
t h e r e  shou ld  be  no m o r e  t h a n  0.0003 p p m  of s i l icon,  
and  s u b s t a n t i a l l y  less  of t he  o t h e r  m e t a l l i c  i m -  
pur i t i e s .  

G a A s  t h a t  has  b e e n  d r a w n  f r o m  A1N c ruc ib le s  is 
r e p o r t e d  to con ta in  10-20 p p m  a l u m i n u m  (2) .  Thus ,  
a b o u t  0.005 p p m  of s i l icon p i c k u p  is a l l  t h a t  w o u l d  
be  e x p e c t e d  f rom the  A1N con ta ine r .  H i g h e r  p i c k u p  
m u s t  be  a t t r i b u t e d  to r e m a i n i n g  q u a r t z  c o m p o n e n t s  
of the  a p p a r a t u s .  T h e r e  a r e  s e v e r a l  poss ib l e  m e c h -  
an i sms  for  t r a n s p o r t i n g  s i l icon t h r o u g h  the  v a p o r  
phase .  The  mos t  l i k e l y  a p p e a r s  to  be  t h r o u g h  the  
ac t ion  of w a t e r  vapor .  W a t e r  v a p o r  wi l l  r eac t  w i t h  
g a l l i u m  or  g a l l i u m  a r s e n i d e  to p r o d u c e  h y d r o g e n  
and  Ga20. The  r e a c t i o n  can  r e v e r s e  at  t he  q u a r t z  
su r face  to  d e p o s i t  g a l l i u m  a n d  r e g e n e r a t e  t he  w a t e r .  
T h e  g a l l i u m  can  s u b s e q u e n t l y  r e d u c e  SiO.~ to v o l a -  
t i l e  SiO, w h i c h  can  condense  b a c k  in to  the  ingot  
(1 ) .  G r e a t  c a r e  in b a k i n g  out  a l l  of t h e  q u a r t z  p a r t s  
of a syn thes i s  s y s t e m  is r e c o m m e n d e d ,  even  w h e n  
the  syn thes i s  i t se l f  is not  c a r r i e d  out  in  quar tz .  M o r e -  
over ,  if  a g r a p h i t e  suscep to r  is e m p l o y e d ,  and  th is  
r e s t s  on  a q u a r t z  suppor t ,  t he  r e a c t i o n  

SiO~ + C-~ SiO + CO 

can occur to also generate SiO, which can dissolve 
in the ingot. 

GaAs Synthesis in AIN Ware 
The  e l ec t r i c a l  p r o p e r t i e s  of G a A s  s y n t h e s i z e d  in 

and  d r a w n  f r o m  A1N c ruc ib l e s  h a v e  r e c e n t l y  been  
d e s c r i b e d  b y  B l u m  (2) .  Effor t  in t he  a u t h o r s '  l a b o r a -  
t o r y  has  b e e n  d i r e c t e d  t o w a r d  t h e  g e n e r a l  a spec t s  
of t h e  p h y s i c a l  a n d  c h e m i c a l  s t a b i l i t y  of A I N  in t h e  
syn thes i s  e n v i r o n m e n t .  

The  A1N w a r e  is no t  c o m p l e t e l y  dense .  H o w  m u c h  
of t he  p o r o s i t y  c o m m u n i c a t e s  w i t h  t he  su r f ace  is 
not  known .  I t  has  been  a p r a c t i c e  to ou tgas  t he  con-  

t a i n e r s  a t  750~ o v e r n i g h t  in a q u a r t z  v a c u u m  sys -  
t em w i t h  oil  d i f fus ion  p u m p i n g  and  a l i qu id  n i t r o g e n  
t rap .  A no t i c e a b l e  i m p r o v e m e n t  in  v a c u u m  is o b -  
s e r v e d  ove r  th i s  p u m p i n g  pe r iod ,  and  10 -~ m m  p r e s -  
su re  is u l t i m a t e l y  a t t a ined .  The  n a t u r e  of t he  gases  
t ha t  a r e  e vo lve d  d u r i n g  th i s  p e r i o d  has  no t  been  
es tab l i shed .  I f  t he  c ruc ib le s  a r e  not  to be  used  in  
syn thes i s  i m m e d i a t e l y ,  v a c u u m  is b r o k e n  w i t h  h e -  
l i um and  the  a r t i c l e s  a r e  h e r m e t i c a l l y  sea l ed  in  
p o l y e t h y l e n e  con ta ine r s .  T h e y  a re  s t o r ed  ove r  a 
des i ccan t  un t i l  r e q u i r e d .  I t  has  been  o b s e r v e d  t h a t  
on ly  super f ic ia l  ou tgas s ing  of t he  c ruc ib l e  is s u b -  
s e q u e n t l y  r e q u i r e d  in t he  syn thes i s  sys tem.  

The  s t a b i l i t y  of A1N t o w a r d  g a l l i u m  and  a r sen ic  
could  have  been  p r e d i c t e d  f r o m  t h e r m o d y n a m i c  
cons ide ra t ions .  A r s e n i c  does no t  f o r m  a n i t r i de ,  and  
G a N  loses i ts  s t a b i l i t y  a t  l ow  t e m p e r a t u r e s  (10) .  

In  one  e x p e r i m e n t ,  A L C O A  G a - 6  g r a d e  g a l l i u m  
(99 .9999~-%) was  h e a t e d  b y  i n d u c t i o n  in an  A1N 
c r u c i b l e  for  1 h r  a t  a b o u t  1200~ in a few cen t i -  
m e t e r s  of h e l i u m  p r e s s u r e  to supp re s s  v o l a t i l i z a t i o n  
of the  ga l l i um.  The  r e s i d u a l  r e s i s t i v i t y  r a t i o  of the  
g a l l i u m  

p4.2~ 

p298 ~  

b e t w e e n  h e l i u m  a n d  r o o m  t e m p e r a t u r e  was  d e t e r -  
mined .  The  r a t io s  w e r e  2.6 x 10 -5 -- 0.1 x l0  -5 be fo re  
h e a t i n g  and  2.7 x 10 -s _+ 0.1 x 10 ~ a f t e r  hea t ing .  
F r o m  p r e v i o u s  c a l i b r a t i o n  of t he  c o n t r i b u t i o n  to 
the  r e s i s t ance  a t  4 .2~ of k n o w n  a m o u n t s  of i m -  
p u r i t i e s  (11) i t  is e s t i m a t e d  t h a t  less t h a n  0.1 p p m  
to t a l  i m p u r i t i e s  was  p i c k e d  up  b y  the  ga l l ium.  

Mos t  of the  g a l l i u m  was  p o u r e d  ou t  of t he  c r u -  
cible ,  a n d  the  r e m a i n d e r  w a s  v o l a t i l i z e d  as GaCI~ in 
a s t r e a m  of ch lo r ine  at  300~ The  c ruc ib l e  r e -  
g a i n e d  i ts  o r ig ina l  a p p e a r a n c e  and  s h o w e d  no w e i g h t  
c h a n g e  w i t h i n  t he  s e n s i t i v i t y  of t he  a n a l y t i c a l  b a l -  
ance.  A1N s i m i l a r l y  shows no change  in  a p p e a r a n c e  
or  w e i g h t  w h e n  h e a t e d  in  an  a t m o s p h e r e  of a r sen i c  
v a p o r  a t  1250~ 

The  p r i n c i p a l  p r o b l e m  t h a t  has  been  e n c o u n t e r e d  
in t he  syn thes i s  of G a A s  in A1N is p a r t i a l  or  c o m -  
p l e t e  w e t t i n g  of the  c o n t a i n e r  b y  the  m o l t e n  GaAs ,  
and  s u b s e q u e n t  s t i ck ing  of  t he  ingot .  F o r  th is  r e a -  
son e v a l u a t i o n  of A1N as c r u c i b l e  m a t e r i a l  in Czoch-  
r a l s k i  c r y s t a l  pu l l ing ,  r a t h e r  t h a n  b o a t  synthes i s ,  
has  b e e n  encou raged .  Here ,  s t i ck ing  p r e s e n t s  no 
p r o b l e m  o t h e r  t h a n  p o s s i b l y  p r e c l u d i n g  the  r euse  
of c ruc ib les .  A c t u a l l y ,  a c r u c i b l e  can  be  r e u s e d  if  
mos t  of t he  p r e v i o u s  c h a r g e  is p u l l e d  ou t  and  ca re  
is exe rc i s ed  in r e m e l t i n g  the  r e m a i n i n g  heel .  

G a A s  can be  r e m o v e d  f r o m  A1N boa t s  and ,  w i t h  
s o m e w h a t  g r e a t e r  d i f f icul ty  f r o m  cruc ib les ,  b y  
f r eez ing  i t  r a p i d l y  in  1 a t m  of a rsenic .  This  is s l i g h t l y  
in excess  of t h e  e q u i l i b r i u m  a r sen ic  p r e s s u r e  at  t he  
f r eez ing  point ,  and  some of t h e  excess  d i s so lved  
a r sen ic  comes  out  of so lu t ion  as s m a l l  b u b b l e s  at  
the  i n t e r f a c e  b e t w e e n  the  c h a r g e  and  the  con ta ine r .  
These  t e n d  to  r e l e a se  t h e  G a A s  f r o m  t h e  w a l l  so 
t ha t  i t  w i l l  f a l l  out.  I t  is no t  poss ib le ,  of course ,  to 
ob t a in  l a r g e  c r y s t a l  ingots  in th i s  way ,  b u t  i t  does  
offer a pos s ib l e  p r o c e d u r e  for  p r e p a r i n g  G a A s  in a 
boa t  for  s u b s e q u e n t  c r y s t a l  pu l l ing ,  o r  for  r e m o v i n g  
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the  hee l  f r o m  a c ruc ib l e  so t h a t  t h e  l a t t e r  can  be  
reused .  

The  m a n n e r  in  w h i c h  G a A s  a d h e r e s  to A1N con-  
t a i ne r s  is no t  known .  T h e r e  is u n d o u b t e d l y  con -  
s i d e r a b l e  m e c h a n i c a l  k e y i n g  in  of  t he  G a A s  to t h e  
sur face ,  w h i c h  canno t  b e  p r o d u c e d  c o m p l e t e l y  
smooth.  In  add i t ion ,  h o w e v e r ,  b o t h  g a l l i u m  m e t a l  
and  m o l t e n  G a A s  a p p e a r  to w e t  t he  A1N sur face  
t r u l y  a t  t h e  syn thes i s  t e m p e r a t u r e .  In  the  case of 
o t h e r  I I I - V  c o m p o u n d s  i t  has  been  o b s e r v e d  t h a t  
t h e r e  is a s h a r p  m a x i m u m  in v i scos i ty  a t  t he  s to i -  
c h iome t r i c  compos i t i on  j u s t  a b o v e  the  m e l t i n g  po in t  
(12) .  I t  w o u l d  be  e x p e c t e d  t ha t  t h e r e  w o u l d  also be 
a m a x i m u m  in t he  su r f ace  tens ion.  S i m i l a r  m e a s u r e -  
m e n t s  h a v e  not  been  m a d e  on GaAs ,  b u t  i t  is e x -  
pec t ed  t h a t  i t  fo l lows  the  s a m e  p a t t e r n .  I t  w o u l d  
seem, the re fo re ,  t h a t  if  s t o i ch iome t r i c  g a l l i u m  a r -  
sen ide  could  be  m e l t e d  c a r e f u l l y  in a l u m i n u m  n i -  
t r ide ,  o r  i f  a m o l t e n  s t o i ch iome t r i c  c h a r g e  could  be  
p o u r e d  into  an  A1N con ta ine r ,  t he  w e t t i n g  and  s t i ck -  
ing  p r o b l e m  m i g h t  be  min imized .  

This  has  been  conf i rmed  to a degree .  S y n t h e s i s  
has  been  c a r r i e d  ou t  in  a doub le  boa t  a r r a n g e m e n t  
w h e r e  one b o a t  was  i n v e r t e d  to s e rve  as a cover  
for  a n o t h e r  s im i l a r  boat .  A f t e r  ou tgass ing  of t he  
boats ,  g a l l i u m  was  i n t r o d u c e d  into  t he  b o t t o m  boa t  
t h r o u g h  a 1 - m m  bo re  Teflon t u b e  i n s e r t e d  t h r o u g h  
a ho le  in  t he  end  f o r m e d  b y  a dep re s s ion  in t he  ends  
of t he  boa t s  a t  t h e  p a r t i n g  l ine.  These  same  holes  
p e r m i t  access  of t h e  a r sen ic  v a p o r  to t he  ga l l i um.  
The  u s u a l  h o r i z o n t a l  syn thes i s  was  c a r r i e d  out,  
m a i n t a i n i n g  an  a r sen i c  bo i l e r  a t  605~ t h e n  the  
G a A s  was  a l l o w e d  to so l id i fy  in  t h e  boa t  in wh ich  
i t  was  p roduced .  W h e n  cold, t he  t u b e  was  r o t a t e d  
abou t  180 ~ so t h a t  t he  cover  boa t  was  on the  bo t tom.  
The  cha rge  was  t h e n  c a r e f u l l y  r e h e a t e d  in t he  a r -  
senic  a t m o s p h e r e  so t h a t  i t  m e l t e d  ou t  of t he  top  
boa t  and  d r a i n e d  in to  t h e  bo t tom.  I t  was  t h e n  c a r e -  
f u l l y  sol id i f ied  t h r o u g h  a g r a d i e n t  f r eeze  t echn ique .  
T h e r e  was  a g r e a t e r  t e n d e n c y  for  t he  ingo t  t hus  p r o -  
d u c e d  to  f r ee  i t se l f  f r om the  boa t  t h a n  in cases  
w h e r e  t he  syn thes i s  and  f r eez ing  w e r e  c a r r i e d  out  
e n t i r e l y  in a s ingle  boat .  N e v e r t h e l e s s ,  t h e r e  was  
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s t i l l  sufficient  s t i ck ing  to p r e c l u d e  the  f o r m a t i o n  of 
s ing le  c rys t a l s ,  and ,  a t  bes t ,  th is  p r o c e d u r e  m i g h t  
a g a i n  s e r v e  on ly  as  a m e a n s  of r e c o v e r i n g  the  G a A s  
f r o m  a b o a t  fo r  s u b s e q u e n t  c r y s t a l  pu l l i ng .  

I t  has  been  o b s e r v e d  t h a t  t he  t e n d e n c y  to w e t  a n d  
s t i ck  to  an  A1N b o a t  is  v e r y  t e m p e r a t u r e  sens i t ive ,  
a n d  a c t u a l  soak ing  of t he  G a A s  into  t he  a l u m i n u m  
n i t r i d e  s t r u c t u r e  has  been  o b s e r v e d  w h e n  i t  is con-  
s i d e r a b l y  s u p e r h e a t e d .  S y n t h e s i s  as c lose to t he  
m e l t i n g  po in t  as poss ib le  is r e c o m m e n d e d ,  b u t  even  
t h e n  c o m p l e t e  f r e e d o m  f r o m  s t i ck ing  canno t  be  as -  
sured .  O t h e r  a spec t s  of  th is  p r o b l e m  a r e  be ing  i n -  
ves t i ga t ed .  

Manuscr ip t  received May 15, 1962; revised m a n u -  
scr ipt  received Ju ly  17, 1962. This paper  was p repa red  
for  de l ive ry  before  the Los Angeles  Meeting, May  6-10, 
1962. 

Any  discussion of this pape r  wi l l  appear  in a Discus- 
sion Section to be pub]ished in the  June  1963 JOURNAL. 
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The Dehydration of Ammonium Metatungstate 
R. W. Mooney, V. Chiola, C. W. W. Hoffman, and C. D. Vanderpool 

Chemical and Metallurgical Division, Sylvania Electric Products Inc., Towanda, PennsyZvania 

ABSTRACT 

A m m o n i u m  meta tungs ta te  was a l lowed to reach  equi l ib r ium at  t e m p e r a -  
tures  be tween  55 ~ and 450~ The products  were  charac te r ized  by  chemical  
analyses,  t he rmograv ime t r i c  analyses,  and x - r a y  diffract ion pat terns .  The data 
confirm the association of one const i tu t ional  wa te r  molecule  wi th  the  m e t a -  
tungs ta te  ion. The x - r a y  diffract ion pa t te rns  of ammonium meta tungs ta t e  
va r i ed  wi th  the  wa te r  content.  

The  i s o m o r p h i s m  of t he  m e t a t u n g s t a t e s  and  the  
h e t e r o p o l y  t u n g s t a t e s  was  first  s u g g e s t e d  b y  C o p a u x  
(1) .  The  d e t e r m i n a t i o n  of t he  s t r u c t u r e  of t he  

p 8- h e t e r o p o l y  anion,  W1~O4o , b y  K e g g i n  (2 -4 )  p r o -  
v i d e d  a bas is  fo r  m o r e  def in i t ive  s tudies ,  a n d  he  

s u g g e s t e d  t h a t  m e t a t u n g s t a t e s  con t a ined  H~W~O~ 6- 
ions. S u b s e q u e n t  s tud ies  conf i rmed  the  i s o m o r p h i s m  
of m e t a t u n g s t i c  ac id  w i t h  p h o s p h o t u n g s t i c  ac id  b y  
the  a id  of x - r a y  p o w d e r  p h o t o g r a p h s  (5, 6) .  The  
c e n t r a l  g r o u p  in t he  m e t a t u n g s t a t e s  c o r r e s p o n d i n g  
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to the PO, group in phosphotungst ic  acid was 
thought  by  Signer  and Gross (5) to be an H~O, 
group. J ah r  (7) contested thei r  hypothesis  and in-  
s tead c la imed tha t  the  WO~ octahedra  were  grouped 
about an empty  hole. 

More recent  work  by Schott  and Harzdorf  (8) on 
the meta tungs ta tes  of l i thium, sodium, and potas-  
s ium confirmed Keggin 's  hypothesis  tha t  two hy -  
drogen atoms were  associated wi th  each me ta tung-  

H ~- state ion, thus favor ing the ~W~O~ ion ra the r  
than  the W=O~- or (OH~W~O~o) 6- ions. In  contras t  
to the dehydra t ion  studies of Schott  and Harzdorf  
who found no dist inct  chemical  hydra tes  in thei r  
metatungsta tes ,  Kolli ,  Pirogova,  and Spi tsyn (9) in 
a s tudy of the  dehydra t ion  of sodium meta tungs ta te  
repor ted  the  existence of hydra tes  containing 10, 
4.5, 2.5, 2, 1.5, 1, and 0.2-0.3 moles wa te r  per  mole 
of the anhydrous  salt. 

The present  s tudy of ammonium meta tungs ta te  
was unde r t aken  to compare the dehydra t ion  of this 
salt  to the previous studies of dehydra t ion  of a lkal i  
meta l  meta tungs ta tes  and to de te rmine  whe ther  the 
wa te r  associated wi th  ammonium meta tungs ta te  at 
various t empera tu res  was in the form of discreet  
hydra tes  or was zeolitic. 

Experimentol 
Preparation.--Ammonium meta tungs ta te  was 

p repa red  by  the digest ion of h y d r a t e d  tungst ic  ox-  
ide wi th  ammonium hydrox ide  solution. A s lu r ry  of 
908g of tungst ic  acid in 2.4 l i ters of deionized wa te r  
was agi ta ted  and heated to 80~176 While  ma in -  
ta in ing tempera ture ,  105 ml of reagent  grade am-  
monium hydrox ide  solution (28%) was added dur -  
ing a per iod of 1 hr. Digestion was continued for 2 
hr, and the mother  liquor, ammonium me ta tung-  
state solution, was separa ted  by  filtration. The 
yie ld  of ammonium meta tungs ta te  crysta ls  was 50- 
55% of theore t ica l  based on WO3. The crys ta l l ine  
product  was dr ied at app rox ima te ly  35~ for 4 hr  
to get the s ta r t ing  mate r i a l  requi red  for equi l ib ra-  
t ion studies. 

Equilibration.--The ammonium meta tungs ta te  
samples were  equi l ibra ted  at var ious  t empera tu res  
by  placing them in an A b d e r h a l d e n  dry ing  ap-  
paratus ,  Fig. 1, for periods of approx ima te ly  24, 
72, and 128 hr. The t empera tu re  of equi l ibra t ion 
ranged  f rom 55 ~ to 200~ and was character is t ic  of 
the liquid used in the distilling flask of the ap- 
paratus. The specific liquids used and the tempera- 
tures obtained in the drying chamber of the ap- 
paratus were acetone (55~ ethyl alcohol (75~ 
water (91~ acetic acid (115~ 2-ethoxyethyl ace- 
tate (150~ and 2,2-diethoxy ethyl acetate (200~ 
Differences between the equilibration temperatures 
and the boiling points of the various liquids as 
given in the literature were attributed to heat 
losses in the apparatus .  The dry ing  chamber  was 
wrapped  wi th  insulat ing tape to reduce heat  losses 
at  t empera tu res  above 100~ Equi l ibra t ion  t em-  
pera tures  were  measured  by  a the rmomete r  placed 
in the inner  tube of the dry ing  chamber.  

For  equi l ibrat ion,  two silica boats, 100 x 18 x 11 
m m  high, and containing 10g of ammonium meta -  
tungs ta te  each, were  placed inside the inner  tube 

[- U - TUBE FILLED 
/ WITH DESICCANT 

~CONDENSER 

,1~ DRYING CHAMBER 
~ R  CHAMBER 

DESICCANT FLASK ~BOILING LIOUID 

Fig. 1. Abderhalden drying apparatus used for the equilibration 
experiments. 

of the dry ing  chamber.  Vapors f rom the boil ing 
l iquid in the  dis t i l l ing flask hea ted  the dry ing  
chamber  and sample  to constant  t empera ture .  The 
mois ture  re leased f rom ammonium meta tungs ta te  
was absorbed by  calcium sulfate  (Drier i te )  dry ing  
agent  contained in the desiccant flask. The dry ing  
chamber  and the desiccant flask were  open to the 
a tmosphere  through a U- tube  which also contained 
dry ing  agent. 

F rom 200 ~ to 450~ the samples were  equil i -  
b ra ted  at 50~ in tervals  for 24 hr  in a S tan ton  
thermobalance .  The weight  loss af ter  24 hr  was 
negligible.  

The equi l ib ra ted  samples  were  s tored in sealed 
glass tubes unt i l  measurements  could be made. 

Analyses.--To determine  the amount  of tungsten,  
the tungsta tes  were  igni ted at  800~ and the res i -  
due weighed as WO,. Ammonia  was de te rmined  by  
the Kje ldah l  dis t i l la t ion method. The per  cent 
wa te r  was obtained by  difference. Thermograv i -  
metr ic  analyses  were  made on a Stanton the rmo-  
grav imet r ic  balance  at a hea t ing  ra te  of 3~ 
The sample was contained in a covered quartz  c ru-  
cible in order  to employ the " se l f -genera ted  a tmo-  
sphere"  technique (10) to emphasize changes in 
ra te  of weight  loss. 

The x - r a y  diffraction pa t te rns  were  taken  on a 
Phi l ips  Norelco uni t  wi th  a Ge iger -counte r  diffrac-  
tometer  using n ickel - f i l te red  CuKa rad ia t ion  of 
1.542A wavelength .  Sample  prepara t ions  and in-  
tens i ty  measurements  fol lowed the procedure  
adopted by  the Nat ional  Bureau  of S tandards  (11). 
The in tens i ty  values  of each pa t t e rn  were  meas-  
u red  as peak  height  above background  and ex-  
pressed as percentages  of the s trongest  line. 

Results and Discussion 

Crystals formed at room temperature.--Large 
t r anspa ren t  crystals  several  cent imeters  in size 
were  grown from sa tura ted  solution. Af ter  removal  
f rom solution, the crystals  lost wa te r  r ap id ly  and 
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Table I. Characteristic low angle diffraction lines 
of the ammonium metatungstates 

( i  (A)  I d (A) I 

AMT 22-24 AMT-1 

AMT 12-15 

AMT 2-6 

10.4 100 12.5 10 
9.0 20 9.1 100 

8.8 70 
10.7 l0 8.6 60 

9.8 40 AMT-0 
9.3 100 8.7 100 
8.6 10 5.0 50 

X 
12.8 25 6.3 70 
9.3 100 3.82 80 
8.9 95 3.66 25 
8.5 30 3.28 2O 

3.17 100 

b e c a m e  t r a n s l u c e n t .  The re fo re ,  x - r a y  and  t h e r m o -  
g r a v i m e t r i c  a n a l y s e s  ( T G A )  w e r e  c a r r i e d  out  as 
soon as poss ib le  a f t e r  r emova l .  The  c rys t a l s  w e r e  
s u r f a c e - d r i e d  w i t h  f i l te r  p a p e r  for  t he  T G A  m e a s -  
u r e m e n t s  s ince  a n y  h e a t i n g  c h a n g e d  the  w a t e r  con-  
t en t  a n d  s t ruc tu re .  The  w a t e r  con ten t  v a r i e d  f rom 
22 to 24 w a t e r s  of h y d r a t i o n  p e r  mole  of ( N H , ) , -  
H~W~O~. In  v i e w  of t h e  r a p i d  d e h y d r a t i o n  the  
e q u i l i b r i u m  f o r m  in s a t u r a t e d  so lu t ion  is b e l i e v e d  
to con ta in  24 w a t e r s  of h y d r a t i o n  as r e p r e s e n t e d  b y  
the  f o r m u l a  (NHJ~H~W~O~o-24H~O. R e l i a b l e  NH.~ 
a n a l y s e s  cou ld  no t  be  o b t a i n e d  on th is  form.  C h a r -  
ac t e r i s t i c  low ang le  x - r a y  d i f f r ac t ion  l ines  of t he  
2 4 - h y d r a t e  d e s i g n a t e d  AMT22-24 ,  and  the  o the r  
less h y d r a t e d  m e t a t u n g s t a t e s  a r e  g iven  in Tab le  I. 

W h e n  the  e v a p o r a t i o n  was  c o n t i n u e d  u n t i l  a l l  of 
the  a m m o n i u m  m e t a t u n g s t a t e  h a d  c r y s t a l l i z e d  f rom 
solut ion,  t he  p r o d u c t  was  r e d u c e d  in  w a t e r  con ten t  
to b e t w e e n  12.6 and  14.3 w a t e r s  of  h y d r a t i o n  b y  
a i r  d ry ing .  A t y p i c a l  w e i g h t  loss c u r v e  on th is  p r o d -  
uc t  is s h o w n  in Fig .  2. C h e m i c a l  a n a l y s e s  a r e  g iven  
in T a b l e  II .  

A l l  of  the  t h e r m o g r a v i m e t r i c  ana lys i s  cu rves  
showed  a t e m p e r a t u r e  r eg ion  of l i t t l e  or  no w e i g h t  
loss c o r r e s p o n d i n g  to t he  f o r m a t i o n  of t he  a n h y -  
d rous  (NH,)~-LW~O~o. In  add i t ion ,  c e r t a i n  runs  i n -  
c lud ing  the  d a t a  of Fig .  2 s h o w e d  an  inf lex ion  p o i n t  
in t he  c u r v e  a t  a w e i g h t  c o r r e s p o n d i n g  a p p r o x i -  
m a t e l y  to (NH,)~H~W~O~o-H~O. The  w e i g h t  loss 
a b o v e  350~ was  r e l a t i v e l y  slow. 

Equi l ibrat ion r e su l t s . - -The  r e su l t s  of e q u i l i b r a -  
t ion  e x p e r i m e n t s  w i t h  s a m p l e s  of A M T  12-15 in  t h e  
A b d e r h a l d e n  d r y i n g  a p p a r a t u s  a r e  t a b u l a t e d  in 
T a b l e  III .  The  moles  of w a t e r  w e r e  c a l c u l a t e d  f rom 
the  t h e r m o g r a v i m e t r i c  da ta .  A c h a n g e  in s t r u c t u r e  
to the  A M T  2-6 fo rm was  o b s e r v e d  a t  t e m p e r a t u r e s  
f rom 55 ~ to 91~ w i t h  w a t e r  con ten t s  w h i c h  v a r i e d  
f r o m  1.8 to 5.6 m o l e s  of H~O p e r  mo le  of (NH,)~-  
H~W~O~. A f o u r t h  p a t t e r n ,  d e s i g n a t e d  A M T - 1 ,  w a s  
found  on the  s a m p l e  e q u i l i b r a t e d  a t  75~ for  168 

Table II. Quantitative analyses of ammonium metatungstate 

% WOs % NHs % HfO 

Theoret ica l  for  86.71 3.18 10.11 
(NH,) ~HfW~O,o. 14H20 

Found  86.51 3.20 10.29 

b60 

140 

z ,oo 

z 8o 

,.=, 

u,. 
60 

~_ 40 

; 

 2~ 

15 
o 

r 

o 

uJ 

_o 

j =c  

5+  

I !11, I 

20O 3O0 400  5OO 60O 

TEMPERATURE (~  

Fig. 2. Thermogravimetric analyses of ammonium metatungstate: 
solid line, covered crucible technique; dotted line, uncovered cru- 
cible. 

hr,  w h i c h  h a d  a H~O con ten t  of 1.1 moles .  This  l a t -  
t e r  f o r m  is u n d o u b t e d l y  the  m o n o h y d r a t e ,  (NH~)~- 
H~W~O,o-H,O w h o s e  p r e s e n c e  was  i n d i c a t e d  b y  the  
inf lex ion  po in t  on s e v e r a l  T G A  curves  (see,  for  
e x a m p l e ,  Fig.  2).  

The  s a m p l e  e q u i l i b r a t e d  at  91~ for  120 h r  and  
al l  s a m p l e s  e q u i l i b r a t e d  at  h i g h e r  t e m p e r a t u r e s  
(115 ~ 150 ~ , and  200~ in the  A b d e r h a l d e n  a p -  
p a r a t u s  w e r e  e s s e n t i a l l y  n o n h y d r a t e d  and  d i s p l a y e d  
a c o m m o n  p a t t e r n ,  d e s i g n a t e d  A M T - 0 ,  w h i c h  is 
c h a r a c t e r i s t i c  of u n h y d r a t e d  a m m o n i u m  m e t a t u n g -  
s ta te ,  i.e., (NH4)~H~WI~O~o. The  wide  r eg ion  of t e m -  
p e r a t u r e  s t a b i l i t y  of th is  u n h y d r a t e d  f o r m  is in 
a g r e e m e n t  w i t h  t he  o b s e r v a n c e  of a r eg ion  of n e g l i -  
g ib le  w e i g h t  loss on the  T G A  curves  at  a w e i g h t  
c o r r e s p o n d i n g  to  t h e  c o m p o u n d  (NH,)~H~W~O,0. 
This  A M T - 0  f o r m  was  v e r y  eas i ly  h y d r a t e d  as  ev i -  
d e n c e d  by  the  fac t  tha t ,  i f  l e f t  in  the  n o r m a l l y  
h u m i d  a t m o s p h e r e  of t he  l a b o r a t o r y ,  i t  h y d r a t e d  
at  r o o m  t e m p e r a t u r e  c h a n g i n g  f r o m  A M T - 0  to 
A M T - 1  and  f ina l ly  to A M T  2-6, as shown  b y  s ev -  
e r a l  ser ies  of x - r a y  e x p e r i m e n t s .  

A b o v e  250~ a n h y d r o u s  (NH,)~H_~W~204o d e c o m -  
posed  r a p i d l y  to a m a t e r i a l  of  v a r i a b l e  compos i t ion  
w i t h  r e spe c t  to bo th  w a t e r  and  a m m o n i a .  The  x - r a y  
d i f f rac t ion  p a t t e r n  of th is  m a t e r i a l  is d e s i g n a t e d  as 
X, s ince  i t  cou ld  no t  be  iden t i f i ed  as a n y  of t he  
k n o w n  ox ides  of t ungs t en .  The  p a t t e r n  was  i d e n t i -  
cal  to t ha t  of m a t e r i a l  f o r m e d  at  h igh  t e m p e r a t u r e s  
f rom a m m o n i u m  p a r a t u n g s t a t e s .  F i n a l l y ,  a t  450~ 
a m m o n i u m  m e t a t u n g s t a t e  was  c o m p l e t e l y  t r a n s -  
f o r m e d  to t u n g s t e n  t r i ox ide .  

The  r e su l t s  a r e  r e a d i l y  seen  b y  a p lo t  of NH3 and  
t o t a l  H~O c on t e n t  vs. t e m p e r a t u r e  of e q u i l i b r a t i o n  
(Fig .  3) .  The  NH3 con ten t s  w e r e  e s s e n t i a l l y  i n d e -  
p e n d e n t  of  t ime  of  equ i l i b r a t i on ,  and  t h e r e f o r e  
a v e r a g e  va lue s  w e r e  c a l c u l a t e d  ( T a b l e  I I I )  and  
used  (Fig .  3) .  On the  o the r  hand ,  t he  H~O con ten t s  
w e r e  d e p e n d e n t  on t i m e  i n d i c a t i n g  t h a t  none  of t he  
d a t a  r e p r e s e n t  t r u e  e q u i l i b r i u m .  I t  is a p p a r e n t  t h a t  
f r o m  r o o m  t e m p e r a t u r e  up  to 250~ t h e  NH,  con-  
t en t  is e s s e n t i a l l y  cons t an t  a t  6NH~ p e r  12WO,, d e -  
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Table III. Equilibrotion analyses and identification 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1962 

Calcu-  
la ted  Moles  H20 

Equi l ibra t ion  Ana lyses  moles  ove r  anhy -  X- ray  
Temp ,  Time,  % % NI-I3 pe r  drous  per  ident i -  

~ h r  WOs NH3 12WO8 12WOs fication 

55 25 90.72 3.19 5.75 5.6 AMT 2-6 
55 64 92.34 3.37 5.96 3.1 AMT 2-6 
55 123 92.49 3.33 5.91 2.5 AMT 2-6 

Avg. 5.86 

75 24 92.39 3.32 5.87 2.9 AMT 2-6 
75 120 93.07 3.32 5.83 1.8 AMT 2-6 
75 168 93.30 3.34 5.85 1.1 AMT-1 

Avg. 5.85 

91 24 93.10 3.36 5.90 1.8 AMT 2-6 
91 65 93.10 3.33 5.85 1.8 AMT 2-6 
91 120 93.47 3.44 6.01 0.8 AMT-0 

Avg. 5.92 

115 24 93.73 3.42 5.96 0.8 AMT-0 
115 72 94.08 3.36 5.84 0.2 AMT-0 
115 128 94.03 3.37 5.86 0.1 AMT-0 

Avg. 5.89 

150 24 93.53 3.36 5.87 0.9 AMT-0 
150 72 94.04 3.36 5.84 0 AMT-0 
150 128 94.09 3.40 5.91 --0.2 AMT-0 

Avg. 5.87 

200 24 94.23 3.15 5.46 --0.1 AMT-0 
200 72 94.14 3.27 5.68 --0.4 AMT-0 
200 127 94.27 3.25 5.63 --0.3 AMT-0 

Avg. (last 2) 5.66 

Total  Moles 
H20 

200 24 93.99 3.27 5.69 4.1 AMT-0 
250 24 94.13 3.29 5.71 3.7 AMT-0 
300 24 98.03 1.27 2.12 1.1 X 
350 24 98.45 0.95 1.58 0.9 X 
400 24 99.04 0.51 0.84 0.7 X 
450 24 100.00 0 0 0 WO~ 

creas ing o n l y  s l ight ly  w i th  t e m p e r a t u r e .  The  w a t e r  
content ,  however ,  decreases s teadi ly  w i th  inc reas -  
ing t e m p e r a t u r e  approach ing  a va lue  of 4H~O per  
12WO~, which  is character is t ic  of the  a n h y d r o u s  
m e t a t u n g s t a t e  (NH4)6H,W=O~. Since on ly  th ree  
wate r s  are con t r i bu t ed  f rom the six a m m o n i u m  ions 
and  oxygen,  the  fou r th  m u s t  be associated w i th  the 
m e t a t u n g s t a t e  ion itself. Thus  the  associat ion of 
two hyd rogens  wi th  the  m e t a t u n g s t a t e  ion is found  
wi th  the  a m m o n i u m  m e t a t u n g s t a t e s  as wel l  as the  

1 6 6 -  t8 3 (~  20~ 
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Fig. 3. Water and ammonia content of ammonium metatungstate 
as a function of equilibration temperature. Equilibrated in Abder- 
halden apparatus for 24 hr (e), 72 hr ( A )  and 128 hr (f-I); 
equilibrated 24 hr on Stanton thermobalance (e); average ammonia 
values (A ) .  

a lka l i  me ta l  m e t a t u n g s t a t e s  (8) .  A f u r t h e r  cor-  
robora t ion  of this  conclus ion  and  an  ind ica t ion  of 
the  t enac i ty  wi th  which  tha t  one w a t e r  is bound  
are  ind ica ted  by  the fact  t ha t  w h e n  the  a n h y d r o u s  
fo rm s tar ts  to decompose above 250~ it  st i l l  r e -  
t a ins  the one molecule  of w a t e r  up to 400~ un t i l  
WO~ is formed.  

The ana ly t i ca l  resul ts  as i l l u s t r a t ed  by  Fig. 3 
suggest  tha t  the  w a t e r  con ten t  of the  h y d r a t e d  
m e t a t u n g s t a t e s  is zeolitic, i.e., the  a m o u n t  of wa t e r  
associated w i th  the  s t ruc tu re  var ies  con t inuous ly  
w i th  t e m p e r a t u r e  and  re la t ive  humid i ty .  Such ~a 
f inding would  be in  a g r e e m e n t  w i th  Schot t  and  
Harzdor f  (8) .  However ,  ev idence  for a la t t ice  
t r a n s i t i o n  in  the  a n i on  at  75~ pos tu la ted  by  t h e m  
was no t  observed f rom the  w a t e r  con ten t  vs. t e m -  
p e r a t u r e  curve  (Fig. 3), a l t hough  the  x - r a y  data  
of Tab le  I I I  ind ica te  the  poss ib i l i ty  of a t r a n s i t i o n  
f rom AMT 2-6 to AMT-1  at tha t  t empe ra tu r e .  

These resul t s  suggest  a fixed an ionic  s t ruc tu re  
in to  which  w a t e r  molecules  m a y  be absorbed  con-  
t i n u o u s l y  depend ing  on the  re la t ive  vapor  pressure.  
Such  a model  is cons is ten t  w i th  the  f indings of 
Sp i t syn  a nd  co-workers  (12) who repor ted  no 
change  in  the  s t ruc tu re  of the m e t a t u n g s t a t e  ion or 
in  the  coord ina t ion  of wa te r  i n  a s tudy  of the  i n f r a -  
red  absorp t ion  spect ra  of sod ium me ta tungs t a t e s .  

The model  sugges t ing  zeolitic w a t e r  is no t  con-  
s is tent ,  however ,  w i th  the de tec t ion  of specific x -  
r ay  diffract ion pa t t e rn s  as a f unc t i on  of w a t e r  con-  
t en t  as found  h e r e i n  or wi th  the  ex is tence  of specific 
hyd ra t e s  of sod ium m e t a t u n g s t a t e s  r epor ted  in  the  
ear l ie r  paper  (9) by  Sp i t syn  and  co-workers .  I t  is 
suggested tha t  d i f ferent  hydra t e s  of a m m o n i u m  
m e t a t u n g s t a t e  exist  and  are r ead i ly  t r a n s f o r m e d  
in to  one ano the r  de pe nd i ng  on the  re la t ive  wa te r  
vapor  pressure .  The  t r ans i t ions  b e t w e e n  hydra t e s  
proceed so readi ly ,  however ,  tha t  the  w a t e r  con ten t  
var ies  con t inuous ly  wi th  t e m p e r a t u r e  or r e l a t ive  
h u m i d i t y  b e h a v i n g  in  a m a n n e r  suggest ive  of zeo- 

l i t ic water .  

Manuscript  received March 26, 1962; revised m a n u -  
script received Aug. 8, 1962. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in  the June  1963 JOURNAL. 
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ABSTRACT 

General equations describing the behavior of porous electrodes are de- 
veloped. These equations are used to determine the initial and the steady-state 
conditions in one-dimensional porous electrodes of uniform geometry and 
polarization parameters.  In particular,  it is shown that the current and reaction 
distributions in the depth of the electrode are strongly influenced by the type 
of activation polarization and by mass transport  of the reacting ionic species, 
in addition to the effective conductivities of the two phases. It is found that  
a l inear approximation to a Tafel curve leads to an inadequate description of 
actual behavior when the reaction is distributed nonuniformly in the depth of 
the electrode. 

A simple electrode has a wel l -def ined in ter face  
be tween  the meta l  e lec t rode  and the adjacent  elec-  
t ro lyt ic  solution, and the electrode react ion is r e -  
s t r ic ted to this  interface,  which is often a p lane 
surface. A la rge  class of indus t r i a l ly  impor tan t  elec-  
t rochemical  reactions,  however ,  involves the use 
of electrodes consist ing of porous matr ices  of a single 
reac t ive  electronic conductor,  or mix tures  of solids 
which include essent ia l ly  nonconducting,  reac t ive  
mater ia l s  in addi t ion to inac t ive  electronic conduc-  
tors. An electrolyt ic  solution pene t ra tes  the void 
spaces of the porous matr ix .  This pape r  is res t r ic ted  
to cases where  this pene t ra t ion  by  e lect rolyte  is com- 
plete  or nea r ly  complete.  Thus the  resul ts  are not 
d i rec t ly  appl icable  when the pene t ra t ion  by  elec-  
t ro ly te  is de l ibe ra te ly  kept  par t ia l ,  as in most fue l -  
cell electrodes where  the  e lect rode react ion occurs 
main ly  at the t h ree -phase  contact  be tween  the solid 
electrode, the electrolyte ,  and a gaseous reactant .  

Relat ive  to solid electrodes,  porous electrodes p ro-  
vide much la rger  contact  areas per  uni t  volume be-  
tween electrolyte ,  solid (or gaseous) reactant ,  and 
electronic conductor.  Their  use is widespread  in 
p r i m a r y  and secondary  ba t te r ies  and in cont inuous-  
feed galvanic  cells. At  any  given time, there  wil l  
be a large  range of react ion ra tes  wi th in  the pores. 
The d is t r ibut ion  of these ra tes  wi l l  depend on phys -  
ical s t ructure ,  conduct iv i ty  of the  m a t r i x  and of the 
electrolyte ,  and on pa ramete r s  character iz ing over-  
potent ia l  phenomena (1).  In  galvanic  cells this  ra te  
d is t r ibut ion  d i rec t ly  influences the  net  power  ava i l -  
able for ex te rna l  use. A ra t iona l  unders tand ing  of 
the processes tha t  de te rmine  the d is t r ibut ion  of re -  
action ra tes  wi th in  porous electrodes is therefore  
of p r ime  importance,  basic to any design or op- 
t imizat ion of e lect rochemical  conversion or s torage 
devices. 

In order  to pe r fo rm a theoret ica l  analysis  of such 
a complex problem,  it is necessary to es tabl ish a 
model  which accounts for the essential  fea tures  of 
an actual  e lec t rode  wi thout  going into exact  geo- 
metr ic  detail .  Fur ther ,  the model  should be de-  
scribed by  pa ramete r s  which can be obtained by 

su i tab ly  s imply  physical  measurements .  For  ex-  
ample,  a porous ma te r i a l  of a rb i t r a ry ,  r andom s t ruc-  
tu re  can be character ized by its porosity,  average  
surface area  per  uni t  volume, vo lume-ave rage  re -  
sist ivi ty,  etc. S imi lar ly ,  one can use a vo lume-  
average  res is t iv i ty  to descr ibe the electrolyt ic  
phase  in the voids. A sui table  model  would involve 
averages  of var ious  var iables  over a region of the 
electrode small  wi th  respect  to the ove r -a l l  d i -  
mensions but  l a rge  compared  to the  pore  s t ructure.  
In such a model,  ra tes  of react ions in the pores wi l l  
have to be defined in te rms of t r ans fe r red  current  
per  uni t  volume. 

Analyses  of this type  have been developed by 
Euler  and Nonnenmacher  (1) and by  Ksenzhek and 
S tender  (2).  Euler  and Nonnenmacher  considered 
the case of a porous electrode flooded with e lect ro-  
lyte  and backed by  a solid metal l ic  conductor  of 
negl igible  res is t iv i ty  (Fig. 1). Solving the equa-  
tions for a one-d imens iona l  field, uni form concen- 
t ra t ion,  and an assumed l inear  polar izat ion,  these 
authors  showed that ,  depending on the re la t ive  con- 
duct ivi t ies  of the  two phases,  the  cur ren t  tends to 
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Fig. I. One-dimensional porous electrode 
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pass  f r o m  one phase  to t he  o t h e r  p r e f e r e n t i a l l y  n e a r  
the  e l e c t r o l y t e - e l e c t r o d e  i n t e r f ace  o r  t h e  e l e c t r o d e -  
m e t a l  b a c k i n g  in t e r face .  A l t h o u g h  these  conc lu -  
sions r e p r e s e n t  a s igni f icant  s t ep  f o r w a r d  in our  
u n d e r s t a n d i n g  the  p h e n o m e n a  occu r r i ng  in  po rous  
e lec t rodes ,  t he  m o d e l  does  no t  a d e q u a t e l y  r e s e m b l e  
r ea l  sys tems .  E x c e p t  in  r eg ions  of  l ow  o v e r p o t e n t i a l ,  
l i nea r  p o l a r i z a t i o n  is an  u n r e a l i s t i c  a s s u m p t i o n  if  
t h e r e  is a l a r g e  r a n g e  of  c u r r e n t  dens i t ies ,  t h a t  is, 
if the  r e a c t i o n  d i s t r i b u t i o n  is qu i t e  n o n u n i f o r m ,  and,  
f u r t h e r m o r e ,  concen t r a t i ons  of r e a c t i n g  species  m a y  
no t  be  r e g a r d e d  as  cons t an t  e x c e p t  a t  t he  i n s t a n t  
of c los ing the  c i rcui t .  

We  n e x t  p r e s e n t  a g e n e r a l  m o d e l  of p o r o u s  e l ec -  
t rodes  w h i c h  r educes  to t h a t  of E u l e r  a n d  N o n n e n -  
m a c h e r  as a spec ia l  case. H o w e v e r ,  t he  s u b s e q u e n t  
a p p l i c a t i o n  of t he  g e n e r a l  m o d e l  t a k e s  in to  account  
T a f e l - t y p e  p o l a r i z a t i o n  and  i n c o r p o r a t e s  concen -  
t r a t i o n  v a r i a t i o n s  caused  b y  t h e  c h a r g e  t r a n s f e r  
across  p h a s e  b o u n d a r i e s .  

Macroscopic Description of Porous Electrodes 
In  th is  mac roscop i c  t r e a t m e n t  of po rous  e l ec -  

t rodes ,  w e  sha l l  d i s r e g a r d  the  a c t u a l  g e o m e t r i c  d e -  
t a i l  of t he  pores .  The  m o d e l  is an  e x t e n s i o n  of  t he  
concep ts  of c o n v e n t i o n a l  e l e c t r o c h e m i c a l  sys tems ,  
spec i f ica l ly  those  of t r a n s p o r t  p h e n o m e n a  in  e l ec -  
t r o l y t i c  so lu t ions  and  of  t he  k ine t i c s  of e l ec t rode  
reac t ions .  Thus  w e  can  define a p o t e n t i a l  in  t he  
sol id  m a t r i x  m a t e r i a l ,  r and  a n o t h e r  in t he  p o r e -  
f i l l ing e l ec t ro ly t e ,  r S i m i l a r l y ,  two  c u r r e n t  dens i t i e s  

m a y  be  def ined:  i~ r e f e r r i n g  to t he  c u r r e n t  d e n s i t y  

in t he  m a t r i x  p h a s e  a n d  ~ to t he  one in  t h e  p o r e -  
e l ec t ro ly te .  These  c u r r e n t  dens i t i e s  w i l l  be  r e f e r r e d  
to t h e  p r o j e c t e d  a r e a  of t h e  e lec t rode ,  r a t h e r  t h a n  

to t he  a r e a s  of t he  i n d i v i d u a l  phases .  The  f lux Ni 
a n d  t h e  c o n c e n t r a t i o n  C, of a spec ies  w i l l  also b e  
e x p r e s s e d  r e l a t i v e  to th i s  super f ic ia l  a r e a  a n d  to 
t he  o v e r - a l l  u n i t  v o l u m e  of t he  e lec t rode ,  r e s p e c -  
t i ve ly .  The  quan t i t i e s  e n u m e r a t e d  a r e  a s s u m e d  to 
be  con t inuous  func t ions  of t i m e  and  space  coor -  
d ina tes .  

The  set  of  e q u a t i o n s  d e s c r i b i n g  t h e  changes  oc -  
c u r r i n g  d u r i n g  the  pa s sage  of c u r r e n t  in  t he  po rous  
e l e c t r o d e  a r e  as fo l lows:  1 

W e  a p p l y  O h m ' s  l a w  to t he  m a t r i x  

= - -  o-Vr [ I  ] 

The  f lux of a m o b i l e  ionic  spec ies  is due  to m i g r a -  
t ion,  diffusion,  and  convec t ion  

I% = -- z,U,eC~ ~Tr D, VC, + vC, [2] 

The fluxes of charged species, when appropriately 
summed, yield an expression for the current density 
in the pores 

! 

F o r  e x p r e s s i n g  the  e l e c t r o c h e m i c a l  r e a c t i o n  oc-  
c u r r i n g  in t he  e lec t rode ,  w e  a d o p t  t he  conven t ion  

X s , M i ' ,  -* he -  [4]  
! 

w h e r e  s, m a y  be  ca l l ed  the  s to i ch iome t r i c  coefficient  

1 These  equat ions  h a v e  b e e n  wr i t t en  in vec tor  n o t a t i o n  f o r  g e n e r -  
a l i t y  a n d  f o r  b r e v i t y .  
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of species  i. Then  the  c o n s e r v a t i o n  l a w  for  spec ies  i 
becomes  

aC, si 
- - - -  V " N, + . V  -Y1 [5]  

at n F  

This  e q u a t i o n  s ta tes  t h a t  t he  c o n c e n t r a t i o n  can  
change  a t  a p o i n t  be c a use  t he  species  m o v e s  a w a y  

f rom the  po in t  ( d i v e r g e n c e  of t h e  f lux N, )  or  because  
t he  species  is i n v o l v e d  in the  e l e c t r o c h e m i c a l  r e a c -  

t ion  (s ince  ~'T1 is p r o p o r t i o n a l  to t h e  r a t e  of t he  
e l ec t rode  r e a c t i o n ) .  W e  m a k e  the  r e a s o n a b l e  as-  
s u m p t i o n  of e l e c t r o n e u t r a l i t y  

X z,Ci ---- 0 [6]  
! 

The  p o l a r i z a t i o n  equa t ion  

V-i~ : af  (r - -  ~ ,  C,)  [7]  

is n e c e s s a r y  to e x p r e s s  t he  d e p e n d e n c e  of the  loca l  
r a t e  of r e a c t i o n  on t h e  v a r i o u s  concen t r a t i ons  and  on 
the  p o t e n t i a l  j u m p  at  t he  m a t r i x - s o l u t i o n  in te r face .  
This  equa t ion ,  as w r i t t e n ,  r e a l l y  doe sn ' t  he lp  us  v e r y  
much.  The  a p p r o p r i a t e  a n a l y t i c  e xp re s s ion  d e p e n d s  
on the  p a r t i c u l a r  c h e m i c a l  s y s t e m  and  r e a c t i o n  
m e c h a n i s m  invo lved ,  and  the  r e a d e r  is r e f e r r e d  to 
the specialized literature (3) for details. Since our 
purpose is not to consider the problems of electrode 
kinetics in detail, we seek a specific polarization 
equation which indicates expected behavior and is 
sufficiently general to cover many cases of practical 
interest. As an example, we may write 

- c,---:- ~u  (r  r [8] 

for  an  " o x i d a t i o n - r e d u c t i o n "  reac t ion .  Here ,  t h e  fo r -  
w a r d  and  r e v e r s e  r eac t i ons  a r e  first  o r d e r  w i t h  r e -  
spec t  to t he  r e a c t a n t  and  p r o d u c t  and  d e p e n d  e x -  
p o n e n t i a l l y  on the  m a t r i x - s o l u t i o n  p o t e n t i a l  j u m p .  

F i n a l l y ,  t he  e q u a t i o n  of  c o n s e r v a t i o n  of c h a r g e  is 

�9 i l  + v - i ,  = 0 [9]  

I t  shou ld  be  n o t e d  t h a t  Eq. [1]  to [7]  a r e  suffi- 

c ien t  to de sc r ibe  t he  po rous  e lec t rode ,  if v is spec i -  
fied. E q u a t i o n  [9]  can  be  d e r i v e d  f r o m  the  p r e c e d i n g  
equa t ions .  H o w e v e r ,  one m a y  occas iona l ly  w i sh  to 
a b a n d o n  the  a s s u m p t i o n  of e l e c t r o n e u t r a l i t y ,  in 
w h i c h  case  Eq. [9]  shou ld  be  r e t a ined .  

Application to One-Dimensional Porous Electrodes 
In  the  fo l lowing  ana lys i s ,  w e  cons ide r  a o n e - d i -  

m e n s i o n a l  po rous  e l ec t rode  (Fig .  1),  b o u n d e d  on 
one side b y  a m e t a l  " e l e c t r o n  co l l ec to r "  and  on the  
o t h e r  b y  a f ree  e l e c t ro ly t i c  solut ion.  B y  "one  d i -  
m e n s i o n a l "  w e  m e a n  t ha t  q u a n t i t i e s  such as p o t e n -  
t ia ls ,  c u r r e n t  dens i t ies ,  and  c o n c e n t r a t i o n s  v a r y  on ly  
w i th  d e p t h  w i t h i n  t he  e l ec t rode  and  no t  w i t h  l a t e r a l  
pos i t ion .  This  is a w o r t h w h i l e  s impl i f i ca t ion  s ince  i t  
y i e lds  r e su l t s  i n d i c a t i v e  of the  g e n e r a l  b e h a v i o r  of  
po rous  e l ec t rodes  and  s ince m a n y  p r a c t i c a l  po rous  
e l ec t rodes  h a v e  th i s  g e o m e t r y .  
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W e  sha l l  a s s u m e  t h a t  t he  shape  c h a r a c t e r i s t i c s  a n d  
v o l u m e  p e r c e n t a g e  of pores  a r e  u n i f o r m  t h r o u g h o u t  
t he  t h i cknes s  of  t he  e l e c t r o d e  a n d  t ha t  t he  f luid 

ve loc i t y  v is zero  in  t he  e lec t rode .  F u r t h e r m o r e ,  t he  
p r o b l e m s  w i l l  b e  posed  in  such  a w a y  t h a t  t i m e  does  
no t  e n t e r  in  an  e x p l i c i t  m a n n e r .  

C o n c e n t r a t i o n - I n d e p e n d e n t  P o l a r i z a t i o n  E q u a t i o n  

O r d i n a r i l y  t he  c o n c e n t r a t i o n  of  spec ies  in t he  po re  
e l e c t r o l y t e  w i l l  d e p e n d  on the  pos i t ion ,  x, in  t he  
e lec t rode .  L e t  us  f irst  cons ide r  t he  cond i t ions  at  t he  
i n s t a n t  of c los ing  the  c i rcu i t  so t h a t  t he  c o n c e n t r a -  
t ions  a r e  u n i f o r m  and  h a v e  not  h a d  t i m e  to change .  
Then,  Eq. [2]  becomes  

w h e r e  
K = F e  v. z,~U,C~ 

i 

is the  ef fec t ive  c o n d u c t i v i t y  of t h e  po re  e l e c t r o l y t e  
a n d  is cons tan t .  S ince  the  concen t r a t i ons  h a v e  been  
a s s u m e d  un i fo rm,  t he  p o l a r i z a t i o n  e q u a t i o n  is e s sen -  
t i a l l y  i n d e p e n d e n t  of concen t r a t ion ,  and  w e  m a y  
w r i t e  t he  p r o b l e m  in one d i m e n s i o n  as 

d e ,  dr di~ di~ 

i ~ = - - K  d x  ' i~ --a d x  ' d x  + d x  = O, 

[ 1 0 , 1 1 , 1 2 ]  

d ~  
~ =  a f ( r 1 6 2  [13] 

dx  

Here the subscript, x, for components of vector 
quantities has been omitted. The following boundary 
conditions are suggested. 

At x = 0,/~ = I,i~ = 0,r = O. 

At x = L,Q = O. 

These state that at the electrode-solution interface 
the current is carried entirely by the pore electro- 
lyte while at the metal backing, the current is 
carried entirely by the matrix. As an arbitrary ref- 
erence of po t en t i a l ,  w e  choose r = 0 at  x = 0. S o m e -  
w h e r e  ins ide  t h e  e lec t rode ,  b e t w e e n  x = 0 and  x ---- L, 
t h e  c u r r e n t  is t r a n s f e r r e d  f r o m  t h e  so lu t ion  to  t h e  
m a t r i x ,  a n d  the  loca l  r a t e  of t h e  r e a c t i o n  is p r o p o r -  
t iona l  to  d i J d x .  

This  p r o b l e m  m a y  b e  so lved  a n a l y t i c a l l y  for  e i t he r  
a l i n e a r  or  a Tafe l  p o l a r i z a t i o n  equa t ion .  F o r  Ta fe l  
po l a r i za t ion ,  Eq. 
(Z < 0) 

d~ 

d x  
w h e r e  

[8]  becomes  in  t he  anod ic  case  

- - = a t ~  exp  { f l ( r162  [14] 

n F  
3 = (1--,0 

RT 

The  ca thod ic  case I > 0 can  be  h a n d l e d  in a c o m -  
p l e t e l y  ana logous  fashion .  By  i n t e g r a t i n g  Eq. [12] ,  
d i f f e r en t i a t i ng  Eq. [14],  and  e l i m i n a t i n g  ebl, r and  
i~, one ob ta in s  

d'/~ d/1 [ I  ( 1  1 ) ]  
- - - ~ =  a--~-r ~-i~ --+,, [15] 
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Upon  the  i n t r o d u c t i o n  of t he  qua n t i t i e s  

Y = L - -  j = - T '  + , a n d , - - - -  
K 

a d imens ion les s ,  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n  for  
t he  c u r r e n t  is f ina l ly  ob ta ined ,  

d'j dj 
- -  = ~ ( a i  - -  0 

dy  2 dy  [16] 

w i t h  the  b o u n d a r y  cond i t ions  

j = 0 a t y - - 0 a n d j = l a t y =  1. 

S ince  the  v a r i a b l e  y does  not  a p p e a r  in  th i s  equa t ion ,  
t he  l a t t e r  can  be  r e d u c e d  to a f i r s t - o r d e r  e q u a t i o n  b y  
i n t r o d u c i n g  

dj d~j dp 
p -= ---~-y, so t h a t  dY ~ = p dj  

Then ,  t h e  f irst  i n t e g r a t i o n  is s t r a i g h t f o r w a r d ,  and  
the  second  in t eg ra t i on ,  s o m e w h a t  m o r e  invo lved ,  
m a y  be  f o u n d  in s t a n d a r d  m a t h e m a t i c a l  t ab les .  The  
so lu t ion  is 

t a n  (/~y - -  ~b) + t a n  j =  
t a n  ( e - - 4 )  + t a n  

w h e r e  

t a n  8 --  

2/~ E 
- - t a n  ( 0 y - - 4 )  + - -  

8 a 
[17]  

280 e 
a n d  t a n  ~ ---- - -  

4b ~ -  ~ ( 8 - -  c) 20 

The  i n t e g r a t i o n  cons tan t s  8 and  r canno t  be  s i m p l y  
r e l a t e d  to the  p a r a m e t e r s  8 a n d  E b u t  m u s t  be  ca l -  
c u l a t e d  b y  a t r i a l  and  e r r o r  p r o c e d u r e .  F o r  a f in i te  
c u r r e n t  d e n s i t y  in t he  e lec t rode ,  0 < 8 < ~r. 

The  d imens ion l e s s  r e a c t i o n  r a t e  is f o u n d  to be  

dj 2~ 
- -  sec ~ (8y - - ~ )  [18] 

d y  8 

and  the  p o t e n t i a l  of t he  m e t a l  b a c k i n g  p l a t e  is 

B(P,(L) = (S--e) + - - insec  (O--~b) 

2e 
In sec ~ d- In ( 

21I]~ 
+ ~ ~ ]  [19] 

I I J IO-e5341 1.3s31 I ,ojo.o,,,,j,o.o,. ; 

0 I ~ - - z - - - -  
0 0.2 0.4 0.6 0.8 I.O 

Y 

Fig. 2. Reduced current distributions for Tafel polarization with 
~ O. 
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LI  I dj/d  
[-I 8 I ,:o-5 y:~i 

I 0 + 9 5 9 4  l .OB+ ) It I ,olo+,+I +,+ 
d j /dy  2~ I~176176 1 

o l  I I I ] i I I I i 
0 0.2 0.4 0.6 0.8 1.0 

y 

Fig. 3. Reduced current  distr ibutions for Ta fe l  polar izat ion with 
1 

e = ~ 8 .  
2 

w h e r e  c is a cons tan t .  The  so lu t ion  for  t he  c u r r e n t  
and  the  r e a c t i o n  r a t e  is 

i2 _ __K [1-t-  ~ / ~ s i n h v ( 1 - - y ) - - s i n h  vy ] [21]  
K + ~ s inh  v I 

and  

dj 

dy 

w h e r e  

[._[_ ] cash  v(1 - - y )  + cash ry  
(K § ~) s inh  v 

[22] 

F o r  s m a l l  o v e r p o t e n t i a l s  or  s m a l l  c u r r e n t  dens i t ies ,  
bo th  t e r m s  of Eq. [8]  m u s t  be  r e t a i n e d ,  b u t  u n d e r  
th is  cond i t ion  of low po la r i za t ion ,  t he  e q u a t i o n  m a y  
be  l i n e a r i z e d  to g ive  

so t h a t  

di~. nF 
dx  -- aio - - ~  ( r - r 

aionF 
C ~  

R T  

3O 

II 

+- 20 
o 

c~ 

IO 

I I I I J , I I , I [ i I l 

o I 2 
LOG 8 

Fig. 4.  Potent ial  of  the meta l  backing plate  as it depends on (~ 

F i g u r e s  2 a n d  3 show t h e  r e d u c e d  r e a c t i o n  r a t e  for  
E = 0 and  E = 1/23, w h i l e  Fig.  4 shows  the  p o t e n t i a l  
of t he  m e t a l  b a c k i n g  p l a t e  w h e n  

2 K O "  

= 20 
aLL:~(~  + o9 

F r o m  t h e  g raphs ,  w e  see t h a t  for  a s m a l l  v a l u e  of 
t he  r e a c t i o n  is un i fo rm,  b u t  for  l a r g e  va lue s  of ~ t he  
r e a c t i o n  t a k e s  p l ace  m a i n l y  at  t h e  in te r faces .  F i g u r e  
4 c o r r e s p o n d s  to a T a f e l  p o l a r i z a t i o n  c u r v e  for  a p l a n e  
e l ec t rode  s ince  ~ and  e a r e  bo th  p r o p o r t i o n a l  to  Nil 
a t  f ixed th ickness ,  conduc t iv i t i e s ,  a n d  o the r  p a r a m -  
e ters .  T h e  o r d i n a t e  a c t u a l l y  r e p r e s e n t s  t he  o v e r p o -  
t e n t i a l  and  shou ld  a p p r o a c h  zero a t  s m a l l  c u r r e n t  
dens i t ies .  I n s t e a d  i t  a p p r o a c h e s  In [II/aioL, re f lec t ing  
t h e  fac t  tha t ,  in  us ing  t h e  Ta fe l  p o l a r i z a t i o n  c u r v e  
[14],  w e  h a v e  d r o p p e d  a t e r m  in Eq. [8] .  This  g ives  
us  a q u a n t i t a t i v e  c r i t e r i on  for  the  a p p l i c a b i l i t y  of t he  
Tafe l  a p p r o x i m a t i o n  in po rous  e lec t rodes ,  I I I >  aLL. 

E u l e r  a n d  N o n n e n m a c h e r  (4)  h a v e  so lved  the  
cons t an t  c o n c e n t r a t i o n  p r o b l e m  for  a l i n e a r  p o l a r i -  
za t ion  equa t ion .  In  th is  case, Eq. [13]  becomes  

d~ 
- - -  = c ( r  r [20]  

dx  

Thus,  for  JIj < aLL, the  l i n e a r  ana lys i s  is b e t t e r  t h a n  
the  Ta fe l  ana lys i s .  

H o w e v e r ,  for  III > ai~ t he  l i n e a r  ana lys i s  r e -  
qu i r e s  l i n e a r i z a t i o n  of t he  p o l a r i z a t i o n  equa t ion .  
Thus  the  p a r a m e t e r  c is a func t ion  of t he  o v e r - a l l  
c u r r e n t  dens i ty ,  c =  c(,I). In  o r d e r  to f ind the  con-  
nec t ion  b e t w e e n  the  two  models ,  i t  is n e c e s s a r y  to 
choose  the  p o i n t  a b o u t  w h i c h  the  Ta fe l  e q u a t i o n  is to  
be  l inea r i zed .  I f  w e  choose  the  m i d p o i n t  b e t w e e n  t h e  
e x t r e m e  r a t e s  of r e a c t i o n  (as  p r e d i c t e d  b y  the  Ta fe l  
a n a l y s i s ) ,  w e  ob t a in  

= 0 ~ / i  + sect@ if  e~ V28 

On the  o the r  hand ,  if w e  choose  the  a v e r a g e  r e a c t i o n  
ra te ,  we  ob t a in  

The  re su l t s  of the  two  mode l s  a r e  c o m p a r e d  in  Fig.  5 
for  ~ 2, e =  0.1 and  in Fig .  6 for  $ ~ 2 0 ,  E = I .  A 

1.8 ' I E I [ I I I i 
- To fe l  case 

L6 - -  - - - - - - - -  L inear  case with 9 =+/~" 

- - - -  L inear  case with +, 

1.2 
dj/d  y 

1.0 i 0.8- 
0.6 
0+4 

0 0.2 0.4 0.6 0.8 I.O 
Y 

Fig. 5. Comparison of linear and Tafel results for 8 = 2, ( = 
0.1. 
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-I  

-I.E 
0 

I I l l [ l l l l  

" I Tofel c o s e  

- - Lineor cose with V = ~  __# 

~ L ineor  cose wi th  

- \  / 
\ / 

0.2 0.4 0.6 0.8 
Y 

1 
1.0 

Fig. 6. Comparison of linear and Tafel results for 8 -~- 20, 

s t r a i g h t  l i ne  can a p p r o x i m a t e  a c u r v e  w e l l  o v e r  on ly  
a shor t  d i s t a n c e  c o m p a r e d  w i t h  t h e  c u r v a t u r e .  
T h e r e f o r e  t he  l i n e a r  case  w o u l d  se rve  q u i t e  a d e -  
q u a t e l y  w h e r e  t he  r e a c t i o n  r a t e  is f a i r l y  u n i f o r m  
t h r o u g h  the  porous  e lec t rode .  Bu t  in Fig .  6 t he  r e -  
ac t ion  r a t e  va r i e s  b y  a f ac to r  of  a b o u t  33, and  the  
l i n e a r  m o d e l  is not  a v e r y  good a p p r o x i m a t i o n  (no te  
t he  l o g a r i t h m i c  o r d i n a t e ) .  

Effect of Concentration Variation 

The  p r e v i o u s  a n a l y t i c  r e su l t s  h a v e  been  o b t a i n e d  
b y  cons ide r ing  c o n c e n t r a t i o n s  to be cons tan t .  Q u a l i -  
t a t i ve ly ,  t h e  effect of v a r i a t i o n s  of c o n c e n t r a t i o n  of 
the  e l e c t r o l y t e  w o u l d  be  e x p e c t e d  to be  t he  f o l l o w -  
ing:  The  spec ies  w h i c h  r e a c t  w i l l  b e c o m e  d e p l e t e d  
in  t he  e l ec t rode ;  th is  w i l l  h a v e  the  effect  of sh i f t i ng  
the  r e a c t i o n  zone t o w a r d  the  e l e c t r o d e - s o l u t i o n  in -  
t e r f ace  w h e r e  t h e  c o n c e n t r a t i o n  of the  r e a c t i n g  
spec ies  is g rea t e r .  W i t h  some  a p p r o x i m a t i o n s  w e  
m a y  o b t a i n  a m o r e  q u a n t i t a t i v e  i dea  of the  effect of 
concen t r a t ion .  

W e  aga in  cons ide r  t h e  o n e - d i m e n s i o n a l ,  s t e a d y -  
s ta te  s y s t e m  desc r ibed  above ,  and  w e  ignore  the  
s t r u c t u r a l  changes  in t he  e l e c t r o d e  as  t he  r e a c t i o n  
proceeds .  L e t  us  say  t h a t  t he  r e a c t i o n  is 

M/1 + ne-  --> M / ,  

so t h a t  I > 0. Then  w e  m a y  w r i t e  t h e  p o l a r i z a t i o n  
Eq. [8]  as  

dil CI 
d x  = ai~ exp  {--•((I) l - -  r [23]  

w h e r e / 9  = anF/RT.  F r o m  t h e  m o r e  c o m p l e t e  p o l a r -  
i za t ion  e q u a t i o n  w e  h a v e  se lec ted  t h e  m o r e  i m -  
p o r t a n t  t e rm,  bo th  b e c a u s e  d i J d x  is pos i t i ve  and  
b e c a u s e  th is  t e r m  con ta ins  t he  c o n c e n t r a t i o n  of t he  
c r i t i ca l  species.  W e  sha l l  a s s u m e  t h a t  t he  c o n d u c -  
t i v i t y  of t h e  po re  e l e c t r o l y t e  is una f fec t ed  b y  the  
c o n c e n t r a t i o n  of  t he  r e a c t i n g  species.  This  a s s u m p -  
t ion  is w e l l  a p p r o x i m a t e d  w h e n  a l a r g e  excess  of 
s u p p o r t i n g  e l e c t r o l y t e  is p resen t .  

I f  w e  neg lec t  ionic  m i g r a t i o n  fo r  t he  r e a c t i n g  spe -  
cies, t h e n  Eq. [2]  g ives  

dC, 
N1 = - -  D1 ~ [24] 

dx 
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and  the  c o n t i n u i t y  Eq. [5]  be c ome s  

d~C1 1 dil 
D1 dx----7/= nF dx [25]  

In  add i t ion ,  w e  need  Eq. [10] ,  [11] ,  and  [12] .  The  
b o u n d a r y  cond i t ions  a r e  

at  x = 0, iI = 0, i==  I ,r  = 0, C, = CF 

a t x = L ,  i s = 0 ,  d C 1 / d x = 0  

The  two  n e w  b o u n d a r y  cond i t ions  on the  c o n c e n t r a -  
t ion s t a t e  t h a t  a t  t h e  s o l u t i o n - e l e c t r o d e  in t e r f ace ,  
the  c o n c e n t r a t i o n  is m a i n t a i n e d  cons tan t ,  w h i l e  a t  
t he  m e t a l  b a c k i n g  the  f lux is zero.  B y  i n t e g r a t i n g  
Eq. [12] and  [25] ,  d i f f e r e n t i a t i ng  Eq. [23] ,  e l i m i n a t -  
ing i~, r and  r and  i n t r o d u c i n g  the  a d d i t i o n a l  d i -  
mens ion le s s  q u a n t i t i e s  

C ,  l l ]L 

- -  CF ' 7 =  nFD1C O 
w e  o b t a i n  

d l n t  ~ ) d~ 
d y ~- = d--y d ,  , "~y  7 ( J -  1) 

[26], [27] 
w i t h  b o u n d a r y  cond i t ions  

a t y = 0 ,  j =  0, ~ =  1, and  a t y =  1, j =  1. 

A n  e x a c t  so lu t ion  to th is  p r o b l e m  has  no t  been  
ob ta ined .  Ins tead ,  as a first  a p p r o x i m a t i o n  w e  le t  

~~ = e -A' [28]  

This  r e duc e s  Eq. [26]  to t he  f o r m  of Eq. [16] ,  w h i c h  
w e  h a v e  a l r e a d y  solved.  T h e n  Eq. [27]  is used  to 
o b t a i n  a second  a p p r o x i m a t i o n  for  $ and  to se lec t  
the  bes t  v a l u e  of A. This  was  done  b y  r e q u i r i n g  t ha t  
t he  a v e r a g e  c o n c e n t r a t i o n  in  t he  e l ec t rode  be  t he  
same  for  t he  two  a p p r o x i m a t i o n s .  This  is a s o m e -  
w h a t  i n v o l v e d  ca lcu la t ion ,  for  w h i c h  w e  sha l l  no t  
g ive  t he  de t a i l s  h e r e  (5) .  T h e  effect of c o n c e n t r a -  
t ion  v a r i a t i o n s  is shown  in Fig .  7 for  8 = 2, e = 0.1. 
The  r e su l t s  in the  fo rm of  d j / d y  and ~ a r e  g iven  fo r  

= 1 and  7 = 2.8, w h i l e  t he  c o r r e s p o n d i n g  r e su l t s  

u r Or  

d j /dy  

I 

0 
0 0.2 0.4 0.6 0.8 I.O 

Y 

Fig. 7. Effect of concentration variations for 8 = 2, e = 0.1 
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Table I. Comparison of approximate solution of varying 
concentration problem with numerical results for ~3 ~ 2, 

e ~ 0 . 1 , 3 '  ~ 1 

Approximation Numerical  calculations 

y d;~ldY ~ d j / d y  f~ 

0.0 1.155 1.0 1.1577 1.0 
0.09 1.0685 0.9145 1.0589 0.9145 
0.21 0.9894 0.8140 0.9678 0.8139 
0.3 0.9516 0.7480 0.9239 0.7476 
0.39 0.9295 0.6898 0.8978 0.6888 
0.51 0.9222 0.6288 0.8901 0.6217 
0.6 0.9329 0.5830 0.9058 0.5798 
0.69 0.9581 0.5499 0.9432 0.5452 
0.81 1.0717 0.5177 1.0378 0.5112 
0.9 1.0845 0.5032 1.1564 0.4954 
1.0 1.1888 0.4975 1.3626 0.4890 

for  3' ---- 0 h a v e  a l r e a d y  been  p r e s e n t e d  in Fig.  5. I n -  
deed ,  w e  see t h a t  t he  d e p l e t i o n  effect  does sh i f t  t he  
r e a c t i o n  t o w a r d  the  e l e c t r o d e - s o l u t i o n  in te r face .  
T a b l e  I shows  how the  a p p r o x i m a t e  r e su l t s  c o m p a r e  
w i t h  a n u m e r i c a l  so lu t ion  of Eq. [26] and  [27] ,  in 
t he  case  7 = 1. This  a p p r o x i m a t i o n  p r o b a b l y  b e -  
comes  less a c c u r a t e  at  h i g h e r  v a l u e s  of 7- 

D e p o s i t i o n  f r o m  a B i n a r y  E l e c t r o l y t e  

A p r o b l e m  i n v o l v i n g  depos i t i on  f rom a b i n a r y  
e l e c t r o l y t e  can  be  h a n d l e d  in  a m a n n e r  s im i l a r  to 
t ha t  of t he  p r e c e d i n g  sect ion.  F r o m  the  t r e a t m e n t  
of the  b i n a r y  e l e c t r o l y t e  in an  e l ec t ro ly t i c  so lu t ion  
(6) ,  w e  can  expec t  some s impl i f i ca t ion  here .  This  
man i f e s t s  i t se l f  in two  ways .  I t  is not  n e c e s s a r y  to 
a s sume  t h a t  the  c o n d u c t i v i t y  of t he  e l e c t r o l y t e  is 
cons tan t ,  and  m i g r a t i o n  of the  r e a c t i n g  spec ies  can  
be  a c c o u n t e d  for.  The  a s s u m p t i o n s  w h i c h  a r e  r e -  
t a i n e d  a r e  t h a t  one  t e r m  of t he  e x p o n e n t i a l  p o l a r i z a -  
t ion  e q u a t i o n  is sufficient  and  t h a t  t h e  a p p r o x i m a t e  
m e t h o d  of so lu t ion  used  in  t he  l as t  sec t ion  is ac -  
c u r a t e  enough.  A l t h o u g h  t h e  d i f fus ion coefficients 
and  t r a n s f e r e n c e  n u m b e r s  v a r y  w i t h  concen t ra t ion ,  
t h e y  a r e  t a k e n  to be  cons t an t  in the  fo l lowing  t r e a t -  
ment .  

The  e l ec t rode  r e a c t i o n  m a y  be  w r i t t e n  

M / +  + he- -> Mo ~ 

W h e n  the  so lu t ion  c o n c e n t r a t i o n  

C§ C_ 

Z- Z+ 

is used,  t he  equa t ions  d e s c r i b i n g  the  b i n a r y  e l ec -  
t r o l y t e  in  t h e  po rous  e l e c t r o d e  a r e  

N+ = z+z_U+eCV~ + z_D+VC 

N_ = --z_z+U_eC~-- z+D_~C 

(z+U+--z_U_)eCVr (D+-- D_)VC [29] 
z +z_F 

aC t_ 
- DV~C - - . ~ . i ~  [30] 

Ot z+z_F 
w h e r e  

D---- 
z+U~D_- z_U_D+ --z_U_ 

a n d  t_ = 
z+U+- z_U_ z+U+ -- z_.U_ 

N o w  the  one d imens iona l ,  s t e a d y - s t a t e  p r o b l e m  
becomes  

d~C t_ d/~ 
D -- - -  -- [31] 

d x  ~ z+z_F d x  

i~ dr d C  
(z+U+-- z_U_)eC + (D+-- D_) -7-- [32] 

z+z_F dx ax 

dr d i l  di~ 
i , - - - - - - a - -  - -  + =0 [ 3 3 ] , [ 3 4 ]  

d x  d x  d x  

di~ C 
d x  - -  aio - - ~  exp  {--fl(r r } [35]  

w h e r e  f l  = a n F / R T  and  w h e r e  the  second  t e r m  in 
t he  p o l a r i z a t i o n  equa t ion  has  been  d r o p p e d  ( I  > 0) .  
The  b o u n d a r y  cond i t ions  a r e  

a t x ~ - - 0 ,  i l = 0 , / 2 ~ I , C = C ~ 1 6 2  ~- 0 

and  a t x = L ,  d C / d x = 0 ,  i ~ = 0  

The  cond i t ion  t h a t  d C / d x  is zero at  x = L is i m p l i e d  
b y  the  r e q u i r e m e n t s  t h a t  N+ ~ N_ = 0 at  x = L. 

B y  i n t e g r a t i n g  Eq. [31] and  s u b s t i t u t i n g  the  r e -  
su l t  in to  Eq. [32],  we  o b t a i n  

dr D_ d In C D_ C 
. . . . .  or ff9~ --= ]n 

d x  z_U_e d x  z_U_e C ~ 

By  i n t e g r a t i n g  Eq. [34],  d i f f e r e n t i a t i ng  Eq. [35],  
and  e l i m i n a t i n g  is, %, and  r t he  p r o b l e m  is r e d u c e d  
to  

d2il di I [ fl__il ~__ (1 D--# ) dlnC] 
d x  ~ d x  z_U_e d x  

d C  t_ 

dx z+z_FD 

By def in ing j ---- i l / I ,  ~ = C / C  ~ y = x / L ,  ~ = f l l L / ~  

D_/3 t_m 
z_U_e'  9' = z+z-FDC ~ , one ob ta in s  

_ [ d l n ~ :  ] d,~ d~j dj g j+~  ~( j - -1)  
d y  ~ d y  d y  d y  

[36] ,  [37] 
w i t h  b o u n d a r y  cond i t ions  

a t y - - - - 0 ,  j ---- 0,$----1,  a n d  at  y = l ,  j ----1. 

This  b i n a r y  e l e c t r o l y t e  p r o b l e m  is s i m i l a r  to  p r o b -  
l ems  t r e a t e d  ea r l i e r .  W e  can ob t a in  an  a p p r o x i m a t e  
so lu t ion  b y  a s s u m i n g  t h a t  

Then  w i t h  f ~ eA/~ w e  h a v e  

a ~ j  dj dj 
dy:  d y  [$j  - -  cA] ---- ~ ( i  - -  ] )  ~ [38]  

whose  so lu t ion  has  been  d i scussed  before .  The  a d -  
j u s t m e n t  of A wi l l  not  b e  s ign i f i can t ly  d i f ferent .  

A l t h o u g h  th is  p r o b l e m  has  been  s t a t ed  in  t e r m s  of 
depos i t i on  processes ,  t he  b i n a r y  e l e c t r o l y t e  t r e a t -  
m e n t  app l i e s  to m a n y  r eac t i ons  occu r r ing  in b a t -  
ter ies .  F o r  e x a m p l e ,  in t he  l e a d - a c i d  b a t t e r y ,  l e ad  
su l fa te  is qu i t e  in so lub le  and  the  e l e c t r o l y t e  is e s sen -  
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t i a l l y  a so lu t ion  of  su l fu r i c  ac id  in  w a t e r ,  i.e., a 
b i n a r y  e l ec t ro ly t e .  

Limitations and Interpretation of the Basic Equations 
F o r  a p l a n e  e lec t rode ,  t he  e l e c t r o d e  r e a c t i o n  is r e -  

s t r i c t ed  to  t h e  p l a n e  i n t e r f a c e  b e t w e e n  t h e  m e t a l  a n d  
the  solut ion.  In  a po rous  e lec t rode ,  on the  o t h e r  hand ,  
the  i n t e r f a c e  b e t w e e n  the  sol id  and  t h e  so lu t ion  is 
no t  so s imple ,  b u t  e x t e n d s  t h r o u g h o u t  the  d e p t h  of 
t he  e lec t rode .  Thus  one  is i n t e r e s t e d  in t h e  r a t e  of 
r e a c t i o n  p e r  un i t  v o l u m e  r a t h e r  t h a n  the  r a t e  of r e -  
ac t ion  p e r  un i t  of  su r f ace  area .  To be  sure,  t h e r e  is 
s t i l l  a w e l l - d e f i n e d  i n t e r f a c e  b e t w e e n  the  so lu t ion  
and  the  solid,  b u t  n o w  the  g e o m e t r y  is qu i t e  c o m -  
p l i ca ted .  

One m i g h t  b e g i n  an  ana lys i s  of p o r o u s  e l e c t rode s  
w i t h  e x a c t  cons ide ra t i ons  of th i s  g e o m e t r y .  This  
w o u l d  become  e x t r e m e l y  compl i ca t ed ,  nece s s i t a t i ng  
c r u d e  a p p r o x i m a t i o n s ,  a n d  one w o u l d  p r o b a b l y  be  
fo rced  to cons ide r  s e v e r a l  specific g e o m e t r i c a l  a r -  
r a n g e m e n t s .  This  cou ld  be  d e s i g n a t e d  a mic roscop ic  
approach .  A n o t h e r  p o i n t  of v i e w  has  been  a d o p t e d  
here .  In  o r d e r  to ob t a in  r e su l t s  w h i c h  m i g h t  be  of 
p r a c t i c a l  s ignif icance,  a m o d e l  is p r o p o s e d  w h i c h  d e -  
scr ibes  the  mac roscop i c  f e a t u r e s  of po rous  e lec t rodes .  
I t  r ep re sen t s ,  t hen ,  some a v e r a g e  ove r  t he  r a n d o m  
and  c o m p l i c a t e d  g e o m e t r y  of t he  po rous  e lec t rode .  
A c c o r d i n g l y ,  i t  con ta ins  p a r a m e t e r s  w h i c h  a r e  diffi-  
cu l t  to p r ed i c t ,  b u t  w h i c h  could  p e r h a p s  be  e s t i m a t e d  
s a t i s f ac to r i l y  f r o m  a m o r e  d e t a i l e d  cons ide r a t i on  of  
a specific s y s t e m  o r  m o r e  l i k e l y  f rom some c l e v e r l y  
dev i sed  e x p e r i m e n t a l  me thods .  ( A m o n g  such p a r a m -  
e te rs  w e  f ind (r, D,, and  Ul, w h i c h  a r e  t he  ef fec t ive  
c o n d u c t i v i t y  of the  m a t r i x  m a t e r i a l  and  the  ef fec t ive  
d i f fus ion coefficients and  mob i l i t i e s  of spec ies  in t he  
po re  e l ec t ro ly t e .  Also  t h e r e  a r e  t h e  p a r a m e t e r s  in t he  
p o l a r i z a t i o n  equa t ion . )  

Thus,  t h e  equa t ions  p r e s e n t e d  a t  the  b e g i n n i n g  of 
th is  p a p e r  shou ld  d e s c r i b e  r e a s o n a b l y  w e l l  t h e  m a c -  
roscopic  f e a t u r e s  of a po rous  e l e c t r o d e  in  w h i c h  
t h e r e  is no gas  evo lu t ion .  This  m o d e l  a s sumes  tha t ,  
w h i l e  t he  po rous  e l ec t rode  consis ts  of two  phases ,  i t  
m a y  be  d e s c r i b e d  b y  a c o m b i n a t i o n  of equa t ions  
w h i c h  t r e a t  the  po rous  e l e c t r o d e  as a c o n t i n u u m  or  a 
s u p e r p o s i t i o n  of t w o  cont inua .  The  m i c r o s t r u c t u r e  of 
the  e l e c t r o d e  is a s s u m e d  to be  suff ic ient ly  fine t ha t  
the  v a r i o u s  func t ions ,  such  as t he  po ten t i a l s ,  m a y  be  
cons ide red  to be  cont inuous .  If,  on a mic roscop ic  
leve l ,  one  w e r e  in  a p a r t i c u l a r  phase ,  t h e  c o r r e -  
s p o n d i n g  p o t e n t i a l  w o u l d  be a s s u m e d  to ex i s t  the re ,  
so t ha t  t he  ac tua l  v a r i a t i o n  of p o t e n t i a l  across  a po re  
is no t  desc r ibed .  This  m e a n s  t h a t  t he  l e n g t h  of a 
p o r e  is a s s u m e d  to be  long c o m p a r e d  to i ts  d i a m e t e r .  
The  super f i c ia l  c u r r e n t  dens i t i e s  and  spec ies  f luxes  
m u s t  be  c o r r e c t e d  for  t h e  a r e a s  i n v o l v e d  in  o r d e r  to 
o b t a i n  t he  c u r r e n t  d e n s i t y  or  f lux in  a p a r t i c u l a r  
phase .  The  concen t r a t i ons  m u s t  be  c o r r e c t e d  fo r  the  
vo lumes  invo lved ,  but ,  as  w i t h  t he  po ten t i a l ,  c onc e n -  
t r a t i o n  v a r i a t i o n s  across  t h e  d i a m e t e r  of a p o r e  a r e  
not  a ccoun ted  for. F r o m  this ,  w e  shou ld  e x p e c t  t he  
m o d e l  to fa i l  w h e n  a l e n g t h  c h a r a c t e r i s t i c  of t he  
m i c r o s t r u c t u r e ,  say  the  d i a m e t e r  of a p o r e  or  of a 
m a t r i x  pa r t i c l e ,  becomes  c o m p a r a b l e  to a l e n g t h  
c h a r a c t e r i s t i c  of t h e  size of t he  e lec t rode ,  s ay  i ts  
th ickness .  

L e t  us  i n t e r j e c t  a f ew  c o m m e n t s  h e r e  a b o u t  t he  
s t r u c t u r e  of t he  g e n e r a l  Eq. [1]  to [9] .  E q u a t i o n  [1]  
desc r ibes  t he  m a t r i x  phase  w h i l e  Eq. [2] ,  [3] ,  a n d  
[6]  d e s c r i b e  t h e  so lu t ion  phase .  E q u a t i o n s  [7]  a n d  
[9]  r e p r e s e n t  b o u n d a r y  cond i t ions  b e t w e e n  the  
phases ,  a l t h o u g h  Eq. [9]  can  be  d e r i v e d  f r o m  t h e  
p r e c e d i n g  equa t ions ,  j u s t  as, in  the  case  of a f r ee  

electrolytic solut ion ,  t he  ana logous  e q u a t i o n  V .~---- 0 
fo l lows  f r o m  t h e  e l e c t r o n e u t r a l i t y  a s sumpt ion .  
E q u a t i o n  [5]  desc r ibes  the  so lu t ion  phase ,  but ,  w h i l e  
in a f r ee  e l e c t ro ly t i c  so lu t ion  the  b u l k  p r o d u c t i o n  of  
a spec ies  is n o r m a l l y  zero,  h e r e  w e  h a v e  a t e r m  f r o m  
the  e l e c t r o d e  reac t ion .  I t  is i n t e r e s t i n g  t h a t  r e l a t i o n -  
sh ips  l i ke  Eq. [7]  and  [9]  a r e  no  l onge r  b o u n d a r y  
condi t ions ,  but ,  in  . the  mac roscop i c  model ,  a p p l y  
t h r o u g h o u t  t he  v o l u m e  of t h e  e lec t rode .  

W e  sha l l  n o w  ci te  some l i m i t a t i o n s  of t he  model .  
T h e r e  is no c o n s i d e r a t i o n  of t he  c a p a c i t i v e  effects of  
t he  d o u b l e  l aye r ,  w h i c h  m e a n s  t h a t  c e r t a i n  t i m e  d e -  
p e n d e n t  processes ,  such  as a l t e r n a t i n g  curren. t  b e -  
h a v i o r  and  i n t e r r u p t o r  t echn iques ,  m a y  no t  be  ac -  
c u r a t e l y  e x p l a i n e d  b y  the  mode l .  

More  se r ious  is t he  f a i l u r e  to d iscuss  t he  c o m p l i -  
ca t ed  p h e n o m e n a  in t he  sol id  phase .  I n  t he  d i s c h a r g e  
of  a b a t t e r y ,  t he  r e a c t a n t  is consumed ,  p r o d u c t s  m a y  
be depos i t ed ,  and  t h e r e  a r e  changes  in  t he  s t r u c t u r e  
a n d  p r o p e r t i e s  of t he  e lec t rode .  The  f r a m e w o r k  of 
Eq. [1]  to [9]  is suf f ic ient ly  g e n e r a l  to d e s c r i b e  such  
processes .  The  a m o u n t  of n o n m o b i l e  r e a c t a n t s  and  
p r o d u c t s  is a l r e a d y  g iven  b y  the  c o n t i n u i t y  equa t ion .  
The  p a r a m e t e r s  in  t he  p o l a r i z a t i o n  e q u a t i o n  and  in  
Eq. [1]  and  [2]  w i l l  d e p e n d  in some c o m p l i c a t e d  
w a y  on  the  loca l  e l e c t r o d e  s t r u c t u r e  or, e q u i v a l e n t l y ,  
on the  local  e x t e n t  of r eac t ion .  Befo re  w e  can  s a t i s -  
f a c t o r i l y  p r e d i c t  t he  d i s c h a r g e  c u r v e s  of b a t t e r i e s ,  
w e  m u s t  o b t a i n  a b e t t e r  u n d e r s t a n d i n g  of th is  d e -  
p e n d e n c e  and  of  t he  p h e n o m e n a  occur r ing .  I t  is a l -  
r e a d y  qu i t e  diff icult  to d e t e r m i n e  the  v a l u e s  of these  
p a r a m e t e r s  a t  t he  b e g i n n i n g  of t he  d i scha rge .  

Thus,  t he  spec ia l  cases  c ons ide r e d  e a r l i e r  w e r e  
idea l ized .  The  first  cou ld  a p p l y  to a n y  u n i f o r m  e l ec -  
t r o d e  a t  t h e  b e g i n n i n g  of d i scharge .  T h a t  i n v o l v i n g  
c o n c e n t r a t i o n  effects c o r r e s p o n d s  to t he  s t e a d y  s t a t e  
of  a r e d o x  r e a c t i o n  in  a po rous  me ta l .  The  r e su l t s  do 
no t  a p p l y  s t r i c t l y  to  a p r i m a r y  or  s t o r a ge  b a t t e r y  
s ince  no s t e a d y  s t a t e  is poss ib le  in these  cases.  

F i n a l l y  we  shou ld  no te  t h a t  Eq. [1]  to [9]  a r e  
l i m i t e d  to d i l u t e  so lu t ions  of t he  r e a c t a n t  in  t he  e l ec -  

t r o l y t e  phase .  In  t he  spec ia l  cases  w e  h a v e  set  v =  0 
w h i c h  w o u l d  no t  be  t he  case  if t h e r e  w e r e  an  a p p r e -  
c i ab le  f lux of the  r e a c t a n t .  I n  m o r e  c o n c e n t r a t e d  
so lu t ions  w e  m u s t  be  m o r e  c a r e fu l  in  def in ing  the  
" m a s s  a v e r a g e "  ve loc i ty .  W e  m a y  also no te  t h a t  fue l  
cel ls  o f t en  use  po rous  e lec t rodes .  I n  one type ,  a 
gaseous  fue l  is d i s so lved  in  the  e l e c t r o l y t i c  solution~ 
w h i c h  is t h e n  fo rced  to c i r cu l a t e  t h r o u g h  the  e l ec -  

t rode.  Here ,  of course,  w e  shou ld  no t  se t  v ----- 0. I f  t he  
c i r cu l a t i on  is suff ic ient ly  r ap id ,  c o n c e n t r a t i o n s  m a y  
be  u n i f o r m  t h r o u g h  t h e  e lec t rode ,  a n d  t h e  first  spe -  
c ia l  case  w o u l d  a p p l y .  

Discussion 
Le t  us n o w  cons ide r  t he  m o r e  pos i t i ve  s igni f icance  

of t he  r e su l t s  ob t a ined .  In  gene ra l ,  t he  r e a c t i o n  r a t e  
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is not uniformly distributed in the electrode. In fact, 
with no polarization, that  is, when r162 is inde- 

pendent of V-~ and of the concentrations, the re-  
action occurs only at the surfaces of the electrode 
and is divided between the two interfaces according 
to the ratio of the effective conductivities of the two 
phases. Thus, the reaction rate at the electrode-solu- 
tion interface is I r  q- ~) .  In this limiting case, the 
current  entering the electrode immediately distrib- 
utes itself between the phases so that the ohmic drop 
is the same in each phase. 

The effect of polarization is to distribute the re-  
action more uniformly through the electrode. In the 
absence of concentration effects, the nonuniformity 
of the reaction distribution is determined by the pa-  
rameter  8 = LIII f l (1 /K q- 1/r for the Tafel case. In-  
creasing the value of this parameter  increases the 
nonuniformity.  An  interesting feature of this Tafel 
analysis is that  the reaction distribution is inde- 
pendent  of the exchange current  density io and of the 
specific interracial area a. 

In order to investigate the limit approached at low 
current  densities, it is necessary to use the linear 
analysis. Here the nonuniformity of the reaction in- 
creases with increasing values of the parameter  

The linearization of the polarization equation in this 
region yields 

ai .nF 
c ~- 

R T  
or 

R T  

Now, in the Tafel range we found that  the relation- 
ship between the parameters  of nonuniformity could 
be expressed as 

,Z----8 

and since I,I] > aioL in the Tafel range, we find 

( 1  ~ )  o~a,~o~ ( ~  ~ )  

R T  

Closer analysis reveals that  the reaction distribution 
is the most uniform when 

I ~ aioL 
i - -  2~ 

In this way, we can arrive at a fairly general con- 
clusion. For  uniform concentration, the reaction dis- 
tribution becomes less uniform as one increases the 
magnitude of the current  density, the thickness of 
the electrode, or the sum of the effective resistivities 
of the two phases, but  the point of most uniform dis- 
tribution will not occur at zero current  unless = = �89 

Mass transport  of a reacting mobile species has a 
significant effect on the steady-state reaction dis- 
tribution. In the analysis given here, this effect is 
measured by the value of the additional parameter  

lIIL 
~, = nFD1CIO 

which indicates the magnitude of the consumption 
rate relative to the mass-transfer  rate. Here we con- 
clude that the steady-state reaction distribution will 
be shifted more or less strongly toward the elec- 
trode-solution interface as a result of hindered 
movement  of the reactant. The generali ty of this 
conclusion is indicated by the following considera- 
tions: For a redox reaction, reversing the current  
means that the other species will become critical, 
and the other term in the polarization equation will 
be retained. We have shown that this conclusion 
holds for deposition, while, for dissolution, the 
higher concentration will suppress the reaction in the 
depth of the electrode. However, the effect will be 
small compared to the cathodic case and would not 
show up in the Tafel analysis since we retain the 
other term of the polarization equation. 

There are many problems which must still be 
solved. For a given system it is necessary to deter-  
mine the parameters in the porous-electrode models. 
Euler and Nonnenmacher (1) have indicated pro- 
cedures for measuring several of these. Methods of 
experimental  measurement  and theoretical predic- 
tion of these parameters should be improved. 

Experimental  verification of porous-electrode 
analyses will be at tempted in this laboratory. There 
are great difficulties, but a direct determination of 
current distribution by using sectioned electrodes 
shows promise. Some quite crude measurements of 
this type  have been made by Coleman (7). It  should 
also be mentioned that Daniel ' -Bek (8) has tried to 
measure potential distributions in porous electrodes 
by using probes. However, these probes destroy the 
pore structure and would require a double differen- 
tiation of experimental data in order to obtain the 
reaction distribution. 

In this laboratory, the validity of the macroscopic 
approach will also be tested theoretically and ex- 
perimentally by considering models of the pores 
themselves. 

Another important  area for fur ther  work is in 
transient phenomena, that  is, the transition from the 
initial conditions to the steady state. It  may  be neces- 
sary to rely on numerical solutions here. However, 
approximations could yield useful analytic results. 
First note that time enters explicitly into only the 
continuity equation. In many cases this can be 
writ ten as 

OC 
- - .  = D V ' C  + BV.~ [39] 

Ot 

where B = 1 / n F  for 

1( 
B - -  - -  t ,  + 

z+z F 

the supporting electrolyte case. 

z+s§ ) for a binary electrolyte. 
n 

Thus the potential can often be removed from the 
continuity equation. 

This equation is of the form of the heat conduction 
equation, which has been studied extensively in 
mathematical  physics. Furthermore,  the last term 
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r e p r e s e n t i n g  sources  or  s inks  is k n o w n  i n i t i a l l y  a n d  
a t  s t e a d y  s ta te .  Thus,  s ince  t he  t o t a l  c u r r e n t  d e n s i t y  
I is specified,  i t  shou ld  be  poss ib le  to guess  a f irst  
a p p r o x i m a t i o n  for  t he  r e a c t i o n  d i s t r i b u t i o n  and  to 
so lve  Eq. [39] .  Then  the  p o t e n t i a l  across  t he  e l ec t rode  
( and  a second  a p p r o x i m a t i o n  to  t he  r e a c t i o n  d i s -  
t r i b u t i o n )  can  be  c a l c u l a t e d  for  a n y  p a r t i c u l a r  t i m e  
f rom the  c o n c e n t r a t i o n  d i s t r i bu t i on .  

F i n a l l y ,  for  p r a c t i c a l  sy s t ems  i t  wi l l  be  n e c e s s a r y  
to account  for  changes  in  t h e  e l ec t rode  p r o p e r t i e s  as 
t h e  r e a c t i o n  p roceeds  (see  p r e c e d i n g  sec t ion)  a n d  to 
c o m b i n e  the  a n a l y t i c  d e s c r i p t i o n  of d e t a i l e d  p r o c -  
esses in  o r d e r  to a l l ow the  p r e d i c t i o n  of t h e  d y n a m i c  
p e r f o r m a n c e  of c o m p l e t e  sys tems .  
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SYMBOLS 
a specific in te r rac ia l  a r ea  pe r  uni t  volume, cm -1. 
A constant  used in approx imat ion  to concentra t ion 

dis t r ibut ion.  
c slope of polar iza t ion  curve in l inear  model,  mho /  

c m  ~. 
C, concentra t ion of species i, g -mo le / cm a. 
C, ~ reference concentrat ion.  
D molecular  diffusion coefficient of b ina ry  e lec t ro-  

lyte.  
D, aiffusion coefficient of species i, cm~/sec. 
e magni tude  of the electronic charge,  coulomb. 
e- symbol  for electron.  
f used to denote  funct ion in polar iza t ion  equation.  
F Fa raday ' s  constant,  cou lomb/g-equ iva len t .  
io exchange cu r ren t  dens i ty  in Tafel  polar izat ion,  

a m p / c m  ~. 
il cu r ren t  densi ty  in ma t r i x  phase,  a m p / c m  ~. 
i~ cur ren t  dens i ty  in pore  e lectrolyte ,  a m p / c m  ~. 
I ove r - a l l  cu r r en t  dens i ty  in one-d imens iona l  porous  

electrode.  
j il/I. 
L thickness  of one-d imens iona l  porous  electrode,  cm. 
M, symbol  for  chemical  fo rmula  of species i. 
n number  of e lect rons  in  equat ion  for  e lec t rode  r e -  

action. 
N, flux of species i, g-mole/cm~-sec.  
R universa l  gas constant,  j ou l e /mo le -deg .  
s, s toichiometr ic  coefficient in equat ion for e lect rode 

reaction.  
t t ime, sec. 
t_ t ransference  number  of negat ive  species in b ina ry  

e lectrolyte .  
T t empera tu re ,  degrees  absolute.  
U, mobi l i ty  of species i, c m / s e c - d y n e  or  cm~/m-sec - 

newton.  
v fluid velocity,  cm/sec.  
x dis tance th rough  the one-d imens iona l  porous  elec-  

trode, era. 
y x /L .  
z, valence of species i. 

t ransfe r  coefficient in Tafel  polar iza t ion  equation.  
convenient  rec iprocal  potent ia l ,  e.g., anF/RT. 
flIL/nFDIC1 ~ or --t_IL/z+z-FDC ~ for  b ina ry  e lec t ro-  
lyte.  

5 ~ I L(K+r or ~IL/r for b ina ry  e lectrolyte .  
e ~ I L/K or 1 - -  D-g/z_U_e for b ina ry  electrolyte .  
0 in tegra t ion  constant  for Tafel  polar izat ion.  

conduct iv i ty  of pore  e lectrolyte ,  mho/cm.  
L X/c (K- t -c ) /~  for  l inear  polar izat ion.  
C,/Cr 
conduct ivi ty  of mat r ix ,  mho/cm.  

r potent ial  of m a t r i x  phase, volts. 
r potent ia l  of pore  e lectrolyte ,  volts. 

in tegra t ion  constant  for Tafel  polar izat ion.  

Technical Notes @ 
Feasibility of Electrolyte Regeneration in AI Batteries 

S. Zaromb 1 and R. A. Foust, Jr. 
Scientific Laboratory, Philco Corporation, Blue Bell, Pennsylvania 

In  a c o n c u r r e n t  p a p e r  (1)  an  A1 b a t t e r y  is d i s -  
cussed,  b a s e d  on the  r e a c t i o n  

A1 + 3/402 + OH- n u 1/4H~O ~ A I ( O H ) §  [1]  
f o l l o w e d  b y  an  e l e c t r o l y t e  r e g e n e r a t i o n  r e a c t i o n  

A I ( O H ) j - >  A I ( O H ) ,  ( so l id )  + OH- [2]  
T h e  occu r r ence  of r e a c t i o n  [2]  a t  a suff ic ient ly  fas t  
r a t e  is, of course ,  an  e s sen t i a l  r e q u i r e m e n t  fo r  m a i n -  
t a i n ing  the  e l e c t r o l y t e  c o n c e n t r a t i o n  w i t h i n  a s a t i s -  
f a c t o r y  r a n g e  ove r  p r o l o n g e d  p e r i o d s  of h e a v y  c u r -  
r en t  d ra in .  

Z P re sen t  address:  Research and A d v a n c e d  T echno l ogy  Depa r t -  
men t ,  Electronic  S y s t e m s  and Products  Divis ion,  Mart in-Mariet ta  
Corpora t ion .  Ba l t imore ,  M a r y l a n d .  

R e a c t i o n  [2]  has  a l r e a d y  been  s t u d i e d  e x h a u s -  
t i v e l y  in  connec t ion  w i t h  t he  B a y e r  process  for  t h e  
m a n u f a c t u r e  of pur i f i ed  AI~O~ for  use  in t he  p r o d u c -  
t ion  of  AI  (2 -5 ) .  H o w e v e r ,  these  e x p e r i m e n t s  i n -  
v o l v e d  v a r i o u s  f ixed  in i t i a l  s t a r t i n g  condi t ions  
( t e m p e r a t u r e ,  N a O H  a n d  N a A I ( O H ) ,  c o n c e n t r a -  
t ions,  a n d  A I ( O H ) ~  seed  s u r f a c e )  w i t h  t h e  e x p e r i -  
m e n t s  c o m p l e t e d  u p o n  d e c o m p o s i t i o n  of  t h e  excess  
c o n c e n t r a t i o n  of A I ( O H ) , -  ions. 

In  A l - a i r  ba t t e r i e s ,  on the  o t h e r  hand ,  t he  
A I ( O H ) F  ions a r e  to be  c o n t i n u o u s l y  r e p l e n i s h e d  
by  r e a c t i o n  [1]  and  r e m o v e d  b y  r e a c t i o n  [2]  over  
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= EXPERIMENTAL  SET-UP  (SCHEMATIC) 

t z~. ! Iu_J!~ j~2.,, 

t 

Fig, 1. Experimental setup for the electrolyte regeneration ex- 
periment. The cell components (cathodes, gaskets, and anode) were 
clamped together between two 0.6 cm steel plates (not shown). 

long periods of time. These processes in t roduce a 
number  of favorable  and unfavorab le  factors. 

Continuous cur ren t  dra in  exper iments  a imed at 
proving spontaneous se l f - regenera t ion  of the elec-  
t ro ly te  had been impeded  in i t ia l ly  by  accumulat ion 
of the AI(OH)~ react ion product  near  the A1 elec- 
trodes. The format ion of this p roduc t  is, in itself, a 
proof of the  fast  occurrence of the desired react ion 
[2]. However ,  to prove  the feas ib i l i ty  of long las t -  
ing A l - a i r  cells, it  sti l l  r emained  necessary to 
achieve continuous sa t is factory  current  and vol tage 
outputs  for longer periods of time. Uti l izing an 
improved  ci rculat ing and AI(OH)~ collecting sys- 
tem, a s teady cur ren t  of about  2 amp (correspond-  

ing to a cur rent  densi ty  of at least  20 m a / c m  ") at 
approx ima te ly  lZ/2v was w i thd rawn  f rom an ex-  
pe r imen ta l  cell for a per iod of 30 hr. Clogging of 
the anodes by  the A I ( O H ) ,  product  was again re -  
sponsible for the  subsequent  decrease in cur ren t  
vol tage outputs.  This clogging was fu r the r  reduced 
by  the improved  anode design and A I ( O H ) ,  col- 
lecting setup shown in Fig. 1 . 

Final ly ,  the feas ib i l i ty  of e lect rolyte  regenera t ion  
was conclusively proved by  a continuous cu r ren t -  
d ra in  exper iment  of more than  100-hr durat ion.  
The ini t ia l  e lect rolyte  consisted of 120 cc 3.0M KOH 
solution. The to ta l  c u r r e n t - d r a i n  amounted  to 
more than 80 a m p - h r  (at  a round 1.5v and 20 m a /  
cm~), which is equivalent  to more than  3 t imes the  
discharge expected  wi thout  e lec t ro ly te  regenerat ion.  

To make  up for apprec iable  accidental  losses of 
e lect rolyte  at  severa l  stages of the exper iment ,  a 
to ta l  of 330 cc of H~O was added. This resul ted  
in di lut ion of the remain ing  e lect rolyte  to less than  
0.5M tota l  KOH. Nevertheless ,  apprec iable  cur ren t  
could st i l l  be d rawn for a number  of hours even 
wi th  this low a lka l i  concentra t ion thanks  to con- 
t inuous c i rculat ion of the electrolyte.  However ,  
wi th  the lowest  a lkal i  concentrations,  a slow bu i ld -  
up of an adheren t  A I ( O H ) ,  l ayer  at the anodes 
g radua l ly  reduced the cur ren t  and vol tage outputs  
to nea r ly  zero. Addi t ion  of H~O should therefore  
be confined to KOH concentrat ions exceeding 2-3M. 

Manuscript received Nov. 28, 1961; revised manu- 
script received Aug. 25, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Silicon Dioxide as Dielectric in Solid Electrolyte Capacitors 

W. Haas 
Philco Scientil~c Laboratory, Blue Bell, Pennsylvania 

The present  work  is a p r e l im ina ry  s tudy of si l i-  
con as a new candidate  as basic ma te r i a l  for  solid 
e lectrolyte  capacitors.  Such a capaci tor  consists of 
the fol lowing funct ioning par ts :  (a)  an anode of 
silicon doped to achieve the necessary  conduct iv-  
i ty;  (b)  a film of silicon dioxide covering the anode 
and serving as dielectr ic;  and (c) a coating of con- 
ducting MnO~ (I), making  contact  over  the  outer  
surface of silicon dioxide.  In order  to produce the 

high capaci ty  per  uni t  volume which character izes  
solid e lec t ro ly te  capacitors,  pel lets  of s intered sil i-  
con powder  were  used as anodes. Such s t ructures  

provide  the necessary  large  avai lable  surface area  
for dielectr ic  and counterelectrode.  

The dielectr ic  is formed on the pel lets  by  a step 
of t he rma l  oxidation.  This step, usual ly  per formed  
in moist  O~ at 1200~ for 16 rain, produces an oxide 
about  1500A thick, y ie ld ing a clear  in ter ference  
color. Silicon is capable  of being oxidized ano-  
dically,  but  i t  is recognized tha t  the  t he rma l ly  p ro -  
duced oxide is e lect r ica l ly  super ior  (2).  

Experimental 
It  was in i t i a l ly  de te rmined  tha t  the surface t r ea t -  

ment  of the  silicon is of great  impor tance  in achiev-  
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Table I. Leakage in NMA after 10 min bias at 150v 

SiO2 A S  D I E L E C T R I C  I N  C A P A C I T O R S  

A cet on e  c leaned Etched  
V I , /~a/cra2 I , /La /em 2 

150 50.0 1.6 
125 6.6 0.12 
100 2.5 0.053 
75 0.66 0.025 
50 0.18 0.0083 

Table II. Leakage parameters of thermally oxidized silicon 
measured in NMA 

L e a k a g e  c u r r e n t  L e a k a g e  c u r r e n t  ~a/~f ,  
/ ta/~f,  after thermal  at 150v, r e m e a s u r e d  

ox ida t ion ,  a t  150v a f t e r  48 h r  w i t h o u t  bias  

3 min  276 3 min 1.56 
5 min 168 5 min 1.20 

10 min  86.4 10 min 0.96 
16~ h r  1.68 

,oo 

~l~176 ? 

S 
~~ / 

~_0 ). 
io-, 

(VOLTAGE)I 

ing h igh  i n s u l a t i o n  r e s i s t ance  of a t h e r m a l l y  g r o w n  
oxide ,  and  t h a t  the  i n s u l a t i o n  r e s i s t ance  cou ld  be  
i m p r o v e d  b y  a n o d i c a l l y  b i a s ing  the  ox id i zed  s i l icon 
in an  e l e c t r o l y t e  of N M A  (a  so lu t ion  of 0.04hr KNO~ 
in N - m e t h y l a c e t a m i d e  (3 ) .  

The  i m p o r t a n c e  of the  su r f ace  t r e a t m e n t  is i l -  
l u s t r a t e d  in  T a b l e  I b y  t h e  l e a k a g e  v a l u e s  of t he  
s ame  s i l icon  c r y s t a l  ( ox id i zed  u n d e r  t he  s ame  con-  
d i t i ons ) ,  f irst  a f t e r  a b r i e f  c l ean ing  w i t h  ace tone  
and  t hen  a f t e r  an  e tch  w i t h  1:2 of HF:HNO~.  

In  T a b l e  II ,  l e a k a g e  v a l u e s  of a t h e r m a l l y  ox id i zed  
s i l icon c r y s t a l  ( o x i d e  t h i cknes s  a b o u t  1500A) a f t e r  
d i f f e ren t  l eng th s  of t i m e  u n d e r  b ias  a r e  r e c o r d e d  
a long  w i t h  t he  va lue s  o b t a i n e d  a f t e r  48 h r  w i t h o u t  
bias .  The  i n su l a t i on  r e s i s t ance  was  i n c r e a s e d  b y  a 
f ac to r  g r e a t e r  t h a n  100 b y  the  anodic  bias.  

The  m e c h a n i s m  of th is  i m p r o v e m e n t  is no t  
c l e a r l y  u n d e r s t o o d  b u t  w e  t h i n k  t h a t  pores ,  c h a n -  
nels ,  or  f issures  a r e  p l u g g e d  d u r i n g  t h e  process .  The  
ox ide  t h i cknes s  does  no t  i nc rea se  u n d e r  t he  chosen  
bias .  I f  a suf f ic ient ly  h i g h e r  v o l t a g e  is app l i ed ,  the  
ox ide  s t a r t s  to  i n c r e a s e  in  t h i cknes s ;  a t  t h e  s ame  
t ime ,  t h e  c u r r e n t  i nc r ea se s  d r a s t i c a l l y ,  and  l u m i n -  
escence  of t he  a n o d e  can  be  o b s e r v e d  in  a d a r k e n e d  
room.  

As  sa id  be fore ,  t he  l e a k a g e  c u r r e n t  t h r o u g h  t h e r -  
m a l  o x i d e s  decays  u n d e r  anod ic  bias .  The  p rec i se  
effect  of b ias  w a s  i l l u s t r a t e d  on a po l i shed  c r y s t a l  
s l ab  ( n - t y p e ,  6 o h m - c m )  cove red  w i t h  a t h e r m a l  
ox ide  of 1500A th ickness .  A f t e r  2 - h r  b ias  a t  150v in 

? 

1 
, i 

I 

i , 

! I 
I - 
J' / 

s x 
/ 

Fig. 1. I-V characteristics of an oxidized silicon crystal in NMA 
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NMA,  a I - V  p lo t  was  t a k e n  (p lo t  a, Fig .  1).  The  
b ias  was  v a r i e d  b y  10-v  s teps  and  c u r r e n t  m e a s u r e d  
a f t e r  1 rain.  A f t e r  a f u r t h e r  h o u r  b ias  a t  200v a sec-  
ond I - V  p lo t  was  r e c o r d e d  (p lo t  b, Fig.  1).  C lea r ly ,  

t he  l i n e a r  r a n g e  on a log I vs. ~ /V plo t  e x t e n d s  to 
h i g h e r  v o l t a g e s  as o b s e r v e d  a lso  w i t h  anod ic  ox ides  
(3) .  

The  abso lu t e  l e a k a g e  v a l u e s  for  s i l icon d iox ide  
are ,  in  fact ,  l o w e r  t h a n  l e a k a g e  c u r r e n t  dens i t i e s  
r e p o r t e d  for  t a n t a l u m  (4)  and  n i o b i u m  (5) p e n t o x -  
ides  a t  equa l  f ield s t r e n g t h s  ( T a b l e  I I I ) .  

The  l e a k a g e  v a l u e s  d e p e n d  to a c e r t a i n  e x t e n t  on 
the  t e s t i ng  e l e c t r o l y t e  as a l r e a d y  p o i n t e d  ou t  b y  
H a n d  et aI. (5 ) ;  to i l l u s t r a t e  th is  b e t t e r  w e  com-  
p a r e d  the  I - V  c h a r a c t e r i s t i c s  t a k e n  in  N M A  and  in 
10% H~PO4 of a s i l icon c r y s t a l  w h i c h  h a d  been  
ox id i zed  and  s u b s e q u e n t l y  b i a s e d  for  30 ra in  in 
N M A  (Fig .  2) .  

I t  shou ld  be  n o t e d  t h a t  t h e  r a t i o  of l e a k a g e  va lue s  
of s i l icon  d iox ide  in H3PO, and  N M A  is h i g h e r  a t  
l o w e r  vo l tages .  This  t r e n d  is s t i l l  m o r e  p r o n o u n c e d  
on s i n t e r e d  pe l l e t s ,  as  also s h o w n  in Fig .  2. F o r  o x -  
ide  t h i cknes se s  of 1500A m e a s u r e m e n t s  h a d  to  be  
c a r r i e d  ou t  b e l o w  200v in H~PO, because  of t h e  o n -  
set  of v io l en t  s p a r k i n g  a t  th i s  vo l tage .  

Planar Capacitors 

S e v e r a l  s a m p l e  capac i to r s  w e r e  p r e p a r e d  on 
s ing le  c r y s t a l  s i l icon w a f e r s  b y  t h e r m a l  o x i d a t i o n  

Table Ill. Leakage values 

Leakage,  Field strength, 
/ t a / cm 2 Elec t ro ly te  v / c m  e 

Ta,O5 on Ta foil  (4) 

Nb,O5 on Nb foil  (5) 

SiO, on Si c rys ta l  

~0.24 H,PO, 10% 5.6 X 10" 
7 % ammonium pen tabora te  

~0.05-0.42 56% e thylene  glycol  3.6 • 106 
37% H,O 

0.015 NMA 5.7 X 106 
0.0071 NMA 3.8 X 10 ~ 
0.12 t-IsPO, 10% 5.6 X 106 

7 % ammonium pen tabora te  
0.011 56% e thy lene  glycol  3.6 X 106 

37% H20 

27.6 (6) 

41.0 (6) 

3.82 (7) 
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Fig. 2. Comparison of the I-V characteristics in H3PO4 and NMA 
of an oxidized silicon crystal and an oxidized silicon pellet. 
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and  s u b s e q u e n t  anod ic  b ias  a t  150v in NMA. M a n -  
ganese  d i o x i d e  c o u n t e r e l e c t r o d e s  w e r e  a p p l i e d  b y  
p y r o l y s i s  of Mn(NO~)~, r e f o r m e d  in NMA,  and  
capac i to r s  w e r e  f in ished  w i t h  A q u a d a g  and  s i lve r  
paste .  The  a r e a  v a r i e d  f rom 3-8 cm ~ ( c a p a c i t a n c e  
b e t w e e n  65-175 n f ) .  

To ach ieve  low l e a k a g e  va lues ,  as sa id  before ,  the  
p r e o x i d a t i o n  t r e a t m e n t  is v e r y  i m p o r t a n t .  In  Fig.  3, 
l ine  (a )  i l l u s t r a t e s  the  l e a k a g e  v a l u e s  of a f in ished 
c a p a c i t o r  us ing  a m e c h a n i c a l l y  po l i shed  s i l icon c r y s -  
t a l  e t ched  in  H F  for  a sho r t  t ime ;  l ine  (b )  shows  
t h e  l e a k a g e  v a l u e s  of a n o t h e r  s ample ,  no t  p r e v i -  
ous ly  po l i shed ,  and  on ly  c l eaned  w i t h  acetone.  Even  
t h o u g h  the  va lue s  d i f fer  b y  a f ac to r  of 10, the  s lope  
of b o t h  l ines  is t h e  same.  

The  c a p a c i t a n c e  of t he  f in ished s a m p l e s  c o r r e -  
s p o n d e d  to t he  va lue s  c a l c u l a t e d  f r o m  the  ox ide  
th i ckness .  T h e  d i s s i p a t i o n  f ac to r  of a l l  c ap a c i t o r s  
was  h igh  (0.1 at  1000 cps)  due  to h igh  ser ies  r e -  
s i s t ance  of t he  s i l icon  tabs .  L o w  r e s i s t i v i t y  c r y s t a l s  

on ly  b e c a m e  a v a i l a b l e  l a t e r  and  w e r e  used  for  the  
p r e p a r a t i o n  of pe l le t s .  

P r e l i m i n a r y  l i fe  tes t s  s t i l l  in  p r o g r e s s  show t h a t  
a b ias  of 47v, a t  r oom t e m p e r a t u r e  dec reases  the  
l e a k a g e  c u r r e n t  f r o m  ~ 0.7 to ~ 0.08 ~a /~f  a f t e r  500 
hr.  

S i n t e r e d  P e l l e t s  

Si l icon  p o w d e r  of m e s h  --100 + 2 0 0  for  t he  
p r e p a r a t i o n  of pe l l e t s  was  p r e p a r e d  f rom n - t y p e  
s i l icon c rys t a l s  (p ---- 0.006-0.010 o h m - c m ) .  Us ing  
be nz e ne  as l u b r i c a n t  d i sks  sA in. in d i a m e t e r  and  
1/8 in. t h i c k  w e r e  p r e s s e d  w i t h  a s i n g l e - a c t i o n  
s i n g l e - p u n c h  p ress  a t  6.8 tsi.  The  g r e e n  s t r e n g t h  
was  j u s t  sufficient  to  a l l o w  ca re fu l  hand l ing .  Each  
pe l l e t  was  cut  in to  s m a l l e r  p ieces  of a b o u t  % x 1/s x 
1/4 in. Pe l l e t s  w e r e  s i n t e r e d  in  an  a rgon  a t m o s p h e r e  
for  60 min  at  1300~ or  1400~ A f t e r  s in te r ing ,  
t he  pe l l e t s  h a d  a d e n s i t y  of ~ 1.4 g /cc ,  i.e., abou t  
60% of the  b u l k  va lue .  

S ince  i t  was  n e c e s s a r y  to a t t a c h  an  i n t e g r a l  l e ad  
to t he  pe l le t s ,  as a first  app roach ,  t a b s  1/16 x 1/16 
x 1/2  in. w e r e  cut  f r o m  c r y s t a l s  of t h e  s ame  t y p e  
used  for  t he  p o w d e r  p r e p a r a t i o n .  These  t abs  w e r e  
w e l d e d  to the  s i n t e r e d  pe l l e t  us ing  an  o x y - h y d r o g e n  
flame. 

The  su r f ace  a r e a  of t h e  pe l l e t s  was  c a l c u l a t e d  
f r o m  the  w e i g h t  i nc rea se  a f t e r  o x i d a t i o n  s ince  t he  
ox ide  th i ckness  was  k n o w n  a p p r o x i m a t e l y  f r o m  i ts  
r e f r a c t i o n  i n d e x  (1.46 for  a m o r p h o u s  s i l ica)  and  
i n t e r f e r e n c e  color.  Va lues  of abou t  1100 c m V c m  ~ 
w e r e  ob ta ined .  

The  w e t  c a p a c i t a n c e  m e a s u r e d  in  d i l u t e  H.~SO~, 
h o w e v e r ,  was  a b o u t  25% l o w e r  t h a n  e x p e c t e d  f r o m  
the  c a l c u l a t e d  su r face  a r e a  and  a s s u m e d  ox ide  

th ickness .  
I t  is poss ib le  t ha t  th is  d i s c r e p a n c y  is e x p l a i n e d  b y  

c u m u l a t i v e  e r ro r s  in the  ox ide  th i ckness  and  s m a l l  
w e i g h t  i nc reases  r eco rded .  T h e  p o s s i b i l i t y  t h a t  t h e  
pores  w e r e  i n c o m p l e t e l y  con tac t ed  was  r u l e d  out  
b y  r e m e a s u r i n g  the  capac i t ance  a f t e r  r e m o v i n g  a n y  
a i r  b u b b l e s  b y  a l o w - p r e s s u r e  t r e a t m e n t .  

A f t e r  t h e r m a l  ox ida t ion ,  s a m p l e s  w e r e  b i a sed  at  
125v and  the  l e a k a g e  c u r r e n t  a l l ow e d  to d e c a y  at  
r o o m  t e m p e r a t u r e  for  17 h r  ( T a b l e  I V ) .  L e a k a g e  
c u r r e n t  c ha r a c t e r i s t i c s  w e r e  s u b s e q u e n t l y  i m p r o v e d  
b y  the  use  of c e r t a i n  t e c hn ique s  p r i o r  to t h e  t h e r -  
m a l  ox ida t ion .  T a b l e  V shows  r e su l t s  o b t a i n e d  w i t h  
two  d i f fe ren t  c l ean ing  t e c hn ique s  ( A  and  B)  and  

Table IV. Parameters of silicon pellets measured in 8N H~S04 
Pe l l e t s  w e r e  p r e s s e d  a t  6.8 t s i  u s i n g  b e n z e n e  
as  l u b r i c a n t  a n d  s i n t e r e d  i n  a r g o n  f o r  60 r a i n  

S i n t e r .  O x i d a t i o n  O x i d a t i o n  L e a k a g e ,  
No.  t e m p ,  ~ t e m p ,  ~  t i m e ,  m i n  / ~ a / ~  a t  125v 

6 1300 1200 16 140 
7 1300 1400 10 129 
9 1300 1400 10 195 

10 1400 1200 16 190 
11 1400 1200 16 83 
12 1400 1400 10 50 
13 1400 1400 10 159 
14 1400 1400 10 53 
16 1400 1400 10 54 
17 1400 1400 10 74 
18 1400 1400 10 108 
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Table V. Leakage parameters of silicon pellets measured in 
NMA after different cleaning techniques 

Leakage,  ~a/~f  
No. at 150v Treatment  

19 4.2 A 
20 1.6 A 
21 7.1 B 
22 7.5 B 
25 8.5 A 
26 46.0 * 
27 86.0 * 
28 6.5 A 

* No treatment .  

for comparison the results obtained at 150v with 
two nontreated pellets. 

Technique A consisted in dipping the sintered 
pellets with silicon contact for 5-10 sec in a 2:1 
mixture of HNO~ and HF. The reaction is violent 
and rapidly reduces the size of the pellet. Technique 
B consisted in oxidizing the sintered pellet for 16 
hr in air and removing the thick oxide with HF. 

The average leakage value of chemically treated 
pellets was 5.9 Fa/~f at 150v against 113 /,a/~f at 
125v for pellets described in Table IV. Leakage 
values could be further  improved by the use of 
pellets prepared from powder etched in a mixture 
of 5 % HF 95 % HNO~, prior to the sintering. 

So far, we were only concerned with oxide thick- 
nesses of 1500A. Some pellets were oxidized for 
longer periods and, in consequence, voltages well 
over 400v could be applied in NMA without exces- 
sively high leakage currents. From capacitance vs. 
time measurements,  we suspected, however, that 
the oxidation did not proceed uniformly through-  
out the pellet. This  suspicion was confirmed by the 
appearance of different interference colors inside 
the pellet. 

Several sample capacitors were finished by ap- 
plication of two coats of MnO~ and an outer elec- 

trode of Aquadag and silver paste applied after the 
last reforming step. Typically, such units have at 
room temperature a capacitance per unit  volume 
of 270 F f -v / cm 3 (calculated on the basis of anode 
volume),  a leakage parameter  of about 0.1 /La/~f at 
20v and a dissipation factor of 0.15 at 1000 cps. 

Conclusions 
Thermally formed silicon dioxide improved by 

anodic bias is a dielectric film which can be used in 
solid electrolytic capacitors. Judging from the low 
leakage currents at high field strengths of single 
crystals in NMA, the relatively low dielectric con- 
stant might be partially compensated by using 
thinner oxides for a given working voltage. There-  
fore, a better capaci tance-to-volume ratio than the 
one given by the dielectric constants can ul t imately 
be expected for sintered pellets. The preoxidation 
t reatment  is of utmost importance in achieving 
good results. 
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Surface Photovoltage Studies of Silicon-Electrolyte Systems 
Richard S. Muller z 

Pacific Semiconductors Inc., Lawndale, California 

The space-charge region at the surface of a semi- 
conductor will, if illuminated, be the seat of a photo- 
voltaic effect. This photovoltage may be detected by 
measurements made between a nonrectifying con- 
tact, affixed to the semiconductor, and an electrode 
having a potential difference with the semiconductor 
surface that  is independent of illumination. 

The theoretical behavior of the surface photovolt-  
age has been analyzed by Garret t  and Brat tain (1). 
The feasibility of the determination of surface po- 
tential through measurements of the surface photo- 
voltage was demonstrated for germanium in gaseous 
ambients by Johnson (2) and for germanium in liq- 
uid ambients by Garret t  and Brattain (3). Harten 

z Present address: Department of Electrical Engineering, Univer- 
sity of Call lornia,  Berke ley ,  Cali~ornla. 

has reported some use of the technique for silicon 
in Na~SO~ solutions (4, 5). In the work to be reported 
here, surface photovoltage measurements were em- 
ployed to test the effects of electrolytic environment 
on both n-  and p- type  silicon having a range of re-  
sistivity values. The electrolytes chosen were those 
used in various phases of the chemical processing of 
silicon for commercial use. 

Experimental Technique 
The experimental  apparatus used to make the 

photovoltage measurements is sketched in Fig. 1. 
Light f rom a 300w tungsten filament lamp was 
passed through a crossed polaroid modulator  and a 
rotating disk shutter. I t  was then partially deflected 
by a mirror  to shine through a specified depth of 
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Fig. 1. Apparatus used to measure the surface photovoltage. The 
reservoir and drain system permit holding the silicon surface in a 
continuously liquid ambient. 

l i qu id  on to  t he  su r f ace  of the  tes t  spec imen .  A p o r -  
t ion  of t he  l i gh t  was  g a t h e r e d  at  a photoce l l ,  wh ich  
s e rved  as a s y n c h r o n i z i n g  t r i g g e r  for  t he  osc i l loscope  
used  to m e a s u r e  t he  pho tovo l t age .  The  pho toce l l  also 
s e r v e d  to c a l i b r a t e  the  l igh t  source.  

The  s i l icon spec imens  w e r e  cu t  in  t he  (100) p l a n e  
and  l apped ,  c h e m i c a l l y  p o l i s h e d  in  a C P - 4  solut ion,  
and  d r i e d  in air .  The  o v e r - a l l  t h i cknes s  of each  w a f e r  
was  a b o u t  10 mils .  The  spec imens  w e r e  t hen  g lued  
w i t h  an  e p o x y  c e m e n t  to  t he  l ip  of an  i n v e r t e d  p o l y -  
e t h y l e n e  bo t t le ,  t he  b o t t o m  of w h i c h  h a d  been  r e -  
moved .  C l a m p  a r r a n g e m e n t s  b e t w e e n  e l e c t r o l y t e  
r e s e r v o i r  and  d r a i n  f a c i l i t a t e d  f lushing  the  s a m p l e  
su r face  w i t h  d i s t i l l ed  w a t e r  b e t w e e n  changes  of t he  
e l ec t ro ly t e .  The  p h o t o v o l t a g e  was  m e a s u r e d  b e t w e e n  
an ohmic  con tac t  m a d e  to t h e  s i l icon s a m p l e  and  a 
p l a t i n u m  c o u n t e r - e l e c t r o d e  s i t u a t e d  in  a r e m o t e  
r e s e r v o i r  w h i c h  was  connec t ed  b y  a l i qu id - f i l l e d  t u b e  
to t he  tes t  s a m p l e  bo t t le .  The  p l a t i n u m  e l ec t rode  was  
used  a f t e r  t r i a l s  s h o w e d  it  to g ive  r e a d i n g s  cons i s t en t  
w i t h  those  of a ca lome l  s t a n d a r d  w h i c h  h a d  been  
used  in i t i a l ly .  The  p h o t o v o l t a g e  was  d e t e c t e d  in  a - c  
f a sh ion  b y  an  osc i l loscope (one  m e g o h m  i n p u t  i m -  
p e d a n c e )  and  i ts  p o l a r i t y  checked  b y  c o m p a r i s o n  
w i t h  t he  s y n c h r o n i z i n g  t r i g g e r  f r o m  the  photoce l l .  

T a b l e  I l is ts  t he  r e s i s t i v i t y  v a l u e s  of t he  t h r e e  
p - t y p e  a n d  t h r e e  n - t y p e  spec imens  w h i c h  w e r e  used  
in the  e x p e r i m e n t s .  To check  the  cons i s t ency  of t he  
resu l t s ,  some  of t he  m e a s u r e m e n t s  w e r e  d u p l i c a t e d  

Table I. Resistivity values 

Resistivity, 
Sample  o h m - c m  

N-1 0.56 
N-2 19.5 
N-3 48.0 
P-1 2.8 
P-2 26.0 
P-3 58.0 

on a second  set  of t h r e e  n - t y p e  s a mp le s  w h i c h  h a d  
r e s i s t i v i t i e s  e q u a l  to those  of  t he  f irst  set. 

The  p h o t o v o l t a g e  was  m e a s u r e d  first  in  t h r e e  d i f -  
f e r en t  so lu t ions  w h i c h  a re  f a i r l y  i nac t i ve  w i t h  t he  
s i l icon su r face :  t he se  w e r e  0.1M so lu t ions  of PdCI~, 
SnCI~, and  NaC1. A so lu t ion  of 0.5M NaH~PO~, w h i c h  
was  c a p a b l e  of a p a r t i a l  r e d u c t i o n  in  t he  s i l icon s u r -  
face  oxide ,  was  used  nex t .  F i n a l l y ,  r e a d i n g s  w e r e  
t a k e n  in  a 0.1M H F  solut ion .  The  H F  w a s  suff icient  to  
r e m o v e  a l l  the  s i l icon  su r f ace  o x i d e  coat ing.  

Results 

T y p i c a l  b e h a v i o r  of t he  p h o t o v o l t a g e  in  t h e  a b -  
sence of H F  is s h o w n  in Fig.  2 for  t h r e e  n - t y p e  s a m -  
ples.  The  e l e c t r o l y t e  used  for  t he  d a t a  in th is  f igure  
was  0.5M NaH~PO~. T h e  d a t a  for  p - t y p e  m a t e r i a l  in 
t h e  s a m e  e l e c t r o l y t e  p lo t  as a re f lec t ion  of t h e  cu rves  
of Fig .  2 in t he  y = 0 p lane ,  w i t h  t he  m e a s u r e m e n t s  
showing  the  s ame  r e l a t i v e  d e p e n d e n c e  on r e s i s t i v i t y  
as cloes the  n - t y p e .  A c t u a l  m a g n i t u d e s  of t he  p h o t o -  
v o l t a g e  in  p - t y p e  m a t e r i a l  were ,  h o w e v e r ,  less  t h a n  
0.25 kT/e.  In  t he  e l e c t r o l y t i c  e n v i r o n m e n t s  no t  con-  
t a i n ing  hyd ro f luo r i c  acid,  the  s i l icon cons i s t en t ly  b e -  
c ame  the  pos i t i ve  t e r m i n a l  for  p - t y p e  m a t e r i a l  and  
the  n e g a t i v e  t e r m i n a l  for  n - t y p e  m a t e r i a l  in the  
m e a s u r e d  su r f ace  p h o t o v o l t a i c  effect.  Cons i s t ency  
w i t h  the  d a t a  t r e n d  of  Fig.  2 was  o b t a i n e d  w i t h  a 
ser ies  of i den t i ca l  r e s i s t i v i t y - v a l u e  s i l icon samples ,  
m e a s u r e d  u n d e r  t he  s ame  condi t ions .  A c t u a l  p h o t o -  
v o l t a g e  v a l u e s  did ,  h o w e v e r ,  dif fer  b y  a b o u t  10% of 
the  m a g n i t u d e s  g iven  in Fig.  2 in t he  second  set  of 
da ta .  

F i g u r e  3 i nd i ca t e s  the  d e p e n d e n c e  of t he  p h o t o -  
v o l t a g e  on  the  e l e c t r o l y t e s  tes ted .  The  d a t a  for  th is  
c u r v e  w e r e  t a k e n  for  s a m p l e  N-3  ( 1 9 - o h m - c m  m a -  
t e r i a l ) ;  q u a l i t a t i v e l y  s i m i l a r  cu rves  w e r e  o b t a i n e d  
for  a l l  o the r  n - t y p e  samples .  A n  H F  e n v i r o n m e n t  is 
seen  in  Fig.  3 to r e v e r s e  the  p o l a r i t y  of the  o b s e r v e d  
pho tovo l t age ,  as w e l l  as to c h a n g e  the  c h a r a c t e r  of 
t he  i l l u m i n a t i o n  dependence .  F o r  p - t y p e  samples ,  an  
H F  so lu t ion  m a i n t a i n e d  the  pos i t i ve  p o l a r i t y  of t he  
pho tovo l t age ,  w h i l e  i nc r e a s ing  i ts  m a g n i t u d e  b y  a 
t en fo ld  fac tor .  A b o u t  30 sec in t he  H F  so lu t ion  w e r e  
n e c e s s a r y  to r e a c h  an  e q u i l i b r i u m  cond i t ion  for  t he  
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Fig. 2. Measured photovoltage vs. light intensity for three samples 
of n-type silicon in 0.5M NaH2PO2 solution. An intensity of 12 
corresponds approximately to one lumen. The polarity of the pho- 
tovoltage is that of the silicon with respect to the Pt electrode im- 
mersed in the electrolyte. 
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Fig. 3. Measured photovoltage vs .  light intensity of sample N-3 
(19 ohm-cm resistivity) in three electrolytes. Note the change in the 
ordinate scale for positive photovoffages. 

photovoltage.  The pH of the HF solution was var ied  
over a wide range. The only effect on the photovol t -  
age was a shortened t ime to reach an equi l ibr ium as 
pH was decreased.  In solutions other  than  HF, the 
p - t y p e  samples  showed a low value  for the  posi t ive 
photovoltage,  which increased s l ight ly  in changing 
f rom a NaC1 electrolyt ic  envi ronment  to a NaH~PO~ 
environment .  

The apparen t  source resis tance for the photovol t -  
age measurements  was moni tored  by observing the 
loading resis tor  which ha lved  the output  voltage. 
This resis tance was a lways  less than 100 ki lohms and 
var ied  in a way  which was not d i rec t ly  re la ted  to the 
silicon resis t ivi ty .  

Discussion 

The po la r i ty  of the measured  photovol tage indi -  
cates tha t  both  n-  and p - t y p e  silicon assume a deple-  
t i on - l aye r  surface in an e lectrolyt ic  envi ronment  
free of HF. Thus, the  immobi le  surface charge is 
negat ive  for n - t y p e  ma te r i a l  and posi t ive for p - t y p e  
mater ia l .  The addi t ion of NaH~PO~, which pa r t i a l ly  
removes the surface oxide layer ,  tends to make  both 
surfaces increas ingly  positive. This suggests tha t  the 
oxide complexes formed in the dissolution ca r ry  off 
surface electrons. A complet ion of the oxide s t r ip-  
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ping of n - t y p e  mate r i a l  resul ts  in an accumula t ion-  
l ayer  surface. For  p - t y p e  silicon, HF acts to increase 
the magni tude  of the deplet ion layer  at the surface 
and the reby  to increase the  photovoltage.  The de-  
pendence of photovol tage on mate r i a l  res is t iv i ty  is 
not a ve ry  strong one, as is evident  in Fig. 2. 

The difference in the photovol tage po la r i ty  in a 
given e lec t ro ly te  wi th  a change in conduct ivi ty  type  
suggests tha t  a p redominan t  par t  of the energy in te r -  
change resul t ing in an equi l ib r ium at the l iqu id-s i l i -  
con interface is through electron t ransfers .  The other  
possible mechanism for this energy t ransfer ,  ionic 
adsorpt ion  and dissolution, would not depend on the 
posit ion of the F e r m i  level  in the mater ia l ,  or, the re -  
fore, on conduct ivi ty  type  (6). 

An independent  measurement  of the pho ton - in -  
jec ted  car r ie r  densi ty  would  be necessary to make  a 
quant i t a t ive  comparison of the genera l  theory  of the 
surface photovol tage as developed by Johnson (2) 
wi th  the resul ts  descr ibed here. Fol lowing the sug- 
gestion of Har ten  (5),  an a t t empt  was made to ob-  
tain this quan t i ty  by  moni tor ing the change in sam-  
ple resis tance wi th  i l luminat ion.  This technique led 
to nonreproducib le  resul ts  appa ren t ly  due to va r i a -  
tions in the cur ren t  flow through the e lect rolyte  in 
para l le l  wi th  the surface. In Har ten ' s  work  this com- 
ponent  of cur rent  was considered to be negligible.  

Qual i ta t ively ,  the r ap id ly  r is ing curve fol lowed by  
a sa tura t ion  for the dep le t ion - l aye r  photovol tage and 
the s lowly r is ing curve for an accumula t ion - l aye r  
photovoltage,  as seen in Fig. 3, match the predict ions  
of Johnson 's  theore t ica l  analysis.  However,  Johnson 's  
theory  predic ts  a s t ronger  dependence on mate r i a l  
res i s t iv i ty  and a smal ler  l ight  sensi t ivi ty  than  is ac-  
tua l ly  observed.  

Manuscript received June 12, 1962; revised manu- 
script received Aug. 16, 1962. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1963 JOURNAL. 
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Dislocation Cracks in Abraded Germanium Surfaces 
E. N. Pugh and L. E. Samuels 

Defence Standards Laboratories, Australian Defence Scientil~c Service, Sydney, Australia 

Dislocation cracks were  first r epor ted  by  Al len  in 
indium ant imonide  (1) ;  they  are dislocation a r r ays  
which usua l ly  occur as extensions to t rue  cracks and 
which have  the same morphology.  The presen t  
authors  have shown tha t  dislocation cracks can be 
produced in ge rman ium by  local impact  and have  
suggested tha t  the i r  format ion  is an in te rmedia te  
stage in the f rac ture  process (2).  If this is so, dis-  
location cracks should be associated wi th  cracking 

i r respect ive  of the  method of stressing. However,  
whi le  damaged  layers  in ab raded  ge rman ium sur-  
faces have  been shown to contain large  numbers  of 
t rue  cracks, no dislocations were  detected (3, 4). 
A b r a d e d  surfaces were  therefore  r e - e x a m i n e d  in the 
l ight  of the  more recent  observations.  

The problem of dis t inguishing be tween  fine cracks 
and a r rays  of closely spaced dislocations when both 
have the same morphology  arises f rom the fact tha t  
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etching reagents which reveal dislocations also at-  
tack cracks. This difficulty can be overcome by using 
the ferricyanide reagent developed by Billig (5), 
which has been shown to make fine cracks readily 
visible in short etching treatments (2-3 sec) whereas 
longer times (5 min) are required to reveal dis- 
locations (3). 

Experimental  

Studies were confined to {111} surfaces of ger-  
manium single crystals which were abraded uni-  
directionally with silicon carbide particles, used both 
in abrasive papers and as slurries on a glass plate. 
Etching studies with the ferricyanide reagent re-  
quire flat surfaces. Accordingly, the abraded surfaces 
were polished with a relatively fine diamond abra-  
sive used on a napless cloth, polishing being con- 
tinued to the stage when tbe surface irregularities 
were just removed; damage cracks then still re-  
mained. The surfaces were finally polished metallo- 
graphically using fine magnesia abrasive. The pol- 
ishing operation itself produced some damage, and 
on etching this gave rise to background "scratches." 
These scratches were visible at high magnifications 
(see Fig. 3), but  could readily be distinguished from 
the damage introduced by the original abrasion 
process. 

Observations and Conclusions 

Etching with the ferricyanide reagent for short 
times (less than 10 sec) resulted in attack at the 

December 1962 

Fig. 3. Region A of Fig. 2 showing two cracks (marked with 
arrows) and several dislocation cracks. Magnification 1500X. 

Fig. 4. Dislocation crack in a surface abraded with 220 grade 
silicon carbide slurry and etched with CP4. Magnification 750X. 

Fig. 1. Surface originally abraded with 220 grade paper (abra- 
sion direction horizontal) after etching for 3 sec with the ferricya- 
nide reagent. Magnification 250X. 

Fig. 2. Same field as in Fig. 1 after etching S min. Magnification 
250X. 

damage cracks. Figure 1 illustrates these cracks in a 
surface abraded with 220-grade papers. It must be 
emphasized that  these features are true cracks which 
could be detected before etching. Fur ther  etching 
caused the cracks to become more pronounced and 
produced a number  of additional markings (cf. Figs. 
1 and 2) which have the characteristics of disloca- 
tion cracks, as described in the earlier paper  (2). 
The dislocation cracks are shown at higher magnifi- 
cation in Fig. 3; they can be readily distinguished 
from the fissures formed at t rue cracks (indicated 
by arrows in Fig. 3) since the closely spaced dislo- 
cations give rise to shallow v-sectioned grooves. Dis- 
location cracks were observed to accompany crack- 
ing in all the abrasive treatments investigated. 

Etching with CP4 has previously been shown to 
produce characteristic grooves at dislocation cracks 
(2). When abraded surfaces were etched with this 
reagent dislocation cracks were detected. Figure 4 
illustrates a typical example. However, they were 
observed only in specimens in which the dislocation 
cracks were relatively large, i.e., in surfaces treated 
with coarse abrasives. Further,  the number  of dis- 
location cracks revealed in these specimens was 
small compared to the number  produced by the 
ferricyanide reagent. This suggests that  the differ- 
ence between the rate of etching along dislocations 



Vol. 109, No. 12 D I S L O C A T I O N  C R A C K S  IN Ge S U R F A C E S  1199 

and the r a t e  normal  to the surface is small,  so tha t  
the smal ler  dislocation cracks were  removed  before 
they produced de tec table  grooves. 

I t  is concluded tha t  a r rays  of dislocations, in the 
form of dislocation cracks, are  present  in damaged  
layers  in abraded  ge rman ium surfaces. However,  the  
dislocation cracks are minor  fea tures  of the  damaged  
layers,  the i r  area  being less than  10% of tha t  of the 
t rue  cracks which const i tute  the bulk  of the damage.  
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The Effect of Dissolved Germanium on the 
Surface Tension of Molten Indium 

A. A. Bergh 

Bell Telephone Laboratories, Incorporated, A~lentown, Pennsylvania 

Molten indium has been observed to spread and 
contract  dur ing al loying on (111) or iented single 
crys ta l  ge rman ium (1).  This was expla ined  by  the 
var ia t ions  in the  surface tension of the mel t  dur ing  
a l loying (2). The surface tension of indium was as-  
sumed to decrease wi th  the t empe ra tu r e  rise and to 
increase wi th  the concentrat ion of the dissolved 
germanium,  the two compet ing forces thus resul t ing 
in spreading and contraction. While  the first assump-  
tion is subs tan t ia ted  by  exper imenta l  da ta  (3, 4),  
the second is cont radic tory  to the genera l ly  observed 
behavior  of mixtures .  In general ,  the surface tension 
of l iquid metals  follows app rox ima te ly  a l inear  mix -  
ture  law ( l inear  in the  surface f rac t ion)  unless  the  
components  form in te rmeta l l i c  compounds, and the 
surface tension of the l iquid is l ike ly  to be dominated  
by  the component  wi th  the lower  value  of ~, (5).  No 
in termeta l l ic  compounds are formed be tween  ger -  
manium and ind ium (6) and Table  I shows how 
close the respect ive surface tension values are, those 
of the indium being smal ler  by about  20%. Hence, in 
view of the  empir ica l  ru les ,  ve ry  l i t t le  effect of the 
dissolved ge rmanium can be expected on the surface 
tension of indium. In order  to resolve the above con- 
t radict ion,  exper iments  were  car r ied  out to collect 
quant i t a t ive  da ta  on the effect of dissolved ge rma-  
n ium on the surface tension of mol ten  indium. 

Experimental 
All surface tension values were  measured  by  the 

max imum bubble  pressure  method. The pr incip le  of 

the method along with  an appl icat ion for a l iquid 
metal  sys tem is given, e.g., in Taylor ' s  paper  (9).  A 
schematic  d iag ram of the appara tus  is shown in Fig. 
1. A quar tz  or a lundum crucible  (A) contained the 
indium or i n d i u m - g e r m a n i u m  sample of about  10 
ml in volume; 99.999% pure  ind ium and 5 ohm-cm 
n - t y p e  ge rman ium were  hea ted  to 800~ in a hydro -  
gen furnace  for 30 rnin and then rap id ly  cooled to 
about 100~ to es tabl ish a nea r ly  homogeneous dis-  
t r ibu t ion  of ge rman ium composed of smal l  c rys ta l -  
l i tes wi th in  the indium. Next  the crucible was placed 
into a stainless steel vessel (B) equipped with  be l -  
lows to lift  or lower  the  sample  wi th  respect  to 
capi l la ry  (D).  Quar tz  cyl inder  (G) was connected 
to the stainless steel vessel  wi th  the help  of a Buna 
gasket.  Coaxial  wi th  the cap i l l a ry  was tube (C) to 
protect  the orifice tube dur ing handling.  The pres -  
sure was affected by  means of a po lye thy lene  bel lows 
compressed by  a micrometer  screw, and it was meas-  
ured by  fol lowing the change of the meniscus in the 
smal ler  l imb of the manomete r  wi th  a high precision 

Table I. Surface tension of molten indium and germanium 

3,, Method o f  
dynes / cm Temp,  "C de termina t ion  Atmosphere  Ref. 

In 515 600 Max. bubble H~ (3) 
pressure 

518 600 Drop volume H2 (4) 
514 • 4 600 Max. bubble H2 Present 

pressure work 
Ge 609 Mp Drop weight Ar (7) 

600 1000 Sessile drop Vac (8) 

UARTZ 

UNGSTEN 

rAINLESS STEEL 

METAL 

Fig. 1. Schematic diagram of the maximum bubble pressure 
apparatus. 
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Fig. 2. Part of the maximum bubble pressure apparatus containing 
the capillary. 

c a t h e t o m e t e r .  The  s y s t e m  was  f lushed w i t h  h y d r o g e n  
t h r o u g h  t u b e  (H)  for  30 m i n  w h e n  s topcock  ( I )  was  
c losed and  s topcock  ( K )  was  opened  and  the  s a m p l e  
h e a t e d  to t he  de s i r ed  t e m p e r a t u r e .  The  a c c u r a t e  
pos i t ion ing  of the  orif ice in t he  l i qu id  was  f a c i l i t a t e d  
b y  a s imple  e l e c t r i c a l  c i rcui t .  A n  i n d i c a t o r  l a m p  was  
t u r n e d  on w h e n  t h e  u p p e r  t u n g s t e n  w i r e  (Fig .  2, F )  
got  in to  con tac t  w i t h  t he  l i qu id  m e t a l  surface .  The  
orif ice a t  th is  po in t  was  i m m e r s e d  4.07 m m  deep.  
The  b a t h  t e m p e r a t u r e  was  r e c o r d e d  b y  a t h e r m o -  
couple  c a r r i e d  in  s h e a t h  (E ) .  

S ince  the  con tac t  ang le  of i n d i u m  on q u a r t z  is u n -  
known,  t he  orif ice of t he  c a p i l l a r y  was  g r o u n d  e x -  
t r e m e l y  t h in  ( less  t h a n  0.1 r am)  t hus  equa l i z ing  the  
i n t e r n a l  and  e x t e r n a l  r a d i i  for  a n y  p r a c t i c a l  cond i -  
t ions.  F o r  t he  effect of t he  g r a v i t a t i o n a l  d i s to r t ion ,  
S u g d e n ' s  co r r ec t i on  m e t h o d  was  a p p l i e d  m a k i n g  use  
of t he  B a s h f o r t h ' s  and  A d a m ' s  t ab le s  as shown,  e.g., 
in T a y l o r ' s  p a p e r  (9) .  

Results 
The  su r f ace  t ens ion  of p u r e  i n d i u m  and  t h a t  of  

a l loys  con t a in ing  d i f fe ren t  a tomic  p e r  cents  of g e r -  

D e c e m b e r  1962 

Table II. Surface tension of indlum-germanium alloys at 600~ 
in hydrogen atmosphere 

Atomic % In  Atomic  % Ge % dynes/cm 

100 0 514 ___ 4 
96.54 3.46 511 • 3 
91.98 8.02 510 • 6 
83.02 16.98 516 • 5 

m a n i u m  has  b e e n  d e t e r m i n e d  a t  600~ Each  v a l u e  
in T a b l e  I I  r e p r e s e n t s  t he  a v e r a g e  of a t  l eas t  five 
m e a s u r e m e n t s  w i t h  the  c o r r e s p o n d i n g  m e a n  d e v i a -  
t ions.  

M e a s u r e m e n t s  a r e  in  good a g r e e m e n t  w i t h  t he  
g e n e r a l l y  o b s e r v e d  b e h a v i o r  of m i x t u r e s  and  l e a d  to 
t h e  conclus ion  t h a t  t he  d i s so lved  g e r m a n i u m  does  
not  affect  t he  su r f ace  t ens ion  of i n d i u m  to a n y  
g r e a t e r  e x t e n t  t h a n  the  a c c u r a c y  of ou r  m e a s u r e -  
m e n t s  and  can  b y  no m e a n s  be  r e s p o n s i b l e  for  t h e  
con t r ac t i on  of t he  i n d i u m  a t  h i g h e r  t e m p e r a t u r e s .  
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Structure of Electroless Nickel 

@ 
A. H. Graham, R. W.  Lindsay, and H. J. Read 

Department of Metallurgy, Pennsylvania State University, University Park, Pennsylvania 

E v e r  s ince  t he  first  e x t e n s i v e  s tud ies  of e lec t ro less  
n i cke l  w e r e  p u b l i s h e d  in  1944, the  a s - p l a t e d  depos i t s  
have  been  r e g a r d e d  as a m o r p h o u s  b e c a u s e  of t he  
a p p e a r a n c e  of on ly  one b r o a d  d i f f r ac t ion  p e a k  in 
t h e i r  x - r a y  spec t ra .  This  bel ief ,  s u p p o r t e d  b y  i n t e n -  
s ive  i nves t i ga t i ons  b y  G o l d e n s t e i n  et al. (1) ,  has  
posed  diff icul t ies  in  u n d e r s t a n d i n g  t h e  h a r d e n i n g  of  
t he  depos i t s  w h e n  t h e y  a r e  h e a t - t r e a t e d  at  t e m p e r a -  
t u r e s  a b o v e  200~ E x p l a n a t i o n s  such  as one b y  
Z ieh lke ,  Dr i t t ,  and  M a h o n e y  (2) a t t r i b u t i n g  the  f irst  
s t age  of h a r d e n i n g  to t he  f o r m a t i o n  of " an  i n t e r i m  

c r y s t a l  l a t t i c e  in t he  i n i t i a l l y  a m o r p h o u s  depos i t "  a r e  
not  a t t r a c t i v e  because  a l l  t he  h a r d e n i n g  m e c h a n i s m s  
f a m i l i a r  to m e t a l l u r g i s t s  a r e  b a s e d  on the  ex i s t ence  
of a c r y s t a l l i n e  s t r u c t u r e  at  t he  s t a r t  of t he  h a r d e n -  
ing  process .  

The  x - r a y  ev idence  for  t he  a m o r p h o u s  s t r u c t u r e  
r e p o r t e d  in t he  l i t e r a t u r e  does  no t  e x c l u d e  t h e  pos s i -  
b i l i t y  t h a t  the  a s - p l a t e d  depos i t s  m a y  be  e x t r e m e l y  
f i ne -g ra ined ,  s u p e r s a t u r a t e d ,  sol id  so lu t ions  of p h o s -  
p h o r u s  in  c r y s t a l l i n e  n ickel .  The  t r a n s m i s s i o n  e lec -  
t r o n  d i f f rac t ion  p a t t e r n  t h a t  w e  offer in  Fig .  1 for  a 
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Fig. 1. Transmission electron diffraction pattern of as-plated 
electroless nickel, 5 weight per cent phosphorus; accelerating 
voltage 75 kv. 

s p e c i m e n  p l a t e d  on a th in  coppe r  s u b s t r a t e  in  a con-  
v e n t i o n a l  a l k a l i n e  n i c k e l - c h l o r i d e  b a t h  and  t h i n n e d  
b y  e l ec t ropo l i sh ing  is one of m a n y  p a t t e r n s  t h a t  a p -  
p e a r  to  us  to be  conv inc ing  ev idence  t h a t  a s - p l a t e d  
e lec t ro less  n i c k e l  is c rys t a l l i ne .  On the  n e g a t i v e  for  
th is  p a t t e r n  e l even  r ings  w e r e  d i s t inc t  enough  t ha t  
t h e i r  d i a m e t e r s  cou ld  be  m e a s u r e d .  

The  compos i t i on  a n d  o p e r a t i n g  cond i t ions  for  t he  
b a t h  used  in  m a k i n g  the  s p e c i m e n  for  Fig.  1 a r e  as 
fo l lows:  n i c k e l  c h l o r i d e  h e x a h y d r a t e ,  45 g / l ;  a m -  
m o n i u m  ch lor ide ,  50 g / l ;  s o d i u m  c i t r a t e  d i h y d r a t e ,  
82 g / l ;  s o d i u m  h y p o p h o s p h i t e ,  16 g / l ;  pH,  8.5; t e m -  
p e r a t u r e ,  90~ ag i t a t ion ,  s t i r r e r .  The  a s - d e p o s i t e d  
f i lm was  a b o u t  25t~ t h i c k  on coppe r  foi l  and  h a d  the  
l u s t rous  m a t t e  a p p e a r a n c e  t y p i c a l  of depos i t s  f r om 
th is  ba th .  P h o s p h o r u s  con ten t  was  d e t e r m i n e d  b y  
we t  c h e m i c a l  ana lys i s .  A so lu t ion  of ch romic  acid  
(500 g / l )  and  su l fu r i c  ac id  (50 g / l )  s e r v e d  for  r e -  
m o v a l  of t h e  coppe r  subs t r a t e .  E x t e n s i v e  e x p e r i e n c e  
w i t h  th is  s t r i p p i n g  so lu t ion  has  shown  t h a t  t h e r e  is 
n e i t h e r  c h e m i c a l  a t t a c k  no r  m e c h a n i c a l  d i s t u r b a n c e  
of n i cke l  or  n i c k e l - p h o s p h o r u s  films. The  depos i t  was  
t h i n n e d  b y  e l e c t r o p o l i s h i n g  u n t i l  i t  w o u l d  t r a n s m i t  
an e l ec t ron  beam.  A l t h o u g h  the  exac t  t h i cknes s  was  
not  d e t e r m i n e d ,  i t  m u s t  have  been  less t h a n  0.1ft. 
Di f f rac t ion  p a t t e r n s  w e r e  p r o d u c e d  b y  i m p i n g i n g  
the  e l ec t ron  b e a m  v e r t i c a l l y  on the  p l a n e  of the  film, 
and  a p p r o p r i a t e  p r e c a u t i o n s  w e r e  t a k e n  to p r e v e n t  
h e a t i n g  b y  t h e  e l ec t ron  b e a m  t h a t  could  have  caused  
c r y s t a l l i z a t i o n  of an  i n i t i a l l y  a m o r p h o u s  depos i t .  

A l t h o u g h  diff icul t ies  w e r e  e n c o u n t e r e d  in t h e  d e -  
t e r m i n a t i o n  of t he  l a t t i ce  t y p e  and  in t he  i n d e x i n g  
of t he  p a t t e r n ,  a l l  t h e  ref lec t ions  could  be  a t t r i b u t e d  
to n i cke l  r e g a r d l e s s  of the  l a t t i ce  t y p e  assumed .  
T h e r e f o r e  i t  is p r o b a b l e  t h a t  t he  depos i t  is p r i m a r i l y  
a s u p e r s a t u r a t e d  sol id  solut ion.  

F i g u r e  1 can  be  r e a s o n a b l y  i n d e x e d  acco rd ing  to 
e i the r  a h e x a g o n a l - c l o s e - p a c k e d  (hcp)  or  a f a c e -  
c e n t e r e d - c u b i c  ( fcc)  s t ruc tu re .  The  mos t  i m p o r t a n t  
f ac to r  in  a t t e m p t i n g  to d i s t i n g u i s h  b e t w e e n  the  two  
poss ib le  s t r u c t u r e s  is t he  {200} ref lec t ion  for  t he  fcc 
s t ruc tu re .  The  p re sence  of th is  re f lec t ion  w o u l d  be  
i nd i ca t i ve  of a fcc s t ruc tu re ,  w h e r e a s  i ts  absence  
w o u l d  i n d i c a t e  a hcp  s t ruc tu re .  In  t he  l a r g e  m a -  
j o r i t y  of t he  e l e c t r o n  t r a n s m i s s i o n  d i f f rac t ion  p a t -  
t e rns  obse rved ,  t he  {200} ref lec t ion  was  e i t h e r  a b s e n t  

Fig. 2. Transmission x-ray diffraction pattern of as-deposited 
electroless nickel, 5 weight per cent phosphorus; unfiltered copper 
radiation. 

or  e x t r e m e l y  w e a k .  The  diff icul t ies  in i n d e x i n g  can  
be  a t t r i b u t e d  to s t a c k i n g  f au l t s  in  t he  s t r u c t u r e  of fcc 
n ickel .  P a t e r s o n  (3)  has  s h o w n  t h a t  s t a c k i n g  f au l t s  
not  on ly  sh i f t  the  {200} re f lec t ion  t o w a r d  a l o w e r  
B r a g g  angle ,  b u t  also g r e a t l y  d i m i n i s h  i ts  i n t ens i ty .  
The  d i f f rac t ion  p a t t e r n  in  Fig .  1 is c o m p a t i b l e  w i t h  
t he  effects of s t a c k i n g  f au l t s  on the  o t h e r  ref lect ions .  

The  fac t  t h a t  x - r a y  d i f f r a c t o m e t e r  p a t t e r n s  and  
x - r a y  t r a n s m i s s i o n  p h o t o g r a p h s  of e l ec t ro less  n i c k e l  
( see  Fig.  2) g ive  a def in i te  i nd i ca t i on  of an  a m o r -  
p h o u s  s t r u c t u r e  was  conf i rmed  for  t he  s ame  spec i -  
mens  t ha t  y i e l d e d  e l ec t ron  d i f f rac t ion  p a t t e r n s  t h a t  
w e r e  ev idence  for  a c r y s t a l l i n e  s t ruc tu re .  This  a p -  
p a r e n t  c o n t r a d i c t i o n  b e t w e e n  e l ec t ron  a n d  x - r a y  
r e su l t s  can  be  e x p l a i n e d  b y  a c o n s i d e r a t i o n  of t he  
effect of g r a i n  size. L ines  in  x - r a y  p a t t e r n s  a r e  
b r o a d e n e d  and  b e c o m e  less in t ense  as the  g r a i n  
size dec rea se s  to d i a m e t e r s  less t h a n  10 -~ cm. In  e l ec -  
t ro less  n i cke l  t h e  a p p a r e n t  g r a i n  size as i n d i c a t e d  b y  
t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h s  is of t he  o r d e r  of  
10 -~ cm; the re fo re ,  on ly  the  mos t  i n t ense  x - r a y  l ines  
w o u l d  appea r .  The  a m o u n t  of b r o a d e n i n g  of d i f -  
f r a c t e d  r a d i a t i o n  f rom a f i n e - g r a i n e d  m a t e r i a l  is d i -  
r e c t l y  p r o p o r t i o n a l  to the  w a v e l e n g t h  of t he  r ad i a t i on .  
Because  the  w a v e l e n g t h  of e l ec t rons  a c c e l e r a t e d  
t h r o u g h  a p o t e n t i a l  of 75 k v  is a lmos t  two  o rde r s  of 
m a g n i t u d e  s m a l l e r  t h a n  the  w a v e l e n g t h s  of x - r a y s  
used  in  d i f f rac t ion  work ,  t he  fine g r a i n  size of  e l ec -  
t ro less  n i c k e l  does  no t  p r e c l u d e  the  p r o d u c t i o n  of 
e l ec t ron  d i f f r ac t ion  l ines.  A l t h o u g h  the  x - r a y  spec -  
t r u m  of a c r y s t a l l i n e  m a t e r i a l  w i t h  a p a r t i c l e  size of 
10 -6 cm shou ld  p r o b a b l y  con ta in  m o r e  t h a n  one l ine,  
t he  a d d e d  effects of i n t e r n a l  s t ress ,  sol id  solut ion,  and  
s t a c k i n g  f au l t s  on  d i m i n i s h i n g  the  i n t ens i t i e s  of r e -  
f lect ions can  r e a s o n a b l y  accoun t  for  t he  d e s t r u c t i o n  
of a l l  b u t  t h e  mos t  i n t ense  x - r a y  re f lec t ion  f r o m  e lec -  
t ro less  n icke l .  

I t  is a n t i c i p a t e d  t h a t  a f u t u r e  c o n t r i b u t i o n  wi l l  
con ta in  a d e t a i l e d  account  of th is  and  o t h e r  w o r k  on 
the  m e t a l l u r g i c a l  p r o p e r t i e s  and  s t r u c t u r e  of e l e c t r o -  
less  n ickel .  

Manuscr ip t  rece ived  Ju ly  9, 1962; rev ised  manuscr ip t  
received Sept.  26, 1962. 

A n y  discussion of this pape r  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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Oxidation of Iron-Nickel Alloys 

VI. A Survey of Kinetics and Mechanism 

R. T. Foley 1 
General Electric Company, Schenectady, New York 

ABSTRACT 

The oxidation of Fe-Ni  alloys in the 500~176 range has been the 
subject of many investigations. These observations are summarized, and an 
attempt is made to generalize on the kinetics and mechanism of oxidation. The 
composition of the oxide film over the entire composition range can be ex-  
plained in terms of the thermodynamic stability of the oxides of Fe, of NiO, 
and of Ni,Fe~_zO,. In alloys of all compositions that have been investigated the 
first reaction is one of selective oxidation, creating a Ni-rich metal layer at the 
alloy-oxide interface. The growth of a Ni-containing spinel is promoted and 
formation of FeO is suppressed. This explains the reduction of oxidation rate 
to about 1000 times less than that  of pure iron. The short-t ime kinetics of oxi- 
dation appears to be governed by diffusion through this Ni-rich metal layea" o r  
by diffusion through the Ni-containing spinel. Only at the Ni-rich end of the 
Fe-Ni  system is NiO observed, and this exists next to the alloy interface under  
a layer of spinel. The reaction between NiO and Fe208 is rapid at these tem- 
peratures, thus explaining why these two oxides are not observed together. 
On prolonged reaction, subscale oxidation and intergranutar  attack is observed. 
Because of the stratification of oxide layers and these secondary effects, the 
development of a general rate law would be difficult. 

Since 1916 and pa r t i cu la r ly  dur ing  the las t  decade, 
a number  of invest igat ions  have been car r ied  out on 
the kinetics and mechanism of oxidat ion of F e - N i  
alloys. F rom the prac t ica l  s tandpoint  the  need to ac-  
quire  knowledge  of the h i g h - t e m p e r a t u r e  behavior  
of these al loys is obvious, as var ious  composit ions 
are used in indus t ry  because of the i r  magnet ic  be -  
havior,  the i r  t he rma l  expansion proper t ies ,  thei r  
ab i l i ty  to par t i c ipa te  in g l a s s - to -me ta l  seals, and 
thei r  corrosion resistance. F rom the theore t ica l  
v iewpoint  the Fe -Ni  sys tem is of significance. Ther -  
modynamica l ly  the system, consisting of a cont inu-  
ous series of solid solutions, is almost ideal  (1) in the 
sense of obeying Raoult ' s  law. Both Fe and Ni are  
oxidizable,  and in addition, the oxides of iron are 
known to undergo solid state react ions wi th  nickel  
oxide. 

The invest igat ions  carr ied  out in a number  of l ab -  
orator ies  have  deal t  wi th  composit ions over the en-  
t i re  phase  diagram,  va ry ing  f rom h igh -pu r i t y  vac-  
u u m - m e l t e d  p repara t ions  to commercia l  al loys 
containing severa l  per  cent of var ious  al loying e le-  
ments. The oxidizing a tmospheres  have included 
l abora to ry  air  of unknown mois ture  content  as wel l  as 
r igorously  control led atmospheres.  The dura t ion  of 
the exper iments  have been such as to produce, in 
some cases, th in  films, while  in o thers  thick scales 
and considerable  subscale formation.  

1 Present address: Melpar,  Inc.,  A Subsidiary o~ Westinghouse Air 
Era ke  Company,  Falls Church,  Virginia. 

The object ive of this paper  is to organize these 
ra the r  extensive observat ions and to develop the 
general izat ions tha t  would summar ize  the  oxidat ion 
behavior  of F e - N i  alloys. This repor t  wi l l  res t r ic t  
i tself  to film format ion  beyond the nucleat ion stage. 
The concepts t h a t  the react ion produc t  appears  first 
at special points on the meta l  surface and tha t  the 
number  and form of these nuclei  is re la ted  to the 
crys ta l lographic  or ienta t ion (2) of the surface, wil l  
be accepted. 

For  the sake of organizat ion the whole F e - N i  sys-  
tem is d ivided into three  par t s :  the Fe - r i ch  pa r t  of 
the system, 0-30% Ni; the in te rmedia te  section, 30- 
75% Ni; the Ni - r i ch  par t  of the system, 75-100% 
Ni. The observat ions re la t ive  to kinet ics  of oxidat ion,  
composition, and na ture  of oxide film, as wel l  as 
secondary effects, e.g., subscale oxidation,  wi l l  be 
discussed on this basis. 

Oxidation of Fe-Rich Alloys (0-30% Ni) 
In in te rp re t ing  some of the resul ts  repor ted  in 

the l i t e ra tu re  dist inct ion should be made  be tween 
"equi l ib r ium" compositions and those composit ions 
ac tua l ly  observed dur ing an oxidat ion at e levated 
tempera ture .  The oxide species observed on the a l -  
loys in the la t te r  case are those growing under  the 
pa r t i cu la r  conditions of t empera tu re  and gaseous en-  
v i ronment  tha t  exist  dur ing the exper iment .  The 
"equi l ib r ium" results  were  achieved (3,4)  by  a 
technique involving s t renuously  oxidizing the  al loy 
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Table I. Fe-Rich alloys (0-30% Ni) 

C o m p o -  T e m p e r -  
s i t ion,  a t u r e  D u r a t i o n  F i l m  
% N i  r a n g e .  "C i n v e s t i g a t e d  K i n e t i c s  c o m p o s i t i o n  C o m m e n t s  Ref .  

2.08, 1050-I095 7-20 d a y s  (equt -  R e a c t i o n  decreases  con-  E x t e r n a l  l a y e r  o f  w i l s t i t e  " E q u i l i b r i u m "  s tud ies .  No s p i n e l  (3) 
6,40, l i b r t u m )  s i d e r a b l y  w i t h  inc rease  f ree  of  Ni.  is  f o u n d  on a l l o y s  c o n t a i n i n g  15% 

10.36, in  N i  con ten t ,  or  less  Ni.  M a g n e t i t e  d o e s  f o r m  
15.06 on cooling. 
5.10 675-950 5-100 h r  ( in s o m e  y~ = k t  (y : t o t a l  O8 Fe~O~ ~ H i g h - p u r i t y  a l loys .  E x t e n s i v e  in -  (6) 

cases 300 hr)  p i c k e d  up)  w h e r e  n r 2 FesO4 ~ t e r n a l  o x i d a t i o n  in  l ow  n i c k e l  
a l w a y s  FeO + FesO4 range ,  

(al loy) 
20 675 u p  to  14 h r  n ~ 2. (parabol ic )  

800 u p  to  5 h r  ~t = 2.4 
5-14 h r  ~ = 1.6 

900 u p  to  2 hr  n = 2.6 
2-8 h r  ~ = 1,22 

30 850-1050 1 h r  S t u d i e d  N i  e n r i c h m e n t  of  a l l o y  (5) 
su r face  

4.89 500 1-60 m i n  FeaO, on sur face .  1 m m  02 p re s su re ;  e l ec t ron  d i~- (7) 
f r ac t i on  

25 871 1 0 0 h r  

25 982 1 0 0 h r  
25 1093 l O O h r  

25.6 800 up to  400  h r  

29.6 600 0-60 ra in  

29.6 700 0-60 m i n  

29.6 800 0-60 m i l l  

29.6 900 0-60 m i n  

29.6 1000 0-60 m i n  

1.53 1250 8-36 h r  
( c o m m e r -  
c ia l  steel )  
2.92 1250 
(commer- 
cial steel) 
7 lOOO 24 h r  

25 ~IO00 o x i d i z e d  to  br i t t l e  
sca le  

2.75 lOOO 
( commer -  6 days 
cial steel) 

S p i n e l  w i t h  a = 8,34A X - r a y  t r a n s m i s i o n  
ag rees  w i t h  N i F e 2 0 ,  i n  
b o d y  of  f i lm 
40% S p i n e l  
Nio.osFeo.asFe204 
60% aFe203 
50% Nio.~Feo.47Fe20~ 
40-60% S p i n e l  w i t h  Nio.t- 
Nio.6 
6 0 - 4 0 %  aFe208  s p i n e l  
w i t h  a = 8.340-8.356 kx* 

G e n e r a l l y  ou t e r  l a y e r s  O u t e r  Fe208 u p  to  50% X - r a y  d i f f r ac t ion  a t  t e m p e r a t u r e  (9) 
g r e w  p a r a b o l i e a l l y  of t o t a l  th ickness .  S p i n e l  of f o r m a t i o n .  M e a s u r e d  k ine t i c s  

phase  m i x e d  w i t h  a s m a l l  of o x i d a t i o n  of  each  phase  in  O2 
p o r t i o n  of  NiO + FeO (a tm p ressu re ) .  E x t e n s i v e  i n t e r -  
n e a r  t he  meta l .  NiO m a r e  h a l  o x i d a t i o n  in  l ow  n i c k e l  range .  
e v i d e n t  in  s e v e r e l y  ox i -  
d ized  spec imens .  
S p i n e l  a n d  Fe~O2 (on  a t -  
m o s p h e r e  side) 
Spinel and Fe2Os (on at- 
mosphere side) 
Spinel and Fe202 (on at- 
mosphere side) 
Spinel and Fe208 (on at- 
mosphere side) 

kp = 1,27 X 10 -~** 

kp = 1.46 • 10-11 

ks  = 8.5 • 10-n  

kp = 5.2 X 10 -10 

kp = 3.3 • 10 -9 

A l l o y  o x i d i z e d  in  a i r  s a t u r a t e d  
w i t h  H20  a t  90*F 

X - r a y  d i f f r ac t ion  of  o x i d e  l a y e r s  

(8) 

(10, I I )  

S c a l e  n e x t  t o  m e t a l  Oxid i zed  in  s u l f u r - c o n t a i n i n g  a t -  (22,23) 
c o n t a i n e d  a p p r e c i a b l e  mosphere .  
a m o u n t  of  Ni.  
S c a l e  n e x t  t o  m e t a l  Oxid i zed  in  s u l f u r - c o n t a i n i n g  a t -  (22,23) 
c o n t a i n e d  a p p r e c i a b l e  mosphe re .  
a m o u n t  of Ni. 
Z o n e  of  u n o x i d i z e d  Ni  (21) 
a n d  o x i d e  n e x t  to  m e t a l  
S c a l e  c o n t a i n e d  u n o x i -  
d ized  Ni  
O u t e r  l a y e r  = 0% Ni  (20) 
M i d d l e  l a y e r  = 0.16% Ni  
I n n e r  l a y e r  = 7.07?o Ni  

I n t e r c r y s t a l l i n e  a t t a c k  a n d  e x t e r -  
n a l  o x i d a t i o n  

* 1 k x  u n i t  = 1.00202A. 
** kp ~ p a r a b o l i c  r a t e  c o n s t a n t  i n  ys = kvt .  

and then equi l ib ra t ing  the sample for an ex tended  
per iod of t ime (about  1000 hr )  in an iner t  a tmos-  
phere.  In this way  sections of the equi l ib r ium dia-  
g ram for the  F e - N i - O  sys tem were  obtained.  The 
kinet ic  tests would reach this end point  if the reac-  
t ion were  a l lowed to proceed indefini tely in an oxy -  
gen pa r t i a l  pressure  equal  to the  dissociat ion p res -  
sure of the  oxide wi th  the lowest  dissociat ion 
pressure.  

The exper imenta l  invest igat ions  bear ing  on the 
oxidat ion  of the Fe - r i ch  al loys are  summar ized  in 
Table I. 

In the oxidat ion of these al loys the first react ion 
involves select ive oxidat ion of Fe, and in the ve ry  
thin  layers  i t  appears  tha t  no Ni is contained in the 
oxide. The fact tha t  the surface is enr iched wi th  Ni 
seems wel l  es tabl ished for all  al loys in this region. 
Moreau and B~nard (5) measured  this Ni enr ich-  
ment  occurr ing on the surface of the 30% Ni alloy. 
Af te r  a 1-hr  oxidat ion t ime the Ni content  of the 
surface approximates  50% at 850~ 60% at 950~ 
and 82% at 105O~ As oxidat ion  proceeds there  is 
developed a composite l aye r  wi th  Fe, O, (on the a t -  
mosphere  s ide) ,  a spinel  s t ructure ,  and FeO (in con- 

tact wi th  the me ta l ) .  FeO, which represents  the 
"equi l ib r ium" oxide (3),  is found only wi th  the ve ry  
low Ni content  al loys and p robab ly  exists  in a l aye r  
mixed  wi th  Fe80, as observed meta l lograph ica l ly  
(6).  At  oxygen pressures  of about  0.2 arm Fe~O~ is a 
ma jo r  react ion product  at  these t empera tu res  (600 ~ 
1000~ At  1 m m  O~ pressure  no Fe~O~ was observed 
on the 4.89% al loy (7). The spinel  observed even on 
the low Ni al loys contains apprec iab le  Ni. Thus Gu l -  
bransen,  Phelps,  and Hickman (7) repor ted  a spinel  
wi th  a = 8.34A, which conforms to NiFe~O,, in the  
body of the oxide film formed by  oxidizing at  4.89% 
Ni al loy at  500 ~ for up to 60 min in 1 m m  O2 pres -  
sure. The existence of a high Ni content  in films 
grown on alloys containing 25% Ni is wel l  es tab-  
l ished (8).  I t  has also been noted (8) tha t  when  an 
al loy contains a few per  cent of Mn, this  Mn appears  
to concentrate  in the  spinel. The concentra t ion of Ni 
dissolved in the Fe~O, s t ruc ture  exists in a g rad ien t  
wi th  the high concentra t ion next  to the alloy, which 
itself  is nickel  r ich at this interface.  

The phenomenon of nickel  enr ichment  e i ther  on 
the me ta l  surface or in the innermost  l aye r  was ob-  
served dur ing meta l lographic  invest igat ions  of 
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specimens which had been severe ly  oxidized (21-23).  
These studies revea led  tha t  meta l l ic  Ni was segre-  
gated dur ing  these ex tended  oxidat ions as a resul t  of 
the a l loy-oxide  interface  moving into the sample.  

Usual ly  the oxidat ion r a t e  of these al loys approx i -  
mates  a parabol ic  law for short  periods of t ime (1-2 
h r ) ,  and the ra te  seems to be de te rmined  by  diffusion 
of cations, e i ther  th rough  the Ni - r i ch  metal l ic  zone 
or through the Ni-conta in ing  spinel. The Ni has the 
outs tanding effect of suppressing the format ion  of 
FoP,  p robab ly  by  decreasing the the rmodynamic  
act iv i ty  of Fe at  the al loy surface (3).  FoP  is the 
fastest  growing phase of the three  possible oxides; it  
is the ma jo r  oxide formed on pure  Fe  and accounts 
for the high oxidat ion ra te  of Fe. The effect of Ni on 
the oxidat ion ra te  appears  at  ve ry  low contents of Ni 
in the alloy. Thus, the ra te  of oxidat ion of a 2.08% 
alloy is apprec iab ly  less than  tha t  of pure  Fe, and the 
ra te  of a i0.38% alloy is less by many  orders  of mag-  
nitude. The ear ly  pa r t  of the oxidat ion  is made  com- 
plex by  continual  change in alloy composition at the 
surface. Af te r  oxidat ion t imes of several  hours and 
the bu i ld -up  of apprec iable  scale it is l ike ly  tha t  the 
r a t e -de t e rmin ing  step is diffusion across the oxide 
film. At  these longer t imes the growth law deviates  
from a s imple  parabol ic  re la t ionship  because layers  
of different  composit ion are growing. Ac tua l ly  there  
is not a great  deal  of quant i t a t ive  da ta  avai lable  to 
evaluate  the  effect of small  percentages  of Ni on the 
oxidat ion rate.  However,  it is apparen t  that  the Ni 
effect is considerable,  reducing the oxidat ion ra te  of 
Fe  by a factor  of 10~-10 ~ as measured  by  parabol ic  
ra te  constants de te rmined  for 1 hr oxidations.  At  
30% Ni the  effect is es tabl ished in the sense tha t  
fu r the r  addi t ion of Ni has l i t t le  effect on the  rate.  
The oxidat ion ra te  of the 30% al loy is approx ima te ly  
the  same as tha t  of the 40.9%, and the act ivat ion en-  
e rgy  is about  the same, 40.5 kca l /mo le  infer r ing  a 
s imilar  mechanism. 

Oxidation of Fe-Ni Alloys Containing 30-75% Ni 
The f i rs t - formed film on alloys in this in te rmedia te  

range is an oxide of Fe which resul ts  f rom selective 
oxidat ion.  Thus lines for FoP  (12) and Fe20~ (11) 

are  observed in the vacuum of the h i g h - t e m p e r a t u r e  
electron diffraction camera.  As a consequence there  
is an ear ly  enr ichment  of Ni at the a l loy-ox ide  in te r -  
face. However ,  upon oxidat ion at  t imes longer  than  
1 min at  600~ a spinel  s t ruc ture  is obtained.  This 
spinel  has a formula  NixFe~_xO~ where in  x approaches 
uni ty  close to the  a l loy-ox ide  surface, as establ ished 
by lat t ice pa r ame te r  measurements  and chemical  
analysis  (13, 14). For  example,  the oxide produced 
on the 41% al loy af ter  1 rain at  800~ contained 
31.8% Ni (average  value)  (13). For  oxidat ion t imes 
up to about  3 hr  at t empera tu re s  in the 500~176 
range the p redominan t  oxide was this n icke l -con-  
ta ining spinel. In addi t ion a l aye r  of Fe~O~ was 
formed at  the ox ide -a tmosphere  interface.  Con- 
t inued oxidat ion fol lowed by  equi l ibra t ion  in an 
iner t  a tmosphere  (4) yields  ex te rna l  scales com- 
posed of n icke l -conta in ing  spinel  wi th  wiisti te.  In 
addi t ion  there  is extens ive  subscale formation,  the 
product  in this  case being wiist i te  and spinel. While  
this subscale would pene t r a t e  complete ly  a normal  
oxidat ion str ip dur ing  runs of several  hundred  hours, 
for runs up to 1 or 2 hr  this secondary phenomenon 
does not appear  to p lay  an impor tan t  pa r t  in the 
kinetics,  at  least  insofar  as quant i t a t ive  data  a re  
avai lable  to us. During the extended equi l ibra t ion  
periods hemat i te  d isappears  and FoP appears.  The 
equi l ibr ium procedure  is car r ied  out at  the oxygen 
pressure  es tabl ished by the dissociation pressure  of 
FoP.  

The enr ichment  with respect  to Ni at  the a l loy-  
oxide interface is observed for long t ime oxidat ions 
(13 days  at 1000~ The development  of an " inner  
layer"  containing 52% Ni on an or ig inal  36% Ni a l -  
loy was in te rp re ted  by  Pfei l  as due to the movement  
ou tward  of Fe  through the F e - N i  metal l ic  zone in 
contact  wi th  the oxidizing a tmosphere  (20). 

The kinet ics  of react ion for al loys in this range  is 
governed p r imar i ly  by  the format ion  and growth of 
the Ni-conta in ing  spinel. As has been pointed out 
(4),  the  high Ni content  of the  al loy has made the 
fastest  growing phase  on Fe, namely  FoP,  the rmo-  
dynamica l ly  unstable.  The growth  ra te  of magnet i te  
on Fe  is only about  one- twen t ie th  tha t  of FoP  on 

Table II. Fe-Ni alloys (30-75% Ni) 

Compo- Temper- 
sition, ature  
% Ni  r ange ,  ~ 

D u r a t i o n  F i l m  
inves t igated  Kinet ics  compos i t ion  C o m m e n t s  Ref .  

48.5 1050 

37.13 1050 

49 Ni, 2 M n  500 

49 Ni, 2 M n  600 
49 Ni, 2 M n  600 
4 9 N i ,  2 M n  700 

36 10O0 
(commer- 
cial alloy) 

5 0 N i  1093 

40.9 600 
40.9 700 
49.9 800 
40.9 900 
40.9 1000 

1000 h r  e q u i l i b r i u m  

1000 h r  e q u i l i b r i u m  

u p  to  60 m i n  

1, 5 r a in  
30, 60 m i n  
O (ox id ized  i n  v a c u u m  
of e lectron diffraction 
i n s t r u m e n t )  
1-60 m i n  
13 d a y s  

3 h r  

upto 60 rain kp= 1.27 • I0 -I=* 
up to 60 rain kp = 9.8 • 1O -~ 
u p  to 60 ra in  kp = 9.3 • 10 - n  
u p  to  60 m i n  kp = 4.05 X 10 -11 
u p  to  69 m i n  kp = 3.51 • 10-~ 

S p i n e l  + w~isti te w i t h  sp i -  
ne l  conta ining  u p  to  10% 
Ni 
W(ist i te  + sp ine l ,  8.72% Ni 
in ex terna l  scale  
Fe~O~ (a = 8.42A) (prob-  
ab ly  c o n t a i n e d  Mn) 

FesO~ (a = 8.43A) 
Fe~O4 + Fe~:h  
FeO 

Fe304 (a = 8.43A) 
O u t e r  l a y e r  = 1.46% N i  
M i d d l e  l a y e r  ~ 2.29% Ni 
I n n e r  l a y e r  = 52.08% Ni  

S t r o n g  sp ine l ,  a = 8.36A 
a n d  w e a k  Fe~Oe patterns  
B o t h  N i - c o n t ~ i n i n g  s p i n e l  
and Fe2Os w i t h  spinel  
present  in larger propor-  
t ion.  

" E q u i l i b r i u m "  studies---Extensive (4) 
subsea le  composed  of  w i i s t i t e  and 
s p i n e l  
Subsca le  o f  v~ i s t i t e  + a l i tt le  
s p i n e l  
Th i s  a l loy  was  HiDern ik  , 1 m m  (12) 
02; electron diffraction at t e m -  
p e r a t u r e  

(20) 

N i c k e l  i n  i n n e r  l a y e r  i n  m e t a l l i c  
f o r m  
X - r a y  f luorescence  (14) 

These  a l loys  conta ined  M n  a n d  Si  (10, 11) 
w h i c h  w e r e  not  detec ted  in f i lm 

* kp = parabolic rate constant  (see footnote ,  Tab le  I ) .  
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Table III. Ni-rich alloys (75-190% Ni) 

C o m p o -  T e m p e r -  
s i t ion ,  a t u r e  D u r a t i o n  Fi lm 
% N i  r a n g e ,  ~ i n v e s t i g a t e d  Kinet i c s  compos i t ion  C o m m e n t s  Ref .  

79% 1093 1 h r  On ly  s p i n e l  l ines ,  a = 8.37A, S e v e r e  o x i d a t i o n  w i t h  (14) 
obs. scale  c o n t i n u o u s l y  spa l -  

l i n g  
75.4 800 u p  to  400 h r  Pa rabo l i c  g r o w t h  of in -  T h i n  l aye r  of  Fe2Os; corn- E x t e n s i v e i n t e r g r a n u l a r  (9) 

d i v i d u a l  l aye r s  pac t  l a y e r  of  s p i n e l  phase ;  a n d  subsca le  o x i d a t i o n  
po rous  NiO o c c u p y i n g  u p  to  
50% of scale th ickness .  Sp i -  
ne l  w i t h  a = 8 . 3 5 6 - 8 . 3 6 7 A  

84.2 800 up  to  400 h r  P a r a b o l i c  g r o w t h  of in -  On ly  thin skin of Fe203 (9) 
d i v i d u a l  l aye r s  (bare ly  d e t e c t a b l e  m e t a l l o -  

g r a p h i c a l l y )  ; N i  c o n t a i n i n g  
sp ine l ;  NiO,  50% of  sca le  
th ickness  

80% 700 2, 12, 32 ra in  Ni  c o n t a i n i n g  s p i n e l  H i g h  p u r i t y  a l l oy  (17) 
9OO 

76% N i  600 0-60 r a in  kp = 7.2 X 10-~ S p i n e l  (10, 11) 
3.8% Mo 700 0-60 m i n  kp 3.01 • 10-~ NiO (MOO3) 

800 0-60 m i n  kp = 1.70 • lO-U 
900 0-60 m i n  kp = 7.5 • lO-n  

1000 0-60 m i n  kp = 6.4 • 10-1o 

Fe. The diffusion ra te  in the Ni-conta in ing  spinel  is 
st i l l  lower  as evidenced by  the ra te  da ta  given in 
Table II. Because of differences in test ing a tmos-  
pheres,  surface prepara t ion ,  and other  factors,  a 
comparison of ra te  da ta  in the l i t e ra tu re  can only be 
semiquant i ta t ive .  However ,  wi th  this l imi ta t ion  in 
mind, a comparison wi th  da ta  on the oxidat ion  of 
pure  Fe  (15) yields a factor  of improvement  f rom 
al loying of 10~-10 ~. The appa ren t  energy of ac t iva t ion  
for the r a t e -de t e rmin ing  diffusion process in the 
spinel  s t ruc ture  is about  41,000 ca l /mole  (10). This 
value  does not hold at e levated t empera tu res  or in 
a tmospheres  tha t  contain H,O vapor,  p re sumab ly  be-  
cause of so l id-s ta te  react ions influencing the mor -  
phology of the oxide film (16). 

Oxidation of Nickel-Rich Alloys, 75-100% N i  

The oxide film formed on an 80% Ni al loy dur ing 
the first hour of oxidat ion in the 600~176 range 
is essent ia l ly  the n icke l -conta in ing  spinel  wi th  a 
la t t ice pa r ame te r  8.35-8.37A (14, 17) (Table  I I I ) .  
The resul t  of the p re fe ren t i a l  oxidat ion is a composi-  
t ion closer to NiFe~O, than  to Fe~O,. FeO is not ob- 
served as i t  was on the al loys of lower  nickel  con- 
tent. On ex tended  oxidat ion the system Fe,O~: 
Spinel:  NiO ( t ravers ing  the scale f rom the outside 
to the inside) is developed.  The the rmodynamic  ac-  
t iv i ty  of Fe  is low, and thus only a thin l ayer  of 
Fe,O~ is observed.  Fe~O~ should not exist  in contact  
wi th  NiO at t empera tu res  of 800~ and above be-  
cause of the tendency for  so l id-s ta te  react ion to oc- 
cur as prev ious ly  discussed (16), and where  these 
two species are observed in the oxide scales they  are 
separa ted  by  a l aye r  of spinel. Fol lowing deplet ion 
of Fe at the surface because of ou tward  diffusion and 
reaction, the surface, which is essent ia l ly  Ni, reacts  
to form NiO which occupies about  50% of the scale 
af ter  oxidat ion for  1 hr  at  800~ The only shor t -  
t ime data  avai lab le  for high nickel  al loys (10) 
approx imate  the oxidat ion  ra te  da ta  for Ni (18),  
which p re sumab ly  is control led by  the diffusion of 
Ni cations through the NiO layer  (19). 

Discussion 
The composit ion of the  oxide films developed over  

the whole range of F e - N i  alloys in the 500~176 
range may  be expla ined  by  considerat ion of the t he r -  
modynamic  s tabi l i ty  of the  oxides of Fe, of NiO and 

NiO (MoOs) 

NiFe~O, (ac tua l ly  NixFe~_~O,). The dissociat ion p re s -  
sure of NiO is la rge  compared  with  tha t  of the  Fe  
oxides. Above 600~ Fe~O3 and NiO react  r ap id ly  to 
form the spinel. 

In the Fe - r i c h  pa r t  of the  sys tem the first react ion 
involves the  selective oxidat ion of Fe. The a l loy-  
oxide interface is enr iched in Ni, and Fe must  diffuse 
through this meta l l ic  l ayer  for fu r the r  reaction. The 
concentra t ion  and hence the  the rmodynamic  act iv i ty  
of Fe at  the in ter face  is g rea t ly  reduced;  the  growth  
of Fe30, is p romoted  and tha t  of FeO is suppressed.  
This d i rec t ly  bears  on the kinet ics  of react ion as the  
oxidat ion ra te  is reduced by  a factor  of 1000 as the 
Ni content  increases to 30% Ni. Fe~O3 is produced at 
the a tmosphere  in terface  on prolonged oxidation.  
As the  nickel  content  of the al loy increases,  the  
kinet ics  and the mechanism of react ion are  governed 
by  the format ion and growth  of the Ni-conta in ing  
spinel  in contact  wi th  an al loy in ter face  which has 
become enriched in Ni. A definite concentra t ion 
grad ien t  of Ni exists in this  spinel, which approaches  
s toichiometr ic  NiFe~O, next  to the al loy and Fe~O, in 
contact  wi th  Fe~O~ or the oxidizing atmosphere.  

The Ni-conta in ing  spinel is observed in thin films 
produced on al loys containing as much as 80% Ni. As 
oxidat ion continues, the al loy adjacent  to the re -  
action interface  is deple ted  in Fe and the Ni ac t iv i ty  
rises; NiO then grows next  to the alloy. The fact tha t  
NiO and Fe~O~ are not seen in contact  is due to the 
rapid  ra te  of react ion of these two species at e le-  
va ted  tempera tures .  

With  oxidat ion t imes of many  hours there  is a 
considerable  subscale format ion and grain  boundary  
a t tack  as v iewed meta l lographica l ly .  In addit ion,  the 
usual  s i tuat ion involves strat i f icat ion of various 
oxide layers.  Therefore,  the formula t ion  of a genera l  
ra te  law covering all  al loy concentrat ions would be 
difficult. For  short  periods of t ime (less than  60 min)  
a single parabol ic  re la t ionship  appears  to represent  
adequate ly  the expe r imen ta l  observat ions.  The k i -  
netics suggest diffusion through the •  
spinel or through the metal l ic  l ayer  enr iched with  Ni 
as the r a t e -de t e rmin ing  step. A simple r a t e  law does 
not hold for longer  t imes or even for shorter  t imes if 
there  is a change in the  morphology  of the  oxide film 
as a resul t  of so l id-s ta te  reaction.  

Manuscript received Nov. 11, 1961; revised manu- 
script received June 2, 1962. 
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Any  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1963 JOURNAL. 
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Measurement of Thickness and Refractive 
Index of Oxide Films on Silicon 

G. R. Booker and C. E. Benjamin 
Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Optical  in te r fe rence  methods  for  de te rmin ing  the thickness  and re f rac t ive  
index  of oxide  films on sil icon are  described.  The t r ea tmen t  is confined to those 
methods  in which a por t ion  of the  film is dissolved wi th  HF, and measurements  
are  made  on the he ight  of the  s tep thus  created.  For  th ick  films (~3000A) two-  
beam in te r fe rence  is used, and for  thin films (~3000A) m u l t i p l e - b e a m  in te r -  
ference is used. The different  types  of fr inges are  expla ined,  and the accuracies 
of the methods  a re  given. The emphasis  is on the  deve lopment  of simple, p r ac -  
t ical  p rocedures  which  can be appl ied  in a rou t ine  manner .  

O x i d e  f i lms on s i l icon su r f aces  a r e  w i d e l y  e m -  
p l o y e d  d u r i n g  t h e  f a b r i c a t i o n  of s e m i c o n d u c t o r  d e -  
vices.  R e l a t i v e l y  t h i c k  f i lms (3000-20,000A) a r e  used  
for  m a s k i n g  aga in s t  e p i t a x i a l  g r o w t h  and  c e r t a i n  
e l e m e n t s  d u r i n g  diffusion,  w h i l e  th in  f i lms (50-  
1000A) a r e  u s e f u l  in  o t h e r  dev ice  f a b r i c a t i o n  o p e r a -  
t ions.  These  t h i cknes se s  a r e  e q u i v a l e n t  to a few 
w a v e l e n g t h s  of l igh t  or  less,  and  hence  i t  is no t  s u r -  
p r i s ing  t h a t  t he  two  s t a n d a r d  m e t h o d s  used  to m e a s -  
u r e  such t h i cknes se s  a r e  op t i ca l  me thods .  

In  t he  first  of t h e s e  m e t h o d s  t h e  s p e c i m e n  is 
v i e w e d  b y  re f lec ted  w h i t e  l ight ,  and  the  f i lm t h i c k -  
ness  is d e d u c e d  f r o m  t h e  color  of t h e  film. The  color  
a r i ses  because  of i n t e r f e r e n c e  occu r r i ng  b e t w e e n  the  
l i gh t  b e a m s  re f lec ted  f r o m  the  u p p e r  a n d  l o w e r  s u r -  
faces  of t he  o x i d e  film. Ref lec t ions  of specific w a v e -  
l eng ths  i n t e r f e r e  d e s t r u c t i v e l y ,  a n d  the  r e m a i n i n g  
w a v e l e n g t h s  combine  to g ive  a c h a r a c t e r i s t i c  color.  
The  m e t h o d  consis ts  of c o m p a r i n g  the  color  of t he  
u n k n o w n  f i lm w i t h  t he  colors  of a set  of s t a n d a r d  

films of different thicknesses. However, this method 
can be applied only to films in the thickness range of 
approximately 500-4000A and hence does not fully 
cover either of the above practical thickness ranges. 
Moreover the accuracy is limited to approximately 
_200A.  

In  t he  second  of these  m e t h o d s  the  f i lm is c o m -  
p l e t e l y  r e m o v e d  f r o m  a p o r t i o n  of  t he  s p e c i m e n  so 
t ha t  a s t ep  is c r e a t e d  e q u a l  in  h e i g h t  to  t h e  f i lm 
th ickness .  The  s tep  h e i g h t  is t h e n  d e t e r m i n e d  b y  
m e a s u r i n g  t h e  d i s p l a c e m e n t  of m o n o c h r o m a t i c  l igh t  
i n t e r f e r e n c e  f r i nges  on c ross ing  the  step.  The  m e t h o d  
is d i r ec t  and  can  be  a p p l i e d  to f i lms of a n y  th ickness .  
The  a c c u r a c y  is d e p e n d e n t  on the  p a r t i c u l a r  p r o -  
c e d u r e  u sed  to o b t a i n  t he  i n t e r f e r e n c e  f r inges .  F o r  
t h i c k  f i lms t h e  t w o - b e a m  i n t e r f e r e n c e  t echn ique ,  
w h i c h  p r o d u c e s  r e l a t i v e l y  b r o a d  f r inges ,  is g e n e r a l l y  
suff ic ient ly  accura te .  A c o m m e r c i a l  t w o - b e a m  i n t e r -  
f e r e nc e  mic roscope  is o f ten  used  for  such m e a s u r e -  
m e n t s  b e c a u s e  of i ts  conven ience  a n d  v e r s a t i l i t y .  On 
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the other  hand, the mu l t i p l e -beam in ter ference  tech-  
nique, which produces na r row sharp fringes, is almost  
essential  for reasonable  accuracy wi th  th in  films. A 
noncommercia l  type  of appara tus  is usual ly  em-  
ployed for this purpose.  

The present  paper  is concerned with  the second, 
i.e., step height,  method os measurement .  In pa r t i cu -  
lar, the var ious  types  of in ter ference  fr inges associ- 
a ted with  a step or a wedge in a surface oxide film on 
silicon are demonstra ted ,  the methods used to obtain 
such fr inges are described,  and the  equations for cal-  
culat ing the film thicknesses are  given. In many  
pract ica l  appl icat ions of both whi te  l ight  and mono-  
chromatic  l ight  in ter ference  methods of measure -  
ment  the ref rac t ive  index of the surface film enters  
d i rec t ly  into the s tep-he igh t  calculation.  A simple 
technique is descr ibed for de te rmin ing  this index 
with  sat isfactory accuracy.  

The pr inciples  under ly ing  the methods descr ibed 
are  not  new. The purpose  of the paper  is r a the r  to 
expla in  the methods briefly and to indicate  how they  
may  be used in a prac t ica l  manner .  

Observer <• 
R e f e r e n c e  

.a,- l i /Plane 
Silvered f t I-1 

A _ _  Prism ~ I I  

Image of ~ 
Refere~e ~la~) ~ 

Specimen Surface 7 L - -  - -  3 

Fig. 2. Optical system of the interference microscope for forming 
two-beam interference fringes. 

Thick Films 
The fol lowing procedure  is convenient  for forming 

shal low wedge-shaped  steps in surface oxide films on 
silicon. A solution of Apiezon W w a x  in toluene is 
appl ied wi th  a brush  to a por t ion of the silicon speci-  
men surface possessing the oxide film (Fig. l a ) .  The 
toluene r ap id ly  evaporates ,  leaving a hard  wax  sur -  
face film. The specimen is immersed  for 60 sec in HF 
(48%) to dissolve the unpro tec ted  port ion of the 
oxide film (Fig. l b ) .  The specimen is then thor -  
oughly rinsed,  and the wax  is removed  (Fig. l c )  
wi th  t r ichloroethylene.  Undercut t ing  of the  wax  
layer  by  the I-IF produces  a r e la t ive ly  uni form 
wedge-shaped  oxide film step, the angle of the 
wedge being approx ima te ly  1 ~ 

The different  types  of in ter ference  fr inges as-  
sociated wi th  such a specimen can read i ly  be demon-  
s t ra ted  if a por t ion of a specimen possessing a r e l a -  
t ive ly  th ick oxide film is meta l l ized  (Fig. l d ) ,  and 
the specimen is examined  wi th  a t w o - b e a m  in te r -  
ference microscope (Fig. 2). This ins t rument  p ro -  
duces in ter ference  fr inges which may  be considered 
as occurr ing be tween the surface of the specimen 
and a nea rby  image of the  surface of a reference 
plane. Typical  fr inges for such a specimen which was 
oxidized in wet  argon at  1200~ are  shown in Fig. 3. 
The fringes have been adjus ted  to be perpendicu la r  
to the  wedge  and of a convenient  spacing. This oc- 
curs when the reference  plane of the in ter ference  
microscope intersects  the plane of the silicon sur -  

Oxide ~ Oxide 

Silicon ~ Silicon 

(a] Apply Wax Id Dissolve Wax 

wax ~ ~  M e t 0 1 ~  

~) Dissolve Oxide Idl Mebllize 

Fig. 1. Preparation of the oxide film step end subsequent metalliz- 
ing. 

Fig. 3. Interference fringes associated with a relatively thick 
oxide film on silicon. The specimen was prepared as in Fig. 1 and 
examined with a two-beam interference microscope. 

face along a line pe rpend icu la r  to the wedge and at  a 
sui table  angle. Monochromatic  tha l l ium green l ight  
(k = 5350A) was used throughout  the invest igat ion.  

In the meta l l ized  por t ion of the specimen (Fig. 3, 
top) a single f r inge sys tem occurs, and the d isplace-  
ment  of the fr inges on going f rom the silicon base to 
the oxide film corresponds to a step up. In  the  non-  
meta l l ized  por t ion of the  specimen (Fig. 3, bo t tom) ,  
the fr inges are more complex.  Thus, in the oxide 
wedge area  more than  one fr inge sys tem occurs. 
However,  a single f r inge sys tem predominates ,  and 
the d isplacement  of these fr inges on going f rom the 
silicon base to the oxide film corresponds to a step 
down. 

The origin of these f r inge systems is as follows. In 
the  meta l l ized  por t ion  (Fig. 4) the  in ter ference  takes  
place be tween the beam reflected f rom the reference 
plane of the in ter ference  microscope and the beams 
reflected f rom the meta l l ized  surface of the silicon 
base, the meta l l ized  upper  surface of the  oxide 
wedge, and the meta l l ized  upper  surface of the oxide 
film in thei r  respect ive  areas. The film thickness d is 
given by  

X 
a=p-~ [1] 

where  p is the f r inge d isp lacement  and X is the wave -  
length of the light. Hence, measurement  of f r inge 
d isp lacement  on a meta l l ized  specimen provides  an 
absolute  de te rmina t ion  of the film thickness.  The 
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Air ~ _ _ ~ 1  R e f e r e n c e  

,T L| Plans 

Silicon - -  I i 
I I 

Section Through Wedge 
Fig. 4. Origin of the interference fringes in the metallized portion 

of Fig. 3. 

_1I, _iL_l J.LReference 
Air--  . ~ - ' r  T']" Plane 

oxio . "i I 
Silicon ~ _ z _ ~  ~ i 

L I 

Section Through Wedge 
Fig. 5. Origin of the main interference fringes in the nonmetallized 

portion of Fig. 3. 

accuracy is es t imated  to be --+0.1 fringe, correspond-  
ing to -+270A. The d isp lacement  for the film of 
Fig. 3 is 6.0 fringes, corresponding to a film thickness 
of 16,000A. 

In the nonmetaUized port ion (Fig. 5) the in te r -  
ference main ly  takes  place be tween  the beam re -  
flected f rom the  reference p lane  of the  in ter ference  
microscope and the beams reflected f rom the surface 
of the silicon base, the lower  surface of the  oxide 
wedge, and the lower  surface of the oxide film in 
thei r  respect ive  regions. The oxide film of re f rac t ive  
index n has the effect of increasing the opt ical  pa th  
length  in the film, the  oxide/s i l icon interface  the reby  
being appa ren t ly  lowered.  The amount  of lower ing in 
the oxide film area  is d (n --  1), and the film thickness 
is given by  

k 
d : q [2] 

2 ( n - -  1) 

where  q is the fr inge displacement .  Hence, measure -  
ment  of f r inge d isplacement  on a nonmeta l l ized  
specimen enables the film thickness to be de te rmined  
if the re f rac t ive  index of the film mate r i a l  is known. 
The accuracy is again es t imated to be --0.1 fringe, 
but  this  now corresponds (assuming n = 1.50) to 
•  

If measurements  are made on meta l l ized  and non-  
meta l l ized  port ions of the same specimen, then equa-  
tions [1] and [2] hold s imul taneous ly  and so 

n : 1 + q / p  [3] 

Hence, the re f rac t ive  index of the oxide film can be 
de te rmined  s imply by measur ing  the two fr inge dis-  
p lacements  q and p. The accuracy for a 15,000A film 
is es t imated  to be 1-2%. The values obta ined to date  
for oxide films on silicon have been in the range  
1.48-1.50. This method for de te rmining  the re f rac t ive  
index of surface oxide films can p re sumab ly  be ap-  
p l ied  to mate r ia l s  other  than silicon. 

Return ing  to Fig. 3, the  wedge area  in the non- 
meta l l ized  port ion of the specimen exhibi ts  a com- 
pl icated fr inge a r r ay?  In addi t ion to the  main  fr inge 
system crossing the wedge obliquely,  there  is a 
weaker  sys tem crossing the wedge obl iquely  in the  

z A s o m e w h a t  s i m i l a r  a r r ay  assoc ia ted  w i t h  ox ide  f i lms  on u r a -  
n i u m  was  r ecen t ly  r e p o r t e d  b y  S t e b b i n s  and  S h r e i r  (1). H o w e v e r ,  
no p h o t o g r a p h s  of  t he  f r i n g e s  w e r e  shown,  

opposite direction. Comparison with  the metal l ized 
por t ion of the specimen identifies this sys tem as be -  
ing associated wi th  the reference  p lane  of the in te r -  
ference microscope and the upper  surface of the 
oxide film. There  is also a th i rd  system, seen as a pe r -  
tu rba t ion  associated wi th  the main system, running  
in a di rect ion pa ra l l e l  to the wedge. This system 
arises f rom in ter ference  occurr ing be tween  the upper  
surface and lower  surface of the oxide wedge. Hence, 
it  should be possible to examine  this l a t t e r  system 
wi thout  using an in ter ference  microscope. The resul t  
of removing the reference p lane  of the in ter ference  
microscope, equiva lent  to using a meta l lu rg ica l  mi -  
croscope equipped wi th  a monochromat ic  l ight  
source, is shown in Fig. 6. In  the  metat l ized port ion 
of the specimen no fr inges occur, while  in the non-  
meta l l ized  por t ion of the specimen the th i rd  f r inge 
sys tem occurs alone. The origin of this f r inge system 
is shown in Fig. 7. The film thickness is given by  

k 
d = r [4] 

2n 

where  r is the number  of fr inges wi th in  the wedge 
area. The number  of fr inges r is counted f rom the 
silicon base t oward  the oxide film, the silicon base 
being considered as the center  of a b r igh t  fringe. 
The f rac t ional  fr inge is es t imated  by in terpola t ion  
assuming the slope of the  wedge to be uniform. 
When the wedge te rmina tes  wi th  a da rk  fringe, as 
for example  in Fig. 8b, d, and f, the f rac t ional  f r inge 
can also be es t imated  f rom the degree of grayness  
of the oxide film away  from the wedge area. Hence, 
counting the number  of wedge fr inges on a non-  
metal l ized specimen enables  the film thickness to 
be de te rmined  if the re f rac t ive  index of the  film is 

Fig. 6. Result of removing the reference plane of the interference 
microscope while observing the fringes of Fig. 3. Only wedge 
fringes in the nonmetallized portion remain. 

Air - -~ i l /  , I - ~L  1 
Oxide --~ d I Ii 

Silicon ~ t ~ i  I 
- - - - - ~  I 

Section Through Wedge 

Fig. 7. Origin of the wedge fringes of Fig. 6 
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Fig. 8. Influence of surface finish on the fringe displacement and 
wedge methods for determining film thickness. The wedge method 
can be used for smooth and rough surfaces. 

known. The accuracy is estimated to be --+ 0.2 fringe, 
corresponding (assuming n = 1.50) to -- 350A. Al- 
ternatively, by making measurements on metallized 
and nonmetallized portions of the same specimen 
according to Eq. [1] and [4], respectively, the re-  
fractive index of the oxide film can be calculated 
from 

n ---- r /p  [5] 

For the derivation of Eq. [3] and [4] it was as- 
sumed that any phase changes occurring at the air /  
silicon, oxide/silicon, and air /oxide interfaces could 
be disregarded. The assumption is justified by the 
following. Referring to the nonmetallized portion 
of Fig. 3, the fringe system associated with the sil- 
icon base is dependent on a phase change occurring 
at the air/silicon interface. On reaching the oxide 
wedge this fringe system splits into two systems. The 
main system, proceeding toward the top of the pho- 
tograph, is dependent on a phase change occurring 
at the oxide/silicon interface. The secondary sys- 
tem, proceeding toward the bottom of the photo- 
graph, is dependent on a phase change occurring 
at the air /oxide interface. Figure 3 and other sim- 
ilar photographs show that these three fringe sys- 
tems all meet without any abrupt  discontinuities at 
the boundary  where the oxide wedge begins. Hence, 
it can be deduced that  these phase changes are all 
the same, at least within the accuracy of the meas-  
urements discussed here, and can therefore be dis- 
regarded. The assumption is fur ther  supported by 
the good agreement obtained in measuring thick- 
nesses by more than one of the interference methods 
described above. 

In the calculation of the accuracies from Eq. [2] 
and [4], no account was taken of possible errors due 
to uncertainty in the value assumed for the refrac-  
tive index n. The additional error which would re-  
sult may  be readily calculated. For example, for 
Eq. [4] a 1% error in n corresponds to an additional 
1% error in d, and for a film 10,000A thick this 
amounts to a fur ther  --100A. This error is small 

compared with the error given above arising from 
the fringe measurement,  -+350A, indicating that a 
knowledge of n to 1% is usually adequate for such 
measurements. 

The wedge method for determining film thickness 
has a number  of practical advantages over the fringe 
displacement method. The time and equipment 
involved in metallizing are eliminated. The fringes 
can be observed readily with a standard metal lur-  
gical microscope equipped with a monochromatic 
light source, so that  an interference microscope is 
not required. Moreover, the only adjustment neces- 
sary in order to see the fringes is to focus the micro- 
scope. 

The wedge method has a fur ther  practical ad- 
vantage, namely, that  measurements can be made 
equally well on specimens whose original surfaces 
are relatively uneven. This has been demonstrated 
by applying the fringe displacement and the wedge 
methods to specimens with three different types of 
surface finish: polished, heavily etched, and lapped 
(Fig. 8). The photographs in column 1 were ob- 
tained using the interference microscope, and fringe 
displacements can only be measured on the polished 
specimen. On the other hand, the photographs in 
column 2 were obtained using a metallurgical mi-  
croscope, and the fringes are uniform and clearly 
discernible for all three specimens. The polished 
and etched specimens were thermally oxidized at 
the same time, and it can be seen that the number  
of fringes within each of these two wedge areas are 
the same even though the angles of the two wedges 
are slightly different. The number  of fringes for 
the films of Fig. 8b, d, and f are 4.7, 4.7, and 5.5, 
respectively, corresponding (assuming n---- 1.50) to 
film thicknesses of 8400A, 8400A, and 9800A, re-  
spectively. For an additional check on the film thick- 
ness of the polished specimen, the fringe displace- 
ment of Fig. 8a is 1.6 fringes. Substituting this value 
into Eq. [2] gives (assuming n ---- 1.50) d ~- 8500A, 
in good agreement with the value obtained by the 
wedge method. 

It may  be noted that many  of the surface irregu- 
larities associated with the lapped specimen (Fig. 
Be) are of the same order of magnitude as the thick- 
ness of the oxide film (Fig. 8f), and yet relatively 
uniform wedge fringes are still obtained (Fig. 8f). 
The reason for this is that  during the oxidation proc- 
ess an oxide film of uniform thickness is formed, the 
upper surface of the film following the irregularities 
of the surface of the silicon specimen. During the 
step-forming process a certain proportion of this 
thickness is dissolved depending on its distance from 
the edge of the wax coating. Hence, although the 
upper  surface of the oxide wedge is also irregular, 
the thickness of the wedge still varies in a relatively 
uniform manner. 

Because of the simplicity and practicability of 
the wedge method, it has been found advantageous 
to use the method as a routine laboratory procedure 
for determining the thickness of oxide films on sil- 
icon. In particular, the method has been extensively 
applied to films thicker than 3000A with an accuracy 
of -350A.  
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Fig. 9. Optical system using a silvered glass slide for forming 
multiple-beam interference fringes. 

T h i n  Films 

In order to determine the thickness of thin oxide 
films on silicon, such as those produced by anodic 
techniques, the methods described in the last sec- 
tion are not sufficiently accurate, and it is necessary 
to use mult iple-beam interference (2). The stand- 
ard method for obtaining mult iple-beam fringes is 
shown in Fig. 9. One surface of a glass slide is sil- 
vered to be approximately 80% reflecting, and the 
surface of the specimen is silvered to be approx-  
imately 100% reflecting. The two silvered surfaces 
are placed close together with the glass slide upper-  
most, and the combination is examined with a met-  
allurgical microscope equipped with a monochro-  
matic light source. Light entering the combination 
undergoes a series of multiple reflections, giving 
rise to nar row sharp fringes. The silvered surface 
of the glass slide acts as a reference plane, and the 
fringes reveal the irregularities associated with the 
surface of the specimen. The orientation and spacing 
of the fringes are adjusted by slightly altering the 
position of the glass slide. Silver is generally used 
for the metallizing because of its low absorption 
of light. The value of 80% reflection given above 
for the glass slide surface is a practical value, be-  
ing relatively easy to achieve and not critical. Good 
quality fringes occur only if the two silvered sur- 
faces are very  close together. 

Multiple-beam fringes obtained by this method 
for a silicon specimen with a thin oxide film are 
shown in Fig. 10. The wedge-shaped step in the ox- 
ide film was formed by the standard procedure. In 
this instance the silvered surface of the glass slide 
was placed directly in contact with the silvered 
surface of the specimen, and the orientation and 
spacing of the fringes were adjusted by moving three 
small weights resting on top of the glass slide. Since 
the material  between the two silvered surfaces is 
air, the film thickness is given by Eq. [1], where p 
is the fringe displacement. However, because of the 
narrowness of the fringes the accuracy here is es- 
t imated to be 0.02 fringe, corresponding to • 
The displacement for the film of Fig. 10 is 0.14 
fringe, corresponding to a film thickness of 370A. 
However, it is difficult when using this method to 
achieve a routine accuracy much better than • 
This is because of difficulties in positioning the ref-  
erence surface at an appropriate angle only a few 
wavelengths away from the specimen surface, and 
in maintaining the silvered surfaces in good con- 
dition, i.e., free from tarnish and surface damage. 

Fig. 10. Multiple-beam interference fringes obtained by the 
silvered glass slide method. The specimen is a step in a thin oxide 
film on silicon. 

A mult iple-beam method capable of greater ac- 
curacy than the standard technique given above was 
recently described by Tolansky (3), and Joshi and 
Tolansky (4). In this method the specimen sur- 
face is silvered to be 100% reflecting, and a dilute 
solution of collodion in amyl  acetate is applied to 
the surface. The specimen is held vertically so that 
the solution drains and subsequently dries to give 
a thin wedge-shaped collodion film. The upper surface 
of the collodion film is then silvered to be approxi-  
mately 80% reflecting and acts as the reference 
plane, and the combination is examined in the stand- 
ard manner. 

This method has several advantages compared 
with the standard technique. First, extremely thin 
collodion films with very  small wedge angles can 
be formed. Second, the two silvered surfaces be- 
tween which the reflections occur are protected from 
the atmosphere, and so do not tarnish. Third, no 
mechanical adjustment of the two silvered surfaces 
is performed, so that  no surface damage results. 
Hence, the conditions are ideal for mult iple-beam 
interference, and extremely high quality fringes 
result. On the other hand, the orientation and spac- 
ing of the fringes cannot be adjusted after the collo- 
dion film has been formed. Consequently, it is nec- 
essary to apply the collodion solution and allow it 
to drain in such a way  that  the resulting fringes 
possess the required configuration. 

Fringes obtained using this method for a speci- 
men with a relatively smooth surface are shown 
in Fig. 11. The fringes are extremely narrow com- 
pared with the fringe spacing. If this method were 
used to measure oxide film thicknesses, the thick- 
ness would be given by Eq. [4] where r is the 
fringe displacement and n is the refractive index 
of collodion (1.40). It is estimated that  fringe dis- 
placements could be measured to • fringe, cor- 
responding to •  However, for the method to be 
successful it is nescessary that  the upper surface of 
the collodion film be smooth. 
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Fig. 11. Multiple-beam interference fringes obtained by the col- 
lodion film method. The specimen is a glass slide with a relatively 
smooth surface. 

When this method was used to de te rmine  the 
thickness of a number  of surface films by  measur ing  
step heights, the resul ts  were  unsa t i s fac tory  because 
the upper  surface of the collodion film tended to 
follow the contour of the  step r a the r  than  remain  
smooth. This was ascer ta ined by  examining  the me t -  
al l ized upper  surface of the collodion film wi th  a 
t w o - b e a m  in ter ference  microscope. Consequently,  
the indicated fr inge d isp lacement  was not a t rue  
measurement  of the film thickness. 

The lack of smoothness of the upper  surface of the 
collodion film on crossing the step is thought  to arise 
f rom the fol lowing mechanism. When  the collodion 
solution is applied,  the  lower  surface of the l iquid 
film closely follows the contour  of the specimen sur -  
face, and the upper  surface of the  l iquid film is 
smooth. As the solvent  evapora tes  the film becomes 
th inner  and more viscous, and before  solidification is 
complete  the  film is so viscous tha t  no fu r the r  l a t -  
e ra l  movement  of the l iquid is possible. Conse- 
quently,  the remain ing  solidification occurs by  a 
f ract ional  reduct ion of the  remain ing  l iquid film 
thickness,  wi th  the resul t  tha t  the upper  surface of the 
final collodion film follows to some extent  the con- 
tour  of the specimen surface. This behavior  p re -  
sumably  occurs whenever  a film is formed by  a 
method in which a volume change occurs dur ing  
solidification. 

In order  to overcome this difficulty a number  of 
films were  p repa red  using mater ia l s  exhibi t ing  an 
insignificant volume change dur ing  solidification, 
e.g., resins which sol idify by  polymer iza t ion  and 
waxes.  In all  instances the upper  surfaces of these 
films remained  smooth on crossing steps on the speci-  
men surface. Consequently,  if such mater ia l s  are  
used instead of collodion to form the requi red  film, 
the  measured  f r inge  d isp lacement  correc t ly  corre-  
sponds to the  step height.  

However,  when  clear  resins wi th  such proper t ies  
were  used to form the wedge- shaped  films, the films 
tended to possess l a rge  wedge angles and to be thick. 
Consequently,  the fr inges were  closely spaced and 
not  of the  high qua l i ty  obta inable  wi th  a collodion 

Fig. 12. Multiple-beam interference fringes obtained by the resin 
film method. The specimen is a double step in an evaporated metal 
film. 

film. The reason for this  is tha t  the viscosities of the  
l iquid resins were  app rox ima te ly  the  same as the 
viscosi ty of the collodion solution. Hence, the l iquid 
films formed on dra in ing  a surface ver t i ca l ly  using 
the resins exhib i ted  app rox ima te ly  the same profile 
as the l iquid film formed using collodion. However ,  
af ter  solidification the resin films had  subs tan t ia l ly  
the same form, whereas  the  collodion film possessed 
a much shal lower  wedge angle  and was much th in -  
ner  because of the apprec iab le  volume reduct ion 
caused by  the evapora t ion  of the solvent.  Conse- 
quent ly,  a l though a film mate r i a l  which does not 
significantly change in volume on solidification is r e -  
qui red to give va l id  step height  measurements ,  such 
a mate r ia l  is less sui table  for forming the wedge-  
shaped films. 

A prac t ica l  appl icat ion of this  method using an 
epoxy film is shown in Fig. 12. The specimen is a 
meta l  film evapora ted  onto glass r a the r  than  an 
oxide film on silicon, but  never theless  serves to i l -  
lus t ra te  the method. A str ip  of the  meta l  film ap-  
p rox ima te ly  0.1 m m  wide was in this  instance re -  
moved by  l ight ly  scribing the surface wi th  a needle  
point;  the  specimen was then s i lvered to be 100% 
reflecting. An epoxy resin was appl ied wi th  a small  
brush,  one s t roke being made pe rpend icu la r  to the 
strip. When the resin had solidified the upper  sur -  
face was s i lvered to be 80% reflecting, and the com- 
binat ion was examined  in the s tandard  manner .  In the 
area  shown in Fig. 12 un i fo rmly  spaced fr inges cross 
the s t r ip  approx ima te ly  pe rpend icu la r ly  and undergo 
symmet r ica l  d isplacements  at  the two steps. The 
s t ra ight  pa r t  of the displaced fr inge corresponds to 
the thickness of the meta l  film, while  the centra l  
V-shaped  pa r t  corresponds to the depth  of the  
scratch m a r k  made on the glass by  the needle  point.  
The film thickness is given by  Eq. [4],  where  r is 
the f r inge d isp lacement  and n is the re f rac t ive  index 
of the  epoxy  resin (1.49). The accuracy of measu re -  
ment  is es t imated  to be 0.02 fringe, corresponding to 
•  The d isplacement  is 0.18 fringe, corresponding 
to a film thickness of 320A. Accuracies  as good as 
•  have been obtained occasionally by  this 
method.  



1212 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1962 

Summary and Conclusions 
Opt ica l  i n t e r f e r e n c e  m e t h o d s  fo r  d e t e r m i n i n g  the  

t h i ckness  of ox ide  f i lms on s i l icon h a v e  been  i n v e s t i -  
ga ted .  In  a l l  i n s t ances  a p o r t i o n  of  t he  f i lm was  d i s -  
so lved  w i t h  HF,  and  t h e  h e i g h t  of t he  s tep  t hus  
c r e a t e d  was  m e a s u r e d .  F o r  t h i c k  f i lms ( ~ 3 0 0 0 A )  
t w o - b e a m  i n t e r f e r e n c e  was  used,  and  for  th in  f i lms 
( ( 3 0 0 0 A )  m u l t i p l e - b e a m  i n t e r f e r e n c e  was  used.  

T h r e e  d i f fe ren t  m e t h o d s  w e r e  e m p l o y e d  for  t he  
t h i c k  films. F i r s t ,  t h e  s p e c i m e n  was  m e t a l l i z e d  and  
the  f r i n g e  d i s p l a c e m e n t  on c ross ing  the  s t ep  was  
m e a s u r e d .  Second,  t he  p r o c e d u r e  was  the  same,  e x -  
cep t  t h a t  t he  spec imen  was  not  me ta l l i zed .  Th i rd ,  a 
sha l low w e d g e - s h a p e d  s tep  was  fo rmed ,  t he  s p e c i m e n  
was  no t  me ta l l i zed ,  and  the  n u m b e r  of f r inges  w i t h i n  
t he  w e d g e  a r e a  was  counted .  The  r o u t i n e  accu rac i e s  
of t h e  t h r e e  m e t h o d s  w e r e  a p p r o x i m a t e l y  •  +--540, 
a n d  ----350A, r e spec t i ve ly .  The  f irst  a n d  t h i r d  m e t h -  
ods a r e  t he  mos t  i m p o r t a n t .  Thus ,  t h e  f irst  m e t h o d  
is an  a b s o l u t e  me thod ,  i.e., is i n d e p e n d e n t  of  t he  r e -  
f r a c t i v e  i n d e x  of t he  o x i d e  film, and  is mos t  accura t e .  
The  t h i r d  m e t h o d  has  a n u m b e r  of p r a c t i c a l  a d -  
v a n t a g e s  t h a t  m a k e  i t  v a l u a b l e  as a r o u t i n e  l a b o r a -  
t o r y  p rocedu re ,  and  i t  is on ly  s l i g h t l y  less a c c u r a t e  
t h a n  the  first  me thod .  F o r  those  ox ide  f i lms w h o s e  
r e f r a c t i v e  i n d e x  is no t  known ,  t h e  r e f r a c t i v e  i n d e x  
can  be  d e d u c e d  s i m p l y  f r o m  f r i n g e  m e a s u r e m e n t s  
m a d e  on  a n y  p a r t i c u l a r  f i lm b y  e i t he r  t he  f irst  and  
second  me thods ,  or  t he  f irst  and  t h i r d  me thods .  The  
a c c u r a c y  is ---1-2% for  a f i lm 15,000A th ick .  

Two  d i f f e ren t  m e t h o d s  w e r e  used  for  t he  t h in  
films. F i r s t ,  t h e  s p e c i m e n  was  s i l v e r e d  to be  100% 
ref lec t ing ,  a g lass  s l ide  w a s  s i l ve red  to be  80% r e -  
f lect ing,  and  t h e  s l ide  was  p l a c e d  c lose  to the  su r f ace  
of  the  s p e c i m e n  (2) .  The  r o u t i n e  a c c u r a c y  was  a p -  
p r o x i m a t e l y  - -55A, and  t h e  m e t h o d  is an  a b s o l u t e  
me thod .  Second ,  t h e  s p e c i m e n  was  s i l ve red  to be  
100% ref lec t ing ,  a t h in  l i qu id  f i lm was  a p p l i e d  to t he  

s p e c i m e n  su r f ace  and  a l l o w e d  to so l id i fy ,  and  the  
u p p e r  su r face  of t he  f i lm was  s i l v e r e d  to be  80% r e -  
f lecting.  W h e n  so lu t ions  w h i c h  d r i e d  b y  e v a p o r a t i o n  
of a so lven t  w e r e  used  for  t h e  l i qu id  films, e.g., 
co l lod ion  in a m y l  ace t a t e  ( 3 , 4 ) ,  e x t r e m e l y  h i g h -  
q u a l i t y  f r inges  w e r e  ob ta ined .  H o w e v e r ,  s tep  h e i g h t  
m e a s u r e m e n t s  w e r e  not  v a l i d  be c a use  t he  u p p e r  
( r e f e r e n c e )  su r f ace  of t he  d r y  co l lod ion  f i lm t e n d e d  
to fo l low the  con tou r  of  t h e  s p e c i m e n  s u r f a c e  r a t h e r  
t h a n  r e m a i n  flat. W h e n  c l ea r  r e s ins  w h i c h  sol id i f ied  
b y  p o l y m e r i z a t i o n  w e r e  used  for  the  l i qu id  f i lm the  
f r inges  w e r e  no t  of such  h igh  qua l i t y .  H o w e v e r ,  s tep  
he igh t  m e a s u r e m e n t s  w e r e  v a l i d  be c a use  t he  u p p e r  
su r f a c e  of the  sol id i f ied  re s in  was  flat. The  r o u t i n e  
a c c u r a c y  us ing  res ins  was  a p p r o x i m a t e l y  ---35A. F u r -  
t he r  d e v e l o p m e n t  of th is  me thod ,  a n d  in  p a r t i c u l a r  
p r o c e d u r e s  for  a p p l y i n g  t h in  r e s in  f i lms to spec imens ,  
shou ld  e n a b l e  th i s  a c c u r a c y  to  b e  s ign i f i can t ly  i n -  
c reased .  
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T h i s  D i s c u s s i o n  S e c t i o n  i n c l u d e s  d i s c u s s i o n  of  p a p e r s  a p p e a r i n g  
in  t h e  JOURNA~ Of T h e  E l e c t r o c h e m i c a l  Soc ie ty ,  Vol .  108, No.  11 
( N o v e m b e r  1961),  a n d  Vol .  109, No.  1-6 ( J a n u a r y - J u n e  1962). D i s -  
c u s s i o n  n o t  a v a i l a b l e  f o r  t h i s  i s sue  wi l l  a p p e a r  in  t h e  D i s c u s s i o n  
S e c t i o n  of  t h e  J u n e  1963 JOURNAL. 

Hydrogen Absorption by Zircaloy-2 and Some Other  
Alloys during Corrosion in Steam 

B. Cox (pp. 6-12, Vol. 109, No. 1) 

H. A. Fisch~: Tests have been made in this laboratory 
using both annealed and heat t reated zirconium-2 
atom % Sn-2 atom % Nb alloy in 316 ~ and 360~ 
neut ra l  water  at saturat ion pressure and in 400-, 440-, 
and 482~ psi steam. Some results of these tests 
are shown in  Fig. 1 and 2 and Tables I and II of this 

z K n o l l s  A t o m i c  P o w e r  Lab . ,  G e n e r a l  E l e c t r i c  Co.,  S c h e n e c t a d y ,  
N.  Y. ( O p e r a t e d  f o r  t h e  U .S .A.E .C . )  
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Table I. Effect of heat treatment on hydrogen absorption 
by zirconium-2 at. % tin-2 at. % niobium after 

98 days exposure in 360~ neutral water 

H y d r o g e n  

O x y g e n ,  % t h e e -  
H e a t  t r e a t m e n t  r a g / d i n  ~ r a g / d i n  2 r e t i c a l  H : O  r a t i o  

Betatized at 950~ 24 hr, 

Furnace-cooled 139 1.8 10.2 0.013 

Air-cooled 136 2.0 1 1 . 8  0.015 
Water -quenched 

Aged at 500~ 100 hr, 132 3.1 1 8 . 9  0.023 
furnace-cooled 

Aged at 700~ 100 hr, 146 2.0 1 1 . 1  0.014 
furnace-cooled 

Cold-worked 117 1.7 1 1 . 9  0.015 
approximately 30 % 

Table II. Effect of heat treatment on hydrogen absorption by 
zirconlum-2 at. % tin-2 at. % niobium after 98 days 

exposure in 400~ psi steam 

H e a t  t r e a t m e n t  

H y d r o g e n  

O x y g e n ,  % t h e o -  
r a g / d i n  '2 m g / d m  2 r e t i c a l  H : O  r a t i o  

Betatized at 950~ 24 hr, 

Furnace-cooled 495 6.7 10.9 0.014 

Air-cooled 471 6.7 1 1 . 5  0.014 

Water -quenched 900 13.6 1 2 . 2  0.015 

Aged at 500~ t00 hr, 634 10.0 12.7 0.016 
furnace-cooled 

Aged at 600~ 100 hr, 459 7.4 1 2 . 9  0.016 
furnace-cooled 

Aged at 700~ 100 hr, 551 7.0 I0.1 0.013 
furnace-cooled 

Cold-worked 357 5.4 12.2 0.015 
approximately 30% 

discussion. It  was found that  the ratio of hydrogen to 
oxygen uptake was essentially constant  over both the 
pretransi t ion and post- t ransi t ion corrosion region and 
independent  of heat t rea tment  conditions. 

It  would be of interest  to know if the plateau in the 
hydrogen to oxygen uptake ratio for Zr-2 Nb-0.5 Sn in 
500~ atm steam (Fig. 12 of the discussed paper) 
has been observed at lower temperatures  and /or  higher 
pressures or for other Z r - N b - S n  alloys. 

B. Cox: The pr imary  difference between the results 
obtained at A.E.R.E. 2 and those of Fisch 3 was the ob- 
servance at A.E.R.E. of an increased rate of hydrogen 
uptake by a Z r -Nb-Sn  alloy in the post- t ransi t ion 
oxidation region at 500~ and not the occurrence of 
a "plateau" (since the results at low weight gains, 
if extrapolated, give a l ine of similar gradient  to that  
through the K.A.P.L. results) .  More recent  results of 
hydrogen absorption by Z r - N b ( - S n )  alloys have been 
presented in an A.E.R.E. report , '  and the difference 

s B.  Cox ,  This Journal,  109, 6 (1962).  

3 H.  A.  F i s c h ,  K . A . P . L . ,  2149. 

4 B. Cox,  P .  G.  C h a d d ,  a n d  J .  F.  S h o r t ,  A E R E - R  4134, A u g .  1962. 
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between these results and those obtained at K.A.P.L. 
has been discussed. At  tempera tures  of 400~ and 
below, results  obtained here  for a range of Zr-Nb 
(-Sn)  alloys were  in good agreement  with those re-  

ported f rom K.A.P.L.; at h igher  temperatures ,  however ,  
an increase in the ra te  of hydrogen uptake dur ing 
post- t ransi t ion oxidation was genera l ly  observed. 

RSsleff and Klepfeff  have  also observed increases 
in the hydrogen uptake rate  fol lowing transition, 
whereas  Dalgaard  7 and Boulton ~ have  not. In many 
instances, the alloys used in these exper iments  differ 
somewhat  in composit ion and heat  t reatment ,  and it 
is not possible to e l iminate  ei ther  of these as the cause 
of the divergence of results. However ,  both Boulton 
and ourselves  have used specimens f rom the same 
billet, in the same meta l lurgica l  condition, wi th  differ- 
ent  results. Thus, the observed differences result,  
probably,  f rom small  variat ions in exper imenta l  tech-  
nique, the oxygen  content  of the steam being the most 
l ikely var iable  to affect the results. Recent  work  at 
Hanford ~ has shown that  even small  variat ions in the 
oxygen content  of the steam can resul t  in profound 
changes in the hydrogen  uptake  behavior  of Zircaloy-2 
and Zircaloy-4. We current ly  are per forming exper i -  
ments  to test this hypothesis, wi th  respect to Zr-Nb 
alloys. 

Electrodeposition of Gallium on Liquid and Solid 
Gallium Electrodes in Alkaline Solutions 

J. O'M. Bockris and E. Enyo 
(pp. 48-54, Vol. 109, No. I) 

J. D. Corbettl~ The authors '  purpose and technique 
for s tudying the electrolysis of basic gallate solutions 
at gal l ium electrodes are wel l  taken. However ,  the 
suggested electrode mechanisms should be made com- 
patible wi th  more recent  knowledge of the solution 
chemist ry  of gallium. The principal  evidence cited re-  
garding the stabili ty of lower  oxidation states of 
gal l ium in aqueous solution is Lat imer ' s  ~1 conclusion 
that  Ga~O (s) is unstable wi th  respect  to disproport ion-  
ation into gal l ium meta l  and Ga~Os. However ,  the 
evidence for this is tenuous and, moreover ,  i t  is stated 
to apply to acidic systems. The same source also est i-  
mates that  the gal l ium (II) state is s imilar ly  unstable in 
alkaline solutions, the evidence in this case being the 
behavior  of the so-called gallous chloride GaCl~. It 
is now known that  ne i ther  s ta tement  is ent i re ly  cor- 
rect. First, the gal l ium dichloride has amply been 
shown to be a salt of gal l ium (I),  Ga§ -),~,1~ and 
there  is no evidence for salts of Ga 2§ Secondly, the 
principal  react ion of such ga l l ium(I )  salts wi th  
aqueous acid or base is the format ion of hydrogen 
[plus gal l ium ( I I I ) ]  and not disproportionation,  ~,~' 
contrary to La t imer  and to Eq. [7] of this paper. 

Equal ly  per t inent  to this discussion is the observa-  
tion in this laboratory  ~ that  a lkal ine solutions of gal-  

5 U. R6s le r ,  P a p e r  p r e s e n t e d  a t  t he  S y m p o s i u m  on  C o r r o s i o n  in  
Nu c l ea r  Ene rgy ,  Par i s ,  Oct.  1961. 

e H. H. K lep fe r ,  W. V. C u m m i n g s ,  a nd  R. E. Blood ,  GEAP-3729 .  

v S. B. D a l g a a r d ,  AECL-1308  a n d  AECL-1513.  

s J .  Bou l ton ,  P a p e r  p r e s e n t e d  a t  I .A.E.A.  C o n f e r e n c e  on  Cor ros ion  
of Reac to r  Mate r i a l s ,  Sa l zbu rg ,  J u n e  1962. 

9 H. P. Maffe i  and  D. W. S h a n n o n ,  HW-67437 a n d  HW-72266.  

lo I n s t i t u t e  fo r  A t o m i c  R e s e a r c h  a nd  Dept .  of C h e m i s t r y ,  I owa  
S ta te  U n i v e r s i t y ,  Ames ,  Iowa.  

~ W .  M. L a t i m e r ,  " O x i d a t i o n  P o t e n t i a l s , "  2nd  Ed.,  pp.  160-161, 
P r e n t i c e - H a l l ,  Inc. ,  N e w  Y o r k  (1952). 

~ J .  D. C o r b e t t  a n d  R. K. M c M u l l a n ,  J. A m .  Chem.  Soc., 78, 2906 
(1956) ; R. K. M c M u l l a n  a n d  J .  D. Corbe t t ,  ibid., 80, 4761 (1958). 

~ L .  A. W o o d w a r d ,  G.  G a r t o n ,  a nd  H. Rober t s ,  J. Chem. Soc., 
3623 (1956); G. G a r t o n  a n d  H. M. Powe l l ,  J. Inovg. & Nuclear 
Chem.,  4, 84 (1957). 

~ J.  D. C o r b e t t  a n d  R. K. M c M u l l a n ,  J. A m .  Chem.  Soc., 77, 4217 
(1965). 
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l ium(I )  salts are re la t ive ly  stable, in contrast  to the 
rapid reaction found with  acids. Solutions of Ga 
(GaC1,) in aqueous NaOH decompose solely via the 
homogeneous reduct ion of wa te r  in a react ion that  is 
first order  in both ga l l ium(I )  and hydroxide  concen- 
trat ions over  the range of 1 to 4M OH-; a m ax imum of 
--1.39v for the G a ( I ) - - G a  reduct ion potent ial  can be 
der ived from the reducing capabili t ies of such solu- 
tions. Since the half  l ife of the decomposit ion react ion 
is 5.2 hr  in 1M OH-, the possible format ion of this 
in termedia te  should cer ta inly be considered in the 
oxidat ion of gal l ium metal  or in the reduct ion of a lka-  
l ine ga la te ( I I I )  solution. It  is difficult to assess the 
rate  of the subsequent,  nonelectrolyt ic  oxidation of 
ga l l ium(I )  by solvent in the present  paper, however ,  
as the concentra t ion of f ree  (or total) hydroxide  
uti l ized does not appear  to be given. 

Insofar as macroscopic reactions can be related to 
the mechanisms under  considerat ion here, the pro-  
duction of significant amounts  of ga l l ium( I ) ,  e i ther  
by equi l ibrat ion of 0.05M G a ( O H ) - ,  in 1M OH- 
with  the l iquid meta l  or as a by-produc t  of the 
deposition of the meta l  by electrolysis of gallate 
(III) solutions 1 to 3M in OH-, has not been detected. 
On the other  hand, the anodic oxidation of meta l  into 
1M NaOH has been found to yield reduced gal l ium as 
wel l  as the normal  gallate at least in the range of 17- 
170 m a / c m  ~. Al though the authors note that  the anodic 
overpoten t ia l -cur ren t  density relat ionship (Fig. 7 of 
discussed paper)  shows deviat ions suggestive of Ga (I),  
the mechanism applied still involves the unknown dis- 
proport ionat ion reaction. It  would seem more appro- 
pr iate  to consider instead e i ther  the disproport ionat ion 
of or a rapid reduct ion of water  by the less stable 
ga l l ium(I I )  in both the anodic and the cathodic pro-  
cesses. 

Anodic Polarization Studies in Neutral and Alkaline 
Solutions Containing Corrosion Inhibitors 

K. S. Rajagopalan, K. Venu, and K. Balakrishnan 
(pp. 81-87, Vol. 109, No. 2) 

J. E. O. Mayne16: The authors conclude f rom the 
current  density/NaC1 conc relationship,  Fig. 3, that  a 
cur ren t  density of 290 ~a /cm ~ should distinguish be-  
tween a corrosive and inhibi t ive  solution. However ,  
this conclusion is not in accordance with their  exper i -  
menta l  results since the correlat ion be tween the polar i -  
zation tests given in Fig. 5 and the results of the cor-  
rosion tests recorded in Table III  cannot be regarded  
as satisfactory. The bias toward passivity shown in the 
anodic polarizat ion test carr ied out at 290 ~a /cm ~, Fig. 
5, is to be expected at such a high current  density; 
much bet ter  correlat ion has been obtained in similar  
solutions at 10 ~,a/cm ~, a l though a similar  bias toward 
passivation in the polarization exper iments  has been 
experienced at this low current  density in the presence 
of cer ta in  corrosive ions such as perchlorate.  1~ 

It  is fel t  that  in order  for anodic polarizat ion to be of 
use in making  predictions the current  density should 
be kept  low; fur thermore ,  the period of immersion in 
the solution before the application of the current  
should be careful ly  controlled. ~s 

K. S.  Rajagopa lan ,  K. V e n u ,  a n d  K. Ba lakr i shnan:  
We have shown that  when  one plots the current  density 
requi red  to reach the desired potent ial  (of oxide film 
format ion or oxygen evolution) against concentrat ion 
of sodium chloride, a ve ry  sharp increase in the cur-  
rent  r equ i rement  is observed after a given chloride 
concentrat ion is reached. This would indicate that  at 
higher  chloride concentrat ions there  is l i t t le  l ikel i -  
hood of the oxide film being kept  in repa i r  by local 

�9 6 Dept .  of M e t a l l u r g y ,  U n i v e r s i t y  of  C a m b r i d g e ,  C a m b r i d g e ,  
E n g l a n d .  

17p. Hancock  a n d  J .  E. O. Mayne ,  J. AppL  Chem. (London) ,  7, 
700 (1957). 

is I t .  F.  Lorking and J .  E. O. Mayne ,  J. Appl .  Chem. (London) ,  
10, 264 (1960). 
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action. The choice of 290 ~a /cm ~ was made as it was 
rat ional  to take the current  represented by the region 
where  the change in the current  density r equ i remen t  
was steepest  wi th  respect  to sodium chloride concen- 
tration. In other  words, exper iments  were  carr ied out 
under  the most  favorable  conditions of repair  of oxide 
film that  can at all be met  wi th  in the actual system to 
study the inimical  effect of aggressive anions. The 
authors have  shown later  in the paper  that  a study 
of the t ime taken for potent ial  to fal l  back to a corrod-  
ing potent ial  in re la t ion to concentrat ion of sodium 
chloride would  be more  significant than an exper iment  
based on the cr i ter ion of a rise in potential  on applica- 
tion of current  as suggested by Dr. Mayne. It  appears 
to be quite  reasonable to carry out such a study under  
the most  favorable  conditions, as fa i lure  under  these 
conditions may  be taken to be a clear  indication of 
fa i lure  in na tura l  conditions. 

A more  detailed invest igat ion may  reveal  the exact  
relat ionship that  exists be tween  the t ime of b reak-  
down and concentrat ion of sodium chloride. This 
would help in defining the conditions for b reakdown of 
the o x i d e  film. Even  then the conditions for b reak-  
down of an oxide film that  is not kept  under  efficient 
repai r  would differ somewhat  f rom those inferred in 
this way. The lack of complete  correlat ion be tween  
results obtained in direct  tests (Table III)  and the 
conclusions d rawn ear l ier  f rom polarization measure-  
ments is, therefore,  not unexpected.  But  the point to 
be r emembered  here  is that  the actual system is a 
more difficult system for making  predictions about  the 
Ch OH concentrat ion rat io which wil l  cause breakdown 
of the oxide film. 

The Effective Duration of a Linear Slow-Cool 
D. R. Killoran (pp. 170-171, Vol. 109, No. 2) 

E. D. Fabrieiusl~: There  are two ma jo r  types of im- 
pur i ty  diffusion mechanisms, interst i t ial  and substi tu-  
tional. Impur i t ies  that  diffuse inters t i t ia l ly  are charac-  
terized by a small  diffusion act ivat ion-energy,  and a 
ve ry  t empera tu re -dependen t  solid solubility; whi le  
those that  diffuse subst i tut ionally exhibi t  a large diffu- 
sion ac t iva t ion-energy  and a re la t ive ly  t empera tu re -  
insensit ive solid solubility. Below the m a x i m u m  solid 
solubili ty of impuri t ies  in ge rmanium and silicon, the 
t empera tu re  dependence of the solid solubili ty may be 
approximated quite  closely by an expression of the 
form ~~ 

C~ ---- A exp (BT) [1] 

Table I 

Dif fus ion  tyDe E l e m e n t  B (~ -1) a H / k  (~ 

Interst i t ia l  Ag  0.0100 14,300 ~ 
Interst i t ia l  Li 0.0100 5,800 ~ 

Subst i tut ional  Sb 0.0020 28,600 ~ 
Subst i tut ional  In 0.0011 42,400 ~ 

a C a l c u l a t e d  ~rom So l id  S o l u b i l i t y  g r a p h s  of :  F .  A. T r u m b o r e ,  
R.S.T.J. ,  39, No. 1, 208 (1960). 

bB.  I. Bo l t aks ,  Zhur. Tekh.  Fiz., 28, 996 (1956), a nd  G.  A.  Ra t -  
cliff, P r i v a t e  c o m m u n i c a t i o n .  

W. C. D u n l a p ,  J. Phys.  gev . ,  94, 1631 (1954). 

Table I of this discussion lists some representa t ive  
values of the act ivat ion energies of diffusion and the 
approximat ion of Eq. [1] for impuri t ies  in germanium. 

On cooling, a mater ia l  wil l  tend to re jec t  impuri t ies  
in excess of the solid solubility, thus forcing the dif-  
fusion near  the surface where  the concentrat ion of 
impuri t ies  is greatest.  

The general  equat ion for a slow-cool when  both the 
solid solubili ty and the diffusion coefficient are chang-  

lo G i a n n i n i  Con t ro l s  Corp. ,  55 N o r t h  V e r n o n  Ave. ,  Pa sadena ,  Cal i f .  

2o See r e f e r ence  a, T a b l e  I of  t h i s  discussion.  
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ing with t empera tu re  cannot be solved in a closed ana-  
lyt ical  manner .  However ,  an arb i t ra ry  distr ibut ion of 
impurit ies,  C~(x), in an infinite slab of material ,  if 
a l lowed to redis t r ibute  i tself  by diffusion, wil l  diffuse 
according to the fol lowing equation~: 

C (x,t) -~ f~ (4~Dt)-ll~C1 (~) exp [-- (x - -  ~)"/4Dt] d~ [2] 

where  D is the diffusion coefficient, and t is the t ime of 
diffusion. Eq. [2] can be approximated  for a slow-cool 
by replacing the integral  by a series and using the 
cons tan t - tempera ture  diffusion data for the initial 
profile, yielding: 

C(x,t) ~ ~(4~Dt)-~/~Cl(~,)exp[--(x-- ~,)2/4Dt]A~ [3] 

Due to a lack of data on both ra te  l imitat ions at sur-  
faces ~,~ and the reactions involved  when  the concen- 
t ra t ion at the surface exceeds the solid solubili ty of a 
material ,  one approach would  be to assume that  the 
mater ia l  rejects  every th ing  in excess of the solid solu- 
bility, l imited by the ra te  of diffusion, and that  on the 
vapor  side of the interface the concentrat ion is g iven by 
the solid solubility. 

Eq. [3] has been programmed on an IBM 650 digital 
computor  under  the above assumptions, for the case of 
an interst i t ial  diffusor, Ag, and a substi tut ional  diffusor, 
Sb, wi th  the results as shown in Fig. 1 and 2 of this dis- 
cussion. A comparison wi th  Kil loran 's  equat ion shows 
that, except  ve ry  near  the surface, both methods yield 
almost  the same concentrat ion profile for  subst i tu-  
tionals. Thus, due to its simplicity, Ki l loran 's  approach 
is the more useful. 

For  interstit ials,  a be t ter  solution would  be to cal-  
culate Eq. 3, assuming [D] is a constant, g iven by the 
mean  value  over  the t empera tu re  interval .  While  ted i -  
ous, the equat ion can be calculated in a reasonable t ime 
in this manner ,  wi th  an accuracy wi th in  about 5% of 
the p rogrammed values. This is due to the fact  that, 
since D appears in the a rgument  of an exponent  and 
under  a radical  sign, Eq. [3] is re la t ive ly  insensi t ive to 
small change in D. 

The val idi ty  of Eq. [3] has been verified by measure-  
ments of sheet res is t ivi ty  (yielding the area under  the 
curve) ,  and junc t ion-depth  measurements  [yielding 
the value  of C.(x) at various depths] for several  im-  
puri t ies  in germanium, the calculated values  being 
wi th in  the limits of er ror  in measurement  in all cases. 

Acknowledgments.--The discussor is indebted to 
Fred  Barson of IBM for direct ly  suggesting this method 
of attack, to Ray Zachary for a r ranging  the equat ion in 
a manner  amenable  to programming,  to Charles Ratliff 
for p rogramming  the equation, and to Gordon Ratcliff 
for data on the diffusion coefficient of Ag in Ge, as 
wel l  as many  valuable  discussions of the problem. 

Daniel  R. Killoran": The va l id i ty  of the method 
used in my paper  depends on the assumption that  all 
other  parameters  remain  the same dur ing the slow-cool 
as dur ing the previous diffusion. However ,  these results  
are applicable to the problem considered by Fabricius 
in the sense that  they  consti tute a l imit ing case. In 
part icular ,  it wi l l  be shown that  

U(x,T) = Co erfco - -  [e[ [1] 

where  Co is the ini t ial  surface concentration, x is the 
distance f rom the surface, U(x,T) is the exact  solu- 
tion of the problem when  the surface concentrat ion is 
al lowed to decrease dur ing the slow-cool, and 

k = D(0o){durat ion of init ial  diffusion} [2] 

-~ I. N. Sneddon ,  " E l e m e n t s  of P a r t i a l  D i f f e r en t i a l  E q u a t i o n s , "  p. 
292, M c G r a w - H i l l  B o o k  Co., N e w  York  (1957). 

~'~ R. C. Mi l l e r  a n d  F. M. Stairs ,  Phys.  Rev.,  107, 65 (1957). 

2a F.  M. Srni ts  and  R. C. Mi l le r ,  Phys.  Rev. ,  104, 1242 (1956). 

P r e s e n t  add re s s :  S a g a m o r e  F a r m  Rd.,  H a m i l t o n ,  Mass.  
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cool, comparing Eq. [3] with Killoran's equation. 

Throughout  the  analysis  we wi l l  use the effective 
t ime (T) defined by  the equat ion 

-= f:  D( t )d t  [3] 

where  D(t)  is the diffusion constant  expressed as a 
funct ion of t ime. 

The express ion for the  surface concentra t ion as a 
funct ion of tau is exceedingly  complicated,  but  we only 
need to know tha t  it  is eve rywhere  positive, differ-  
entiable,  of exponent ia l  order,  and monotonic decreas -  
ing. These facts can be verif ied by  inspection. 

Let  
~'C ~C 

[4] " ~ -  ~-r 

subject  to the  bounda ry  condit ions 

C(O,O) = Co [5] 

C (x,O) = Co erfco [6] 

C(~ ,T)  = 0 [7] 

C(O,~) = F(~) [8] 

where  F(~)  is to sat isfy the  s ta ted  condit ions on the 
surface concentrat ion.  

Then, by  Duhamel ' s  Theorem ( x ) ]  
c ( x , , )  = FC -s  erfco ds [91 

In tegra t ing  by  par t s  

X 
C(X'T) = F ( O )  e r f c ~  ] 

F (T) erfco 

x 
- - F ( T - - s )  ds [10] f" erfco { ~/4 (~+s )  ~s 

But F(O) = Co by condit ion [5] and 

F(~)  > 0 for  all  

e r f c o {  x ~ > 0 f o r a l l x  

X 
erfco > 0 for x and s 

~ / 4 ( [ + s )  

F (T--s) 
0 for al l  s and T 

~s 
Therefore,  

x 
F(T) erfco f - -  > 0 for  a l l x  and �9 [11] 

and 
x } 3  

- - F ( T - - s )  d s>O [12] f ' e r f c o  { ~/4(},+s)  es  

for all  x and T. I t  then fol lows tha t  

C(x,T) ~ Co erfco X/4(X+ T) .~ - k l  [131 

which was to be shown. This means  that  the  solut ion 
obta ined  by  ignor ing the decrease  in surface is an 
upper  bound for the exact  solution, as phys ica l  in-  
tu i t ion would  suggest. In par t icu lar ,  the exact  solution 
eannot  eross the curve 

C(x,~) ----- Co erfco , , /4(~.+T) 

and, consequently,  Fabr ic ius '  equat ion is not  va l id  for 

large  values  of in his Fig. 2. 

The reason for this  is not  qui te  obvious, bu t  the 
assumpt ion tha t  D is constant  is cer ta in ly  suspect.  

By expanding  the e r ror  funct ions in Eq. [10] in 
asymptot ic  series in x, i t  can also be shown tha t  

lel -~ Oasx -~  ~ [15] 
X 

erfc~ [ ~/4 (~_}_~)] 

and therefore  Eq. [14] is also the asymptote  for the  
exact  solut ion for  large  values  of x. 

I t  is in teres t ing  to compare  these resul ts  to those ob-  
ta ined  by  Waring,  ~ a l though his p rob lem is s l ight ly  
different�9 

-~'~ W. Waring, This  Journal,  105, 702 (1958). 
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Solution and Diffusion of Corrosion Oxide Film 
in Zircaloy 

R. M. Treco (pp. 208-211, Vol. 109, No. 3) 

D I S C U S S I O N  S E C T I O N  

Richard E. Westerman~: The author  states (p. 209) 
that  "if the ent ire  weight  gain of the oxygen in the 
film were  to be dissolved and diffused uni formly  
throughout  the Zircaloy-2, it would  increase the oxy-  
gen concentrat ion by 270 ppm." 

The increase in oxygen  concentrat ion must  depend 
on the geometry  of the Zircaloy-2 piece, yet  this is 
nowhere  specified. In any case, the system is implied 
to be finite. 

The author  has calculated the t ime requi red  to dis- 
solve complete ly  and uni formly  distr ibute the film 
throughout  the Zircaloy-2 (Eq. [TJ, p. 209). This 
equation, as der ived by Bar ter ,  gives the t ime de- 
pendence of the solute concentrat ion existing at the 
surface of a semi-infinite sol~d. The equat ion has been 
applied to a finite system, where  Cr ~ 1270 ppm. In-  
finite t ime is requi red  in a classical diffusion system 
to effect uni form distr ibut ion of a solute, yet  an answer  
of 7.8 days has been obtained by specifying (Cf --  Co) 
and Q in a dimensionless yet  finite system, using an 
equat ion developed for semi-infini te media. What  has 
been found is simply the approximate  t ime requi red  
to at tain an arb i t ra ry  surface concentrat ion of 1270 
ppm oxygen for a Zircaloy-2 specimen of reasonable 
thickness. A uni form distr ibut ion of oxygen th rough-  
out the specimen cannot be implied. 

The author  then applies the same relat ion to de-  
te rmine  the t ime requ i red  to make  the corrosion film 
just  disappear  f rom the surface of the specimen, and 
obtains a va lue  of 1.8 min  (p. 210). This t ime is 
erroneously short, as the equat ion does not take into 
account the te rminal  solubili ty of the solute, which wil l  
in ter fere  wi th  the establ ishment  of the predicted con- 
centrat ion gradients dur ing solute redistr ibution.  A 
rigorous method of finding the t ime requi red  makes 
use of Pemsler ' s  formulas~: 

X'  -~ 0.676 5 L [1] 

boundary 

[2] 

where  ~ L ~ decrease in ZrO~ film thickness 

X ' :  displacement  of ox ide-meta l  
dur ing solution of ZrO~ film. 

Z'2  
t 

4b2D 
where  b = 0.126 

D = diffusivity of oxygen in Zircaloy-2 
t ---- t ime 

Subst i tut ing z, L ---- 6.180 x 10 -5 cm, we obtain a value  
of 3.8 min for film disappearance. 

Use of Pemsler ' s  formulas  requires  that  the oxygen 
ini t ial ly present  in the Zircaloy-2 is ini t ial ly uni formly  
dis tr ibuted or negligible;  the la t ter  is a good assump- 
tion under  the conditions cited in the paper, and the 
value of the constant "b" has been der ived for these 
conditions. Though it may  appear  that  the difference 
be tween 1.8 min  and 3.8 min is trivial,  only the 
(fortui tously)  high te rmina l  solubil i ty of oxygen in 
Zircaloy-2 allows Eq. [7] to yield an approximate ly  
correct  answer. The author  states that  the t ime of 1.8 
rain has been exper imenta l ly  verified for complete 
film dissolution. It would  be interes t ing to know if the 
limits of exper imenta l  er ror  are such that  the t ime of 
3.8 would be satisfactory also. 

In Eq. [9], x / X  should be replaced with k/~. 

C h e m i c a l  M e t a l l u r g y ,  Har t ford  Labs.  Ope ra t ion ,  G e n e r a l  E lec t r ic  
Co., R i c h l a n d ,  Wash. 

J.  P. Pems le r ,  " T h e  D i f fu s ion  of O x y g e n  in  Z i r c o n i u m  and  I t s  
R e l a t i o n  to  O x i d a t i o n  a n d  Cor ro s ion , "  NMI-1177 (May 1957). 
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R. M. Treco: Correct ion is to be noted for Eq. [9] on 
p. 210 as follows: 

0.7 +~o 
C - - C o =  ( - ~ )  exp (--1.32 x lO X ,n./t) 

Respecting Mr. Westerman 's  first comment~ it should 
be stated that  the original  work  for this paper  was 
based on a finite section which would  lead to a con- 
centrat ion of 270 ppm oxygen for that  section. Un-  
for tunately,  i t  was necessary to delete actual d imen-  
sions f rom the paper but  this in no way alters the 
diffusion equations presented. The application of Eq. 
[7], p. 209, was in fact to a semi-infini te solid, the 
semi-infini te re fe r r ing  to the diffusion path ra ther  
than the t ime for diffusion. In considering the te rminal  
solubili ty of the solute, i t  is also necessary to take into 
account the classical problem of the moving  boundary 
condition. This has also been pointed out in a pr ivate  
communicat ion of J. P. Pemsler  who has der ived a 
relat ionship which is theoret ical ly  correct. When this 
relat ion is applied to the present  problems, e.g., dif-  
fusion during corrosion, the calculated results are 
ve ry  similar. Exper imenta l ly ,  the difference be tween 
1.8 and 3.8 min is difficult to rect i fy  on the basis of 
exper imenta l  error,  and for the work  described was 
not significant. 

An Electron Optical Study of the Effect of Temperature 
and Environment on the Growth of Oxide Whiskers 

on Cold-Rolled and Annealed Copper 

W. R. Lasko and W. K. Tice (pp. 211-215, Vol. 109, No. 3) 

Axel  R~nnquist~8: In the paper  of Lasko and Tice it 
is shown that  the lower  t empe ra tu r e  l imit  for the ap-  
pearance of whiskers  is about 300~ and that  the 
number  of whiskers  per unit  area in the t empera tu re  
range 300~176 is h igher  on the preannealed  sam- 
ples than on the cold-rol led ones. This is also in good 
agreement  wi th  the results obtained by the discussor 
in a kinetic and morphological  study of the initial 
stages of the oxidat ion of copper. ~ 

Lasko and Tice explain their  results by assuming 
that  the whiskers  are nucelated at dislocations in the 
base metal.  However ,  another  plausible explanat ion 
is that  the nucleat ion of whiskers  takes place at stress- 
induced dislocations in the oxide layer.  With this as- 
sumption the appearance of oxide whiskers  at 300~ 
is readi ly  explained, since at this t empera tu re  the 
ratio CuO/Cu~O in the outer oxide layer  increases ~' ~1 
sharply, favor ing  a high s t ress - - the  stress in the outer  
layer  wil l  be larger,  the larger  the proport ion of this 
less dense oxide. ~~ 

The higher  density of whiskers  on the preannealed  
samples than on the cold-rol led  ones in the range 300 ~ 
500~ is explained by the authors as differences in the 
movemen t  of dislocations in the metal.  A more  at-  
t rac t ive  explanat ion which favors  a h igher  stress in 
the oxide layer  may be based on the higher  oxidation 
rate  of the preannealed samples. The h igher  oxidation 
ra te  depends upon the anisotropic oxidation of copper 
and the crystal lographic t ransformat ion taking part  
dur ing annealing. 

Copper when  s trongly cold-rol led has the wel l -  
defined texture  (110) < 111 > - - t h e  < 111 > direction 
of the face-centered  cubic crystals is aligned approxi-  
mate ly  in the cross-rol l ing direct ion and the ( l l 0 ) -  
faces lie approximate ly  in the roll ing plane. When the 
rol led copper has been complete ly  annealed, the p re -  
fer red  orientat ion changes to (100) < 100 >.~ Many 

es S w e d i s h  I n s t i t u t e  fo r  Me ta l  Research ,  S t o c k h o l m ,  Sweden .  

A. R 6 n n q u i s t ,  J. Inst. Metals, I n  press .  

~o W. J a e n i c k e  a n d  S. L e i s t i k o w ,  Z. physik .  Chem.  (Frankfur t ) ,  
15, 175 (1958). 

31R. F.  Tylecote ,  Metallurgia, 53, 191 (1956). 

3'~B. F. D e c k e r  a n d  D. t t a r k e r ,  Trans. A m .  Inst. Mining, Met. 
Petrol. Engrs., 188, 887 (1950). 
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authors ~ have pointed out the high oxidation ra te  of 
the (100)-face or the preannealed  copper sheets. ~ 

At  tempera tures  of 500~ and above, it seems some- 
what  difficult to give an explanat ion of the h igher  
density of whiskers  on the cold-rol led copper. The 
si tuation wil l  be ra ther  complicated because of not 
only oxidation going on, but  even recrystal l izat ion and 
grain growth of the metal.  

W. R. Lasko and W. K. Tice: The proposed explana-  
tion by Dr. RSnnquist  that  whisker  growth takes place 
at s t ress- induced dislocation sites in the base oxide 
layer,  a l though plausible, has not been confirmed ex-  
per imental ly .  In order  to demonstra te  that  whiskers  
originate at defect  sites, as proposed in the paper, 
e i ther  in the oxide layer  or base metal,  it is suggested 
that  the thin foil technique be adopted. Through the 
control led oxidation of th in  foils it should be possible 
to establish a correlat ion be tween  the na ture  of the 
growth  site and the points at which dislocation lines 
emerge.  

Similarly,  Dr. RSnnquist 's  explanat ion might  be 
tested by removing  the oxide layer  f rom the base 
meta l  by means of selective etchants and subsequently 
observing it, using s tandard transmission microscopy. 
If the hypothesis proposed in the paper  is correct  then 
one might  see s t ructural  detail  f rom the whisker  con- 
t inue through the basal oxide. Conversely,  if whisker  
growth emerges  f rom dislocation sites in the basal 
oxide layer  then one may observe the relat ionship be-  
tween dislocations and whiskers  using "dark  field" 
techniques. Fur the r  emphasis using this approach is 
under  way. 

Dr. RSnnquist  fu r the r  indicates that  the higher  
density of whiskers  observed on the preannealed  sam-  
ple than on the co ld-worked  mater ia l  can be accounted 
for by the h igher  stresses setup in the oxide layer,  the 
h igher  oxidat ion rate  depending on the anisotropic 
oxidation of the copper and the changes in crysta l -  
lography resul t ing f rom the anneal ing step. This is 
an interest ing hypothesis and one we have  previously  
considered. In fact, we have  made studies using the 
direct  carbon repl ica technique and have  observed the 
anisotropic oxidation of copper. The results of this 
study wil l  be published shortly. 

Transport Numbers in Pure Fused Zinc Chloride 
Arnold Lund~n (pp. 260-267, Vol. 109, No. 3) 

Richard C. Pinkerton~': In order  to assign t ransport  
numbers  in the manner  described by the author it was 
assumed that  the rates of association and dissociation 
of the possible complex ions were  very  small  when  
compared with  the t ime of t ransi t  of an ionic species 
through the membrane.  One would expect  that  the 
opposite is true, both because the length of the dif-  
fusion path must  necessari ly be large (10 ~ times the 
average intera tomic distance) ,  and because any ionic 
equi l ibr ia  should be reached very  rapidly.  The  t em-  
pera ture  is high. Exchange studies of zinc complexes 
at room tempera tu re  show that  over  90% exchange is 
complete wi th in  the t ime of separation, which is less 
than a minute  in many cases. ~ 

After  finding that  to § and t~- are apparent ly  ve ry  
small, the author  concludes that  "no t ransport  by 
complex ions has been detected in any par t  of the in-  
vest igated t empera tu re  range"  (p. 265). Rather,  i t  
should be concluded that, if  complex ions are present,  
equi l ibr ium is reached rapidly.  Large  proport ions of 
these ions could be present,  without affecting the values  
as they are  assigned by the author.  

For  exper iments  of Type I (p. 262), tagged M is 
placed in the anolyte. The catholyte  is examined after  
the run  for activity. Assuming that  equi l ibr ium is slow, 
the author  concludes that  the sum of t + and t /  is ob- 
tained, corresponding to t ransport  by M -~§ and MX +. 

A. R{Snnquist and H. F ischmeis te r ,  J. Inst. Metals, 89, 65 (1960- 
1961). 

Dept.  of Chemis t ry ,  N o r t h  Carol ina  State  College, Raleigh,  N. C. 

If the equi l ibr ium is rapid, on the other  hand, one 
should obtain t + -t- tc + - -  to-. This accrues because any 
M finding itself in the t ransport  region, or membrane,  
by v i r tue  of being in the cationic state, will  eventual ly  
spend a fract ion of its life as MX3-. While in that  state, 
it wil l  be t ransported in the reverse  direction. This 
can be shown in more detail  by defining the t ransport  
numbers  in terms of the velocit ies of the individual  
ions and their  mole fractions. As a result, one observes 
t ransport  which depends on an averaged velocity.  

In exper iments  of Type II, the author  finds to-, whe re -  
as the rapid equi l ibr ium case would give to- - -  t ~ - -  to +. 
This is seen to be just  the negat ive  of the value  ob- 
tained in Type I. However ,  for the radiotracer  ex-  
per iments  performed,  a negat ive value  could not pos- 
sibly be expected. By definition, no t racer  is placed in 
the anolyte in Type II experiments .  Instead, it can only 
be observed that  the net  t ransport  of M tracer  is not 
positive. Similarly,  for  the rapid equi l ibr ium case in ex-  
per iments  of Type III  and IV, one should obtain to + - -  t- 
--  %- instead of to +, and t- + to- - -  t~ + instead of t- ~- t~-. 

Since the results  of exper iments  of Types II and 
III  indicated to the author  that  the values of to + and to- 
would be small, a value  for the sum of t + and t- was 
found by adding the results f rom exper imenta l  Types 
I and IV. In the fast equi l ibr ium case, this operat ion 
would still give t + + t-, but  it is also seen that  this 
sum is 

( t§  -) + ( t - + t o - - - t o  § ) = t + + t - + t o + +  
t o - _ t c + _ t o - = l - - t o + _ t o  -. 

The author  is surprised that  the sum of t + and t- is not 
unity. However ,  the significant resul t  obtained f rom 
this ve ry  careful ly  per formed series of exper iments  
is precisely that  this sum is less than unity. It  may 
be taken to mean that  complexed ionic forms do indeed 
t ransport  a measureable  fract ion of the cur ren t  in 
mol ten zinc chloride. 

Arnold  I, und~n: In the original  paper  it was con- 
cluded (p. 265) that  "if complex ions exist in mol ten  
ZnCL, their  l i fe t ime must  be considerably less than 
the t ime it takes for an ion to t raverse  the membrane ."  
Dr. P inker ton  has shown that  it should be possible to 
est imate the contr ibution to t ransport  also f rom com- 
plex ions wi th  l i fet imes of the order of 1 sec or less, 
since to + -t- to- = 1 - -  t + - -  t-, which would  give t~+ -t- 
t~- < 1. He suggests tha t  the existence of such short-  
l ived complex ions is the cause of the apparent ly  low 
values of t~ + and t~-. However ,  in this case the ob- 
tained t ransport  numbers  would be independent  of the 
durat ion of the runs, and the spread in the results 
should not be larger  than corresponding to a probable 
error  of about 4- 0.02. There  remains a discrepancy 
wi th  the exper imenta l  results in these two respects, 
unless diffusion inside the disk as wel l  as in the sur-  
face layer  is taken into account, as was done in the 
original  communication.  

While the results for the runs below the mel t ing  
point of zinc (420~ are too uncer ta in  for this pur -  
pose, the measurements  at h igher  tempera tures  can 
be used to est imate an upper  l imit  for Pinker ton 's  
to § + to-. An  extrapolat ion of t + and t- to "infinite run -  
ning t ime" gives a sum that  might  wel l  be uni ty  as 
stated in the original  communication,  but  if the ex-  
per imenta l  er ror  is considered there  might  instead be 
a slight deficit, and one might  wr i t e  t /  + to- = 0.03 
__ 0.03. Thus the existence of shor t - l ived  complex ions 
is nei ther  proved nor excluded, and it seems difficult 
to do this with the present  type of exper iment .  

Mechanism of Stress Corrosion Cracking in Stainless 
Steels 

R. Stickler and S. Barnartt (pp. 343-344, Vol. 109, No. 4) 
J. C. Scully"6: The work  repor ted  by St ickler  and 

Barnar t t  represents  a most welcome extension of 
F. Basolo and R. G. Pearson,  "Mechan i sms  of Ino rgan ic  Reac-  

t ions ,"  pp. 402-403, J o h n  Wiley & Sons., Inc., N e w  York  (1958). 
~ M e t a l s  Research  Labs. ,  Olin Mathieson Chemica l  Corp., P. O. 

Box 006, New H a v e n  4, Conn.  
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studies of the stress corrosion of stainless steel by use 
of electron microscopy. The results, however ,  must  
be in terpre ted  with  care. 

The observation,  that  nonsusceptible stainless steels 
exhibi t  a "cell  s t ructure"  of dislocations while  sus- 
ceptible stainless steels do not, does not necessari ly 
mean that  the restr ic ted slip theory of For ty  87 is ap- 
plicable. He did not or iginal ly  propose it for austenitic 
stainless ~steels, and wha t  evidence there  is suggests 
that  it does not apply to them. 

Al though the rapid mechanica l / s low chemical type 
of propagat ion has been reported for other  systems of 
stress corrosion, e.g., Cu 4% A1/NaC1 + NaHCO3, ~ 
mild steel in nitrate,  3' the same exper imenta l  techniques 
have fai led to indicate that  this type of propagat ion 
occurs in stainless steel. Nor is this surprising. Austeni -  
tic stainless steel is a highly ductile mater ia l  and it is 
difficult to see how it  can sustain a stage of bri t t le  
crack propagation.  When 18-8 is s trained at 10~%/sec 
at --193~ br i t t le  fa i lure  does not occur. ~ For  a bri t t le  
crack to run  under  stress corrosion conditions, the 
s t ra in- ra te  at the tip of the crack must  be higher  than 
this, ye t  s imple calculat ion shows that  it is several  
orders of magni tude  lower.  

In a face-centered  cubic latt ice there  are 12 slip 
directions. A br i t t le  crack wil l  propagate  only if the 
initial tensile stress in the notch is applied in a shorter  
t ime than it  takes for the critical resolved shear stress 
of the mater ia l  to be reached on the nearest  con- 
venient ly  or iented slip plane. It must  be pointed out 
that  no t ime delay has been detected in stainless steel 
be tween  the applicat ion of a stress and the production 
of a stress. 41 Fur thermore ,  since the postulated chemical  
embr i t t l ing  stage is a slow one, a ve ry  sharp notch 
will  probably never  form since there  will  be adequate  
t ime for plastic re laxat ion  to occur at the tip. 

While an a l ternat ing mechanism of propagat ion can 
expla in  certain types of in te rgranula r  cracking or 
t ransgranular  cracking associated wi th  precipitates,  I 
fail  to see how it can be applied to the t ransgranular  
cracking of austenitic stainless steels. 

R. St ickler  and, S. Barnar t t :  I t  is t rue that  some of 
the at tempts  to detect  sudden f rac ture  steps dur ing 
crack propagat ion in 18-8 stainless steels have been 
negative. Sudden jumps in the potential  or elongation 
of wire  specimens were  not  observed in 42% MgCI~ so- 
lutions, ~.~ and acoustic detection of mechanical  f rac-  
ture  steps was also negative.  ~ Only one posit ive detec-  
tion (direct  microscopic observation) has been reported 
[Ref. (4) of the paper] .  It  is possible that, where  nega-  
tive results  were  obtained, the sensit ivi ty of the 
method used was not sufficiently high to show up ve ry  
short  f rac ture  steps. 

We do not agree that  sharp notches would not occur 
when the over -a l l  anodic react ion which reini t iates the 
bri t t le  f rac ture  step is slow. The reini t ia t ion process 
may  be pictured as one in which slow anodic metal  dis- 
solution takes place over  a re la t ive ly  large area along 
the edge of the arrested crack; the bri t t le  step does not 
occur unt i l  a small  act ive area is uncovered,  at which 
both the ra te  and direction of meta l  dissolution are 
favorable  for development  of a microcrack capable of 
bri t t le  propagation.  The la t ter  propagat ion takes place 
immediately,  but  soon stops when the nearest  soft 
region (such as a slip band) is encountered.  Meanwhile,  

~TA. J .  Fo r ty ,  " P h y s i c a l  M e t a l l u r g y  of  S t ress  Cor ros ion  F a i l u r e , "  
T. N. R h o d i n ,  Ed i to r ,  p. 99, I n t e r s c i enoe  Pub l i s he r s ,  N e w  York  
(1959). 

as D. v a n  Rooyen ,  Corrosion, 16, 421t (1960). 

39 H. J.  E n g e l l  and  A.  B~iumel, Ref .  1, p. 341. 

~o G.  M e y r i c k  a n d  H. W. P a x t o n ,  J. Metals, 13, 87 (1961). 

~1 W. D. Br iggs ,  " T h e  B r i t t l e  F r a c t u r e  of S t ee l , "  p. 97, M a c D o n a l d  
an d  Evans ,  L o n d o n  (1960). 

4~ T. P. Hoa r  a n d  J .  G. Hines ,  J. Iron Steel Inst. (London),  177, 
248 (1954); ibid., 182, 124 (1956). 

43 D. v a n  Rooyen ,  Corrosion, 16, 421t (1960). 

S. B a r n a r t t ,  Corrosion, 18, 322t (1962). 
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there  may have  been a large number  of embryo micro-  
cracks developed by the anodic dissolution process. 
These would be inact ive if they were  misoriented or 
if they developed too slowly, so that  as Dr. Scul ly in-  
dicated there  would be adequate  t ime for plastic re-  
laxat ion to take place. A more  detai led r ev iew of the 
evidence favor ing  the restr ic ted-s l ip  model, and of 
re la ted factors such as stacking faul t  energy, has been 
given recent ly  by one of the authors ."  

The Effect of Pressure on the Electroless Deposition 
Process 

J. S. Sallo, J. I. Swenson, and J. M. Carr 
(pp. 389-392, Vol. 109, No. 5) 

G. Gutzeit 's: The  authors of this paper  appear  to 
have neglected the effect of pH decrease inherent  in 
the chemical  ("electroless")  nickel  deposition process, 
and, consequently,  to have misunderstood the reasons 
for the modification of the Brenner  and Riddell  bath ~ 
as repor ted  by Gutzeit '~---which had precisely for its 
main purpose the el iminat ion of pH variations.  '~ 

The gross equat ion for chemical  nickel  deposit ion 
has been wr i t t en  '~ as follows: 

Ni++'+ (HJ~O~) - + H O--Ni o + 2H + -5 H(HPO,)- 

Obviously, a high concentration of hydrogen ions in 
the bath favors the formation of nickel ions and will, 
therefore, slow down or stop the reaction from left to 
right. ~ 

The following test data 4~ show the effect of initial 
pH in a moderately buffered plating solution (op- 
timum buffering range pH 4.0) on the rate of depo- 
sition, specifically the weight of the coating deposited 
in 15 rain. 

A v g  w t  
I n i t i a l  F i n a l  p H  of  deposit 

p H  (af ter .15 min )  (3 tes ts)  

5.5 4.55 0.1047 
5.0 4.45 0.0918 
4.5 4.21 0.0858 
4.0 3.90 0.0448 
3.5 3.45 0.0223 

Fur thermore ,  regardless of the init ial  pH of the 
plat ing bath, the hydrogen  ion concentrat ion con- 
s tant ly increases as the react ion proceeds, due to the 
fact  that, for  each mole of nickel  deposited, two hy-  
drogen ions are formed. As a result,  the rate  of depo- 
sition steadily declines while  deposition takes place. 

As the hydrogen ions are formed at the catalytic 
surface, the apparent react ion ra te  in an unbuffered 
or modera te ly  buffered bath is p r imar i ly  control led 
by a diffusion process (i.e., the  t ransfer  of H § away 
from said surface) .  This masks the effect of any other  
rate  de termining factors. 

Unpubl ished data ~~ show that  by increasing the ve-  
locity of turbulent  agitat ion in the bath, the ra te  of 
nickel deposition is also increased up to a m ax imum 
(roughly equal  to twice the original  ra te) ,  then starts 
decreasing steadily. The first phase is in terpre ted  in 
re la t ion to hydrogen ion t ransfer ;  while  the second 
phase is bel ieved to be due to the rapid translat ion 
of the nickel ions past the catalytic surface. 

However ,  if, in order  to s tudy the mechanism of 
reduct ion of nickel  ions by hypophosphi te  anions, ex-  
per imenta l  conditions are selected so that  the pH re -  
mains substant ial ly constant (i.e., a s t rongly buffered 

4~Genera l  A m e r i c a n  T r a n s p o r t a t i o n  Corp. ,  131 S o u t h  W a b a s h  
Ave. ,  Ch icago  3, I l l .  

4~ A. B r e n n e r  a n d  G.  R idde l l ,  J .  Res. Nat. Bur. Standards, 37, 1 
(1946) ; ibid., 39, 385 (1947). 

47 G.  Gu tze i t ,  Plating, 46 (1959) and  47 (1960). 

43 The  e x p e r i m e n t a l  w o r k  ~or t h i s  k i n e t i c  s tudy  was  ca r r i ed  ou t  
by  Dr. W a r r e n  G. Lee,  Resea rch  Associa te ,  in  G e n e r a l  A m e r i c a n  
T r a n s p o r t a t i o n  Corp . ' s  Resea rch  & T e s t i n g  Lab. ,  Eas t  Chicago ,  I nd .  

49G. G u t z e i t  and  A. K r i e g ,  U.S.  Pa t .  2,658,841, Nov.  I0, 1953. 

~o O b t a i n e d  s eve ra l  yea r s  ago by  D. E. M e t h e n y  in  G e n e r a l  A m e r i -  
can  T r a n s p o r t a t i o n ' s  R e s e a r c h  & T e s t i n g  Lab.  
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bath with  a large l iquid volume to solid area ra t io) ,  
it has been shown that  the reduct ion ra te  (and, con- 
sequently,  the ra te  of deposition) is essential ly a func-  
tion of hypophosphite  concentration.  Thus, we agree 
that  the data  repor ted  by Gutzei t  "7 indicate a pseudo-  
f irs t-order react ion in a static system, i.e., in a batch 
operation. 

The practical  value  of these findings resides in the 
fact  that, in modern  industr ia l  "electroless" plat ing 
systems (KANIGEN|  process),  the pH shift is con- 
t inuously corrected by addit ion of hydroxyl  ions to 
the buffered bath;  in other  words, the pH value is kept  
pract ical ly a constant, so that  the ra te  of deposition 
becomes only a function of hypophosphite  anion con- 
centration. 

In the l ight  of these remarks,  the results obtained 
by the authors of the above captioned paper  could have  
been expected. 

J. S. Sallo, J. I. Swenson,  and J. M. Carr: We find 
the comments  by Dr. Gutzeit  to be in general  agree-  
ment  wi th  the findings and conclusions repor ted  in our 
paper. I t  is of par t icular  interest  to note that  his un-  
published data on the effect of agitat ion agree with  
our data. 

Al though this paper  was not concerned wi th  the 
practical  aspect of electroless deposition we do not 
feel  that  we neglected the effect of pH decrease in-  
herent  in the process, or misunderstood the reasons 
for the modification of the Brenner  and Riddell  bath. 
In the text  of the paper  we state, "I t  is probable that  
the main  difference be tween  the systems studied in 
this work  is that  bath 2 is highly buffered and bath 1 
is not." 

It is t rue that  certain of our theoret ical  conclusions 
could have  been anticipated, par t icular ly  since Bren-  
ner had previously  suggested that  in his system the 
rate is control led by diffusion of hydrogen ions f rom 
the active surface. We have a t tempted to supply ex-  
per imenta l  data to support  these previous conclusions. 
Our conclusions deal ing with  the in terplay  of active 
surface area and hydrogen gas, and wi th  the effect of 
the evolved gas, are results of our new data and, to the 
best of our knowledge,  had not been anticipated in 
the l i terature.  

We do not bel ieve that  any avai lable  data, includ-  
ing the discussion presented here, could have led to 
an anticipation of our exper imenta l  results. The fact 
that  small  applied pressures can al ter  the rate  of the 
process was completely  unant ic ipated and unexpected.  

Etching of Abraded Germanium Surfaces with 
CP-4 Reagent 

E. N. Pugh and L. E. Samuels (pp. 409-412, Vol. 109, No. 5) 

A Metallographic Investigation of the Damaged 
Layer in Abraded Germanium Surfaces 

E. N. Pugh and L. E. Samuels (pp. 1043-1047, Vol. 108, No. 11) 
T. M. Bucket: The two recent  papers by Pugh  and 

Samuels  ~2'~ have  presented an interest ing meta l lo-  
graphic study of the nature  of abrasion damage in 
germanium.  In the more  recent  paper  ~ the micro-  
scopic observations are used as a means of de termining  
the depth of damage, and it is concluded that  the 
microscopic method is more  rel iable  than the photo-  
magnetoelect r ic  (PME) method  ~ and a number  of 
other  methods ~'~7 which have  agreed essential ly wi th  
the PME method. 

While  agreeing that  the metal lographic  method ap- 
pears to be a convenient  and useful  one, I do not feel  
tha t  the published informat ion  leads to the conclu- 
sion that  it is the most rel iable  method. This con- 
clusion was drawn f rom measurements  repor ted  by 
Pugh and Samuels  ~ in which  depth values for three  
different  abrasive t rea tments  were  obtained by the 
metaUographic method and by the PME method;  the 
depth values by the PME measurements  were  about 
10% smaller  in two cases, and 30% smaller  in the 
third case for every  deep damage produced by a 
coarse abrasive, 220-mesh silicon carbide. These dis- 
crepancies do not seem ve ry  serious since one does 
not expect  great  precision in this type of work  and 
is usual ly  able to leave some safety marg in  in a prac-  
tical application, such as etching of devices or r e -  
search specimens. But, beyond this, i t  should be noted 
that  comparisons wi th  some of the other  data in the 
l i te ra ture  might  lead to the opposite conclusion re -  
garding rel iabi l i ty  of the methods, if la rger  depth 

Bel l  T e l e p h o n e  Labs . ,  Inc . ,  M u r r a y  Hi l l ,  N.  J .  

~ E .  N.  P u g h  a n d  L .  E. S a m u e l s ,  This Journal, 108, 1043 (1961).  

E. N.  P u g h  a n d  L.  E. S a m u e l s ,  This Journal, 109, 409 {1962). 

5~T. M. B u c k  a n d  F .  S. M c K i m ,  This Journal, 193, 593 (1950).  

55 T. M. B u c k ,  " T h e  S u r f a c e  C h e m i s t r y  of  M e t h o d s  a n d  S e m i c o n -  
d u c t o r s , "  PI. C. G a t o s ,  Ed i to r ,  p.  107, J o h n  W i l e y  & Sons ,  Inc . ,  N e w  
Y o r k  (1960).  

56 p .  R.  C a m p ,  This JournaZ, 102, 586 (1955).  

~7 j .  W. F a u s t ,  J r . ,  A m e r i c a n  S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  S y m -  
p o s i u m  on  C l e a n i n g  of  E l e c t r o n i c  D e v i c e  C o m p o n e n t s  a n d  M a t e r i a l s ,  
S p e c i a l  T e c h .  P u b l .  246 (1959).  

Table I 

Mtd .  of  t r e a t m e n t  (done  w i t h  D e p t h  of  
A b r a s i v e  & n o m i n a l  w a t e r  s l u r r y  on  g l a s s  p l a t e  Mtd .  o f  m e a s .  o f  d a m a g e  i n  F o o t n o t e  

p a r t i c l e  s ize  u n l e s s  o t h e r w i s e  n o t e d )  d e p t h  of  d a m a g e  m i c r o n s  R e f e r e n c e  

220-Mesh SiC 
68~ (avg) 

220-Mesh abrasion paper  
220-Mesh abrasion paper  

600-Mesh SiC 
25~ (avg) 

1200-Mesh a lumina 
12.5~ (avg) 

3200-Mesh a lumina 
5~ (avg) 

Unidirect ional  abrasion 
Unidirect ional  abrasion 
Unidirect ional  
Unidirect ional  

Unidirect ional  abrasion 
Unidirect ional  abrasion 
Random motion abrasion 
Random motion abrasion 
Random motion abrasion 
Random motion abrasion 

Unidirect ional  abrasion 

Random motion abrasion 

Metal lographic 85 Pugh & Samuels  (52, 53) 
PME 60 Pugh & Samuels (52, 53) 
Metal lographic 22 Pugh  & Samuels  (52, 53) 
PME 20 Pugh  & Samuels (52, 53) 

Metal lographic 11.5  Pugh & Samuels  (52) 
PME 10 Pugh  & Samuels  (52) 
Metal lographic 8.7 Pugh & Samuels (52) 
PME 17-18 Buck & Mckim (54) 
Photocond. decay 15 Buck (55) 
E tch- ra te  18-19 Faust  (57) 

Metal lographic 5.5 Pugh  & Samuels  (52) 

PME 6-7 Buck & Mckim (54) 
Photocond. decay 5-6 Buck (55) 
Field effect mobi l i ty  5 Buck (55) 
E tch- ra te  5-7 Camp (56) 
E tch- ra te  8-10 Faust  (57) 
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va lues ,  i.e., s e n s i t i v i t y ,  a r e  to b e  t a k e n  as t h e  c r i t e r i o n  
of r e l i a b i l i t y .  I t  m a y  b e  t h a t  t h e  P M E  m e t h o d  was  no t  
u s e d  w i t h  i t s  g r e a t e s t  pos s ib l e  s e n s i t i v i t y  in  t h e  r e -  
su l t s  of P u g h  a n d  S a m u e l s .  Thus ,  in  T a b l e  I of  t h i s  
d i scuss ion ,  i t  c a n  be  s een  t h a t  fo r  6 0 0 - m e s h  SiC d e p t h s  
of d a m a g e  o b t a i n e d  in  e a r l i e r  w o r k  b y  t h r e e  d i f f e r e n t  
m e t h o d s  r a n g e  f r o m  15 to 19~ as c o m p a r e d  w i t h  v a l u e s  
of 8.7-11.5~ o b t a i n e d  f r o m  P u g h  a n d  S a m u e l s .  F o r  
a b r a s i o n  w i t h  305 a l u m i n a  (3200 m e s h )  w e  o b t a i n e d  
v a l u e s  of 5-7~ b y  t h e  PME,  p h o t o c o n d u c t i v i t y  d e c a y  
( P C D ) ,  a n d  f ie ld -e f fec t  m o b i l i t y  m e a s u r e m e n t s ;  b y  
t h e  e t c h - r a t e  m e t h o d  C a m p  ~ got  5 -%,  a n d  F a u s t  r e -  
p o r t e d  8-10~. B u t  P u g h  a n d  S a m u e l s  r e p o r t e d  a d e p t h  
of o n l y  5.5~, fo r  3 0 3 - � 8 9  (1200 m e s h )  a l u m i n a  w h i c h  is 
a c o a r s e r  a b r a s i v e  t h a n  305. I t  m i g h t  b e  a r g u e d  t h a t  w e  
u s e d  a r o u g h e r  m e t h o d  of a p p l i c a t i o n  b u t  w e  do n o t  
b e l i e v e  t h i s  to  be  t h e  case.  As  w e  p o i n t e d  o u t _  o u r  
v a l u e s  r e f e r  to v e r y  g e n t l e  h a n d  l a p p i n g ;  r o u g h e r  
m e t h o d s  of a p p l i c a t i o n  c a n  cause  d e e p e r  d a m a g e ,  b u t  
t h e  v a l u e s  q u o t e d  r e p r e s e n t  t he  s m a l l e s t  o b t a i n e d  fo r  
a g i v e n  a b r a s i v e .  

T h e  l a r g e s t  d i s c r e p a n c y  f o u n d  b y  P u g h  a n d  S a m u e l s  
was  fo r  d e e p  d a m a g e ,  w i t h  2 2 0 - m e s h  SiC. F o r  v e r y  
d e e p  d a m a g e  t h e  s lope  of t h e  c u r v e  of  P M E  r e s p o n s e  
vs. d e p t h  r e m o v e d  is m o r e  g r a d u a l  a n d  t h e r e  is, of  
course ,  m o r e  u n c e r t a i n t y  i n  c h o o s i n g  t h e  p o i n t  or  
r e g i o n  w h e r e  t h e  r e s p o n s e  ceases  to change .  G r e a t e r  
s e n s i t i v i t y  m i g h t  h a v e  b e e n  o b t a i n e d  w i t h  t h e  P M E  
m e t h o d  t h a n  a p p a r e n t l y  w a s  a c h i e v e d  in  t h e  w o r k  of 
P u g h  a n d  S a m u e l s ,  b y  u s i n g  a t h i n n e r  s p e c i m e n  w i t h  
h i g h e r  r e s i s t i v i t y .  T h e i r  h i g h e s t  P M E  r e s p o n s e s  w e r e  
o n l y  7-8 my ,  w h e r e a s  w e  h a d  v a l u e s  of 100-240 m v  
w h i c h  w o u l d  a f fo rd  g r e a t e r  s e n s i t i v i t y  in  t h e  r e g i o n  
w h e r e  r e s p o n s e  l e v e l s  off. 

T h e  c r i t e r i a  fo r  r e l i a b i l i t y  a n d  s ens i t i v i t y ,  a n d  t h e  
de f in i t i on  of " d a m a g e "  i t se l f ,  a r e  of c o u r s e  r e l a t e d  to 
t h e  p r o p e r t i e s  of t h e  m a t e r i a l  i n  w h i c h  one  is i n t e r -  
es ted .  W e  h a v e  a l w a y s  b e e n  p r i m a r i l y  i n t e r e s t e d  in  
t h e  e l e c t r i c a l  p r o p e r t i e s  a n d  have ,  t h e r e f o r e ,  u s e d  t h e  
m o s t  s e n s i t i v e  e l e c t r i c a l  p r o p e r t y  w e  cou ld  f ind t h e  
s u r f a c e  r e c o m b i n a t i o n  ve loc i ty ,  m e a s u r e d  b y  b o t h  t h e  
P M E  a n d  P C D  m e t h o d s - - t o  e s t i m a t e  t h e  " d e p t h  of 
d a m a g e . "  T h e  e t c h - r a t e  m e t h o d s  ~,"7 a g r e e  w e l l  w i t h  
t h e  e l e c t r i c a l  m e t h o d s .  T h e  m e t a l l o g r a p h i c  m e t h o d  
n o w  also s e e m s  to c o r r e l a t e  r e a s o n a b l y  w e l l  w i t h  s u r -  
face  r e c o m b i n a t i o n  ve loc i ty .  I t  is t r u e  t h a t  t h e  m e t a l -  
l o g r a p h i c  m e t h o d  w o u l d  s e e m  to offer  t h e  a d v a n t a g e  
of d e t e c t i n g  i so l a t ed  spo ts  of d a m a g e  w h e r e a s  t h e  o t h e r  
m e t h o d s  m e a s u r e  a n  a v e r a g e  p r o p e r t y  o v e r  a l a r g e  
a rea ,  as w e  h a v e  p o i n t e d  o u t  be fo re .  ~ H o w e v e r ,  t h i s  
a d v a n t a g e  does  n o t  s e e m  to  h a v e  r e s u l t e d  in  g r e a t e r  
s e n s i t i v i t y  fo r  t he  f iner  a b r a s i v e  t r e a t m e n t s  w h i c h  a r e  
of t h e  g r e a t e s t  i n t e r e s t  in  s e m i c o n d u c t o r  t e c h n o l o g y .  

T h e  m e t a l l o g r a p h i c  m e t h o d  c e r t a i n l y  p r o v i d e s  a n ice  
w a y  of s t u d y i n g  t h e  n a t u r e  of s u r f a c e  a b r a s i o n  d a m -  
age. A t  l e a s t  two  m o d e l s  f o r  th i s  d a m a g e  h a v e  b e e n  
c o n s i d e r e d  in  t h e  pas t .  O ne  ~8' 59 i n v o l v e s  a c r a c k e d  
l a y e r  p lus  a d e e p e r  l a y e r  c o n t a i n i n g  a h i g h  d i s l oca -  
t i on  dens i t y .  I n  a n o t h e r  s t u d y  ~ o n l y  t h e  c r a c k e d  l a y e r  
was  f o u n d ;  no  e v i d e n c e  f o r  d i s l o c a t i o n s  w as  f o u n d ,  n o r  
w e r e  c r a c k s  f o u n d  as d e e p  as t h e  e l e c t r i c a l  effects  
w e r e  fel t .  P u g h  a n d  S a m u e l s  n o w  f ind d e e p e r  c racks ,  
e ~ t e n d i n g  we l l  b e l o w  t h e  s u r f a c e  i r r e g u l a r i t i e s ,  a n d  i t  
a p p e a r s  t h a t  t h e  d a m a g e  cons i s t s  of m a n y  fine c r a c k s  
r a t h e r  t h a n  a h i g h  d e n s i t y  of d i s loca t ions .  Th i s  s t i l l  
s e e m s  to l e a v e  a n  u n a n s w e r e d  q u e s t i o n  a b o u t  t h e  
n a t u r e  of t h e  r e c o m b i n a t i o n  cen t e r s .  W h y  a r e  r e c o m -  
b i n a t i o n  c e n t e r s  a s s o c i a t e d  w i t h  a c r a c k ?  If  i t  is j u s t  a 
case  of a f r e s h l y  c r a c k e d  s u r f a c e  h a v i n g  a h i g h  d e n s i t y  
of r e c o m b i n a t i o n  cen t e r s ,  t h e n  i t  is  r a t h e r  s u r p r i s i n g  
b u t  t r u e  t h a t  c h e m i c a l  t r e a t m e n t s  w h i c h  l o w e r  S o n  
a n  e t c h e d  s u r f a c e  b u t  w h i c h  do  n o t  d i s so lve  g e r m a n -  
i u m  h a v e  no  a p p a r e n t  effect  on  t h e  m i n o r i t y  c a r r i e r  

~s j .  W. Faust ,  Jr . ,  Pape r  presented  before  the  Buffalo Meet ing  of 
The Elect rochemical  Society, October  1957. 

~ J.  W. Faust ,  Jr . ,  "The  Surface  Chemis t ry  of Metals and Semi-  
conductors ,"  H. C. Gatos, Editor, p. 130, J o h n  Wiley & Sons, Inc., 
New York  (1960). 

l i f e t i m e  a t  a n  a b r a d e d  su r face .  I t  m i g h t  b e  i n t e r e s t i n g  
to  f o r c i n g  n o n e t c h i n g  s o l u t i o n s  or  gases  i n to  t h e  
c r a c k s  u n d e r  p r e s s u r e  to see  if  t h i s  w o u l d  l o w e r  t h e  
r e c o m b i n a t i o n  v e l o c i t y  b y  a c t i n g  on  m o r e  of t h e  
c r a c k e d  s u r f a c e  area .  

I n  s u m m a r y ,  i t  is s u g g e s t e d  t h a t  t h e  d i f f e r ences  in  
s e n s i t i v i t y  b e t w e e n  t h e  m e t a l l o g r a p h i c  m e t h o d  a n d  
t h e  l i f e t i m e  m e t h o d s  a r e  s m a l l  a n d  p r o b a b l y  in s ign i f i -  
can t ,  b u t  t h a t  if  a c o m p a r i s o n  is to be  m a d e  m o s t  of  
t h e  d a t a  in  t h e  l i t e r a t u r e  s e e m s  to f a v o r  t h e  l i f e t i m e  
m e t h o d s .  

E. N. Pugh and L. E. Samuels:  W e  t h a n k  Dr.  B u c k  
fo r  h i s  c o m m e n t s  a n d  fo r  h i s  i n t e r e s t  in  t h e  w o r k .  
H o w e v e r ,  w e  c a n n o t  a c c e p t  h i s  a r g u m e n t s  on  t h e  r e l a -  
t ive  s e n s i t i v i t i e s  of t h e  m e t a l l o g r a p h i c  m e t h o d  a n d  
o t h e r  m e t h o d s .  O u r  conc lu s ions  t h a t  t h e  m e t a l l o g r a p h i c  
m e t h o d  was  t he  m o s t  r e l i a b l e  w e r e  b a s e d  on  c o m p a r a -  
t i ve  t e s t s  c a r r i e d  ou t  o n  s p e c i m e n s  a b r a d e d  u n d e r  t h e  
s a m e  cond i t ions .  W e  do n o t  c o n s i d e r  t h a t  m e a s u r e -  
m e n t s  m a d e  b y  d i f f e r e n t  m e t h o d s  o n  s u r f a c e s  a b r a d e d  
i n  d i f f e r e n t  l a b o r a t o r i e s  c a n  b e  c o m p a r e d .  Thus ,  t h e  
d i f f e r e n c e s  d i s c u s s e d  b y  B u c k  c o u l d  b e  d u e  s i m p l y  to  
d i f f e r e n c e s  in  t h e  a b r a s i o n  cond i t i ons .  T h i s  v i e w  is 
s u p p o r t e d  b y  t h e  o b s e r v a t i o n s  r e p o r t e d  i n  o u r  f i rs t  
p a p e r  t h a t  t h e  d e p t h  of d a m a g e  was  g r e a t e r  in  spec i -  
m e n s  a b r a d e d  u n i d i r e c t i o n a l l y  t h a n  i n  t h o s e  a b r a d e d  
w i t h  a r a n d o m  mo t ion .  

The Influence of Residual Stress on the Magnetic 
Characteristics of Electrodeposited Nickel and Cobalt 

R. D. Fisher (pp. 479-485, Vol. 109, No. 6) 

V. Zentner~: T h e  a u t h o r  s t a t e s  t h a t  " v e r y  l i t t l e  a t -  
t e n t i o n  ha s  b e e n  g i v e n  to t h e  effects  of t h e  i n t e r n a l  
s t r e s s  on  t h e  m a g n e t i c  c h a r a c t e r i s t i c s  of e l e c t r o d e -  
pos i t s . "  

I n  1952 w e  p u b l i s h e d  a r e p o r t  ~ w h i c h  c o n t a i n s  s ig -  
n i f i c a n t  i n f o r m a t i o n  o n  t h i s  sub jec t ,  t h u s  a n t i c i p a t i n g  
Mr.  F i s h e r ' s  r e c e n t  c o n t r i b u t i o n .  F i g u r e  53 of o u r  p u b -  
l i c a t i on  s h o w s  a g e n e r a l  r e l a t i o n  b e t w e e n  s t r e s s  o n  t h e  
one  h a n d  a n d  t h e  m a g n e t i c  p r o p e r t i e s  of  c o e r c i v e  fo rce  
a n d  m a x i m u m  p e r m e a b i l i t y  on  t h e  o t h e r  fo r  15 n i c k e l  
depos i t s  o b t a i n e d  f r o m  e i g h t  d i f f e r e n t  b a t h s .  Th i s  f igure  
c o n t a i n s  e s s e n t i a l l y  t h e  s a m e  i n f o r m a t i o n  as F i s h e r ' s  
Fig.  7. T h e  l a t t e r ' s  Fig.  6, s h o w i n g  t h e  ef fec t  of t h e  
n i c k e l  c h l o r i d e  c o n c e n t r a t i o n  on  s t r e s s  a n d  o n  t h e  co-  
e r c i v e  force ,  is c o v e r e d  in  o u r  Fig. 18 a n d  46. 

T a b l e  II  of F i s h e r ' s  p a p e r  s h o w s  t h a t  h e a t  t r e a t -  
m e n t  a t  440~ causes  t h e  coe rc ive  fo rce  of n i c k e l  d e -  
pos i t s  to d e c r e a s e  a n d  t h e  r a t i o  Br/B~ to i nc r ea se .  O u r  
T a b l e  X X I  s h o w s  t he  s a m e  effects  fo r  depos i t s  f r o m  
five d i f f e r e n t  t y p e s  of b a t h s ;  o u r  h e a t  t r e a t m e n t  t e m -  
p e r a t u r e  w a s  400~ 

T h e  effect  of s t r e s s  on  t h e  m a g n e t i c  p r o p e r t i e s  of 
n i c k e l  was  also d i s cus sed  f r o m  a d i f f e r e n t  a n g l e  on  
p. 915 of o u r  p u b l i c a t i o n ,  a n d  d a t a  w e r e  g i v e n  in  T a b l e  
X V I I I .  I t  was  s h o w n  t h a t  s i m p l y  r e m o v i n g  t h e  bas i s  
m e t a l  f r o m  a n i c k e l  depos i t  r e l i e v e d  t h e  s t r e s s  a n d  
c h a n g e d  t he  m a g n e t i c  p r o p e r t i e s .  

Mr.  F i s h e r ' s  p a p e r  is of v a l u e  s ince  i t  c o n t a i n s  i n -  
f o r m a t i o n  on  t he  m a g n e t i c  p r o p e r t i e s  of e l e c t r o d e -  
pos i t ed  c o b a l t  in  a d d i t i o n  to n i c k e l  coa t ings .  F u r t h e r -  
more ,  t he  l a t t e r  w e r e  n o t  d e p o s i t e d  u n d e r  t h e  s a m e  
c o n d i t i o n s  as t h o s e  u s e d  b y  us. H o w e v e r ,  t h e  c o n c l u -  
s ions  a r e  v e r y  s imi l a r .  I f  t h e  a u t h o r  h a d  b e e n  f a m i l i a r  
w i t h  o u r  work ,  h e  cou ld  h a v e  u s e d  h is  e f for t s  to  e n -  
l a rge  t h e  g e n e r a l  k n o w l e d g e  of t h e  m a g n e t i c  p r o p -  
e r t i e s  of t h e s e  coa t ings ,  r a t h e r  t h a n  to r e c o n f i r m  d a t a  
p r e v i o u s l y  p u b l i s h e d .  

R. D. F i s h e r :  I w o u l d  l i ke  to  t h a n k  Dr.  Z e n t n e r  f o r  
c a l l i n g  m y  a t t e n t i o n  to h i s  m o s t  c o m p r e h e n s i v e  r e p o r t  
on  t h e  p h y s i c a l  p r o p e r t i e s  of e l e c t r o d e p o s i t e d  me ta l s .  

~ M a t e r i a l s  Technology Dept.,  Hughes  Ai rc ra f t  Co., Culver  City, 
Calif. 

~1 V, Zentner,  A. Brenner ,  and C. W. Jenn ings ,  Plating, 39, 665 
(1952). 
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Dr. Zentner 's  results in regard  to nickel  deposits are 
similar to mine despite the difference in solution com- 
position, deposition conditions, and methods of meas-  
urement .  It is significant to note that  the influence of 
the internal  stress on the hysteresis propert ies  of nickel 
deposits appears to be independent  of the solution 
composition and deposition conditions. 

The cobalt deposits were  hea t - t rea ted  at 440~ in 
an a t tempt  to conver t  some of the cubic cobalt ob- 
tained f rom solutions at low salt concentrat ion to hex-  
agonal cobalt. This was par t ia l ly  successful as indicated 
in the paper  on page 481. Consequently,  the nickel  de- 
posits were  also hea t - t rea ted  at 440 ~ 

Diagrammatic Representation of the Thermodynamics 
of Metal-Fused Chloride Systems 

R. Litflewood (pp. 525-534, Vol. 109, No. 6) 

K. E. J o h n s o n ' :  The idea of potential  - -pO ~- diagrams 
for fused salt systems is a t t ract ive in principle. How-  
ever, the significance of the numbers  given by Li t t le-  
wood is quest ionable because they are de termined  
solely f rom free  energy data for pure  chlorides and 
oxides (some l iquid and some solid).  For  example,  
the solubil i ty product  of NiO in KC1 is real ly  given by: 

AG, 
log K~p 

2.303 R T  
and not 

~G o 
log S 

2.303 RT 

where  Z~G, and AG ~ are the free energy changes ac- 
companying the reactions 

NiO (s) ~- KC1 (1) --> (NiC1, + K.~O) 

in KC1 solution and 

NiO (s) -~ KC1 (1) --> (NiCL_ (S) ~- K~O (?) 

respect ively.  
The difference, I aG~ - -  AGo l represents  the free en-  

e rgy  of solution of the products. Some measure  of 
this quant i ty  has been given for solutions in NaC1- 
KC1 ~ but the problem arises of an appropriate  defini- 
t ion of a s tandard state. For  solution (e.g., NiCI~ in 
KC1) it seems preferable  to define the standard state 
of the solute as when  it is at infinite dilution, whe re -  
as for a mixed  solvent  (e.g., NiCh-KC1) it is appro-  
pr iate  to refer  to the pure salt  (NiCI~) as the s tand- 
ard state. 

If  IhG~--AG~ is small  compared with  aG ~ then the 
author 's  conclusions regarding solubil i ty products 
would be qual i ta t ive ly  correct  and, indeed, there  is 
some fur ther  exper imenta l  evidence in support  of 

62Dept .  of  C h e m i s t r y ,  S i r  J o h n  Cass  Col lege ,  A l d g a t e ,  L o n d o n  
E.C.  3, E n g l a n d .  

S. N.  F l e n g a s  a n d  T. R.  I n g r a h a m ,  This Journal,  106, 714 (1959).  

e~ H.  A .  L a i t i n e n  a n d  B. B.  B h a t i a ,  This  Journal,  107, 705 (1960).  

e~R. L i t t l e w o o d  a n d  E. J .  A r g e n t ,  Electrochimica Acta,  4, 114 
{1961). 

66 H.  A.  L a i t i n e n  a n d  B.  B.  B h a t i a ,  This Journal,  107, 705 (1960).  

them2'  However ,  the author 's  data ~ give S = 10 -~~6 
for Na20 in KC1 at 800 ~ yet  he prepared a 5% solution 
of Na~O in NaC1-KC1 at 700~ Would he elaborate on 
this point. 

R. Li t t lewood:  I thank  Dr. Johnson for his comments. 
He is quite  correct  in saying that  the formal  t reat-  
ment  presented in this paper makes the assumption 
that  the free energies of solution of oxides in chlorides 
are negligible. This fact is not ment ioned specifically 
in the paper  but, f rom the expressions used, it should 
have been clear that  this was an implicit  assumption. 
Its val idi ty  has not yet  been direct ly established ex-  
per imental ly ,  and the scant data avai lable are some- 
wha t  conflicting. There  is now some evidence that  the 
act ivi ty  solubil i ty products calculated by the methods 
suggested in the paper  have some physical significance, 
but, on the other  hand, the behavior  of the oxygen 
(on p la t inum) electrode in contact  wi th  chloride melts  
containing oxide ions cannot at present  be explained 
quanti tat ively.  The lat ter  effects might  be due to i r -  
revers ibi l i ty  of the electrode processes (in which case 
the subject  is not re levant  to the present  discussion), 
or they might  indicate that  hydroxide  ions are im-  
portant.  

In his remarks  about the solubil i ty of Na~O, Dr. 
Johnson has fal len into the common physicochemical  
t rap of confusing activities wi th  concentrations. It 
should be emphasized that  the parameters  "S" is an 
act iv i ty  solubili ty product  and the s tandard states must 
always be borne in mind. The act ivi ty solubil i ty prod-  
uct  of Na20 in KC1 at 700~ m.ay be calculated to be 
about 10 -~~7, re la t ive  to K20 as standard state for ox-  
ide ions. This means that  for Na~O at uni t  act ivi ty in 
contact with a chloride mel t  we have the expression: 

S : (Na+)~(O ~-) : 10 . . . .  

For  example,  in equimolar  NaC1-KC1 (wri t ing ion f rac-  
tion of Na* as act ivi ty  of Na +, af ter  Temkin) ,  this 
gives (O ~-) = 10 -~~ or pO ~- = 5.07. The meaning of 
these figures is that  if we immersed  a revers ible  ox-  
ygen electrode hal f -ce l l  in the melt, its potential  vs. 
a reference  electrode would  be about 0.6v higher  than 
a s imilar  electrode immersed  in pure  K,~O. The figure 
of 10 ~-~ alone does not tell  us what  concentrat ions to 
expect, unless we know something about the ideali ty 
of the system. 

On the question of s tandard states it is per t inent  to 
point out that  in fused salt solutions a s tandard state 
for solutes of infinite dilution does not have  the same 
significance as in aqueous solutions. Infinite dilution in 
water  is equivalent  to isolated ions in a dielectr ic  
medium, predominant ly  molecular  in character ;  in 
fused salts the mix ture  is still ionic, even at infinite 
dilution. Standard states re fe r red  to infinite dilution 
in fused salts thus appear to be both cumbersome and 
i r re levant ;  where  difficulties arise when the pure salt 
is taken as a s tandard state, an arb i t ra ry  concentra-  
tion, say 1 mole %, might  be used, as is a l ready com- 
mon in many systems of metal lurgical  interest.  (For 
references per t inent  to this discussion, see Footnotes 
66-68.) 

~ K .  H. S t e rn ,  J. Phys .  Chem.,  66, 1311 (1962).  

6SR. L i t t l e w o o d  a n d  E. J .  A r g e n t ,  Elecfrochimica Acta,  4, 114 
(1961).  

June 1963 Discussion Section 
A Discussion Section, cover ing papers published in the Ju ly -D ecem ber  1962 JOUaNALS, is scheduled for pub-  

l ication in the June  1963 issue. Any  discussion which did not reach the Editor  in t ime for inclusion in the De-  
cember  1962 Discussion Section wil l  be included in the June  1963 issue. 

Those who plan to contr ibute remarks  for this Discussion Section should submit  their  comments  or questions 
in t r ipl icate to the Managing Editor  of the JOURNAL, 30 East 42 St., New York 17, N. Y., not  later than  March 1, 
1963. All discussion will  be forwarded  to the author(s )  for reply  before being pr inted in the JOURNAL. 
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that  the problems confront ing the world  today desper-  
ately need the broad outlook of the na tura l  philosopher 
wi th  his fami l ia r i ty  wi th  many  fields of knowledge,  in-  
cluding the physical, life, and social sciences. In the 
professional area he posed the question: "Dos Industry  
want  Electrochemists?"  Now, e leven years later, great ly  
needing e lect rochemical ly  t rained people for fue l -ce l l  
research and industr ial  electrolyt ic  operations, many  
companies wish they had had the foresight  to have 
given encouragement  and support  to the teaching of 
electrochemistry.  

In his address as the Society's president  Professor 
Uhlig has t reated the subject  of creat ivi ty.  He at t r ibutes  
the progress of science to the emlohasis placed on crea-  
t ive thinking and intel lectual  honesty and suggests that  
the problems of diplomacy and internat ional  relat ions 
would be great ly  benefited by emphasis on these same 
qualities. 

Professional Society Activities 
Professor lJhlig is a member  of ten professional so- 

cieties. His part icipat ion in the affairs of The Electro-  
chemical  Society has been continuous since he became 
a member  in 1937. He is a past cha i rman of both the 
Corrosion and Theoret ical  Divisions. He was for two 
years editor  of the " Journa l"  and dur ing that  t ime es- 
tablished the high standards that  characterize this pub-  
lication and that  have led to its wide acceptance in the 
scientific world. He has been chai rman of the Publ ica-  

tion Committee,  vice-president ,  and in 1955-1956 was 
Pres ident  of the Society. He helped organize and served 
as the Society's representa t ive  at the Fi rs t  Internat ional  
Conference on Passivi ty held at Jugenheim,  Germany  
in 1957, and is now assisting in the organization of the 
Second Internat ional  meet ing  on this subject  to be held 
in Toronto nex t  September.  

Uhlig has been chai rman of the Gordon Research 
Conference on Corrosion and of the Intersociety Cor-  
rosion Committee.  He has been a member  of the Ad-  
visory Commit tee  for the Preven t ion  of Deter iorat ion 
Center  of the National  Research Council and of the 
Corrosion Research Council. 

Professor Uhlig is a member  of Sigma Xi and of Tau 
Beta Pi. In 1951 he received the Willis R. Whitney 
Award  of the National  Association of Corrosion En-  
gineers given in recognit ion of outstanding scientific 
contributions to corrosion knowledge.  

The foregoing account has given some evidence of 
the manner  of man we honor this evening. It should be 
added that  he is soft-spoken and considerate of the 
views of others, ye t  firm and persis tent  in his own 
opinions; that  he is unassuming and reserved,  yet  ar t ic-  
ulate and convincing, and finally, that  he is gentle, gra-  
cious, and an al together  del ightful  human being. 

Ladies and gent lemen:  I give you Herber t  Henry  
Uhlig, scientist, scholar, and dedicated teacher who has 
enriched the lives of his fe l low men! 

Conquering the Outer Space of Corrosion Science 2 
Herbert H. Uhlig 

To at tempt  to tel l  you about the outer  space of cor-  
rosion science is somewhat  optimistic, as you wel l  rea l -  
ize, because no one knows the details of outer  space, 
real  or imagined. Yet we have some concept of the great  
expanse of the physical  universe,  and also in the figura- 
t ive sense of our subject. And the challenge of explor-  
ing wha t  we do not know is equal ly  real  in ei ther  
rocket  exper iments  or corrosion studies. 

The value of space explorat ion of any kind is some- 
times quest ioned on economic grounds. This should be 
less a factor in evaluat ing  corrosion exper iments  than 
in launching rockets which are ex t remely  costly per 
unit, but  perhaps we should remind  ourselves that  the 
value of all basic investigations including rocket  re-  
search lies in the facts which are made  avai lable and 
the use of such facts to fulfill the var ied  needs of man-  
kind. Not to be over looked is the addit ional  value of 
such facts in teract ing wi th  the minds and att i tudes of 
men. In the long range, accumulated t ru th  of wha teve r  
kind elevates menta l  horizons and provides background 
and prepara t ion for greater  things that  lie ahead. The 
world was first proved round before Newton  achieved 
an audience who appreciated his new ideas regarding  
the solar system. And only af ter  Newton 's  ideas were  
digested did Einstein succeed in present ing his concept 
of relat ivi ty.  Pure ly  on the side, as a result  of logical 
deductions concerning relat ivi ty,  he also concluded that  
mass and energy are equivalent .  It  was not many  years 
later  that  we were  brought  into the nuclear  age. One 
has the impression that  if we succeed in solving all the 
problems which this age has thrust  forth, we shall be 
s trong indeed. And succeed we must. 

The greatest  things that  lie ahead in corrosion sci- 
ence on the short range v iew are the savings of bi l -  
lions of dollars now lost annual ly  by interact ion of 

2 P a l l a d i u m  M e d a l  A d d r e s s  d e l i v e r e d  on Oct. 3, 1961, a t  the  De t ro i t  
M e e t i n g  of The  E l e c t r o c h e m i c a l  Socie ty .  

metal  s tructures wi th  their  environments ,  plus the 
avoidance of accidents by sudden fai lure through stress 
corrosion cracking or corrosion fatigue. Considering 
the long-range  view, our meta l  resources, of which 
there  is only a l imited supply, wil l  be conserved. 
Pure ly  on the side, our ful ler  unders tanding of the 
corrosion process itself will  raise our  menta l  horizons 
wi th  regard  to the nature  of meta l  surfaces and metal  
fracture,  the kinetics of heterogeneous reactions, the 
basic e lec t rochemis t ry  of composite electrodes in contact 
with l iquid or solid electrolytes, and the s t ructure  of 
semiconductors at meta l -  or e lec t ro ly te-semiconduc-  
tor interfaces. What  more in addit ion might  resul t  
f rom a well  thought -ou t  fundamenta l  p rogram is not 
predictable;  the outer  space of corrosion science is a 
vast  area, and undoubtedly  many  surprises awai t  us as 
we send man-gu ided  rockets far ther  and far ther  into 
the unknown.  

Anode and Cathode Reactions 
The basic reactions that  occur when a meta l  cor-  

rodes in an aqueous electrolyte  involve a simultaneous 
oxidat ion and reduct ion react ion on different sites of 
the surface. Ions of the meta l  lat t ice are not  soluble, 
but  they become so if they first in teract  wi th  water  
thereby acquir ing a sheath of wa te r  molecules in ac- 
cord with  

M+(s) + nile_O(1) --> M(H.~O)%(1) [1] 

where  n is not well  defined; for the alkali  meta l  ions 
n apparent ly  ranges f rom 3 to 5 (1). The solvated 
complex M(H20),  + still cannot easi ly escape the meta l  
surface, however ,  unless the at t ract ing force be tween  
the positive ion and a corresponding f ree  negat ive 
electron of the meta l  is neutralized.  This neutral izat ion 
can occur by a reduct ion react ion e lsewhere  on the 
meta l  surface (cathodic site) which absorbs the elec-  
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t ron belonging original ly to the posit ive ion of the 
metal.  Typical  reactions at cathodic sites are 

2H + --> H2 - -  2e [2] 
and 

1/2 02 + 2H § --> H~O --  2e [3] 

supplemented in many instances by 

02 + 2H + --> H20~ - -  2e 

Because of the neutral izat ion process, or stated another  
way, because electric charge cannot accumulate  any-  
where  in the system without  t remendous energy im-  
balance, both anode and cathode reactions proceed at 
the same rate. The slower react ion of the two deter -  
mines the over -a l l  rate  of corrosion. If H + discharge 
controls, for example,  the corrosion rate becomes 
sensitive to factors which catalyze or impede H + dis- 
charge. Good catalysts correspond to values of low 
hydrogen overvol tage,  whereas  poor catalysts cor-  
respond to high hydrogen overvoltage.  Bonhoeffer  (2) 
showed some t ime ago that  catalytic propert ies  of a 
metal  for the react ion H + H--> H2 approximate ly  
paral lel  hydrogen overvol tage  values (Table I).  His 
exper iment  consisted of measur ing the tempera ture  
rise of a thermometer ,  the bulb of which was coated 
with  one of various metals, on exposure to a s t ream 
of gaseous hydrogen atoms. He noted that  the t emper -  
ature rise accompanying combination of H atoms in 
presence of a good catalyst  l ike Pt  was higher  than 
for a poor catalyst  l ike Hg. The paral le l  behavior  of 
t empera tu re  rise with hydrogen overvol tage  does not 
mean that  the slow step of H § discharge is always H 
atom combinat ion on the cathode surface, but  it does 
indicate that  the control l ing reaction, wha teve r  it may  
be, is sensitive to catalytic propert ies  of the electrode 
material .  We find in fact that  many  corrosion reac-  
tions, and also the so-called passive propert ies  of met -  
als and alloys, are f requent ly  re la ted  to catalytic prop-  
erties. This suggests that  the detai led electron t ransfer  
steps accompanying format ion of adsorbed films en-  
ter ing catalytic propert ies  may  also occur in corrosion 
reactions and in establishing passive films (3). 

P la t inum is a good catalyst  for ei ther  react ion [2] 
or [3], and Cu or Ni is effective for react ion [3]. Other  
metals  may behave less effectively for O~ reduction 
because of ei ther inherent ly  poor catalytic properties,  
or because of interposing surface films. Along these 
lines, copper when  coupled to iron in sea water  ac- 
celerates corrosion of iron by favor ing  the O_~ reduc-  
tion react ion and absorbing electrons which otherwise 
prevent  hydra ted  Fe §247 from leaving the iron lattice. 
The reduct ion of O~ proceeds so rapidly  that  wi thin  
wide l imits all dissolved oxygen reaching the copper 
surface is reduced, and the increased corrosion is pro-  
port ional  to the total  surface of copper exposed. Ex-  

Table I. Relation of catalytic activity for H + H ~  H2 to 
hydrogen overvoltage 

Decreasing He overvoltage, v 
ca t a ly t i c  a c t i v i t y  1N HC1, 

(Bonhoeffer )  10-a a m p / c m  e 

Pt  0.09 
Pd 0.12 
W 0.27 
Fe 0.40 
Cr 
Ag 0.46 
Cu 0.50 
Pb 0.67 
Hg 1.04 

6 0 0  - -  

E 5 0 0  - -  

% 4 0 0 -  

c 3 0 0 -  
o 

~ 2 0 0 -  
o 
u 

I O( 

L [ i 
Fe Cu N~ Ti  

CoupLed Io 

I 
~6-6 

Fig. 1. Corrosion rate of iron coupled to various metals in flow- 
ing sea water (LaQue). 

pressed quant i ta t ively,  the penetra t ion ra te  p through 
corrosion of iron having area A coupled to copper of 
area B is ( ~  p = p ~  1 + - ~ -  [4] 

where  po is the penetra t ion rate of iron uncoupled. 
Note that  if the ratio B/A is large as when  iron r ivets  
are placed in a copper sheet, the ensuing corrosion rate  
of iron in a good conducting medium can be very  
large. This equat ion holds in addition for plat inum, 
nickel, and other  good catalysts, but  for metals  such 
as t i tanium or lead, which are poor catalysts, the in-  
creased corrosion of iron by reason of galvanic coupl-  
ing is less than the calculated value.  Many data have  
been published which i l lustrate  this point. LaQue (4), 
for  example,  repor ted  values in flowing sea wate r  for 
various iron couples which show greater  galvanic cor-  
rosion using Ni and Cu compared to Ti and 18-8 (Fig. 
1). These results correlate  wi th  paral le l  data on cath-  
odic polarizat ion of the more  noble component  of the 
couple in sea water ,  good catalysts polarizing less than 
poor catalysts. Tomashov (5) and Delahay (6) also 
repor ted  polarizat ion data for the O~-reduction reac-  
tion on various metals  which can be in terpre ted  in the 
same way. 

Passivity 
When an uncoupled metal  corrodes, react ion [3] 

proceeds quant i ta t ive ly  at cathodic sites up to an O~ 
concentrat ion at the metal  surface which reaches or 
exceeds a crit ical  value. At  such a concentration, pa r -  
t icular ly for t ransi t ion metal,  excess O~ forms a mono-  
layer  of oxygen atoms adsorbed on the surface, re -  
sulting in an expanding cathodic and a shrinking an-  
odic area. A layer  of this kind excludes H~O molecules 
f rom the meta l  surface and hence react ion [1] corres-  
ponding to dissolution of meta l  ions is impeded except  
at residual exposed anodic sites. Hence metal  ions no 
longer enter  solution at their  usual rate  and the meta l  
is said to become passive. Looked at in other  terms, 
adsorbed oxygen decreases the exchange current  
density io (increases anodic overvoltage,  O.V.) a t tend-  
ing meta l  ion dissolution in accordance wi th  the Tafel  
equat ion 

i 
O . V . = f l l o g  . 

~o 

Passivi ty of meta l  M can also result  f rom anodic 
polarization at current  densities sufficiently high to 
discharge OH- or oxidize H_~O in accord with  the reac-  
tions: 

M -5 OH---> O (adsorbed on M) -{- H § -5 e [5] 
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M + H~O--> O(adsorbed on M) + 2H § + 2e [6] 

where  O(adsorbed on M) represents  chemisorbed ox-  
ygen on the metal  surface. The amount  of oxygen ad- 
sorbed corresponds in some measurements ,  e.g., stain- 
less steels, to a monolayer  of atoms over  which a layer  
of O~ molecules is chemisorbed (7-9). The crit ical  
current  density at which reactions [5] and [6] take 
place is a funct ion of H ~ act ivi ty  in accord wi th  the 
fol lowing relat ion:  

i (cr i t . )  = K (H*) x [7] 

where  k and K are constants. This relat ion is der ived 
(10) f rom first principles and is confirmed by exper i -  
ment.  

Hence for a metal  exposed to an aerated solution, 
the mechanism of passivation may involve  a cathodic 
current  in accord wi th  Eq. [3] equal  to or in excess 
of the crit ical  current  requi red  for passivity. Since 
i(cri t . )  usual ly increases wi th  H+ act ivi ty (k is posi- 
t ive) ,  the critical par t ia l  pressure of O2 for passivity 
also increases wi th  H + activity. The quant i ta t ive  re la-  
t ion be tween the crit ical  oxygen concentrat ion c for 
passivity of a meta l  and pH of the solution in which 
the metal  is immersed is obtained by equat ing the dif-  
fusion current  for dissolved O3 to Eq. [7] 

- -  [8] PH=TI~ ~ c 

where  D is the diffusion constant of O~, 5 is the th ick-  
ness of the stagnant  l iquid diffusion layer  at the meta l  
surface (about 0.05 cm) ,  and F is the Faraday.  

Consequent ly  iron, for example,  becomes passive in 
a i r -sa tura ted  alkaline solutions (pH > 10), but  only 
at h igher  part ial  pressures of O_~ in neutra l  water.  
For  chromium or the stainless steels, which have higher  
affinity for  oxygen than does iron and for which 
i(cri t . )  is much lower, the passive film forms at a 
lower crit ical  par t ia l  pressure of oxygen, and hence 
these metals  become passive in a i r -sa tura ted  water ,  
or even in dilute acids. For  14% Cr -Fe  alloy, as an 
example,  the critical pH above which passivity can 
establish itself in aerated sulfuric acid is 3-4. 

For  nontransi t ion metals,  e.g., Zn, Sn, Pb, which 
escape f rom the meta l  latt ice more  readi ly  than the 
transi t ion metals  having character is t ical ly h igher  
subl imation energies, excess dissolved oxygen at the 
cathode, or a l te rnat ive ly  anodic polarization beyond 
i(cri t . )  may lead to immedia te  format ion of an oxide 
film instead of an adsorbed film. The oxide film then 
impedes fur ther  corrosion and accounts for passivi ty 
by the mechanism of a re la t ive ly  thick surface diffu- 
sion barr ie r  ra ther  than by the mechanism described 
above. Since chemisorbed films are only metastab]e 
in termediates  in the format ion of surface compounds, 
an oxide forms eventua l ly  on all metals,  both t ransi-  
t ion and nontransit ion,  and hence in many instances 
of passivity both kinds of films act jointly.  

Crit ical  exper iments  in this area are ve ry  difficult 
to devise, and for this reason invest igators  of passive 
phenomena continue to debate whe the r  the adsorbed 
films described here  are real ly  nothing more than thin 
oxide films. The vast  l i tera ture  on propert ies  of metal  
surfaces in contact wi th  gases, beginning wi th  the 
classic investigations of Langmuir ,  and continued by 
many  invest igators  more  recent ly  (11), speak against 
this possibility. The evidence is quite clear to anyone 
wil l ing to look into the mat te r  that  adsorbed films 
have  propert ies  distinct f rom those of thin oxide films. 
In addition, it can be said that  supposed oxide films 
equivalent  in thickness to a measured 0.003-0.01 

cou lomb/cm 2 of apparent  surface for passive Cr, Fe, 
and the stainless steels can be no more than 5-20A 
thick based on t rue surface area, and films of this 
thickness are not l ikely to be effective diffusion bar -  
r ier  layers. Thermodynamic  in terpre ta t ion of the Flade 
potent ial  par t icular ly  for iron (8) indicates that  oxy-  
gen comprising the passive film is adsorbed and is not 
par t  of any known iron oxide. Fur thermore ,  capaci- 
tance and resistance measurements  of Kolo tyrk in  (12) 
support  the v iew that  the passive film on iron is s im- 
ilar to the oxygen film on Pt  which  is known to be 
adsorbed. 

Effect of Complexing Agents 
Returning to react ion [1], the rate  at which this 

react ion proceeds appears to be sensitive to surface 
complex format ion probably involving OH-. The over -  
vol tage for the anodic dissolution reaction, therefore,  
is found in the case of iron to increase wi th  decrease 
in pH (13). The details and quant i ta t ive  relations, 
however ,  are not wel l  understood, and much more 
informat ion is needed, par t icular ly  for  the transi t ion 
metals. The complexi ty  of the problem has been dis- 
cussed by several  invest igators  (14-17). Complexing 
agents in general,  of course, are known to play a part  
in the tendency for react ion [1] to go. Any complex-  
ing agent  which reduces the act ivi ty of Fe §247 for ex-  
ample, s imultaneously changes the potent ial  for the 
react ion Fe -~ Fe §247 + 2e in the more active direction. 
Accordingly,  under  these circumstances,  the potential  
difference be tween  anodes and cathodes of a corrod-  
ing meta l  increases, accounting for an increase in the 
corrosion current.  Iron therefore,  corrodes much more 
rapidly than is normal  in ammonium salts, in sodium 
ethylene diamine tetra-acetates ,  or in concentrated 
sodium polyphosphate solutions, all of which form 
complexes wi th  Fe §247 When a good oxidizing anion is 
also present  to s t imulate  the cathodic reaction, as in 
the case of NH~NO3, the rate  can be catastrophical ly 
high as is wel l  known to those handl ing fer t i l izer  
solutions. Unusual ly  high rates of corrosion for iron 
in NH4NO3 solutions have been measured by several  
invest igators including Heyn  and Bauer  (18), and 
still h igher  rates in concentrated solutions containing 
excess NH~ by Weitz and Muller  (19), Libinson, Ku-  
kushkin,  and Morozova (20) and by Hackerman,  
Hurd, and Snavely  (21). Typical  examples  of such 
rates obtained recent ly  by Schick at the M.I.T. Cor-  
rosion Labora tory  (22) for mild steel in an aqueous 
solution of 44.4% NH,NO3, 5.9% NHa at room temper -  

12,000 ~ 1 I ~ [ [ [ [ [ 

ll,O00 ~ Cold Rolled 

[] .Quenched 
7 , 0 O O _ ~ f r ~  950~ / 

[] 
6,000( 

0 I00 200 300 4-00 500 600 700 800 900 I000 
Temperature of Heat Treatment, ~ 

Fig. 2. Corrosion of mild steel in aqueous solution of 44.4% 
NH~NO~, 5.9% NH~, room temperature. 

EIO, O00 

9,000 

~ 8,000 
o 
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ature are given in Fig. 2. The highest  rates correspond 
to a penetra t ion of over  2 in. (5 cm) per year.  By 
chemical  analysis it was shown that  the complex fo rm-  
ing in this case has the s t ructure  [Fe(NH,)6] (NO3)o_. 
Since coupling iron to an equal  area of Pt  has no 
effect on the rate, control of the react ion is assumed 
to be at anodic sites. The rate  of dissolution at the 
anode is sensitive to meta l lurgica l  s t ructure  as shown 
by data of Fig. 2, a co ld-worked  steel corroding more 
rapidly  than one that  is quenched f rom 950~ How-  
ever, increased residual  energy of the co ld-worked  
metal  is not the cause as shown by additional exper i -  
ments in which co ld-worked  pure  iron, zone refined, 
corroded at a somewhat  lower ra te  than the same iron 
quenched f rom 950~ Instead, the state of subdivi-  
sion of carbides and the grain or ientat ion appear  to 
be important ,  both factors reaching comparable  states 
on heat  t r ea tment  of mild steel, e i ther  cold worked  
or quenched, for  ~/2 h r  at 700"C or above. The corro-  
sion rate  can be re tarded  to the ex ten t  of 99 or more  
% by small  additions of SCN- or var ious  high molec-  
ular weight  organic substances. These inhibitors prob-  
ably adsorb on the meta l  surface in ter fer ing with  
ei ther  complex formation,  NO~- reduction,  or both. 
We have a l ready seen how effectively an adsorbed 
oxygen film on a passive meta l  surface can in ter fere  
with dissolution of meta l  ions. 

Unusual Valence States 
Reaction [1] is complicated for some metals  by the 

tendency to form ions of more  than one valence. Which 
par t icular  valence ion predominates  is de te rmined  in 
the usual case by the equi l ibr ium exist ing at the 
meta l -solut ion interface. For  example  for copper, 
which forms both Cu +§ and Cu § the equi l ibr ium is 
Cu -{- Cu +§ ~ 2Cu § and the corresponding equi l ibr ium 
constant (Cu +)2/(Cu++) as calculated f rom the rmody-  
namic data equals 6 x 10 -7. This value  indicates, as 
observed, that  copper usual ly  dissolves predominant ly  
as the d ivalent  ion, Cu § In a solution which com- 
plexes Cu +, e.g., in HC1, the si tuation may, of course, 
change. For  other  metals, par t icular ly  those active in 
the emf series, it has been proposed that  an ion of 
lower valence may  predominate  initially, even though 
it is unstable in water .  Unstable  ions of this kind are 
reported to form, for  example,  dur ing anodic disso- 
lut ion of A1 (23), Mg (24, 25), and Be (26, 27). For  
Mg, the ini t ia l ly  dominant  ion, Mg +, quickly reduces 
water ,  one possible react ion being the fol lowing 

2Mg § + 2H~O--> Mg § + Mg(OH)~ + H2 [9] 

Addit ional  lesser side reactions may  also take place at 
the same time. In any event, when  Mg is polarized 
anodically, i t  is observed that  hydrogen is evolved at the 
anode to the extent  of about half  that  at the cathode, 
and the electrochemical  equivalent  for magnesium is 
almost half  that  usual ly assigned to magnes ium based 
on format ion of Mg +§ ions. It  is not  surprising, therefore,  
that  magnes ium anodes used for cathodic protect ion 
produce only about 500 amp-hr / lb ,  whereas  calculated 
on the basis of Mg ++ they should produce 1000 amp-  
h r / l b  instead. The actual output  is a l tered somewhat  by 
local action cells operat ing on the meta l  surface, and 
hence the current  efficiency of a magnesium anode also 
depends to some extent  on composit ion of env i ronment  
and on the alloy or impur i ty  content  of the metal.  Some 
invest igators  bel ieve that  the output  of magnes ium 
anodes, so much lower than the calculated value based 
on Mg §247 is accounted for ent i re ly  by local action cur-  
rents. Others (28, 29) propose that  a contr ibut ing factor 
resides in meta l  part icles dislodged dur ing the anodic 

dissolution process. Metall ic residues, in fact, are some- 
t imes detected by x - r a y  as a const i tuent  of anodic reac-  
tion products. Other  than the possibili ty that  they may 
also form by dissociation of lower  valence ions to a 
mix ture  of meta l  and normal  valence ions, it is not ye t  
clear to what  ex ten t  metal l ic  part icles are released 
during anodic dissolution of metals. For  metals  like Ag 
and Cu, some metal l ic  product  is detectable,  but  the 
total amount  is ve ry  small  and Faraday ' s  law applies, 
by and large. The fact is significant that  the calculated 
apparent  valence of magnes ium ions in anodic dissolu- 
tion exper iments  for va ry ing  cur ren t  density, t em-  
perature,  and electrolyte  wi th in  wide limits always 
falls be tween 1 and 2, and that  analogous relat ions are 
noted for A1 and Be. This plus the fact  that  portions of 
anolyte obtained f rom these metals  while  current  flows, 
temporar i ly  reduce various substances, e.g.,  KMnO~, 
lends weight  to the conclusion that  a state of unusual  
lower  valence exists. Af te r  all, mul t ip le  valence ions 
are well  known for  most of the t ransi t ion metals,  and it 
is perhaps to be expected that  s imilar  ions al though un-  
stable may occur in the case of some nontransi t ion 
metals. But more  exper iments  are undoubtedly  neces-  
sary to br ing this mat te r  into proper  focus. Should the 
existence of lower  valence ions receive fu r the r  con- 
firmation as seems likely, it wil l  probably become neces-  
sary to revise the present  s tandard potentials of metals  
like A], Mg, and Be as listed in the emf series to br ing 
them into line wi th  equi l ibr ia  involving the valence of 
ions actual ly present  at the meta l  surface. 

Oxidation and Tarnish 
In presence of a react ive env i ronment  but  in absence 

of excess water ,  meta l  ions may  escape f rom the meta l  
latt ice to form the new lat t ice of a surface oxide or 
other  type compound such as chloride or sulfide. In this 
event, electrons enter  the film substance along wi th  
ions, but  along different paths. The initial rate  of oxi-  
dation, therefore,  is control led ei ther  by metal l ic  ion 
escape, or by electron transfer.  In the general  case, be-  
cause of differing electron affinities of meta l  and film 
substance, a space charge builds up within  the film first 
forming, which great ly  influences the rate  of both proc-  
esses (Fig. 3). The space charge density, in turn, is 
sensitive to the density of defects wi thin  the film sub- 
stance at which electrons are trapped, and hence im-  
purit ies and other  factors which affect defect density 
influence the react ion rate. 

Under  conditions of continuing growth of space 
charge, the logari thmic equat ion usual ly expresses the 
rate of oxidation, such that  thickness of surface film 
substance y is a l inear  function of the logar i thm of 
oxidat ion t ime t or: y = k log (t/~ -p 1) where  T and k 
are constants (30, 31). Under  some conditions, the in-  
verse  logari thmic equat ion 1 / y  ~ k log (t/~ + 1) has 

;o-- o-L o~t o-- o--j O,ygen 
Space Charge 

--  M + -- e- - -  M* e" �9 ~7 t ~ ~ ~,,~ofOx,de 

,o4+ + ,) 

1o- o-- o--~o--o i 
Th ick  Lcyer 

~ .  ~_ t~. r  ofOx,de 
Space Charge 

o, ox ,de 
[ Metal 

y2: k t  -~ e 

Fig. 3. Schematic diagram of oxide films forming initially (top) 
and during thick film conditions (bottom). 
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been found to apply (32, 30) indicat ing that  the mech-  
anism of init ial  reaction rate is not always the same. 

Beyond thin film thickness, the oxidation rate is con- 
trolled by diffusion of cations or anions, as described 
by Wagner  (33), and the so-called parabolic equation 
y ~  kt + constant holds. The rate of diffusion, in 
turn,  is now dependent  on concentrat ion of lattice de- 
fect sites wi th in  the film substance. Impur i ty  atoms, in  
l ine with semiconductor theory, influence defect con- 
centrat ion;  hence impuri t ies  also sensit ively affect the 
rate of reaction. Indeed several  experiments  have dem- 
onstrated, in  accord with expectation, a major  effect of 
impurit ies in  surface oxides on the oxidation rate of 
zinc (34) and of nickel (35, 36). 

There are many  questions that remain  regarding the 
general  relat ionship of kinds of impurities,  their  con- 
centrat ion and their  position wi th in  the lattice to ini t ial  
and thick film oxidation of metals. Also, heat t rea tment  
and quenching, for example, which al ter  the defect 
s t ructure of semiconductors should have an effect on 
oxidation rate. An interest ing phenomenon as yet un -  
explored concerns the general  properties of surface 
films in contact with metals accounting for the tendency 
of protective films to spall off dur ing  cooling and heat-  
ing cycles. In  this way, otherwise protective films are 
destroyed, and the oxidation process continues at higher 
rates than are normal.  Tendency to spalling is an im-  
portant  factor in the general  application of all oxidation 
resistant  metals and alloys. 

Effect of Stress 
The effect of stress on corrosion is impor tant  because 

of catastrophic failures that  continue to take place 
through fre t t ing corrosion, corrosion fatigue, and stress 
corrosion cracking. Fre t t ing  corrosion is damage that  
occurs when two surfaces, one or both of which are 
metals, rub  against  each other. Corrosion products form 
which in  the case of mild steel consist mostly of aFe~Os 
accompanied by deep pi t t ing at the interface. The pi t-  
t ing is a result  of the large volume of oxide compared 
to the metal  from which it forms exert ing extra stress 
at local areas of the surface and accelerating damage. 
Ult imately,  these pits act as nuclei  for fatigue or cor- 
rosion fatigue cracks. In  practice, f ret t ing corrosion 
causes fai lure of bearings including jewel bearings, 
r iveted flanges, variable pitch propellers on planes, 
shrink-fits, steering knuckles  of automobiles, and var i -  
ous metal  parts subject  to v ibra t ion in high-speed ma -  
chinery. The mechanism is not electrochemical; both 
moisture and higher temperatures  reduce fret t ing dam- 
age of steel instead of increasing it. The mechanism ap- 
pears to be one of mechanical  activation of a chemical 
reaction between the metal  and adsorbed oxygen on its 
surface to form an oxide which is rubbed off by fur ther  
relat ive motion. Damage is supplemented by a me-  
chanical wear  process, but  the lat ter  is not always 
impor tan t  as shown by experiments  in  a ni t rogen at-  
mosphere in which a much smaller  amount  of metal  
damage results compared to damage in  air (37). The 
assumption that  chemical damage and mechanical  wear  
are additive is in reasonable agreement  with a l imited 
number  of experiments  that  have been reported so far 
using mild steel (38). The question arises as to whether  
the same situation applies to other metals as well. Is the 
increased damage at lower temperatures  caused by 
more rapid or more complete adsorption of gases on 
tracks of metal  rubbed clean by abrasion? Some in-  
vestigators propose that  the increased damage results  
from freezing of moisture thereby removing a source of 
na tura l  lubricant .  But  this is unl ike ly  in view of the in -  
creased damage observed in  our experiments  at low 

temperatures  using dried air. Does moisture lubricate 
in any case, or does it  soften abrasive metal  oxide by 
forming hydrates? Does the increased damage by f re t -  
t ing noted for stainless steels or t i t an ium result  from 
their  increased affinity for oxygen? Is there support  in 
any metal  system for the proposal that  all the damage is 
in the form of wear and that  small  wear particles sub- 
sequently oxidize? Considering the importance of this 
problem to the aircraft, railroad, automotive, and to all 
indus t ry  using high-speed machinery,  it  is surpris ing 
that so little research has been supported aimed at 
unders tanding  the na tu re  of the damage. Large amounts  
of money have been spent on empirical  approaches to the 
problem which have provided only temporary relief or 
which have proved wholly inadequate.  

The same si tuat ion prevails  more or less in  the sub-  
ject of corrosion fatigue. Very little is known at present  
about the mechanism of metal  fatigue itself, and still 
less is known about corrosion fatigue. In  the meantime,  
airplanes crash, axles break, and machines gr ind to a 
halt  when  components crack. The mechanical  engineer  
redesigns the failed part, but  is this the only or the best 
approach? No one knows. Fundamen ta l  factors of metal  
and env i ronment  enter ing the corrosion fatigue of met -  
als are known to only a l imited extent. D. J. Mc- 
Adam, Jr., at the National  Bureau of Standards appears 
to be one of the few investigators who has systemat-  
ically surveyed the field, but  his excellent  work ap-  
peared 20-35 years ago, and many  unanswered  ques- 
tions remain.  The mechanism appears to be at least in  
part  electrochemical, as shown for example by the fact 
that  cathodic protection and corrosion inhibi tors  reduce 
damage. But how does the mechanism of corrosion 
fatigue using repeated or a l ternate  stresses compare 
with that  of stress corrosion cracking requir ing a con- 
s tant  stress? Is the effect of metal  composition and in -  
terst i t ial  impuri t ies  the same? Present  data indicate 
they are not, bu t  why? Also why are specific ions re-  
quired for stress corrosion cracking but  presumably  not 
for corrosion fatigue? Some present  theories are based 
on rup ture  of protective films at the base of cracks in  
both types of failure. But metals on which na tura l ly  
formed films are not  par t icular ly  protective, such as 
copper or brass, are more resis tant  to corrosion fatigue 
than metals with highly protective films such as the 
stainless steels, which in  tu rn  are more resistant  than  
carbon steels, again having less protective films. Also 
pure metals  whether  na tura l ly  covered or" not by pro-  
tective films do not stress corrosion crack. 

Dr. Z. Foroulis recent ly showed in  my laboratory that  
zone-refined i ron corrodes in deaerated hydrochloric 
acid at the same rate  whether  cold worked or annealed.  
Only when small  amounts  of ni t rogen or carbon are 
present  does cold work increase rate of attack, and the 
effect is then large. Polarization measurements  show 
that  the reaction is cathodically controlled. We have 
in terpre ted these facts to mean  that  cold working of 
i ron produces lattice defect arrays at which ni t rogen or 
carbon segregates, and that  these areas have lower hy-  
drogen overvoltage than iron itself. Any increased en-  
ergy of a disarrayed lattice has apparent ly  li t t le effect, 
contrary to in tui t ive  s tatements appearing in various 
textbooks and in the l i terature.  But  why do such arrays 
of interst i t ial  atoms have lower hydrogen overvoltage? 
What  other alloyed elements behave similarly? How 
does iron differ in this respect from other metals, if 
indeed it does differ? 

Significantly, zone-refined i ron does not  stress cor- 
rosion crack in  hot ni t ra te  solutions, whereas i ron con- 
ta in ing  small  amounts  of ni t rogen or carbon is very 
susceptible. The attack is along grain  boundaries.  It  is 
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reasonable to suppose that  ni t rogen or carbon atoms 
segregate at grain boundaries and thus form the paths 
along which high corrosion rates prevail .  But why  are 
NO~- or OH-, which are specific in causing stress corro-  
sion cracking, the only anions to increase corrosion 
along such paths? Cer ta inly  CI-, SO(-,  C10/,  or acetate 
ions, which do not cause cracking, form good conduct-  
ing salts and should provide  equal  local action at the 
apex of any crack that  forms. Is the cracking phenome-  
non one of surface energy reduction? Do metal  atoms at 
the crack apex, the mutua l  affinities of which are re-  
duced through adsorption of NO3- or OH-, no longer  
have  the abili ty to hold on to each other, al lowing the 
meta l  to separate under  stress? This seems to be a rea-  
sonable in terpre ta t ion  of the exper imenta l  evidence 
(39). And does the responsible adsorption depend on 
potential  difference be tween metal  at the apex and at 
the walls of the crack? Is the increased concentrat ion of 
n i t rogen or carbon atoms diffusing to the highly de-  
formed metal  at the apex sufficient to account for pref -  
erent ial  adsorption of ions? Or the absence of p re fe ren-  
tial adsorption in the case of pure iron? 

In the stable austenitic stainless steels, our exper i -  
ments (40, 41) show that  ni t rogen is the major  im-  
pur i ty  accounting for susceptibil i ty to stress corrosion 
cracking in boiling MgC12 solutions. Carbon, to the con- 
trary,  decreases susceptibility. Why is this? Suscepti-  
bil i ty to cracking is also decreased by alloying nickel 
with C r - F e  austenitic stainless steels in the amount  of 
45-50% or more (42). There have been suggestions that  
perhaps the dislocation arrays of h igh-Ni  alloys differ 
f rom those of other  metals, but recent  measurements  by 
J. Sava in my laboratory indicate that  increasing the 
nickel content  is accompanied by a continuously de- 
creasing solubil i ty of the alloy for nitrogen. Perhaps  the 
critical ni t rogen content  below which stress corrosion 
cracking does not occur is reached at about 50% nickel. 
But  additional questions s imilar  to those that  were  
raised regarding carbon steels also enter  here. For  ex-  
ample, for austenitic stainless steels only C1- or OH- 
are specific in causing cracking, all other ions ap-  
parent ly  having no effect, and it would seem that  here 
too reduct ion of surface energy through adsorption of 
specific anions is a l ikely contr ibution to failure. 

Outlined Program of Fundamental Corrosion Research 
It  is fair  to state, I believe, that  we have  barely  gotten 

off the ground in our init ial  search for basic facts in the 
outer space of corrosion science. For many  reasons, 
fundamenta l  informat ion has accumulated only slowly 
dur ing the past 10 years, despite the t remendous  gains 
that  are promised by any wel l -directed,  adequate ly  
supported corrosion program. One of the difficulties is 
that  fundamenta l  corrosion research requires  the best 
scientific ta lent  avai lable among those well  t ra ined in 
both chemist ry  and in metal lurgy.  Students  having ap- 
ti tudes in both fields are found only among our best 
students. 

The several  questions I have touched on dur ing my 
discussion in themselves  suggest the outline of a serious 
basic research program in corrosion science. With the 
thought  tha t  a summary  of these questions may  be 
worthwhile ,  I have also included a few subjects deserv-  
ing of attention, but  for which t ime and space do not 
permi t  fu r the r  discussion. 

Outline of Basic Research Program 
in Corrosion Science 

1. Electrochemical  problems. 
A. Anodic overvol tage  constants; effect of pH, 

temperature ,  na ture  of anion. 
B. Unusual  valence ions. 

C. Ratio of anodic to cathodic areas; how to 
measure  them, their  values for typical  cases. 

2. Kinetics of tarnish and oxidation. 
A. Relat ion of space charge to initial reaction. Ef-  

fect of deficit structure,  including heat  t rea t -  
ment  and impur i ty  content  of surface films. 

B. Effect of specific trace impuri t ies  and heat  
t rea tment  of surface films on thick film rates. 
Effect of impuri t ies  on path of oxidation. (For  
example,  Ca additions to 20% Cr, 80% Ni alloy 
al legedly avoid preferent ia l  grain boundary 
attack.) 

C. Factors of meta l  and film substance accounting 
for spall ing of protect ive films. 

3. Mechanism of stress corrosion cracking. 
A. Relat ive importance of electrochemical  action 

within cracks compared to specific adsorption 
of ions and accompanying reduct ion of surface 
energy (stress sorption cracking) .  Effect of 
potential  on specific adsorption within  cracks. 

B. Effect of dislocation pat terns and resul tant  
segregation of impuri t ies  or al loying compo- 
nents as source of crack paths. 

C. Factors affecting in termetal l ic  compound for -  
mation and rate  of format ion at grain bound-  
aries and at slip planes as sources of crack 
paths. 

D. Effect of metal  heat  t rea tment  on suscepti-  
bility. S imi lar ly  effect of impuri t ies  and meta l  
composition. 

4. Mechanism of corrosion fatigue. 
A. Effect of metal  composition and heat  t rea t -  

ment ;  re la t ive  susceptibil i ty of zone-refined 
metals. 

B. Effect of environment ,  (pH, anions, dissolved 
O~, etc).  

C. Effect of temperature .  
5. Mechanism of f re t t ing  corrosion. 

A. Effect of f requency and tempera tu re  on f re t -  
t ing corrosion of typical metals. 

B. Relat ion of susceptibil i ty to rate  at which 
gases adsorb on meta l  surfaces. 

C. Effect of magni tude  of re la t ive  slip. 
6. Mechanism of corrosion inhibition, e.g., polyphos-  

phates, benzoates. 
7. Mechanism of protect ive CaCO3 deposition f rom 

potable waters.  Effect of natura l  colloids, t em-  
perature,  and flow rate. 

Many other  subjects could be added. A small  par t  of 
the above program is a l ready underway  in var ious lab-  
oratories but  most of it still waits for at tent ion by those 
competent  to under take  programs of this kind. The 
above outline does not include service tests nor engi-  
neer ing programs which are also ex t remely  impor tant  
to progress in corrosion control  but  which have differ- 
ent objectives. It has a l ready been stated many  times by 
others that  engineer ing programs soon reach a dead 
end as basic informat ion is used up, and no a t tempt  is 
made to replenish such information.  As a consequence, 
more than one applied program current ly  underway  
stares at a b lank wall.  New ideas are needed, and al-  
though these are sometimes s tumbled on, there  is mer i t  
in paying the price for searching them out systemat-  
ically. In addition, new ideas often become avai lable 
through research in unders tanding corrosion reactions 
which are whol ly  unexpected,  and which may  have  
even greater  importance than the init ial  program itself. 
Finally,  not least of the benefits to be der ived f rom 
carrying out a fundamenta l  research program is the 
t raining of young minds in the basic sciences and in 
research techniques.  Such minds represent  the most 
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va luable  asset of any univers i ty ,  of any industry ,  or of 
any nation.  Cl imbing on the shoulders  of those who 
have gone before, young  men and women adequa te ly  
t ra ined  can see far  more  of outer  space than  do any of 
us. To them belong the fu ture  and i t  behooves us to 
give them a good start .  
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